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Bell nonlocality — the black box approach

P(a,b|x,y)

v
a b
[Sandu Popescu, Nature Physics

10, 264 (2014)]

2 parties (Alice and Bob) — 2 inputs (z,y) — 2 outputs (a,b)
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2 parties (Alice and Bob) — 2 inputs (z,y) — 2 outputs (a, b)
Pa,b|z,y)

v
b

The experimental (frequency)

correlation function:
a
[Sandu Popescu, Nature Physics
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Bell nonlocality — the black box approach
2 parties (Alice and Bob) — 2 inputs (z,y) — 2 outputs (a, b)
Pa,b|z,y)

[Sandu Popescu Nature Physics 10 264 (2014)]

+ The experimental (frequency)

’Ig correlation function:
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Local hidden variables [Bell (1964) / Clauser, Horne, Shimony, Holt (1969)]

Sthv = Cruv(z,y) + Cruv(z,y') + Crav (2, y) — Crav (2, y') < 2
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Bell nonlocality — the black box approach

2 parties (Alice and Bob) — 2 inputs (z,y) — 2 outputs (a, b)

P(a,b|z,y)

. k... The experimental (frequency)
ﬂ~2 a L‘“w,ﬂ correlation function:

X y =
/ﬂ iom
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; i % Ce(r,y) = - = -
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[Sandu Pope:cu, Nature Physics 10, 264 (2014)]
Local hidden variables [Bell (1964) / Clauser, Horne, Shimony, Holt (1969)]

Sthv = Cruv(z,y) + Cruv(z,y') + Crav (2, y) — Crav (2, y') < 2

Quantum Mechanics [Cirelson (1980)]

Sam 1= Cam(,y) + Cam(z,y') + Cam(@’,y) — Cam(z',y’) < 2v2

Michat Eckstein (UJ, Krakéw, Poland) Beyond QM in particle physics Oxford, 21 March 2023 2/11



S :=C(z,y) + C(z,y) + C(z',y) — C(z',y")

Can we achieve S = 47

@ Alice and Bob can communicate,

@ or their settings are pre-correlated.

But can we do it assuming:

@ no-signalling: >, P(a,b|z,y) = >, P(a,b|x,y’), for all a,z,y,y/,
Yoo Pla,blz,y) =5, Pla,bl2’,y), for all bz, 2,y
@ freedom of choice: P(z,y|\) = P(x) - P(y)? Yes!

No-signalling boxes [Popescu, Rohrlich (1994)]

e if a®b=uy,
P(a,b|z,y) = {8 iTa®b=uxy

. Spr = 4.
otherwise,

«0O0>» «Fr «=» « > Q>
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S :=C(x,y)+ C(z,y) + C(z',y) — C(a',y) < 4
Can we achieve S = 47

@ Alice and Bob can communicate,

@ or their settings are pre-correlated
But can we do it assuming:

@ no-signalling: >, P(a,b|z,y) = >, P(a,b|z,y’), forall a,z,y,y

Yoo Pla,blz,y) =5, Pla,b|2’,y), for all bz, 2,y
o freedom of choice: P(z,y|\) = P(x) - P(y)? Yes!

No-signalling boxes [Popescu, Rohrlich (1994)]

1 ifa®b=ay,
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otherwise,

«0O0>» «Fr «=» « > Q>




Bell nonlocality — beyond quantum mechanics
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Bell nonlocality — beyond quantum mechanics

S = C(z,y) + C(z,y') + C(a',y) — C(a',y') <4 = Spr > Squ = 2V/2
Can we achieve S = 47 Obviously yes, if
@ Alice and Bob can communicate,
@ or their settings are pre-correlated.

