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

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

18 SEPTEMBER, 2024

11/26/24 | By Laura Dattaro

I h e q u a ntu m Some friendly competition led up to the first

discovery of entanglement at the Large Hadron

chase Colicer

Artist’s impression of a quantum-entangled pair of top quarks. (Image: CERN)

Quantum entanglement is a fascinating feature of quantum physics - the theory of the very small. If two
particles are quantum-entangled, the state of one particle is tied to that of the other, no matter how far apart .
the particles are. This mind-bending phenomenon, which has no analogue in classical physics, has been Sym m Et ry m aga ZIn e; N ovem be r 2024
observed in a wide variety of systems and has found several important applications, such as quantum

cryptography and quantum computing. In 2022, the Nobel Prize in Physics was awarded to Alain Aspect, John F.
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) N .. Observed in Quarks for the First
= Twin Brothers Find ‘Magic’ in Quarks Time

’ .‘ at Large Had ron collider Physicists report the first observations of quantum

entanglement in top and anti-top quarks, the heaviest

A unique property of quantum systems is on display in one of the LHC's standard particle

production methods. known fundamental particles and their antimatter
pEEione i Dy lsasc Schultz . counterparts, inside the Large Hadron Collider
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Is the LHC about to reve
adeeper layer of realit;gl

BY DAN GARISTO & NATURE MAGAZINE

The ATLAS detector, part of the Large Hadron Collider, sits 100 meters below ground, where
It measures various properties of high-energy particles. Maximilien Brice/CERN

New Scientist April 2024 Gizmodo December 2024 Scientific American Septembeg 2024
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CERN scientists find
evidence of quantum
entanglement in sheep

The findings could help to explain the species’ fascinating
flocking behaviour

1APRIL, 2025 | ByNaomiDinmore

SERS z
Eaens 122 L
The CERN flock of sheep on site in 2017. (Image: CERN)

collaboration. “This may be difficult, as we have found that the research makes physicists

become inexplicably drowsy.”

“While entanglement is now the leading theory for this phenomenon, we have to take
everything into account,” adds Dolly Shepherd, a CERN theorist. “Who knows, maybe further

variables are hidden beneath their fleeces. Wolves, for example.”

Theoretical physicist John Ellis, pioneer of the penguin diagram, with its updated sheep

version. Scientists at CERN find evidence of quantum entanglement in sheep in 2025, the year

declared by the United Nations as the International Year of Quantum Science and

Technology. (Image: CERN) 5
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Observation of quantum entanglement with
top quarks atthe ATLAS detector

https://doi.org/101038/s41586-024-07824-z  The ATLAS Collaboration*

Received: 14 November 2023

Accepted: 12 July 2024 Entanglement is a key feature of quantum mechanics'?, with applicationsin

fields such asmetrology, cryptography, quantum information and quantum
computation* * It has been observed in a wide variety of systems and length scales,
ranging from the microscopic®*to the macroscopic'* *. However, entanglement
remainslargely 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-
massenergy of vs =13 TeV and anintegrated luminosity of 140 inverse femtobarns
(fb) " recorded with the ATLAS experiment. Spin entanglement is detected from the
measurement of a single observable D, inferred from the angle between the charged
leptonsintheir parent top- and antitop-quark rest frames. The observable is measured
inanarrowinterval around the top-antitop quark production threshold, at which the
entanglement detectionis expected to be significant.1tisreported 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 tobe
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 ina pair of quarks and the
highest-energy observation of entanglement so far.
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Abstract
Entanglement is an intrinsic propert
the particles produced at the Large

entanglement in top quark-antiquar
center-of-mass energy of 13 TeV is
the CERN LHC in 2016, and corres
are selected based on the presence

momentum. An entanglemeni-sensi
spin-dependent parts of the tt produ
production threshold. Values of D 4
(expected) to be 0.4801-]}: E:gg (—0.
of 5.1 standard deviations with resp
observation of gquantum mechanical
measurement provides a new probe
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1. Introduction

Entanglement is a fundamental cq
anics that describes a strong corrg
such that the state of one particle
described without considering the

less of the distance between them |

ment has been extensively studied in the
and electrons [4-6]. In these measurements, entanglement is

PHYSICAL REVIEW D 110, 112016 (2024)

Measurements of polarization and spin correlation and observation
of entanglement in top quark pairs using lepton + jets events
from proton-proton collisions at /s =13 TeV

