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The question in questions 



• When we look at the results of experiments in the lab, why is it that 
they all seem to obey the postulates of quantum mechanics? 

• Could there be some underlying principle, (or a set of principles) 
that singles out quantum theory as an ‘’island in theory space’’? 

• Is quantum theory special because it obeys special relativity?

• Could one devise an ‘almost quantum’ theory that satisfies similar 
requirements?

• Is quantum theory the ‘final’ theory?

The question in questions 



• ‘Looking’ at experimental outcomes in physics (scattering 
experiments, time of arrival, voltage record, current 
detection )
• Emergent statistical patterns = correlations

• To compare correlations, it is easier to work in a device 
independent formalism –a framework that makes no 
assumptions on the devices (experimental apparatus) used 
to perform the experiments. You don’t need to trust the 
manufacture of your equipment
• Why correlations ? Because they are the basic object in 

quantum information theory.

Correlations



Black box scenario: a basic way to think about 
experimental results

SCENARIO (2, 2, 2)
(parties, inputs, outputs)

Alice Bob

<latexit sha1_base64="exfivx2uPNlznbo40n3KzSCnepM=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwUUpiRR1WXTjsoJ9QBPKZDpph04mYWYihtCNv+LGhSJu/Qx3/o3Tx0JbD1w4nHMv994TJJwp7TjfVmFldW19o7hZ2tre2d2z9w9aKk4loU0S81h2AqwoZ4I2NdOcdhJJcRRw2g5GNxO//UClYrG411lC/QgPBAsZwdpIPfvosYKyCsIVFCCPCeTlTgW53rhnl52qMwVaJu6clGGORs/+8voxSSMqNOFYqa7rJNrPsdSMcDoueamiCSYjPKBdQwWOqPLz6QNjdGqUPgpjaUpoNFV/T+Q4UiqLAtMZYT1Ui95E/M/rpjq88nMmklRTQWaLwpQjHaNJGqjPJCWaZ4ZgIpm5FZEhlphok1nJhOAuvrxMWudV96Jau6uV69fzOIpwDCdwBi5cQh1uoQFNIDCGZ3iFN+vJerHerY9Za8GazxzCH1ifP9RKlAI=</latexit>

x, y, a, b 2 {0, 1}
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Black box scenario: a basic way to think about 
experimental results

SCENARIO (2, 2, 2)
(parties, inputs, outputs)

Alice Bob

NO SIGNALLING 
=

NO INSTANTANEOUS 
COMMUNICATION
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{p(ab|xy)}

<latexit sha1_base64="6hVtpsU7bFNZ25su4mBUcIfEwk0=">AAACNnicbZDLSgMxFIYz9VbHW9Wlm2AR2k2ZkaIiCEU3boQK9gKdUs6kaRuauZBkxKH2qdz4HO66caGIWx/BtDOgth4IfPnPf0jO74acSWVZEyOztLyyupZdNzc2t7Z3crt7dRlEgtAaCXggmi5IyplPa4opTpuhoOC5nDbc4dW037inQrLAv1NxSNse9H3WYwSUljq5G0dGXgdwWADsPj7guIgv9CXB8wTjouOYM58774Mfn8ZiJ5e3Stas8CLYKeRRWtVO7sXpBiTyqK8IBylbthWq9giEYoTTselEkoZAhtCnLY0+eFS2R7O1x/hIK13cC4Q+vsIz9ffECDwpY8/VTg/UQM73puJ/vVakemftEfPDSFGfJA/1Io5VgKcZ4i4TlCgeawAimP4rJgMQQJRO2tQh2PMrL0L9uGSflMq35XzlMo0jiw7QISogG52iCrpGVVRDBD2hCXpD78az8Wp8GJ+JNWOkM/voTxlf37hyp7I=</latexit> X

a

p(ab|xy) = p(b|xy) := p(b|y)

X

b

p(ab|xy) = p(a|xy) := p(a|x)



