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‣  Realism 
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Bell’s Theorem: Any physical theory that incorporates local realism 
cannot reproduce all the predictions of quantum mechanical theory.

Local Realism = Principle of Locality + Realism

An object is only directly influenced by its immediate surroundings.

What is Realism?

What is Locality?

The quality of the Universe existing independently of observers.



Copenhagen interpretation of modern physics denies the existence 
of local realism.

Copenhagen interpretation:  

‣ Physical systems generally do not have definite properties prior to 
being measured. 

‣ Quantum mechanics can only predict the probabilities that 
measurements will produce certain results.



The wave function is not assumed to physically exist in real spacetime.

Born’s Rule: The probability density of finding a particle at a given 
point is proportional to the square of the magnitude of the particle's 
wave function at that point.

A wave function collapse would violate locality if it was physical.

“The objective reality has evaporated, and QM does not represent 
particles, but rather, our knowledge, our observations, or our 
consciousness of particles.”   

                                                             — Werner Heisenberg



Bell: If a local hidden variable theory holds, then the correlations 
between entangled qubits must obey a certain inequality.

Quantum Entanglement: Groups of particles interact in ways such 
that the quantum state of each particle cannot be described 
independently of the state of the others.

Hidden Variable Theory: Assume QM is incomplete and the result of 
measurements depends on predetermined “hidden variables”.

Entangled System: A system whose quantum state cannot be 
factored as a product of states of its constituents. 
‣ They are not individual particles but are a inseparable whole.





Quantum correlation of the particle pairs:

Detector setting x and y 
on the detectors A and B

Average values of the 
measurement outcomes

Probability density

Hidden parameter  λ

CHSH inequality:

The mathematical formalism of quantum 
mechanics predicts a maximum value:
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NV Centers





Schematic Realization



‣ First, entangle the spins with the emission time of the photons 
(time bin encoding).

Entangling the Spins of the Electrons

Time-Bin Encoding:

‣ If the photon takes:  
‣ the short path, it is said to be in the state: 
‣ the long path, it is said to be in the state: 

‣ If the photon has a non-zero probability to take either path, then it is in 
a coherent superposition of the two states:



‣ Send the photons to C, where they are  
overlapped on a beam-splitter and  
subsequently detected. 

‣ If the photons are indistinguishable in  
all degrees of freedom:

‣ These detections imply the successful preparation and play the role of 
the event-ready signal. 

‣ This event-ready signal is space-like separated from the RNG at A and B.



Locality Loophole

Loopholes: Problems of experimental design or set-up that affect the 
validity of the experimental findings

Detection Loophole

Memory Loophole



Experimental Realization



Results

‣ For A and B they observe near-unity correlations between spin state 
and photon time. 

‣ The generated entangled state is expected to violate the CHSH-Bell 
inequalities with S = 2.30 ± 0.07.

The probability to get spin state      at location A (left panel) or B (right panel) 
when a single photon is detected in the early or late time bin at location C.



Characterization of the Bell set-up using 
(anti-)parallel read-out angles.  

The numbers in brackets are the raw 
number of events.  

The data yield a strict lower bound on 
the state fidelity to         of 0.83 ± 0.05. 

‣ They find a success probability per entanglement generation attempt 
of about 6.4 x 10-9, which yields slightly more than one event-ready 
signal per hour. 



Summary of the Data



‣ Orange curve: They analyze the data under the assumptions that; 
‣ the Bell trials are independent of each other, 
‣ the recorded random input bits have zero predictability, 
‣ the outcomes follow a Gaussian distribution.  

‣ The null hypothesis that a local-realist model for space-like separated 
sites describes their experiment is rejected with a P value of 0.019.



‣ Red curve: Allows for arbitrary memory, takes the partial predictability 
of the random input bits into account and also makes no assumption 
about the probability distributions underlying the data. 

‣ The null hypothesis that an arbitrary local-realist model of space-like 
separated sites governs their experiment is rejected with a P value of 
0.039.


