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Introduction

 Fragmentation functions (FFs) can be labeled by quark and hadron helicity

 Parity invariance in QCD  ⟹ 𝐷𝐷++ = 𝐷𝐷−−, 𝐷𝐷+− = 𝐷𝐷−+ ⟹ �𝐷𝐷1𝐿𝐿 = �𝐺𝐺1 = 0
 QCD 𝜃𝜃-vacuum breaks parity invariance  ⟹ non-zero parity-odd FFs  [Kang, Kharzeev 2011]

ℒ = ℒ +
𝑔𝑔2

32𝜋𝜋2
𝜃𝜃 𝑥𝑥, 𝑡𝑡 𝐹𝐹𝑎𝑎

𝜇𝜇𝜇𝜇 �𝐹𝐹𝜇𝜇𝜇𝜇𝑎𝑎 ⟹ Ξ 𝑧𝑧 ∼ 𝛾𝛾𝜇𝜇𝑝𝑝𝜇𝜇 𝐷𝐷1 + 𝜆𝜆ℎ �𝐷𝐷1𝐿𝐿 + 𝛾𝛾𝜇𝜇𝛾𝛾5𝑝𝑝𝜇𝜇 𝜆𝜆ℎ𝐺𝐺1𝐿𝐿 + �𝐺𝐺1

 The 𝜃𝜃-parameter induce parity-odd FFs �𝐷𝐷1𝐿𝐿 , �𝐺𝐺1 with different signs in each event, hard to probe in exps.
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𝐷𝐷𝑞𝑞ℎ(𝑧𝑧)
𝑞𝑞

ℎ

𝑋𝑋

𝐷𝐷++,𝐷𝐷−+,𝐷𝐷−−,𝐷𝐷+− →

𝐷𝐷1 = 1
2
𝐷𝐷++ + 𝐷𝐷+− + 𝐷𝐷−+ + 𝐷𝐷−−

𝐺𝐺1𝐿𝐿 = 1
2
𝐷𝐷++ − 𝐷𝐷+− − 𝐷𝐷−+ + 𝐷𝐷−−

�𝐷𝐷1𝐿𝐿 = 1
2
𝐷𝐷++ − 𝐷𝐷+− + 𝐷𝐷−+ − 𝐷𝐷−−

�𝐺𝐺1 = 1
2
𝐷𝐷++ + 𝐷𝐷+− − 𝐷𝐷−+ − 𝐷𝐷−−

𝐷𝐷𝜆𝜆𝑞𝑞
𝜆𝜆ℎ

𝐷𝐷1 𝐺𝐺1𝐿𝐿 �𝐷𝐷1𝐿𝐿 �𝐺𝐺1
− −



Introduction

 Hadrons detected in exps may contain weak decay contributions, thus violating parity invariance.

 It is not an easy task to subtract all decay contributions, leaving room for P-odd FFs
 We perform a detailed calculation of weak decay contributions to P-odd FFs, and estimate the 

magnitudes of their observables in exps.
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�𝐷𝐷1𝐿𝐿 �𝐺𝐺1
−

For example, weak interaction vertex

𝛾𝛾𝜇𝜇 1 − 𝛾𝛾5 ⟹ 𝑞𝑞𝐿𝐿 ⟹ �𝐷𝐷1𝐿𝐿 ≠ 0



Formalism to calculate decay contributions to P-odd FFs

𝐷𝐷𝑞𝑞ℎ = 𝐷𝐷𝑞𝑞
ℎ,dir + �

𝐻𝐻

𝐷𝐷𝑞𝑞
ℎ,𝐻𝐻

 𝐷𝐷1
ℎ,dir: directly produced part, dominated by QCD, free of parity violation

 𝐷𝐷1
ℎ,𝐻𝐻: decay contribution from parent hadron H, might contain parity violation effects 

𝐻𝐻 → ℎ + 𝑋𝑋
Where X can be a single particle (2-body decay) or several particles (3-body decays etc.)

