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The EPR paradox

Completeness can be recovered by adding hidden variables to the model

What if the Locality assumption is added?

Hidden Variable Theories (HVTs)

Local Hidden Variable Theories (LHVTs)
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The CHSH inequality
Bell inequality 4-settings reformulation by Clauser, Horne, Shimony and Holt,
allowing easier experimental tests [PRL 24, 549 (1970)]:



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

The CHSH inequality
Bell inequality 4-settings reformulation by Clauser, Horne, Shimony and Holt,
allowing easier experimental tests [PRL 24, 549 (1970)]:

LHVTs:

Quantum Mechanics:



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

The CHSH inequality
Bell inequality 4-settings reformulation by Clauser, Horne, Shimony and Holt,
allowing easier experimental tests [PRL 24, 549 (1970)]:

LHVTs:

Quantum Mechanics:

Tsirelson’s bound:



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

The CHSH inequality
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Wave function collapse
+

Uncertainty principle

Each pair can give information on just one of the correlators constituting 𝑆𝑆: 
it is not possible to estimate the entire Bell parameter at the single pair level.
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The CHSH inequality
Bell inequality 4-settings reformulation by Clauser, Horne, Shimony and Holt,
allowing easier experimental tests [PRL 24, 549 (1970)]:

LHVTs:

Quantum Mechanics:

Tsirelson’s bound:

Wave function collapse
+

Uncertainty principle

Each pair can give information on just one of the correlators constituting 𝑆𝑆: 
it is not possible to estimate the entire Bell parameter at the single pair level.

Unless…
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From projective measurement…
Projective measurements in sequence:

The wave function collapse forbids to measure non-commuting observables on the same quantum state.

To estimate 𝑆𝑆, Alice and Bob have to
randomly choose their measurement
settings in each experimental run.
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event, but the state does NOT collapse: incompatible measurements on the same quantum state are allowed!
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Weak measurements [Aharonov, Albert & Vaidman, PRL 60 (1988)] - little information is extracted from a single measurement
event, but the state does NOT collapse: incompatible measurements on the same quantum state are allowed!

If no post-selection is made, the result of the weak
measurement corresponds to the expectation value
of the measured observable:
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Birefringent
crystal

Single 
photon

Next step: from single photons to entangled pairs
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Single-pair measurement of 𝑺𝑺: the setup



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Single-pair measurement of 𝑺𝑺: the setup

Visibility: 𝑉𝑉 = 0.983 ± 0.001



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Single-pair measurement of 𝑺𝑺: the setup

Visibility: 𝑉𝑉 = 0.983 ± 0.001



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Single-pair measurement of 𝑺𝑺: the setup

Visibility: 𝑉𝑉 = 0.983 ± 0.001

4-dimensional coincidence
counts tensor:



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Single-pair measurement of 𝑺𝑺: the setup

Visibility: 𝑉𝑉 = 0.983 ± 0.001

4-dimensional coincidence
counts tensor:



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Single-pair measurement of 𝑺𝑺: results



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Single-pair measurement of 𝑺𝑺: results



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Single-pair measurement of 𝑺𝑺: results



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Single-pair measurement of 𝑺𝑺: results

0
1
2
3
4
5
6
7

× 104



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Single-pair measurement of 𝑺𝑺: results
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A 4.2 standard deviations violation
of the CHSH inequality is achieved

Virzì et al., 
arXiv:2303.04787 (2023) 
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What about the two-photon state after the measurement?

Tomographic reconstruction of the two-photon
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arXiv:2303.04787 (2023) 



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

What about the two-photon state after the measurement?

Tomographic reconstruction of the two-photon
state before the Bell parameter measurement

Real part Imaginary part

Virzì et al., 
arXiv:2303.04787 (2023) 



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

What about the two-photon state after the measurement?

Tomographic reconstruction of the two-photon
state before the Bell parameter measurement

Real part Imaginary part

Negativity:

Concurrence:

Virzì et al., 
arXiv:2303.04787 (2023) 



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

What about the two-photon state after the measurement?

Tomographic reconstruction of the two-photon
state before the Bell parameter measurement

Tomographic reconstruction of the two-photon
state after the Bell parameter measurement

Real part Imaginary part

Negativity:

Concurrence:

Negativity:

Concurrence:

Virzì et al., 
arXiv:2303.04787 (2023) 



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

What about the two-photon state after the measurement?

Tomographic reconstruction of the two-photon
state before the Bell parameter measurement

Tomographic reconstruction of the two-photon
state after the Bell parameter measurement

Real part Imaginary part

Negativity:

Concurrence:

Negativity:

Concurrence:

Our measurement procedure induces just a tiny decoherence on the initial state: the entanglement is still here!

Virzì et al., 
arXiv:2303.04787 (2023) 
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Summary

 We realized the first single-pair Bell inequality test, extracting a Bell parameter value from each entangled pair.

 By resorting to a sequence of two weak measurements on each photon constituting the entangled pair, we
perform at once all the (incompatible) measurements needed to estimate 𝑆𝑆 pair-by-pair.

 No need for Alice and Bob to choose among different measurement bases: our approach stretches the concept
of counterfactual definiteness, avoiding counterfactual reasoning of other Bell inequalities tests.

 Weak measurements allow avoiding the wave function collapse (at the cost of some negligible decoherence),
hence the initial state remains almost unaltered: non-invasive entanglement certification is achieved!

 Not having to sacrifice quantum resources to certify entanglement, our method could boost the performances of
quantum technology protocols (e.g., Ekert’s protocol [Ekert, PRL67, 661 (1991)]or device-independent realizations).

 Next step: implementation of novel quantum foundations investigation tests involving measurements on non-
commuting observables, e.g. the one connected to the Relativistic Independence condition [Carmi & Cohen, Sci. Adv.
5, eaav8370 (2019)].



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Credits

Salvatore Virzì
Enrico Rebufello
Francesco Atzori
Fabrizio Piacentini
Alessio Avella
Marco Gramegna
Ivo P. Degiovanni
Marco Genovese

Eliahu Cohen

Rudi Lussana
Iris Cusini
Francesca Madonini
Federica Villa



Fabrizio Piacentini, Quantum Sailing, Isola d’Elba, 14-20 May 2023

Weak values

⟩|𝜓𝜓 :  pre-selected state
⟩|𝜑𝜑 : post-selected state

Weak interaction (1° order approximation):
and  h  

canonically
conjugated

Von Neumann coupling between an observable 𝐴̂𝐴 and a pointer observable �𝑃𝑃 :

Weak measurements [Aharonov, Albert & Vaidman, PRL 60 (1988)]: little information is extracted from a single measurement
event, but the state does NOT collapse.

Projective measurement (post-selection on ⟩|𝜑𝜑 ): 

Weak value:
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Joint and Sequential Weak Values

Joint weak measurement
Reschet al., PRL 92, 130402 (2004)

Sequential weak measurement
Mitchinson et al., PRA 76, 062105 
(2007)

Weak values «challenge one of the canonical dicta of QM: that non commuting observables cannot be
simultaneously measured»

«the fact that one hardly disturbs the systems in making WM means that one can in principle measure different
variables in succession» [Mitchison, Jozsa and Popescu, PRA76 (2007)]
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Detailed experimental setup



Weak measurements and detection Entangled pairs
generation
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Detailed experimental setup
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Negativity and Concurrence estimation

Negativity:

Concurrence:

Negativity and Concurrence can be optimally estimated as [Virzì et al., Sci. Rep. 9, 3030 (2019)]:
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