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e Part I: Bell inequalities 1:

A symmetry violation in particle physics related to nonlocality ?!
e Part IT: The quantum mechanics of neutral kaons (Exercises)
e Part ITI: Bell inequalities 2/ How to describe the decay property?
“Erasing the Past and Impacting the Future” by Aharonov & Zubairy

e Part IV: The Kaonic Quantum Eraser/ Decoherence & Measures of
Entanglement or Quantum Information (Sets of entanglement measures of

multipartite qudit systems)
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Antisymmetric Bell state:
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Requirements for tests LRT versus QM
i@

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 “only” loopholes!
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Generalized Bell inequality for kaons

local realistic theories

SCHSH(kn’km’kn"km';ta’tb’tc’td) l
=|E(K,.t.; K, t,) = E(K,, t K, 1) ) <2

:a‘K°>+ﬂ‘RO> ...... quasi — spin

* vary in times

* vary in quasi-spin

SPhoton _ 2\/§=

I. Vary in quasi-spin:

o0=0 CP violation related to

ity!
Leptonic charge asymmetry: nonlocality!

T(K »71v)-I(K, > 771V)

o=
// W : 'K, >z 1"v)+T(K, > 7' 17v)

= (3.27+0.12)-10°°
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0 0 0 0
Sy (K K KKt tb,tc,t)

—[EK K G)-E(K LK )|+ <2

‘E(K K+ E(K Kt

II: VGf‘Y in 'I'imes k>=a|K°>+,B‘R> ...... quasi — spin

)= %{k)e[K7) -[K) ek}

S phoon = Zﬁ Violationl!
Sweon(32,%,2,0)=1.36 NO violation!

Ih

Strangeness oscillation/decay: =~ PROPOSITION:

AmMm 2Am The CHSH-inequality is violated iff
=T % . SR x>2 for kaons.
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Photons (or spin Y2):

(1) Are you horizontal or vertical polarized?
. _ same!!
(2) Are you horizontal polarized or not?

(1) Are you a meson K° or an antimeson K° at time 1?

additional information from the decay products
ignored (only dichotomic if conditioned to the
survival of both mesons)

(2) Are you a meson Z) or notat time t?

... 1Is dichotomic
Unitary time evolution: surviving component
. dei:aying component
—img , t——SLEt
U(t’o)|KS/L>=|KS/L(t)>=e ’ |KS/L>+|QS/L(t)>
H ®H

survive decay
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The Bl sensitive to strangeness

(1) Are you a meson K° or an antimeson F) at time 1?

additional information from the decay products ignored
(only dichotomic if conditioned to the survival of both

mesons)
Eron-wmitany - ) = P(K%; K% )+ P(K 1;K t)—P(K%:; K t)—P(K ;K% )=
_FS +FL (tl +tr) o<ty _r_s(tl +tr)
—cos(Am(t, -t ))-e 2 ~ —cos(Am(t, -t ))-e 2

(2) Are you a meson K° or not at time t?

EV (KK, 8) = POV, 6;Y,8) + P(NL G N, 6 ) = POY, 3Nt ) = PN §3 Y )
[o+T,

=—cos(Am(t, -t ))-e 2
+i@-e)Q-e"r)+i@-e) L-eTs)

r
_7S(tl +tr )

(tl +tr )

L;S —cos(Am(t, —t.))-e
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The Bl sensitive to strangeness

(1) Are you a meson K° or an antimeson E’ at time 1?

additional information from the decay products ignored
(only dichotomic if conditioned to the survival of both
mesons)

T+ T
ST L 4t,) T t+t,)

E™ (15t ) = —cos(Am(t ~t,))-e 2 - ~ —cos(Am(t, ~t,))-e 2 "

—cos(Am(t, —t.))
normalized

S P=cosh(—=(t ~t,)) 21 = normalize cosh(—FL L (t, —t))

> violates formaly

the Bl!

