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Particle Collider

Quantum Computer

C. Altomonte, A.Barr [2312.02242]
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To investigate the computational property of colliders, we need to
control input (spin) states.

=) Polarised lepton colliders



Particle Theory = Quantum Computer
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To investigate the computational property of colliders, we need to

control input (spin) states.

= Polarised lepton colliders
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Particle Theory = Quantum Computer

qlO]
q[1]
ql2]
ql3]

c4d

C. Altomonte, A.Barr [2312.02242]

® New precision test of SM

® Foundational test of QM
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High Energy Test of Quantum Mechanics

Motivation:

Classical Quantum ‘ ] ‘
Mechanics Mechanics 9 Grawty
(Local) (Nonlocal) -
large < > small
distance

- QM might be a low energy effective theory of more fundamental
short-distance theory

- QM might be modified at shorter distances to be married with
gravitation

Currently, no LHC analysis can distinguish between anomalies
from QFT-based BSM and those from beyond-QFT
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Particles may exhibit a strong correlation that
cannot be explained within QM

Bell test
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[Tsirelson ‘87]
=> [<B>QM < 2\@]
QM will be excluded if this bound is violated!

Candidate:
> No-signalling theory[Popescu, Rohrlich(1994)]

(B)ns™ = 4

- violation of Born rule

- state can’t be written by p
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Possible Modifications of QM

Dynamical:

Quantum dynamics may be modified.

- Schrodinger evolution

- Wave function collapse
Pin —» ? — Pout

Candidate:

» Non-linear extensions of QM:

[Weinberg (1989), Polchinski (1991), D.E.Kaplan, Rajendran (2021)]
i0:|X) = / d*z [7:[(:1:) + <X\@1<x)!x>@2(:c)} )

non-linear state-dependent term

Proposed method can detect modifications of
quantum dynamics



Spin-Spin transition as
an open quantum system
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Unitary evolution tt, W, Wrw-—, ...



Spin-Spin transition as

an open quantum
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Quantum Instrument
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Quantum Instrument
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Q. What is the general property of the Q-Instrument map?
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A. - Linear
- Completely Positive
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Completely positive map
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Q-Instrument map is completely specified by the Choi matrix
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Q-Instrument map is completely specified by the Choi matrix
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* From given input state, the output state can be immediately from the
Choi matrix.

- Different theories predicting different spin-to-spin transition
necessarily gives different Choi matrices.

« Choi matrix = Theory

« Complete positivity of Ql-map => Choi matrix is positive-semidefinite.

Choi matrix
[qut][A,B],[C’,D]: Z pia k) (A BIZ: (|1, J)(K, L) |C, D)

[A,B],[C,D] Tl A )i — D[A,B],[O,D] * \

16 X 16 matrix

[A,B],[C, D] ‘e Tl = == = Vi 516 0] /




QFT calculation
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QFT calculation
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QFT calculation
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Theoretical Prediction
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Two theories giving different spin transitions necessarily give different Choi matrices

®» Sensitive to BSM extension!



Reconstruction of Choi matrix ( = Theory)

. . = Quantum Process Tomography
« Reconstruction of the diagonal part:
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Quantum State Tomography
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- Reconstruction of off-diagonal elements:
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- Reconstruction of off-diagonal elements:
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1 22 [ (_%H III)7 (_FH Il)v (__7 III)? (__7 Il) *‘\ ]
oolarisation (m.+), (1, +), (m, ). (1, ) * All 12 off-diagonal elements
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oolarisation (m.+), (1, +), (m, ). (1, ) * All 12 off-diagonal elements
settings can be reconstructed
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(Lo(|++)(++]) Za(|++){+-1) Zo(++)=+]) Zo(|++){==1)

7 _ L Ze(l+ =)+ +) Zo(|+ =)+ =) Zo([+ =N =+]) Zo([+-)=~])
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Powerful probe of
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confront with the SM prediction
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Foundational test of
QM

2 Check if all eigenvalues are non-negative

= Positivity Test

2 Confront the prediction with the experimental
outcome

> i[9 (1)

2]

po = Zpij\i><j| —> O
1,7 t
confront with experiment

=) Linearity Test
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Summary

- We formulated spin-to-spin transitions in particle collisions as Quantum
Instrument — an quantum evolution of subsystem in an environment
(environment = momentum Hilbert space).

- The state-to-state map can be described by Choi matrix, enabling us to write a
theory in a matrix form. 16 x 16 matrix for 2-qubit -> 2-qubit

- Experimental reconstruction of the Choi matrix (Quantum Process Tomography)
offers :

2 A powerful probe of BSM physics

Two theories that predicting different spin-spin transition necessarily give
different Choi matrices

2 Foundational tests of Quantum Mechanics
- Linearity test: confront the Choi matrix prediction with the measurement

- Positivity test: eigenvalues of the Choi matrix must be non-negative

If one of these tests fails, QM will be experimentally falsified!



Thank you for listening!



Quantum State Tomography

More generally, - tau decay

a,=lfor(x=7"1n17" = 7 0)

dlr  14+a. -(x-s) - top decay
dQ B 2 decay product x Qly
b —0.3925(6)
3 o . W 0.3925(6)
a, € [—1, + 1]: spin analyzing power ¢+ (from & WH) 0.999(1)
d, 5 (from a WT)  0.9664(7)
u, ¢ (from a W) —0.3167(6)
helicity basis
3
(ela €2, 63) — (ka n, I‘) X BZ — <SA ) ei> — —<X ) ei> D
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Nonlocal correlations beyond quantum mechanics

Quantum bound on CHSH correlations [Tsirelson (1980)]

S = Com(z,y) + Com(z, ') + Cam(z’,y) — Com(z’,y') < 2v2 < 4

Could we have S = 4 assuming free choice and no-signalling?  Yes, we can!

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

1 if a® b=y,

27 | SPR — 4. Bell inequality
0, otherwise,

P(a,b|z,y) = <

REVIEW ARTICLES | INSIGHT nature
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Nonlocality beyond quantum mechanics

Sandu Popescu

@ No-signalling principle admits correlations IN. Brunner, D. Cavalcanti, S. Pironio, V.

that are stronger than entanglement. Scarani, S. Wehner, Rev. Mod. Phys.
86, 419 (2014)]
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