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v Entanglement and the P%s
new quantum revolution®

['he first quantum revolution (1900- )
* Conceptual (wave particle dualitv): understanding matter, radiation

* Technological: transistor (IC), laser: information based society

A new conceptual quantum revolution (1964- )
* Quantum mechanics applied to single objets:
* Microscopic: experiments on single electron. 1on, photon.
atom: quantum jumps. quantum Monte-Carlo
* Macro(meso)scopic ? Josephson junctions. BEC

» Entanglement recognized as a different extraordinarv quantum
property (as advocated by Einstein): Bell's inequalities
* A new technological revolution??? (quantum information)
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‘PR original question: Can quantum mechanics
be considered complete?

s 1t possible (necessary?) to explain the probabilistic
haracter of Quantum Mechanics predictions with underlving

upplementary parameters (hidden variables)?

t 1s suggested by the Einstein-Podolsky-Rosen argument.

wut denied by Bohr (1935)
3ell’s theorem allows one to gi1ve an experimental answer.
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Einstemn-Podolsky-Rosen GedankenExperiment
with photons correlated 1n polarization

I I
+1 d , ! b +1

i,
e

—1

Measurements of linear polarization of v, along a and of linear
polarization of v, along b : results +1 or -1

— Probabilities of detection in channels +1 or —1 of polarizer I and
in channels +1 or —1 of polarizer II (in orientations a and b).

Pirsa: 05030110
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How to understand the EPR correlations?
How to make an image”

* Dertve 1t from the calculation algorithm?

Global (straightforward) calculation:

P_(ab)= ‘<+ﬂ,+b P(v,,v,))

Hard to make a picture in real space:
« [W(v,,v,)) isa global 2-particles wave vector
» calculation done 1n an abstract space, without direct

correspondence 1n real space

Pirsa: 05030110
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How to understand the EPR correlations?
How to make an image”

steps calculation (standard QM) + I

15t step: measure at polarizer I

Pirsa: 05030110
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How to understand the EPR correlations?
How to make an image”

steps calculation (standard QM) + I

.

15t step: measure at polanizer I -

d

1/

\

— result +1 (pol. along a)
or

= result —1 (pol. perp to a)

Pirsa: 05030110
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How to understand the EPR correlations?
How to make an image”

steps calculation (standard QM) + [ma | . Byl =
1 2
\\\ : @ » /
15t step: measure at polarizer I il = L

— result +1 (pol. along a) = projection of the state vector

= P lP(Vl_.,l/z)> - ‘+a,+a> Photons polarized along a
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How to understand the EPR correlations?
How to make an image”

steps calculation (standard QM) + lma | . Epp® o
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15t step: measure at polarizer I - \ ™ >

— result +1 (pol. along a) = projection of the state vector

= P lP(Vl_.,l/z)> = ‘+a,+a> Photons polarized along a

- - 1 2
« 21d step: measure at polarizer I = P_(a,b)=—cos"(a,b)
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How to make an image”
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How to make an image”

steps calculation (standard QM) + lma | . Byl o
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15t step: measure at polarizerI il \ ™ iy
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How to understand the EPR correlations?
How to make an image”

steps calculation (standard QM) + [ma | . Bgp® =
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How to understand the EPR correlations?
How to make an image”

\\ 1‘l @ 4 2/ .
1t step: measure at polarizer I B T

— result +1 (pol. along a) = projection of the state vector

—> B lP(Vl_.,l/z)> - ‘+a,+a> Photons polarized along a

| + |
« 21d step: measure at polarizer I = P_(a,b)=—cos"(a,b)

steps calculation (standard QM) + I\ . . b

—1

— result -1 (pol. perp. to a) = projection of the state vector
=3 P_a ‘LP(VI,VZD = ‘—a, —a> Photons polarized perp to a

What a picture! Polarization of v, mstantaneously atfected by the result
f measurement on v, ... which 1s far away.
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How to understand the EPR correlations?
How to make an image”

steps calculation (standard QM) + Ima | . Bpp® o
: \\ i @ .: /
15" step: measure at polanizer I il \ B 4

— result +1 (pol. along a) = projection of the state vector

—> B lP(Vl_.,l/z)> = ‘+a,+a> Photons polarized along a

: 1
« 21d step: measure at polarizer I = P_ (a,b)=—cos’(a,b)
— result -1 (pol. perp. to a) = projection of the state vector

= P_a ‘LP(VI,VZD = ‘—a, —a> Photons polarized perp to a

What a picture! Polarization of v, mstantaneously atfected by the result
>f measurement on v, ... which 1s far away.
Pirsa: 05030110 Page 205/287

Can’'t we trv a less bizarre imagce?