« strangeness oscillation = birefringence of photons in Gisin, Go
asymmetric optical fibers Am.J.Phys. (2001)

Enon—unitary (tl ’tr) —

* decay = polarization dependent loss for photons
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" Show summaries

The famous Bell's inequality of qguantum mechanics has been
Gol tested in a high-energy particle physics experiment for the first lated link
time. The inequality was violated by three standard deviations Related links j
in experiments with B mesons at the KEK laboratory in Japan -  Apollo Go homepage
i e yet again confirming the predictions of quantum theory ]
quick search {arxiv.orgfabs/quant-phf0310192; 7. Mod. Optics to be The Belle collabaration
Search the news published). Previously most Bell's inequality experiments have . .
archive, been performed with photons or ions. Restricted links
Experiments to test Bell's inequality involve measuring the arziv.orgfabs/guant-
properties of pairs of particles that are space-like separated in the Bh/0310132
nc . sense of special relativity: in other words, there is no time for a .
E Find light signal to travel between them within the duration of the Related stories
experiment. In a typical Bell's inequality experiment the ) 1ohn Bell and the most
polarizations of a pair of phatons are measured as the relative profound discovery of
angle between the axes of polarizers making the measurements  cgence =l
is varied.

Quanturm theory: weird
and wonderful

Mature's flawed mirror &m (t| - tr ))

Wwhere did all the
antimatter go?

B factories close inon CP

Quantum mechanics predicts that "non-
local” correlations can exist between
the particles. This means that if one

FL - FS photon is polarized in, say, the vertical
P = COSh(— (tl - direction, the ather will always be
2

polarized in the horizontal direction, no
matter how far away it is. However,
some physicists argue that this cannot

be true and that quantum particles . violation

rmust have local values - known as Belle experiment B factories o into A

"hidden variables" - that we cannot 4Cl—uverdrive ma y
measure. E—

Bell and others showed that it was possible to distinguish Top quark and Bell’s

hetween guantum mechanics and these hidden-variahle theories m%maLesbtogb ol

in a certain type of experiment that measure a parameter knawn ~ £RUsicsWeb Nobel pa

as S, Put simply, the local thearies predict that S will always be B mesons decay in a new
less than two, whereas the quantum prediction is § = 242, When wa ! b
S is greater than two, Bell's inequality is said to be violated.

Apollo Go of the National Central University in Taiwan and co-
workers in the Belle collaboration performed the experiment at
the KEK B-factory. At this accelerator beams of electrons and
positrons are collided to produce pairs of B mesons and their
antiparticles, which then decay inta lighter particles, The meson
pairs behave like photon pairs, but instead of analyzing
correlations between directions of polarization, the Belle team
study particle-antiparticle correlations using a technigue known as
"flavour tagging”. Go and colleagues calculated that S = 2,725,
with error bars that mean that the inequality is violated by three
ctandard dewiatinns ﬂ
-l #* |rternet

Author
Peter Rodgers
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Decay is “kind of decoherence” ?

short-lived state long-lived state

Kaon in time: | |

- state not normalized !l

H

survive : Hdecay

environment

An open-quantum-system formulation of particle decay
(Bertlmann,6rimus,Hiesmayr; Phys. Rev. A 73, 054101 (2006))

Wigner-Weisskopf approximation is completely positive!

Il particle decay is " kind of decoherence" !!
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Decay Is “kind of decoherence” ?

H

survive : Hdecay

environment

Liouville-von Neumann EqQ.: Dissipation/

Decoherence
%, . —
—a‘t’ =—i[H,p] = D[ p]

Dlp]=32XA4(AAp+ pAA-2ApA) 1976: Lindblad;

Gorini-Kossakowski-Sudarshan

single kaon described by 4x4 matrix:

_ pss psf 0
p=
Pts ff s...survive; f ... final /decay
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s...survive; f ... final /decay

4 e_mpss g-iamt-T tpSL 0 0 )
iAmt-T t _
o(t) = € Pis e oy 0 0
0 0 1-e")p, X
Lo 0 XT o -e)py,

X...can be set to zero, because only on surviving component can
be actively projected
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CHSH(K K K K . tb,tc,td)
1K L)

=[EK ;K ) -E(K <2

1 *a?

