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Motivation-TMD FFs

 Transverse-Momentum-Dependent Fragmentation functions (TMD FFs)

The quark correlation matrix

�Ξ𝑞𝑞Λ 𝑧𝑧,𝑝𝑝𝑇𝑇 = �
𝑋𝑋

�
𝑝𝑝+𝑑𝑑𝜉𝜉−𝑑𝑑2𝜉𝜉⊥

2𝜋𝜋
𝑒𝑒𝑖𝑖 𝑝𝑝+𝜉𝜉−−𝒑𝒑𝑇𝑇⋅𝝃𝝃⊥ /𝑧𝑧 0 ℒ† 0,∞ 𝜓𝜓 0 Λ𝑋𝑋 Λ𝑋𝑋 �𝜓𝜓 𝜉𝜉 ℒ 𝜉𝜉,∞ 0

Decomposition at leading twist

4�Ξ𝑞𝑞Λ = 𝛾𝛾+ 𝐷𝐷1𝑞𝑞Λ +
�𝒆𝒆𝑗𝑗 × 𝒑𝒑𝑇𝑇 ⋅ 𝑺𝑺Λ⊥

𝑧𝑧Λ𝑀𝑀Λ
𝐷𝐷1𝑇𝑇𝑞𝑞⊥Λ + 𝛾𝛾5𝛾𝛾+ 𝜆𝜆Λ𝐺𝐺1𝐿𝐿𝑞𝑞Λ +

𝑝𝑝𝑇𝑇 ⋅ 𝑆𝑆Λ⊥
𝑧𝑧Λ𝑀𝑀Λ

𝐺𝐺1𝑇𝑇𝑞𝑞⊥Λ

+
𝑖𝑖𝑝𝑝𝑇𝑇𝑖𝑖

2𝑀𝑀Λ
𝛾𝛾𝑖𝑖 , 𝛾𝛾+ 𝐻𝐻1𝑞𝑞⊥Λ +

𝑆𝑆Λ⊥𝑖𝑖

2
𝛾𝛾𝑖𝑖 , 𝛾𝛾+ 𝛾𝛾5𝐻𝐻1𝑇𝑇𝑞𝑞Λ +

𝑝𝑝𝑇𝑇𝑖𝑖

2𝑀𝑀
𝛾𝛾𝑖𝑖 , 𝛾𝛾+ 𝛾𝛾5 𝜆𝜆Λ𝐻𝐻1𝐿𝐿𝑞𝑞⊥Λ +

𝑝𝑝𝑇𝑇 ⋅ 𝑆𝑆Λ⊥
𝑀𝑀Λ

𝐻𝐻1𝑇𝑇𝑞𝑞⊥Λ

Where 𝐷𝐷𝑖𝑖𝑞𝑞Λ ≡ 𝐷𝐷𝑖𝑖𝑞𝑞Λ 𝑧𝑧,𝑝𝑝𝑇𝑇2
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Hyperon polarization at Belle
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 Polarization w.r.t. production plane

𝑷𝑷𝑵𝑵 =
𝝈𝝈↑ − 𝝈𝝈↓

𝝈𝝈↑ + 𝝈𝝈↓
 In parton model

𝑷𝑷𝑵𝑵 ∝�
𝟏𝟏

𝒄𝒄𝟏𝟏
𝑫𝑫𝟏𝟏𝟏𝟏,𝟏𝟏
⊥,𝚲𝚲

𝑫𝑫𝟏𝟏𝟏𝟏
𝚲𝚲

 Assuming favored FFs dominance

• Λ 𝑢𝑢𝑑𝑑𝑢𝑢 + 𝜋𝜋+ 𝑢𝑢�̅�𝑑 ∼ 𝑑𝑑�̅�𝑑 favored

• Λ 𝑢𝑢𝑑𝑑𝑢𝑢 + 𝜋𝜋− 𝑑𝑑�𝑢𝑢 ∼ 𝑢𝑢�𝑢𝑢 favored

⇒
? 𝑫𝑫𝟏𝟏𝟏𝟏,𝟏𝟏

⊥,𝚲𝚲

𝑫𝑫𝟏𝟏𝟏𝟏
𝚲𝚲 ≠

𝑫𝑫𝟏𝟏𝟏𝟏,𝟏𝟏
⊥,𝚲𝚲

𝑫𝑫𝟏𝟏𝟏𝟏
𝚲𝚲 ⇒

?
𝑫𝑫𝟏𝟏𝟏𝟏,𝟏𝟏
⊥,𝚲𝚲 ≠ 𝑫𝑫𝟏𝟏𝟏𝟏,𝟏𝟏

⊥,𝚲𝚲

Belle, PRL2019
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𝑺𝑺𝚲𝚲
𝒆𝒆+𝒆𝒆− → 𝚲𝚲𝒉𝒉𝒉𝒉



