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Fragmentation functions (FFs) as extension of the parton model

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

𝐷ℎ←𝑖(𝑧): number density of hadron h carrying a fraction of momentum 𝑧 of parton i

Feynman, ‘69
Parton model

Bjorken, et al., ‘71
FFs proposed

1969                 1971                          1977  

Field, Feynman, ‘77
First determination

[2304.03302]

Collinear FFs:
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Why FFs: key ingredients of QCD factorization framework

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

Feynman, ‘69
Parton model

Bjorken et al., ‘71
FFs proposed

1969      1971               1977               1982               1989

Field, Feynman, ‘77
First determination

Collins et al., ‘89
Factorization thm.

Collins, Soper, ‘82
Definition in QCD

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

PDF FF
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Why FFs: phenomenologial application

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

[JHEP08(2021)034]

Identified hadron helps discriminate the initial parton

FFs are key inputs of pPDFs determination

pPDF FF
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Extraction of FFs

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

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

❖ 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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➢ partonic cross sections saved as interpolation tables for fast convolution with FFs

➢ code publicly available

➢ a hybrid scheme of phase-space slicing method and local subtraction

➢ automation of fragmentation calculations for arbitrary hard processes up to NLO, 
interfaced to MG5_aMC@NLO

Automated calculation tool: FMNLO

[Liu, XS, Zhou, Gao, 2305.14620 (JHEP)]

Hadron in jet (pp) Hadron in jet (ee)



NPC analyses of FFs to light 
charged hadrons (𝜋±, 𝐾±, 𝑝/ ҧ𝑝)

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

Only some of the recent global analyses are shown here.
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New opportunities in probing FFs at the LHC

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

Hadron-inside-jet measurements offer direct probe of z dependence

➢ Inclusive hadron production (STAR, ALICE)

➢ Hadron in jet (ATLAS, CMS, LHCb)

sensitive to gluon FFs. 
However,
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Simultaneous fit of 𝜋±, 𝐾±, 𝑝/ ҧ𝑝 FFs

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州
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The NPC23 FF sets

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

• High precision determination of FFs for 
charged hadrons.

• Resulting FFs are publicly available:

Gao, Liu, XS, Xing, Zhao, PRL ‘24,
 Gao, Liu, XS, Xing, Zhao, PRD ‘24(Editors’ suggestion)

pion

kaon

proton
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Application: momentum sum rule

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

Gao, Liu, XS, Xing, Zhao, PRL ‘24



NPC analyses of FFs to light 
neutral hadrons (𝐾0, η, Λ)

Gao, Liu, Li, XS, Xing, Zhao, Zhou, ’25

Only some of the recent global analyses are shown here.
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Data included in global analyses for the first time

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

➢ SIDIS data from ZUES

➢ pp data from LHC

➢ hadron-in-jet data (ALEPH three-jet events)
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The NPC23 FF sets

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州
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What can we learn from neutral + charged hadron FFs
Momentum sum rule revisited

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

Gao, Liu, Li, XS, Xing, Zhao, Zhou, ’25



NPC analyses of FFs at NNLO 
+ constraints on PDFs

[Gao, XS, Xing, Zhao, Zhou, PRL 135, 041902, 2025]
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The need for high-precision FFs extractions

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

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

❖ The Electron-Ion Collider (EIC)

• start operation in the early 2030s

• unprecedented access to structure of the 
proton

• FFs as keys ingredients of SIDIS at the EIC

❖ Efforts from China

• ep collisions: EicC

• ee collisions: BESIII measurements

[2103.05419]

[2102.09222]

See Linqin Huang & Wenbiao Yan’s talk
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First global analysis of FFs at NNLO

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

LHAgrids of our FFs available in the LHAPDF repository

❖ Data

• 𝜋±, 𝐾±: SIA(ee) and SIDIS(lepton+N) data with 
𝑄 > 3 & 2 GeV

• recent BESIII measurement included

❖ First global analysis of FFs at NNLO

• SIDIS: coefficient functions at NNLO from 
[Bonino+, ‘24] and [Goyal+, ‘24]

• SIA: NNLO

• 3-loop DGLAP evolution [Mitov, Moch, Vogt, 
Almasy], [Chen, Yang, Zhu, Zhu, ‘20] 

• include scale variations into the covarinace 
matrix

[BESIII, 2502.16084]

See Wenbiao Yan & Linqin Huang’s talk

[Gao, XS, Xing, Zhao, Zhou, PRL 135, 041902, 2025]



Page 20IMPCAS

Test on universality of FFs at low Q

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

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

Theory v.s. data for BESIII (SIA)

Theory v.s. data for COMPASS06(SIDIS)

Quality of NNLO fit of SIA and SIDIS data
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Application: constraining proton PDFs at NNLO

SIDIS measurement depends on both PDFs and FFs

sensitive to strangeness asymmetry

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

LO cross section difference of 𝐾± with iso-scalar target

Unpol. PDF FF

PDF FF

Pol.PDF FF
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Application: constraining proton PDFs at NNLO

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

PDF variables before/after reweighting/profiling

[ref: Phys.Rept.742(2018)1]

➢ Modified PDFs with the inclusion of SIDIS data

➢ Correlation between chi2 and PDFs

• Reweighting of the NNPDF4.0 PDF set
• Profiling of the MSHT20 PDF set

[Gao, XS, Xing, Zhao, Zhou, PRL 135, 041902, 2025]
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Summary

➢ FFs are essential non-perturbative inputs for precision calculations of 
hadron production cross sections from first principle of QCD.

➢ NPC23 fit framework: developed based on FMNLO

➢ NPC23 FF sets: the most precise and complete FF sets to date

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

Thank you for your attention!

Gao, Liu, XS, Xing, Zhao, PRL 132, 261903, 2024
Gao, Liu, XS, Xing, Zhao, PRD 110, 114019, (Editors' suggestion), 2024
Gao, XS, Xing, Zhao, Zhou, PRL 135, 041902, 2025
Gao, Liu, Li, XS, Xing, Zhao, Zhou, 2503.21311

[Liu, XS, Zhou, Gao, 2305.14620 (JHEP)]



Backup slides



Page 25IMPCAS

What can we learn from neutral + charged hadron FFs
Test the isospin symmetry

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

Predictions of 𝐾𝑆
0 production at COMAPSS.
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Fit quality

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

𝐾𝑆
0 η Λ
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NPC NNLO FFs analysis: the framework

沈晓民 | FFs+EEC研讨会 | 2025.Aug.09, 兰州

• Joint determination of FFs to charged pion, 
kaon at NNLO in QCD

• Parameterization at 𝑄0 = 1.4 GeV for light 
flavors, and threshold for heavy quarks.

[Gao, XS, Xing, Zhao, Zhou, 2502.17837]

• Charge conjugation symmetry

• Isospin symmetry
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