A. Hayrapetyan et al.”
(CMS Collaboration)

M (Received 17 September 2024; accepted 13 November 2024; published 30 December 2024)

Measurements of the polarization and spin correlation in top quark pairs (¢7) are presented using events
with a single electron or muon and jets in the final state. The measurements are based on proton-proton
collision data from the LHC at /5 = 13 TeV collected by the CMS experiment, corresponding to an
integrated luminosity of 138 th~!. All coefficients of the polarization vectors and the spin correlation
matrix are extracted simultaneously by performing a binned likelihood fit to the data. The measurement is
performed inclusively and in bins of additional observables, such as the mass of the r7 system and the top
quark scattering angle in the (7 rest frame. The measured polarization and spin correlation are in agreement
with the standard model. From the measured spin correlation, conclusions on the 77 spin entanglement are
drawn by applying the Peres-Horodecki criterion. The standard model predicts entangled spins for 7 states
at the production threshold and at high masses of the 77 system. Entanglement is observed for the first time
in events at high 17 mass, where a large fraction of the 7 decays are spacelike separated, with an expected
and observed significance of above 5 standard deviations.

DOI: 10.1103/PhysRevD.110.112016

L. INTRODUCTION

The top quark is the most massive known fundamental
particle with a lifetime of the order of 10> s. This is shorter
than the quantum chromodynamics (QCD) hadronization
time scale 1/Agep = 107*s, and the spin decorrelation
timescale m,/Adep 2 1072 s, where m, is the top quark
mass [1,2]. Consequently, the top quark usually decays
before hadronization, thus preserving its spin information in
the angular distribution of the decay products. This makes
top quark and antiquark (17) pairs excellent candidates for
studying polarization and spin correlation.

At ITE T

a At sl
context of photons

VHTTITaTE

charged lepton and a neutrino. In this analysis, we focus
on the final state with two b jets, two jets from one W
boson, and an electron or muon paired with a neutrino from
the other W boson. This decay channel is referred to as the
e/u + jets channel. Events with tau leptons are treated as 17
background and not included in the e/u + jets category.
At the LHC (7 pairs are produced through gluon-gluon
(gg) fusion and quark-antiquark (gg) annihilation. The top
quarks and antiquarks are unpolarized at leading order (LO).
However. their spins are expected to be strongly correlated
[3]. The complete spin correlation is encoded in a 3 x 3

matrix that depends on the ff production mechanism, the

d (T i qUOICT OT

information. An entangled state for two qubits is a superpos- 7
ition of their joint states that cannot be factorized into indi-

vidual states. A common example is the Bell state. |10~ =
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Momentum measurement = infer spin of parent particle
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Exploit chirality of the weak decay
Momentum <-> Spin



Entanglement

For some density matrix
p=3"pilvi) (Wil
i

p; is a classical probability

Q: Can we write:

?
/’=ZP:‘/)A®PB PiZO,ZPi=1
i

l.e. as a convex sum of product states?
@ Yes —> separable
@ No — entangled

For general p (i.e. not pure states) this is a very different statement from
just being correlated

10
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Talks by Alexander Grohsjean, Ethan Simpson

rimental observation of entanglement in
uark systems
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Quantum state tomography

Parameterise p — bipartite system of qubits

in terms of the Pauli matrices o;

Single qubit

3
1
p=3h+)Y a0
i=1

a; : 3 real parameters (2° — 1)

Two qubits

3 3 3
P = %12{8“'2'*‘23[5;@ %12+ij%fg®aj+ Z Cg(]’;@ﬂj,
i=1 j=1 ij=1

34349 = 15 real parameters (4> — 1)

Measure the parameters (a; bj, cj;) and test properties of bipartite p

12



Quantum state tomography - measurement
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easurement of Magic

ADP-24-10/T1249

The magic of entangled top quarks

CHris D. WHITE?! AND MARTIN J. WHITE??

“ Centre for Theoretical Physics, School of Physical and Chemical Sciences,
Queen Mary University of London, 327 Mile End Road, London E1 4NS, UK

5 ARC Centre of Excellence for Dark Matter Particle Physics & CSSM,
Department of Physics, University of Adelaide, Adelaide, SA 5005, Australia

Abstract

Recent years have seen an increasing body of work examining how quantum entanglement
can be measured at high energy particle physics experiments, thereby complementing tradi-
tional table-top experiments. This raises the question of whether more concepts from quantum
computation can be examined at colliders, and we here consider the property of magic, which
distinguishes those quantum states which have a genuine computational advantage over classical
states. We examine top anti-top pair production at the LHC, showing that nature chooses to
produce magic tops, where the amount of magic varies with the kinematics of the final state.
We compare results for individual partonic channels and at proton-level, showing that averaging
over final states typically increases magic. This is in contrast to entanglement measures, such
as the concurrence, which typically decrease. Our results create new links between the quantum
information and particle physics literatures, providing practical insights for further study.

