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Entanglement Measurement History

e The first experiment on quantum entanglement is the VWu-Shaknov Experiment
published in 1950 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 the Nobel Prize in Physics in
2022 for demonstrating the potential to investigate and control particles (photons)
that are in entangled states
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Photon show they violated a Bell inequality.

Wu-Shaknov Experiment Clauser’s photon entanglement experiment 1


https://journals.aps.org/pr/abstract/10.1103/PhysRev.77.136

Quantum Information at Collider

ATLAS and CMS have observed the spin entanglement of top quark pair at /s =
13 TeV, marking the highest energy measurements of quantum entanglement to date.
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Entanglement s a key feature of quantum mechanics'®, withapplicationsin

fields such as metrology, cryptography, quantum information and quantum
computation* . It has been observed in awide 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 TeV and 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
leptonsintheir 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 in a 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 model in
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 entanglementin a pair of quarks and the
highest-energy observation of entanglement so far.

ATLAS: Nature 633 (2024) 542-547

CMS-PHO-EVENTS-2022-033

CMS

: Rept. Prog. Phys. 87 (2024) 117801



Why Entanglement Measurement at High Energy?

* Entanglement is a key phenomenon in quantum theories
* Particle scattering/decay of unstable particles provide a natural laboratory

* Offers the potential to uncover new insights into quantum field theory

* Fundamental interests (new environments, new systems)

* HEP for QI (relativistic environment, vast number of events...)

* QI for HEP (new methods, rich information, model comparison... )



Quantum Tomography

The entangled spin-half bipartite system can be properly described by the spin-density

matrix expanded in the Hilbert space:

Density matrix P = an |Pi) (@il (O) =Tr(Op)
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Density Matrix Reconstruction

Decay Approach

Afik, de Nova.2003.02280

* Theory input on the decay

e Spin is related with decay distribution

* Angles in rest frames of decay products

* Use template fit to extract (;; components
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Kinematic Approach Cheng, Han, Low 2410.08383

Theory input on the production
Spin is related with scattering kinematic
Initial states and scattering angle 6, speed of particle (3

Measure of 8 to get C;;, example (77 7at Z-pole)
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https://arxiv.org/abs/2410.08383
https://arxiv.org/abs/2003.02280

Entanglement Observables

Concurrence — — Ay — A3 —
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No entanglement = Maximumly entangled
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Bell variable rora bipartite qubit system, Bell’s inequality is the CHSH inequality d;, Bi
(G - G Ry -G) — (@1 G @by ) + (A GFRby - F) + (G- TR by - Y| < 2.

&'l-C-(31—32)4—&'2-0-(51—}—52) > 2

The violation of Bell's inequality corresponds to |B =

Quantum Discord g - Quantum Magic .ﬂﬂ?ﬂtum?magic

White, White. 2406.0732 |

Afilk, Nova. 2203.05582
Han, Low, McGinnis, Su.2412.21158

Fabbrichesi, Low, Marzola. 2501.0331 | .
CMS Collaboration. CMS-PAS-TOP-25-001 I

see the talk by Zhewei Yin and Qiaofeng Liu ‘ 6



https://arxiv.org/abs/2203.05582
https://arxiv.org/abs/2412.21158
https://arxiv.org/abs/2406.07321
https://arxiv.org/abs/2501.03311
https://inspirehep.net/literature/2902583
https://indico.global/event/812/contributions/126619/
https://indico.global/event/812/contributions/126955/

A Rich Hierarchy of Information

Coherence

Quantum Discord

Entanglement

Steerability

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

Yoav Afik, Federica Fabbri, Matthew Low, Luca Marzola, Juan Antonio Aguilar-Saavedra, Mohammad Mahdi Altakach, Nedaa Alexandra Asbah, Yang Bai, Hannah Banks, Alan J.
Barr, Alexander Bernal, Thomas E. Browder, Pawet Caban, J. Alberto Casas, Kun Cheng, Frédéric Déliot, Regina Demina, Antonio Di Domenico, Michat Eckstein, Marco Fabbrichesi,
Benjamin Fuks, Emidio Gabrielli, Dorival Goncalves, Radostaw Grabarczyk, Michele Grossi, Tao Han, Timothy J. Hobbs, Pawet Horodecki, James Howarth, Shih-Chigh Hsu, Stephen
Jiggins, Eleanor Jones, Andreas W. Jung, Andrea Helen Knue, Steffen Kom, Theodota Lagouri, Priyanka Lamba, Gabriel T. Landi, Haifeng Li, Qiang Li, lan Low, Fabio Maltoni, Josh
McFayden, Navin McGinnis, Roberto A. Morales_ Jesls M. Moreno, Juan Ramén Mufioz de Nova, Giulia Megro, Davide Pagani, Giovanni Pelliccioli, Michele Pinamonti, Laura
Pintucci, Baptiste Ravina, Alim Ruzi, Kazuki Sakurai, Ethan Simpson, Maximiliano Sioli, Shufang Su, Sokratis Trifinopoulos, Sven E. Vahsen, Sofia Vallecorsa, Alessandro Vicini,
Marcel Vos, Eleni Wryonidou, Chris D. White, Martin J. White, Andrew J. Wildridge, Tong Arthur Wu, Laura Zani, Yulei Zhang, Knut Zoch

