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Abstract:

Can the effectiveness of a medical treatment be determined without the expense of a randomized controlled trial? Can the
impact of a new policy be disentangled from other factors that happen to vary at the same time? Questions such as these are
the purview of the field of causal inference, a general-purpose science of cause and effect, applicable in domains ranging from
epidemiology to economics. Researchers in this field seek in particular to find techniques for extracting causal conclusions from
statistical data. Meanwhile, one of the most significant results in the foundations of quantum theory—Bell's theorem—can also
be understood as an attempt to disentangle correlation and causation. Recently, it has been recognized that Bell's result is an
early foray into the field of causal inference and that the insights derived from 60 years of research on his theorem can
supplement and improve upon state-of-the-art causal inference techniques. In the other direction, the conceptual framework
developed by causal inference researchers provides a fruitful new perspective on what could possibly count as a satisfactory
causal explanation of the quantum correlations observed in Bell experiments. Efforts to elaborate upon these connections have
led to an exciting flow of techniques and insights across the disciplinary divide. This talk will highlight some of what is happening
at the intersection of these two fields.
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Dynamicist vs pragmatist traditions in physics

Dynamicist: the physicist’s job is to describe the natural
dynamical behaviour of a system, without reference to
agents or their purposes

Pragmatist: the laws of physics are characterized in terms
of the extent to which agents can achieve various goals
within a universe obeying these laws
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Causal structure Parameters

Pxinz
Py iax

Pxyz = 2A Py xanPx|znPAPz

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 iax

Pxyz = 2A Py xanPx|znPAPz

Example of causal compatibility constraint:

Pxy17(00|0) 4 Pxy|z(01]1) < 1
Pearl, 1993
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Al [Y=0
- 0.79 0.21
X=1 0.43 0.57
7. IR
X=0 0.59 0.41

X=1 0.39 0.61
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The evidence The hypotheses

Al (Y0 [y=t
- 0.79 0.21

e 0.43 0.57 , int:
ol [v=0 v=1 the instrumental inequality
0.59 0.41

X=1 0.39 0.61

Violates the instrumental inequality!
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Causation, Prediction, and Search
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All scientific studies

trolled
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Causal
Inference

techniques
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“Easy, man! that hurts!”

Image drawn from J. Pearl,
Causality
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Yoshua Bengio

2019: ’[machine learning]
won’t realize 1ts full
potential, and won’t deliver
a true Al revolution, until 1t
can go beyond pattern
recognition and learn more
about cause and effect"
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Anton
Clauser Zeilinger

“for experiments with entangled photons,
establishing the violation of Bell inequalities
and pioneering quantum information science”

Image tweeted by @nobelprize
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Left outcome Right outcome
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Left outcome and
Right outcome

S Loand0] oana? | Tena0 | et
43% 7% 7% 43%
'—eftasne;"ing 43% 7% 7% 43%
Right setting m 43% 7% 7% 43%
%  43%  43% 7%
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The evidence The natural hypothesis

Right
outcome

Left outcome and Right outcome Left
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The evidence The natural hypothesis
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The evidence The natural hypothesis

Left outcome and Right outcome

I N R R

setting 43% 7% 7% 43%

and
43% 7% 7% 43%
Right
setting [Ucutl 7% 43% 43% 7%
Cause
Violates the Implies a constraint:
Bell Inequalities! Bell Inequalities

Incompatible
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Causal structure Parameters

Px1sA
Py |TA

o

PxyisT = 2A PyiraPx|sanPA

Examples of causal compatiblity constraints:

PX|ST — PX|S %Zm:y PXY|ST($y’00) + % Zm:y PXY|ST($Q\01)
5l = i Samy PxvisT(@yl10) + 13-, ., PxvisT(zy[ll) < §

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
|| mee]| oz | dads | fedt S
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setting 43% 7% 7% 43%

and 1] 0 0, o Right
Right 43% 7% 7% 43%
setting IECLEN 7% 43% 43% 7%

Common
Cause

Pirsa: 25040086 Page 27/50



Causal structure Parameters

Px|sA

Py |sTA
P

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

PxisT = Px|s But the data also satisfies Py’ |s7 = Py

Reproducing this requires fine-tuning
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 Lramo tmat_

setting 8% % % 43%
and
Right
seting BECLCEl 7%  43%  43% 7%

43% 7% 7% 43%

Wood and RWS, New J. Phys. 17, 033002 (2015)

Pirsa: 25040086 Page 30/50



The evidence A new possibility

Right
outcome

Left outcome and Right outcome Left
|| w0 Ot || derdo | dewd a
Lef 96 TH % 4%

setting 43% 7% 7% 43%

and 0 0 o o R|ght
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Quantum causal model

E* L. for each s
{ :1:|3}
{E |t}y for each ¢

4 PAB

(a8

Pxysr(zyl|st) = T"AB((EQS ® y|t)PAB)

Leifer and RWS, PRA 88, 052130 (2013)

Henson, Lal & Pusey NJP 16, 113043 (2014)

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 s = TraB(px|sAPY|TBPAB)

Causal compatibility constraints:

V& = P
Py st = Py|r 1 , o

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

Left
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Quantum causal model

PX|SA
PY|TB
©

Pxy s = TraB(px|sAPY|TBPAB)

Causal compatibility constraints:

(E = P
Py st = Py|r 1 , o

Tsirelson, Lett. Math. Phys. 4, 93 (1980)
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The evidence The 2nd possibility
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Quantum causal model

PX|SA
PY |TA
PA

lox|sns pyiTAl =0
PxysT = Tralpx|saPy|TAPA)

Leifer and RWS, PRA 88, 052130 (2013)

Henson, Lal & Pusey NJP 16, 113043 (2014)

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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The evidence A new possibility

Left
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Left outcome and Right outcome
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Witnessing need for
different structure

Violation of .
Inst tal
:Lse;trgli?ez % .
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Witnessing

or
% quantumness

van Himbeeck, Bohr Brask, Pironio, Ramanathan, Sainz & Wolfe,
Quantum 3, 186 (2019)
Chaves, Carvacho, Agresti, Di Giulio, Aolita, Giacomini & Sciarrino,
Nat. Phys. 47, 291296 (2018)
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Some causal structures that admit of inequality constraints

They are ubiquitous: Ansanelli, Wolfe, RWS, arXiv:2502.07891
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Witnessing need for
different structure

Violation of certain
causal compatibility
inequalities

Witnessing
quantumness

/
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Data-seeded inflation technique

V= Z Yabea't' e Papco(abe)Papce(a’t'c) > 0
a,b,c,a’ b’ ,c’ /

This causal compatibility inequality
is violated by the data

000

i 4 o oo
N =0 Ww N =0
o =N W - N W

2t 13 Vexp = —0.02436 £ 0.00016
Polino et al., Nature
Communications 14, 909 (2023)
(b) The coefficients of a quadratic inequality
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Encode causal structure in the
topology of a neural network

Krivachy, Cai, Cavalcanti, Tavakoli, Gisin,
Brunner, Nature Quant Inf 6 (2020).
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Applications for

Quantum Technology




irsa: 25040086

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

The lesson:
We must unscramble the omelette of inference
and causation both conceptually and in the
formalism
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But what hope do we have of succeeding
in the quantum context if we do not
understand how to do so in the classical

context?
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Relativistic
Notions of Space
and Time

Quantum
Causation and Inference

See: Schmid, Selby, RWS, arXiv:2009.03297
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Quantum Causal
Foundations Inference

irsa: 25040086 Page 49/50




Ihanks!
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