𝐷𝐷𝑞𝑞
ℎ,𝐻𝐻 𝜆𝜆𝑞𝑞 , 𝜆𝜆ℎ; 𝑧𝑧, 𝑝𝑝𝑇𝑇 = �

𝜆𝜆𝐻𝐻

�𝑑𝑑𝑧𝑧′𝑑𝑑2𝑝𝑝𝑇𝑇′
𝑑𝑑𝑑𝑑 𝜆𝜆ℎ , 𝜆𝜆𝐻𝐻
𝑑𝑑𝑧𝑧𝑑𝑑2𝑝𝑝𝑇𝑇

𝐷𝐷𝑞𝑞𝐻𝐻 𝜆𝜆𝑞𝑞 , 𝜆𝜆𝐻𝐻; 𝑧𝑧′,𝑝𝑝𝑇𝑇′
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𝜆𝜆𝑞𝑞 𝜆𝜆𝐻𝐻

𝜆𝜆ℎ

�⃗�𝑝𝑇𝑇′

�⃗�𝑝𝑇𝑇



Formalism to calculate decay contributions to P-odd FFs

𝑑𝑑𝑑𝑑 𝜆𝜆ℎ,𝜆𝜆𝐻𝐻
𝑑𝑑𝑑𝑑𝑑𝑑2𝑝𝑝𝑇𝑇

contain weak interactions. We calculate them via helicity amplitudes/effective Lagrangian.


1
2
→ 1

2
+ 0 (Ξ → Λ𝜋𝜋, …)

𝑑𝑑𝑑𝑑 𝜆𝜆ℎ , 𝜆𝜆𝐻𝐻
𝑑𝑑𝑧𝑧𝑑𝑑2𝑝𝑝𝑇𝑇

=
1
8𝜋𝜋

2𝑀𝑀𝐻𝐻

𝑧𝑧 �⃗�𝑝ℎ∗
𝛿𝛿 𝑝𝑝𝐻𝐻 − 𝑝𝑝ℎ 2 − 𝑀𝑀𝑋𝑋

2 [ 1 + 𝛾𝛾𝜆𝜆𝐻𝐻𝜆𝜆ℎ𝝎𝝎𝒊𝒊 ⋅ 𝝎𝝎𝒇𝒇 + 1 − 𝛾𝛾 𝜆𝜆𝐻𝐻𝜆𝜆ℎ 𝝎𝝎𝒊𝒊 ⋅ �𝒑𝒑𝒉𝒉∗ 𝝎𝝎𝒇𝒇 ⋅ �𝒑𝒑𝒉𝒉∗

+𝛼𝛼 𝜆𝜆𝐻𝐻𝝎𝝎𝒊𝒊 ⋅ �𝒑𝒑𝒉𝒉∗ + 𝜆𝜆ℎ𝝎𝝎𝒇𝒇 ⋅ �𝒑𝒑𝒉𝒉∗ + 𝛽𝛽𝜆𝜆𝐻𝐻𝜆𝜆ℎ�𝒑𝒑𝒉𝒉∗ ⋅ 𝝎𝝎𝒊𝒊 × 𝝎𝝎𝒇𝒇 ]


3
2
→ 1

2
+ 0 (Ω → Λ𝐾𝐾, …, unpolarized parent hadron)

