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Quantum information at collider

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

The results open up a new perspective on the
complex world of quantum physics
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Entanglement and Bell inequality

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

L ®Ix+ Bijo; @ I, + Bil, ® 0, + Cj50; @ 0
B 4
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» B,;, B; :the polarization of each particle

> Cij . the spin correlation of top quark pair
» Entanglement (non-seperable): concurrence observable W. K. Wootters, PRL 80 (1998) 2245

(g(p) — max(O,)\l — )\2 — )\3 — )\4)

~ *
A;: eigenvalues of matrix: NG p = (02 ®03)p"(02 ® 02)

» Bell’s inequality
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Particle-level D

Top quark spin entanglement

Top quark pair:

D = min{
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1 do 1
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Quantum entanglement at colliders

» Top quark pair

» Tau lepton pair

» Gauge boson pair

> Flavor

» Entanglement & NP
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The spin correlation between
particles can be measured from — How about the light quarks?

its decay products



Quantum entanglement of light quarks

O 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

QO Hard Interaction D LOW energy Soft regime

® Resonance Decays .
B MECs, Matching & Merging —fl’ag mentatlon
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(*:incoming lines are crossed) Fragmentation
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From PYTHIA 8.3

stable particles

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

0 How to probe the spin information of light quarks?
The non-perturbative functions: the fragmentation functions



Spin information of light quarks

Leading Quark TMDFF's

Un-Polarized

Quark Polarization

O—» Hadron Spin @ Quark Spin

Longitudinally Polarized Transversely Polarized

D= (o)

Unpolarized
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Collins
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Polarizing FF
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PR
Transversity
Hir ()-@

The spin information of light quarks can transfer to the hadrons:

e.g. Collins functions



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

. 9 .9
Cii = diag( sin® © sin” © 1)

1+cos20®’ 14+ cos2®’

» The maximally entangled Bell state: Bell inequality violation effects



Bell inequality of light quarks
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CHSH type Bell inequality  |B| > V2
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Dihadron pair production

Purity : Tr(p?)[%)
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Current data exhibiting no significant evidence of Bell inequality violation

The optimal cuts on scattering angle will significantly improved the results

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

Combined results: 2.5 ¢ for 100% correlated systematic uncertainties and 6.7 ¢ 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 yow
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