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1. Physical reality
“If, without in any way disturbing a system, we can predict with 
certainty (i.e., with probability equal to one) the value of a physical 
quantity, then there exists an element of physical reality corresponding 
to this physical quantity.”

2. There is no action at a distance (we have local causality). 

3. The quantum-mechanical predictions are correct. 

EPR thought experiment: assumptions
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Once the first person has performed their 
experiment, the outcome for the second person is 

certain.

Let’s get (classically) correlated.
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The measurement being made is colour: red/black?

Let’s get (classically) correlated.
Example 3.
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Back to EPR
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There are two experiments that 
exist such that when the first 
person has performed their 

measurement, the outcome for the 
second experimenter is certain.
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Classical versus quantum properties 
Example 3.

Measurement 1. colour: black/red ?
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Example 3.

Measurement 1. colour: black/red ?

Measurement 2. parity: even/odd ?

Classical versus quantum properties 
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Alice's	question	 Bob's	question	 Winning	reply	
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1

Classical versus quantum properties 
In quantum theory there exist 
measurements which do not 

commute. This means that the 
observables can’t be diagonalised 
simultaneously in the same basis, 

which means they cannot be 
simultaneously known.



76

Alice's	question	 Bob's	question	 Winning	reply	

	 	 	or	 	

	 	 	or	 	

	 	 	or	 	

	 	 	or	 	
	

1

Classical versus quantum properties 

BLACK

In quantum theory there exist 
measurements which do not 

commute. This means that the 
observables can’t be diagonalised 
simultaneously in the same basis, 

which means they cannot be 
simultaneously known.
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Classical versus quantum properties 

Measuring the spin in different and non-
commuting directions                           .  

In quantum theory there exist 
measurements which do not 

commute. This means that the 
observables can’t be diagonalised 
simultaneously in the same basis, 

which means they cannot be 
simultaneously known.
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Back to EPR
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There are two experiments that 
exist such that when the first 
person has performed their 

measurement, the outcome for the 
second experimenter is certain.
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The EPR state.
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Density matrix
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Example 4.
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The EPR state.
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Let’s get (quantum) correlated.
Example 4.
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Entangled?
Two parties are said to be entangled if the quantum state of each party cannot be described 
independently of the pair. When this is the case, their density matrix cannot be written as a 
combination of separable states
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Entangled?
Two parties are said to be entangled if the quantum state of each party cannot be described 
independently of the pair. When this is the case, their density matrix cannot be written as a 
combination of separable states
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Entangled?
Two parties are said to be entangled if the quantum state of each party cannot be described 
independently of the pair. When this is the case, their density matrix cannot be written as a 
combination of separable states.

Separable
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Example 1.
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Entangled?
Two parties are said to be entangled if the quantum state of each party cannot be described 
independently of the pair. When this is the case, their density matrix cannot be written as a 
combination of separable states.
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Entangled.
Two parties are said to be entangled if the quantum state of each party cannot be described 
independently of the pair. When this is the case, their density matrix cannot be written as a 
combination of separable states
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EPR thought experiment
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EPR thought experiment

To avoid “spooky action at a distance” (i.e. to preserve assumption 2) EPR have to 
attribute an “element of physical reality” to the spin of particle 2, which 
predetermines the outcome of the measurement. 
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EPR thought experiment

To avoid “spooky action at a distance” (i.e. to preserve assumption 2) EPR have to 
attribute an “element of physical reality” to the spin of particle 2, which 
predetermines the outcome of the measurement. 

The theory describes 
the state of these two 
particles

This is outside of the 
theory
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EPR thought experiment

i ii i ii
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EPR thought experiment
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EPR thought experiment
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EPR thought experiment
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EPR thought experiment
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EPR thought experiment
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EPR thought experiment
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EPR thought experiment

The quantum-mechanical formalism is incomplete!