Black box scenario: quantum 
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Black box scenario: quantum 

SCENARIO (2, 2, 2)
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{p(ab|xy)}

<latexit sha1_base64="3XbM2TRChUy+oLycjK321NjDvU4="></latexit>

p(ab|xy) = tr(⇢AB Ma|x ⌦Mb|y)

BORN RULE



Black box scenario: local (classical) physics 

SCENARIO (2, 2, 2)
(parties, inputs, outputs)

Alice Bob
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{p(ab|xy)}

NO SIGNALLING 



Black box scenario: local (classical) physics 

SCENARIO (2, 2, 2)
(parties, inputs, outputs)NO SIGNALLING 

<latexit sha1_base64="Te4LJ3TyM6bC9HXibsWnlb6plOk=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QXUo2TdvQbDYkWXFZ+ze8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8UHKmjet+Oyura+sbm4Wt4vbO7t5+6eCwpeNEEdokMY9VJ8SaciZo0zDDaUcqiqOQ03Y4vpn67QeqNIvFvUklDSI8FGzACDZW8v1MVnD49Jie+ZNeqexW3RnQMvFyUoYcjV7py+/HJImoMIRjrbueK02QYWUY4XRS9BNNJSZjPKRdSwWOqA6y2c0TdGqVPhrEypYwaKb+nshwpHUahbYzwmakF72p+J/XTczgKsiYkImhgswXDRKOTIymAaA+U5QYnlqCiWL2VkRGWGFibExFG4K3+PIyaZ1XvYtq7a5Wrl/ncRTgGE6gAh5cQh1uoQFNICDhGV7hzUmcF+fd+Zi3rjj5zBH8gfP5A+dHkZw=</latexit>

{p(ab|xy)}
If red then 
output 
yellow

If black then 
roll a dice to 
decide the 
light.



Black box scenario: local hidden variable

SCENARIO (2, 2, 2)
(parties, inputs, outputs)NO SIGNALLING 

If red then 
output 
yellow

If black then 
roll a dice to 
decide the 
light.

<latexit sha1_base64="fP7mJZrWrbUd1kI4/Nzgmip2asY=">AAACLXicbVBLSwMxGMzWV62vqkcvwSK0IGVXigoiFPXgsYJ9QLeUbDbbhmZ3Q5KVLm3/kBf/iggeKuLVv2HaLlRbBwKTmW9IvnE4o1KZ5thIrayurW+kNzNb2zu7e9n9g5oMI4FJFYcsFA0HScJoQKqKKkYaXBDkO4zUnd7txK8/ESFpGDyqmJOWjzoB9ShGSkvt7B3PI2fYjwvX0JaR37aZzroI2pzO+RXUU8P+KUyUAs87w3h+bWdzZtGcAi4TKyE5kKDSzr7ZbogjnwQKMyRl0zK5ag2QUBQzMsrYkSQc4R7qkKamAfKJbA2m247giVZc6IVCn0DBqfo7MUC+lLHv6Ekfqa5c9Cbif14zUt5la0ADHikS4NlDXsSgCuGkOuhSQbBisSYIC6r/CnEXCYSVLjijS7AWV14mtbOidV4sPZRy5ZukjjQ4AscgDyxwAcrgHlRAFWDwDF7BGHwYL8a78Wl8zUZTRpI5BH9gfP8AZdSm/w==</latexit>

p(ab|xy) =
X

�

⇡� p(a|x,�)p(b|y,�)

<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�
<latexit sha1_base64="l6v7b8WEz3KlQh/xTtq1s64OQWE=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7V/XLh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P7OPhg==</latexit>

�



Black box scenario: local hidden variable

J. S. Bell, Physics Physique Fizika 1, 195 (1964)

<latexit sha1_base64="1N/1TFrJ1WSSbU1/sPp1DJVzC2o="></latexit>

p(ab|xy) = tr(⇢ABMa|x ⌦Mb|y)

6=
X

�

⇡� p(a|x,�)p(b|y,�)

There exist quantum 
correlations that 

cannot be written 
using the local 

model !



