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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

4

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

e+

γ∗

e− L

L R

R

h1
h2

h1

q!

γ∗

e−

e+

h2

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

Ø The interference dihadron fragmentation function: chiral-odd

Transverse spin effects of quark @ EIC
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Interference effects

+
- +
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Nucleon energy correlator
See Hao-Lin Wang’s talk

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

The flat direction in flavor 
space of dipole couplings?

Ο 1/𝛬!



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
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See Xin-Kai Wen’s talk

Q. H. Cao, X. K. Wen, B. Yan, S. T. Zhang, arxiv:2512.16492



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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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

<latexit sha1_base64="SQxYOqeYqaBpSCnsdF64NGUjaLY=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURqS5Lu3FZwT6gCWEynbRDJw9nJqUh5Cfc+CtuXCjiVnDn3zhps9DWAwOHc+7lzjluxKiQhvGtldbWNza3ytuVnd29/QP98Kgrwphj0sEhC3nfRYIwGpCOpJKRfsQJ8l1Geu6klfu9KeGChsG9TCJi+2gUUI9iJJXk6BcQQstHcowRS5uZk1qRn0GLPMR0CltOOptlSslZkmSOXjVqxhxwlZgFqYICbUf/soYhjn0SSMyQEAPTiKSdIi4pZiSrWLEgEcITNCIDRQPkE2Gn81QZPFPKEHohVy+QcK7+3kiRL0Tiu2oyDyCWvVz8zxvE0ruxUxpEsSQBXhzyYgZlCPOK4JBygiVLFEGYU/VXiMeIIyxVkRVVgrkceZV0L2tmvVa/u6o2mkUdZXACTsE5MME1aIBb0AYdgMEjeAav4E170l60d+1jMVrSip1j8Afa5w9fup8D</latexit>

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
<latexit sha1_base64="1m+Ff9NYPuGgrOJ2XSUz7+V52mc=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuCpJkepKSt24rGAf0IQymU7boZOHMxOhpNn4K25cKOLWz3Dn3zhps9DWAxcO59zLvfd4EWdSWda3sbK6tr6xWdgqbu/s7u2bB4ctGcaC0CYJeSg6HpaUs4A2FVOcdiJBse9x2vbGN5nffqRCsjC4V5OIuj4eBmzACFZa6pnHaOr4WI0I5kk9nV478kGopJL2zJJVtmZAy8TOSQlyNHrml9MPSezTQBGOpezaVqTcBAvFCKdp0YkljTAZ4yHtahpgn0o3mT2QojOt9NEgFLoChWbq74kE+1JOfE93ZsfKRS8T//O6sRpcuQkLoljRgMwXDWKOVIiyNFCfCUoUn2iCiWD6VkRGWGCidGZFHYK9+PIyaVXKdrVcvbso1ep5HAU4gVM4BxsuoQa30IAmEEjhGV7hzXgyXox342PeumLkM0fwB8bnDwGzlrI=</latexit>

|B| >
→
2

Unpolarized diFF

Transverse polarized diFF

J. C. Collins et al, NPB 420, 565 (1994)

<latexit sha1_base64="AjS/oTNlUxotf5DnvqyQS+Llono=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSiJSHUjlLpxWcE+oA1hMp22QyeTMDMRauiXuHGhiFs/xZ1/46TNQlsPDBzOuZd75gQxZ0o7zrdVWFvf2Nwqbpd2dvf2y/bBYVtFiSS0RSIeyW6AFeVM0JZmmtNuLCkOA047weQ28zuPVCoWiQc9jakX4pFgQ0awNpJvl/sh1mOCedqY+ec3jm9XnKozB1olbk4qkKPp21/9QUSSkApNOFaq5zqx9lIsNSOczkr9RNEYkwke0Z6hAodUeek8+AydGmWAhpE0T2g0V39vpDhUahoGZjKLqZa9TPzP6yV6eO2lTMSJpoIsDg0TjnSEshbQgElKNJ8agolkJisiYywx0aarkinBXf7yKmlfVN1atXZ/Wak38jqKcAwncAYuXEEd7qAJLSCQwDO8wpv1ZL1Y79bHYrRg5TtH8AfW5w8K/5Kz</latexit>

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

Q. H. Cao, G. Li, X. K.  Wen and B. Yan, 2509.18276; see G. Li’s talk

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



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 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 Lattice VS Experiment

Ø     

Ø Artru-Collins asymmetry                                    
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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>
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<latexit sha1_base64="ha1TOW3Io3DEIr9sQg9WgwMzxdw="></latexit>

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

H
Q
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<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)

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! 

<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

Z. G. He, G. Li, Y. J. Tian, X. K. Wen, B. Yan, arxiv: 2603.18874 
see Y. J. Tian’s talk



Summary

Ø Polarization and correlations are powerful tools for testing SM interactions and 

searching for new physics

Ø  Perturbative decay approaches: polarization and spin correlations determine the 

properties of unstable particles (top quark, weak bosons)

Ø Nonperturbative methods with PDFs and FFs: access polarization and correlation 

effects of light quarks

Ø Probing light quark dipole couplings (1/𝛬!), quantum entanglement and propertries 

of NRQCD

Ø New opportunities in QCD spin physics: polarization and correlations as windows to 

new physics
Thank you 
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