
The EPR Paradox, Bell’s Theorem,
and the Challenge to Locality

Can the world be both local and real? That is, can we maintain that distant objects
do not influence each other instantaneously, and that physical systems possess definite
properties whether or not anyone is looking? Before quantum mechanics, no one would
have thought to ask. Both principles seemed so obviously true that questioning them
would have appeared absurd. This module traces how a disagreement about quantum
mechanics forced the question into the open, how a theorem turned it into something
experiments could answer, and how those experiments delivered a verdict that obliges
us to revise at least one of our deepest assumptions about the physical world. The path
runs through three key moments: Einstein’s 1935 challenge, Bell’s 1964 theorem, and
the loophole-free experiments of 2015. At each stage, we will ask: what exactly is being
claimed, what follows from it, and what remains unresolved?

1 Locality: The Idea That Distant Things Stay "Sep-
arate"

Before we can understand what the EPR Paradox is, we need to understand the assumption
that quantum mechanics seems to challenge. That assumption is called locality.

Locality is the idea that what happens at a given place is determined by conditions in its
immediate neighbourhood, not by events far away happening at the same instant. If you
push a ball on a table, a different ball across the room does not move—unless something
carries the push from one to the other. Influences travel through space; they do not jump.

Since Einstein’s theory of special relativity (1905), physicists have known that there is
a universal speed limit: the speed of light. Nothing—no signal, no energy, no causal
influence—can travel faster. This gives locality a sharp, quantitative form: an event at one
location cannot affect another event in a different location until enough time has passed
for light to travel between them.

Locality is not merely a technical detail. It is what makes science practical. If distant
events could reach into your laboratory instantaneously and change your results, you
could never isolate a system to study it. Every fundamental theory in classical physics—
electrodynamics, general relativity, classical field theory—respects locality. Abandoning it
would require not a small correction but a profound revision of our picture of the physical
world.

Recap:

• Locality means influences propagate through space and take time to arrive.



• Special relativity sets the speed of light as the ultimate speed limit.
• All of classical physics is built on locality; giving it up would be a foundational

change.

2 The EPR Paper: Einstein’s Challenge (1935)
By the late 1920s, quantum mechanics had established itself as the fundamental theory of
atoms and subatomic particles. Its predictive successes were remarkable: for example, it
correctly explained the discrete spectral lines emitted by atoms (the specific colours of light
that each chemical element produces), accounted for the stability of matter, and predicted
the outcomes of scattering experiments with extraordinary precision. No experiment
contradicted it.

Yet its conceptual implications were troubling. The standard formulation of the theory
seemed to say that particles do not, in general, have definite properties until they are
measured—that the act of observation brings a property into being rather than revealing
a pre-existing fact. This was not a minor interpretive nuance. It meant that the theory, as
usually understood, denied the existence of an objective physical reality independent of
measurement.

Einstein’s dissatisfaction was not empirical but conceptual. He did not dispute that
quantum mechanics gave the right answers. What troubled him was what the theory
seemed to say—or refused to say—about the world behind those answers. He believed
quantum mechanics was incomplete: a correct but partial description, a statistical summary
of a deeper, more detailed reality. The analogy he had in mind was something like this:
knowing that a coin lands heads half the time is useful, but it does not mean the coin has
no definite state while it is in the air. Similarly, the probabilistic predictions of quantum
mechanics might reflect our ignorance of some underlying facts, rather than the absence of
such facts.

This disagreement placed Einstein in a long-running intellectual tension with Niels Bohr,
who maintained that quantum mechanics was complete as it stood and that the apparent
strangeness of the theory reflected a genuine feature of Nature, not a gap in our knowledge.
The Bohr–Einstein debate, conducted over many years through thought experiments and
conference discussions, is one of the great intellectual confrontations in the history of
science. The EPR paper was Einstein’s most carefully constructed move in that debate.

In 1935, Einstein, along with Boris Podolsky and Nathan Rosen, published a paper titled
“Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?” in
Physical Review. The paper is universally known by the initials of its authors: EPR.
Einstein was the intellectual architect; Podolsky wrote the text (and Einstein was reportedly
dissatisfied with the final draft, feeling it obscured the central point). Their goal was not
to reject quantum mechanics, but to demonstrate, by a logical argument using quantum
mechanics’ own predictions, that the theory must be leaving something out.