Classical explanation for correlations between
distant results of measurements

« Common property A of both particles of the same pair

* / randomlyv determined 1n S at the emission time

| | II
+1 d : A : b +1

B
—1/
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Classical explanation for correlations between
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« Common property A of both particles of the same pair

* / randomlyv determined 1n S at the emission time
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Classical explanation for correlations between
distant results of measurements

« Common property / of both particles of the same pair

* / randomlyv determined 1n S at the emission time

I 2 , ] 1
+1 da : A

B h : Ze
E - —(s)— P

Simple image. but...
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Classical explanation for correlations between
distant results of measurements

* Common property / of both particles of the same pair

* / randomlyv determined 1n S at the emission time

I y | ] 1
- d : A

. / : @ B

Simple image. but...

completes the formalism of quantum mechanics:
supplementary parameters A (« hidden variables ») ruezses




M From EPR to tests of Bell’s inequalities: “%s

wr d'Optique

entanglement as a conceptual question
The pomnt of view of a naive experimentalist™®
* Einstein-Podolsky-Rosen correlations
The Emstem-Bohr debate (1935-1935)
» Bell's theorem (19635)
From epistemology back to physics
» Experimental tests: a brief review (1972-2002)
Towards the 1deal experiment

* Conclusion
Quantum non localitv: A real problem ?
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] Bell’s formalism D%s

titur d'Optigue
+1 I d = . b II 4
—G)—
- ﬂ K —

supplementary parameters A A(A.a)=+lor -1 at polarizer I
letermine the results of —
neasurements at I and II B(/.b)=+1 or —1 at polarizer II
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] Bell’s formalism Dks

titur d'Optigue

| II

+1 d , v, b +1

— -
supplementary parameters A A(Z.a)=+1or —1 at polarizer I
letermine the results of —
neasurements at I and II B(/A.b)=+1or —1 at polarizer II
supp arv par: 'S A
SUpPE lelnent* 11: parameters A . p(2)>0 and Ip(/l)dzl =
andomly distributed among

pairs at source S
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] Bell’s formalism Dks

titur d'Optigue
1 >IE a v, : v, b EH< +1
4 -

supplementary parameters A A(Z.a)=+1or —1 at polarizer I

letermine the results of —

neasurements at I and II B(/.b)=+1or —1 at polarizer II
supplementary parameters A

':-.1111{;1101111}' (;Iisti*itl}uted among S — -[ o
pairs at source S

A particular hidden-vanables theorv gives explicit forms of 4. 5. p,
ind anv probability can be calculated accordinglyv:

> Gay=| d p(/l)(““’:) e 1) E(a,b)= [d p(4) A4, a)B()E;Gb1321




-

titur d'Optigue

Naive example of LHVT ks

Photons polarized at an angle / from x axas photons . X
pol
I 11
+1 | A : A =
—1 Vi 2 i 3
a b
i 1
P(A)=—
2

otational invariance
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g
o Naive example of LHVT ks

titur d'Optigue

Photons polarized at an angle / from x axis photons . X
pol

I 11

+1 | /;L : /;L +1

ﬂ - | k ;]

—1 Vi 2 it 2

a b
)= 1 _
pA) = = A(A,a)=sign{cos 2(0, — 1)}

=+11if |@-A<x/4

¥

Llotational invariance B(ﬂ'ﬂ b) = Sign {COS 2(911 i 2')}
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- Naive example of LHVT ks

titur d'Optigue

Photons polarized at an angle / from x axis photons . X
pol
I 11
+1 ﬁ /‘L /‘L +1
—O—K :
= | Vi 2 . 7
a b
£ 1 _
pA)=—— A(A,a) =sign{cos 2(0, — 1)}
=T =+1if |@-A|<n/4
lotational invariance B (;L: b ) = S1g0 {005 2(911 = /1)}
=P (a)=FP(b)=1/2 etc.. Same predictions as quantum
ef0) =1 . E(90)=—1 mechanics .




