
Dihadron Fragmentation as a Spin Analyzer 
at Lepton Colliders

Bin Yan
Institute of High Energy Physics

第⼆届 TeV 前沿物理研讨会暨第33届LHC Mini-Workshop
Sep. 18- 20, 2026

X. K. Wen, B. Yan, Z. Yu, C.-P. Yuan, PRL 131 (2023) 241801, 
PRD 112 (2025) 053004, Sci. China Phys. Mech. Astron. 69 (2026) 271011

K. Cheng, B. Yan, PRL 135 (2025) 011902
Q. H. Cao, X. K. Wen, B. Yan, S. T. Zhang, PRL 136 (2026) 231901

Q. H. Cao, G. Li, X. K. Wen, B. Yan,  Rept. Prog. Phys. 89 (2026) 080501
Kun Cheng, Tao Han, Guanghui Li and Bin Yan, 2606.30759

Z. G. He, G. Li, Y. J. Tian, X. K. Wen, B. Yan, 2603.18874 (accepted by PRL); w/ Y. Liu, 2608.10570



Ø Unstable particles, decay products carry spin information

Ø How about light quark and gluon? 
     
      Hadronization hides spin information? 2

Spin Analyzer in particle physics

Spin analyzing power

Top quark rest frame



Ø Spin from nonperturbative QCD: PDFs and FFs
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Spin Analyzer in particle physics
J. Datta et al, PRL 134 (2025) 111902

Collinear factorization
Interference Dihadron Fragmentation

TMD factorization

Transverse spin of quark: The interference between the different helicity states
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Interference dihadron FFs
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The transverse spin effects have been observed in dihadron pair 
production! 

Belle, PRL 107 (2011) 072004



ØWhat type of new physics would exhibit sensitivity to the 
effects of QCD spin (Chiral-odd transverse spin effects)?
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QCD Spin effects and New physics 

Chirality flip interactions: (Chiral-odd effects)
Linearly probing dipole and Yukawa couplings

Ø X. K. Wen, B. Yan, Z. Yu, C.-P. Yuan, PRL 131 (2023) 241801, Sci. China Phys. Mech. 
Astron. 69 (2026) 271011, PRD 112 (2025) 053004

Ø Q. H. Cao, X. K. Wen, B. Yan, S. T. Zhang, PRL 136 (2026) 231901 See Shu-Tao’s talk



Example: electron weak dipole couplings
Ø The electroweak dipole couplings are poorly constrained: Ο 1/𝛬!

Ø The interference effects: transverse spin of lepton

Ø Transversely polarized effect of beams @ lepton collider
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X. K. Wen, B. Yan, Z. Yu, C.-P. Yuan, PRL 131 (2023) 241801

Ø Our bounds are much stronger than other approaches by 2 
orders of magnitude

𝑠 = 250	GeV, ℒ = 5	ab!"

Observables must be chiral-even

𝑒"#
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SM
=0 for the cross section



Ø The transverse spin of quarks can be generated by the quark dipole moments

Ø The interference dihadron fragmentation function: chiral-odd

Ø Nucleon energy correlator: related to Boer-Mulder quark TMD PDFs

Transverse spin effects of quark @ EIC
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X-K Wen, B. Yan, Z. Yu, C.-P. Yuan, Sci. China Phys. Mech. Astron. 69 (2026) 271011

The flat direction in flavor space of dipole couplings?

Y. S. Huang, X. B Tong, H. L. Wang, PRL 136 (2026) 131902

Interference effects



Transverse spin effects of quark @ CEPC
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Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, PRD 112 (2025) 053004

p The flat direction can be closed by 
combing more processes

p Z-boson dipole: O(0.001)

Ο 1/𝛬&



Ø Yukawa interactions generate transverse quark polarization
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Qing-Hong Cao, Xin-Kai Wen, Bin Yan, Shutao Zhang, PRL 136 (2026) 231901

See Shu-Tao’s talk



Fragmentation functions encode the spin information 
of quarks

ØSpin information as a tool for new physics searches

ØSpin structure of quark systems: quark-quark spin correlations

ØEmergence of entanglement in quark systems
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ØHigh energy: the scattering involves both the QCD and electroweak interactions

ØNew features:
q Particle spin can not be measured directly
q New degree of freedom for spin-1 particle (Longitudinal mode)
q New features from interactions: parity violation, QCD confinement
q Entanglement beyond the spin space: flavor
q ……
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Quantum information at collider

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

Quantum information in high-energy physics is an emerging and rapidly growing 
field at the intersection of particle physics and quantum theory
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Quantum entanglement at colliders
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Ø Top quark pair

Ø Tau lepton pair

Ø Gauge boson pair

Ø Flavor

Ø Entanglement & NP

How about the light quarks? The spin correlation between 
particles can be measured from 
its decay products
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Dihadron pair production at lepton colldiers

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

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

Ø The maximally entangled Bell state: Bell inequality violation effects

<latexit sha1_base64="rSCkMV9U9V/DAmypMBITLu3USC8="></latexit>
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Kun Cheng and Bin Yan, PRL 135 (2025) 011902
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Bell inequality of light quarks
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B± → Cxx ± Cyy

<latexit sha1_base64="++N2sYpyi6Ocn9z+iGecWXFy3tM="></latexit>

B+ = 0, B→ =
2 sin2 !

