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Quantum information at collider

»Quantum entanglement and non-locality are distinctive features of quantum systems
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Quantum information at collider

»High energy: the scattering involves both the QCD and electroweak interactions

The results open up a new perspective on the
complex world of quantum physics
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ATLAS and CMS has observed the spin entanglement of top quark pair

»New features:

U Particle spin can not be measured directly

L New degree of freedom for spin-1 particle (Longitudinal mode)

U New features from interactions: parity violation, QCD confinement
U Entanglement beyond the spin space: flavor

Quantum information in high-energy physics is an emerging and rapidly growing
field at the intersection of particle physics and quantum theory



Quantum information in collider

ATLAS and CMS has observed the spin entanglement of top quark pair
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Quantum spin entanglement

The spin correlation of fermion pair can be described by the general density matrix

L ®Ix+ Bijo; @ I, + Bil, ® 0, + Cj50; @ 0
B 4

0

» B,;, B; :the polarization of each particle

> Cij . the spin correlation of top quark pair
_ A B :
A separable state can: paB = Z PwPyw @ Py, , Entangled is non-separable

Entanglement can be measured by the concurrence observable

cg(p) = max(O,)\l — )\2 — )\3 — )\4)

A;: eigenvalues of matrix: NG, p= (02 ® 02)p* (02 ® 07)
W. K. Wootters, PRL 80 (1998) 2245



Entanglement and Bell inequality

A

Bell (CHSH) inequality: A, ==+ 1, B, = + 1

l

A=d-6, B=ada-6, (ABy=a-C-b

Bell inequality is violated iff we can find four directions 51’1,2, 51,2 so that

al-c.(Bl—62)+52-0-(61+32)‘ > 2

Fix some direction a ,, 51,2 Scan d, ,, b; , to maximize
=2/ +c}>2
e.g. \/§|Cm + Cyy| > 2 Blp] ci +c5 >

c12, 022 are the largest two eigenvalue of CC.



Particle-level D

Quantum spin entanglement

Top quark pair:

D = min{
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Quantum entanglement and nonlocality

Bell inequalities §
violation |

Bell singlet

Testing Bell inequalities violation is much difficult than entanglement



Quantum entanglement of top quark

Solid: Entanglement

. L Y. Afik, J. fum 6 (2022) 82
Dashed: Belle inequality violation 1k, J. de Nova, Quantum 6 (2022) 820
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Quantum entanglement at colliders

» Top quark pair

» Tau lepton pair

» Gauge boson pair

> Flavor

» Entanglement & NP

The spin correlation between
particles can be measured from

its decay products
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)  How about the light quarks?
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Quantum entanglement of light quarks

L The quark can not be a free particle due to the QCD confinement:

J Hard process in high energy

O Transition from high energy to low energy
—parton shower

Oftard Interaciin J Low energy soft regime
® Resonance Decays .
B MECs, Matching & Merging —fl’ag mentatlon
W FSR
W |SR*

QED
W Weak Showers e hal"d Scale
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(O Multiparton Interactions
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String Interactions

E(J-S&Ein::e;n & Fermi-Dirac v
M Primary Hadrons . .
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\ 4

From PYTHIA 8.3

stable particles

U The light quark does not decay but instead fragments into a jet of hadrons after produced
from hard scattering

L How to probe the spin information of light quarks?

The non-perturbative functions: the fragmentation functions
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Spin information of light quarks

Leading Quark TMDFFs
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The spin information of light quarks can transfer to the hadrons: e.g.

Collins functions
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Example: Collins asymmetry
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The spin transfer effects have been observed! (TMD)
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Dihadron pair production at lepton colldiers

» The transverse spin correlation between light quarks: chiral-odd interference dihadron
fragmentations (collinear factorization)

» Light quark pair are 100% correlated in the central scattering region

sin” © sin® © 1)

Cz:d. s I
! 98 (1 +cos?20’ 1+ cos?20

» The maximally entangled Bell state: Bell inequality violation effects
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Bell inequality of light quarks
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Dihadron pair production
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Current data exhibiting no significant evidence of Bell inequality violation

The optimal cuts on scattering angle will significantly improve the results

The light quark pair would be a highly pure spin Bell state

Combined results: 2.5 o for 100% correlated systematic uncertainties and 6.7 o for the

uncorrelated case
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Summary

» The era of quantum information study in colliders has just began

» Prior work focused only on massive particles with perturbative decays,
leaving massless particles unexplored

» We proposed studying entanglement and Bell inequalities in massless
quark pair via the hadron final states by the fragmentation mechanism

> The azimuthal correlations in Belle’s ¥~ dihadron pair could probe
Bell inequality for massless quarks, with > 50 significance when

considering uncorrelated systematic uncertainties

Thank you
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