The theory describes 
the state of these two 
particles

This is outside of the 
theory
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EPR thought experiment

An extended theory, deterministic hidden-variable theory, is 
required if one were to take the EPR point of view.

The theory describes 
the state of these two 
particles

This is outside of the 
theory



106 May 4, 1935 issue of The New York Times.

https://www.wikiwand.com/en/The_New_York_Times
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Quantum history condensed.

1900 1925/1926 1935 1964

?

Quantum 
theory EPR

Bell’s 
theorem
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EPR thought experiment
The theory describes 
the state of these two 
particles

This is outside of the 
theory
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John Bell was the first person to 
notice that some quantum 
correlations cannot be written with 
a local hidden variable model.

But where should one look for these 
correlations?

What is the experiment?
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The CHSH ‘game’ – the test for Bell’s theorem.

1900 1925/1926 1935 1964

J. F. Clauser, M. A. Horne, A. Shimony, 
and R. A. Holt, Phys. Rev. Lett. 23, 880 
(1969).

𝐶𝐻𝑆𝐻 = 𝐴!𝐵! + 𝐴!𝐵"
+ 𝐴"𝐵! − 𝐴"𝐵"

1969
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The CHSH ‘game’ – the test for Bell’s theorem.

1900 1925/1926 1935 1964 1969

If you side with EPR, then your 
experimental results would obey 
Bell’s inequality (a type of equation).

If you side with Bohr, then your 
experimental results would not obey 
this equation. 
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The CHSH ‘game’ – the test for Bell’s theorem.

1900 1925/1926 1935 1964 1969

1972 1976 1981 1982 1985
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Local physics

Quantum mechanics

Bell test

The Nobel Prize in Physics 2022 was awarded to Alain Aspect, John F. Clauser and Anton Zeilinger “for 
experiments with entangled photons, establishing the violation of Bell inequalities and pioneering 
quantum information science”. 

CHSH ≤ 2
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Understanding the CHSH game
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Alice's	question	 Bob's	question	 Winning	reply	 Strategy	
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Alice's	question	 Bob's	question	 Winning	reply	 Strategy	
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75%Classical: 

Quantum: 85%
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There is no pre-arranged strategy, no probabilistic 
strategy that one can devise (not even using all 
the classical supercomputing resources available 
in the universe!) that can beat the classical bound 
of 75% success.
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What can we do with a 
quantum advantage?
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Quantum communication protocols, 
quantum teleportation, entanglement 
swapping, quantum key distribution, 
quantum computing…
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Quantum technologies1QBit
D-Wave

Airbus

Aliyun (Alibaba Cloud)

AT&T

Intel

HP

Accenture

Accenture

BT
Cambridge Quantum Computing Limited

Elyah
Atos

Google QuAIL
Carl Zeiss AG

Booz Allen Hamilton

HRL Laboratories
Honeywell

Fujitsu

IBM

Lockheed MartinMicrosoft Research QuArC

ionQ

InfiniQuant

Huawei Noah's Ark Lab

imec
Q-Ctrl

KPN

MagiQ

Hitachi

NEC Corporation

Mitsubishi

ID Quantique

Nokia Bell Labs

Microsoft Research Station Q

QxBranch

QC Ware

R QUANTECH

Qbitlogic International

NTT Laboratories

QuintessenceLabs

Quantum Circuits, Inc.

Quantum Benchmark Inc.

Rigetti Computing

Northrop Grumman

Raytheon/BBN
RIKEN

Toshiba
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Entanglement wrap up. 

• Entanglement is a property of two or more systems. It is present 
when the description of the total state doesn’t admit a particular 
decomposition (factorisation*).

• Entangled states can produce non-local correlations. When they do, it 
may be possible to detect entanglement. 

• All pure states violate a Bell inequality but not all mixed states violate 
a Bell inequality.
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Is everything that is certain 
determined in advance?
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Is everything that is certain 
determined in advance?

Not if it is quantum. 


