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Spin Entanglement at High Energy

Xin-Kai Wen (CCAST / IHEP) No.200

ATLAS/CMS measured the entanglement of top pair: First observation of QE at colliders

ATLAS: Nature 633 (2024) 542
CMS: ROPP 87(2024)117801

ATLAS



Spin Entanglement at High Energy

Xin-Kai Wen (CCAST / IHEP) No.300

ATLAS/CMS recently measured the entanglement of Z-boson pair from Higgs decay (Qutrits)

ATLAS: PRL 137 (2026) 111804 
CMS: CMS-PAS-HIG-25-011

CMS measured the CGLMP inequality 𝐼!
𝐼! > 2: violation of Bell-type inequality

ATLAS based on the 𝐶"#"$# distribution



Spin Entanglement at High Energy

Xin-Kai Wen (CCAST / IHEP) No.400

From Lailin Xu’s talk

How about the spin entanglement of light 
quarks ?

Ø How to measure light quark spin?

Ø What could their entanglement tell us?

Qing-Hong Cao, Guanghui Li, Xin-Kai Wen, and Bin Yan, 
Rept. Prog. Phys. 89 (2026) 080501
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Spin effects in EW and QCD at Colliders

Xin-Kai Wen (CCAST / IHEP)

Ø Spin is measured from its decay products: top quark, gauge bosons, tau lepton, …

Spin Polarization of particles: A powerful tool to probe the interactions 

Ø Spin from nonperturbative QCD like PDFs and FFs, and QED, …

Spin phenomena in QCD arise from the intrinsic 
correlations between parton transverse momentum, 
spin, and hadronization dynamics 
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Asymptotic Freedom and Factorization 

No.600

QCD asymptotic freedom and factorization pave an avenue to study quarks and gluons

Particle Data Group,  Phys.Rev.D 110 (2024) 3, 030001

Low energy
High energy

Xin-Kai Wen (CCAST / IHEP)

Hard process in high energy

Transition from high energy to low energy

Low energy soft regime

Hard scattering

D: Non-perturbative 
fragmentation 
function



Lepton Collider: A Clean QCD Spin Probe

No.700

Collins FF and Dihadron FF: light quark spin information transferring to the hadrons 
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Helicity
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Ø Dihadron Fragmentation Functions Ø TMD Fragmentation Functions

jet
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Xin-Kai Wen (CCAST / IHEP)

New Global fitting 

spin transfer

JAM Collaboration, MAP Collaboration, …



Collins Effects and Asymmetry

BaBar Collaboration, Phys. Rev. D 90 (2014) 052003
Belle Collaboration, Phys. Rev. D 78 (2008) 032011
BaBar Collaboration, Phys. Rev. D 92 (2015) 111101

No.800

BaBar Belle

Xin-Kai Wen (CCAST / IHEP)



Artru-Collins Asymmetry and Dihadron

No.900

Belle

Xin-Kai Wen (CCAST / IHEP)
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The transverse spin effects have been observed in dihadron pair production and SIDIS

JAM Collaboration, Phys. Rev. Lett 132 (2024)  091901 
JAM Collaboration, Phys. Rev. D 109 (2024) 034024 

Belle Collaboration, Phys. Rev. Lett. 107 (2011) 072004



Spin correlation in QCD 

Xin-Kai Wen (CCAST / IHEP) No.1000

Spin correlation effects are essential for accessing chiral-odd nonperturbative functions 
in the nucleon structure 

Nonperturbative functions for transversely polarized quarks are chiral-odd.
Physical observables must be chiral-even: require pairing of two chiral-odd functions 
Ø Collins Azimuthal Asymmetries in SIDIS: Collins function + Transversity function

Ø Hadron-pair production in lepton colliders: Two Collins functions

Ø Dihadron production in SIDIS: Interference dihadron fragmentation + Transversity function 
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Spin Correlation of Entangled Light Quarks 

Xin-Kai Wen (CCAST / IHEP)

Quantum entanglement of light-quark system can be studied through transverse spin 
correlations: Dihadron interference FFs (collinear) or Collins functions (TMD) 
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Ø Light-quark pair exhibit 100% transverse spin correlation forming a maximally 
entangled Bell state (triplet) along '𝒚-direction in the central scattering region 

| ⟩𝟏, 𝟎 𝒚 =
1
2
(1 2↑&↓& + 1 2↓&↑& )

Ø In the SM

ℬ' = 0 is a result of the chiral symmetry of SM (massless quarks) 

What type of physics effect would exhibit sensitivity to 𝓑' ?

Any nonzero ℬ'   would hint the New Physics, free from SM contamination
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Spin Correlation of Entangled Light Quarks 

Xin-Kai Wen (CCAST / IHEP)

MDM, EDM:
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Chirality-Flip Chirality-Conserve

Ø Beyond the SM (up to 𝑂(1/Λ() operators), new spin structure 𝓑'   from chiral symmetry 
breaking uniquely sensitive to quark dipole couplings

Ø New spin patterns distinct from SM: Chiral symmetry breaking
Ø Spin patterns distinct between MDM and EDM: CP symmetry and CP transformation

è
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Spin Transfer from Quarks to Hadrons
Ø Dihadron pair: 𝜋'𝜋$ + 𝜋'𝜋$ + 𝑋 

Ø The ratios of 𝑐𝑜𝑠 𝜙# − 𝜙" 	and 𝑐𝑜𝑠 𝜙# + 𝜙"  to constrain dipole couplings, reducing 
dependence on nonperturbative DiFFs

Unpolarized DiFFs Interference DiFFs (transverse spin)
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Ø New 𝑐𝑜𝑠 𝜙# − 𝜙"  to hint the presence of light-quark dipole couplings (MDM, EDM)

ü  

Xin-Kai Wen (CCAST / IHEP)
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Spin Transfer from Quarks to Hadrons
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Ø Back-to back hadron pair: 𝒉𝟏 + 𝒉𝟐 + 𝑿  (𝒉𝟏𝒉𝟐 = 𝝅𝝅	/	𝑲𝑲	/	𝑲𝝅) with TMD Collins FFs
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Collins function (polarized TMDFFs)

Similar with dihadron pair case 

Xin-Kai Wen (CCAST / IHEP)
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Sensitivity to Quark EM Properties
To reinterpret existing 𝝅'𝝅$ -dihadron and 𝒉𝟏𝒉𝟐 = 𝝅𝝅 data at Belle and BaBar with the 
collinear dihadron FFs and TMD Collins FFs to constrain quark EM dipole couplings

(a)Combined Belle 50 ab-1
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Ø Current data yield bounds on light-quark MDM and EDM, without ad hoc assumptions

Ø New spin structure unique to light quark dipole, free from contamination of other NP

Xin-Kai Wen (CCAST / IHEP)

A direct connection between entanglement, QCD spin correlations in hadronization, and probes of BSM 
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Summary
ü Light quark EM dipole properties drive quark pair into entangled spin triplet and 

singlet, yielding transverse spin correlation patterns distinct from the SM and other NP

Ø QCD Spin Effect and New Polarization Observables are crucial for testing the 

Standard Model and searching for New Physics

Ø Spin Entanglement also highlights the New Physics effect with distinct entanglement 

pattern from the SM

Xin-Kai Wen (CCAST / IHEP)

Thank you 


