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Entanglement and Bell’s Inequalities with
Boosted Top Quarks

THE NOBEL PRIZE
IN PHYSICS 2022
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\ Nobel Prize 2022 \

Nobel Prize in Physics awarded to Aspect,
Clauser and Zeilinger for work in quantum
mechanics

The Royal Swedish Academy of Sciences has
decided to award the 2022 Nobel Prize in Physics
to Alain Aspect, John F Clauser and Anton
Zeilinger, according to an official tweet. They have

been awarded the Nobel Prize for experiments

with entangled photons, establishing the violation

of Bell inequalities and pioneering quantum

information science.
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‘ QI theory provides a set of tools designed to probe the inner behavior of QM. While these phenomena
have been widely tested at low energies, their study at higher energy scales has not be undertaken
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Entanglement and Bell’s Inequalities with
Boosted Top Quarks

@ LHC can provide a unique environment to study entanglement and violation of Bell’s
inequalities at the highest energy available today

Typical entanglement
experiment with photons .HC

o

eV KeV MeV GeV TeV

@ Top quark pair production is an optimal candidate for these studies
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Top quark as a one qubit system

@ As a spin-1/2 particle, the most general spin density matrix for the top quark is

+
[+ B,o; 14
P = +20 t

@ Characterized by three parameters: B; = (g;) = tr(o;p)

However, the top quark decays. In general, spin information could be lost by
hadronization or spin decorrelation effects
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Top Quark is Unique

¥ Decays before it hadronizes or its spin flips

Ttop 2 5 X 107%°s w
Thad ~ 1/Ngcp ~ 107245 t
Tfl’l,p ~J mt/AQCD ~J 10_218 b

Bottom quark is several orders of magnitude behind 7, ~ 105

¥ Top polarization directly observable via angular distributions of its decay products

1 dl'y 1 |l+ |Vu
= —(1 6
I'r dcosf; 2( +wy cos ) Wy

gSpln analyzing power: maximum for charged leptons

DL .
Top quark spin
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Top quark pair production as a two qubit system

¥ The most general two-qubit system can be represented by

8 - t
I[(X)I[—I—(BiUi@]I—I—B?;]I@JZ-)—I—Cij0i®0j aii 999999
p— S
P 4 (é()é ]
g 4

@ Characterized by |5 parameters parameters: B;, B;, and C;;

Polarizations

B
Cz'j

(0; ® o) — Spin correlations

@ P and CP invariance under t¢ production — B; = B; =0 and C;; = C};

§ Things further simplify in the helicity basis: only non-vanishing parameters are

the diagonal terms C;; and one off-diagonal term C7o ~ (g, Bernreuther, Heisler, 5i 715
Frederix, Tsinikos, Vitos 21
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Top quark pair production as a two qubit system

W

@ We are probing the spin correlations of top and anti-top since the Tevatron era and
continue to study them at the LHC in different forms: relevant precision observable
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Top quark pair production as a two qubit system

T ————— W

@ We are probing the spin correlations of top and anti-top since the Tevatron era and
continue to study them at the LHC in different forms: relevant precision observable
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Quantum Entanglement

@ A quantum state of two subsystems A and B is separable when its density
matrix p can be expressed as a convex sum

p=>pipy @ py

=== If the state is not separable, it is named entangled

Alice Bob
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Measurement in one subsystem immediately affect the other, even if they are causally disconnected
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Quantum Entanglement
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===) Top pair displays entanglement in two disconnected regimes: P°n9 Pt Kong, Navarro 723
threshold and boosted regions
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Analysis

@ Semi-leptonic top pair
~ High event rate: ~6 times higher than dileptonic case
~ Easier reconstruction
~ Boosted top tagging aid subject and light quark matching
© Proxy for down-quark: optimal hadronic polarimeter
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Hadronic top quark polarimetry

@ In the high-energy regime, boosted techniques can be employed to tag the hadronic top
and efficiently identify the optimal hadronic direction

€+

1 dI’ 1
N oy | 0
g I't dcos Oy 2( T1.0 cosby)

Top quark spin
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Hadronic top quark polarimetry

@ In the high-energy regime, boosted techniques can be employed to tag the hadronic top
and efficiently identify the optimal hadronic direction

1 dl'y 1
= —(1 -0.4 cosf
g I't dcosf; 2( cos6;)

}Hf Top quark spin
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Hadronic top quark polarimetry

@ In the high-energy regime, boosted techniques can be employed to tag the hadronic top
and efficiently identify the optimal hadronic direction

