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ØSingle particle polarization

ØSpin correlation effects of particles

Outline

q Perturbative decay approach
q Non-perturbative approach: QCD spin effects

q Perturbative decay approach
q Non-perturbative approach: QCD spin effects

Topics are selected from a personal perspective and apologize if certain important works 
or results are not covered.
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Parity and weak interactions

v Mid-1950s 𝜏 − 𝜃 puzzle: two identical kaon

v One particle or two particles?
v Parity conservation never be confirmed in weak interaction
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ω+ → ε+ + ε0, ϑ+ → ε+ + ε+ + ε→



Wu experiment
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1956: testing the conservation of parity

v Gamma rays:  determine the spin of cobalt-60
v Parity transformation:

v Rate of emission of electrons along the 
magnetic field and in the opposite direction
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Spin effects and New Physics
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Single particle polarization in SM and 
beyond



Ø Top quark polarization is reconstructed from decay distribution:

    p: polarization of the ensemble
    ! ! " #$%&' " ( ) *& #+", %&' " ( - . /0) *& 1% ' " ( - . /2)

Ø Charged lepton and down-type quark tend to fly along top quark spin

Ø Polarization of the top quark: interaction information of the scattering

Example 1: Top quark polarization
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(1 + p" f cos! f )

Spin analyzing power

Top quark is polarized in single-top quark 
production: tbW anomalous couplings



Ø General formalism for W-boson polarization in top quark decay

Top quark polarization
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Depends on the top 
quark polarization

Depends on the W-
boson polarization
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Top quark polarization
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Ø Measuring longitudinal polarization of boosted top
Ø New top tagger against QCD jets

A new tool to probe the NP effects, 
e.g. the CP violation in top quark decay
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Top quark polarization
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Ø Top quark polarization rely on the reconstruction of the top quark kinematics

Ø It is challenge to reconstruct the top quark kinematics for events with a top 
quark pair plus missing energy:

Ø Right-handed top produce more energetic leptons than left-handed 
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Example2: gauge boson polarization
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3# ( 3$Lam-Tung relation:

Linear and Longitudinal polarizaUon 
of Z boson

G?(('0@+,?C.*#F*)A.

3# 4 3$ @ NNLO in QCD
non-coplanarity between the 
hadron and parton planes
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Lam-Tung relation and polarization
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TMD effects: Boer-
Mulders functions
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Weak dipole effects
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Example3: Spin effects in QCD 
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Ø Spin phenomena in QCD arise from the intrinsic correlations between parton 
transverse momentum, spin, and hadronization dynamics

PDFs and FFs



Transverse spin effects of electron
Ø Transversely polarized effect of beams @ lepton collider

 The interference between the different helicity states
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Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, PRL 131 (2023) 241801
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Electroweak dipole moments of quarks

Ø The quark can not be a free particle due to the QCD confinement

Ø How to probe the spin information of quarks? 
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Asymptotic freedom of 
QCD theory

The non-perturbative functions, i.e., the parton distirbuion functions and the 
fragmentation functions



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

Transverse spin effects of quark @ EIC
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The flat direction in flavor space of dipole couplings?
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Transverse spin effects of quark @ CEPC
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p The flat direction can be closed by 
combing more processes

p Z-boson dipole: O(0.001)



Linear polarization @ UPCs
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Ø Ultra-relativistic charged nuclei produce highly 
Lorentz contracted electromagnetic field

Ø Weizsacker-Williams equivalent photon 
approximation

Ø Photons are linearly polarized
Ø Large quasi-real photon flux 8 9$

Ø The impact parameter : ( ; <=)
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Linear polarization @ UPCs
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Linear polarization @ UPCs
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Linear polarization @ lepton colliders
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Ø Linear polarizaUon of gauge bosons naturally emerges in TMD factorizaUon

Ø Linear polarizaUon: probing the tau lepton dipole moments

Unpolarized photon TMD Linearly polarized photon TMD 
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Spin correlation in SM and beyond



