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Outline

➢ Introduction

• Fragmentation Functions (FFs) in parton model and QCD

• Determination of collinear FFs

➢NPC NNLO FFs analysis

• Determination of NNLO FFs

• Constraints on PDFs

➢ Summary
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Fragmentation Functions in parton model

FF = number density of finding

• a specific hadron h

• with momentum fraction 𝑧 “in” parton 𝑖
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部分子分布函数碎裂函数
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Fragmentation Functions (FFs) in QCD
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𝑫 𝒛, 𝑸
timelike DGLAP evolution
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Parton model

Bjorken et al., ‘71
FFs proposed
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FFs def.  in QCD

[Figure from PRL.134.111902]
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FFs are key ingredients of QCD factorization framework
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Feynman, ‘69
Parton model

Bjorken et al., ‘71
FFs proposed

1969      1971             1977         1981     1989

Field, Feynman, ‘77
First determination

Collins et al., ‘89
Factorization thm.

Collins, Soper, ‘81
FF def. in QCD

➢ Semi-Inclusive DIS (SIDIS) : e + N -> e + h + X

PDF FF

➢ 𝑒+𝑒− → ℎ + 𝑋 (SIA) =>  𝜎 = pQCD ⊗ FF

➢ 𝑝𝑝 → ℎ + 𝑋             =>  𝜎 = PDF ⊗ PDF ⊗ pQCD ⊗ FF

pQCD
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Determination of FFs
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❖ No lattice QCD calculation yet.

❖ Using quantum computers

❖ In simpler theory: ‘t Hooft model [Jia, Mo, Xiong, 2310.17640]

[Li, Xing, Zhang, 2406.05683] 
[Galvez-Viruet et al. 2510.18869]
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Determination of FFs: global data fits
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❖ e p collision:

measurement input pQCD to be determined. Universal !

❖ ee and pp

𝜎 = pQCD ⊗ FF                      𝜎 = PDF ⊗ PDF ⊗ pQCD ⊗ FF
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➢ NLO analyses from Non-perturbative Physics Collaboration (NPC)

• NPC23 FFs to light charged hadrons:

• NPC23 FFs to light neutral hadrons:

Global analyses of collinear FFs to light hadrons

Gao, Liu, XS, Xing, Zhao, PRL 132, 261903, ‘24
Gao, Liu, XS, Xing, Zhao, PRD 110, 114019, ’24 (Editors’ suggestion)

Gao, Liu, Li, XS, Xing, Zhao, Zhou, PRD 112, 054045, ‘25

[See also Jun Gao’s talk on 
Monday]



Outline

➢ Introduction

• Fragmentation Functions (FFs, 碎裂函数) in parton model and QCD

• Determination of collinear FFs

➢NPC NNLO FFs analysis

• Determination of NNLO FFs

• Constraints on PDFs

➢ Summary
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FFs play a key role in the era of high-precision physics
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Figure and table from Jiancheng Yang’s talk on Monday

The unprecedented high-precision measurements require high-precision FFs input:

[Gao, XS, Xing, Zhao, Zhou, PRL 135, 041902, 2025]
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The framework
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𝑫(𝒛, 𝑸𝟎)

data

χ𝟐

theory

𝑫 𝒛, 𝑸

FMNLO

extend HOPPET to NNLO

LHAgrid

➢ FFs at starting scale 𝑄0 = 1.4 GeV

3-loop timelike DGLAP evolution 

      [Mitov, Moch, Vogt, Almasy]

 [Chen, Yang, Zhu, Zhu, ‘20] 

+charge/isospin symmetries

➢ FFs at arbitrary energy scale 𝑄

➢ SIA/SIDIS coefficient functions at NNLO

[Bonino+, ‘24], [Goyal+, ‘24]

The first global FF fit (ee+SIDIS) at full NNLO accuracy
[See Jun Gao’s talk for N3LO]
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The datasets
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The first test on universality of FFs at Q~3 GeV (using ee +ep)

➢ This work uses both ee and ep data at Q~3GeV
[BESIII, PRL135, 151901, 2025]

Khalek,Bertone,Nocera PRD.104.034007, ’21

➢ separated kinematic region of 𝑒+𝑒− and 𝑒𝑝 data

SIA(𝑒+𝑒−)

SIDIS(ep)

➢ SIA(𝑒+𝑒−) data used in the fit:

[See Wenbiao’s talk on Tuesday]

Data sets used by MAP group
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The results
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➢ test of leading-twist factorization

LHAgrids of our FFs have been submitted 
to the LHAPDF repository.

energy cut of the identified hadron

https://www.lhapdf.org/pdfsets.html

➢ This work: 𝜒NNLO
2 < 𝜒NLO

2

     Previous studies: 𝜒𝑎𝑝𝑝𝑟.NNLO
2 > 𝜒NLO

2  

[Gao, XS, Xing, Zhao, Zhou, PRL 135, 041902, 2025]➢ our FFs describe both ee and ep data well

[PRL.129.012002, PLB.2022.137456]

https://www.lhapdf.org/pdfsets.html
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Application: constraining proton PDFs at NNLO

SIDIS may also constrain PDFs:

is sensitive to strangeness asymmetry

2026-04-22 青岛 沈晓民(中科院,近物所)

➢ LO xsec of SIDIS off an isoscalar target (COMPASS)

unpolarized PDF FF

PDF FF
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Application: constraining proton PDFs at NNLO
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➢ We generate modified PDFs which reflect the impact of SIDIS data

➢ Correlation between χ2 and PDFs

• Reweighting of the NNPDF4.0 PDF set

• Profiling of the MSHT20 PDF set
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Application: PDF sets before and after reweighting/profiling
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[Gao, XS, Xing, Zhao, Zhou, PRL 135, 041902, 2025]



Summary

➢ FFs are key inputs for calculations of hadron production rate from first principles.

➢ We present the first global (ee+SIDIS) FFs determination at full NNLO.

➢ Our FFs are in good agreement with low-Q data from both ee and SIDIS.

➢ We find a preference for a reduced asymmetry in the strange (anti-)quark PDFs.

NPC FF sets are available at https://www.lhapdf.org/pdfsets.html

NLO charged hadron:
           Gao, Liu, XS, Xing, Zhao, PRL 132, 261903, 2024
           Gao, Liu, XS, Xing, Zhao, PRD 110, 114019, 2024
NLO neutral hadron:  
           Gao, Liu, Li, XS, Xing, Zhao, Zhou, PRD 112, 054045, 2025
NNLO: 
           Gao, XS, Xing, Zhao, Zhou, PRL 135, 041902, 2025

https://www.lhapdf.org/pdfsets.html
https://www.lhapdf.org/pdfsets.html


Summary

➢ FFs are key inputs for calculations of hadron production rate from first principles.

➢ We present the first global (ee+SIDIS) FFs determination at full NNLO.

➢ Our FFs are in good agreement with low-Q data from both ee and SIDIS.

➢ We find a preference for a reduced asymmetry in the strange (anti-)quark PDFs.

Thank you!
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Backup
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Theory v.s. data for BESIII (SIA: ~3GeV)

➢ Kinematic cuts in our analyses:

• 𝑄 > 3 GeV (SIA)

• 𝑄 >  2 GeV(SIDIS)

• 𝑧 > 0.01, 𝐸ℎ > 0.8 GeV

Theory v.s. data for COMPASS06 (SIDIS: 2~5GeV)
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Backup
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