% Naive example P%s
wesomaCorrelation coefficient vs. polarizers angle

- Quantum mechanics
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% Naive example P%s
wesoml_orrelation coefficient vs. polarizers angle

- Quantum mechanics

__— Naive LHVT

Not bad for such a simple model!

irsa: 05030110 Page 218/287




N Naive example s
aomaCorrelation coefficient vs. polarizers angle

- Quantum mechanics

__— Naive LHVT

Not bad for such a simple model!

Vouldn't 1t be possible. with a more sophisticated model. to reproduce
xactly the Quantum Mechanical predictions?
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N Naive example e
o Correlation coefficient vs. polarizers angle

- Quantum mechanics

__— Naive LHVT

Not bad for such a simple model!

Vouldn't 1t be possible. with a more sophisticated model. to reproduce
xactly the Quantum Mechanical predictions?

== Ball’s theorem answer:



N Naive example P%s
mesoml_orrelation coefficient vs. polarizers angle

___ Quantum mechanics

__— Naive LHVT

Not bad for such a simple model!

Vouldn't 1t be possible. with a more sophisticated model. to reproduce
xactly the Quantum Mechanical predictions?

== Bell’s theorem answer: N
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titur d'Optigue

Bell’s theorem “%ks

Local Hidden Variable Theories = Bell's inequalities

—2<S5<2 with S=E(a.b)—E(a.b)Y+E(a".b)+E(a’.b")
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d Bell’s theorem

titur d'Optigue

Local Hidden Variable Theories = Bell's inequalities

—2<§<2 with S=E(@.b)—E(@.b)+E(@.b)+E@.b)

E,(a,b)=cos2(a,b) - B

aﬁ
b','
L l%

Quantum Mechanics, m orientations  (a,b)=(b,a")=(a’,b) = &

8

CONFLICT ! The possibilitv of completing QM with Hidden
Variables 1s no longer a matter of taste. It has become an
exeperimental question.
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N~ Bell’s theorem

titur d'Optigue

Local Hidden Variable Theories = Bell's inequalities

—2<§<2 with S=E(@@.b)—E(@.b)+E(a.b)+E@.b)

E,(a,b)=cos2(a,b) - K

aﬁ
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£ 2h W

Quantum Mechanics, m orientations  (a,b)=(b,a")=(a’,b) = -

8

CONFLICT ! The possibilitv of completing QM with Hidden
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% Hypotheses for Bell’s inequalities  %s
(= conflict with Q. M.)

= Ile— a v v, b I +1
o=
- iy

Hidden vanables (supplementary parameters)

or some « classical » explanation — « a la Einstein » — for
the EPR correlations, involving phvsical reality

Locality A(A.a. f)) B(A. f b) P(A. ‘f F))
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~ ] Hypotheses for Bell’s inequalities  %s

titur d'Optigue

+1

~1

(= contlict with Q. M.)

ﬂa v, @ Vv, bﬂﬂ<*

Hidden vanables (supplementary parameters)
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[t can be stated as a reasonable assumption. but. ..

...1n an experiment with time-variable analyzers
(ortentations randomly changed with a period smaller
than L / ¢ with L = distance between analvzers) the
locality condition becomes a consequence of Einstein’s
causality (no faster-than-light influences)
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Some predictions of Quantum Mechanics (in EPR
situations) can not be mimicked by a « reasonable
classical-like model » 1n the spirit of Emnstein’s 1deas.

What about nature ?
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Some predictions of Quantum Mechanics (in EPR
situations) can not be mimicked by a « reasonable
classical-like model » 1n the spirit of Emnstein’s 1deas.

What about nature ?

When Bell's theorem appeared, there was no experimental result
available for testing Bell's inequalities vs. Quantum MNechanics.

