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Nobel 2022

Nobel 2022

John F. Clauser Alain Aspect Anton Zeilinger
USA France Austria
1942 1947 1945

“for experiments with entangled photons, establishing the violation of
Bell inequalities and pioneering quantum information science”
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Bell inequalities as quantum games

Bell inequalities as quantum games
The GHZ game: Greenberger Horn Zeilinger)

Alice Bob Charlie
Q1 X X X 1
Q2 Y Y X -1
Q3 X Y Y -1
Q4 Y X Y -1

1 1 1 ?

A B C
Q1 −1 −1 −1 lost
Q2 −1 −1 −1 -1
Q3 −1 −1 −1 -1
Q4 −1 −1 −1 -1

1 1 1 ?
winning probability 3/4

Can’t satisfy table with ±1
Classical winning probability ≤ 3/4
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Bell inequalities as quantum games

GHZ entangled state
Unreasonable quantum correlation

|GHZ ⟩ = |000⟩+ |111⟩√
2

, |0⟩ =
(

1
0

)
, |1⟩ =

(
0
1

)

X =

(
0 1
1 0

)
, Y = i

(
0 −1
1 0

)
︸ ︷︷ ︸

Pauli

X |0⟩ = |1⟩ , X |1⟩ = |0⟩

Y |0⟩ = i |1⟩ , Y |1⟩ = −i |0⟩

X ⊗ X ⊗ X |GHZ ⟩ = + |GHZ ⟩
X ⊗ Y ⊗ Y |GHZ ⟩ = − |GHZ ⟩
Y ⊗ X ⊗ Y |GHZ ⟩ = − |GHZ ⟩
Y ⊗ Y ⊗ X |GHZ ⟩ = − |GHZ ⟩
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Bell inequalities as quantum games

Always win with the help of an entangled state
The X and Y questions instruct ABC what observable to measure

A, B & C share |GHZ ⟩

Measure X for question X

Measure Y for question Y

Always win

A B C
Q1 X X X 1
Q2 Y Y X -1
Q3 X Y Y -1
Q4 Y X Y -1

1 1 1 ?

No local hidden variables
No values assigned to questions not asked

Observed values are not predetermined
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Bell inequalities as quantum games

Correlations do not transfer information
No signaling

Alice Bob and Charlie win but remain ignorant

Alice does not learn what question B & C were asked

Quantum correlations do not signal

Quantum mechanics is consistent with relativity
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Bell inequalities as quantum games

Closing the communication loophole
Aspect experiment

Entangled photons

X experiment

Y experiment

±1

±1

Bob

±1

±1

Alice

Alice and Bob
Choose randomly experiment X or Y
Choice is made during photons transit
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Bell inequalities as quantum games

Clauser, Aspect, Zeilinger
Improved sources of entangled photon pairs

Clauser:
1969: CHSH inequality
1972: Testing a Bell inequality (w. Freedman )
Entangled photons: Atomic cascade & lamp

Aspect
1982: Alice and Bob could not communicate
Entangled photons: Atomic cascade & laser

Zeilinger
1997: Teleportation
Entangled photons: Down conversion
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What is entanglement?

What is Entanglement?
Pure states

Product
|Ψ⟩ = |ψ1⟩ ⊗ |ψ2⟩

Being products is basis dependent

|00⟩+ |01⟩+ |10⟩+ |11⟩︸ ︷︷ ︸
superposition

= (|0⟩+ |1⟩)⊗ (|0⟩+ |1⟩)︸ ︷︷ ︸
product

Entangled pure states

∄ basis where |Ψ⟩ is a product
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What is entanglement?

Entanglement =Which path ambiguity
Atomic cascade of polarized photons

S

S

P

|⟳⟩ |⟲⟩

|⟳⟩|⟲⟩

Alice is red and Bob is blue

|β⟩ = |⟲⟩ ⊗ |⟳⟩+ |⟳⟩ ⊗ |⟲⟩√
2
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What is entanglement?

Which path witness kills the entanglement
Spies everywhere

S

S

|⟲⟩|⟳⟩

|⟳⟩|⟲⟩

|Left⟩
|Right⟩

|ψ⟩ = |⟲⟩ ⊗ |⟳⟩ |Left⟩+ |⟳⟩ ⊗ |⟲⟩ |Right⟩

The split degeneracy betrays the path

Entanglement killed by which path information
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What is entanglement?

