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ØSingle particle polarization

ØSpin correlation effects of particles

Outline

q Transverse Spin Polarization and Sensitivity to New Physics

q Quantum Entanglement of Light Quarks
 
q Probing the Color-Octect Mechanism
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Parity and weak interactions

1957: testing the conservation of parity

Wu experiment:
Beta decay of cobalt-60

1956, 𝜏 − 𝜃 puzzle: the violation of the parity in weak interactions

Chien-Shiung Wu
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Spin effects and New Physics

v Parity violation: left-handed ≠ right-handed
v The particle would be polarized when involving the parity violation effects 
v Polarization of particles: A tool to probe the interactions



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

Ø Spin from nonperturbative QCD: PDFs and FFs

Ø Spin phenomena in QCD arise from the intrinsic correlations between parton 
transverse momentum, spin, and hadronization dynamics
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Spin effects in Electroweak and QCD

J. Datta et al, PRL 134 (2025) 111902
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Chiral-odd FFs: Transverse spin of quark

Transverse momentum 
dependent factorization

Interference Dihadron 
Fragmentation
Collinear 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 Magnetic dipole moments: probing the internal structures of particles

p Elementary particle:
Electron: g/2=1.001159…
Muon:     g/2=1.0011659..

p Composite particle:
Proton:    g/2=2.7928444..
Neutron:  g/2=-1.91394308..

p Quarks: any internal structures? 

p From MDM and EDM to weak dipole 
moments?

New physics and Dipole Operator

Z
May have same 
physics source
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A. Boccaletti et al,  2407.10913



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"#

𝑒$%
NP

𝑒"#

𝑒"%

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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Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 2408.07255

The flat direction in flavor space of dipole couplings?

Yingsheng Huang, Xuan-Bo Tong, Hao-Lin Wang, 2508.08516

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&



q Yukawa interactions generate transverse quark polarization

q Dihadron interference FFs provide a direct probe

v Interference effects are linear in the Yukawa couplings

v Single-hadron tagging lifts degeneracies among up- and down-quark Yukawa 

couplings
13
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CP even Yukawa couplings @ CEPC
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q Yukawa couplings < 10!"

q Single-hadron channels enable 

flavor separation
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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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ØQuantum entanglement and non-locality are distinctive features of quantum systems

ØCollider physics: high energy and small size

16

Quantum information at collider



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



Entanglement and Bell inequality
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<latexit sha1_base64="u2MaWCLJf0awyah18x08YnX1vNI="></latexit>

ω =
I2 → I2 +Biεi → I2 + B̄iI2 → εi + Cijεi → εj
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The spin correlation of top quark pair can be described by the general density 
matrix

Ø             : the polarization of each particle

Ø             :   the spin correlation of top quark pair

Ø Entanglement (non-seperable): concurrence observable
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Bi, B̄i
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Cij
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W. K. Wootters, PRL 80 (1998) 2245

𝜆': eigenvalues of matrix:
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0 → C(ω) → 1
Seperable          Maximal entangled



Entanglement and Bell inequality

19



Quantum spin entanglement
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Top quark pair:
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Entangled : D < →1/3, separable : D > →1/3

Y. Afik, J. de Nova, EPJC 136 (2021) 907



e.g. Werner states in quantum information

Testing Bell inequalities violation is much more difficult than entanglement

Quantum entanglement and nonlocality
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3
< ω < 1
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1→
2
< ω < 1 Bell inequalities violation 

Entanglement



Quantum entanglement of top quark
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Solid: Entanglement
Dashed: Belle inequality violation

Spin-singlet

Spin-triplet

Separable

Y. Afik, J. de Nova, Quantum 6 (2022) 820
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Quantum entanglement at colliders

23

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
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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
<latexit sha1_base64="nUxZGDRKP/gDB3B9XPGmoP9vxH8=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBEEoiUl2WunFZwT6gCWUynbZDJ5M4MxFCqL/ixoUibv0Qd/6N0zYLbT0wcDjnXu6ZE8ScKe0431ZhbX1jc6u4XdrZ3ds/sA+P2ipKJKEtEvFIdgOsKGeCtjTTnHZjSXEYcNoJJjczv/NIpWKRuNdpTP0QjwQbMoK1kfp22QuxHhPMs8a0f+4J+oCcvl1xqs4caJW4OalAjmbf/vIGEUlCKjThWKme68Taz7DUjHA6LXmJojEmEzyiPUMFDqnys3n4KTo1ygANI2me0Giu/t7IcKhUGgZmchZVLXsz8T+vl+jhtZ8xESeaCrI4NEw40hGaNYEGTFKieWoIJpKZrIiMscREm75KpgR3+curpH1RdWvV2t1lpd7I6yjCMZzAGbhwBXW4hSa0gEAKz/AKb9aT9WK9Wx+L0YKV75ThD6zPHwOglF4=</latexit>

