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Spooky action at a distance! ref

“Can Quantum Mechanical Description of
Physical Reality Be Considered Complete?”

A. Einstein B. Podolski N. Rosen

Physical reality must be local! - Podolsky

EPR Paradox

Upon observation, the cat was found to be alive.

MAY 15, 19358

Can Quantum-Mechanical D

A. Eixstei, B. Ponorsy axp N. Rosex, In

PHYSICAL REVIEW VOLUME 47

of Physical Reality Be Considered Complete?

isute for Advanced Study, Princeton, New Jersey

(Received March 25, 1935)

dition for the

s
it with certsinty, without disturbing the system. [n
um mechanics in the case of two physical quantities
cribed by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of realicy given by the wave function in
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NY serious consideration of a physical

mdtpendenl of any theory, and the physica
concepts with which the theory operates. These
concepts are intended to correspond with the
objective reality, and by means of these concepts
we picture this reality to ourselves.
In attempting to judge the success of a
physical theory, we may ask ours
tions : (1) “Is the theory correct
the description given by the theory complete?
It is only in the case in which positi
may be given to both of these questions, that the
concepts of the theory may be said to be satis-
factory. The correctness of the theory is judged
by the degree of agreement between the con-
clusions of the theory and human experience.
This experience, which alone enables us to make
inferences about reality, in physics takes the
form of experiment and measurement. It is the
second question that we wish to consider here, as
applied to quantum mechanics.

Huh? The cat suddenly died.
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However, it still takes 1
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quantum mechanics is not complete or rz) these two
ealit

of the prablea of maki ncerning & system
on the basis of measurements made on another system that
had previously inceracted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not ¢

plete
elemen
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is thus
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1928~1990
John Stewart Bell

In the 1980s, he was always mentioned
as a candidate for the Nobel Prize.

- 1964 QM with hidden variables differs from QM

[
Bell’s Inequality

Physics Vol. 1, No. 3, pp. 195-200, 1964  Physics Publishing Co.  Printed in the United States

ON THE EINSTEIN PODOLSKY ROSEN PARADOX*

J.S. BELL!
Department of Physics, University of Wisconsin, Madison, Wisconsin

(Received 4 November 1964)

1. Introduction

‘THE paradox of Einstein, Podolsky and Rosen (1] was advanced as an argument that quantum mechanics
could not be a complete theory but should be supplemented by additional variables. These additional vari-
ables were to restore to the theory causality and locality [2]. In this note that idea will be formulated
and shown to be i statistical predictions of quantum mechanics. It is
the reauirement of locality, of more preciselv that the resil 'a measurement on one system be unaffected
QM with hidden variables differs from standard QMates the essential dif-

ficulty. ‘There have been attempts 3] to show that even without such a separanility o locality require-

d. That particular interpretation has indeed a prossly non-

local structure. This is cha:He shows that von Neumann's proof was bogus.

reproduces exactly the quantum mechanical predictions.

Quantum mechanics is nonlocal


https://indico.cern.ch/event/1462807/contributions/6158793/attachments/2953777/5193017/2024-KPS-QEinHEP.pdf

Quantum entanglement tests

As reviewed by C. N. Yang, the first experiment on quantum e
entanglement is the WWu-Shaknov Experiment published in 1950 ‘ INPHYSICS 2022 "0
in which the angular correlation of two Compton scattered photons - = &
arising from e+e— annihilation are measured.