The argument rests on a simple and deliberately cautious principle, which EPR called
their criterion of reality: if you can predict the result of a measurement on a system with
complete certainty, without disturbing that system in any way, then the property you are
predicting must correspond to something real—something that existed before you made
your prediction.
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Here is the scenario EPR considered. A source produces two particles in a special quantum
state called an entangled state. The particles fly apart in opposite directions. One reaches
Alice; the other reaches Bob. They can be arbitrarily far apart.

Quantum mechanics predicts that if Alice and Bob both measure the same property—say,
the spin of their particle along a vertical axis—they will always get correlated results. For
a specific initial state, for instance, if Alice gets “up,” Bob gets “down,” and vice versa,
with certainty, every time. (Spin, in this context, is an intrinsic property of a particle,
somewhat like a tiny internal compass needle. What matters for our purposes is not
the physical picture but the fact that spin can be measured along different directions—
vertical, horizontal, or any angle in between—and each direction constitutes a distinct
measurement.)

Now apply the EPR reasoning. Alice measures her particle and gets “up.” She immediately
knows, with certainty, that Bob’s particle will give “down” if he measures along the
same direction. She made this prediction without touching Bob’s particle. If we assume
locality—that Alice’s measurement here did not instantaneously affect Bob’s particle over
there—then she has predicted his result without disturbing his system. By the EPR
criterion, Bob’s spin along the vertical direction must have been a real, definite property
all along.

But Alice could have chosen to measure a different property instead—say, spin along a
horizontal axis. By the same reasoning, that property of Bob’s particle would also be real.
This is where the argument bites: in quantum mechanics, spin along a vertical axis and
spin along a horizontal axis are not simply two aspects of the same property. They are
incompatible observables—fundamentally different questions that cannot both have definite
answers at the same time, according to the theory. Choosing a different measurement
direction is not like looking at the same object from a different angle; it is like asking an
entirely different question, one whose answer, according to quantum mechanics, cannot
coexist with the answer to the first. The conclusion of the EPR argument is that Bob’s
particle must have definite values for multiple incompatible properties simultaneously. Yet
quantum mechanics specifically says this is impossible; the uncertainty principle forbids it.

EPR concluded: quantum mechanics is incomplete. There must be additional facts about
the world—hidden variables—that quantum mechanics does not describe. In Einstein’s
view, a more complete theory would assign definite values to all physical quantities at all
times; quantum mechanics would then be understood as a statistical approximation to
this deeper description, much as classical thermodynamics is a statistical approximation
to the underlying molecular dynamics. The hidden variables would be the analogue of the
molecular positions and velocities: real but untracked by the coarser theory.

The alternative, which EPR rejected, was that Alice’s measurement does instantaneously
affect Bob’s distant particle. Einstein called this “spooky action at a distance” and
considered it unacceptable. To him, locality was non-negotiable.

Niels Bohr responded almost immediately, but his reply was notoriously difficult to follow.
He essentially argued that the EPR criterion of reality is more subtle than it appears—
that you cannot speak of a particle’s properties independently of the full experimental
arrangement used to measure them. Most physicists sided with Bohr and moved on. For
nearly thirty years, the EPR argument was treated as a philosophical disagreement, not a
scientific question.
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Recap:

• EPR argued that quantum mechanics must be incomplete, using the theory’s own
predictions.

• Their reasoning combined a conservative criterion of reality with the assumption of
locality.

• The incompatibility of different measurement directions is what gives the argument
its force.

• Einstein envisioned hidden variables: a deeper theory of which quantum mechanics
is a statistical summary.

• The alternative—that measurement on one particle instantly affects a distant partner—
was rejected by Einstein as absurd.

• For decades, this was seen as philosophy, not physics.

3 Bell’s Theorem: Philosophy Becomes Physics (1964)
The situation changed entirely in 1964, thanks to an Irish physicist named John Stewart
Bell, who worked at CERN in Geneva. Bell took the EPR argument seriously at a time
when most physicists did not. But instead of debating who was right, he asked a different
and far more productive question: if Einstein’s picture is correct—if hidden variables
exist and locality holds—what would that mean for the actual numbers measured in
experiments?

