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  Particles produced in scattering and decay can become entangled in spin states   

  similarly, isospin in flavor space can also become entangled 

  pions carry isospin I = 1 and p+   p-   p0    are members of an isospin triplet  

  Main idea: analogy with the case of spin-1 particles but for internal isospin SU(2)

  study the quantum  properties of pion iso-triplet from two- and three-pion final 
  states from CP conserving decays of KS and KL 

 quantum states reconstructed by using quantum state tomography in flavor space

 we will analyze: entanglement, Bell non-locality, and contextuality

 New proposal: use of trace distance of density matrices (in flavor space) to 
 test direct CP violations in Kaon, D- and B-mesons decays 
 

S u m m a r yS u m m a r y
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Two-p ion  s ta tesTwo-p ion  s ta tes

Quantum state             of two pions emerging from the Kaon decay in its rest frame : 

Configuration of the state determined by the condition 

Density matrix

on the basis

Charge      Isospin (3rd component)
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 Neglecting CP violation (good approximation) → set CP phases to zero 

 we determine the parameter g  from isospin I=0,2 amplitudes 
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 Pions are in pure states so entanglement can be quantified by Entropy of entanglement  
 

 Bell locality criteria for two qutrits
 

 Two pions from K0 decays are both entangled and non-locals!
 

d=2 for qubits
d=3 for qutrits

Entanglegment and Bell non-locality

Collins, Gisin, Linden,  Massar, Popescu, PRL 88 (2002) 

to maximize inequality
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impossibility of assigning a value to the result of a measurement of a physical property
independently of the measurement context or assigning simultaneous values to all 
observables of QM system

Bell-Kochen-Specker theorem: context-independent classical description of the predictions 
of QM is indeed impossible

Smallest Hilbert space in which contextuality can be manifest is 3 → one qutrit

Bell-Kochen-Specker theorem

Contextuality
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Experimental tests of contextuality
photons neutronsions

molecular nuclear spin

superconducting systems

nuclear spins

loopholes: sharpness, detection, compatibility
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dichotomic observables
taking values +1, -1

commutes with               but in general not with remaining ones 

These observables have to be measured in pairs

Can be represented by introducing projectors 

3-level systems (qutrits)
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Contextuality can be tested also with 9 and 13 vectors 
although with 13 vectors the test becomes independent of the state 

5-vectors

9-vectors

3-level systems (qutrits)
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obtained by tracing over the 
degrees of freedom of the other

Describe incoherent mixture of the three physical states  

eigenvalues of 

eigenvalues of 

non-contextuality violated with significance well above 5s

Back to pions
reduced density matrix for one pion state 
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Three -p ion  s ta tesThree -p ion  s ta tes

coming from the decay of 

density matrix 
reduced density matrix on each pion state 

obtained from tracing over 
the remaining DOF of 
two pion states

taken from experimental measurements 
of the relative amplitudes and it depends
on the kinematics of final states (see next slides)
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reduced density matrix

genuine multipartite entanglement

3-level systems: entanglement

Concurrence triangle
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with condition

Svetlichny inequality

Bell inequality for a tripartite system

Max value of QM = maximization matrices within 1%

Max value

3-level systems: Bell non-locality (3 qutrits)

give the maximum 
value
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taken from best fit of 

Using Chiral Perturbation Theory

Values and relative uncertainties of 

How to determine the value of relative amplitude weight 
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Inside allowed region of Dalitz plot

 Non-contextuality and Bell locality are all violated well above 5s  level

 Entanglement is quantified and it is well above 5s  level

benchmark value
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M e a s u r i n g  C P  v i o l a t i o n s  M e a s u r i n g  C P  v i o l a t i o n s  
u s i n g  Q u a n t u m  s t a t e  To m o g r a p h yu s i n g  Q u a n t u m  s t a t e  To m o g r a p h y

 difference between a state and its CP-conjugated partner can be measured by 

bi-partite neutral state in isospin                   and helicities 

Trace distance

bar → CP-conjugated states
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 Analyze direct CP violations in the             decay using the density matrices Trace distance   

 Start with the quantum pion states coming from the decays of

corresponding density matrices

using the basis:



                                                                                           

18

including CP-violations effects

From the decay of 

From the decay of 

 also the two pions state from the           decay exibits comparable quantum entanglement, as well as 
non-contextuality and Bell non-locality violations. 

Quantum entangled pions redux 
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Direct CP violation tested at a significance of about 7.2s

Indirect CP violation parameter
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Two pions states

CP violation with SU(3) octet pions  

Density matrices:



                                                                                           

21Trace distance does not vanish with at a significance of about 5.5s

From B meson decays
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Trace distance does not vanish with at a significance of about 3.3s

From D meson decay
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C o n c l u s i o n sC o n c l u s i o n s

  As for the spin, also the Flavor ( SU(2) or SU(3) ) can be entangled 

  we considered bi- and tri-partite systems of pions from the neutral Kaon decays

  quantum state tomography (QST) used to reconstruct the Flavor quantum state

  we found that these states are entangled, non-contextual and Bell non-locals

  QST  used also to test CP violations in Kaon and B meson decays in two pions

  The trace distance for the density matrices of quantum states and their CP-
  conjugated ones offers alternative powerful method to test direct CP violations.

  We show that direct CP violation in two pions systems can be tested with 
  7.2 s significance from neutral Kaon decays

  We have also explored D and B meson decays in two pions states from SU(3) 
  pions octect, and tested direct CP violations, although with much less significance
  than in the Kaon sector.


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23

