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𝐷!"(𝑧): number density of hadron h carrying a fraction of momentum 𝑧 of parton i

Fragmentation functions (FFs) as extension of the parton model
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[2304.03302]
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Why FFs: key ingredients of QCD factorization framework
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Example: e + N -> e + h + X (Semi-Inclusive DIS (SIDIS) )
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Why FFs: phenomenologial applications

| 沈晓民 | 第七届全国重味物理与量子色动力学研讨会@南京, Apr.21 2025

[JHEP08(2021)034]

Identified hadron helps discriminate initial parton

FFs are key inputs of pPDFs determination may be used for u/d quark jet separation

[PRL.130.151901, ’23]

The jet charge
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Extraction of FFs

| 沈晓民 | 第七届全国重味物理与量子色动力学研讨会@南京, Apr.21 2025

FFs can be extracted via global fit of ee, ep, pp data.

v Field theory definiton of the collinear (integrated) quark FFs [Collins, Soper ‘82]

v Global analyses of ee(SIA), ep(SIDIS) and pp data based on factorization formula.

measurement input pQCD to be determined. Universal !
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TODO: Global 
NNLO or N3LO FFs 
analyses

Some representative FFs 
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Feynman, ‘69
Parton model

Berman, Bjorken, 
Kogut, ‘71
FFs proposed

1969      1971               1977               1982                1989         1992                  2015     high-precision era

Field, Feynman, ‘77
First determination 
of FFs

Collins et al., ‘89
Factorization 
theorem

Chiappetta et al., ’92
First FFs extraction at 
NLO (ee, pp)

Collins, Soper, ‘82
FFs definition in 
QCD

Anderle et al., ’15
First FFs extraction 
at NNLO (ee only)

NNLO or N3LO FFs will be needed for the forthcoming high-precision era.
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The needs of high-precision FFs extractions

v Efforts from China

• ep collisions: EicC
• ee collisions: BESIII measurements
• ee collisions: CEPC

v The Electron-Ion Collider (EIC)

• expected to start operation in the early 
2030s

• unprecedented access to the spatial and spin 
structure of the proton

• FFs as keys ingredients of SIDIS at the EIC

| 沈晓民 | 第七届全国重味物理与量子色动力学研讨会@南京, Apr.21 2025

High-precision (NNLO, N3LO) FFs as key output & input

[2103.05419]

[2102.09222]

See Wenbiao Yan’s talk
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Progress on the theoretical side
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Ingredients ready for a global analysis of FFs at NNLO

v SIDIS(ep) at NNLO

[PRL.132.251901, 2024
PRL.132.251902, 2024
PRL.133.211904, 2024
PRL.133.211905, 2024
2504.05376]

v pp at NNLOvSIA(𝑒!𝑒") at N3LO

[He, Xing, Yang, Zhu, 2503.20441] [Czakon et al. 2503.11489]

See HuaXing Zhu’s talk
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NNLO FFs analysis: parameterization

• Number of free parameters suppressed by 
charge/isospin symmetries:

We performed the first global analyses of FFs to 𝜋±, 𝐾± at NNLO in QCD

• Light flavor FFs are parameterized at 𝑄$ =
1.4	GeV

• Heavy quark FFs are freezed below 
threshold.

• NNLO (3-loop) DGLAP evolution from 
[Mitov, Moch, Vogt, Almasy]

• +𝑃%&
',(*)correction from [Chen, Yang, Zhu, 

Zhu, ‘20] 

• implemented in HOPPET,  with benchmark 
against APFEL

| 沈晓民 | 第七届全国重味物理与量子色动力学研讨会@南京, Apr.21 2025

[Gao, XS, Xing, Zhao, Zhou, 2502.17837]
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NNLO FFs analysis: overview

| 沈晓民 | 第七届全国重味物理与量子色动力学研讨会@南京, Apr.21 2025

LHAgrids of our FFs will be published later

v Data

• Select SIA and SIDIS data with 𝑄 >
3(2)	𝐺𝑒𝑉, 𝑧 > 0.01, 𝐸! > 𝐸!,#$%(0.8 GeV by 
default)

• New BESIII measurement included

v Theory

• SIDIS(ep): coefficient functions at NNLO from 
[Bonino+] and [Goyal+]

• SIA(ee): NNLO + hadron mass corrections
• include scale variations into the covarinace 

matrix

[BESIII, 2502.16084]

See Wenbiao Yan’s talk
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NNLO FFs analysis: fit quality

| 沈晓民 | 第七届全国重味物理与量子色动力学研讨会@南京, Apr.21 2025

Satisfactory agreements found for both SIA and SIDIS data with Q~3 GeV

Theory v.s. data for NNLO fit (BESIII)

Theory v.s. data for NNLO fit (COMPASS06)
Quality of NNLO fit of SIA and SIDIS data
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Applications: constraining SOTA proton PDFs at NNLO
We may for example constrain the strange quark PDFs with SIDIS data.

| 沈晓民 | 第七届全国重味物理与量子色动力学研讨会@南京, Apr.21 2025

• CT18, ABMP16 and ATLAS21 assume zero 
strangeness asymmetry (𝑠 − 𝑠̅) at initial 
scale

• MSHT20 and NNPDF4.0 show preference 
of a positive strangeness asymmetry from 
inclusive data

[2211.11064]

[2211.11064]

[1912.10053]
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Applications: constraining SOTA proton PDFs at NNLO
We may for example constrain the strange quark PDFs with SIDIS data.

| 沈晓民 | 第七届全国重味物理与量子色动力学研讨会@南京, Apr.21 2025

• SIDIS measurement by the COMPASS 
Collaboration can be sensitive to 
strangeness asymmetry

• The chi2 of best fit varies by 40 units with 
different choices of PDF sets

• A reduced strangeness asymmetry is 
preferred by SIDIS data

LO cross section difference of 𝐾± with iso-scalar target
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Modified PDF sets generated, taking into account SIDIS data

v Modified PDF set with the inclusion of 
SIDIS data

• Reweighting of NNPDF4.0: applying a standard 
Gaussian weight 𝑒"#!/%

• Profiling of MSHT20 PDF

Applications: constraining SOTA proton PDFs at NNLO

PDF variables before/after reweighting/profiling

[see e.g. Phys.Rept.742(2018)1]
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Summary

v First global analysis of FFs at full NNLO in QCD is performed.

v Recent BESIII measurements + SIDIS data allows a test of collinear 
factorization at low Q.

v Impacts of fragmentation data on the NNLO PDFs are studied.

| 沈晓民 | 第七届全国重味物理与量子色动力学研讨会@南京, Apr.21 2025

Thank you for your attention!


