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The Nobel Prize in Physics 2022 was awarded
jointly to Alain Aspect, John F. Clauser and Anton
Zeilinger "for experiments with entangled photons,
establishing the violation of Bell inequalities and
pioneering quantum information science"
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Entanglement s conidered 10 be one of e mot profound EXPErimental determination of entanglement with a

features of quantum mechanics”. An entangled state of a

system consisting of two subsystems cannot be described as a Single measurement

product of the quantum states of the two subsystems™*. In this
sense, the entangled system is considered inseparable and non- : s :
local. Itis generally believed that entanglement is usually manifest 5. P. Walborn', P. H. Souto Ribeiro’, L. Davidovich', F. Mintert "~ & A. Buchleitner
in systems consisting of a small number of microscopic particles.

Here we demonstrate experimentally the entanglement of two T
macroscopic objects, each consisting of a caesium gas sample —
containing about 10'* atoms. Entanglement is generated via A
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Observation of quantum entanglement in top-quark
pair production using p p collisions of Vs = 13 TeV
with the ATLAS detector

The ATLAS Collaboration



The Standard Model produces top pairs with correlated
spin. Sometimes spin correlations are so strong they can
not be explained classically:
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There are four maximally entangled states:
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There are four maximally entangled states:

The singlet state is V-, the triplet is (O+-O-, W+, O++O).

For the singlet,

the leptons fly away more aligned
if the original spins were entangled

D = -3-{(cos )
D < —1/3 = entanglement
(spin singlet)




Analysis Strategy

@ Analysis selection:

o 1u,le with opposite charges. i CR-Fakes
e Single lepton triggers. e AT SR
o Lepton pr > 25-28 GeV. e | en -
o N, > 1 (85% b-tag efficiency). [ ]
@ Backgrounds: M0 380 S0 meclGeV]
0 >1C'1"]'3|"'|'”|”'|"'| Frord o] 01 o
o tW. E IED:ATLAS Preliminary ~ # Data %
@ tf—|— X(X = H’T W-; Z) :E:13Tq_ev.14nml _:E::iﬁi:‘:;; ; " '—-D.lzig
VV V i W Z lmfau{mmqﬁnﬂ GeV __ powspy (bbal) T g & s
o ( — . ) i Il Background . 1
o Z -3 T+T_. BCI:— Total uncertainty _:_ Lo
o Fakes. Eﬂf— " '_:- 1018
o Regions are categorized by m;;. ar 1 Joz
The tt purity is 90% across the p 3 Joze
signal region (SR) and the | - Yoz
validation regions (VR1, VR2). %L{ R ——— -ijg
. . . : s T ——— -
o Particle level fiducial regions are § T OT0r0A 0z 0 07 0T 0505 05 §

Reconstructed cosg

defined with similar selections.
Yoav Afik (University of Chicago) Spin correlation and entanglement - ATLAS 28.09.2023



Systematic Uncertainties

o Three categories: o Signal (tt) modeling breakdown:

Top decay (MADSPIN): 1.6%
PDF (PDF4LHC): 1.2%

Recoil To Top: 1.1%

FSR: 1.1%

Scales (ur, pe): 1.1%

NNLO Reweighting: 1.1
pThardl (pThard = 1): 0.8%
m (172.5+ 0.5 GeV): 0.7%
ISR: 0.2%

Parton Shower (HERWIG): 0.2%

o Signal (tt) modeling.
e Background modeling.
o Detector uncertainties.

Systematic source  ADepected(D = —0.470) AD (%)
Signal Modelling 0.015 32

Electron 0.002 0.4
Muon 0.001 0.1
Jets 0.004 0.8
b-tagging 0.002 0.4
Pileup < 0.001 < 0.1
s 0.002 0.4

. 0
Backgrounds 0.009 1.8 hdamp- OlAl
i - % @ Background modeling is dominated
Syst. 0.018 39

Tora 0,018 39 by Z — 777~ uncertainty.

Table: Systematic uncertainties for @ For each systematic, we extract a
the expected D. curve. The difference w.r.t. the

nominal curve is the uncertainty.