GIVEN a set of correlations (experimental results) can 
we tell if they are quantum or not?



p = {p(00|00), p(00|01), · · · , p(11|11)}

SCENARIO (2, 2, 2)
(parties, inputs, outputs)

Geometric picture

1. Take the list of probabilities p(a,b|x,y) generated by the boxes 
and put them into the components of a vector.

2. Find all possible vectors like this compatible with:
• No-signaling rule
• Local physics



p = {p(00|00), p(00|01), · · · , p(11|11)}

SCENARIO (2, 2, 2)
(parties, inputs, outputs)

Geometric picture



Local physics

P(a,b|x,y)

Local (classical) correlations 

Form a 
polytope

<latexit sha1_base64="fP7mJZrWrbUd1kI4/Nzgmip2asY=">AAACLXicbVBLSwMxGMzWV62vqkcvwSK0IGVXigoiFPXgsYJ9QLeUbDbbhmZ3Q5KVLm3/kBf/iggeKuLVv2HaLlRbBwKTmW9IvnE4o1KZ5thIrayurW+kNzNb2zu7e9n9g5oMI4FJFYcsFA0HScJoQKqKKkYaXBDkO4zUnd7txK8/ESFpGDyqmJOWjzoB9ShGSkvt7B3PI2fYjwvX0JaR37aZzroI2pzO+RXUU8P+KUyUAs87w3h+bWdzZtGcAi4TKyE5kKDSzr7ZbogjnwQKMyRl0zK5ag2QUBQzMsrYkSQc4R7qkKamAfKJbA2m247giVZc6IVCn0DBqfo7MUC+lLHv6Ekfqa5c9Cbif14zUt5la0ADHikS4NlDXsSgCuGkOuhSQbBisSYIC6r/CnEXCYSVLjijS7AWV14mtbOidV4sPZRy5ZukjjQ4AscgDyxwAcrgHlRAFWDwDF7BGHwYL8a78Wl8zUZTRpI5BH9gfP8AZdSm/w==</latexit>

p(ab|xy) =
X

�

⇡� p(a|x,�)p(b|y,�)



Local physics

P(a,b|x,y)

Local (classical) correlations 

There exist 
correlations 
in quantum 
theory that 
cannot be 

written like 
this!

<latexit sha1_base64="fP7mJZrWrbUd1kI4/Nzgmip2asY=">AAACLXicbVBLSwMxGMzWV62vqkcvwSK0IGVXigoiFPXgsYJ9QLeUbDbbhmZ3Q5KVLm3/kBf/iggeKuLVv2HaLlRbBwKTmW9IvnE4o1KZ5thIrayurW+kNzNb2zu7e9n9g5oMI4FJFYcsFA0HScJoQKqKKkYaXBDkO4zUnd7txK8/ESFpGDyqmJOWjzoB9ShGSkvt7B3PI2fYjwvX0JaR37aZzroI2pzO+RXUU8P+KUyUAs87w3h+bWdzZtGcAi4TKyE5kKDSzr7ZbogjnwQKMyRl0zK5ag2QUBQzMsrYkSQc4R7qkKamAfKJbA2m247giVZc6IVCn0DBqfo7MUC+lLHv6Ekfqa5c9Cbif14zUt5la0ADHikS4NlDXsSgCuGkOuhSQbBisSYIC6r/CnEXCYSVLjijS7AWV14mtbOidV4sPZRy5ZukjjQ4AscgDyxwAcrgHlRAFWDwDF7BGHwYL8a78Wl8zUZTRpI5BH9gfP8AZdSm/w==</latexit>

p(ab|xy) =
X

�

⇡� p(a|x,�)p(b|y,�)



Local physics

Quantum mechanics

Quantum correlations

<latexit sha1_base64="3XbM2TRChUy+oLycjK321NjDvU4="></latexit>

p(ab|xy) = tr(⇢AB Ma|x ⌦Mb|y)

The boundary is not, 
in general, known!