B+ →= 0

Qing-Hong Cao, Guanghui Li, Xin-Kai Wen and Bin Yan, 2509.18276

Kun Cheng and Bin Yan, PRL 135 (2025) 011902
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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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TMD hadron pair production
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Ø The transverse spin correlation between light quarks can also be described by the Collins 
functions under the TMD framework

Kun Cheng, Tao Han, Guanghui Li and Bin Yan, working in progress
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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

28



Ø Heavy quarkonium: the non-relativistic bound state

Ø Color-Singlet Model

    

Ø Theoretical issues:

Ø Exp issues: Huge cross section discrepancy

29

NRQCD and Heavy Quarkonium

Charmonium Bottomonium
<latexit sha1_base64="IexITDks4ITCvtOdE64uI8ONREs=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0iqVI9FLx4r2A9oY9hsp+3SzSbubgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YcKZ0q77bRXW1jc2t4rbpZ3dvf0D+/CoqeJUUmjQmMeyHRIFnAloaKY5tBMJJAo5tMLR7cxvjUEqFosHPUnAj8hAsD6jRBspsO1xQB8rXcUieMKuU7kI7LLruHPgVeLlpIxy1AP7q9uLaRqB0JQTpTqem2g/I1IzymFa6qYKEkJHZAAdQwWJQPnZ/PIpPjNKD/djaUpoPFd/T2QkUmoShaYzInqolr2Z+J/XSXX/2s+YSFINgi4W9VOOdYxnMeAek0A1nxhCqGTmVkyHRBKqTVglE4K3/PIqaVYcr+pU7y/LtZs8jiI6QafoHHnoCtXQHaqjBqJojJ7RK3qzMuvFerc+Fq0FK585Rn9gff4Az+OSfA==</latexit>

v2c → 0.23
<latexit sha1_base64="Y5LmqtjrTSHHrJ3EudMpw9B2PU0=">AAAB+XicbVDLTsJAFJ3iC/FVdelmIjFxRVpikCXRjUtM5JFAbabDLUyYaevMlIQ0/IkbFxrj1j9x5984QBcKnuTmnpxzb+bOCRLOlHacb6uwsbm1vVPcLe3tHxwe2ccnbRWnkkKLxjyW3YAo4CyClmaaQzeRQETAoROMb+d+ZwJSsTh60NMEPEGGEQsZJdpIvm1P/OCx2ldMwBN2Kk7dt8umLYDXiZuTMsrR9O2v/iCmqYBIU06U6rlOor2MSM0oh1mpnypICB2TIfQMjYgA5WWLy2f4wigDHMbSVKTxQv29kRGh1FQEZlIQPVKr3lz8z+ulOqx7GYuSVENElw+FKcc6xvMY8IBJoJpPDSFUMnMrpiMiCdUmrJIJwV398jppVyturVK7vyo3bvI4iugMnaNL5KJr1EB3qIlaiKIJekav6M3KrBfr3fpYjhasfOcU/YH1+QPS3JJ+</latexit>

v2b → 0.08

𝑄 *𝑄  with the same quantum numbers as the final bound state
<latexit sha1_base64="+wKFNXmYSv2dDhRdtLdHeIj8lVE=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhlKQmgwljBgpiKoA8pSSvHdVqrjhPZDlJl5QNY+BUWBhBi5QPY+BvcxwAtR7J0dM65ur4nSBiVyra/rYXFpeWV1dxafn1jc2u7sLPbkHEqMKnjmMWiFSBJGOWkrqhipJUIgqKAkWYwuBr5zQciJI35vRomxI9Qj9OQYqSM1CkUsRcgoXFW0llbn2Z3HaetXcfPjjwVw5tjryapSdlleww4T5wpKYIpap3Cl9eNcRoRrjBDUrqOnShfI6EoZiTLe6kkCcID1COuoRxFRPp6fEwGD43ShWEszOMKjtXfExpFUg6jwCQjpPpy1huJ/3luqsILX1OepIpwPFkUpgyaO0fNwC4VBCs2NARhQc1fIe4jgbAy/eVNCc7syfOkcVJ2KuXK7VmxejmtIwf2wQEoAQecgyq4BjVQBxg8gmfwCt6sJ+vFerc+JtEFazqzB/7A+vwBoT2atw==</latexit>

cc̄(3S[1]
1 ) → J/!

