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Dans un coffre-fort: chat + noyau 
instable(1/2vie=1h) + marteau + 
fiole d'acide cyanhydrique

L’état d’un noyau instable  
qui se désintègre en  stable est 
une superposition  
tant que le coffre reste fermé  
(i.e. pas de mesure) 
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|n⟩

c |N*⟩ + s |n⟩

Si le noyau se désintègre, il libère 
le marteau, casse la fiole et tue le 
chat: les états noyau - chat sont 
liés (ou intriqués )

 

 
Dans ce cas pendant ±1h, le chat 
aussi n'est tout à fait ni vivant ni 
mort!... (Schrödinger, 1935)

c | Noyau*⟩ | Chat vivant⟩
+s | noyau⟩ | chat mort⟩

Réalité objective d'un tel état 
quantique??? 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•Donc aussi le rapport des nombres de 
photons  , et d’intensité 
 

   (loi de Malus) 
 
 
 
 
 
 

Napres /Navant

Iapres /Iavant = cos(θ)2
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En général:  
   
  

Σθ′￼= Πθ′￼− Πθ′￼+90∘

P+(θ′￼) = cos(θ′￼− θ)2

P−(θ′￼) = sin(θ′￼− θ)2

Σ θ′
￼

| −
⟩

| +
⟩

θ′￼
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2. WHY SUPPLEMENTARY PARAMETERS ? THE EINSTEIN-PODOLSKY-
ROSEN-BOHM GEDANKENEXPERIMENT 

2.1. Experimental scheme 

Let us consider the optical variant of the Bohm’s version4 of the E.P.R. 
Gedankenexperiment (Fig. 1). A source S emits a pair of photons with different 
frequencies ν1  and ν2 , counterpropagating along Oz. Suppose that the polarization part of 
the state vector describing the pair is: 

 { }Ψ( , ) , ,ν ν1 2

1

2
= +x x y y  (1) 

where x  and y  are linear polarizations states. This state is remarkable : it cannot be 
factorized into a product of two states associated to each photon, so we cannot ascribe any 
well defined state to each photon. In particular, we cannot assign any polarization to each 
photon. Such a state describing a system of several objects that can only be thought of 
globally, is an entangled state. 

We perform linear polarization measurements on the two photons, with analysers I 
and II. The analyser I, in orientation a, is followed by two detectors, giving results + or −, 
corresponding to a linear polarization found parallel or perpendicular to a. The analyser II, 
in orientation b, acts similarly‡. 

 

Figure 1. Einstein-Podolsky-Rosen-Bohm Gedankenexperiment with photons. The two 
photons ν1  and ν 2  , emitted in the state Ψ( , )1 2  of Equation (1), are analyzed by linear 
polarizers in orientations a and b. One can measure the probabilities of single or joint 
detections in the output channels of the polarizers. 

It is easy to derive the Quantum Mechanical predictions for these measurements of 
polarization, single or in coincidence. Consider first the singles probabilities P± ( )a  of 
getting the results ±  for the photon ν1 , and similarly, the singles probabilities P± ( )b  of 
obtaining the results ± on photon ν2 . Quantum Mechanics predicts: 

                                                 

‡ There is a one-to-one correspondance with the EPR Bohm Gedankenexperiment dealing with a pair of spin 
1/2 particles, in a singlet state, analysed by two orientable Stern-Gerlach filters. 

+ 

− 

+

−

ν1 ν2

I 

a b

II

S z x 

y 
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•Source S envoie vers A et B 2 photons 
intriqués  
| + , + ⟩ + | − , − ⟩ = | +a , +a ⟩ + | −a , −a ⟩
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(p.ex. il y a des variables cachées 
prédéterminant localement les résultats).