But can we do it assuming:

@ no-signalling: Y, P(a,b|z,y) = >, P(a,b|z,y'), for all a,z,y,y/,
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No-signalling boxes [Popescu, Rohrlich (1994)]
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P(a,blz,y) =< %’ ’ Spr = 4.
(2, blz,y) {O, otherwise, PR

Michat Eckstein (UJ, Krakéw, Poland) Beyond QM in particle physics Oxford, 21 March 2023 3/11



@ Beyond-quantum correlations

e No-signalling boxes

[N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani,
S. Wehner, Rev. Mod. Phys. 86, 419 (2014)]

e 3-party monogamy violation

@ General Probabilistic Theories [G. Chiribella, R.W. Spekkens (Eds.),

Theory: Informational Foundations and Foils, Springer, 2016]

«O0r «F)r « Q>

Quantum

i
v



© Beyond-quantum correlations
o No-signalling boxes

[N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani, Bell inequality
S. Wehner, Rev. Mod. Phys. 86, 419 (2014)]

e 3-party monogamy violation

@ General Probabilistic Theories [G. Chiribella, R.W. Spekkens (Eds.),
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Beyond-quantum theories

© Beyond-quantum correlations

o No-signalling boxes
[N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani, Bell inequality
S. Wehner, Rev. Mod. Phys. 86, 419 (2014)]
e 3-party monogamy violation

[P. Horodecki,
R. Ramanathan,
Nat. Comm.
10, 1701 (2019)]
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© Beyond-quantum correlations

o No-signalling boxes
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© General Probabilistic Theories [G. Chiribella, R.W. Spekkens (Eds.), Quantum
Theory: Informational Foundations and Foils, Springer, 2016]
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© Beyond-quantum correlations

o No-signalling boxes

[N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani,
S. Wehner, Rev. Mod. Phys. 86, 419 (2014)]

Bell inequality

e 3-party monogamy violation
[P. Horodecki,

R. Ramanathan,
Nat. Comm. \
10, 1701 (2019)]

@ General Probabilistic Theories [G. Chiribella, R.W. Spekkens (Eds.), Quantum
Theory: Informational Foundations and Foils, Springer, 2016]

o Inspired by information-theoretic axiomatisation of QM
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Beyond-quantum theories

© Beyond-quantum correlations

o No-signalling boxes

[N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani,
S. Wehner, Rev. Mod. Phys. 86, 419 (2014)]

Bell inequality

e 3-party monogamy violation
[P. Horodecki,

R. Ramanathan,
Nat. Comm. \
10, 1701 (2019)]

@ General Probabilistic Theories [G. Chiribella, R.W. Spekkens (Eds.), Quantum
Theory: Informational Foundations and Foils, Springer, 2016]

o Inspired by information-theoretic axiomatisation of QM

Purely operational ‘theories’ — model-independent approach
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Objective collapse models

AV
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I | | .

[Roger Penrose, The Road to Reality (2004)] Time
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Objective collapse models

[Roger Penrose, The Road to Reality (2004)] Time

© Wave function collapse models
[A. Bassi, K. Lochan, S. Satin, T.P. Singh, H. Ulbricht, Rev. Mod. Phys. 85, 471 (2013)]
e Aimed at explaining the ‘quantum-to-classical’ transition.
e nonlinearity — modified Schrédinger equation
e stochasticity — ‘collapse noise’

Collapse models involve deviations from unitarity and linearity.
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Beyond-quantum physics?

[ w
Y statistical -
o = f quantum field theory
» mechanics
o O
o 3
5 o classical quantum
o E : ; ?
o] mechanics mechanics
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length
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Beyond-quantum physics?
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mechanics quantum fie e
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freedom

@ Is there a gap between QM and QFT?

Cys = {(V|AZ @ BY[¥) }, V) € Ha @ Hp,
Cqe = {(W|AZBY ) }, ) € H and [AZ, BY] = 0.
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Cys = {(V|AZ @ BY[¥) }, V) € Ha @ Hp,
Cqe = {(W|AZBY ) }, ) € H and [AZ, BY] = 0.

=

Cys € Cye  [Z. Ji, A Natarajan, T. Vidick, J. Wright, H. Yuen, arXiv:2001.04383]
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@ Is there a gap between QM and QFT?

Cys = {(V|AZ @ BY[¥) }, V) € Ha @ Hp,
Cqe = {(W|AZBY ) }, ) € H and [AZ, BY] = 0.