𝑑𝑑𝑑𝑑 𝜆𝜆ℎ , 𝜆𝜆𝐻𝐻
𝑑𝑑𝑧𝑧𝑑𝑑2𝑝𝑝𝑇𝑇

=
1
8𝜋𝜋

2𝑀𝑀𝐻𝐻

𝑧𝑧 �⃗�𝑝ℎ∗
𝛿𝛿 𝑝𝑝𝐻𝐻 − 𝑝𝑝ℎ 2 − 𝑀𝑀𝑋𝑋

2 1 + 𝛼𝛼𝜆𝜆ℎ𝝎𝝎𝒇𝒇 ⋅ �𝒑𝒑𝒉𝒉∗

 For strong decays 𝛼𝛼 = 𝛽𝛽 = 0, 𝛾𝛾 = ±1

5 / 10Yu-kun Song Decay contributions to P-odd FFs

𝜆𝜆𝑞𝑞 𝜆𝜆𝐻𝐻

𝜆𝜆ℎ

�⃗�𝑝𝑇𝑇′

�⃗�𝑝𝑇𝑇



Formalism to calculate decay contributions to P-odd FFs

 By inserting 𝑑𝑑𝑑𝑑 𝜆𝜆ℎ,𝜆𝜆𝐻𝐻
𝑑𝑑𝑑𝑑𝑑𝑑2𝑝𝑝𝑇𝑇

into the decay contributions to P-odd FFs, we finally obtain

�𝐷𝐷1𝐿𝐿,𝑞𝑞
ℎ,𝐻𝐻 𝑧𝑧 =

𝑀𝑀𝐻𝐻

2 𝒑𝒑𝒉𝒉∗
�
𝑑𝑑𝑧𝑧′

𝑧𝑧′
𝑑𝑑2𝑝𝑝𝑇𝑇′ 𝐷𝐷1𝑞𝑞𝐻𝐻 𝑧𝑧′,𝑝𝑝𝑇𝑇′ 𝐾𝐾𝑈𝑈→𝐿𝐿

�𝐺𝐺1,𝑞𝑞
ℎ,𝐻𝐻 𝑧𝑧 =

𝑀𝑀𝐻𝐻

2 𝒑𝒑𝒉𝒉∗
�
𝑑𝑑𝑧𝑧′

𝑧𝑧′
𝑑𝑑2𝑝𝑝𝑇𝑇′ 𝐺𝐺1𝐿𝐿,𝑞𝑞

𝐻𝐻 𝑧𝑧′,𝑝𝑝𝑇𝑇′ 𝐾𝐾𝐿𝐿→𝑈𝑈

where the kernel functions are given by

𝐾𝐾𝑈𝑈→𝐿𝐿 = 𝛼𝛼
𝑀𝑀𝐻𝐻𝐸𝐸ℎ𝐸𝐸ℎ∗ − 𝐸𝐸𝐻𝐻𝑚𝑚ℎ

2

𝑀𝑀𝐻𝐻 𝒑𝒑𝒉𝒉 𝒑𝒑𝒉𝒉∗
, 𝐾𝐾𝐿𝐿→𝑈𝑈 = 𝛼𝛼

𝑀𝑀𝐻𝐻𝐸𝐸ℎ − 𝐸𝐸𝐻𝐻𝐸𝐸ℎ∗

𝒑𝒑𝑯𝑯 𝒑𝒑𝒉𝒉∗

 However, for most hyperons there are no parametrizations.
𝐷𝐷1𝑞𝑞𝐻𝐻 , 𝐺𝐺1𝐿𝐿,𝑞𝑞

𝐻𝐻 =?
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𝜆𝜆𝑞𝑞 𝜆𝜆𝐻𝐻

𝜆𝜆ℎ

�⃗�𝑝𝑇𝑇′

�⃗�𝑝𝑇𝑇



Numeric results of �𝑫𝑫𝟏𝟏𝟏𝟏 for 𝚲𝚲 hyperon

Assumptions: 𝐷𝐷1,𝑞𝑞
𝐻𝐻,dir = 𝜆𝜆𝑠𝑠

𝑛𝑛𝑠𝑠′ 𝑛𝑛𝑞𝑞𝐻𝐻𝐷𝐷𝐵𝐵val + 𝐷𝐷𝐵𝐵sea

where 𝜆𝜆𝑠𝑠 = 1
3

is the strangeness suppression factor.

 To fix 𝐷𝐷𝐵𝐵val,𝐷𝐷𝐵𝐵sea we take DSV parametrization for Λ(uds)

𝐷𝐷𝑢𝑢
Λ,dir = 𝜆𝜆𝑠𝑠 𝐷𝐷𝐵𝐵val + 𝐷𝐷𝐵𝐵sea =

1 + 𝑧𝑧
2

𝐷𝐷1𝑢𝑢
⁄Λ �Λ �

DSV

𝐷𝐷�𝑢𝑢
Λ,dir = 𝜆𝜆𝑠𝑠𝐷𝐷𝐵𝐵sea =

1 − 𝑧𝑧
2

𝐷𝐷1𝑢𝑢
⁄Λ �Λ �

DSV

All FFs of spin-1/2 hadrons can be given in this form.

 Spin-3/2 hadrons assigned 𝜅𝜅 = 1
3

suppression factor, e.g.