Spookhaft vernwirkung
Entanglement allows for remote operations

Maximally entangled states

|Ψ⟩AB =
∑

|a⟩A ⊗ |a⟩B , ⟨a|a′⟩ = δaa′

Everything Alice can do, Bob can

M ⊗ 1 |Ψ⟩AB =
∑

Mab |b⟩A ⊗ |a⟩B = 1⊗ M t |Ψ⟩AB
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Teleportation

No cloning
Can’t copy an unknown quantum state

A known quantum state:
A classical preparation protocol.

An unknown quantum state
Output of a quantum computer

Alice doesn’t know how |ψ⟩ was prepared
Extracting information on |ψ⟩ is destructive
Alice can’t make copies of |ψ⟩
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Teleportation

Bell states
The 4 mothers of entangled states

4 Bell states:

|Φ±⟩ =
|00⟩ ± |11⟩√

2
|Ψ±⟩ =

|01⟩ ± |10⟩√
2

Mutually orthogonal
Span 2-qubits Hilbert space
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Teleportation

Teleportation
Setting and protocol

Alice has 2 qubits & Bob has 1 qubit
Alice’s qubit 1 is in an unknown state |ψ⟩
Alice’s qubit 2 in entangled with Bob’s

|ψ⟩A

|0⟩A

|0⟩B

Entangler

Bell �
Φ+
Φ−
Ψ+
Ψ−

UΦ/Ψ |ψ⟩
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Teleportation

The teleportation identity
Moving |ψ⟩ from Alice to Bob

Pauli matrices

X =

(
0 1
1 0

)
, Y = i

(
0 1
−1 0

)
, Z =

(
1 0
0 −1

)

Teleportation identity

2 |ψ⟩A ⊗ |Φ+⟩AB = |Φ+⟩AA ⊗ |ψ⟩B + |Ψ+⟩AA ⊗ X |ψ⟩B

+ |Ψ−⟩AA ⊗ Z |ψ⟩B + |Φ−⟩AA ⊗ XZ |ψ⟩B
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Teleportation

The six fathers of teleportation
Jozsa, Wootters, Bennett, Brassard, Crepeau, Peres

1993

Nature © Macmillan Publishers Ltd 1997NATURE | VOL 390 | 11 DECEMBER 1997 575

articles

Experimental quantum
teleportation
Dik Bouwmeester, Jian-Wei Pan, Klaus Mattle, Manfred Eibl, Harald Weinfurter & Anton Zeilinger

Institut für Experimentalphysik, Universität Innsbruck, Technikerstr. 25, A-6020 Innsbruck, Austria
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Quantum teleportation—the transmission and reconstruction over arbitrary distances of the state of a quantum
system—isdemonstratedexperimentally.During teleportation,an initial photonwhichcarriesthepolarization that is to
be transferred and one of a pair of entangled photons are subjected to a measurement such that the second photon of
the entangled pair acquires the polarization of the initial photon. This latter photon can be arbitrarily far away from the
initial one. Quantum teleportation will be a critical ingredient for quantum computation networks.

The dream of teleportation is to be able to travel by simply
reappearing at some distant location. An object to be teleported
can be fully characterized by its properties, which in classical physics
can be determined by measurement. To make a copy of that object at
a distant location one does not need the original parts and pieces—
all that is needed is to send the scanned information so that it can be
used for reconstructing the object. But how precisely can this be a
true copy of the original? What if these parts and pieces are
electrons, atoms and molecules? What happens to their individual
quantum properties, which according to the Heisenberg’s uncer-
tainty principle cannot be measured with arbitrary precision?

Bennett et al.1 have suggested that it is possible to transfer the
quantum state of a particle onto another particle—the process of
quantum teleportation—provided one does not get any informa-
tion about the state in the course of this transformation. This
requirement can be fulfilled by using entanglement, the essential
feature of quantum mechanics2. It describes correlations between
quantum systems much stronger than any classical correlation
could be.