The question matters because hidden variables, as Einstein conceived them, were meant
to complete quantum mechanics while preserving both realism (particles have definite
properties at all times) and locality (distant measurements do not affect each other). Such
theories are called local hidden variable theories. They represent the most natural way
of implementing Einstein’s vision: a deeper layer of description that explains quantum
statistics the way molecular physics explains thermodynamics. Bell’s theorem shows that
this entire programme—not just one particular implementation of it, but the programme
as such—is in conflict with the predictions of quantum mechanics.

Bell’s result was published in a short paper titled “On the Einstein Podolsky Rosen
Paradox” in the journal Physics Physique Fizika. It is among the most consequential
papers in twentieth-century physics.

The core idea can be stated without mathematics. If particles carry pre-determined
answers to every possible measurement (realism), and if those answers cannot be changed
by what a distant experimenter decides to measure (locality), then there is a constraint
on how strongly correlated the two particles’ results can be across different measurement
settings. The hidden instruction sets the particles carry must simultaneously account for
every possible combination of measurements, and this limits the patterns that can appear
in the data. No matter how cleverly the hidden variables are arranged, the correlations
cannot exceed a certain bound.

To make this constraint precise—and therefore testable—one needs to express correlations
as numbers. In the Bell experiment, Alice and Bob each choose a measurement setting
and each obtain an outcome (+1 or −1). For each pair of settings, one computes the
correlation: the average product of their results over many trials. A correlation of +1
means their results always agree; −1 means they always disagree; 0 means no pattern.
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The question becomes: how large can a certain combination of these correlations be?

Bell showed that under local realism, this combination is bounded. Quantum mechanics,
however, predicts correlations that exceed this bound. The two predictions are quantita-
tively different and therefore experimentally distinguishable. This was the breakthrough:
what had been a philosophical question for thirty years suddenly became a question that
could be answered in the laboratory.

Three assumptions underlie Bell’s theorem, and it is important to be precise about
them. The first is realism: particles have definite properties at all times, whether or
not anyone measures them. The second is locality: a measurement on one particle
cannot instantaneously influence the other. The third, often left implicit, is measurement
independence: the experimenters’ choices of what to measure are not predetermined by, or
correlated with, the hidden variables the particles carry. In practical terms, this means the
particles cannot “know in advance” which measurement Alice or Bob will choose—their
settings are genuinely free choices, not secretly fixed by the same underlying factors that
determined the particles’ properties. Bell’s inequality follows from all three assumptions
together. If experiments violate the inequality, at least one assumption must be false.

The most widely used form of Bell’s inequality was developed in 1969 by John Clauser,
Michael Horne, Abner Shimony, and Richard Holt, and is called the CHSH inequality.
In this form, Alice and Bob each choose between two measurement settings. The CHSH
inequality states that a specific combination of the four resulting correlations—denoted
S—must satisfy |S| ≤ 2 if local realism holds. Quantum mechanics, for entangled particles
with the optimal choice of settings, predicts |S| can reach 2

√
2 ≈ 2.83, exceeding the

local-realistic bound by roughly forty per cent.

It is worth emphasising what makes Bell’s result so powerful. He did not merely refute
one specific hidden variable model. He ruled out the entire class of local hidden variable
theories—every possible theory satisfying locality, realism, and measurement independence
must obey the inequality. This is a no-go theorem of remarkable scope: it shows that no
local completion of quantum mechanics, of the kind Einstein hoped for, is possible.

Recap:

• Hidden variable theories are attempts to complete quantum mechanics while pre-
serving realism; Bell’s theorem rules out all such theories that also preserve locality.

• Bell proved that local realism imposes a testable, quantitative limit on correlations
between distant measurements.

• Quantum mechanics predicts this limit is exceeded.
• The CHSH inequality (|S| ≤ 2) is the standard experimental test.
• The theorem applies to all local realistic theories, not just specific models.

4 The Experiments: Testing Nature
Once Bell showed that the question was experimentally decidable, the race to test it began.

The first experiment was performed by Stuart Freedman and John Clauser at the University
of California, Berkeley, in 1972. Using entangled photons produced by atomic cascades,
they measured correlations between polarisation measurements at two detectors. The result:
a violation of the Bell inequality, consistent with quantum mechanics. The experiment was
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groundbreaking, but it had significant limitations—most importantly, the measurement
settings were fixed in advance, and not all emitted photons were detected.