Couldnt 1t be that the violation of Bell's inequalities indicates a
dumatof the validity of Quantum Mechanics ? ——




M From EPR to tests of Bell’s inequalities: “s
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entanglement as a conceptual question
The point of view of a naive experimentalist™®
* Einstein-Podolsky-Rosen correlations
The Emstein-Bohr debate (1935-1933)
e Bell s theorem (1965)
From epistemology back to physics
» Experimental tests: a brief review (1972-2002)
Towards the 1deal experiment

* Conclusion
Quantum non localitv: A real problem ?
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M  First experiments with EPR pairs %
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Experiments with v photons (0.5 MeV) produced in
positronium desintegration

Experiments with protons (proton scattering on a target)

Agreement with QM. but not a test of Bell s inequalities

There are no polarizers (apparatus with 2 outcome).The
polarization 1s inferred from a Compton scattering, bv use of
a QM calculation.
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&4 Visible photons EPR pairs produced in %
e some atomic radiative cascades
Polarizers do exist for visible photons

EPR pairs produced in radiative cascades
(Clauser, Horne, Shimony. Holt, 1969)
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&4 Visible photons EPR pairs produced in %
e some atomic radiative cascades
Polarizers do exist for visible photons

EPR pairs produced 1n radiative cascades

3 Shi VA C Vo= e —4
(Clauser, Home, Shimony, Holt, 1969) 0— 0

Anv computable extra effect (fimite solid angle. hvperfine
structure...) leads to a decrease or even a cancellation of the
contlict between Bell s inequalities and Quantum Mechanics.
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$d Visible photons EPR pairs produced in %
e some atomic radiative cascades
Polarizers do exist for visible photons

EPR pairs produced 1n radiative cascades

[ Jhi NEC g = J =(
(Clauser. Horne. Shimony. Holt, 1969) e U

1
Anv computable extra effect (fimite solid angle. hvperfine
structure...) leads to a decrease or even a cancellation of the
contlict between Bell s inequalities and Quantum Mechanics.
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W First experiments with visible photons ¢
e produced 1n atomic radiative cascades

15t generation

* Clauser & Freedman (Berkelev. 1972)

o, % 200 hours M. Q.
* Holt & Pipkin (Harvard, 1973)
e 3 200 hours B. 1

21d generation (laser excitation **%)

* Frv & Thompson (Texas A&M. 1976)
e 80 mn M. Q.

In these expermments, single channel polarizers : mdirect
sosopgasoning, auxiliary calibrations required. e




g Experiment with 2- channels polarizersog,

titut d'Optique AA P. Grangier, G. Roger, PRL 1982

PM

%9 , : g
- N} . -
T O—F4-
a b

N_ (a.b) . N__(a.b)
N__(a.b) . N__(a.b)

Fourtold coincidence svstem: the 4 comcidence rates are measured
during the same run = coefficient of correlation

S o \ L(ab)— )\-'f_ (a.b)— 4-‘\.-v_+ (a.b)+ 4-\-*__ (a.b) .
N . (a,b)+N_(ab)+N_, (a,b)+/N__(a,b) |
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titu d'Optique AA, P. Grangier, G. Roger, PRL 1981
| I E
+1 " % -
[PAiT}— —()———/—2]
a e b
Coincidences
Na(a.b)

1igh grade pile of plates polarizers, but only one channel (+1)

* Excellent agreement with QM.

» Violation of Bell's inequalities bv 9 &

Pirsa: 05030110

larger than the coherence length of v, (1.5 m)

» No change 1n the results with polarizers at a distance (6 m)
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21d oeneration (laser excitation **%)

* Frv & Thompson (Texas A&M. 1976)
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% Orsay source of entangled photons  %s
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sl _ Z 1 : _ 1 _ Z1lg
= 4p-°S,—4s4p F—-4p~ S,
\ 551 nm radiative cascade 1 calcium 40
dye laser

4|
' . Already used 1in Berkeleyv experiment

K1 10n laser :
VA

New : 2 laser

423 nm

= Selective excitation (1sotope, level)
— Small source : 0.5 x 0.05 mm-

— Optmmum cascade rate (4 x 107 s!) easily achieved

1% accuracy on coincidence rate in 100s | .~




®d The Orsay source of entangled photons%s
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Coincidences
Na(a.b)

11gh grade pile of plates polarizers, but only one channel (+1)

» Excellent agreement with QM.
» Violation of Bell's inequalities bv 9 &

» No change 1n the results with polarizers at a distance (6 m)
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N_ (a.b) . N__(a.b)
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Fourtold coincidence svstem: the 4 comcidence rates are measured
during the same run = coefficient of correlation
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“ Experiment with 2- channels polarizers %s
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p-—e . F =8¢ § * * | inequalities
I 30 50 3@ s
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exp

For @ =(a.b)=(b.a")=(a’.b)= g

Violates Bell’s mnequality (S<2) by > 40 o
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