<latexit sha1_base64="ipmNZ+KEB/8LddxcZPrn4Uwx/Y4=">AAACDnicbVC7TsMwFHXKq5RXgZHFoqpUlioBVBgrWBiLIG2lJK0c122tOg/ZDlJl5QtY+BUWBhBiZWbjb3DaDNByJEtH55yr63v8mFEhTfPbKKysrq1vFDdLW9s7u3vl/YO2iBKOiY0jFvGujwRhNCS2pJKRbswJCnxGOv7kOvM7D4QLGoX3choTL0CjkA4pRlJL/XLVd33ElZ/WVNpTZ+ld3+opx/LSE1dG0LVjQVmWq5h1cwa4TKycVECOVr/85Q4inAQklJghIRzLjKWnEJcUM5KW3ESQGOEJGhFH0xAFRHhqdk4Kq1oZwGHE9QslnKm/JxQKhJgGvk4GSI7FopeJ/3lOIoeXnqJhnEgS4vmiYcKgvjTrBg4oJ1iyqSYIc6r/CvEYcYSlbrCkS7AWT14m7dO61ag3bs8rzau8jiI4AsegBixwAZrgBrSADTB4BM/gFbwZT8aL8W58zKMFI585BH9gfP4A8SScDg==</latexit>

bb̄(3S[1]
1 ) → !

<latexit sha1_base64="SH5kasXybOUGKXKkPXgNTSpqLDE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgCCUpUl0W3Yi4qGgfkKZhMp20QyeTMDMRS8ivuHGhiFt/xJ1/47TNQlsPXDiccy/33uPHjEplWd9GYWV1bX2juFna2t7Z3TP3y20ZJQKTFo5YJLo+koRRTlqKKka6sSAo9Bnp+OOrqd95JELSiD+oSUzcEA05DShGSkueWU6zflq7P7WzW++mnzrYzTyzYlWtGeAysXNSATmanvnVG0Q4CQlXmCEpHduKlZsioShmJCv1EklihMdoSBxNOQqJdNPZ7Rk81soABpHQxRWcqb8nUhRKOQl93RkiNZKL3lT8z3MSFVy4KeVxogjH80VBwqCK4DQIOKCCYMUmmiAsqL4V4hESCCsdV0mHYC++vEzatapdr9bvziqNyzyOIjgER+AE2OAcNMA1aIIWwOAJPINX8GZkxovxbnzMWwtGPnMA/sD4/AFSQJP/</latexit>

2S+1L[c]
J

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

<latexit sha1_base64="S+ir2vWDU4gMNtAjoVJQC6ZpGf4=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiYi1WWxGxGEivYBTQiT6SQdOkmGmYlQQr/Ajb/ixoUibl2782+cthG09cDA4Zx7uXOOzxmVyrK+jMLS8srqWnG9tLG5tb1j7u61ZZIKTFo4YYno+kgSRmPSUlQx0uWCoMhnpOMPGxO/c0+EpEl8p0acuBEKYxpQjJSWPLPiSBpGyMs4d1QCr46dpqRjJwzhj9G4vR57ZtmqWlPARWLnpAxyND3z0+knOI1IrDBDUvZsiys3Q0JRzMi45KSScISHKCQ9TWMUEelm0zhjWNFKHwaJ0C9WcKr+3shQJOUo8vVkhNRAznsT8T+vl6rg3M1ozFNFYjw7FKQM6uCTbmCfCoIVG2mCsKD6rxAPkEBY6QZLugR7PvIiaZ9U7Vq1dnNarl/kdRTBATgER8AGZ6AOLkETtAAGD+AJvIBX49F4Nt6M99lowch39sEfGB/fCqqcHQ==</latexit>

ωpp→J/! → ωCSM



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

<latexit sha1_base64="U8tRJprlVNSRhQa6tizPS2hxYlk=">AAACUnicbVLLSgMxFE3ru76qLt0Ei1ARhhkRdSOIblxasA/olJJJ70yDmcyQ3BHK2G8UxI0f4saFmj4Ebb0QcjjnXG5ykiCVwqDrvhWKC4tLyyura6X1jc2t7fLObsMkmeZQ54lMdCtgBqRQUEeBElqpBhYHEprBw81Ibz6CNiJR9zhIoROzSIlQcIaW6paFLyFE+kRvKfW1iPpoN6YiCfTyR6r5AdN5bVj1juZMx7OmqHox5zp2HId2yxXXccdF54E3BRUyrbtu+cXvJTyLQSGXzJi256bYyZlGwSUMS35mIGX8gUXQtlCxGEwnH0cypIeW6dEw0XYppGP2d0fOYmMGcWCdMcO+mdVG5H9aO8PwopMLlWYIik8GhZmkmNBRvrQnNHCUAwsY18KelfI+04yjfYWSDcGbvfI8aJw43plzVjutXF1P41gl++SAVIlHzskVuSV3pE44eSbv5JN8FV4LH0X7SybWYmHas0f+VHHjG7KZsLY=</latexit>

|H→ =
∣∣QQ̄(1)

〉
+
∣∣QQ̄g(8)

〉
+ ...