The violation of Bell inequality was demonstrated in 1970s using
entangled photons, confirming the non-locality of our universe.
Alain Aspect, John Clauser and Anton Zeilinger won Nobel Prize in
Physics in 2022 for demonstrating the potential to investigate and
control particles (photons) that are in entangled states

N

Electron (1) : Electron (2)
|
|

Positron Source NNS < ‘
o%___ z, O L%, ‘ |J]

©, o — -x / o,
Y Quanta R o
Photon

Wu-Shaknov Experiment Clauser’s photon entanglement experiment



https://inspirehep.net/literature/1389797
https://journals.aps.org/pr/abstract/10.1103/PhysRev.77.136

Quantum entanglement at high energy

LHC experiments at CERN observe
quantum entanglement at the
highest energy yet

The results open up a new perspective on the complex world of quantum physics

18 SEPTEMBER, 2024

Nature volume 633, pages 542-547 (2024)

Article

Observation of quantum entanglement with
top quarks at the ATLAS detector

https://doi.org/10.1038/s41586-024-07824-z

Received: 14 November 2023

The ATLAS Collaboration*

Accepted: 12 July 2024

Published online: 18 September 2024

Open access

% Check for updates

Entanglement is a key feature of quantum mechanics'?, with applicationsin

fields suchas metrology, cryptography, quantum information and quantum
computation**. It has been observed ina wide variety of systems and length scales,
ranging from the microscopic’  to the macroscopic'* '*. However, entanglement
remains largely unexplored at the highest accessible energy scales. Here we report the
highest-energy observation of entanglement, in top-antitop quark events produced
atthe Large Hadron Collider, using a proton—proton collision dataset with a centre-of-
mass energy of Vs =13 TeVand an integrated luminosity of 140 inverse femtobarns
(fb) ' recorded with the ATLAS experiment. Spin entanglement is detected from the
measurement of asingle observable D, inferred from the angle between the charged
leptonsin their parent top-and antitop-quark rest frames. The observable is measured
inanarrow interval around the top-antitop quark production threshold, at which the
entanglement detection is expected to be significant. Itis reported ina fiducial phase
space defined with stable particles to minimize the uncertainties that stem from the
limitations of the Monte Carlo event generators and the parton shower modelin
modelling top-quark pair production. The entanglement marker is measured to be
D=-0.537 +0.002 (stat.) + 0.019 (syst.) for 340 GeV < m,; <380 GeV.The observed
resultis more than five standard deviations from a scenario without entanglement
and hence constitutes the first observation of entanglement in a pair of quarks and the
highest-energy observation of entanglement so far.


https://www.nature.com/articles/s41586-024-07824-z

Why QE at high energy? (ref)

Understand quantum nature & seek for BSM effects.

Particle scattering/decay of unstable particles provide a natural laboratory
o the momenta of observed particles are essentially commuting observables. Therefore, there is
always some hidden variable theory that can explain the observed momentum data
o However, one can focus on spin correlation emerges in different phase-space region

It is plausible that quantum mechanics undergoes modifications (ref) at
some short distance scales to achieve compatibility with gravity. Such
modifications could, in principle, be (only) detected by measuring Bell-type
observables or through quantum process tomography (ref)

offers the potential to uncover new insights into quantum field theory.

https://scipost.orag/10.21468/SciPostPhys.3.5.036

Sci|Pos SciPost Phys. 3, 036 (2017)

Maximal entanglement in high energy physics

Alba Cervera-Lierta®, José I. Latorre2, Juan Rojo® and Luca Rottoli*



https://arxiv.org/abs/2504.00086
https://arxiv.org/abs/2403.14757
https://arxiv.org/abs/2502.19470
https://scipost.org/10.21468/SciPostPhys.3.5.036

Quantum Collisions: arich hierarchy of information to explore

VE
d I‘,\lV > hep-ph > arXiv:2504.00086

High Energy Physics - Phenomenology
[Submitted on 31 Mar 2025]

Coherence Quantum Information meets High-Energy Physics: Input to the update of
the European Strategy for Particle Physics

Quantum Discord “ It is important to note that there is a whole hierarchy of
quantum correlations that can be studied. For instance,
discord is a measure of non-classical correlations that can
interconnect the components of a system even if they are
not entangled”

Entanglement

Steerability

Measurement of magic and other quantum information inspired

observables in tt pairs at CMS

Nonlocality Otto Hindrichs

on behalf of the CMS Collaboration

University of Rochester

Quantum Observables for Collider Physics 2025,
GGl, Florence

08.04.2025 CMS

ROCHESTER

Otto Hindrichs (UR)

08.04.2025 1/16 8



https://www.youtube.com/watch?v=HAQqiLO-CFxQ

Conclusions

% Quantum information and computing is hyped up. It promises a quantum
advantage that, while not yet proven, could bring to transformative
applications.

