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A little history
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from: J.5. Bell, "Bertlmann's sacks and the nature of reality”,

Jaurnal de Phy=ique, Tome 42, Collogue £-2, supplément au
Mo, 3, mars 1981,

reprinted in: J.5. Bell, "Speckable and unspeakable in quantum
mechanica", Cambridge University Press, p. 139, 1987,

JJeh bin nach wie vor davan Gberzeug?,
daB die Quantenmechenik nur eineun-
vollstiindige Beachtoibung der Wirklich-
ed gibl”

drawn by R.A. Bertimann to
the 60th birthday of J.S. Bell
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How to measure entanglement?

y Einstein/Podolsky/Rosen: An entangled wavefunction does not describe the
physical reality in a complete way.

E. Schriédinger: 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 qguantum 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
experimental «* phenomenological** mathematical

aspects

KemMesons EB-mesons
(S d) (b d)
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Antisymmetric Bell state:

"/’_> %{\ﬂ%@\“%-\@.@\ﬂ%} ... spin 1/2

0), ®]1), - [1),®|0), } ... qubit
H) ®[V) —|[V) ®|H)} . photon

{
{
=%{ K°>I®‘?°>r— ?°> ® K°>r}... kaon
{
{

BO>. ® ‘§o>r - ‘§o>| ® ‘Bo>r}... B-meson

D), ® ) —[11) ® ‘U>r} :..tsinfgle neuttron in
interferometer
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Neutral kaons are kind of double slits

Kaon in time: short-lived state long-lived state

KIL )}

Ks >+ e—FT'-t—im,_t

KO(t)) = %{e‘%‘imSt

Antikaon in time:

Ks>+ e—FT'-t—im,_t

KL>}

', ~10"°L...decay width of K
I' =1/600rI'...decay width of K
Am=m_ —mg = 0.5T...mass difference

fo(t)> =~ %{—e‘%st‘""St
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,B-mesons are a kind
of double slit with
equal slit widths”

8= {B.)+[B)
B0) =7 {e ™

-eigenstates: |B,),|B.)

=, ~T = 0.65-1012%
Am = 0.49-1012%

B, )+e ™

BL>}
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An experiment for kaons
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Spontaneous factorization of the wave function

Schrodinger-Furry Hypothesis: (¢ =1)

I‘//_>E|K s>,®|K |_>r_|K |_>.®|K 3>r
50%/ \5‘0%

Ks), K, KD, elKs),
Pg(fl’tl; f,.t,) = |A1|2 T |A2|2 -2(1-¢) Re{ A:Az }

Observable:

P(Ko,t,;RO,tr)— P(Kt;K%t) —cos(AmAL)

AQM (tl ’tr) = AT
2 cosh(4- At)
o A@N=AYAD-(1=¢)
CPLEAR-experiment (1998): ¢ = 0,13t8-%g

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

Schrodinger-Furry Hypothesis (§ = 1):
|W>EK>®K>—K>®\K>
| . r

K%, 8K, K KO,

PE(ft: f,t) =|A [ +]A,[ -2(1-¢)Re{ A’A, |

CPLEAR-experiment (1998): {KOKO = 0_41i8-g;

Bertlmann, Grimus and Hiesmayr,
Phys. Rev. D, 60, 114032 (1999)
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Decoherence

Liouville-von Neumann EqQ.: Dissipation/
8p - Decoherence
—=-i[H, p] - D[ p]

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

Gorini-Kossakowski-Sudarshan
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The model

enerators:
A‘-=\/1Pi=\/2‘ei><ei i=1,2

‘91/2> = ‘ KS/L><KL/S ‘ X ‘ KL/S><KS/L‘

A 20 decoherence parameter
eGenerates a completely positive map

eConserves energy in case of Hermitian H=H! since
[P,,H]=0

VVon Neumann entropy is not decreasing, because
generators are Hermitian: P;=P%
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The solution

v ) = §{|Ks>®|KL> LKL>.<>§|KS>5}

= %{ | el> - | ez> }
=+ [e)a] +le(el - {le)e] +[e)el} ]
e_zn{ o, Q0 +0, 0, —e { o, Qo +0 ®o, }}
e { 1®1l-0,®0, - " {0' ®o, +0, ®Gy}}
e )|
0O O 0 O
ot »Tetrahedron: positivity
1 g2mt 0 1 —€ 0 >Double pyramid:
-2 - bil
2 0 1 0 i%pr?gr?n Itl(?t/ally mixed
0 O O state
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Bounds from exp. Data

i Observable:

P(M®,t; M ,t)—P(M°t:M°t) —cos(AmAL)

AM(t,1) = _
) cosh(4- At)
Model:
A1) = A% (At)-e"l”“”{“ ) cm=1-e*'
KEMESONS BEIinESOINS
1 (1 84+§§’$) 107 MeV  4q :(—56i61)-10‘12 MeV
A=t =025 A- %——o 1302
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von Neumann entropy S

How much uncertainty is in the state?

1 S(Aup)

,O(t)= 2 2t | 2
0 —e 1 0 "o it

0 0 0 0) o | D
System (2 mesons): |
I

Partial system (1 meson):
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glement of Formation

How much resources are needed to

create a given state?
Local Operations and

LOCC _—" Classical Communication
> > p
& m
glement p=2.Pipi =2 Pilyi)wi]

. ™
rmation I(p) — min Z piS(T“(pi)) ~Nn/m

ett et al.

> = 8 (p) Wootters,Hill

oncurrence (1997)
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Measures of entanglement

S: How much uncertainty?

E: How much resources are needed to create a given state?
of Concurrence: 1-C(p(t)) =1-e " =£(t)
of entanglement:  1-E(p(t)) = &< (1) = St
| CPLEAF;i.i(1998)
e
T 1-Eyp)

TS
1-EQL)
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{ 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) - A scales with
kind of particle ?!
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@, )
WANTED ‘

% Summary

—h

Short Lived
1TAND!!

Long Lived - :-

-BIl sensitive to S/B: no violation possible

because the ratio of oscillation to decay is too small
Phys.Rev. A 63, 062112 (2001)

e Bl sensitive to CP violation in KO-KO

MIiXiNng (as loopholefree as possible): the premises
of LRT are only compatible with strict CP conservation,
In contradiction to experiment Phys.Lett. A 289, 21 (2001)

o & X |n this way the nonzero result of § is a
manifestation of entanglement!!

e decoherence model: can be tested in
experiments (KEK Japan); remarkable simple connected
to measures of entanglement (loss of concurrence =

...spontaneous factorisation of the wave function)
Phys.Rev. D 60, 114032 (1999);

Phve Rev A R 012111 (2003)
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Entanglement

Pure states: ‘W>
Mixed states (density matrix): £~ = Z pilw i v p=0

Separable states: 2=, 0, p ® 5f
i vo<p <1l ) p=1

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

separable

Not violating a Bell-CHSH

Inequality Quantifying
entanglement is an
maximally entangled open question!
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