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 NRQCD factorization

Ø Fock state expansion
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NRQCD and Heavy Quarkonium

<latexit sha1_base64="7gQrD3hiZL9pNwqEwCbajNBGutY="></latexit>

!(H → LH) =
∑

n

2 Imfn(”)

m
dn→4
Q

↑H| On(”) |H↓

Long distance 
matrix elements 
𝑣& expansion

Short distance 
coefficients 
𝛼(expansion

<latexit sha1_base64="OR8dSNuiup5p18t2Pmyej1SM1iw="></latexit>

→H| On(!) |H↑ ↓ v
2i+j

Power counting 𝑖 for Fock state
𝑗 for operator



Ø P-wave quarkonium 𝜒#$

Ø Testing Color-Octet Mechanism    

CS:                                                  CO:
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Testing Color-Octet Mechanism

<latexit sha1_base64="OR8dSNuiup5p18t2Pmyej1SM1iw="></latexit>

→H| On(!) |H↑ ↓ v
2i+j

𝑖 = 0, 𝑗 = 2: Color-Singlet
𝑖 = 1, 𝑗 = 0: Color-Octet

Leading order in NRQCD!

<latexit sha1_base64="io5Pj+c0AmpGlCdMOMupnS+zThA=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNyVRqS6LbsRVBfuAJA2T6SQdOnkwMxFKyM6Nv+LGhSJu/QV3/o3TNgttPTBwOOde7pzjJYwKaRjfWmlpeWV1rbxe2djc2t7Rd/c6Ik45Jm0cs5j3PCQIoxFpSyoZ6SWcoNBjpOuNrid+94FwQePoXo4T4oQoiKhPMZJKcvVDz/YQz7y8luX9s5Z7288s08lPbBnDAAauXjXqxhRwkZgFqYICLVf/sgcxTkMSScyQEJZpJNLJEJcUM5JX7FSQBOERCoilaIRCIpxsmiOHx0oZQD/m6kUSTtXfGxkKhRiHnpoMkRyKeW8i/udZqfQvnYxGSSpJhGeH/JRBFXJSChxQTrBkY0UQ5lT9FeIh4ghLVV1FlWDOR14kndO62ag37s6rzauijjI4AEegBkxwAZrgBrRAG2DwCJ7BK3jTnrQX7V37mI2WtGJnH/yB9vkDrtKYjg==</latexit>

bb̄(3P [1]
J ) → gg

<latexit sha1_base64="19cwJxhMhc7tCIkDhodyeLJ2EZ0=">AAACDHicbVC7TsMwFHXKq5RXgZElokIqS5UAKh0rWBiLoA8pSSvbdVurjpPaDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnS0Tn36vocFDIqlWV9G7mV1bX1jfxmYWt7Z3evuH/QkkEkMGnigAWig6AkjHLSVFQx0gkFgT5ipI3G1zO//UCEpAG/V9OQeD4ccjqgGCot9Yol5CIoYpSU46R7ftezu7FT85JTVwXmJLUmiZ6yKlYKc5nYGSmBDI1e8cvtBzjyCVeYQSkd2wqVF0OhKGYkKbiRJCHEYzgkjqYc+kR6cRomMU+00jcHgdCPKzNVf2/E0Jdy6iM96UM1koveTPzPcyI1qHkx5WGkCMfzQ4OImTrprBmzTwXBik01gVhQ/VcTj6CAWOn+CroEezHyMmmdVexqpXp7UapfZXXkwRE4BmVgg0tQBzegAZoAg0fwDF7Bm/FkvBjvxsd8NGdkO4fgD4zPH1IZmy4=</latexit>

bb̄(3S[8]
1 ) → qq̄

How to distinguish the quark and gluon final state?

v Quark jet and gluon jet? 

v  Parton fragments into hadrons? PRD 78 (2008) 092007, CLEO
<latexit sha1_base64="iFi2IuHL6JO/nRC9INU7v+1qiTE=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMSkeqyqAtxVcE+oIlhMp20QycPZiZCCQV/xY0LRdz6He78G6dtFtp64MLhnHu59x4/4Uwqy/o2CkvLK6trxfXSxubW9o65u9eScSoIbZKYx6LjY0k5i2hTMcVpJxEUhz6nbX94NfHbj1RIFkf3apRQN8T9iAWMYKUlzzxwyIB5mX87rtiNE0fF6PrB6nhm2apaU6BFYuekDDkanvnl9GKShjRShGMpu7aVKDfDQjHC6bjkpJImmAxxn3Y1jXBIpZtNzx+jY630UBALXZFCU/X3RIZDKUehrztDrAZy3puI/3ndVAUXbsaiJFU0IrNFQcqR/nKSBeoxQYniI00wEUzfisgAC0yUTqykQ7DnX14krdOqXavW7s7K9cs8jiIcwhFUwIZzqMMNNKAJBDJ4hld4M56MF+Pd+Ji1Fox8Zh/+wPj8AVt6lHY=</latexit>

ωbJ(1P ) → D0X

CS and CO contributions are experimentally indistinguishable



Ø Lattice VS Experiment

Ø Charmonium

Ø Bottomonium                                        
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Testing Color-Octet Mechanism