1 + cos2 !
.

v is a result of the chiral symmetry of SM (massless quarks)
v New spin structure              from chiral symmetry breaking interactions: 

dipole couplings

v CHSH type Bell inequality
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Unpolarized diFF

Transverse polarized diFF

J. C. Collins et al, NPB 420, 565 (1994)
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B+ = 0
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B+ →= 0

Q. H. Cao, G. Li, X. K Wen and B. Yan, Rept. Prog. Phys. 89 (2026) 080501

Kun Cheng and Bin Yan, PRL 135 (2025) 011902

See Xin-Kai’s talk
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Dihadron pair production

<latexit sha1_base64="++N2sYpyi6Ocn9z+iGecWXFy3tM="></latexit>

B+ = 0, B→ =
2 sin2 !

1 + cos2 !
.

v The optimal cuts on scattering angle will significantly improve the results

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

v Combined results: 2.5 𝜎 for 100% correlated systematic uncertainties and 

6.7 𝜎 for the uncorrelated case

Kun Cheng and Bin Yan, PRL 135 (2025) 011902
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Quantum information of photon pair
Ø The quark fragmentation method can be extended to the photon pair production

photon pair state (linear polarized):

L. R. Kasday, J. D. Ullman, and C.-S. Wu, Il Nuovo Cimento B (1971-1996) 25, 633 (1975).

Compton Scattering 
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Quantum information of photon pair
Ø Virtual-photon splitting as a polarimeter

Ø For nearly on-shell photons, we can use an effective two-qubit description

Ø The splitting process

Kun Cheng, Tao Han, Guanghui Li and Bin Yan, 2606.30759

Unpolarized linearly polarized 
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Quantum information of photon pair
Ø Bell variable:

Ø CHSH type Bell inequality violation @ Belle:  7.3	𝜎 for 𝑐'() = 0.3 

Kun Cheng, Tao Han, Guanghui Li and Bin Yan, 2606.30759



Fragmentation functions encode the spin information 
of quarks

ØSpin information as a tool for new physics searches

ØEmergence of entanglement in quark systems

ØProbing the Color-Octect Mechanism via Spin Observable
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Ø Heavy quarkonium: the non-relativistic bound state

Ø Color-Singlet Model

    

Ø Theoretical issues:

Ø Exp issues: Huge cross section discrepancy
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NRQCD and Heavy Quarkonium

Charmonium Bottomonium

𝑄 #𝑄  with the same quantum numbers as the final bound state

Infrared divergences in P-wave production and decay at higher orders in QCD



Ø NRQCD factorization
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NRQCD and Heavy Quarkonium

v 𝑄 #𝑄 could be in all possible spin and color configurations

v Color-Octet Mechanism: 

      Physical quarkonium

v IR divergences in Color-Singlet are absorbed into Color-Octet matrix elements

CO contributions  
can dominate in 
some regimes

G. T. Bodwin, 
hep-ph/0509203

G. T. Bodwin, E. Braaten, G. P. Lepage, PRD 51 (1995) 1125



Ø Lattice VS Experiment (P-wave quarkonium )

Ø Charmonium

Ø Bottomonium                                        
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Testing Color-Octet Mechanism

G. T. Bodwin, D. K. Sinclair, S. Kim, PRL 77 (1996) 2376

G. T. Bodwin, E. Braaten, D. Kang, J. Lee, PRD 76 (2007) 054001
CLEO: PRD 78 (2008) 092007

Anomaly!

An independent cross-check of  𝜌! is very important! 
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The spin of quark and gluon is different!

Z. G. He, G. Li, Y. J. Tian, X. K. Wen, B. Yan, 2603.18874  (accepted by PRL) 

How to separate CO from CS?

See Zhiguo’s talk



From quark to gluon spin analysis
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The linearly polarized gluon DiFF has not yet been accessed experimentally

Z. G. He, G. Li, Y. Liu, Y. J. Tian, X. K. Wen, B. Yan, 2608.10570

See Zhiguo’s talk



Summary

Ø Light-quark dipole and Yukawa couplings are weakly constrained, as conventional 

observables are quadratic in these couplings

Ø SM-BSM interference generates transverse quark polarization, enabling linear probes 

through chiral-odd dihadron fragmentation

Ø Hadron fragmentation enables entanglement and Bell tests for massless quarks, while an 

analogous strategy can be extended to photon pairs

Ø Bell-inequality violation for massless quarks and photons could be observed with > 5𝜎  

significance 

Ø Dihadron fragmentation also provides novel probe of the NRQCD color-octet mechanism 

and gluon linear polarization

Thank you 25

New opportunities in QCD spin physics!
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