Cys € Cye  [Z. Ji, A Natarajan, T. Vidick, J. Wright, H. Yuen, arXiv:2001.04383]

@ Is QFT only an effective description of Nature at small scales?
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Quantum-data boxes

@ We regard a chosen physical system as a Q-data box,
which can be probed with quantum information.

win Pout
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Quantum-data boxes

@ We regard a chosen physical system as a Q-data box,
which can be probed with quantum information.

@ Quantum mechanics is valid outside the box, but not necessarily inside.

Q' Y P
n : <k RGN NSO

Y
a

[Nat. Phys. 10, 264 (2014)]

@ The pure input state is prepared, P : © — ;.
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Quantum-data boxes

@ We regard a chosen physical system as a Q-data box,
which can be probed with quantum information.

@ Quantum mechanics is valid outside the box, but not necessarily inside.

Ay & P M
Yin out
® S sy

Y
a

[Nat. Phys. 10, 264 (2014)]

Singlet state

L || L.

@ The pure input state is prepared, P : & — ti,. z! -- o
o [+ ] s

@ The output state is reconstructed via quantum : = - e
tomography from the outcomes of projective : - o
measurements M : pout — a. A

AGM index

[R. Ashby-Pickering, A.J. Barr, A.
Wierzchucka, arXiv:2209.13990]
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Quantum-data boxes

@ We regard a chosen physical system as a Q-data box,
which can be probed with quantum information.

@ Quantum mechanics is valid outside the box, but not necessarily inside.

Ay & P ‘L ’ M
Yin out
® Sl sy

a

[Nat. Phys. 10, 264 (2014)]

Singlet state

5 || "
@ The pure input state is prepared, P : © — ;. z! --
' . @, ] L
@ The output state is reconstructed via quantum X a o5 [\
tomography from the outcomes of projective : - -
measurements M : pout — a. e e o s
A GM index
o p are Classical parameters [R. Ashby-Pickering, A.J. Barr, A.

. . . Wierzchucka, arXiv:2209.13990
(e.g. scattering kinematics) !
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P ‘Lp

Pout M
g > P

A Q-data test consists in probing a given Q-data box with prepared input states.
@ For every input state 1;, one needs to perform the full tomography of pout.

® A Q-data test yields a dataset {¢;, (k) (0); k) }“

A particular instance of a Q-data test is the quantum process tomography:
@ QM implies that any map & : H;n — S(Hout) is CPTP.
@ CPTP map can be reconstructed from {L/ /ffui o k=1, (dimHi,)?.

@ We can test CPTP by taking {( ‘Yn }/ and checking that &y = Ey.

«0O0>» «Fr» «E» < Q>

>



Quantum-data tests

ip
M

Pout

A Q-data test consists in probing a given Q-data box with prepared input states.
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Quantum-data tests

ip
M

win Pout

A Q-data test consists in probing a given Q-data box with prepared input states.

@ For every input state v, one needs to perform the full tomography of pout.

@ A Q-data test yields a dataset {1/)( ) p“),Pout }k VE

A particular instance of a Q-data test is the quantum process tomography:
@ QM implies that any map & : H;n — S(Hout) is CPTP.
@ CPTP map can be reconstructed from {wl(nk), pgﬁi w k=1, (dim Hin)?.

@ We can test CPTP by taking {U1p<k>}]C and checking that &y = Ey-.
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1) )

in

@ Suppose that we have two available inputs
@ We choose randomly the input (with probability 1/2).

@ The task is to guess, which of the two states was input.
@ Define the success rate: Pycc (1 1), ) =1 Z} Pla=k| z,:fnk)).

@ In quantum theory Ps, cannot exceed the Helstrom bound

1 /. ) 1) ,.(2)\ (2
]succ < [)SCSCI\Q = 5 <1 + \/1 o ’<Ui(n ‘Uin)w :

@ Make a Q-data test with {1 k). k)

k=1,2"
o If Pocc(r b /Out) > Payee (¥, Z"i:)) then the Q-data box is not quantum.

@ Violation of the Helstrom bound occurs in nonlinear modifications of QM.
«0O0>» «Fr» «E>» «E>» =] Q>



An example — the Helstrom test

() )

in

@ Suppose that we have two available inputs ¢

@ We choose randomly the input (with probability 1/2).
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An example — the Helstrom test

@ Suppose that we have two available inputs wm ,z/zl(f :
@ We choose randomly the input (with probability 1/2).
@ The task is to guess, which of the two states was input.

o Define the success rate: P (¢4, 02) =152 P(a=k|y{).
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in

We choose randomly the input (with probability 1/2).