<latexit sha1_base64="hyMZc0+QdHivDET6WiDywAYM3Co=">AAACDnicbVDLTsJAFJ3iC/FVdemmkZDgBltikI0J0Q1LSOSRQGmmwxQmTKfNzNSENHyBG3/FjQuNcevanX/jtHSh4Elucuace3PnHjekREjT/NZyG5tb2zv53cLe/sHhkX580hVBxBHuoIAGvO9CgSlhuCOJpLgfcgx9l+KeO7tL/N4D5oIE7F7OQ2z7cMKIRxCUSnL00pBPA6de9p32xU3TqY/i9iJ9qBpVL5uOlSiOXjQrZgpjnVgZKYIMLUf/Go4DFPmYSUShEAPLDKUdQy4JonhRGEYChxDN4AQPFGXQx8KO03MWRkkpY8MLuComjVT9PRFDX4i576pOH8qpWPUS8T9vEEmvbseEhZHEDC0XeRE1ZGAk2RhjwjGSdK4IRJyovxpoCjlEUiVYUCFYqyevk261YtUqtfZVsXGbxZEHZ+AclIEFrkEDNEELdAACj+AZvII37Ul70d61j2VrTstmTsEfaJ8/Qu+aXg==</latexit>

ω8(mQ) = H
Q
8 (mQ)m

2
Q/H

Q
1

<latexit sha1_base64="ha1TOW3Io3DEIr9sQg9WgwMzxdw="></latexit>

H
Q
1 = →ωQJ |O(3P [1]

J )|ωQJ↑

<latexit sha1_base64="a1KKw1+oNfgcB416lKKUHS1sDpY="></latexit>

H
Q
8 (µ!) = →ωQJ |O(3S[8]

1 , µ!)|ωQJ↑

<latexit sha1_base64="6f+4dx55l0S10ckPikwYfKTc9ak=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARqmKZkdJ2IxSL4EKwgr1AW4dMmmlDMxeSjFCG8Rnc+CpuXCji1o0738a0nYW2/hD4+M85nJzfDhgV0jC+tdTC4tLySno1s7a+sbmlb+80hB9yTOrYZz5v2UgQRj1Sl1Qy0go4Qa7NSNMeVsf15j3hgvrerRwFpOuivkcdipFUlqUfdfjAt8pnRt4sWtGJkTcKpfguOlZQMuOHKNfhLqxeXVwfxpaeVe5EcB7MBLIgUc3Svzo9H4cu8SRmSIi2aQSyGyEuKWYkznRCQQKEh6hP2go95BLRjSY3xfBAOT3o+Fw9T8KJ+3siQq4QI9dWnS6SAzFbG5v/1dqhdMrdiHpBKImHp4uckEHpw3FAsEc5wZKNFCDMqforxAPEEZYqxowKwZw9eR4apyrOfPGmkK2cJ3GkwR7YBzlgghKogEtQA3WAwSN4Bq/gTXvSXrR37WPamtKSmV3wR9rnD4IBmtE=</latexit>

ω8 = 0.16+0.071
→0.047 (CLEO)

<latexit sha1_base64="pCsLqarNP7gjTuVrJ61gFUaLAdA=">AAACDnicbZC7TsMwFIadcivlFmBksagqlaVKUCldkCpYGBiKRC9SE0WO67RW7SSyHaQqKi/AwquwMIAQKzMbb4PbZoCWX7L06T/n2D6/HzMqlWV9G7mV1bX1jfxmYWt7Z3fP3D9oyygRmLRwxCLR9ZEkjIakpahipBsLgrjPSMcfXU3rnXsiJI3COzWOicvRIKQBxUhpyzNLjhhGXv3CqljVqhNzqME+e0jLjuDwBilFMTmZeGZR+zPBZbAzKIJMTc/8cvoRTjgJFWZIyp5txcpNkdD3MTIpOIkkMcIjNCA9jSHiRLrpbJ0JLGmnD4NI6BMqOHN/T6SISznmvu7kSA3lYm1q/lfrJSqouykN40SREM8fChIGVQSn2cA+FQQrNtaAsKD6rxAPkUBY6QQLOgR7ceVlaJ9W7FqldlstNi6zOPLgCByDMrDBOWiAa9AELYDBI3gGr+DNeDJejHfjY96aM7KZQ/BHxucPUd2ZzA==</latexit>

ω8 = 0.044± 0.015 (Lattice)

<latexit sha1_base64="OmMoL9/u99v3b4S/fsbBM7NzO6U="></latexit>

ω8 = 0.128(2)(9)+61
→47 (Lattice)

