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Testing QM in High Energy Physics

Part I: Bell inequalities 1: 

A symmetry violation in particle physics related to nonlocality ?!

Part II: The quantum mechanics of neutral kaons (Exercises)

Part III: Bell inequalities 2/ How to describe the decay property?

Part IV: The Kaonic Quantum Eraser/ Decoherence & Measures of 

Entanglement or Quantum Information (Sets of entanglement measures of 

multipartite qudit systems)

“Erasing the Past and Impacting the Future” by Aharonov & Zubairy
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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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Requirements for tests LRT versus QM 

Requirements for a conclusive proof of the existence of 
correlation stronger than those explainable by 
locality and realism:

(1) “Active ” measurements (opening the possibility for 
Alice and Bob to choose among alternative setups-> 
free choice)

(2) “Use all information” (test the whole ensemble; 
decay product states are included this “additional”
information should not be ignored)         

are not are not ““onlyonly”” loopholes!loopholes!
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Generalized Bell inequality for kaons
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Generalized Bell inequality for kaons
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PROPOSITION:

The CHSH-inequality is violated iff
x>2 for kaons.

Strangeness oscillation/decay:

12
≈

Γ
∆

≈
Γ

∆
=

S

mmx



EQuaLS3  2009, Beatrix C. Hiesmayr

The dichotomic questions after evoluting to t>0?

Photons (or spin ½):

(1) Are you horizontal or vertical polarized? 

(2) Are you horizontal polarized or not?
same!!

(1) Are you a meson K0 or an antimeson K0 at time t?
additional information from the decay products 
ignored (only dichotomic if conditioned to the 
survival of both mesons)

(2) Are you a meson K0 or not at time t?
... is dichotomic

/
/ 2
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t t
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Unitary time evolution: surviving componentsurviving component
decaying componentdecaying component

survive decayH H⊕
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The BI sensitive to strangeness

(1) Are you a meson K0 or an antimeson K0 at time t?
additional information from the decay products ignored 
(only dichotomic if conditioned to the survival of both 
mesons)
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The BI sensitive to strangeness

(1) Are you a meson K0 or an antimeson K0 at time t?
additional information from the decay products ignored 
(only dichotomic if conditioned to the survival of both 
mesons)
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violates formaly
the BI!

• strangeness oscillation = birefringence of photons in 
asymmetric optical fibers

• decay = polarization dependent loss for photons

Gisin, Go
Am.J.Phys. (2001)
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The BI sensitive to flavor (=beauty)

(1) Are you a meson B0 or an antimeson B0 at time t?
additional information from the decay products ignored 
(only dichotomic if conditioned to the survival of both 
mesons)
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Decay is “kind of decoherence” ?
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short-lived state long-lived state

Kaon in time:

state not normalized !!

Hsurvive Hdecay

environment

An open-quantum-system formulation of particle decay
(Bertlmann,Grimus,Hiesmayr; Phys. Rev. A 73, 054101 (2006))

Wigner-Weisskopf approximation is completely positive!

!! particle decay is ``kind of decoherence‘‘ !!
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Decay is “kind of decoherence” ?

Hsurvive Hdecay

environment

Dissipation/
Decoherence

Liouville-von Neumann Eq.:
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Open quantum formalism for single kaons

single kaon described by 4x4 matrix:
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Generalized Bell inequality for kaons
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“Are you an antikaon or not at a certain time? ”

22=PhotonS Violation!
NO violation!36.1)0,,,( 24

3
4

3 =πππ
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PROPOSITION:

The CHSH-inequality is violated iff
x>2 for kaons.

Strangeness oscillation/decay:
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Bell inequality sensitive to strangeness violated?
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Can we violate the BI for a certain initial 
state and what is the maximum value?

Arbitrary initial state:
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Bell inequality sensitive to strangeness violated?

Can we violate the BI for a certain initial 
state and what is the maximum value?

!! YES !!

Hiesmayr, European Journal C (2007) or 
quant-ph/0607210 S=2.1596

χ: (r1=-0.7823; 
r2=r3=0.1460;r4=0.5
877; Φ1=;...; 
t1=t2=1.79τS; 
t3=t4=0)

S=2.1175

ξ: (r1=-0.8335; 
r2=r3=-0.2446; 
r4=0.4415; t1=t2=0; 
t3=t4=5.77τS)
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Maximally entangled maximally mixed states MEMS

MEMS

Werner or istropic state

2ρTr
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Entanglement—purity relation

tl=tr=t tl=0; tr=t

1
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−
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d
dTrρNormalized purity:

Entanglement of formation=Concurrence for kaons
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The generalized BI for kaons
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Summary

• decay is a `kind of decoherence´

• Bell inequality sensitive to strangeness 
can be maximally violated for a non-
maximally entangled state!

Nonlocality and entanglement are 
different quantum features!
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