There exist 
correlations 
in quantum 
theory that 
cannot be 

written like 
this!



Local physics

Quantum mechanics

Quantum correlations

There exists a 
hyperplane to 
distinguish the 

two sets. 

<latexit sha1_base64="EiKgqsTSn1OH56HLqpbyJB49DnE=">AAACGXicbZDLSsNAFIYnXmu9RV26GSxChVASKepGKLpxWcFeoAlhMp20QycXZibSEPsabnwVNy4Ucakr38ZJm4W2Hhj45v/PYeb8XsyokKb5rS0tr6yurZc2yptb2zu7+t5+W0QJx6SFIxbxrocEYTQkLUklI92YExR4jHS80XXud+4JFzQK72QaEydAg5D6FCOpJFc3bZEEboYM6BlwbMB0ArG6Qg+Oc7aNuJp7D7l1Ai/hyNUrZs2cFlwEq4AKKKrp6p92P8JJQEKJGRKiZ5mxdDLEJcWMTMp2IkiM8AgNSE9hiAIinGy62QQeK6UP/YirE0o4VX9PZCgQIg081RkgORTzXi7+5/US6V84GQ3jRJIQzx7yEwZlBPOYYJ9ygiVLFSDMqforxEPEEZYqzLIKwZpfeRHapzXrrFa/rVcaV0UcJXAIjkAVWOAcNMANaIIWwOARPINX8KY9aS/au/Yxa13SipkD8Ke0rx8fqZ07</latexit> X

a,b,x,y

cabxy p(a, b|x, y) = k



Local physics

Quantum mechanics

Quantum correlations

There exists a 
hyperplane to 
distinguish the 

two sets. 



Local physics

Quantum mechanics

Quantum correlations

There exists a 
hyperplane to 
distinguish the 

two sets. NOT LOCAL
PHYSICS



Local physics

Quantum mechanics

Quantum correlations There exists a 
hyperplane to 
distinguish the 

two sets. 
Hyperplane = 

an affine 
combination of 
p(ab|xy), i.e. a 

an affine 
combination of 
experimental 

results.  



Local physics

Quantum mechanics

Quantum correlations

<latexit sha1_base64="EiKgqsTSn1OH56HLqpbyJB49DnE=">AAACGXicbZDLSsNAFIYnXmu9RV26GSxChVASKepGKLpxWcFeoAlhMp20QycXZibSEPsabnwVNy4Ucakr38ZJm4W2Hhj45v/PYeb8XsyokKb5rS0tr6yurZc2yptb2zu7+t5+W0QJx6SFIxbxrocEYTQkLUklI92YExR4jHS80XXud+4JFzQK72QaEydAg5D6FCOpJFc3bZEEboYM6BlwbMB0ArG6Qg+Oc7aNuJp7D7l1Ai/hyNUrZs2cFlwEq4AKKKrp6p92P8JJQEKJGRKiZ5mxdDLEJcWMTMp2IkiM8AgNSE9hiAIinGy62QQeK6UP/YirE0o4VX9PZCgQIg081RkgORTzXi7+5/US6V84GQ3jRJIQzx7yEwZlBPOYYJ9ygiVLFSDMqforxEPEEZYqzLIKwZpfeRHapzXrrFa/rVcaV0UcJXAIjkAVWOAcNMANaIIWwOARPINX8KY9aS/au/Yxa13SipkD8Ke0rx8fqZ07</latexit> X

a,b,x,y

cabxy p(a, b|x, y) = k BELL TEST

GIVEN a set of 
correlations, 
are they 
quantum?



Local physics

Quantum mechanics

CHSH hyperplane

J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Phys. Rev. Lett. 23, 880 (1969).

𝐶𝐻𝑆𝐻 = 𝐴!𝐵! + 𝐴!𝐵" + 𝐴"𝐵! − 𝐴"𝐵"



Local physics

Quantum mechanics

CHSH hyperplane

J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Phys. Rev. Lett. 23, 880 (1969).