Ø The spin correlation of top quarks can be described by the general density matrix:

Example 1: Top quark pair production
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! =
I 2 ! I 2 + Bi " i ! I 2 + øBi I 2 ! " i + Cij " i ! " j

4
Ø             : the polarization of each particle

Ø             :   the spin correlation of fermion pair

Ø Spin correlations are central to exploring quantum entanglement and Bell nonlocality

Ø Spin correlations, entanglement and SMEFT effects
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Ø Gauge boson pair spin correlations provide a probe of CP symmetry

Ø The results are sensitive to the different rotational axis 

Example 2: gauge boson pair production
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Ø Spin correlation effects are essential for accessing chiral-odd nonperturbative functions 
in the nucleon structure

Ø Nonperturbative functions for transversely polarized quarks are chiral-odd.
Ø Physical observables must be chiral-even: require pairing of two chiral-odd functions
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Example3: Spin effects in QCD 
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Ø Collins-type fragmentation energy correlator

Ø One-point energy correlator
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Quark transverse spin in energy correlators
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See Hua-Xing’s talk



Ø Quantum entanglement of quark systems can be studied through transverse spin 
correlations: dihadron interference FFs (collinear) and Collins functions (TMD)

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

Ø The maximally entangled Bell state: Bell inequality violation effects
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Quantum entanglement of light quarks
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New physics and entangled quarks
Ø The entangled triplet nature of the quark pair in SM: 

Ø               is a result of the chiral symmetry of SM (massless quarks)

Ø New spin structure              from chiral symmetry breaking interactions: dipole couplings

Ø Entangled states for quark pair: spin triplet or singlet 
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<latexit sha1_base64="nUxZGDRKP/gDB3B9XPGmoP9vxH8=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBEEoiUl2WunFZwT6gCWUynbZDJ5M4MxFCqL/ixoUibv0Qd/6N0zYLbT0wcDjnXu6ZE8ScKe0431ZhbX1jc6u4XdrZ3ds/sA+P2ipKJKEtEvFIdgOsKGeCtjTTnHZjSXEYcNoJJjczv/NIpWKRuNdpTP0QjwQbMoK1kfp22QuxHhPMs8a0f+4J+oCcvl1xqs4caJW4OalAjmbf/vIGEUlCKjThWKme68Taz7DUjHA6LXmJojEmEzyiPUMFDqnys3n4KTo1ygANI2me0Giu/t7IcKhUGgZmchZVLXsz8T+vl+jhtZ8xESeaCrI4NEw40hGaNYEGTFKieWoIJpKZrIiMscREm75KpgR3+curpH1RdWvV2t1lpd7I6yjCMZzAGbhwBXW4hSa0gEAKz/AKb9aT9WK9Wx+L0YKV75ThD6zPHwOglF4=</latexit>

B+ != 0



Summary

! !"#$%&'$(&")*$)+*,"%%-#$(&").$%-*/"0-%12#*(""#.*1"%*(-.(&)3*45*&)(-%$,(&").*$)+*

.-$%,6&)3*1"%*)-0*/67.&,.

! *!-%(2%8$(&9-*+-,$7*$//%"$,6-.: /"#$%&'$(&")*$)+*./&)*,"%%-#$(&").+-(-%;&)-*(6-*

/%"/-%(&-.*"1*2).($8#-*/$%(&,#-.*<("/*=2$%>?*0-$>*8".").@

! A")/-%(2%8$(&9-*;-(6"+.*0&(6*!BC.*$)+*CC.:*$,,-../"#$%&'$(&")*$)+*,"%%-#$(&")*

-11-,(. "1*#&36(*=2$%>.

! A-0*"//"%(2)&(&-.*&)*DEB*./&)*/67.&,.:/"#$%&'$(&")*$)+*,"%%-#$(&").$.*0&)+"0.*("*

)-0*/67.&,.

Thank you 
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