1 Introduction

It has long been known that there are fundamental limits to the power of classical computers, so
that they are unable to efficiently simulate the quantum world we live in [1]. This in turn led to the
development of universal quantum computers, replacing the universal Turing machines of classical
computation (see e.g. ref. [2] for a pedagogical review). It is an active field of research to experimen-
tally realise large-scale quantum computers, and the parallel field of quantum information theory
aims to quantify how information can be encoded, transmitted and corrected for errors. If quantum
computers are to become a reality, it is imperative that algorithms for quantum computation be
fault tolerant, and thus able to cope with potentially noisy communication channels.

As well as practical applications, quantum computing and / or information is also studied in

https://arxiv.org/abs/2406.0732
ttps://arxiv.ore/abs/2503.03098
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Inspired by the qguantum entanglement measurements...

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2025-061

&)
5241 2025/03/31

CNS

CMS-TOP-24-007

Observation of a pseudoscalar excess at the top quark pair
production threshold

The CMS Collaboration®

Abstract

A search for resonances in top quark pair (tf) production in final states with two
charged leptons and multiple jets is presented, based on proton-proton collision data
collected by the CMS experiment at the CERN LHC at /s = 13 TeV, corresponding to
138fb~'. The analysis explores the invariant mass of the tt system and two angular
observables that provide direct access to the correlation of top quark and antiquark
spins. A significant excess of events is observed near the kinematic tt threshold com-
pared to the nonresonant production predicted by fixed-order perturbative quantum
chromodynamics (pQCD). The observed enhancement is consistent with the produc-
tion of a color-singlet pseudoscalar (15011) quasi-bound toponium state, as predicted
by nonrelativistic quantum chromodynamics. Using a simplified model for 1Snl1 to-

ponium, the cross section of the excess above the pQCD prediction is measured to be
8.8 712 pb.
-14

Submitted to Reports on Progress in Physics

Talks by Ben Fuks, Alexander Grohsjean, Ethan Simpson
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Review

Quantum entanglement and Bell inequality violation at colliders

Alan J. Barr ©@", Marco Fabbrichesi ©°, Roberto Floreanini ©°, Emidio Gabrielli @62 Luca Marzola ©°

2 Department of Physics, Keble Road, University of Ozford, OX1 3RH
b Merton College, Merton Street, Ozford, OX1 4JD
cINFN, Sezione di Trieste, Via Valerio 2, I-3{127 Trieste, Italy
dP}t,y.\.'rr:s Department, University of Trieste, Strada Costiera 11, I-34151 Trieste, Ttaly
“Laboratory of High-Energy and Computational Physics, NICPB, Rivala pst. 10, 10143 Tallinn, Estonia

Abstract

The study of entanglement in particle physics has been gathering pace in the past few years. It is a new field that is
providing important results about the possibility of detecting entanglement and testing Bell inequality at colliders for
final states as diverse as top-quark, 7-lepton pairs and A-baryons, massive gauge bosons and vector mesons. In this
review, after presenting definitions, tools and basic results that are necessary for understanding these developments, we
summarize the main findings—as published by the beginning of year 2024—including analyses of experimental data in B
meson decays and top-gquark pair production. We include a detailed discussion of the results for both qubit and qutrits
systems, that is, final states containing spin one-half and spin one particles. Entanglement has also been proposed as a
new tool to constrain new particles and fields beyond the Standard Model and we introduce the reader to this promising
feature as well.

Keywords:

Quantum entanglement, Bell locality, Collider physics, Particle polarizations, Standard Model and beyond

https://arxiv.org/abs/2402.07972

December 2024
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explored by particle caliders was only recently shown, and has
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particles and fundamental interactions involved, particle colliders
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the labaratory setups typically used in the field Furthermore, collider
detectors have inherent advantagesin perfarming certain quantum
information measurements, and allow for the reconstruction the
state of the systemunder consideration via quantumstate
tomography. Here, we elabarate on the patential, challenges and
goals of this innovative and rapidly evalving line of research, and
discuss its expected inpact on both quantuminformation theory and
high-energy physics
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