18

Bell Theorem naive view 18  3 / 34 Alain Aspect 

2. WHY SUPPLEMENTARY PARAMETERS ? THE EINSTEIN-PODOLSKY-
ROSEN-BOHM GEDANKENEXPERIMENT 

2.1. Experimental scheme 

Let us consider the optical variant of the Bohm’s version4 of the E.P.R. 
Gedankenexperiment (Fig. 1). A source S emits a pair of photons with different 
frequencies ν1  and ν2 , counterpropagating along Oz. Suppose that the polarization part of 
the state vector describing the pair is: 

 { }Ψ( , ) , ,ν ν1 2

1

2
= +x x y y  (1) 

where x  and y  are linear polarizations states. This state is remarkable : it cannot be 
factorized into a product of two states associated to each photon, so we cannot ascribe any 
well defined state to each photon. In particular, we cannot assign any polarization to each 
photon. Such a state describing a system of several objects that can only be thought of 
globally, is an entangled state. 

We perform linear polarization measurements on the two photons, with analysers I 
and II. The analyser I, in orientation a, is followed by two detectors, giving results + or −, 
corresponding to a linear polarization found parallel or perpendicular to a. The analyser II, 
in orientation b, acts similarly‡. 

 

Figure 1. Einstein-Podolsky-Rosen-Bohm Gedankenexperiment with photons. The two 
photons ν1  and ν 2  , emitted in the state Ψ( , )1 2  of Equation (1), are analyzed by linear 
polarizers in orientations a and b. One can measure the probabilities of single or joint 
detections in the output channels of the polarizers. 

It is easy to derive the Quantum Mechanical predictions for these measurements of 
polarization, single or in coincidence. Consider first the singles probabilities P± ( )a  of 
getting the results ±  for the photon ν1 , and similarly, the singles probabilities P± ( )b  of 
obtaining the results ± on photon ν2 . Quantum Mechanics predicts: 

                                                 

‡ There is a one-to-one correspondance with the EPR Bohm Gedankenexperiment dealing with a pair of spin 
1/2 particles, in a singlet state, analysed by two orientable Stern-Gerlach filters. 
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Variables cachées
‣Depuis Born ('26), les lois 2 et 4 
sont les seules introduisant un 
hasard de principe en physique 
≠ tirer une carte au hasard  provient de 
l’ignorance de l'ordre!...

‣Pour éviter ce hasard de principe, 
il faudrait un état quantique 
augmenté “réel”, 
avec variables cachées dont 
l'ignorance engendre le hasard
‣Einstein: God doesn't play dices! 
(Bohr: stop telling God what to do!)

‣Tentative simple pour EPR: une 
“couleur” (réelle, mais inconnue) 
des photons dicterait localement 
leur polarisation
‣Cela peut-il marcher?
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données par la probabilité  
d’avoir différentes λ

P(λ)

E(a, b)VC = ∑
λ

P(λ)a(θa, λ)b(θb, λ)

•Alors (Bell 1964) montre une 
inégalité pour 3 paires 
d’orientation ,  et  
qui est violée pour petit  
par le résultat quantique

θab θbc θac
|θbc |

E(a, b)MQ = cos(2θab)

•⇒ on peut choisir en principe 
des configurations réalisant un 
test expérimental des variables 
cachées locales!!!
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•Pour chaque λ fixé, la 
combinaison de 4 paires de 
directions:

se factorise en 

S(a, a′￼, b, b′￼) = E(a, b) − E(a, b′￼)
+E(a′￼, b) + E(a′￼, b′￼)

a(b − b′￼) + a′￼(b + b′￼)

•Si , alors 
 et vice versa

b − b′￼= 0
b + b′￼= ± 2

•Comme  
 

 

a et a′￼= ± 1

−2 ≤ SVC ≤ 2

•On montre que  est 
extrême pour 

 

SMQ

θab = θba′￼ = θa′￼b′￼ = θab′￼/3
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4. CONFLICT WITH QUANTUM MECHANICS 

4.1. Evidence 

We can use the predictions (6) of Quantum Mechanics for EPR pairs, to evaluate the 
quantity S( )a,a' ,b,b'  defined by equation (21). For the particular set of orientations 
shown on Figure 4.a, the result is 

 SQM = 2 2  (22) 

This quantum mechanical prediction definitely conflicts with the Bell’s inequality (20) 
which is valid for any Supplementary Parameter Theory of the general form defined in 
§3.1. 