1 dI' 1
4 > L = —(14+0.5 cosby)
T  sbin 't dcosty 2
Op quarksp Jezabek ‘94
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Hadronic top quark polarimetry

@ In the high-energy regime, boosted techniques can be employed to tag the hadronic top
and efficiently identify the optimal hadronic direction

Qopt = p(d — QSoft)quoft + p(d — Qhard)thafr'd

1 dl'y 1
= (1 +0.64cos b
I't dcosf; 2( Tos4cosby)

>

Top quark spin

W= is given by plcWia )

3 3 p(d = ghard) = -
plewna) =5 fr(1E cw,a)” + 3 fo(l = cy,,) pllewral) + P(=lewial)
p(_chhe1|)

3 2 D d — Qdsof -
P F o) (@2 gott) = e+ p(—lowna])

Tweedie ‘14
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LHC Projections

@ Entanglement: £ = |Cir +Crp| = Cppn —1>0
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Dong, DG, Kong, Navarro ‘23
Current dataset can probe entanglement at 5-sigma level!
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Bell's Inequalities

HIDDEN VARIABLES 1
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©Johan Jamestad/The Royal Swedish Academy of Sciences
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Bell's Inequalities

| T— S

@ Violation of Bell-type inequalities demonstrates that there is no hidden variable theory
capable of encoding the generated entanglement. QM cannot be explained by classical laws

@ Bell’s inequality can be distilled in a simpler form: CHSH inequality

Clauser, Horne, Shimony, Holt ’69

[(A1B1) + (A2 B1) + (A1 B2) — (A2Bg)| < 2

)

v O

Observer A Observer B
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@ Bell/CHSH inequalities:

1.0

|cos Ocml

===) Bell/CHSH violation studies well match boosted top pair searches

Bell's Inequalities

Bl = |Cfr"r

O
o

O
~

- Cnn' - \/§ > 0 Aﬁk, Nova '20
Bz — |Ckk + Crr| . \/5 > 01 Severi, Boschi, Maltoni, Sioli ‘21

B,

400 600 800 1000 1200 1400
me [GeV]

0.35
0.30
0.25

-0.20
-0.15
-0.10
-0.05

Saavedra, Casas ‘22

1.0

|cos Bcpl
o
o))

O
~

400 600 800 1000 1200 1400
met [GeV]

0.35
0.30
0.25

-0.20
-0.15
-0.10
-0.05

Dong, DG, Kong, Navarro ‘23

Dorival Goncgalves

Notre Dame - 04.25.2024



LHC Projections

Bi=|Crp — Cpn| — V2> 0
By = [Cri + Crr| — V2> 0

Afik, Nova ’20
Severi, Boschi, Maltoni, Sioli ‘21

@ Bell/CHSH inequalities:

Saavedra, Casas ‘22
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WVe are just at the beginning

Observation of quantum entanglement in top-quark
pair production using p p collisions of Vs = 13 TeV
with the ATLAS detector

28th September 2023
The ATLAS Collaboration

We report the highest-energy observation of entanglement so far in top—antitop quark events
produced at the Large Hadron Collider, using a proton—proton collision data set with a centre-
of-mass energy of 4/s = 13 TeV and an integrated luminosity of 140 fb=!. Spin entanglement
is detected from the measurement of a single observable D, inferred by the angle between the
charged leptons in their parent top- and antitop-quark rest frames. The observable is measured
on a narrow interval around the top-quark—antitop-quark production threshold, where the
entanglement detection is expected to be significant. The entanglement observable is measured
in a fiducial phase-space with stable particles. The entanglement witness is measured to be
D = —0.547 + 0.002 (stat.) £ 0.021 (syst.) for 340 < m;; < 380 GeV. The large spread in
predictions from several mainstream event generators indicates that modelling this property is
challenging. The predictions depend in particular on the parton-shower algorithm used. The
observed result is 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 observation

of entanglement at the highest energy to date.
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Summary

R — —

@ LHC provides a unique opportunity to study quantum correlations, such as entanglement and
violation of Bell’s inequalities, at high energy scales: quantum tomography

@ Boosted semileptonic top pair searches well match entanglement and CHSH studies:
~ High event rate

~ Boosted top tagging aid subject and light quark matching
~ Optimal hadronic polarimeter

@ We are just at the beginning:

© ATLAS announced few months ago the first measurement of entanglement @LHC.We are
looking forward to the CMS results

~ Bell/CHSH violation may be probed at 4-5 sigma level at the HL-LHC

© Many new channels can be analogously studied in the SM and beyond
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