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•Part I: Entanglement related to a violation of a symmetry 
in high energy physics !?

•Part II: How to test entanglement in high energy 
physics?
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A A littlelittle historyhistory

drawn by R.A. Bertlmann to 
the 60th birthday of J.S. Bell
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How to measure entanglement?
Einstein/Podolsky/Rosen: An entangled wavefunction does not describe the
physical reality in a complete way.
E. Schrödinger: For an entangled state “the best possible knowledge of the whole
does not include the best possible knowledge of its parts.”
Entanglement is...
J. Bell: ...a correlation that is stronger than any classical correlation.
D. Mermin: ...a correlation that contradicts the theory of elements of reality.
A. Peres: “...a trick that quantum magicians use to produce phenomena that cannot
be imitated by classical magicians.”
C. Bennett: ...a resource that enables quantum teleportation.
P. Shor: ...a global structure of the wavefunction that allows for faster algorithms.
A. Ekert: ...a tool for secure communication.
Horodecki family: ...the need for first applications of positive maps in physics.

decoherence model

(s d)

experimental phenomenological mathematical

aspects

(b d)
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The EPR scenario
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... spin 1/2

... qubit

... photon

... kaon

... B-meson

... single neutron in 
interferometer

Antisymmetric Bell state:
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Neutral kaons are kind of double slits

Kaon in time:
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What are B-mesons?

00 BBBeauty:

„B-mesons are a kind
of double slit with
equal slit widths“Mass-eigenstates: LH BB ,
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An experiment for kaons 
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How good do these two data
points verify the quantum
mechanical interference term?

Is the Schrödinger-Furry
hypothesis really ruled out?

Is there decoherence in the
system? Loss of entanglement?K0+p K++n

K0+p Λ0+π+

K0+n K-+p
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Spontaneous factorization of the wave function

( 1)ζ =Schrödinger-Furry Hypothesis:
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Observable:
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−=ζCPLEAR-experiment (1998):

Bertlmann, Grimus and Hiesmayr, 
Phys. Rev. D, 60, 114032 (1999)
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Spontaneous factorization
of the wave function

)1( =ζSchrödinger-Furry Hypothesis :
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Decoherence

Dissipation/
Decoherence

Liouville-von Neumann Eq.:
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The model

Generators:

2,1=== ieePA iiii λλ

( )1221][ PPPPD ρρλρ −=
LSSLSLLS KKKKe ////2/1 ⊗=

0≥λ decoherence parameter

•Generates a completely positive map

•Conserves energy in case of Hermitian H=Ht since
[Pi,H]=0

•Von Neumann entropy is not decreasing, because
generators are Hermitian: Pi=Pt

i
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The solution
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Solution:

−− ψψ

++ ψψ
Tetrahedron: positivity
Double pyramid: 

separability
Origin: totally mixed

state

−− ΦΦ
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Bounds from exp. Data

Observable:
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2

( , ; , ) ( , ; , ) cos( )( , )
cosh( )

QM l r l r
l r

P M t M t P M t M t mA t t t
t∆Γ

− − ∆
= =

Σ
∆
∆

{ }min ,( , ) ( ) rlQM
l r

t tA t A ettλ λ−∆= ⋅
Model:

tet λζ −−=1)(

MeV1250.2
17.2 10)84.1( −+

− ⋅=λ

34.0
32.025.0 +

−=
Γ

=Λ
S

λ

12( 56 61) 10B MeVλ −= − ± ⋅
Bertlmann, Durstberger and H., 
Phys.Rev. A 68 (2003) 012111.

Bertlmann and Grimus., 
Phys.Rev. D 64 (2001) 056004.

0.14
0.140.13λ +
−Λ = = −

Γ



KEK 2005, Beatrix C. Hiesmayr

Von Neumann entropy S
How much uncertainty is in the state?
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Entanglement of Formation
/Concurrence

How much resources are needed to 
create a given state?
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(1997)
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Measures of entanglement

S: How much uncertainty?

E: How much resources are needed to create a given state?

( )1 ( ) 1 ( )te tC t λρ ζ−− = − =Loss of Concurrence:
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ln 2 ln 2( )1 ( ) tE t tλζρ− = =& &Loss of entanglement:

tS

CPLEAR(1998)

S(lup)

S(l)
1-E(lup)

1-E(l)



KEK 2005, Beatrix C. Hiesmayr

Decoherence model put to test by BELLE

1. case: upper bound found --> 
several other models ruled out

2. case: model ruled out 

model can be tested with other particles 
(kaons, photons, neutrons) λ scales with 
kind of particle ?!
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•BI sensitive to S/B: no violation possible
because the ratio of oscillation to decay is too small

• BI sensitive to CP violation in K0-K0 
mixing (as loopholefree as possible): the premises
of LRT are only compatible with strict CP conservation, 
in contradiction to experiment

• In this way the nonzero result of δ is a 
manifestation of entanglement!!

• decoherence model: can be tested in 
experiments (KEK Japan); remarkable simple connected
to measures of entanglement (loss of concurrence = 
ζ…spontaneous factorisation of the wave function)

Summary

Phys.Rev. A 63, 062112 (2001)

Phys.Lett. A 289, 21 (2001)

Phys.Rev. D 60, 114032 (1999);

Phys. Rev. A 68, 012111 (2003)
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Entanglement

ψPure states:

Mixed states (density matrix): i
i

iip ψψρ ∑= 0ρ ≥

A B
i i i

i

pρ ρ ρ= ⊗∑ %

0 1 1i i
i

p p
Separable states:

∀ ≤ ≤ =∑

If the state ρ cannot be written in the form above, then
the state is called entangled (=not separable).

separable

Not violating a Bell-CHSH
inequality

maximally entangled

Quantifying
entanglement is an 

open question!
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