% The current status builds upon a number of theoretical and experimental
advances in the last 30 years that have changed the way we think about
quantum mechanics.

% Our current description of fundamental interactions, based on QFT, has
QM at its core. Theoretically, it is embedded in our formalism so deeply that
(sometimes) we do not even notice. Experimentally, however, most of our
measurements are not correlations, but just counting experiments.

variety of studies and interesting results, .

W UCLouvain fnis Fabio Maltoni — Quantum Observables in HEP- Padova 5 Dec 2024 R
55 e i


https://www.youtube.com/watch?v=HAgiLO-CFxQ

Quantum Collisions: more funs

. 8
Three-partite entanglement
8
o 3-body Decay: phys.Rev.Lett 132 (2024) 15, 151602; arXiv:2502.19470
o 2to 3 process (ttZ): arxiv:2404.03292 .

Quantum Process Tomography (operating initial particles’ flavor and spin)
O  arXiv:2412.01892

PHYSICAL REVIEW A, VOLUME 62, 062314

Three qubits can be entangled in two inequivalent ways

W. Dir, G. Vidal, and J. I. Cirac
Institut fiir Theoretische Physik, Universitat Innsbruck, A-6020 Innsbruck, Austria

CB (AC) CC(AB) (Received 26 May 2000; published 14 November 2000)

F3 PHYSICAL REVIEW A, VOLUME 65, 052112

Four qubits can be entangled in nine different ways

F. Verstraetc:,"2 T; Df:hacnc,2 B. De Moor,” and H. Verschelde'
C ' Department of Mathematical Physics and Astronomy, Ghent University, Krijgslaan 281 (S9), B-9000 Gent, Belgium
A ( B C ) ’Department of Electrical Engineering, Katholieke Universiteit Leuven, Research Group SISTA Kasteelpark Arenberg 10,
B-3001 Leuven, Belgium
(Received 29 November 2001; published 25 April 2002)

concurrence triangle
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https://doi.org/10.1103/PhysRevLett.132.151602
https://arxiv.org/abs/2502.19470
https://arxiv.org/abs/2404.03292
https://arxiv.org/abs/2412.01892

Quantum Process Tomography: one further step

e Spin and flavour measurements in collider experiments as a quantum instrument
e Choi matrix, which completely determines input-output transitions, can be both
theoretically computed and experimentally reconstructed
Polarized Beam collisions, or,

ref lepton scattering on polarized target experiments (see next)

Particle Collider = Quantum Computer Reconstruction of Choi matrix
« Reconstruction of the diagonal part:
C. Altomonte, A.Barr [2312.02242] Lo(|+ )+ +)) Ze(|+ )+ -) L+ )=+ Ze(l++)--])
7 2 L Z(+ N+ Te(|+-N+=D) Ze(|+-N-+]) Ze(|+-)N--])
[ g B EEE HE
[ [ b (|- =)=+ (1= =
oy | g% | [ []
qr1] . - . lwlf?‘ - Consider 4 purely polarised beam settings:
al2] .-é- {10} = {l++), [+=) 1=+, =) o = 18 (]
q[3] i
« HENe H Z(li)il) = o = Trol - 2
ca Tre;, >
easlrEBR / Px Reconstruction of spin-density
- . T trix is possible
seleme (o)) > il t & m™
Unitary ale=et(pf™) — t] Quantum State Tomography
| 'l/}> in Evolution Measurements XAhﬂ;y .:DNEva [2003 02280],
Wierzchucka [220913990]
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11
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