The most celebrated early experiments were carried out by Alain Aspect and his team at
the Institut d’Optique in Orsay (University of Paris-Sud) in 1981 and 1982. Aspect’s work
targeted a specific and serious concern. In all previous experiments, the measurement
settings at both detectors had been chosen before the particles were emitted. This left
open a logical possibility: perhaps the particles, or the source, could somehow “know” in
advance which measurements would be performed and adjust accordingly. More precisely,
if the settings are fixed ahead of time, one cannot rule out the possibility that some local
physical process—even one traveling at the speed of light—carries information from one
detector to the other, coordinating the results.

Aspect’s key innovation was to change the measurement settings rapidly, while the photons
were already in flight. The switching was fast enough that, given the distance between the
detectors, no signal—even one traveling at the speed of light—could carry information
about Alice’s setting choice to Bob’s detector before Bob’s measurement was complete.
This is where relativity plays a direct role: the finite speed of light imposes a strict time
limit, and Aspect’s design ensured that limit was respected. His results showed clear Bell
inequality violations, in excellent agreement with quantum predictions.

Despite these successes, sceptics pointed out loopholes—technical imperfections that could,
in principle, allow a local realistic explanation to survive. The two most important were the
locality loophole (Aspect’s setting switches, while fast, were not perfectly random, leaving
a narrow opening for a local explanation) and the detection loophole (not all photons are
detected; if the undetected ones systematically differ from the detected ones, the apparent
violation could be a statistical artefact of the selected sample). Over the following decades,
individual experiments closed one loophole or the other, but never both at once. For a
truly definitive test, all major loopholes must be closed simultaneously—because a local
realistic theory could, in principle, exploit whichever loophole remains open.

This was finally achieved in 2015, when three independent groups—in Delft (Hensen et
al.), Vienna (Giustina et al.), and Boulder, Colorado (Shalm et al., at NIST)—performed
loophole-free Bell tests. These experiments combined large spatial separations between
detectors with high-efficiency detection systems and genuinely random, fast setting choices,
closing the locality and detection loopholes at the same time within a single experiment.
The Delft experiment was especially notable: it used entangled electron spins in diamond,
separated by 1.3 kilometres. All three experiments found unambiguous violations of the
Bell inequality. Together, they established the result beyond reasonable experimental
doubt.

In 2018, a team including Anton Zeilinger went further, using light from distant quasars—
emitted billions of years ago—to determine the measurement settings, pushing the freedom-
of-choice assumption to cosmological scales. The result: Bell violation, once again.

In 2022, the Nobel Prize in Physics was awarded to Alain Aspect, John Clauser, and Anton
Zeilinger for their experimental work establishing Bell inequality violations and pioneering
quantum information science. A question that was once dismissed as philosophical had
become one of the most rigorously tested facts in all of physics.

Recap:
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• Experiments from 1972 onward consistently show Bell inequality violations.
• Aspect’s experiments (1981–82) addressed the locality loophole by switching settings

mid-flight, using relativity’s speed limit to block local explanations.
• The loophole-free tests of 2015 were decisive because they closed all major loopholes

simultaneously within single experiments.
• The 2022 Nobel Prize recognised this programme of work.

5 What Is Ruled Out—and What Is Not
The experimental verdict is clear: Nature violates Bell inequalities. Since the Bell inequality
is derived from the conjunction of three assumptions—realism, locality, and measurement
independence—at least one of these assumptions must be false. But the experiments do
not tell us which one to abandon. That question remains open and is the subject of active
debate.

What is ruled out, precisely, is the class of theories satisfying all three assumptions
simultaneously: theories in which particles have pre-existing definite properties (realism),
in which distant measurements do not influence each other (locality), and in which the
experimenters’ choices are independent of the hidden variables (measurement independence).
This conjunction is what physicists mean by local realism. No theory of this kind can
reproduce the experimentally observed correlations. This is not a limitation of any
particular model; it is a proven consequence of Bell’s theorem, confirmed by experiment.

The remaining options involve giving up one or more of these assumptions, and different
interpretive frameworks make different choices.

Some interpretations give up realism. In what are broadly called Copenhagen-like views,
particles do not possess definite values of all measurable properties prior to measurement.
The quantum state is understood not as a description of an underlying reality, but as
a mathematical tool for computing the probabilities of measurement outcomes. In this
picture, it is not that we are ignorant of pre-existing properties; rather, there are no
such properties to be ignorant of. The EPR argument then fails at its first step: without
pre-existing values, the criterion of reality does not apply, and the Bell inequality need
not hold.