<latexit sha1_base64="z7lxgueUAij61HbZlyn5EM0M8S0=">AAACDHicbVDLSgMxFM3UV62vqks3wSK0CCVTiroRit10WdE+oB1KJpNpQzMPkoxQpv0AN/6KGxeKuPUD3Pk3ZtpZaOuBwMk555LcY4ecSYXQt5FZW9/Y3Mpu53Z29/YP8odHbRlEgtAWCXggujaWlDOfthRTnHZDQbFnc9qxx/XE7zxQIVng36tJSC0PD33mMoKVlgb5Qr1x14DXMCwiNEWoBM9hJbmYUxOV+sQJlIQ6hcpoDrhKzJQUQIrmIP/VdwISedRXhGMpeyYKlRVjoRjhdJbrR5KGmIzxkPY09bFHpRXPl5nBM6040A2EPr6Cc/X3RIw9KSeerZMeViO57CXif14vUu6VFTM/jBT1yeIhN+JQBTBpBjpMUKL4RBNMBNN/hWSEBSZK95fTJZjLK6+SdqVsXpSrt9VC7SatIwtOwCkoAhNcghpogCZoAQIewTN4BW/Gk/FivBsfi2jGSGeOwR8Ynz+58pcH</latexit>

CHSH = p(00|00) + 2p(01|10) · · ·



Local physics

Quantum mechanics

CHSH inequality There exists a 
hyperplane to 
distinguish the 

two sets. 
Hyperplane = 

an affine 
combination of 
p(ab|xy), i.e. a 

an affine 
combination of 
experimental 

results.  



<latexit sha1_base64="z7lxgueUAij61HbZlyn5EM0M8S0=">AAACDHicbVDLSgMxFM3UV62vqks3wSK0CCVTiroRit10WdE+oB1KJpNpQzMPkoxQpv0AN/6KGxeKuPUD3Pk3ZtpZaOuBwMk555LcY4ecSYXQt5FZW9/Y3Mpu53Z29/YP8odHbRlEgtAWCXggujaWlDOfthRTnHZDQbFnc9qxx/XE7zxQIVng36tJSC0PD33mMoKVlgb5Qr1x14DXMCwiNEWoBM9hJbmYUxOV+sQJlIQ6hcpoDrhKzJQUQIrmIP/VdwISedRXhGMpeyYKlRVjoRjhdJbrR5KGmIzxkPY09bFHpRXPl5nBM6040A2EPr6Cc/X3RIw9KSeerZMeViO57CXif14vUu6VFTM/jBT1yeIhN+JQBTBpBjpMUKL4RBNMBNN/hWSEBSZK95fTJZjLK6+SdqVsXpSrt9VC7SatIwtOwCkoAhNcghpogCZoAQIewTN4BW/Gk/FivBsfi2jGSGeOwR8Ynz+58pcH</latexit>

CHSH = p(00|00) + 2p(01|10) · · ·

Local physics

Quantum mechanics

CHSH inequality

J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Phys. Rev. Lett. 23, 880 (1969).

CHSH ≤ 2



Local physics

Quantum mechanics

CHSH inequality

Maximise over 
the quantum set



Local physics

Quantum mechanics

A miracle!

B.S. Tsirelson, Letters in Mathematical Physics 4, 93-100 (1980)

CHSH ≤ 2√2 is a 
global 
maximum over 
all possible 
quantum states 
and all possible  
measurements! 

CHSH ≤ 2CHSH ≤ 2√2

SCENARIO (2, 2, 2)
(parties, inputs, outputs)



Black box scenario: no assumptions!