The task is to guess, which of the two states was input.

Define the success rate: Ps,cc (wi(nl), 1/)1(“2)) =1 Eizl Pla=k| z/;i(f)).

In quantum theory Py cannot exceed the Helstrom bound

1
Puce < P 1= 5 (141 [T
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An example — the Helstrom test

@ Suppose that we have two available inputs wi(nl),wi(f).
@ We choose randomly the input (with probability 1/2).
@ The task is to guess, which of the two states was input.
@ Define the success rate: Py (wi(nl),wi(f)) = %Ei:l Pla=k| z/;i(f)).
@ In quantum theory P, cannot exceed the Helstrom bound
1
QM ._ (D)1,,(2)y |2

PSUCC < Psucc T 5 (1+ \/1 - |<win |win >| ) .

@ Make a Q-data test with {wi(nk); ptk) 1
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An example — the Helstrom test

@ Suppose that we have two available inputs wm ,wl(f .

@ We choose randomly the input (with probability 1/2).

@ The task is to guess, which of the two states was input.

o Define the success rate: P (¢4, 02) =152 P(a=k|y{).

@ In quantum theory P, cannot exceed the Helstrom bound

Paee < PV .= (1+\/1 D) ) :

@ Make a Q-data test with {wi(nk); ptk) Ry,

@ If Poyec (pgj)t,pc(,u)t) > Pruce (1/)(1) ) then the Q-data box is not quantum.

n
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Suppose that we have two available inputs wm ,z/zl(f :

We choose randomly the input (with probability 1/2).

The task is to guess, which of the two states was input.

Define the success rate: P, (wi(nl), 1/)1(“2)) =152  Pla=k| z/)i(f)).

In quantum theory Py cannot exceed the Helstrom bound

Paee < PV .= (1+\/1 D) ) :

Make a Q-data test with {wi(nk); o) e

If Pyyec (pgj)t,pc(,u)t) > Payce (1/)(1) ) then the Q-data box is not quantum.

n

Violation of the Helstrom bound occurs in nonlinear modifications of QM.
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Main idea:

© Prepare a 'quantum-programmed’

particle carrying vi,, e.g. electron's
spin or photon's polarization.

© Scatter it on a nucleonic target.

© Perform projective measurements
on the outgoing projectiles.

@ Reconstruct the output state poyt.

Challenges:

@ Need to prepare the quantum state of GeV particles

@ Abundance of projectiles in high-energy collisions

@ Need to measure spin/polarization of individual projectiles ~~

«Or «F»r <

DA
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Towards experimental quantum process tomography

Main idea:

© Prepare a ‘quantum-programmed’
particle carrying v;,, e.g. electron’s
spin or photon's polarization.

@ Scatter it on a nucleonic target.

© Perform projective measurements
on the outgoing projectiles.

© Reconstruct the output state poyt-

Challenges:
@ Need to prepare the quantum state of GeV particles ~~ polarized beams
@ Abundance of projectiles in high-energy collisions ~ elastic scattering

@ Need to measure spin/polarization of individual projectiles ~~ 777
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Proc. R. Soc. A. 478:20210806 (2022), arXiv:2103.12000

Take-home messages:

@ Quantum mechanics can be probed from an ‘outside’ perspective.

@ Whenever we are doing a Bell-type test, we are testing QM
against both local hidden variables and beyond-quantum correlations.

@ Need for quantum process tomography:

Thank you for your attention!
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Proc. R. Soc. A. 478:20210806 (2022), arXiv:2103.12000

Take-home messages:

@ Quantum mechanics can be probed from an ‘outside’ perspective.

@ Whenever we are doing a Bell-type test, we are testing QM
against both local hidden variables and beyond-quantum correlations.

@ Need for quantum process tomography:
e Understanding quantum dynamics at subnuclear scales.

e Seeking deviations from unitarity and linearity.

Thank you for your attention!
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