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Bell inequalities 
 
Photons (Experiments: 
Aspect1, Weihs2) 
 
Atoms (Experiment: Rowe3,) 

 
Neutrons (Experiment: 
Hasegawa4) 
 
K-mesons (??) 
 
B-mesons (??) 
.... 
 

Decoherence model
 
Photons (realisation with 
Zeilinger group) 

 
Atoms (???)  
 
Neutrons (realisation with 
Rauch group) 
 
K-mesons (realisation with 
DAPHNE group) 

 
B-mesons (realisation with 
HEPHY group ?) 

Bertlmann, Grimus and Hiesmayr, Phys. 
Rev. D, 60, 114032 (1999) 
Bertlmann, Durstberger and Hiesmayr,  
Phys. Rev. A 68 (2003) 012111 



 
 
 

EPR-Problem 
 

 

 
 

 
Einstein: 
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Es darf keine spukhafte Fernwirkung 
existieren!! 
(There exists no instantaneously influence 
between two in space separated particles.) 



 
 

What are Bell inequalities? 
 
 
 
 
 

 
John S. Bell 

Assumptions: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

REALISM 
LOCALITY 
INDUCTION

Local realistic theories (LRT) 

BELL INEQUALITIES 
always fulfilled! 

Quantum theory 

BELL INEQUALITIES 
not  

fulfilled (in general)! 

Test via experiments

Comparison with theory

Correction of the assumption 

All local realistic theories (LRT) are 
constrained by certain inequalities. 



 
 

CHSH-inequality for photons 
 

 

 

 

CHSH-inequality: 

 
Quantum theory: 

))(2cos(),( αββα −−=EQM  
 

Maximal value of S for QT: 
22max =S  

 
LOOPHOLES:  

 Locality (~no “communication” over macroscopic 
distances possible)  

 detection efficiency (~fair sampling hypothesis) 
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CHSH-inequality for atoms 
 

 

 
 
 

03.025.2exp ±=S  
 

LOOPHOLES: 
 

 Locality (~no “communication” over macroscopic 
distances possible)  

 detection efficiency (~fair sampling hypothesis)! 
!!NOT CLOSED!!

!! CLOSED!! 



 
 

CHSH-inequality for single neutrons 
 
 

 
 

 
019.0051.2exp ±=S  

 
LOOPHOLES:  
 

 NONCONTEXTUALITY (~the value of an observable 
(spin) does NOT depend on the co-measured observable 
(path))  

 detection efficiency (~fair sampling hypothesis)! 
 

 
 

{ }⇓⊗−⇑⊗≅− IIIψ

!!CLOSED!!

!! CLOSED!! 

Spin turner

|+45>

|-45> 

Phaseshifter χ 

Spin rotator (α)  



 
 
 

The entangled state 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 
 
 

 
 
 
 
 
 
 

 
 
 
 

 

Photon Kaon
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No decay:

 the time difference plays the same role as the angle in 
the photon case 

 for equal time measurements on both sides, we have 
the perfect EPR-like correlation 



 
CHSH inequality for mesons 

 
 

 
 
Quantum theory: 

 
 

K-mesons: 

 
 
 
B-mesons: 
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Violation! 
NO violation! 
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Violation? 
 
 
 



 
 

Is there really a violation? 
 

 
Normalization: 
 

 
B-mesons:  

 
 
 

 time evolution of mesons has to be unitary!! 
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 leads to “different expectation value” (Are you a 
meson or not?) 
 NO violation of CHSH inequality possible 

 
Summary: 
 
No violation if one considers the whole Hilbert space! 
A violation can only be archived if one selects a very special 
sub-ensemble!  
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How to test entanglement? 
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Is the produced state 
really entangled? 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 How good do these two data 
points verify the quantum 
mechanical interference term? 

 
 Is the Furry-Schrödinger 
hypothesis really ruled out? 

 
 Is there decoherence in the 
system? Loss of entanglement? 

 
 



 

 
 

A spontaneous 
factorisation of the 

 wave function? 
 
Schrödinger-Furry Hypothesis )1( =ζ : 
 

〉⊗〉−〉⊗〉=〉− SLLS KKKK rlrl |||||ψ  
 
 50%                50% 
 
              〉⊗〉 LS KK rl ||                    〉⊗〉 SL KK rl ||  
 

 
 

 
 
 

 

 
 

 

CPLEAR-experiment (1998):  16.0
15.013.0 +

−=ζ  
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Factorisation into 

 the strangeness basis 
 
 
Schrödinger-Furry Hypothesis )1( =ζ : 
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CPLEAR-experiment (1998):  67.0
57.041.000,

+
−=KKζ  
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Spontaneous factorisation 
 for B-mesons? 

 
 
For dileptonic events (B0 -> l+; B0 ->l-): 
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K,00,BBN time integrated numbers  
of like/unlike flavour events 

 
Experiments (CLEO, ARGUS): 
 

015.0755.0044.0189.0 ±=±= xandR  
 
 
BH, BL basis (Z=1+x2): 
 

Z
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   B0, B0 basis (Z=x2): 

 
3.0157.0 ±−=∆± ζζ  

 
 Bertlmann and  Grimus, Found. Phys. 39, 426 (1997) 

Bertlmann and  Grimus, Phys. Rev. D 58, 34014 (1998)



 

 
How does the classical world 

appear out 
of the quantum world? 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Time-evolution of an open quantum system: according to 
Schrödinger-equation 
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 What distinguishes classical from quantum objects? 
 Is there any kind of borderline? 
 What is the precise structure of such a transition 
from quantum to classical? 

`Classical´ systems interact strongly with 
their natural environment  are not isolated 

 opens interpretation of classical properties 
within the framework of QT 

 r.h.s. no single product in the general case 
 more than one component of the sum in the Schmidt 

representation is equivalent to the existence of quantum 
correlation 

Decoherence ... 
 Is the irreversible formation of quantum correlations of a system 
with its environment 

 Is a consequence of QT that affects virtually all physical systems 
 Explains why “macroscopic” systems seem to posses classical 
properties 

 Is a direct consequence of the Schrödinger equation, but has 
nonetheless been essentially overlooked for long time 



 
 

The decoherence model 
 
 
 
 
 
 

 
 

General form: 
 

 
 
 
 

Choice of generators for the model: 

 

 

 
 
 
 
 
 
 
 

 
 
 
 

Liouville-von Neumann Eq.: 
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 Conserves energy in case of H=Ht since 
[Pi,H]=0 

 Von Neumann entropy is not decreasing, 
because generators are Hermitian: Pi=Pt
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The solution for the decoherence 
model 
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Bounds from experimental data 
 
Time evolution: 

  
 
CPLEAR asymmetry term: 

 
 
Data of CPLEAR experiment: 
 

 
 

 
B-meson system:  Data of ARGUS, CLEO
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Discussion of  
the decoherence model 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1. Von Neumann entropy S 

2. Entanglement of formation E 

/Concurrence C 

3. Lack of separability (not included) 

4. Generalized Bell inequality-

Tetrahedron (not included) 

 



 
 
 

Von Neumann entropy S: 
 

How much uncertainty is in the system? 
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Entanglement of 
Formation/Concurrence 

 
How much resources are needed to create 

 a given state? 
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Local Operations and 
Classical Communication 
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Measures of entanglement 
 
 
 
 
 
 
 
 

 
    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

S: How much uncertainty? 
E: How much resources are needed to create 
 a given state? 
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S(λup)

S(λ)
1-E(λup)

1-E(λ)

Loss of Concurrence: 
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Loss of entanglement: 