Ξ0 𝑢𝑢𝑢𝑢𝑢𝑢 : 𝐷𝐷𝑢𝑢
Ξ0,dir = 𝜆𝜆𝑠𝑠2 𝐷𝐷𝐵𝐵val + 𝐷𝐷𝐵𝐵sea

Ξ− 𝑑𝑑𝑢𝑢𝑢𝑢 : 𝐷𝐷𝑢𝑢
Ξ−,dir = 𝜆𝜆𝑠𝑠2𝐷𝐷𝐵𝐵sea

Ω− 𝑢𝑢𝑢𝑢𝑢𝑢 : 𝐷𝐷𝑢𝑢
Ω−,dir = 𝜆𝜆𝑠𝑠3𝜅𝜅𝐷𝐷𝐵𝐵sea
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�𝐷𝐷1𝐿𝐿

de Florian, Stratmann, Vogelsang, 1998

The magnitude of �𝐷𝐷1𝐿𝐿 are negative
and of a few percent of 𝐷𝐷1



Observables-1: Spontaneous 𝚲𝚲 polarizations in 𝒆𝒆+𝒆𝒆− annihilation
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𝑒𝑒+𝑒𝑒− → ⁄𝛾𝛾∗ 𝑍𝑍0 → Λ𝑋𝑋
Spontaneous 𝚲𝚲 polarizations 

𝒫𝒫𝐿𝐿 𝑧𝑧 =
∑𝑞𝑞 Δ𝜔𝜔𝑞𝑞𝐺𝐺1𝐿𝐿,𝑞𝑞 𝑧𝑧 + 𝜔𝜔𝑞𝑞�𝐷𝐷1𝐿𝐿,𝑞𝑞 𝑧𝑧

∑𝑞𝑞 𝜔𝜔𝑞𝑞𝐷𝐷1,𝑞𝑞 𝑧𝑧
 𝜔𝜔𝑞𝑞 is the weight to produce unpolarized quarks

 Δ𝜔𝜔𝑞𝑞 is the weight to produce polarized quarks (through 𝑍𝑍-exchange)

�𝐷𝐷1𝐿𝐿

𝒫𝒫𝐿𝐿 𝑧𝑧 ~ a few percent



Observables-2: Modifications to di-hadron production

𝑑𝑑𝑑𝑑 𝑒𝑒+𝑒𝑒− → ℎ1ℎ2𝑋𝑋
𝑑𝑑𝑧𝑧ℎ1𝑑𝑑𝑧𝑧ℎ2

=
4𝜋𝜋𝛼𝛼𝑒𝑒𝑒𝑒2

𝑄𝑄2
�
𝑞𝑞

𝐷𝐷1𝑞𝑞
ℎ1 𝑧𝑧ℎ1 𝐷𝐷1�𝑞𝑞

ℎ2 𝑧𝑧ℎ2 − �𝐺𝐺1𝑞𝑞
ℎ1 𝑧𝑧ℎ1 �𝐺𝐺1�𝑞𝑞

ℎ2 𝑧𝑧ℎ2 ,

Modification factor

ℳ 𝑧𝑧ℎ1 , 𝑧𝑧ℎ2 ≡
∑𝑞𝑞 �𝐺𝐺1𝑞𝑞

ℎ1 𝑧𝑧ℎ1 �𝐺𝐺1�𝑞𝑞
ℎ2 𝑧𝑧ℎ2

∑𝑞𝑞 𝐷𝐷1𝑞𝑞
ℎ1 𝑧𝑧ℎ1 𝐷𝐷1�𝑞𝑞

ℎ2 𝑧𝑧ℎ2
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�𝐺𝐺1
−

𝑒𝑒+𝑒𝑒− → 𝜋𝜋+𝜋𝜋−𝑋𝑋



Conclusions

 We calculated weak decays contributions to P-odd FFs, giving non-zero results
 Rough estimates show that P-odd FF  ⁄�𝐷𝐷1𝐿𝐿 𝐷𝐷1 ∼ a few percent, and the observables for P-odd FFs are

 Spontaneous 𝚲𝚲 polarization in 𝒆𝒆+𝒆𝒆− → 𝒉𝒉↑𝑿𝑿

 Modifications to the di-hadron cross sections in 𝒆𝒆+𝒆𝒆− → 𝒉𝒉𝟏𝟏𝒉𝒉𝟐𝟐𝑿𝑿
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Thanks for you attention!

�𝐷𝐷1𝐿𝐿 �𝐺𝐺1
−
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