+‘E(Ko,td;Ko,tb)+ E(K 4 K ,t)

II: VGf‘Y in 'I'imes k>=a|K°>+,B‘K> ...... quasi — spin

“Are you an antikaon or not at a certain time? ”

S praen = 24/2 Violation!
Sieon (32,3 ,2,0)=1.36 NO violation!

Strangeness oscillation/decay: =~ PROPOSITION:

AmMm 2Am The CHSH-inequality is violated iff
=T % T, SR x>2 for kaons.
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Bell inequality sensitive to strangeness violated?

—0 —0 —0 —0_
Sepe (K KKK 3ttt )

E(K ;K t,)- E(Ro,ta;Ro,tc)‘+‘E(Ro,td;Ro,tb)+ E(Ro,td;RO,tc)‘ <2

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

Arbitrary initial state:

KsKg)+r,e'”

KK )+r.e”

K Kg)+re'

v)=re"” K Ky)

Expectation value:

Egogoltte) = 1+rfe Tstiitin) 4 o2 g=lstimToir 4 o2 o—Trhi—Tstr | g2 o~Trltitir)
_?.? (E—[‘sii + E—Pstr] _ ?.E (E—stl + E—PLir] _ Tg {E—FLh + E—[‘si,} _ ?_g {E_I‘Lfi + E—PLfr}
+2ryra (1— E_Pst'] cos(Amt, + d1 — ¢2) e Tt + 271 cos(Amty + ¢1 — ¢a) e~ TH (1-— E_Pst“]
+2rory cos(Amty + ¢y — da) e (1 — e TE) + 2rary (1 — e TEH) cos(Amt, + da — da) 7T
+2ryrycos(Am(t; + t,.) + by — dy) e TEFE) 4 Drorg cos(Am(t; — t,.) + B — dhg) e TlEFE

E photons (a’ 6) — 2['1[‘4 sin 2(¢a — ¢b) + 2I‘2I‘3 COS 2(¢a — ¢b)
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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?

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

Il YES Il

v: (r1=-0.7823;
r2=r3=0.1460;r4=0.5
I N————————————-] 877, ®l=;.;
{7 | t1=t2=1.79r1;
B f('. ||' N SLL.0 1 t3=t4=0) )
1.5 I',nr Il et T EEE T
rasf SILL001 | s=2.1175
1 H { & (r1=-0.8335;
0.75 '“ ] I’2:r3:-0.2446;
o.sf |S10,04t] | r4=0.4415; t1=t2=0;

| t3=t4=5.771)

4] 2 4 G 2 10 1z 14
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Maximally entangled maximally mixed states MEMS

Concurrence

Purity

Trp
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Entanglement—purity relation

t=t =t t=0; t =t
l T T
l-
et L J T w
0.2 . e - 0.3 e .
@ _."‘-WE-FHETEHI:EE E o *'Iuﬂl'emeritateg
E L E
E 0.6} :::: 0.6
5 o
€ 0.4
£ 0.4 .ﬁ
L)
o.z2b 0.2
ok , . . 0 , . . .
0.2 0.4 0.6 0.8 1 0.2 0.4 0.8 0.g 1
Puritv Purity
2
dTrp° -1

Normalized purity:
d-1

Entanglement of formation=Concurrence for kaons
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The generalized Bl for kaons

valid for any LRT and QM °>+,B‘EO> ...... quasi — spin

Expectation value:
o

E(kn ta m’ b)

Y’tb)+Pn.m(N’ta;N’tb)

_Pn.m(Ylta;N t )_P (N’ a’Y’tb)
=—1+2{Pn.m( ;Y t)+P (N’ta;N’tb)}

1 *a?

'a’

Generalized CHSH-Bell inequality

4
inequality
sensitive to
CP violation in the
decay amplitudes

€

inequality
sensitive to
strangeness

S

inequality

sensitive to

regeneration
E[t,01]

inequality
sensitive to
CP violation in mixing

)
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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 statel!

Nonlocality and entanglement are
different quantum features!
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