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Classical Physics vs 
Quantum Physics

Quantum world is fuzzy…



Heisenberg uncertainty principle

Uncertainty principle

One cannot measure position and momentum 
(velocity) of a quantum object simultaneously 
with arbitrary precision

Very pronounced at atomic level
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Weirdness of quantum 
measurements

Identical boxes (right from a certified quantum distributor)



Weirdness of quantum 
measurements

First box measured: green (up). So the rest of identical 
boxes will show the same result, right?!



Weirdness of quantum 
measurements

Identical boxes, identical measurements – different results?!



Weirdness of quantum 
measurements

Identical boxes, identical measurements – different results?!

Do you see GGRGR?

Yep, exactly that!



Weirdness of quantum 
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Weirdness of quantum 
measurements

What we learn so far:
1. Identical measurement of identical particles 
can lead to different results (can predict 
probability, but not individual outcome)

2. If we make a different measurement in 
between two identical ones, that can chance the 
outcome!

We cannot measure two different properties 
(up-down) or (left-right) at the same time!!!



Optical qubits: polarized 
photons



It’s getting weirder and weirder: 
two particles are entangled

Red!

Green!



It’s getting weirder and weirder: 
two particles are entangled

Green!

Red!

But equally 
possible…

Random results, but always opposite to each other!



It’s getting weirder and weirder: 
two particles are entangled

Blue!

Yellow!

And even with a 
different 

measurement…

Random results, but always opposite to each other!



It’s getting weirder and weirder: 
two particles are entangled

In short: Einstein did not like Quantum Mechanics



Einstein-Podolsky-Rosen (EPR) 
paradox

Green!

Blue!

Can we use entangled 
particles to carry out 

two incompatible 
measurements? 

Did we beat the uncertainty principle? Nice try, but no!



Saving local realism: hidden 
variables

For 30 years physicists debated which treatment of reality 
(hidden variables vs non-locality) is real… without any 
possibility to test it!

I’ll beYou’ll be

downup

rightleft

outin

What if the two 
particles made prior 

arrangements?



From philosophy to experiments: 
Bell inequalities

John Bell

Coincidence count
S := Ea,b - Ea',b + Ea,b' + Ea,b'



If the difference is more than 0.25 – no hidden variables

John Clauser



Troubles with experimental tests 
of Bell inequalities: loopholes

Locality loophope: what if the orientation of one 
detector somehow affect the outcome of the other? 



Key modification: they 
rapidly switched each 
detector orientation 
faster than light can 

travel from one 
detector to another

Even with locality loophole closed – no hidden variables!

In fact, no violation of nonlocality being found so far! 

Alan Aspect



Bell states: entangled couple therapy



Quantum teleportation

?



Quantum teleportation

?
Too dangerous to send a particle directly

?

Step 1: share entangled pair

Step 2: make Bell measurement

?



Quantum teleportation

?
Too dangerous to send a particle directly

?

Step 1: share entangled pair

Step 2: make Bell measurement

?
Step 3: prescribe the treatment 
for the remaining particle to 
turn in into the original!

?



Anton Zeilinger


