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Measure mixing parameters, CPV, future past correlation, quantum teleportation:--
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Question: Quantum tomography
Given a general meson flavor state, can we fully reconstruct the quantum state?

Compared to photon polarization:

y .
/ Polarizer
@ measure spin in different spatial directions x, y, z
Z
X

Much less control in flavor space:

Flavor polarizer?

Solution:
Flavor oscillation + Flavor tagging decay = Flavor polarizer in any direction !
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Density matrix

The most general single meson state, 2 x 2 matrix:
a

p=7(1+ bz-{z-)
Non-unitary a = Tr(p) Bloch vector b; = Tr(p - 0;)
Jbz =1 — “%0) (eigenstate of 0,) == Flavor eigenstate
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We ignore the small CPV

Diagonalizing H = (m m12) _ i( r F12)
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Schrodinger picture:  p(t) = U(t) p(0) UT(t)
Observables:
(@) Total number of mesons =» {

N = Nyjo 4 Nypo o< Tr(p(t))
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b;(0)=1 = |M,) initial state = decay as I';
b;(0) = —1 = |M,) initial state = decay as I';

@ Flavor asymmetry /bz(t) = flavor eigenstate = flavor oscillation
A = Nyjo — Nijo o Tr(p(t) - 02)

= Noe "*(b,(0) cos(Amt) — b

b, (0) sin(Amt))
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Quantum

Expectation value:
tomography
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Meson palr system

4 x 4 flavor density matrix:

p:

Observables:
decays at t; to flavor f;

4

a
—(114+b;“az-®1tz+b§3112®oi+

O; ®0’j)

Flavor correlation matrix

decays at t, to flavor fz

20—

Aff =Nygs— Ngp— Nyp+
A _ _ __
Aj = Ngs — Ngg + Nyg = N
B B _ _
Ay = Ngg+ Ny — Npg— Nyj =

1(t1) ® 1(t2))]
04(t) ® 04(t))]

() ® L(t2))]
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(
(
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p
p
p
p

1(t) ® 04(t2))]

Measure the
distribution of N, ¢, (tq, t3)

Niot = Nff+ Njp+ Nyg+ Njf =
N__

1(t) =e T (cosh(AFt) 1 — sinh(3L%) gw)

(o (t) —e It (cos(Amt) 0, — sin(Amt) O'y)



Meson palr system

4 x 4 flavor density matrix:

a
p = Z(M-I-bft(n@]lz-I-b?]lz@Uz'-l-Cz'jUi@Uj)
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Meson palr system

4 x 4 flavor density matrix:

a
p = Z(l4+b;40'z'®]]-2+b?:ﬂ-2®0i+0z‘j0'i®0'j)
Flavor correlation matrix
Observables:
d2 N, o
dtldttzt F(t1+t2) (Chtl Cht2 Cht1 Sht2 bx — Sht1 Cht2 b + Sht1 Sht2 Cmar: )
d?A _
dtldj;z = N e I'(t1+t2) (S 15t, ny — C¢, St, Czy — S¢, C¢, Cyz + Ct, Cty sz )
d2A4
dtrdts = N() (& —L(t1+t2) (Cht2 Ctl — St4 b;l) — Sht2 (Ct1 sz — Sgy Cym ))

d2AB
TS = Ny e_F(t1+t2) (Cht1 (Ct2 blz3 — St, bg ) — Sht1 (Ct2 Cyzl— St, Cmy ))

c/s; = cos / sin(Amt)
ch/sh; = cosh /sinh(AT't/2)

All the components of
density matrix!



Meson pair system

Spln éopr
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spatial correlation of decay product
=» spin correlation

Flavor:

f1<"""j1)‘7 e

decay time correlation
= flavor correlation

2 ;fz
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Sensitivity

BY/K° et BY/K°
P

unentangled? \ Y(5s)/p /Bellstate
P BY/K® e‘/

LHC BELLE/KLOE
LHC: ~10° semileptonically decayed B2 B
BELLE II: ~107 semileptonically decayed B2 B2
KLOE: ~10° semileptonically decayed K°K°

/

BY/K?°
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B2/K°
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BO/K°

Benchmark:
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Truth level quantum state:
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-08 0 O

p=08ppy + 02— & C:( 0 —08 0 )

4

0 0 —-08
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Sensitivity

B /K" et BJ/K"
p
unentangled? Y(5s)/p Bell state

“'\
/

g BY/K° BY/K°
LHC BELLE/KLOE
Benchmark: Reconstructed (parton-level):
#events: 107 BYBY KVRO
Truth level quantum state: — pAB 04 0.017 0 2= 0.0020

-08 0 0 AB
p=08ppy + 02 o g:( o800 ) b 0£0.0009  0-£0.0023
4 0 0 -08 b8 0+0.0009 0+£0.0015

Coe —0.8+0.31 |—0.8+0.0036
Coyye | 0£0.016 = 0+0.0027
Cpove 0£0.016  00.0018
C, —0.8+0.0010 —0.80.0030
Cpozy  0£0.0009 0=£0.0021
C.. —0.840.0009 —0.8+0.0012




Sensitivity

Benchmark:
#events: 107

Truth level quantum state:
P = 0.8 P Bell + 0.2

unentangled?

+

e \ Y5)/¢

\

/N

BELLE/KLOE

Reconstructed (parton-level):

—_—

BY /KO

Bell state

B2 /K®

———> Any QI quantities!

— & C =

0 -08 0

BB KORY

Quantum Discord| 0.58 +=0.10 0.617£0.003
Concurrence 0.6940.15 0.701 £0.003
Steerability 0.48+0.07 | 0.48184+0.0017
Bell Variable | 0.1856 +0.0015 | 0.187 £ 0.004

Conditional Entropy —0.16 +£0.31 —0.154 +0.007
SSRE (magic) 0.38+0.15 0.389 +0.003

BYBY KK
040.017 04 0.0020
04 0.0009 04 0.0023
04 0.0009 040.0015

—0.8+0.31 |—0.84+0.0036
0+0.016 04 0.0027
0+0.016 040.0018

—0.8+0.0010 |—0.8+0.0030
04 0.0009 04 0.0021

—0.8£0.0009 |—0.84+0.0012
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Conclusion and outlook

m We can do guantum tomography in flavor space
making use of the oscillation and decay of the neutral mesons

= Study any QI feature of the meson system
= New physics/CP violation

contributes to b;, Cj;

—> Hadronization mechanism
No first-principle calculation of the entanglement after hadronization



Thank you!
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