SCENARIO (2, 2, 2)
(parties, inputs, outputs)

Alice Bob

<latexit sha1_base64="Te4LJ3TyM6bC9HXibsWnlb6plOk=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QXUo2TdvQbDYkWXFZ+ze8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8UHKmjet+Oyura+sbm4Wt4vbO7t5+6eCwpeNEEdokMY9VJ8SaciZo0zDDaUcqiqOQ03Y4vpn67QeqNIvFvUklDSI8FGzACDZW8v1MVnD49Jie+ZNeqexW3RnQMvFyUoYcjV7py+/HJImoMIRjrbueK02QYWUY4XRS9BNNJSZjPKRdSwWOqA6y2c0TdGqVPhrEypYwaKb+nshwpHUahbYzwmakF72p+J/XTczgKsiYkImhgswXDRKOTIymAaA+U5QYnlqCiWL2VkRGWGFibExFG4K3+PIyaZ1XvYtq7a5Wrl/ncRTgGE6gAh5cQh1uoQFNICDhGV7hzUmcF+fd+Zi3rjj5zBH8gfP5A+dHkZw=</latexit>

{p(ab|xy)}

NO SIGNALLING 



Black box scenario: no assumptions!

SCENARIO (2, 2, 2)
(parties, inputs, outputs)

<latexit sha1_base64="Te4LJ3TyM6bC9HXibsWnlb6plOk=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QXUo2TdvQbDYkWXFZ+ze8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8UHKmjet+Oyura+sbm4Wt4vbO7t5+6eCwpeNEEdokMY9VJ8SaciZo0zDDaUcqiqOQ03Y4vpn67QeqNIvFvUklDSI8FGzACDZW8v1MVnD49Jie+ZNeqexW3RnQMvFyUoYcjV7py+/HJImoMIRjrbueK02QYWUY4XRS9BNNJSZjPKRdSwWOqA6y2c0TdGqVPhrEypYwaKb+nshwpHUahbYzwmakF72p+J/XTczgKsiYkImhgswXDRKOTIymAaA+U5QYnlqCiWL2VkRGWGFibExFG4K3+PIyaZ1XvYtq7a5Wrl/ncRTgGE6gAh5cQh1uoQFNICDhGV7hzUmcF+fd+Zi3rjj5zBH8gfP5A+dHkZw=</latexit>

{p(ab|xy)}

NO SIGNALLING 
NO ASSUMPTION ON THE DIMENSION OF THE HILBERT SPACES 



Local physics

Quantum mechanics

Bell test

The Nobel Prize in Physics 2022 was awarded to Alain Aspect, John F. Clauser and Anton Zeilinger “for 
experiments with entangled photons, establishing the violation of Bell inequalities and pioneering 
quantum information science”. 

CHSH ≤ 2



Sandu Popescu Daniel Rohrlich

Is the shape of the 
quantum set determined 

by Einstein’s causality?

S Popescu and D Rohrlich, Foundations of Physics, 24, 379, (1994).

1994



Local physics

Quantum mechanics

No-signalling set

The three sets are 
different!

Three sets of correlations



Black box scenario

SCENARIO (2, 2, 2)
(parties, inputs, outputs)

Alice Bob

<latexit sha1_base64="Te4LJ3TyM6bC9HXibsWnlb6plOk=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QXUo2TdvQbDYkWXFZ+ze8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8UHKmjet+Oyura+sbm4Wt4vbO7t5+6eCwpeNEEdokMY9VJ8SaciZo0zDDaUcqiqOQ03Y4vpn67QeqNIvFvUklDSI8FGzACDZW8v1MVnD49Jie+ZNeqexW3RnQMvFyUoYcjV7py+/HJImoMIRjrbueK02QYWUY4XRS9BNNJSZjPKRdSwWOqA6y2c0TdGqVPhrEypYwaKb+nshwpHUahbYzwmakF72p+J/XTczgKsiYkImhgswXDRKOTIymAaA+U5QYnlqCiWL2VkRGWGFibExFG4K3+PIyaZ1XvYtq7a5Wrl/ncRTgGE6gAh5cQh1uoQFNICDhGV7hzUmcF+fd+Zi3rjj5zBH8gfP5A+dHkZw=</latexit>

{p(ab|xy)}

NO SIGNALLING 



Local physics

Quantum mechanics

No-signalling set

CHSH performance
CHSH ≤ 2

CHSH ≤ 2√2

CHSH ≤ 4



If causality does not
determine quantum 

correlations, what does?