<latexit sha1_base64="hE5nIWoQ9FOExCiiAY6Xdyes1Ac=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBah3ZREa60LoSiCywr2AU0Ik+mkHTp5MDMRS6gLN/6KGxeKuPUf3Pk3TtsstPXAhcM593LvPW7EqJCG8a1lFhaXlleyq7m19Y3NLX17pynCmGPSwCELedtFgjAakIakkpF2xAnyXUZa7uBy7LfuCBc0DG7lMCK2j3oB9ShGUkmOvm/xfuhUz42ScXZSKB8XH5KCxX14dR8VR46eV/oEcJ6YKcmDFHVH/7K6IY59EkjMkBAd04iknSAuKWZklLNiQSKEB6hHOooGyCfCTiZfjOChUrrQC7mqQMKJ+nsiQb4QQ99VnT6SfTHrjcX/vE4svaqd0CCKJQnwdJEXMyhDOI4EdiknWLKhIghzqm6FuI84wlIFl1MhmLMvz5PmUcmslCo35XztIo0jC/bAASgAE5yCGrgGddAAGDyCZ/AK3rQn7UV71z6mrRktndkFf6B9/gDgxZZK</latexit>

ω8 = 0.095(43) (Exp)

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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How to separate CO from CS?

<latexit sha1_base64="io5Pj+c0AmpGlCdMOMupnS+zThA=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQNyVRqS6LbsRVBfuAJA2T6SQdOnkwMxFKyM6Nv+LGhSJu/QV3/o3TNgttPTBwOOde7pzjJYwKaRjfWmlpeWV1rbxe2djc2t7Rd/c6Ik45Jm0cs5j3PCQIoxFpSyoZ6SWcoNBjpOuNrid+94FwQePoXo4T4oQoiKhPMZJKcvVDz/YQz7y8luX9s5Z7288s08lPbBnDAAauXjXqxhRwkZgFqYICLVf/sgcxTkMSScyQEJZpJNLJEJcUM5JX7FSQBOERCoilaIRCIpxsmiOHx0oZQD/m6kUSTtXfGxkKhRiHnpoMkRyKeW8i/udZqfQvnYxGSSpJhGeH/JRBFXJSChxQTrBkY0UQ5lT9FeIh4ghLVV1FlWDOR14kndO62ag37s6rzauijjI4AEegBkxwAZrgBrRAG2DwCJ7BK3jTnrQX7V37mI2WtGJnH/yB9vkDrtKYjg==</latexit>

bb̄(3P [1]
J ) → gg

<latexit sha1_base64="19cwJxhMhc7tCIkDhodyeLJ2EZ0=">AAACDHicbVC7TsMwFHXKq5RXgZElokIqS5UAKh0rWBiLoA8pSSvbdVurjpPaDlIV5QNY+BUWBhBi5QPY+BvcNAO0HMnS0Tn36vocFDIqlWV9G7mV1bX1jfxmYWt7Z3evuH/QkkEkMGnigAWig6AkjHLSVFQx0gkFgT5ipI3G1zO//UCEpAG/V9OQeD4ccjqgGCot9Yol5CIoYpSU46R7ftezu7FT85JTVwXmJLUmiZ6yKlYKc5nYGSmBDI1e8cvtBzjyCVeYQSkd2wqVF0OhKGYkKbiRJCHEYzgkjqYc+kR6cRomMU+00jcHgdCPKzNVf2/E0Jdy6iM96UM1koveTPzPcyI1qHkx5WGkCMfzQ4OImTrprBmzTwXBik01gVhQ/VcTj6CAWOn+CroEezHyMmmdVexqpXp7UapfZXXkwRE4BmVgg0tQBzegAZoAg0fwDF7Bm/FkvBjvxsd8NGdkO4fgD4zPH1IZmy4=</latexit>

bb̄(3S[8]
1 ) → qq̄

The spin of quark and gluon is different!



Ø Kinematics

Ø Collinear Factorization

Artru-Collins asymmetry
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<latexit sha1_base64="I7gfNnwxgTsZbU5ILd9rjGdZlaY=">AAACEnicbVDLSgMxFM3Ud31VXboJFsEilpki1aXoRlwp2gd0pkMmvW1Dk8yQZIQy9Bvc+CtuXCji1pU7/8a0duHrQODknHtJzokSzrRx3Q8nNzM7N7+wuJRfXlldWy9sbNZ1nCoKNRrzWDUjooEzCTXDDIdmooCIiEMjGpyN/cYtKM1ieWOGCQSC9CTrMkqMlcJCCdr70D7wTezXEs14LPcq1yV7xX6PCEGwT/sszKKLUVgoumV3AvyXeFNSRFNchoV3vxPTVIA0lBOtW56bmCAjyjDKYZT3Uw0JoQPSg5alkgjQQTaJNMK7VungbqzskQZP1O8bGRFaD0VkJwUxff3bG4v/ea3UdI+DjMkkNSDp10PdlGObeNwP7jAF1PChJYQqZv+KaZ8oQo1tMW9L8H5H/kvqlbJXLVevDosnp9M6FtE22kF7yENH6ASdo0tUQxTdoQf0hJ6de+fReXFev0ZzznRnC/2A8/YJ0+Cc+g==</latexit>

