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• Introduction

• The description of spin-3/2 particles

• TMD fragmentation functions

• Spin-3/2 hadrons produced in e+e−  annihilation  

• Inclusive process e+e− → Ω X

• Semi-inclusive process e+e− → Ω h X

• Summary
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Ø Fragmentation functions (FFs): hadron momentum distribution in the final state, depend on z.

Introduction

Transverse momentum dependent (TMD) fragmentation functions (FFs): FFs that depend on z and PhT.

Figure from https://www.ericmetodiev.com/post/jetformation/. 

Ø Studies of FFs provide important information for the study of the hadronization mechanism and the
properties of strong interactions.

hadron bound states

https://www.ericmetodiev.com/post/jetformation/
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K. b. Chen, W. h. Yang, S. y. Wei and Z. t. Liang, Phys. Rev. D 94, 034003 (2016).

Introduction

The leading-twist TMD fragmentation functions for spin-0, spin-1/2 and spin-1 particles:

A. Bacchetta and P. J. Mulders, Phys. Rev. D 62, 114004 (2000).

…… … … Spin>1 ?
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Belle-II BESIII

Ø Electron-positron annihilation is the cleanest progress to extract FFs.

Introduction

BaBar

collinear FFs TMD FFs
Study rank-3 tensor polarized FFsSpin-3/2 hadrons Ω produced in e+e− annihilation  



The description of spin-3/2 particles
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n Spin-1:

The properties of spin density matrix: 

Spin-s:

n Spin-1/2:

—3 independent componentsspin vector

symmetric traceless rank-2 spin tensor

A. Bacchetta and P. J. Mulders, Phys. Rev. D 62, 114004 (2000).

8 independent components
5

3

E. Leader, Spin in particle physics, 2001.



The description of spin-3/2 particles
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n Spin-3/2:

Lorentz covariant formIn the rest frame

symmetric traceless rank-3 spin tensor

1 3 5 716

15 independent components

3

5

7



TMD fragmentation functions
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basis

coefficient

The most general 
decomposition of
correlation function.

Each term of the decomposition fulfills Hermiticity and parity invariance:

n Parameterization of the quark-quark correlation function

The correlation function can be decomposed by Dirac structures.

Hermiticity:

Parity invariance:

Gauge link
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TMD fragmentation functions

rank-3 tensor polarized terms, newly defined for spin-3/2 hadrons. 

Spin-0

Spin-1/2

Spin-1

Spin-3/2

P− as a large momentum component and the leading-twist TMD FFs can be projected out 
from the correlator by the Dirac matrices.
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L,T… : hadron polarized       
┴: the dependence of kT

32 leading-twist TMD fragmentation functions for spin-3/2 particles:

TMD fragmentation functions
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K. b. Chen, W. h. 
Yang, S. y. Wei 
and Z. t. Liang, 
Phys. Rev. D94, 
034003 (2016).

A. Bacchetta and P. J. 
Mulders, Phys. Rev. 
D 62, 114004 (2000).
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The collinear FFs are defined from the kT -integrated correlation function, 

Collinear FFs:

After integration, the terms 
with inhomogeneous kT -
dependence all vanish.

TMD fragmentation functions

9
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n Decomposition of the hadronic tensor

The hadronic tensor must satisfy:

Hermiticity:

Parity invariance :

Gauge invariance:

Inclusive production of the Ω in e+e− collisions 

Leptons are unpolarized
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will vanish when contract with q

Hadronic tensor basis tensors multiplied by structure functions

9 independent  basis tensors:

Subscript U, V, T, R: hadron polarization
Vi:  structure functions

Unpolarized:

Vector polarized:

Rank-2 tensor polarized:

Rank-3 tensor polarized:

A short-handed notation:

Inclusive production of the Ω in e+e− collisions 

（基底张量）
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n The cross section in terms of structure functions

The general form of the cross section

Inclusive production of the Ω in e+e− collisions 

z

It is convenient to specify a reference frame to obtain a general 
angular distribution of this cross section.