Unpolarized FFs

 Most of the global fits of unpolarized FFs respect isospin symmetry
Metz, Vossen, Prog.Nucl.Part.Phys. 2016

Some sets (such as AKK08) introduce large isospin symmetry violation.
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𝑫𝑫𝟏𝟏
𝚲𝚲 𝒛𝒛 ≠ 𝑫𝑫𝟏𝟏

𝚲𝚲 𝒛𝒛

𝑫𝑫𝟏𝟏
𝚲𝚲 𝒛𝒛 = 𝑫𝑫𝟏𝟏

𝚲𝚲 𝒛𝒛



Parametrizations of polarized FF 𝑫𝑫𝟏𝟏𝟏𝟏
⊥

 Fit to Belle data w/o isospin symmetry

 Spectator di-quark model results
Li, Wang, Yang, Lu, EPJC 2021 

 QCD respect isospin symmetry, and QCD dominate hadronization process
How could there be any significant isospin symmetry violation?
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D’Alesio, Murgia, Zaccheddu, PRD 2020

𝟏𝟏

𝟏𝟏

DMZ

Callos, Kang, Terry, PRD 2020

CKT

𝟏𝟏

𝟏𝟏

𝑫𝑫𝟏𝟏𝟏𝟏,𝟏𝟏
⊥,𝚲𝚲 ≠ 𝑫𝑫𝟏𝟏𝟏𝟏,𝟏𝟏

⊥,𝚲𝚲

Longitudinal and Transverse polarizations of Hyperons𝚲𝚲



Isospin symmetry violation from EW resonance decay

 𝒆𝒆−𝒆𝒆+ annihilation

 We assumed that 𝑫𝑫𝟏𝟏𝟏𝟏
𝒉𝒉,𝐝𝐝𝐝𝐝𝐝𝐝 𝒛𝒛 respect isospin symmetry, while 𝑫𝑫𝟏𝟏𝟏𝟏

𝒉𝒉,𝐝𝐝𝐝𝐝𝐝𝐝 𝒛𝒛 violate the symmetry.  

𝐮𝐮𝐮𝐮𝐮𝐮𝐮𝐮𝐮𝐮𝐮𝐮𝐝𝐝𝐝𝐝𝐮𝐮𝐝𝐝𝐝𝐝 𝐅𝐅𝐅𝐅:
𝐷𝐷1𝑢𝑢Ξ

0 − 𝐷𝐷1𝑑𝑑Ξ
−

𝐷𝐷1𝑢𝑢Ξ
0 + 𝐷𝐷1𝑑𝑑Ξ

− ≤ 5%,
𝑫𝑫𝟏𝟏𝟏𝟏
𝚲𝚲 − 𝑫𝑫𝟏𝟏𝟏𝟏

𝚲𝚲

𝑫𝑫𝟏𝟏𝟏𝟏
𝚲𝚲 + 𝑫𝑫𝟏𝟏𝟏𝟏

𝚲𝚲 ≃ 𝟎𝟎

𝐮𝐮𝐮𝐮𝐮𝐮𝐮𝐮𝐝𝐝𝐝𝐝𝐮𝐮𝐝𝐝𝐝𝐝 𝐅𝐅𝐅𝐅:
𝐺𝐺1𝐿𝐿𝑢𝑢Λ − 𝐺𝐺1𝐿𝐿𝑑𝑑Λ

𝐺𝐺1𝐿𝐿𝑢𝑢Λ + 𝐺𝐺1𝐿𝐿𝑑𝑑Λ ~ a tiny violation

 Based on these observations, we choose to use isospin symmetric 𝑫𝑫𝟏𝟏 and 𝑫𝑫𝟏𝟏𝟏𝟏
⊥ to fit Belle data
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𝑫𝑫𝟏𝟏𝟏𝟏
𝒉𝒉 𝒛𝒛 = 𝑫𝑫𝟏𝟏𝟏𝟏

𝒉𝒉,𝐝𝐝𝐝𝐝𝐝𝐝 𝒛𝒛 + 𝑫𝑫𝟏𝟏𝟏𝟏
𝒉𝒉,𝐝𝐝𝐝𝐝𝐝𝐝 𝒛𝒛

Directly produced hadrons

Hadrons from EW decays
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𝐷𝐷1𝑞𝑞
ℎ,ℎ𝑗𝑗 𝑧𝑧 = 𝐵𝐵𝐵𝐵 ℎ,ℎ𝑗𝑗 ∫ 𝑑𝑑𝑧𝑧′𝐾𝐾ℎ,ℎ𝑗𝑗 𝑧𝑧, 𝑧𝑧′ 𝐷𝐷1𝑞𝑞