e+e→ → !(2S) → ωεbJ

<latexit sha1_base64="S07O2kKweQIO8eDTVPrqnyNeZAI=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSJUiiVRqS6LbsRVBfuAJobJdJIOnTw6MxFKyIe48VfcuFDEjQvBv3HSBtTWCzOcOede7pzjRJRwoetfSmFhcWl5pbhaWlvf2NxSt3faPIwZwi0U0pB1HcgxJQFuCSIo7kYMQ9+huOMMLzO9c48ZJ2FwK8YRtnzoBcQlCApJ2eqJiQbETpzr1BShNjIdyJJRWvG8w+xtRuSuml1HP6jatdWyXtMnpc0DIwdlkFfTVj/MfohiHwcCUch5z9AjYSWQCYIoTktmzHEE0RB6uCdhAH3MrWRiLtUOJNPX3JDJEwhtwv6eSKDP+dh3ZKcPxYDPahn5n9aLhXtuJSSIYoEDNF3kxlSTvrOktD5hGAk6lgAiRuRfNTSADCIh8yzJEIxZy/OgfVwz6rX6zWm5cZHHUQR7YB9UgAHOQANcgSZoAQQewBN4Aa/Ko/KsvCnv09aCks/sgj+lfH4DnvChDg==</latexit>

ωbJ → qq̄(gg) → ε+ε→ε+ε→ +X

Unpolarized quark diFF

Transverse polarized quark diFF

Unpolarized gluon diFF

v Gluon fragmentation does not generate the asymmetry
v Allows separation of CO (𝑞*𝑞) from CS (𝑔𝑔)

J. C. Collins, S. F. Heppelmann, G. A. Ladinsky, NPB 420 (1994) 565



Ø Asymmetry

Ø Belle: boost effects
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<latexit sha1_base64="Kgyxgyf5wYAOpxgUlvQoz4kFdt8=">AAACInicbVDLSsNAFJ3UV62vqks3waIIQklqaXUhlLpxWcE+oKllMp20QyeTMHMjlJBvceOvuHGhqCvBj3H6ALX1wMDhnHu5c44bcqbAsj6N1NLyyupaej2zsbm1vZPd3WuoIJKE1knAA9lysaKcCVoHBpy2Qkmx73LadIdXY795T6VigbiFUUg7Pu4L5jGCQUvd7IXjYxgQzONqcnzpeBKTuFhwFBN3BQcGFHA3TOKC7ZBA/Sin5bOkm81ZeWsCc5HYM5JDM9S62XenF5DIpwIIx0q1bSuETowlMMJpknEiRUNMhrhP25oK7FPViScRE/NIKz3TC6R+AsyJ+nsjxr5SI9/Vk+NAat4bi/957Qi8807MRBgBFWR6yIu4CYE57svsMUkJ8JEmmEim/2qSAdY1gW41o0uw5yMvkkYhb5fypZtirlKd1ZFGB+gQnSAblVEFXaMaqiOCHtATekGvxqPxbLwZH9PRlDHb2Ud/YHx9A/zko/I=</latexit>

B =
42 sin2 ωp

21 cos2 ωp + 73

v 𝜒&' nearly collinearly with 𝛶 2𝑆  in the Lab frame

v The coefficients does not depend on 𝜃(, 𝜙)
v Enhanced in the central region

Asymmetry provides a clean probe of 𝜌%
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v Asymmetry magnitude:~ 1%

v Enhanced in the central region

v Sign determined by DiFF 
properties

v Observable is measurable at 
Belle

<latexit sha1_base64="C3ssDQikO+NPpRyW9hP/ISuNFo4=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsxIqd0IRTcuK9gHdIaSSTNtaCYZkoxQhv6GGxeKuPVn3Pk3pu0stPXA5R7OuZfcnDDhTBvX/XYKG5tb2zvF3dLe/sHhUfn4pKNlqghtE8ml6oVYU84EbRtmOO0liuI45LQbTu7mfveJKs2keDTThAYxHgkWMYKNlXxfjeWgceNW3VptUK7YvgBaJ15OKpCjNSh/+UNJ0pgKQzjWuu+5iQkyrAwjnM5KfqppgskEj2jfUoFjqoNscfMMXVhliCKpbAmDFurvjQzHWk/j0E7G2Iz1qjcX//P6qYkaQcZEkhoqyPKhKOXISDQPAA2ZosTwqSWYKGZvRWSMFSbGxlSyIXirX14nnauqV6/WH2qV5m0eRxHO4BwuwYNraMI9tKANBBJ4hld4c1LnxXl3PpajBSffOYU/cD5/ABVKkGw=</latexit>