Other interpretations give up locality. The most fully developed example is Bohmian
mechanics, or pilot-wave theory, proposed by David Bohm in 1952. In Bohm’s theory,
particles always have definite positions—realism is preserved in full—but their motion
is governed by a “pilot wave” that depends on the configuration of all particles in the
system, no matter how far apart. This wave mediates instantaneous influences between
distant particles: when Alice measures her particle, the pilot wave updates everywhere at
once, instantaneously affecting Bob’s particle. The theory is entirely deterministic and
reproduces all the predictions of standard quantum mechanics, but at the cost of explicit,
built-in non-locality.

A small number of physicists have explored giving up measurement independence—the
idea known as superdeterminism. In this view, the experimenters’ choices are not truly
free but are correlated with the particles’ hidden variables through some common cause in
the distant past. This preserves both locality and realism, but most physicists regard it
with scepticism, because it appears to undermine the very possibility of drawing reliable
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conclusions from controlled experiments.

A further option is retrocausality: the idea that causal influences can run backward in
time, so that a future measurement choice influences the particle’s earlier state. This is
speculative and not widely adopted, but it is studied as a way of preserving spatial locality
within a time-symmetric framework.

None of these interpretive options is experimentally ruled out. All reproduce the same
predictions. The choice between them is, for now, a matter of which assumptions one finds
most expendable.

One point, however, must be made with complete clarity. Bell inequality violation
does not mean that information can be sent faster than light. This is perhaps
the most widespread misconception about the subject, and it is flatly wrong.

The reason is simple. When Alice looks at her own measurement results in isolation, she
sees a completely random sequence—no pattern, no information. The same is true for Bob.
The remarkable correlations between their results only become visible when they come
together afterward and compare data. This comparison requires ordinary communication,
which travels at or below the speed of light. Neither party can learn anything about the
other’s actions from their own results alone. No signal is transmitted.

Quantum mechanics violates what is called Bell locality—the assumption that distant
correlations must be explainable by shared local causes—but it fully respects signal locality,
also known as no-signalling principle—the prohibition on faster-than-light communication.
Einstein’s special relativity remains intact.

Recap:

• What is ruled out is the full conjunction: realism + locality + measurement inde-
pendence.

• Remaining options involve relinquishing at least one of these assumptions.
• No interpretation is experimentally favoured over the others at present.
• Bell violation does not imply faster-than-light signalling; signal locality is preserved.

6 Summary and Outlook
The story has a clear arc. In 1935, Einstein, Podolsky, and Rosen argued that quantum
mechanics must be incomplete, because accepting it as complete would mean accepting
instantaneous influences between distant particles. For three decades, this was treated
as philosophy. In 1964, Bell proved that the dispute has experimental consequences:
local realism predicts a bound on certain correlations, and quantum mechanics predicts
that bound will be exceeded. Experiments, culminating in loophole-free tests in 2015,
confirmed the quantum prediction. Local realism—the conjunction of the ideas that
physical properties are definite, that influences are local, and that measurement choices
are free—is false.

The problem is sharpened, but it is not fully resolved. Different interpretations of quantum
mechanics respond to Bell’s theorem by rejecting different assumptions, and no experiment
yet performed distinguishes between them. What has changed irreversibly is the status of
the question itself: it is no longer possible to treat the issues raised by EPR as matters of
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philosophical preference with no empirical consequences. The correlations are a fact. Any
future theory of physics, including any theory of quantum gravity, will have to account for
them.

What remains is a set of deep, unresolved questions. Which of our intuitive assumptions
about the world is wrong? Is it realism? Locality? Both? Something else entirely? Why
does quantum non-locality take exactly the quantitative form it does—why the specific
bound 2

√
2, and not more or less? How does quantum non-locality fit together with gravity

and the structure of spacetime?

These questions are not idle speculation. They connect to active research in quantum
information, quantum computing, and quantum gravity. The features of entanglement
that once seemed paradoxical are now understood as resources—for secure cryptography,
for quantum teleportation, and for computational tasks beyond the reach of classical
machines.

Bell’s theorem stands as a rare example of a result that is simultaneously a contribution
to mathematics, to experimental physics, and to philosophy. It shows that foundational
assumptions—principles so deeply embedded in our thinking that they feel self-evident—
can be given precise formulations, subjected to experimental test, and, when the evidence
demands it, given up.
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