ℎ𝑗𝑗 𝑧𝑧′

Chen, Liang, Pan, Song, Wei, 

PLB 2021



Fit to Belle data with isospin symmetric 𝑫𝑫𝟏𝟏𝟏𝟏
⊥

 Factorized formulae for 𝚲𝚲 transverse polarization

𝑃𝑃Λ 𝑧𝑧Λ, 𝑧𝑧ℎ =
𝜋𝜋

2
𝑧𝑧ℎΔ

𝑧𝑧Λ𝑀𝑀Λ 𝑧𝑧ℎ2 + 𝑧𝑧Λ2Δℎ2/Δ2
�
𝑞𝑞

𝑹𝑹𝟏𝟏𝟏𝟏𝚲𝚲𝒉𝒉 𝒛𝒛𝚲𝚲, 𝒛𝒛𝒉𝒉
𝑫𝑫𝟏𝟏𝟏𝟏,𝟏𝟏
⊥,𝚲𝚲 𝒛𝒛𝚲𝚲
𝑫𝑫𝟏𝟏𝟏𝟏
𝚲𝚲 𝒛𝒛𝚲𝚲

+ 𝑞𝑞 → �𝑞𝑞

 𝑹𝑹𝟏𝟏𝟏𝟏𝚲𝚲𝒉𝒉 𝒛𝒛𝚲𝚲, 𝒛𝒛𝒉𝒉 : production weights of different quark flavors

𝑅𝑅1𝑞𝑞Λℎ 𝑧𝑧Λ, 𝑧𝑧ℎ =
𝑒𝑒𝑞𝑞2𝐷𝐷1𝑞𝑞Λ 𝑧𝑧Λ 𝐷𝐷1�𝑞𝑞ℎ 𝑧𝑧ℎ

∑𝑞𝑞 𝑒𝑒𝑞𝑞2𝐷𝐷1𝑞𝑞Λ 𝑧𝑧Λ 𝐷𝐷1�𝑞𝑞ℎ 𝑧𝑧ℎ + 𝑞𝑞 → �𝑞𝑞

 For 𝚲𝚲 fragmentation functions 𝑫𝑫𝟏𝟏𝟏𝟏
𝜦𝜦 𝒛𝒛𝜦𝜦 we take DSV parametrizations 

de Florian, Stratmann, Vogelsang, PRD 1998

 For 𝝅𝝅± and 𝑲𝑲± fragmentation functions 𝑫𝑫𝟏𝟏𝟏𝟏
𝝅𝝅±

𝒛𝒛𝒉𝒉 we take DEHSS parametriations

de Florian, Epele, Hernandez-Pinto, Sassot, Stratmann, PRD 2017
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Fit to Belle data with isospin symmetric 𝑫𝑫𝟏𝟏𝟏𝟏
⊥

 We take into account 6 different 𝑫𝑫𝟏𝟏𝟏𝟏𝟏𝟏
⊥𝚲𝚲 ’s

𝑫𝑫𝟏𝟏𝟏𝟏𝟏𝟏
⊥𝚲𝚲 = 𝑫𝑫𝟏𝟏𝟏𝟏𝟏𝟏

⊥𝚲𝚲 , 𝑫𝑫𝟏𝟏𝟏𝟏�𝟏𝟏
⊥𝚲𝚲 = 𝑫𝑫𝟏𝟏𝟏𝟏�𝟏𝟏

⊥𝚲𝚲 , 𝑫𝑫𝟏𝟏𝟏𝟏𝒔𝒔
⊥𝚲𝚲 , 𝑫𝑫𝟏𝟏𝟏𝟏�𝒔𝒔

⊥𝚲𝚲 , 𝑫𝑫𝟏𝟏𝟏𝟏𝒄𝒄
⊥𝚲𝚲 , 𝑫𝑫𝟏𝟏𝟏𝟏�𝒄𝒄

⊥𝚲𝚲

𝐷𝐷1𝑇𝑇𝑞𝑞⊥Λ 𝑧𝑧 = 𝑁𝑁𝑇𝑇𝑞𝑞
𝛼𝛼𝑇𝑇𝑞𝑞 + 𝛽𝛽𝑇𝑇𝑞𝑞 − 1 𝛼𝛼𝑇𝑇𝑇𝑇+𝛽𝛽𝑇𝑇𝑇𝑇−1

𝛼𝛼𝑇𝑇𝑞𝑞 − 1 𝛼𝛼𝑇𝑇𝑇𝑇−1 + 𝛽𝛽𝑇𝑇𝑞𝑞
𝛽𝛽𝑇𝑇𝑇𝑇

𝑧𝑧𝛼𝛼𝑇𝑇𝑇𝑇 1 − 𝑧𝑧 𝛽𝛽𝑇𝑇𝑇𝑇 𝐷𝐷1𝑞𝑞Λ (𝑧𝑧)
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𝑹𝑹𝟏𝟏𝟏𝟏𝚲𝚲𝒉𝒉 𝒛𝒛𝚲𝚲, 𝒛𝒛𝒉𝒉
 Quark weights are different for Λ𝜋𝜋+ and Λ𝜋𝜋−

 Unfavored �𝑢𝑢 + �̅�𝑑 FFs give large contributions

 𝑢𝑢, �̅�𝑢, 𝑐𝑐, ̅𝑐𝑐 contributions are non-negligible, 

and different with each other



Fit to Belle data
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Isospin symmetric 𝑫𝑫𝟏𝟏𝟏𝟏,𝟏𝟏
⊥ ’s can fit Belle data well by considering all possible quarks flavors.

