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• Hidden variables
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Have become entangled

Wave function is not a product

Remain entangled



Spooky action!

The entanglement is maintained despite the

separation of two particles by vast

distances.

The particles disentangle only upon the
interaction of one of them with the medium
(during an experiment, f.ex.)

When Alice conducts a measurement on
the first particle, the behaviour of the

second particle becomes determined,

regardless of the significant distance
separating them!

Einstein wrote to Max Born, 1947: “I cannot seriously believe (in quantum mechanics) because the theory is

incompatible with the requirement that physics should represent reality in space and time without spooky action at
distance …”



Hidden variables



Towards the experiment. Spin and polarization



Bell inequality



Bell’s Theorem (CHSH version 1969)
For realistic models (hidden variable models, hidden variable 𝜆), the outcomes of experiment are described by random variables.

Correlation

1. Measurement outcomes can be described by two families of random variables: Realism.

2. Measurement outcomes are independent of the remote setting: Locality 

3. Measurement outcomes are +ℏ/2 or -ℏ/2 in case of particle’s spin (+1 or -1 in case of photon polarisation)

CHSH (Clauser, Horn, Shimony, Holt) 1969. 

Bell inequallity is violated by quantum-mechanical predictions.



Early experiments: Reliability

Freedman, Clauser Experiment

The first experiments  (70’) have not 

yielded consistent results regarding 

the violation of the Bell Inequality.

Kasday et al.; Faraci et al., Gutkowski 
et al., Wilson et al., Bruno et al. 

Photons comming from positronium 

annihilation.

Freedman, Clauser (Berkeley Lab), 1972

The first reliable test using Ca cascade confirmed CHSH inequality 

violation on the level of 6.5σ

Detectors separated about 3m. 

Suffered from communication loophole.



Loopholes

Loopholes

Locality: ambiguity when the communication between the parts of the experiment is possible.

In the case of static polarizers locality could be questioned: they allow them to reach some mutual rapport by

exchanging signals with velocities les than or equal with the velocity of light.

It is crucial that the settings be changed during the flight of the particles (fast switching), to prevent the communication.

Detection: The experiments detect a small subset of all pair created.

Predictability during a sequence of settings is problematic. The memory must be avoided.

Freedom of choice of the settings. “The hidden variable” has not to influence to the setting.

It is necessary to freely choose a

direction for analysis, to set the

analyser and to register the particle

such that it is impossible for any

information about these processes to
travel via any (possibly unknown)

channel to the other observer before

he finishes his measurement.



Aspect Experiment

Aspect, Dalibard, Roger, 1982

(Institut d’Optique, Orsay, France)

Each polarizer is replaced by a setup

involving a switching device followed
by two polarizers in two different

directions.

Timing experiment, where the locality

condition becomes a consequence of
Eistein’s causality, preventing any

faster than light influence.

Photons coming from a cascade in Ca.

• Switching between two channels occurs about each 10 ns, whereas 

L/t is 40 ns and the lifetime of the cascade is 5 ns.

• Particles separated at about 12 m.

• Obtained a violation of Bell’s Inequallity.

• But their switching was periodic and predictable in the future.



… Zeilinger experiment

Weihs, Jennewein, Simon,

Weinfurter, Zeilinger, 1998

(Universitat Innsbruck)

• Alice and Bob were spatially

separated by a distance of
400m (1 𝜇 s) across the

Innsbruk University campus.

• High speed (far below 1𝜇s)

physical random number’s

generators to set the
analyser’s direction.

• Indipendent data registration

associated with atomic

clocks.

• Closing the communication
loophole

• Obtained a violation of Bell’s

Inequallity.

Since late 1980, all experiments performed with

entangled photons produced by a process of the

splitting of an incident photon in a crystal into two

photons with orthogonal polarizations.



Following  Experiments
Tittel, Brende, Gisin, Herzog, Zbinden, 1998 (University of

Geneva), entangled photons sent 10.9 km appart to two

villages of Geneva.

Rowe, Kielpinski, Meyer, Sacket, Itano, Monroe,Wineland
2001 (University of Boulder, Colorado), efficiency of

photons detection over 90%. Massive particles (9Be).

Three announced fully loop-free tests

Hensen et al. 2015 (Delft University), Electron spins
(spatial separation 1.3km)

Giustina et al. 2015 (University of Vienna)

Shalm et al. 2015 (Boulder Colorado).

Hendsteiner, … Zeilinger 2017 (Vienna), settings of both
detectors by photons coming from two different Milky Way

sources (any casual connection strictly excluded).

Quantum Space satellite Mozi (2018), the first and the

only satellite in space to prove quantum entanglement by
testing the Bell’s inequallity in a distance about 1200 km,

between two astronomical observatories in China.



Experiments with other particles

Schmied et al., (Basel) 2016, detection of Bell’s 

correlations between particle spins in the Bose-Einstein 

condensate of Rb atoms.

Rosenfeld et al., (Munich) 2017, detection of correlations 
between two distant atoms (entanglement achieved via a 

photon exchange).

Holland et al. Princeton, 2022, entanglement of 

individually prepared molecules (CaF). 

Lee et al. (University of Oxford, UK) 2011, motional 

vibrational entanglement between vibrational states of 

two spatially separated, millimeter-sized diamonds.

ATLAS, (CERN), 2024, entanglement between quarks. 

Pairs of top quarks were analysed (about one million). An 

entanglement between particle spins. First prove of 

entanglement in high energies.





• Quantum Computer

• Quantum Cryptography

• Quantum teleportation

• Entanglement-enhanced microscope
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