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History of Quantum Entanglement

* 1935,EPR Paradox, Einstein, Podolsky & Rosen, challenge of quantum
mechanics’ completeness (locality and realism);
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e same year, Entanglement Named. Schrodinger coined "Verschrankung”
(entanglement) to respond for EPR paradox
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e 1964, Bell Theorem, John Bell proved ocal hidden-variable theories and classical
mechanics obey Bell inequalities, which guani local hidden variable A
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History of Quantum Entanglement

¢ 1969,CHSH Inequality,John F. Clauser & Michael A. Horne & Abner Shimony &
Richard A. Holt derivated the inequality that classical biqubits systems satisfy,
which can (famous Alice & Bob game
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e 1970s-1990s, Bell Inequality violation Experiments. Several Bell inequality
violation measured experiments falsify the local realism of quantum
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Measurement
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Entanglement Information of Biqubit State

The density matrix of the spin correlation of the bigubit (spin 1/2 particles A and B)

system p= anpﬁg;pf the spin correlation matrix between
n

subsyster\ps A and B
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Spin Entanglement Analysis on tt Production Progress

CD hadronization time scale 1/Apep ~ 10724 g
G lifetime ~ 1072° s Q / ECD ”
Spin decorrelation time scale mt/Nyop ~ 1075

Two orthogonal bases
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Spin Entanglement Analysis on tt Production Progress

Clpl
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Spin Entanglement of tt Bound State

Toponium is the theoretical bound state of a top and

anti-top quark .
A peak slightly less than 2

Dominated by gg — S([)l](S(gl] is color-singlet state)

progress.
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Elusive romance of top-quark pairs
observed at the LHC

The CMS and ATLAS experiments at CERN's Large Hadron Collider have observed an
unforeseen feature in the behaviour of top quarks that suggests that these heaviest of

all elementary particles form a fleeting union

8 JULY, 2025

Bound to be discovered? ATLAS explores top-quark

interactions near threshold

7 July 2025 | By ATLAS Collaboration
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Spin Entanglement of tt Bound State e

—— reweighting p*<100GeV
no-reweighting p*<50GeY
no-reweighting p*<100GeV

The toponium can be simulated by utilizing Green’s function

Benjamin Fuks, Kaoru Hagiwara, Kai Ma, and Ya-Juan Zheng. Simulating
toponium formation signals at the LHC. The European Physical Journal
C, 85(2), February 2025.
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e Toponium region exists strongly correlated signals.
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1. Kinematic Method C(p) = > (C11 +C33—Cyy — 1)
1 (2—ﬁ2> sin?6 0 */1—,8251'71(29)
= _ 2 . 2
2 —,BZSl'TlZQ 0 ﬁ sin“0 0

J1—pB2sin(20) 0 B?% + (2 — B?)cos?6

S : The speed of the T~ lepton in the center-of-mass frame of the eTe~
collision

6 : T~ Scattering angle
2. Decay Method

9{cos B4, cos O ;)
Cij =

KqaKp

64; : Angle of decay product A with the i-axis
K4 : Spin analyzing power
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Solving for the Four-Momentum of the T Lepton

In the rest frame of the ¥ (25) particle :

my,

E+ =E-= >

- " My,
D+ = |p-| = () —mz

For the decay t+ — m* v, ,four-momentum conservation gives:
P+ = Prt + pVT

Squaring both sides and using the massless neutrino

property o m2 + m2
Pz+ " Prt = ET+ET[+ T

2
2 2
Ep+Epe — T I
cos0t = —
|pr"‘ | |pn+|
A similar derivation for the other tau gives:
2 2
E-E, - — mrT””n

cosf™ = - ~
1D~ Dr-|
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Solving for the Four-Momentum of the 7 Lepton

Geometric constraints Por+p-=0
Green cone: The angle between p_+ and p_+

Red cone: The angle between —p,- and p_+

=
M

The intersection line of the two cones represents the two directions of t
a?lv|? + 2a(ug - v) + (lupgl? —1) =0

Two fold ambiguity

Possible solutions: 1.New detectors in adopting Decay Method;
2. false solution can give correct concurrence in Kinematic Method
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Reconstruction

Signal MC 0.023803




Summary

QFT is required to be local gauge invariant
Entanglement is nonlocal

Spin entanglement of toponium, CEPC
Spin entanglement of tau pair, BESII!

Thank you



