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The formalism and conceptual scheme of causal
inference resolved various puzzles of statistics
(e.g., Simpson’s paradox, Berkson’s paradox)

The lesson:
Inference and causation must be clearly
distinguished conceptually and in the formalism
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“[...] our present Quantum
Mechanical formalism [...] is a
peculiar mixture describing in part
realities of Nature, in part
incomplete human information

about Nature all scrambled up by

Heisenberg and Bohr into an
omelette that nobody has seen
how to unscramble.”

E.T. Jaynes, 1989
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But what hope do we have of succeeding
if we do not even understand how to
unscramble the omelette in the classical

context?
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Causal Inference in the presence
of hidden variables




Instrumental inequalities
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Maximum wages
in future career
above some
threshold?

Degree from
educational
institution?
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Maximum
wages in
future career

Degree from
educational
institution

Admission
factors
unrelated to
aptitude

Hidden
factors such
as aptitude
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A constraint:
Instrumental Inequalities

Maximum
wages in
future career

Degree from
educational
institution

Admission
factors
unrelated to
aptitude

Hidden
factors such
as aptitude
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Causal structure Parameters

Pxinz

Py \ax
P

Pxy|z = 2A Py xaPx1znEA

A distribution is said to be compatible with a given
causal structure if there are parameters that yield it
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Causal structure Parameters

Pxinz
Py \ax

Pxy|z = 2A Py xaPx1znEA

Example of causal compatibility constraint:

Pxy|z(00|0) + Pxy z(01]1) <1
Pearl, 1993
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The evidence The hypotheses

7—0 DIRET
- 0.79 0.21
X=1 0.43 0.57
7. IR
X=0 0.59 0.41

0.39 0.61
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The evidence The hypotheses

A (Y0 [y=t
- 0.79 0.21

=i 0.43 0.57 , int:
ol (Y=0 Y=l | Pearls’s instrumental inequality

0.59 0.41

0.39 0.61

Violates Pearl’s instrumental inequality!
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John Stuart

Bell
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Left outcome
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Right outcome

Right
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Left outcome and
Right outcome

S oang0 | omat | tang0 | Tanat
43% 7% 7% 43%
'—eftasne(;‘“”g 43% 7% 7% 43%
Right setting m 43% % 7% 43%
%  43%  43% 7%
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The evidence The natural hypothesis

Right
outcome

Left outcome and Right outcome Left
] e ] e || e e
Lef “We T TH 43K

setting 43% 7% 7% 43%

and 0, 0 0, o Right
setting [UEUtH 7% 43% 43% 7%

Common
Cause
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The evidence

Left outcome and Right outcome

I KT KT KT
Lo 43% 7% 7% 43%

setting n Left . Right
and outcome outcome
Right n = =
setting n \! | l ‘
Left Right
setting setting
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The natural hypothesis

Left Right
outcome outcome
Right
setting

Common
Cause
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The evidence The natural hypothesis

Right
outcome

Left outcome and Right outcome Left
|| met]] et ] ety | Genid | outeome
Lef 9o TH % 4%

setting 43% 7% 7% 43%

and 0, 0 0, o Right
setting [UEUCH 7% 43% 43% 7%

Common
Cause

Implies a constraint:
Bell Inequalities
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The evidence The natural hypothesis

Right
outcome

Left outcome and Right outcome Left

setting 43% 7% 7% 43%

and 0, 0 0, o Right
setting [UEUtH 7% 43% 43% 7%

Commo
Cause
Violates Bell inequalities

(up to Tsirelson bound) Implies Bell inequalities

Incompatible
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The evidence The natural hypothesis

Left outcome and Right outcome

om0 [ oo [ramo tmat_

setting 43% 7% 7% 43%

;ng t 43% 7% 7% 43%
9
setting [UEUtH 7% 43% 43% 7%

Cause

Violates Bell inequalities | _ N
(up to Tsirelson bound) Implies Bell inequalities

Incompatible
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Causal structure Parameters

Px1sA
Py |TA

o

PxyisT = 2A PyiraPx|sanPA
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Causal structure Parameters

Px1sA
Py |1 A
P

PxyisT = 2A PyiraPx|sanPA

Examples of causal compatiblity constraints:

PxsTt = Px|s i Yooey Pxyisr(zy|00) + 1 >0, Pxy|sr(xyl01)
PY|ST = PY|T i Z;{::y PXY[ST(:L.yllo) + :_II Z;v#y PXY|ST(:Ey|]‘1) = %

Clauser, Horne, Shimony and Holte, Phys. Rev. Lett.23, 880 (1967)
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The evidence The 2nd possibility

Right
outcome

Left outcome and Right outcome Left
et et ] ety | Aendd | g
Lef 9o TH % 4%

setting 83% 1% 7% 43%

and 0, 0 0, o Right
Right < 7% 7% 43%
setting [UEUtH 7% 43% 43% 7%

Common
Cause
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Causal structure Parameters

Px|sA

Py |57
P

PxyisT = 2A Py|sTaPx|sAPA
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Causal structure Parameters

Px|sA

Py |57
P

PxyisT = 2A Py |sTaPx|sAPA
Causal compatibility constraints:

PxisT = Px|s But the data also satisfies Py |sT = Py |1

Reproducing this requires fine-tuning
Wood and RWS, New J. Phys. 17, 033002 (2015)
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QUANTUM

THEORY
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The evidence The 2nd possibility

Right
outcome

Left outcome and Right outcome Left
e S [ e || e A
Lef W T TH 43K

setting 43% 7% 7% 43%

and 0 0 o o R|ght
Right 0 7% 7% 43%
setting [UUtH 7% 43% 43% 7%

Common
Cause
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The evidence The usual suspects

Right
outcome
Right
setting

Left outcome and Right outcome Left
outcome
| Lowwoomat [0 [rami Other

Ralillg e S L. structures
and 43% 7% 7% 43%

Right

setting [UEUtH 7% 43% 43% 7%

Wood and RWS, New J. Phys. 17, 033002 (2015)
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The evidence The usual suspects

Left outcome and Right outcome

om0 [ oo [ramo tmat_

setting 43% 7% 7% 43%

Snf‘ t 43% 7% 7% 43%
9
setting [UEUtH 7% 43% 43% 7%

Wood and RWS, New J. Phys. 17, 033002 (2015)
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The evidence A new possibility

Right
outcome

Left outcome and Right outcome Left
e e | e || e S
Lef W T TH 43K

setting 3% 1% 7% 43%

and 0, 0, 0, o Right
setting [UEUtH 7% 43% 43% 7%

Quantum
common
cause
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Quantum causal model

PX|SA
PY |TA
PA

@ lox|sns pyiTAl = 0

Pxy st = Tralpx|saPy|TAPA)
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Quantum causal model

PX|SA
PY|TB
©

Pxy s = TraB(px|sAPY|TBPAB)
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Quantum causal model

Ik

x|s

{E |t}y for each ¢

}. for each s

LA PAB

(AB

Pxy sr(zy|st) = TrAB((E:ﬁS ® EB)pap)

ylt
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Quantum causal model

PX|SA
PY|TB
©

Pxy|sT = TraB(px|s4PY|TBPAB)
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Quantum causal model

E* L. for each s
{ m|3}
{E |t}y for each ¢

e PAB

fAB)

PxysT(zyl|st) = TrAB((E:ﬁS ® y|t)PAB)

Leifer and RWS, PRA 88, 052130 (2013)

Costa, Shrapnel NJP 18(6) (2016)
Allen, Barrett, Horsman, Lee & RWS, PRX 7, 031021 (2017)

Barrett, Lorenz, Oreshkov, arXiv:1906.10726
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Quantum causal model

PX|SA
PY|TB
©

Pxy st = TraB(px|s4PY|TBPAB)
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Quantum causal model

PX|SA
PY|TB
©

Pxy s = TraB(px|sAPY|TBPAB)

Causal compatibility constraints:

P —
Py1sT = Py |r : , o

Tsirelson, Lett. Math. Phys. 4, 93 (1980)
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The evidence A new possibility

Left outcome and Right outcome

om0 [ oo [ramo tmat_

setting 43% 7% 7% 43%

l_-\?-nflt 43% 7% 7% 43%
9
setting 1and 1 7% 43% 43% 7%

cause

Compatible
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Violation of Bell
inequalities
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Violation of Bell
inequalities

Witnessing

% quantumness
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