Chen, Liang, Pan, Song, Wei, 

PLB 2021

Longitudinal and Transverse polarizations of Hyperons𝚲𝚲

138 data points, 19 free parameters in all

⁄𝝌𝝌𝟐𝟐 𝟏𝟏.𝒐𝒐.𝒇𝒇 = �𝟐𝟐.𝟐𝟐𝟏𝟏𝟐𝟐, 𝐃𝐃𝐃𝐃𝐃𝐃
𝟎𝟎.𝟗𝟗𝟗𝟗𝟗𝟗, 𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐝𝐝𝐮𝐮



𝑑𝑑𝜎𝜎SIDIS

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑧𝑧Λ𝑑𝑑2𝑃𝑃Λ⊥
=
𝜋𝜋𝛼𝛼em2

2𝑄𝑄4
𝑑𝑑
𝑧𝑧Λ
𝐿𝐿𝜇𝜇𝜇𝜇𝑊𝑊𝜇𝜇𝜇𝜇

𝑑𝑑𝜎𝜎SIDIS

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑧𝑧Λ𝑑𝑑2𝑃𝑃Λ⊥
=
𝜋𝜋𝛼𝛼em2

2𝑄𝑄4

× �𝐴𝐴 𝑑𝑑 𝐹𝐹𝑈𝑈𝑈𝑈𝑇𝑇 + 𝐵𝐵 𝑑𝑑 𝐹𝐹𝑈𝑈𝑈𝑈𝐿𝐿 + 𝐶𝐶 𝑑𝑑 cos𝜙𝜙𝐹𝐹𝑈𝑈𝑈𝑈
cos 𝜙𝜙 + 𝐵𝐵 𝑑𝑑 cos2𝜙𝜙 𝐹𝐹𝑈𝑈𝑈𝑈

cos 2𝜙𝜙

+𝜆𝜆Λ 𝐶𝐶 𝑑𝑑 sin𝜙𝜙𝐹𝐹𝑈𝑈𝐿𝐿
sin 𝜙𝜙 + 𝐵𝐵 𝑑𝑑 sin2𝜙𝜙 𝐹𝐹𝑈𝑈𝐿𝐿

sin 2𝜙𝜙

+𝑆𝑆Λ𝑇𝑇 𝐶𝐶 𝑑𝑑 sin𝜙𝜙𝐹𝐹𝑈𝑈𝑇𝑇
sin 𝜙𝜙 + 𝐵𝐵 𝑑𝑑 sin2𝜙𝜙 𝐹𝐹𝑈𝑈𝑇𝑇

sin 2𝜙𝜙

+ �𝑆𝑆Λ𝑁𝑁 𝐴𝐴 𝑑𝑑 𝐹𝐹𝑈𝑈𝑈𝑈𝑇𝑇 + 𝐵𝐵 𝑑𝑑 𝐹𝐹𝑈𝑈𝑈𝑈𝐿𝐿 + 𝐶𝐶 𝑑𝑑 cos𝜙𝜙𝐹𝐹𝑈𝑈𝑈𝑈
cos 𝜙𝜙 + 𝐵𝐵 𝑑𝑑 cos2𝜙𝜙 𝐹𝐹𝑈𝑈𝑈𝑈

cos 2𝜙𝜙

 In the rest frame of Λ, the polarization vector  𝑆𝑆Λ = 𝜆𝜆Λ�̂�𝑒𝐿𝐿 + 𝑆𝑆Λ𝑇𝑇�̂�𝑒𝑇𝑇 + 𝑆𝑆𝜆𝜆𝑁𝑁�̂�𝑒𝑁𝑁
�̂�𝑒𝐿𝐿 : Λ 3-momentum 𝑃𝑃Λ direction, 
�̂�𝑒𝑇𝑇 , �̂�𝑒𝑁𝑁 : transverse direction inside and normal to the production plane  

Extension to SIDIS and 3-dimensional polarizations
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Non-zero polarizations 
along �̂�𝑒𝐿𝐿, �̂�𝑒𝑇𝑇 , �̂�𝑒𝑁𝑁
⟹ 𝒫𝒫𝐿𝐿,𝒫𝒫𝑇𝑇 , 𝒫𝒫𝑁𝑁,