ω8 = 0.044

<latexit sha1_base64="Kgyxgyf5wYAOpxgUlvQoz4kFdt8=">AAACInicbVDLSsNAFJ3UV62vqks3waIIQklqaXUhlLpxWcE+oKllMp20QyeTMHMjlJBvceOvuHGhqCvBj3H6ALX1wMDhnHu5c44bcqbAsj6N1NLyyupaej2zsbm1vZPd3WuoIJKE1knAA9lysaKcCVoHBpy2Qkmx73LadIdXY795T6VigbiFUUg7Pu4L5jGCQUvd7IXjYxgQzONqcnzpeBKTuFhwFBN3BQcGFHA3TOKC7ZBA/Sin5bOkm81ZeWsCc5HYM5JDM9S62XenF5DIpwIIx0q1bSuETowlMMJpknEiRUNMhrhP25oK7FPViScRE/NIKz3TC6R+AsyJ+nsjxr5SI9/Vk+NAat4bi/957Qi8807MRBgBFWR6yIu4CYE57svsMUkJ8JEmmEim/2qSAdY1gW41o0uw5yMvkkYhb5fypZtirlKd1ZFGB+gQnSAblVEFXaMaqiOCHtATekGvxqPxbLwZH9PRlDHb2Ud/YHx9A/zko/I=</latexit>

B =
42 sin2 ωp

21 cos2 ωp + 73

𝜒)&: Lab frame

<latexit sha1_base64="ypDYvUd+/0JRGqjBa8IndV4uK4k=">AAACHnicbVDLSgNBEJyNrxhfUY9eBoPgQcOuaPQiBL3kGME8ILuG2UknGTI7u5mZFcKSL/Hir3jxoIjgSf/GyeOgSQoaiqpuurv8iDOlbfvHSi0tr6yupdczG5tb2zvZ3b2qCmNJoUJDHsq6TxRwJqCimeZQjySQwOdQ83u3I7/2CFKxUNzrQQReQDqCtRkl2kjN7EWp6Twkroq6II3IiehwOOkPr08XGq5PJO4Pm9mcnbfHwPPEmZIcmqLczH65rZDGAQhNOVGq4diR9hIiNaMchhk3VhAR2iMdaBgqSADKS8bvDfGRUVq4HUpTQuOx+nciIYFSg8A3nQHRXTXrjcRFXiPW7SsvYSKKNQg6WdSOOdYhHmWFW0wC1XxgCKGSmVsx7RJJqDaJZkwIzuzL86R6lncK+cLdea54M40jjQ7QITpGDrpERVRCZVRBFD2hF/SG3q1n69X6sD4nrSlrOrOP/sH6/gVzsKK1</latexit>

H
↭,q
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↭,q̄
1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-2.0

-1.5

-1.0

-0.5

0.0

0.5

A
1

2
[%

]



Artru-Collins asymmetry

38

v Cancellation in phase space at c.m. frame

v Projected sensitivity surpasses current lattice uncertainty with 

v The potential to resolve the long-standing discrepancy in 𝜌%

Lab frame (𝜒)&): binned in 𝜃* 

c.m. frame (𝜒)&): binned in 𝜃+

<latexit sha1_base64="b+9TMF8qVATxOdl1frqQcwZnIj0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQF5ZEpLosunFnBfuAJpbJdNIOnUzCzEQoIa7c+CtuXCji1l9w5984abPQ1gMXDufcy733eBGjUlnWt1FYWFxaXimultbWNza3zO2dlgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS90WXmt++JkDTkt2ocETdAA059ipHSUs/cdwKkhhix5DqtWFX76CFxRACRl94lx3baM8tW1ZoAzhM7J2WQo9Ezv5x+iOOAcIUZkrJrW5FyEyQUxYykJSeWJEJ4hAakqylHAZFuMvkjhYda6UM/FLq4ghP190SCAinHgac7s6vlrJeJ/3ndWPnnbkJ5FCvC8XSRHzOoQpiFAvtUEKzYWBOEBdW3QjxEAmGloyvpEOzZl+dJ66Rq16q1m9Ny/SKPowj2wAGoABucgTq4Ag3QBBg8gmfwCt6MJ+PFeDc+pq0FI5/ZBX9gfP4An1CYhw==</latexit>

O(0.1) ab→1

Lattice

c.m. frame

Lab frame
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Summary

Ø The quark dipole moments is crucial for probing the internal structure of quarks

Ø The electroweak dipole operators are difficult to be probed at colliders since their leading 

effects are from 1/𝛬!

Ø They can be probed at 1/𝛬&	via transverse spin effects from non-perturbative functions

Ø We proposed studying entanglement and Bell inequalities in massless quark pair via the 

hadron final states by the fragmentation mechanism

Ø The azimuthal correlations in Belle’s 𝜋#𝜋% dihadron pair could probe Bell inequality for 

massless quarks, with > 5𝜎  significance 

Ø We proposed a novel observable based on dihadron fragmentation to probe the color-

octet mechanism

Thank you 39

New opportunities in QCD spin physics!
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