The possibility of transferring quantum information is one of the
cornerstones of the emerging field of quantum communication and
quantum computation3. Although there is fast progress in the
theoretical description of quantum information processing, the
difficulties in handling quantum systems have not allowed an
equal advance in the experimental realization of the new proposals.
Besides the promising developments of quantum cryptography4

(the first provably secure way to send secret messages), we have
only recently succeeded in demonstrating the possibility of quan-
tum dense coding5, a way to quantum mechanically enhance data
compression. The main reason for this slow experimental progress
is that, although there exist methods to produce pairs of entangled
photons6, entanglement has been demonstrated for atoms only very
recently7 and it has not been possible thus far to produce entangled
states of more than two quanta.

Here we report the first experimental verification of quantum
teleportation. By producing pairs of entangled photons by the
process of parametric down-conversion and using two-photon
interferometry for analysing entanglement, we could transfer a
quantum property (in our case the polarization state) from one
photon to another. The methods developed for this experiment will
be of great importance both for exploring the field of quantum
communication and for future experiments on the foundations of
quantum mechanics.

The problem
To make the problem of transferring quantum information clearer,
suppose that Alice has some particle in a certain quantum state |w〉

and she wants Bob, at a distant location, to have a particle in that
state. There is certainly the possibility of sending Bob the particle
directly. But suppose that the communication channel between
Alice and Bob is not good enough to preserve the necessary
quantum coherence or suppose that this would take too much
time, which could easily be the case if | w〉 is the state of a more
complicated or massive object. Then, what strategy can Alice and
Bob pursue?

As mentioned above, no measurement that Alice can perform
on |w〉 will be sufficient for Bob to reconstruct the state because the
state of a quantum system cannot be fully determined by measure-
ments. Quantum systems are so evasive because they can be in a
superposition of several states at the same time. A measurement on
the quantum system will force it into only one of these states—this
is often referred to as the projection postulate. We can illustrate this
important quantum feature by taking a single photon, which can be
horizontally or vertically polarized, indicated by the states |↔〉 and |l 〉.
It can even be polarized in the general superposition of these two
states

jw〉 ¼ aj↔〉 þ bj l 〉 ð1Þ

where a and b are two complex numbers satisfying jaj2 þ jbj2 ¼ 1.
To place this example in a more general setting we can replace the
states |↔〉 and |l 〉 in equation (1) by |0〉 and |1〉, which refer to the
states of any two-state quantum system. Superpositions of | 0〉 and
| 1〉 are called qubits to signify the new possibilities introduced by
quantum physics into information science8.

If a photon in state | w〉 passes through a polarizing beamsplit-
ter—a device that reflects (transmits) horizontally (vertically)
polarized photons—it will be found in the reflected (transmitted)
beam with probability |a | 2 (| b | 2). Then the general state | w〉 has
been projected either onto | ↔〉 or onto | l 〉 by the action of the
measurement. We conclude that the rules of quantum mechanics, in
particular the projection postulate, make it impossible for Alice to
perform a measurement on |w〉 by which she would obtain all the
information necessary to reconstruct the state.

The concept of quantum teleportation
Although the projection postulate in quantum mechanics seems to
bring Alice’s attempts to provide Bob with the state |w〉 to a halt, it
was realised by Bennett et al.1 that precisely this projection postulate
enables teleportation of |w〉 from Alice to Bob. During teleportation
Alice will destroy the quantum state at hand while Bob receives the
quantum state, with neither Alice nor Bob obtaining information
about the state |w〉. A key role in the teleportation scheme is played
by an entangled ancillary pair of particles which will be initially
shared by Alice and Bob.

Avron (Technion) 2022 Physics Nobel prize May 29, 2023 18 / 21



Lingering discomfort

The lingering discomfort with QM
From EPR to Everett and Penrose

? Podolsky Rosen
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Lingering discomfort

Lingering discomfort
Measurements do not reveal a pre-existing values

Physics is about what nature is (Einstein)
|ψ⟩ is about what is possible (Bohr)

Is there a more fundamental theory behind QM?
Where is the classical/quantum boundary?

What about the consistency of QM with GR?

Avron (Technion) 2022 Physics Nobel prize May 29, 2023 20 / 21



Lingering discomfort

The end

Thanks: Arad, Behar, Gershoni, Kenneth, Lindner, Rohrlich, Vaidman
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