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Coffee first, than physics



1935-1982

The Foundations of Quantum 
Mechanics



1935 – EPR paper



Einstein’s (EPR’s) Claim: the description of reality given by the wave function in  quantum mechanics is 
not complete. 







Measurement of particle 1 of a Bell state in a z basis

or

In the end, I know the state of particle 2 although I did not
measured it!

Particle 1

Particle 1

+1 , 50% probability

-1, 50% probability





Let us assume particles are independent, each one has a physical reality which

is independent of the other as Einstein states .

If I measure particle 1 in x basis I always get the same result !

It makes no sense!

The result should not depend on the direction of measurement!

Particle 1

-1, 100% probability

X basis



1964 - Bell paper

“All attempts to construct a local realist model of quantum mechanics are doomed to fail”



Bell version of EPR/Bohm experiment

Instead of measuring both in z direction
• Lab A measures in direction a (or a’)
• Lab B measures in direction b (oru b’)



1969 – Clauser, Horne, Shimony, Holt inequality



(Home problem ! )

Students of 
Quantum Optics 
and Quantum 
Information + 
Students of 
Quantum 
Technologies







1972 – Freedman-Clauser experiment



The concept of Hauser experiment



1972 – Freedman-Clauser experiment



1972 – Freedman-Clauser experiment
Maximum violation of Bell inequality , expressed using 
coincidence rates at the angles between the polarizers, 
occurs for 22,5 deg and 67.5 deg



Problem: Alice can send the information on the direction of measurement 
to Bob and vice versa; no information should be sent, according to Bell.  



1976-1982 Aspect Experiments



Pictorial view of Aspect Experiment in 1982

AOS – fast acousto-
optical switch with 
switching time

t< L/c



1998 – Zeilinger experiment

Argument of locality loop-hole: “Aspect et al. used periodic sinusoidal switching, which is predictable into the future. “
Solution: electro-optic modulator is driven by a random-number generator 
Argument of detection loop-hole : “the efficiency of photon detection is low”; Bell inequality is proven only for a subset of 
the photons – solved in 2025 only!



Quantum Mechanics
• Two very different approaches 

1. the standard approach :

(a motto of Richard Feynman)

i.e. use main experimental results to define postulates of Quantum Mechanics and derived 
everything from there. 

Arguments:

• Quantum Mechanics works and it is extremely successful.

• We should use it to make predictions and explain Nature.

• We should not waste time trying to prove something we know it is true since almost a 
century ago. 



Quantum Mechanics
• Two very different approaches 

2. Zeilinger approach :

Fundamental research on entanglement of photons and Bell pairs deepens our 
understanding of quantum mechanics and of quantum information . 

Side effects: applications such as 

• quantum cryptography in ultra-secure transmission of information 

• quantum teleportation for quantum internet  

• Quantum computation : quantum supremacy as been proven in a proof of 
principle experiment with quantum optics



Example: the description of the coupling of 
two spin ½ particles
• The approach of a book in Quantum Mechanics

Griffiths – Introduction of Quantum Mechanics, page 166







producing entangled spins

Ԧ𝑆𝑒− +  Ԧ𝑆𝑒+ = 0



BBO: beta-barium borate crystal used in type-II phase matching 
( the down-converted photons have orthogonal polarizations) 

producing entangled photons



1990-2022 and beyond

Anton Zeilinger: 
Quantum communication with 
photons as part of Quantum 
Information Science 

Part I - Entanglement 



Individual Quantum systems

c estados eletrónicos de um 

Qubit:

Energy levels of an atom
Photon polarization Spin of an electron

















• Conclusion of Bell and GHZ experiments:  Nature does not obey
simultaneously to locality and realism. 

• What does it mean not obeying to locality?
Means that the result of a measurement can be influenced
instantaneously by a distant event; however, such influences, if
they exist, cannot propagate at a speed larger that the speed of
light in vaccum, cannot transport energy or information. The
influence corresponds solely to a correlation of data.