Yoav Afik (University of Chicago) Spin correlation and entanglement - ATLAS 28.09.2023
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ATLAS achieves highest-energy detection of quantum
entanglement

[Jh;!sms results
top quark 28 September 2023 | By ATLAS Collaboration

Quantum entanglement is one of the most astonishing properties of quantum mechanics.
If two particles are entangled, the state of one particle cannot be described independently
from the other. This is a unique property of the quantum world and forms a crucial
difference between classical and quantum theories of physics. It is so important, the 2022
Nobel Prize in Physics was awarded to Alain Aspect, John F. Clauser and Anton Zeilinger
"for experiments with entangled photons, establishing the violation of Bell inequalities and
pioneering quantum information science”.

The large mass of the top quark, which is greater than any other particle, remains one of
the most enduring mysteries of the Standard Model. Why this is so remains unexplained,
however, the top quark has many unique properties to exploit as a result. The top quark is
so heavy that it is extremely unstable and decays before it has time to hadronise,
transferring all of its quantum numbers to its decay particles. Physicists can detect these
decay particles and thus reconstruct the quantum state of a top quark, a feat that is
impossible with any other quark. Most importantly, they can measure its spin and use it to
show that entanglement can be studied in top-quark-pair production at the LHC.
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Quantum entanglement observed in top quarks

11 Oct 2023

Top result: An artist's impression of top-quark entanglement. The line between the particles emphasizes the
non-separability of the top-quark pair, which is produced by LHC collisions and recorded by ATLAS.
(Courtesy: Daniel Dominguez/CERN)]
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Highest-energy observation of quantum
entanglement

29 September 2023

A report from the ATLAS experiment.
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QUARK TOP: ENTANGLEMENT QUANTISTICO i
AL CERN E DA RECORD

In questo articolo vedremo cos’e I'entanglement quantistico dei
guark top, perché e importante, inoltre scopriremo come Si
producono al CERN

® GIORGIO ALBERTO TARANTING | (D) 29 SETTEMBRE, 2023
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QUARK TOP: ENTANGLEMENT QUANTISTICO i
AL CERN E DA RECORD

In questo articolo vedremo cos’e I'entanglement quantistico dei

symmetry | topics v | follow + o

12/18/23 | By Chiara Villanueva

Scientists measure
I I r Scientists on the ATLAS collaboration performed the
entanglementatthe e

On the smallest level, the universe operates in such a bizarre
way that even Albert Einstein had a difficult time making sense
of it. An example of the strangeness in the quantum realm—one
that has no equivalent in the world as we experience it—is the
phenomenon of quantum entanglement.

In our classical world, if Iman flips a coin in Indonesia and Olaf

flips a coin in Norway, both Iman and Olaf have a 50% chance of




NewScientist DE= @

News Features Newsletters Podcasts Video Comment Culture Crosswords This week's magazine

Health Space Physics Technology Environment Mind Humans Life Mathematics Chemistry Earth Society

Physics

Large Hadron Collider turned into
world's biggest quantum experiment

Physicists have used the famous particle smasher to investigate the strange phenomena of
guantum entanglement at far higher energies than ever before

By Alex Wilkins

] 3 October 2023
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of it. An example of the strangeness in the quantum realm—one
that has no equivalent in the world as we experience it—is the

phenomenon of quantum entanglement.

In our classical world, if Iman flips a coin in Indonesia and Olaf
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Phys Highest-Energy Detection Of Quantum

guat .

- Entanglement Achieved Yet
V All

By The energy scale is a thousand billion times higher than typical laboratory experiments.
f DR. ALFREDO CARPINETI

DOWNLOAD PDF VERSION
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% Solomon @PhilosferStond - Nov 1

Y Replying to @PhilosferStond @joerogan and @elonmusk
Its using them. People that would do anything for power. Then in relation
with quantum entanglement. Two particles can be infinite distant apart

time space distance even in a different dimension! Whatever happens in
hell happens here simultaneously. Cern opening portals?
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