• Does quantum theory contain a special, non-trivial amount of communication 
complexity?
• ”Two spatially separated parties cannot compute arbitrary Boolean functions 

with fixed probability greater than ½ , regardless of their input size”. 

Non-trivial communication complexity

G. Brassard, H. Buhrman, N. Linden, A. A. Methot, A. Tapp and F. Unger, Phys. Rev. Lett., 96 250401, (2006).



Alice Bob

• Q: is the number of days that we are both free even 
or odd?

0  0   0   0
0   0  0    0   0   0   
0
0   0   0   0   0   0   
0
…

The calendar problem 



W. van Dam, “Nonlocality & communication complexity”, D.Phil. Thesis, University of Oxford, Chap. 9 (2000).

Calendar problem 

• Classically:  Bob needs to send Alice all 365 bits to answer 
the question
• Quantum:  no better for this problem
• Other resources: there exist resources which solve this 

problem in 1 bit – we call this trivial communication 
complexity.

à Nature encodes some kind of redundancy.



Local physics

Quantum mechanics

CHSH performance CHSH ≤ 2√2  ≈ 𝟐. 𝟖𝟐𝟖𝟐

CHSH ≤ 4

CHSH ≤ 4√(2/3) ≈ 𝟑. 𝟐𝟔𝟔

NTCC

?
NTCC

QM

NS



No Advantage for Non-local Computation
<latexit sha1_base64="uBFGepi/4vki93NkMc3yQwaHR6U=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoUEpSiroRim5cVrAPaEqYTCft0MkkzEyENvQH3Pgrblwo4ta9O//GSZuFth4YOHPOvdx7jxcxKpVlfRu5ldW19Y38ZmFre2d3z9w/aMkwFpg0cchC0fGQJIxy0lRUMdKJBEGBx0jbG92kfvuBCElDfq/GEekFaMCpTzFSWnLNEydAauj5yWQKr2Bp4tplOHGrZejgfqhk+uFnrlm0KtYMcJnYGSmCDA3X/HL6IY4DwhVmSMqubUWqlyChKGZkWnBiSSKER2hAuppyFBDZS2bXTOGpVvrQD4V+XMGZ+rsjQYGU48DTlenuctFLxf+8bqz8y15CeRQrwvF8kB8zqEKYRgP7VBCs2FgThAXVu0I8RAJhpQMs6BDsxZOXSatasc8rtbtasX6dxZEHR+AYlIANLkAd3IIGaAIMHsEzeAVvxpPxYrwbH/PSnJH1HII/MD5/AG7OmeM=</latexit>

z = (z1, z2, · · · , zn)
<latexit sha1_base64="hrvRPHKooy2R/PXCA2VEDHS1cqM=">AAAB9HicbVDLSsNAFL2pr1pfVZduBotQNyWRoi6LblxWsA9oQ5lMJ+3QySTOTAo19DvcuFDErR/jzr9xkmahrQcGDufcyz1zvIgzpW372yqsrW9sbhW3Szu7e/sH5cOjtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yW3qd6ZUKhaKBz2LqBvgkWA+I1gbyY2q/QDrsecnT/PzQbli1+wMaJU4OalAjuag/NUfhiQOqNCEY6V6jh1pN8FSM8LpvNSPFY0wmeAR7RkqcECVm2Sh5+jMKEPkh9I8oVGm/t5IcKDULPDMZBpRLXup+J/Xi7V/7SZMRLGmgiwO+TFHOkRpA2jIJCWazwzBRDKTFZExlpho01PJlOAsf3mVtC9qzmWtfl+vNG7yOopwAqdQBQeuoAF30IQWEHiEZ3iFN2tqvVjv1sditGDlO8fwB9bnD6HzkgY=</latexit>
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Local physics