We have thus found a situation where the quantum mechanical predictions cannot 
be reproduced (mimicked) by Supplementary Parameters Theories. This is the essence of 
Bell’s theorem: it is impossible to find a Supplementary Parameter Theory, of the general 
form defined in § 3.1, that reproduces all the predictions of quantum mechanics. This 
statement is the generalisation of what appears on Figure 3, for the particular 
supplementary parameter model considered in § 3.2: the model exactly reproduces the 
predictions of quantum mechanics for some particular angles (0, π/4 , π/2), but it 
somewhat deviates at other angles. The importance of Bell’s theorem is that it is not 
restricted to a particular supplementary parameters model, but it is general. 

Figure 4 - Orientations yielding the largest conflict between Bell’s inequalities and Quantum 
Mechanics. 

4.2. Maximum conflict 

It is interesting to look for the maximum violation of Bell’s inequalities by the quantum 
mechanical predictions. Let us take the quantum mechanical value of S : 

 ( ) ( ) ( ) ( ) ( )cos cos cos cosQMS = − + +a,b,a',b' a,b a,b' a',b a',b'  (23) 

It is a function of the three independant variables ( , )a b , ( , )b aʹ ,and ( , )ʹ ʹa b . Note that 

a' 

a'

b’

22.5° 67.5° 

ba 

b' 

a

b
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where ϕ is the angle between the axes of the polarizers. In the original experiment, the polarizers 
were oriented at 0° and 90° with respect to each other, which means that a time correlation could 

be measured at 0°, whereas no correlation was observed at an angle of 90°.  

 

Kocher’s PhD thesis clearly showed that he was aware of Bell’s inequality, but with the angles he 

chose, he was not able to test the inequality. Kocher had already left UC Berkeley when Clauser 

arrived, but his experiment was still in the lab.  

 

Clauser was by now well aware that no previous experiment had tested the Bell–CHSH inequality. 

He got Townes  interested,  and Townes made an agreement with both Clauser  and Commins: 

Clauser could work half time on the Bell tests, and Commins’ Ph.D. student at the time, Freedman, 

was allowed to work together with Clauser.  

 

Clauser and Freedman had identified the polarizers as the weak point in Kocher’s experiment. 

The  polarizers’  inefficiency  would  make  it  prohibitively  time  consuming  to  carry  out  the 

experiment at a number of different angles between the polarizers. The two researchers chose 

instead  ‘pile-of-plates’  polarizers,  which  have  much  better  efficiency.  It  took  two  years  for 

Freedman and Clauser to rebuild Kocher’s experiment so that it could be used to test the Bell–

CHSH inequality, and about 200 hours to record the data.  

 

 

 
Figure 4. Schematic diagram of the apparatus and associated electronics used by Freedman 
and Clauser [11]. The distance between the detectors was 5 metres (m). 
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Figure 14 - Experiment with two-channels polarizers. Quantity S(θ), to be tested 
by BellEs inequalities (−2 ≤ S ≤ +2), as a function of the relative angle of the polarimeters. 
The indicated errors are ± 2 standard deviations. The dashed curve is not a fit to the data, 
but Quantum Mechanical predictions for the actual experiment. For an ideal experiment, 
the curve would exactly reach the values ± 2.828. 

9.5. Timing experiment27 

As stressed in sections 6 and 7.5, an ideal test of BellEs inequalities would involve the 
possibility of switching at random times the orientation of each polarizer13, since the 
locality condition would become a consequence of EinsteinEs causality. We have done a 
step towards such an ideal experiment by using the modified scheme shown on Figure 15. 

In that scheme13, each (single-channel) polarizer is replaced by a setup involving a 
switching device followed by two polarizers in two different orientations : a and a9 on side 
I, b and b9 on side II. The optical switch C1 is able to rapidly redirect the incident light 
either to the polarizer in orientation a, or to the polarizer in orientation a9. This setup is 
thus equivalent to a variable polarizer switched between the two orientations a and a9. A 
similar set up is implemented on the other side, and is equivalent to a polarizer switched 
between the two orientations b and b9. In our experiment, the distance L between the two 
switches was 13 m, and L c/  has a value of 43 ns. 

The switching of the light was effected by home built devices, based on the 
acousto-optical interaction of the light with an ultrasonic standing wave in water. The 
incidence angle (Bragg angle) and the acoustic power, were adjusted for a complete 
switching between the 0th and 1st order of diffraction. The switching function was then of 

the form sin ( cos )2

2
π

Ωat , with the acoustic frequency Ωa / 2π  of the order of 25 MHz. 

quant-ph/0402001
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statistique 

•Ecartent la possibilité de 
communication entre A et B 
(dist. 6m) en changeant les 
orientations en moins 20ns, 
grâce à switch opto-
acoustiques: violation à 5 
déviations standards
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I, b and b9 on side II. The optical switch C1 is able to rapidly redirect the incident light 
either to the polarizer in orientation a, or to the polarizer in orientation a9. This setup is 
thus equivalent to a variable polarizer switched between the two orientations a and a9. A 
similar set up is implemented on the other side, and is equivalent to a polarizer switched 
between the two orientations b and b9. In our experiment, the distance L between the two 
switches was 13 m, and L c/  has a value of 43 ns. 

The switching of the light was effected by home built devices, based on the 
acousto-optical interaction of the light with an ultrasonic standing wave in water. The 
incidence angle (Bragg angle) and the acoustic power, were adjusted for a complete 
switching between the 0th and 1st order of diffraction. The switching function was then of 

the form sin ( cos )2

2
π

Ωat , with the acoustic frequency Ωa / 2π  of the order of 25 MHz. 

quant-ph/0402001
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Conclusions
•Théorie quantique forme un corpus de lois validées 

expérimentalement
•Utilisées quotidiennement (électronique)
•Bien que surprenantes, elles ne sont pas contradictoires
•Recherches d’Aspect, Clauser et Zeilinger ont fondé

•le caractère intrinsèquement aléatoire

•l’effet inévitable de la mesure (+: cryptographie et communication)

•intrication (+: calcul quantique)

•Théorie alternative:  
toujours désirable, notamment pour le mariage avec la gravitation. 
Mais de plus en plus contrainte!
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quantiques à ce jour; permet de séparer 

•questions métaphysiques d'interprétation comme la 
recherche de systèmes équivalents plus satisfaisants 

•de l'exploitation de résultats concrets découlant de ces 
lois, quand on les admet (loi 4.b,c ???)
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•Spectres d'émission 
atomique → Bohr ('13): 
hypothèse du moment 
cinétique discret de 
l'électron  
L=ℏ n

•Comment en rendre compte 
sans un opérateur-matrice 
pour chaque grandeur 
discrète?
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•Vérification: diffractions 
d'ondes d'électrons ('27), ou 
de neutrons...
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probabilistes, pour lisser 
entre valeurs discrètes (4.b)

•Après la mesure, il peut être 
cohérent de réduire l'état à la 
composante mesurée (4.c?)

•Permet la préparation d'un 
état bien défini!
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•Au lieu de les détruire (loi 4), 
Everett voit chaque mesure 
comme une bifurcation entre 
des mondes possibles où 
chaque possibilité se réalise

•Ensuite, chaque monde 
n'interagit plus avec ses 
copies

•Intéressante, mais ré-
interprétation sans effet 
mesurable nouveau (sauf si 
état cohérent macroscopique) 
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paires EPR de quarks b anti-b:
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B0 − B̄0
The dominant systematic uncertainties on Sf are sum-

marized in Tables III and IV. The dilution due to flavor
tagging can be different between BCP and Bflav events. We
study this effect by comparing the results in large samples
of simulated BCP and Bflav events. The uncertainties due to
!t resolution functions for both signal and background
components are estimated by varying the fixed parameters
and by using alternative models. We also vary the peaking
background fractions based on estimates derived from
simulation, and vary the CP content of the background
over a wide range to estimate the effect due to our limited
knowledge of background properties. The uncertainties in
the J=cK0

L sample are studied by varying the compositions
of the signal and background, by modifying the !E proba-
bility density function based on studies performed with the
J=cK0

S control sample, and by varying the branching
fractions of the background modes and their CP asymme-
tries. Other sources of uncertainty such as the values of the
physics parameters !md, !B, !"d="d, the beam spot and
detector alignment, and other fixed parameters, are studied
by varying them according to their world averages, the
calibration, and the statistical uncertainty, respectively.
Despite the large amount of simulated signal events that
included the full BABAR detector simulation, we can only
validate the possible fit bias to be no more than certain
precision. As a result, we assign a systematic uncertainty
corresponding to any deviations and the statistical uncer-
tainties of the mean values of the fitted Sf and Cf from the
generated values as the possible fit bias (MC statistics).
The only sizable systematic uncertainties on Cf are due

to the CP content of the peaking backgrounds and due to
the possible interference between the suppressed #b ! #uc #d
amplitude with the favored b ! c #ud amplitude for some
tag-side B decays [15]. The total systematic error on
SfðCfÞ is calculated by adding the individual systematic
uncertainties in quadrature and is found to be 0.012
(0.016). The main sources of systematic uncertainty are
listed in Tables III and IV.
For the "cK

0
S mode, we found #"fSf ¼ 0:925%

0:160ðstatÞ % 0:057ðsystÞ, which has a significance of
5:4# standard deviations including systematic uncertain-
ties. Our result is the first observation of CP violation in
this mode.

VIII. CONCLUSIONS

We report improved measurements of the time-
dependent CP asymmetry parameters. The results in this
paper supercede those of our previous publication [5]. We
report our measurements in terms of Cf and Sf. We find

Cf ¼ 0:024% 0:020ðstatÞ % 0:016ðsystÞ;
# "fSf ¼ 0:687% 0:028ðstatÞ % 0:012ðsystÞ;

providing an independent constraint on the position of the
apex of the unitarity triangle [17]. Our measurements agree
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FIG. 3 (color online). Time-dependent asymmetry between
unmixed and mixed events, Amix ¼ ðNunmix # NmixÞ=ðNunmix þ
NmixÞ, as a function of !t for hadronic B candidates (Bflav) with
mES > 5:27 GeV=c2. The curve is the corresponding fit projec-
tion.

E
ve

nt
s 

/ (
 0

.4
 p

s 
)

200

400

E
ve

nt
s 

/ (
 0

.4
 p

s 
)

200

400   tags0B

  tags0B
ηf =-1

(a)

R
aw

 A
sy

m
m

et
ry

-0.4

-0.2

0

0.2

0.4

R
aw

 A
sy

m
m

et
ry

-0.4

-0.2

0

0.2

0.4 (b)

E
ve

nt
s 

/ (
 0

.4
 p

s 
)

100

200

300

E
ve

nt
s 

/ (
 0

.4
 p

s 
)

100

200

300

  tags0B

  tags0B
ηf =+1

(c)

t (ps)∆
-5 0 5

R
aw

 A
sy

m
m

et
ry

-0.4

-0.2

0

0.2

0.4

-5 0 5

R
aw

 A
sy

m
m

et
ry

-0.4

-0.2

0

0.2

0.4 (d)