Longitudinal and Transverse polarizations of Hyperons𝚲𝚲

𝝀𝝀𝚲𝚲
𝑺𝑺𝚲𝚲𝑵𝑵

𝑺𝑺𝚲𝚲𝟏𝟏



 In parton model at leading twist

𝓟𝓟𝟏𝟏 =
𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝑯𝑯𝟏𝟏𝟏𝟏

⊥𝚲𝚲 sin2𝜙𝜙
𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ + 𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝐻𝐻1⊥Λ cos2𝜙𝜙

𝓟𝓟𝟏𝟏 =
𝐵𝐵 𝑑𝑑 −ℐ 𝑤𝑤1ℎ1⊥𝑯𝑯𝟏𝟏𝟏𝟏

𝜦𝜦 + ℐ 𝑤𝑤3𝑎𝑎ℎ1⊥𝑯𝑯𝟏𝟏𝟏𝟏
⊥𝜦𝜦 sin2𝜙𝜙

𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ + 𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝑯𝑯𝟏𝟏
⊥𝜦𝜦 cos2𝜙𝜙

𝓟𝓟𝑵𝑵 =
⁄𝐴𝐴 𝑑𝑑 ℐ �𝑤𝑤1𝑓𝑓1𝑫𝑫𝟏𝟏𝟏𝟏

⊥𝚲𝚲 𝒛𝒛𝚲𝚲 + 𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤1ℎ1⊥𝑯𝑯𝟏𝟏𝟏𝟏
𝜦𝜦 + ℐ 𝑤𝑤3𝑏𝑏ℎ1⊥𝑯𝑯𝟏𝟏𝟏𝟏

⊥𝜦𝜦 cos 2𝜙𝜙
𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ + 𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝑯𝑯𝟏𝟏

⊥𝜦𝜦 cos2𝜙𝜙

 Measurements of these polarizations will help to study chiral-odd TMD FFs 𝑯𝑯𝟏𝟏
⊥,𝑯𝑯𝟏𝟏𝟏𝟏

⊥ ,𝑯𝑯𝟏𝟏𝟏𝟏,𝑯𝑯𝟏𝟏𝟏𝟏
⊥

 Quite similar kinematics and polarization observables at 𝒆𝒆+𝒆𝒆− annihilations

SIDIS and 𝒆𝒆+𝒆𝒆− annihilation
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𝝀𝝀𝚲𝚲
𝑺𝑺𝚲𝚲𝑵𝑵

𝑺𝑺𝚲𝚲𝟏𝟏



𝒫𝒫𝑵𝑵 for SIDIS
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 Integrating over 𝑷𝑷𝚲𝚲⊥, only 𝒫𝒫𝑵𝑵 survive. 
Taking Gaussian ansatz for 𝒑𝒑𝟏𝟏 distribution, we have  

�𝓟𝓟𝑵𝑵 𝒙𝒙, 𝒛𝒛𝚲𝚲 =
𝜋𝜋𝜅𝜅3 𝑧𝑧Λ

2𝑧𝑧Λ

𝑒𝑒𝑞𝑞2𝑑𝑑𝑓𝑓1𝑞𝑞 𝑑𝑑 𝑫𝑫𝟏𝟏𝟏𝟏𝟏𝟏
⊥𝚲𝚲 𝒛𝒛𝚲𝚲

𝑒𝑒𝑞𝑞2𝑑𝑑𝑓𝑓1𝑞𝑞 𝑑𝑑 𝐷𝐷1𝑞𝑞Λ 𝑧𝑧Λ
 𝑓𝑓1𝑞𝑞: NLO CT14

Dulat, Hou, Gao, et al. PRD 2016

 𝐷𝐷1𝑞𝑞: DSV
de Florian, Stratmann, Vogelsang, PRD 1998

 𝐷𝐷1𝑇𝑇⊥ : CLPSW
Chen, Liang, Pan, Song, Wei, PLB 2021

Longitudinal and Transverse polarizations of Hyperons𝚲𝚲

Chen, Liang, Song, Wei, PRD 2022

𝒆𝒆− + 𝒑𝒑 → 𝒆𝒆− + 𝚲𝚲 + 𝒉𝒉



Test of Isospin symmetry at the EIC with 𝒫𝒫𝑵𝑵 for SIDIS
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⁄⁄𝒆𝒆𝒑𝒑 𝒆𝒆𝑫𝑫 𝒆𝒆𝑷𝑷𝒆𝒆 → 𝒆𝒆𝚲𝚲𝒉𝒉