Catching the quantum set 

NANLCLocal physics

NS

NTCC

Quantum mechanics
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Local orthogonality

T. Fritz, A. B. Sainz, R. Augusiak, J. B. Brask, R. Chaves, A. Leverrier and A. Acín, Nature Communications 4, 2263 
(2013) . A. Cabello, arXiv:1212.1756 (2012)
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Quantum mechanics
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Information Causality

M. Pawlowski, T. Paterek, D. Kaszlikowski, V. Scarani, A. Winter, and M. Zukowski, Nature 461, 1101 (2009).

• The amount of information available to Bob about Alice’s input 
cannot exceed the message she sends. 

x= (x0, x1, x2, … ) y

a

b

Alice

Bob
m

Goal: b = xy



Quantum mechanics

CHSH performance
CHSH ≤ 2√2  ≈ 𝟐. 𝟖𝟐𝟖𝟐

CHSH ≤ 4

NANLC, ML, IC, QM

NS

?
IC

Local physics



Local physics

Some ML correlations violate IC 

NANLC, ML, IC, QM

?
IC

Quantum mechanics

Local physics ?
IC

D Cavalcanti, A Salles & V Scarani, Nature Communications 1, 136 (2010) 



Are these principles enough to single out 
the quantum set?



Can one devise a theory that satisfies 
all these principles, but that is not 
quantum mechanics?



Almost quantum correlations 



A difference of definitions

Miguel Navascués, YG, Matty J. Hoban & Antonio Acín, Nature Communications 6, 6288 (2015)
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• is closed under post-selection, distribution and wirings
N. Linden, S. Popescu, P. Skrzypczyk, T. Vertesi, Phys. Rev. A 80, 062107 (2009).

Almost quantum: properties 

Non-trivial communication complexity (NTCC)
No Advantage for Non-local Communication (NANLC)
Macroscopic locality (ML)
Local Orthogonality (LO)
Information Causality (IC)

Miguel Navascués, YG, Matty J. Hoban & Antonio Acín, Nature Communications 6, 6288 (2015)



Local physics

Almost quantum 

Local physics

NS

Quantum mechanics

Admits an efficient SDP 
characterisation !

M. Navascués, S. Pironio and A. Acín, New J. Phys. 10 073013 (2008).



Almost quantum 



Are almost quantum correlations a 
consistent alternative theory?





• No! A generalised probabilistic theory which satisfies the no-
restriction hypothesis is not able to reproduce the set of 
almost quantum correlations. 
• No-restriction hypothesis: any mathematically well-defined 

measurement in the theory should be physically allowed.
• Implies that any theory whose correlations are exactly (or v. 

close to) the almost quantum correlations necessarily
requires a rule limiting the possible measurements.

Ana Belén Sainz, YG, Antonio Acín,and Miguel Navascués. Phys. Rev. Lett. 120, 200402 (2018).

Are almost quantum correlations a 
consistent alternative theory?
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“What is unpleasant here, and indeed directly to be objected to, is the use of 
complex numbers. Ψ is surely fundamentally a real function.”

Letter from Schrödinger to Lorentz. June 6th, 1926.
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• Is the quantum problem decidable?  Does one expect 
correlations in Nature to be undecidable?
• Is quantum theory special because of the norm? 
Is Quantum Mechanics An Island In Theoryspace?, S Aaronson, arXiv quant-ph 0401062

• Linearity of the Schrödinger equation?
Gisin, Phys. Lett. A 143:1–2, 1990J & Polchinski. Phys. Rev. Lett. 66:397–400, 1991.

• Purification (not informational) 
G. Chiribella, G. M. D'Ariano, P. Perinotti, Phys. Rev. A 81, 062348 (2010)

• And many many other works!

More questions than answers



Why quantum?
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Why quantum?
Why not?
Because so far nothing has been able 
to rule it out. 
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