“ 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 ”

and mathematically useful
conceptually different



Qubit at Lepton Colliders

What qubit measurements can we currently make at e*e~ collider?
Y

efe” > 1T
Altakach, Lamba, Maltoni, Mawatari, Sakurai. 2211.10513
Ma and Li. 2309.08103
Ehataht, Fabbrichesi, Marzola,Veelken. 2311.17555
Barr, Fabbrichesi, Floreanini, Gabrielli, Marzola. 2402.07972
Fabbrichesi, Marzola. 2405.09201
Chiatto. 2408.04553
Han, Low, Su. 2501.04801

Entanglement, Bell Inequality, Quantum Discord ...

Most studies on charged lepton QE have concentrated on the decaying tau leptons,

while less attention has been given to muons and polarization effects


https://arxiv.org/abs/2211.10513
https://arxiv.org/abs/2309.08103
https://arxiv.org/abs/2311.17555
https://arxiv.org/abs/2402.07972
https://arxiv.org/abs/2405.09201
https://arxiv.org/abs/2408.04553
https://arxiv.org/abs/2501.04801
https://arxiv.org/abs/2404.08049
https://arxiv.org/abs/2407.01672
https://arxiv.org/abs/2501.03321

Tau Pair at Lepton Colliders

« For BES III: Challenging, but near threshold Han, Low, Su 2501.04801
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https://arxiv.org/abs/2501.04801
https://arxiv.org/abs/2311.17555

Tau Pair at Lepton Colliders
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Tau Pair at Lepton Colliders
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Tau Pair at Lepton Colliders
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Angular window cut applied for measuring entanglement,
the central value depending on the energy.
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Tau Pair at Lepton Colliders
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Polarization effects on entanglement measurements
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The entanglement of a tau pair at lepton colliders is not very sensitive to beam polarization.
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Muon Pair at Lepton Colliders

]

Concurrence

)

Bell nonlocality

-2.8

2.6

-2.4

2.2

-2.0

1.8

-1.6

14



Muon Pair at Lepton Colliders
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Muon Pair at Lepton Colliders
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Polarization Effects - Different polarizations lead to similar angular distributions and spin correlations

« Without polarization the entanglement is nearly maximal already
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Top Pair at Lepton Colliders

Concurrence Bell nonlocality
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* TeV scale lepton collider can detect entanglement in top qubit system

* The multi-TeV muC can generate stronger entangled tt than that observed at the LHC 17



Top Pair at Lepton Colliders
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* The quantum entanglement of a top pair produced at lepton colliders is not very sensitive to beam polarization.

* Entanglement measurement is more effective using a RL polarization (e*, e™= +80%, -80%) because of the larger

production cross section.
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Summary

* Entanglement measurements at high energy provide a new quantum information perspective
to study fundamental interactions.

* Kinematic approach uses the minimal set of kinematic observables to reconstruct the
density matrix, especially for the measurement of entanglement in stable particle systems.

* Lepton colliders can be examined as entangled qubits sources.

* Polarization enhance the significance of entanglement measurements of tt, uy, tt at lepton
colliders not by increasing entanglement itself but by increasing production cross-sections.

Thank you

Some other topics beyond Qubit quantum tomography:
Qutrits system tomography and QE in BSM  see the talks by Alberto Navarro, Wangiang Liu 19
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Backup

Bell nonlocality with 6=r/2 @ 90 GeV
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Backup
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The spin correlation matrices of ezef and e et v Sy e fyand fi < —f3
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Different electron polarizations lead to similar angular distributions and spin correlations

The ratio between vector and axial current coupling strength can be changed

by new physics, and the entanglement is sensitive to such new physics
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Backup
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