Different u/d ratio→ �
same 𝒫𝒫𝑵𝑵, 𝑫𝑫𝟏𝟏𝟏𝟏

⊥ = 𝑫𝑫𝟏𝟏𝟏𝟏
⊥ , CLPSW

different 𝒫𝒫𝑵𝑵, 𝑫𝑫𝟏𝟏𝟏𝟏
⊥ ≠ 𝑫𝑫𝟏𝟏𝟏𝟏

⊥ , 𝐂𝐂𝐂𝐂𝐂𝐂, 𝐃𝐃𝐃𝐃𝐃𝐃

Isospin symmetric 
parametrization

Isospin symmetry violating 
parametrizations 

Longitudinal and Transverse polarizations of Hyperons𝚲𝚲

Chen, Liang, Song, Wei, PRD 2022

 Chen, Liang, Pan, Song, Wei, PLB 2021
 Callos, Kang, Terry, PRD 2020
 D’Alesio, Murgia, Zaccheddu, PRD 2020

EPPS16: Eskola, Paakkinen, Paukkunen, Salgado, EPJC 2017



𝒫𝒫 ⁄⁄𝐿𝐿 𝑇𝑇 𝑁𝑁
sin 𝑛𝑛𝜙𝜙 ≡

∫𝑑𝑑𝜙𝜙 𝜎𝜎𝒫𝒫 ⁄⁄𝐿𝐿 𝑇𝑇 𝑁𝑁 sin 𝑛𝑛𝜙𝜙
∫𝑑𝑑𝜙𝜙 𝜎𝜎

⟹ 𝓟𝓟𝟏𝟏
𝐬𝐬𝐝𝐝𝐮𝐮 𝟐𝟐𝟐𝟐 =

𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝐻𝐻1𝐿𝐿⊥Λ

2𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ

𝓟𝓟𝟏𝟏
𝒔𝒔𝒔𝒔𝒔𝒔 𝟐𝟐𝟐𝟐 =

𝐵𝐵 𝑑𝑑 −ℐ 𝑤𝑤1ℎ1⊥𝐻𝐻1𝑇𝑇Λ + ℐ 𝑤𝑤3𝑎𝑎ℎ1⊥𝐻𝐻1𝑇𝑇⊥Λ

2𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ
, 𝓟𝓟𝑵𝑵

𝐝𝐝𝐮𝐮𝐬𝐬 𝟐𝟐𝟐𝟐 =
𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤1ℎ1⊥𝐻𝐻1𝑇𝑇Λ + ℐ 𝑤𝑤3𝑏𝑏ℎ1⊥𝐻𝐻1𝑇𝑇⊥Λ

2𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ

To estimate their magnitudes, we take 𝐻𝐻1𝐿𝐿⊥Λ ∼ 𝐻𝐻1𝑇𝑇⊥Λ ∼ ⁄𝐷𝐷1𝑇𝑇⊥Λ 𝑧𝑧Λ , 𝐻𝐻1𝑇𝑇Λ ∼ 𝐺𝐺1𝐿𝐿Λ

𝑫𝑫𝟏𝟏𝟏𝟏
⊥𝚲𝚲: CLPSW.     𝒇𝒇𝟏𝟏: NLO CT14.      𝑫𝑫𝟏𝟏

𝚲𝚲,𝑮𝑮𝟏𝟏𝟏𝟏𝚲𝚲 : DSV         𝒉𝒉𝟏𝟏⊥:  Lu, Schmidt, PRD 2010.    

Weighted polarization 𝒫𝒫𝟏𝟏,𝒫𝒫𝟏𝟏,𝒫𝒫𝑵𝑵 in SIDIS
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𝒫𝒫𝟏𝟏 𝒫𝒫𝑵𝑵𝒫𝒫𝟏𝟏