• What does it mean not obeying to realism?
Means that the physical properties are not defined prior to 
observation and independently of observation. 

Aplications: quantum teleportation, superdense coding, quantum 
encriptation



1993 – Bennet: proposal for Quantum 
teleportation

The solid lines represent a classical pair of bits, 
the dashed lines an EPR pair of particles, and 
the wavy line a quantum particle in an 
unknown state I ). Alice (A) performs a 
quantum measurement, and Bob (B) a unitary 
operation.



1997 - First Quantum 
Teleportation experiment



1997 - First 
Quantum 

Teleportation 
experiment



Quantum Teleportation

BSM : Bell State Measurement



Quantum Teleportation

• Allows the transmission of a state without a 
physical transport of the particle. 

• Transmission of information is not
instantaneous! It requires sending classic bits. 

• The transmission of the state is not a copy. The
original qubit becomes a bit at the end.



1998 – first demonstration of entanglement swapping 
(Jian-Wei Pan, H. Weinfurter and Zeilinger) 



2015-2017 Loop-hole free Bell tests

Nitrogen-vacancy center



BOX A – random bit a
a=0 :  spin measured along Z direction
a=1:  spin measured along X direction

BOX B  - random bit b

b=0 : spin measured along (-Z+X)/ 2 direction

B=1: spin measured along (Z+X) 2 direction

If nature obeys both locality and realism:

Experiment result:  S=2.42±0.20 with 245 
trials Electronic spin associated with a single nitrogen-vacancy 

defect centre in diamond 









2016 – First Quantum communication satellite



Jian Wei Pan



Violation of Bell 
inequality or 

Mermim inequality 
became a standard 

test for 
entanglement



Main first goal of quantum internet: ultra-secure communications





What is ultra-secure communications ?

Answer : Encrypted Communications using Vernan cypher (or one time pad) which is 
theoretically unbreakable if 
• It uses blocks of perfectly random data equal in length to the message to encode
• each key is known only by the two partners
• each key is used only once

Problems: 
• Having a perfect random generator
• Detecting intrusion during the key distribution process

Solutions:
Both problems are solved using the properties of quantum information:
• random generator based on a quantum process, intrinsically random
• Quantum Key Distribution : due to the properties of quantum information, if an intruder 

is present he will be detected and the generated key will be rejected without being used



Quantum cryptography is in the market:



2022 – Device independent QKD protocols 
using loop-hole free Bell tests







Questions that 
can be anticipated 
and possible 
answers, including 
some that can be 
found in the web



Can quantum teleportation be done with 
macroscopic objects?
• There is no physic law defining a limit between the quantum world and the classic one. At present 

all we can say is that 

scientists do not teleport Kirk, but can teleport photons and even atoms.

• One can push the limits, some scientists work really hard to do it, but nature will beat you at some 
point.

• Nevertheless, In 2012, a landmark was achieved when Chinese researchers were able to teleport 
the quantum states of the first macroscopic object — a group of 100 million rubidium atoms.



• Is there any other interpretation of Quantum Mechanics 
besides Copenhagen interpretation? 

Yes, there are quite a few interpretations of quantum mechanics other than 
the Copenhagen interpretation. They are all counter-intuitive in one way or 
another. And so it must be, since Bell's theorem proves that local realism is 
incompatible with quantum theory.

• Is the Copenhagen interpretation still the most widely accepted 
position?

Yes, but If you find the quantum world confusing you’re not alone. A recent 
survey shows that physicists disagree over the picture of reality that 
quantum mechanics describes – and that many of them don’t even care.



An extrapolation of its present rate of 
growth reveals that in the not too distant 
future Physical Review will fill bookshelves 
at a speed exceeding that of light. This is 
not forbidden by general relativity since no 
information is being conveyed.

David Mermim

Some related quotes from Mermin:


