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Classical probability measure space: (2,%,p)
Positive correlation: A, B¢ X

corrp(A, B) = p(AB) — p(A)p(B) > 0

Reichenbachian common cause: (C e Y

P(AB|C) = p(A|C)p(B|C)
p(AB|C) = p(A|C)p(B|C)
p(A|C) > p(A|C)
p(B|C) > p(B|C)




Classical probability measure space: (2,%,p)
Positive correlation: A, B¢ X

corrp(A, B) = p(AB) — p(A)p(B) > 0

Reichenbachian common cause system:  partition {C;}cr
of Q such thatforany:# j eI

p(AB|C;) = p(A|Ci)p(B|C;)
(P(A|Ci) = p(A|C))(p(B|Ci) — p(B|Cj)) > 0




Classical probability measure space: (2,%,p)
Positive correlation: A, B¢ X

corrp(A, B) = p(AB) — p(A)p(B) > 0
Common cause: C e X

p(AB|C)
p(AB|C) = p(A|C)p(B|C)
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Common cause system: partition {C;};c; of Q
p(ABI|C;) = p(A|Ci)p(B|Ci)




Two positive correlations: A, B, e ¥ j=1,2
p(A;Bj) > p(A;)p(Bj)
Common common cause: C € X

p(A;B;|C) = p(A;|C)p(B;|C)
p(A;Bj|C) = p(A4;|C)p(B;|C)

Common common cause system: partition {C;};c; of Q

p(A;B;|C;) = p(A;|Cy)p(B;|Ci)




# Belnap, Szab0d, 1996: common versus separate common cause

» Hofer-Szabo, Rédei, Szabd, 1999: (Reichenbachian) common
cause extendability

» Hofer-Szabho, Rédei, Szabd, 2002: Common causes are not
common common causes

# Hofer-Szabo, Rédei, 2004: Common cause system extendability
# Szabo, 2000: Separate-common-cause-model for the EPR?

» Grasshoff, Portmann, Wuthrich, 2005: No separate-common-cause
model for perfect EPR correlations

# Hofer-Szabo, 2008: Perfect correlation is too strong

» Portmann, Wuthrich, 2007: Hofer-Szabo, 2008: No
~__separate-common-cause model for EPR correlations
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» Measurement settings:
Left wing: «; Right wing: b;

» Measurement outcomes:
Left wing: A;, A; Right wing: B;, B;
(4,5 =1,2,3)




Conditional probabilities:

p(AiBj|CLibj) — TT(|WS><WS| PAi 024 PBj) — 53@'”2( 21 j)
1
p(Aidaiby) = Tr(0) (| Pa @ 1) = -
1
p(Bj|CLZ'bj) — TT(|WS><WS| I ® PBj) — 5

» a;, b;: measuring directions

s Py4,, Pp.. projections on the positive eigensubspaces of
the spin operators o,, and o,

» |¥,): singlet state vector




Conditional correlations:  for a;, b; non-orthogonal
directions

p(A;Bjla;bj) # p(A;|aib;)p(Bjlaiby)

Perfect anticorrelation:  for a;, b; parallel directions

_ _ 1
p(A;Bjlaibj) = p(A;|a;b;) = p(Bjlab;) = 5




s Common common cause system: {Ci}i_; € Q

p(A;BjlaibjCk) = p(Ailaib;Cy)p(B;la;b;Cy)




s Common common cause system: {Ci}i_; € Q
p(A;BjlaibjCk) = p(Ailaib;Cy)p(B;la;b;Cy)
» Locality:

p(AilaibjCr) = p(AilaiCy) p(Bjlaib;Ck) = p(Bj|b;Cy)




s Common common cause system: {Ci}i_; € Q
p(A;BjlaibjCk) = p(Ailaib;Cy)p(B;la;b;Cy)
» Locality:
p(AilaibiCk) = p(Aila;iCy) p(Bjlaib;jCy) = p(B;|b;C)
» No-conspiracy: E € c Q generated by {Cy},_,

p(a;bj ) = p(a;b;)p(E)




s Common common cause system: {Ci}i_; € Q
p(A;BjlaibjCk) = p(Ailaib;Cy)p(B;la;b;Cy)
» Locality:
p(AilaibiCk) = p(Aila;iCy) p(Bjlaib;jCy) = p(B;|b;C)

» No-conspiracy: E € c Q generated by {Cy},_,
p(aib; E) = p(a;bj)p(E)

» ’'Reduced’ no-conspiracy:
p(aibjCy) = p(aib;)p(Ck)




Common common cause system
Locality — Bell inequalities
No-conspiracy




Common common cause system
Locality — Bell inequalities
No-conspiracy

» Possible strategies:

» Abandoning no-conspiracy: Brans’ (1988) and
Szabd’s (1995) models

s Abandoning locality: Bohmian mechanics
s Abandoning common common cause system. ?




» Question: "Whether there exist separate common
causes for the correlations observed in the EPR-Aspect
experiment”? (Szabo, 2000)




» Question: "Whether there exist separate common
causes for the correlations observed in the EPR-Aspect
experiment”? (Szabo, 2000)

Separate common causes

. Locality
No-conspiracy

I

EPR




» Nine correlating pairs:  (4;,B;) i,j=1,2,3




» Nine correlating pairs:  (4;,B;) i,j =1,2.3

» Separate common causes for each correlation:  Cj;
p(AiBjlaib;Cij) = p(Ailaib;Cij)p(Bjlaib;Cij)
p(A;BjlaibjCij) = p(Ailaib;Cij)p(Bjlaib;Cij)




» Nine correlating pairs:  (4;,B;) i,j =1,2.3
» Separate common causes for each correlation:  Cj;

p(A;Bjla;ibiCi;) = p(AilaibjCij)p(BjlaibiCij)
p(AiBjlaib;Cij) = p(Aila;bjCij)p(Bjlaib;Cyj)

s Locality:

p(A;]a;ibjCij) = p(AilaiCi;)  p(Bjlaib;Cij) = p(B;|bjCij)
p(A;la;bjCij) = p(Aila;Cij)  p(BjlaibjCyij) = p(Bj|b;Cij )




» No-conspiracy: F € ¢ C Q generated by the C;;-s

pla;b; F') = p(a;b;)p(F)




» No-conspiracy: F € ¢ C Q generated by the C;;-s
p(aibj F') = p(a;bj)p(F)
» ’'Reduced’ no-conspiracy:

p(a;b;Cr) = p(aib;)p(Cri)




» "...combinations of the common cause events as
CriClms Cri U Crm, CriCrimnCru €1C. do statistically correlate
with the measurement operations.”

p(a;ibjCriCmn) # p(ai)p(b;)p(CriCrmn)




» "...combinations of the common cause events as
CriClms Cri U Crm, CriCrimnCru €1C. do statistically correlate
with the measurement operations.”

p(a;ibjCriCmn) # p(ai)p(b;)p(CriCrmn)

» Conjecture: There exists no local, non-conspiratorial
separate-common-cause-model for the EPR.




» "Whether a model can be constructed without these
correlations [conspiracies] was posed as an open
guestion by Szabd. This question is answered negatively
by the derivation of Bell's inequality.” (Grasshoff,
Portmann, Wuthrich, 2005, p. 668.)




» "Whether a model can be constructed without these
correlations [conspiracies] was posed as an open
guestion by Szabd. This question is answered negatively
by the derivation of Bell's inequality.” (Grasshoff,
Portmann, Wuthrich, 2005, p. 668.)

Separate common causes

. Locality — Bell inequality
No-conspiracy




» Three correlating pairs: (A;,B;) i =1,2,3




» Three correlating pairs:  (A4;,B;) 1 =1,2,3

» Separate common cause systems: {C,i}zg?gzl

(4

p(A; Bila;b;CL) = p(A;)aib;C)p(Bilaib;CL)




» Three correlating pairs:  (A4;,B;) 1 =1,2,3

» Separate common cause systems: {C,i}zg?gzl

p(A; Bila;b;CL) = p(A;)aib;C)p(Bilaib;CL)
s Locality:

p(AilaibiCh) = p(Aila;iCL), p(BilaibiCh) = p(B;|biCy)




» Three correlating pairs:  (A4;,B;) 1 =1,2,3

» Separate common cause systems: {c;}gg?gzl

p(A;B;la;ibCt) = p(4i|aibiCp)p(BilaibiCy)
s Locality:
p(AilaibiCy) = p(AilaiCy), p(BilaibiCy) = p(BilbiC)
» No-conspiracy: E € ® cC Q generated by the {C} }-s

p(a;b; E) = p(a;b;)p(E)




» Perfect anticorrelation: for:=1,2,3

p(A; B;laib;) = p(Ailaib;) = p(B;|a;b;)




» Perfect anticorrelation: fori=1,2.3
p(A;B;laib;) = p(A;la;b;) = p(B;|a;b;)
o Two corollaries:
» Determinism:

p(Aia;CL), p(BibiCl) € {0, 1}

. Common cause: {C;,C;}
= c¢= a
keK: k¢ K?

where k ¢ K" iff p(AZ|CLZC;) — p(§z|sz,ﬁ:) =1
- B




Bell inequalities: fori,j,h=1,2,3andi# 45,5 # h,h #i
p(A;Bjla;b;) < p(A;Bplaibp) + p(ApBjlapby)

» Forthe settings 6,4, = Z, Ouop, = 5, Ouyps = 2F, Oap, = 0 the
Bell inequality is violated.

s SzabO’s conjecture that there exists no local,
non-conspiratorial, separate-common-cause-model for

all EPR correlations is proven.




» "The derivation of the Bell inequality presented here Is
an improvement on the usual Bell-type arguments ... it
does not assume a common common cause variable
[system] for different correlations.” (Grasshoff et al.,
2005)




» "The derivation of the Bell inequality presented here Is
an improvement on the usual Bell-type arguments ... it
does not assume a common common cause variable

[system] for different correlations.” (Grasshoff et al.,
2005)

» No connection to a common common cause system?




Proposition 1: Let (4;, B;) (i = 1,2, 3) be three perfectly
anticorrelating pairs in (2, %, p) and let {C}}, {C?} and {C},}
(k=1...n(1),l=1...n(2), m=1...n(3)) respectively be
three local, non-conspiratorial separate common cause
systems one for each correlation. Then the partition
generated by the separate common cause systems

{Dpim} = {CLCFCH Y

IS a local, non-conspiratorial common common cause
system of the correlations.




Screening-off: Sinceforallk =1...n(1),l=1...n(2) and
m=1...n(3)

{Diim}y € G}, {Dpm} € CF, {Dpm} C C2

and all the separate common cause systems are deterministic,
therefore

p(Ailaibi D) = p(Bilaib Dym,) € {0, 1}
forallk=1...n(1),l=1...n(2),m=1...n(3) and hence

P(Ai§i|aibkazm) — p(Ai‘aibkalm)p(EiMibkalm)




Locality: Sinceforalli=1,2,3,k=1...n(1),l=1...n(2)and
m=1...n(3)

p(Ai]a;biCy) = p(Aila;Cy), p(Bilaib,Cy) = p(B;|biCy)
therefore

p(Aila;ib; Dygm) = p(Aila;Dym), p(Bi|aibiDyim) = p(Bi|b; Dyim)




No-conspiracy: Since the algebra ¢ generated by {C}}, {C?}
and {C? 1 and the algebra D generated by the common common
cause system {D,,,,} are identical
(k=1...n(1),l=1...n(2),m=1...n(3)), it follows that

p(aib; Dyi) = p(aib;)p(Dyim)

prescribes the same no-conspiracy for the common common
cause system { Dy, } as the requirement

p(aibjE) — p(aibj)p(E)

for the separate common cause systems, where £ € © C ()
generated by {C?}.
T N




Separate common cause systems
Locality

No-conspiracy — Bell inequalities
Perfect correlation




Separate common cause systems
Locality

No-conspiracy — Bell inequalities
Perfect correlation

Common common cause system

Locality — Bell inequalities
No-conspiracy




"WWe have not been able to derive a Bell-type inequality
ruling out perfect correlations and allowing different common
cause variables [separate common causes]. If PCORR
[perfect correlation] is indeed a necessary assumption for
our derivation of the Bell inequality, it should be possible to
construct a model in which PCORR [perfect correlation]
does not hold (being violated by arbitrary small deviation,
say). Since the actually measured correlations are never
perfect—a fact that is usually attributed to experimental
Imperfections—it is not obvious how such a model could be
refuted.” (Grasshoff et al., 2005, p. 677.)




Separate common cause systems
Locality — Bell inequalities
No-conspiracy




EPR triple: three pairs (4;, B;) (i = 1,2, 3) (anti)correlating
according to quantum mechanics

EPR* triple: an EPR triple with perfect anticorrelation
(probablility measure: p*)

EPR*($) set. the §-neighbourhood of EPR*, that is for any
pair (A;, B;) (i = 1,2,3) of any triple of probability measure of
p iIn EPR*(6) the following holds:

p(Aslasbi) — p* (A;Bilaibs)| < 1)

NS DN S,

p(Bilaibi) — p*(A;iBilaib;)| < 2)

3

 p(AiBijab)) = p (AiBijaibi)| < 5 (=



For any two triples of probability measure p and p’ in EPR*(9)

p(Ailaibi) — p'(Ailaibi)] <0
Ip(B;laibi) — p'(Bilaibi)| < 0
Ip(A;Bila;b;) — p'(A;Bilaib;)| <6

For any triple of probability measure p in EPR*(9)
p(Ailaibi) — p(Bilaib;)

Ip(Ailaib;) — p(AiBilaib;)

p(Bilaib;) — p(A;Bj|a;b;)

V/AN/AN/A
S > >




"Deviation parameter”. §
Interpretations of the EPR  *(9) set:

» Due to experimental imperfections we are unable to test
perfect anticorrelations with absolute precision and all
we know Is that the deviation from perfect anticorrelation
under the given measurement conditions is less than 6.

» There is no limit on experimental precision, however, the
measuring directions are set to be not parallel but only
very close to the parallel setting thatis fori:=1,2,3

[T — 04| < 2arcsinv1 — 29




Separate-common-cause-system-model of an EPR
triple: three {C!} separate common cause systems
(:=1,2,3; k(i) = 1...n(¢)) satisfying screening-off, locality
and no-conspiracy

Proposition 2  There exists an EPR* triple and a § > 0 real
number such that no EPR triple in EPR*($) has a local,
non-conspiratorial separate-common-cause -system-model.




Step 1 Consider an EPR triple in a given EPR*(6) set (6 > 0) and
suppose that this triple has a model with conditional probalilities

aj, = p(Aia;Cy)
3 = p(B,|b;CY)

(1, =1,2,3; k(i) =1...n(i), l(j) = 1...n(j)). For these conditional
probabilities (1)-(3) yields

max {
1

which after simple calculations results in the following Bell()
iInequalities (i, 5, h =1,2,3; i # 3,5 # h,h # 1):

pABalaii) 4200 p(ABalach b o4 Bl

> (g — Bi)p(Ch)

k

S ek g Y- a;;m;;p(c;)} s
k k




Step 2 In Step 2 we fix the EPR* triple and the deviation parametes § in
turn such that any EPR triple in EPR*(§) will violate the above Bell(6)
Inequalities. Let the EPR* triple be characterized by the following
parallel measuring directions

37

9a1b2 — 9a2b3 — o 9a1b3 — Z and Haibi =0

7'('
2

|

for which the (original) Bell inequalities are are maximally (v/2 < 1)
violated. Hence, setting ¢ such that

V2 -1

6 € (0, Y )

the Bell(d) inequalities above are also violated.




» The separate-common-cause-system-derivation above
provides an experimentally testable verification of
Szabd’s conjecture : there exists no local,
non-conspiratorial separate-common-cause-model in an
appropriate 6-neighborhood of perfect EPR correlations.




» The separate-common-cause-system-derivation above
provides an experimentally testable verification of
Szabd’s conjecture : there exists no local,
non-conspiratorial separate-common-cause-model in an
appropriate 6-neighborhood of perfect EPR correlations.

» The separate-common-cause-system-derivation above
IS non-reducible: it does not reduce to a
common-common-cause-system-derivation in the sense
of Proposition 1.




» The separate-common-cause-system-derivation above
provides an experimentally testable verification of
Szabd’s conjecture : there exists no local,
non-conspiratorial separate-common-cause-model in an
appropriate 6-neighborhood of perfect EPR correlations.

» The separate-common-cause-system-derivation above
IS non-reducible: it does not reduce to a
common-common-cause-system-derivation in the sense
of Proposition 1.

» Do there exist separate-common-cause-system
-derivations of Bell-like inequalities with no underlying
common common cause systems at all?




A full-fledged common causal explanation:
» local
» non-conspiratorial
s CcOmmon common cause system

Since these assumptions together entail various Bell
Inequalities one assumption has to be abandoned.

Ambition: preserve locality and no-conspiracy at the
expense of replacing common common cause system with
separate common cause systems.

Conclusion: There exists no local, non-conspiratorial
separate common causal explanation of the EPR.
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