FIG. 2 (color online). (a) Number of "f ¼ #1 candidates
(J=cK0

S, c ð2SÞK0
S, $c1K

0
S, and "cK

0
S) in the signal region

with a B0 tag (NB0 ) and with a #B0 tag (N #B0 ); and (b) the raw
asymmetry, ðNB0 # N #B0 Þ=ðNB0 þ N #B0 Þ, as functions of !t; (c)
and (d) are the corresponding distributions for the "f ¼ þ1
mode J=cK0

L. The solid (dashed) curves in (a) and (c) represent
the fit projections in !t for B0ð #B0Þ tags. The shaded regions
represent the estimated background contributions to (a) and (c).
The curves in (b) and (d) are the fit projections of the raw
asymmetry between B0 tagged and #B0 tagged events.
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•Un espion n'a que 3n chances sur 
4n d'intercepter sans être détecté 

41
|47〉

|68〉

|X
=
0〉 =

−|47〉+
|68〉 |X

=
2〉
=
|47
〉+

|68
〉



Nobel A. Aspect 2022

Les promesses d'un �
ordinateur quantique

42



Nobel A. Aspect 2022

Les promesses d'un �
ordinateur quantique

•1 état quantique binaire q-bit 
peut être à la fois dans une 
superposition de 0 et 1

42



Nobel A. Aspect 2022

Les promesses d'un �
ordinateur quantique

•1 état quantique binaire q-bit 
peut être à la fois dans une 
superposition de 0 et 1

•un seul calcul avec superp. 
quantique de n q-bits peut 
couvrir 2n possibilités à la fois

42



Nobel A. Aspect 2022

Les promesses d'un �
ordinateur quantique

•1 état quantique binaire q-bit 
peut être à la fois dans une 
superposition de 0 et 1

•un seul calcul avec superp. 
quantique de n q-bits peut 
couvrir 2n possibilités à la fois

•Problèmes de complexité N 
"non-résolus" si 
tcalcul ∼ eN 

42



Nobel A. Aspect 2022

Les promesses d'un �
ordinateur quantique

•1 état quantique binaire q-bit 
peut être à la fois dans une 
superposition de 0 et 1

•un seul calcul avec superp. 
quantique de n q-bits peut 
couvrir 2n possibilités à la fois

•Problèmes de complexité N 
"non-résolus" si 
tcalcul ∼ eN 

•Résolus avec n=N q-bits !!!

42



Nobel A. Aspect 2022

Les promesses d'un �
ordinateur quantique

•1 état quantique binaire q-bit 
peut être à la fois dans une 
superposition de 0 et 1

•un seul calcul avec superp. 
quantique de n q-bits peut 
couvrir 2n possibilités à la fois

•Problèmes de complexité N 
"non-résolus" si 
tcalcul ∼ eN 

•Résolus avec n=N q-bits !!!

•Les algorithmes quantiques 
existent! Reste l'ordinateur.

42



Nobel A. Aspect 2022

Les promesses d'un �
ordinateur quantique

•1 état quantique binaire q-bit 
peut être à la fois dans une 
superposition de 0 et 1

•un seul calcul avec superp. 
quantique de n q-bits peut 
couvrir 2n possibilités à la fois

•Problèmes de complexité N 
"non-résolus" si 
tcalcul ∼ eN 

•Résolus avec n=N q-bits !!!

•Les algorithmes quantiques 
existent! Reste l'ordinateur.

•Problèmes actuels: 

42



Nobel A. Aspect 2022

Les promesses d'un �
ordinateur quantique

•1 état quantique binaire q-bit 
peut être à la fois dans une 
superposition de 0 et 1

•un seul calcul avec superp. 
quantique de n q-bits peut 
couvrir 2n possibilités à la fois

•Problèmes de complexité N 
"non-résolus" si 
tcalcul ∼ eN 

•Résolus avec n=N q-bits !!!

•Les algorithmes quantiques 
existent! Reste l'ordinateur.

•Problèmes actuels: 
•on arrive à maintenir la 

cohérence quantique entre 
n q-bits que pendant tcoh∼e-n 

(chat de Schrödinger...)
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