The cross section is expressed in terms of 9 structure functions:

Structure functions

Superscript T, L: virtual photon polarization
Other superscripts: azimuthal modulations
Subscript: hadron polarization 
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Helicity conservation Only chiral-even FFs contribute

Nc = 3 is the number of colors

The cross section in terms of collinear FFs as

None of the newly defined rank-3 
tensor polarized FFs contributes.

High order or high twist effects

Inclusive production of the Ω in e+e− collisions 

n The structure functions in parton model

According to the factorization,

With collinear approximation,
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n Decomposition of the hadronic tensor

Semi-inclusive production of the Ω in e+e− collisions 

Unpolarized:

Vector polarized:

Rank-2 tensor polarized:

Rank-3 tensor polarized:

A total of 48 basis tensors.
superscript P : parity non-conserved
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Collins-Soper frame (CS frame) Hadronic center-of-mass frame (CM frame)

n Reference frames and the cross section in terms of structure functions

It is convenient to specify a reference frame to obtain a general angular distribution of this cross section.

The general form of the cross section

CS frame is more convenient to describe the 
angular distributions of the produced hadrons.

The spin components are easier to be 
defined in the CM frame. 

J. C. Collins and D. E. Soper, Phys. Rev. D 16, 2219 (1977). 

Semi-inclusive production of the Ω in e+e− collisions 

Lorentz transformation
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Unpolarized

Vector polarized

Rank-2 tensor polarized

Rank-3 tensor polarized

48 structure functions

4

8

16

20

Semi-inclusive production of the Ω in e+e− collisions 
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n The structure functions in parton model

For the helicity conservation of massless quarks, the chiral-odd TMD FFs must couple to chiral-odd function.

Semi-inclusive production of the Ω in e+e− collisions 

Hadronic tensor

h: unpolarized hadron

The correlation function is parametrized in terms of leading-twist TMD FFs as

For conciseness, we introduce the transverse momentum convolution notation 

dimensionless 
scalar functions

TMD FF for the 
first hadron

TMD FF for the 
second hadron
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Rank-2 tensor polarized states: 8

Semi-inclusive production of the Ω in e+e− collisions 

Rank-3 tensor polarized states: 10Unpolarized state: 2

Vector polarized states: 4

At leading twist, 24 structure functions have nontrivial expressions. 

Study the TMD FFs for spin-3/2 hadrons
The other 24 structure functions only arise at high twist or high order.
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Summary

• We describe the spin state of a spin-3/2 hadron with the spin density matrix ρ.
16 independent components: 1 for unpolarized state, 3 for vector polarized states, 

5 for rank-2 tensor polarized states, 7 for rank-3 tensor polarized states.

• We obtain 32 leading-twist TMD FFs via the parametrization of the quark-quark correlation function.
32 leading-twist TMD FFs, 14 for rank-3 tensor polarized states.

• For e+e− → ΩX , the cross section is expressed in terms of 9 structure functions. 
In parton model: only 2 of the structure functions are nonzero at leading twist. 

Thank you!

• For e+e− → ΩhX , the cross section is expressed in terms of 48 structure functions. 
In parton model: half of the structure functions are nonzero at leading twist.

10 are contributions from rank-3 tensor polarized hadron states.
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Back up
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7 rank-3 tensor polarization basis:

orthogonal relation

The description of spin-3/2 particles
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Lorentz covariant formIn the rest frame

Light-cone coordinate:

Two null vectors:

The transverse components of 
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n How to pick out leading-twist terms?

…

TMD fragmentation functions

The Sudakov decomposition of the quark momentum: 

The kT -unintegrated quark-quark correlation function:

P− as a large momentum component and the leading-twist TMD 
FFs can be projected out from the correlator by the Dirac matrices.
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The basis vectors in CM frame:

Transverse metric:

Transverse antisymmetric tensor: 

Semi-inclusive production of the Ω in e+e− collisions 
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Basis tensors:



In CS frame:
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The dimensionless scalar functions:

is the direction of the virtual photon transverse momentum in the CM frame.
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