Longitudinal and Transverse polarizations of Hyperons𝚲𝚲

Chen, Liang, Song, Wei, PRD 2022



𝒫𝒫𝟏𝟏
𝐬𝐬𝐝𝐝𝐮𝐮 𝟐𝟐𝟐𝟐 =

ℬ 𝑑𝑑 ℐ �𝑤𝑤2𝐻𝐻1⊥𝜋𝜋𝐻𝐻1𝐿𝐿⊥Λ

2𝒜𝒜 𝑑𝑑 ℐ 𝐷𝐷1𝜋𝜋𝐷𝐷1Λ

𝒫𝒫𝟏𝟏
𝒔𝒔𝒔𝒔𝒔𝒔 𝟐𝟐𝟐𝟐 =

ℬ 𝑑𝑑 −ℐ �𝑤𝑤1𝐻𝐻1⊥𝜋𝜋𝐻𝐻1𝑇𝑇Λ + ℐ �𝑤𝑤3𝑎𝑎𝐻𝐻1⊥𝜋𝜋𝐻𝐻1𝑇𝑇⊥Λ

2𝒜𝒜 𝑑𝑑 ℐ 𝐷𝐷1𝜋𝜋𝐷𝐷1Λ
, 𝒫𝒫𝑵𝑵

𝐝𝐝𝐮𝐮𝐬𝐬 𝟐𝟐𝟐𝟐 =
ℬ 𝑑𝑑 ℐ �𝑤𝑤1𝐻𝐻1⊥𝜋𝜋𝐻𝐻1𝑇𝑇Λ + ℐ �𝑤𝑤3𝑏𝑏𝐻𝐻1⊥𝜋𝜋𝐻𝐻1𝑇𝑇⊥Λ

2𝒜𝒜 𝑑𝑑 ℐ 𝐷𝐷1𝜋𝜋𝐷𝐷1Λ

To estimate their magnitudes, we take 𝐻𝐻1𝐿𝐿⊥Λ ∼ 𝐻𝐻1𝑇𝑇⊥Λ ∼ ⁄𝐷𝐷1𝑇𝑇⊥Λ 𝑧𝑧Λ , 𝐻𝐻1𝑇𝑇Λ ∼ 𝐺𝐺1𝐿𝐿Λ

𝑫𝑫𝟏𝟏𝟏𝟏
⊥𝚲𝚲: CLPSW.      𝑫𝑫𝟏𝟏

𝚲𝚲,𝑮𝑮𝟏𝟏𝟏𝟏𝚲𝚲 : DSV.    𝑫𝑫𝟏𝟏
𝝅𝝅: DEHSS.         𝑯𝑯𝟏𝟏

⊥𝝅𝝅:  Anselmino et al., PRD 2015.    

Weighted polarization 𝒫𝒫𝟏𝟏,𝒫𝒫𝟏𝟏,𝒫𝒫𝑵𝑵 in 𝒆𝒆+𝒆𝒆− → 𝚲𝚲𝝅𝝅+𝒉𝒉
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𝒫𝒫𝟏𝟏 𝒫𝒫𝑵𝑵
𝒫𝒫𝟏𝟏

Longitudinal and Transverse polarizations of Hyperons𝚲𝚲

Chen, Liang, Song, Wei, PRD 2022



Conclusions and outlook

 Isospin-symmetric polarized TMD FF 𝑫𝑫𝟏𝟏𝟏𝟏
⊥

 Isospin asymmetry violation from EW decay is tiny

 We can fit Belle data well with isospin symmetric 𝑫𝑫𝟏𝟏𝟏𝟏
⊥

 Chiral-odd TMD FFs  𝑯𝑯𝟏𝟏𝟏𝟏𝟏𝟏
𝚲𝚲 , 𝑯𝑯𝟏𝟏𝟏𝟏𝟏𝟏

⊥𝚲𝚲 and 𝑯𝑯𝟏𝟏𝟏𝟏𝟏𝟏
⊥𝚲𝚲

 Longitudinal and transverse polarizations 𝓟𝓟𝚲𝚲 = 𝓟𝓟𝟏𝟏,𝓟𝓟𝟏𝟏,𝓟𝓟𝑵𝑵 in unpolarized SIDIS and 𝒆𝒆+𝒆𝒆− are 

estimated, and the polarizations are measurable.

 eA collision at EIC can be employed to test isospin symmetries in 𝑫𝑫𝟏𝟏𝟏𝟏
⊥
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Backup : Fitted parameters for 𝑫𝑫𝟏𝟏𝟏𝟏
⊥
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K.B.Chen, Z.T.Liang, Y.L.Pan, YKS, S.Y.Wei, Phys. Lett. B 816 (2021) 136217

←DSV
←Pythia

138 data points, 19 free parameters in all

⁄𝝌𝝌𝟐𝟐 𝟏𝟏.𝒐𝒐.𝒇𝒇 = �𝟐𝟐.𝟐𝟐𝟏𝟏𝟐𝟐, 𝐃𝐃𝐃𝐃𝐃𝐃
𝟎𝟎.𝟗𝟗𝟗𝟗𝟗𝟗, 𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐝𝐝𝐮𝐮



 In parton model at leading twist

𝒫𝒫𝐿𝐿 =
𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝐻𝐻1𝐿𝐿⊥Λ sin2𝜙𝜙

𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ + 𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝐻𝐻1⊥Λ cos 2𝜙𝜙

𝒫𝒫𝑇𝑇 =
𝐵𝐵 𝑑𝑑 −ℐ 𝑤𝑤1ℎ1⊥𝐻𝐻1𝑇𝑇Λ + ℐ 𝑤𝑤3𝑎𝑎ℎ1⊥𝐻𝐻1𝑇𝑇⊥Λ sin2𝜙𝜙
𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ + 𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝐻𝐻1⊥Λ cos2𝜙𝜙

𝒫𝒫𝑁𝑁 =
⁄𝐴𝐴 𝑑𝑑 ℐ �𝑤𝑤1𝑓𝑓1𝐷𝐷1𝑇𝑇⊥Λ 𝑧𝑧Λ + 𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤1ℎ1⊥𝐻𝐻1𝑇𝑇Λ + ℐ 𝑤𝑤3𝑏𝑏ℎ1⊥𝐻𝐻1𝑇𝑇⊥Λ cos 2𝜙𝜙

𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ + 𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝐻𝐻1⊥Λ cos2𝜙𝜙
 Polarization 𝓟𝓟𝒔𝒔 in given Quadrants

𝒫𝒫𝐿𝐿 𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼 =
2
𝜋𝜋
𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝐻𝐻1𝐿𝐿⊥Λ

𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ
, 𝒫𝒫𝑇𝑇 𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼 =

2
𝜋𝜋
𝐵𝐵 𝑑𝑑 −ℐ 𝑤𝑤1ℎ1⊥𝐻𝐻1𝑇𝑇Λ + ℐ 𝑤𝑤3𝑎𝑎ℎ1⊥𝐻𝐻1𝑇𝑇⊥Λ

𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ

𝒫𝒫𝑁𝑁 𝐼𝐼+𝐼𝐼𝐼𝐼 =
⁄ℐ �𝑤𝑤1𝑓𝑓1𝐷𝐷1𝑇𝑇⊥Λ 𝑧𝑧Λ

ℐ 𝑓𝑓1𝐷𝐷1Λ
, 𝒫𝒫𝑁𝑁 𝑖𝑖+𝑖𝑖𝑖𝑖𝑖𝑖 =

⁄𝐴𝐴 𝑑𝑑 ℐ �𝑤𝑤1𝑓𝑓1𝐷𝐷1𝑇𝑇⊥Λ 𝑧𝑧Λ + 𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤1ℎ1⊥𝐻𝐻1𝑇𝑇Λ + ℐ 𝑤𝑤3𝑏𝑏ℎ1⊥𝐻𝐻1𝑇𝑇⊥Λ ⁄2 𝜋𝜋
𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ + 𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝐻𝐻1⊥Λ ⁄2 𝜋𝜋

Extension to SIDIS and 3-dimensional polarizations
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𝐼𝐼

𝐼𝐼𝐼𝐼𝐼𝐼

𝐼𝐼𝐼𝐼

𝐼𝐼𝐼𝐼

Longitudinal and Transverse polarizations of Hyperons𝚲𝚲

𝝀𝝀𝚲𝚲
𝑺𝑺𝚲𝚲𝑵𝑵

𝑺𝑺𝚲𝚲𝟏𝟏



 𝐬𝐬𝐝𝐝𝐮𝐮𝒔𝒔𝟐𝟐- and 𝐝𝐝𝐮𝐮𝐬𝐬𝒔𝒔𝟐𝟐-weighted polarizations

𝒫𝒫 ⁄⁄𝐿𝐿 𝑇𝑇 𝑁𝑁
sin 𝑛𝑛𝜙𝜙 =

∫𝑑𝑑𝜙𝜙 𝜎𝜎 𝒫𝒫 ⁄⁄𝐿𝐿 𝑇𝑇 𝑁𝑁sin𝑛𝑛𝜙𝜙
∫𝑑𝑑𝜙𝜙 𝜎𝜎

,

𝒫𝒫 ⁄⁄𝐿𝐿 𝑇𝑇 𝑁𝑁
cos 𝑛𝑛𝜙𝜙 =

∫𝑑𝑑𝜙𝜙 𝜎𝜎 𝒫𝒫 ⁄⁄𝐿𝐿 𝑇𝑇 𝑁𝑁 cos𝑛𝑛𝜙𝜙
∫𝑑𝑑𝜙𝜙 𝜎𝜎

For example,

𝒫𝒫𝐿𝐿
sin 2𝜙𝜙 =

1
2
𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤2ℎ1⊥𝐻𝐻1𝐿𝐿⊥Λ

𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ
, 𝒫𝒫𝑇𝑇

sin 2𝜙𝜙 =
1
2
𝐵𝐵 𝑑𝑑 −ℐ 𝑤𝑤1ℎ1⊥𝐻𝐻1𝑇𝑇Λ + ℐ 𝑤𝑤3𝑎𝑎ℎ1⊥𝐻𝐻1𝑇𝑇⊥Λ

𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ

𝒫𝒫𝑁𝑁
cos 2𝜙𝜙 =

1
2
𝐵𝐵 𝑑𝑑 ℐ 𝑤𝑤1ℎ1⊥𝐻𝐻1𝑇𝑇Λ + ℐ 𝑤𝑤3𝑏𝑏ℎ1⊥𝐻𝐻1𝑇𝑇⊥Λ

𝐴𝐴 𝑑𝑑 ℐ 𝑓𝑓1𝐷𝐷1Λ

 Measurements of these polarizations will help to study chiral-odd TMD FFs 𝐻𝐻1⊥,𝐻𝐻1𝐿𝐿⊥ ,𝐻𝐻1𝑇𝑇 ,𝐻𝐻1𝑇𝑇⊥

 Quite similar kinematics and polarization observables at 𝑒𝑒+𝑒𝑒− annihilations
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