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QCD: Asymptotic freedom & Confinement
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⚫ QCD coupling constant as(Q)

✓ High Q: asymptotic freedom, perturbative QCD 

✓ Low Q: non-perturbative QCD

⚫ Confinement: partons do not exist as free particles,

but are always confined in hadrons. 

⚫ Essence of confinement ?



Fragmentation function: integrated 𝐃𝟏
𝐡 𝐳
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⚫ Fragmentation function 𝐃𝐪
𝐡(𝐳): probability that hadron h is found in the debris of  

a parton carrying a fraction z = 2Eh/ 𝐬 of parton’s energy

⚫ Consequence of confinement

⚫ FF: QCD first principle (NOT YET)

✓ FF evolution function:  DGLAP

✓ Fitting: parametrization & experimental data

✓ Universality: e+e-, DIS, pp, pഥ𝐩 data

⚫ FFs contribute to virtually all processes



FFs with quark/hadron polarization
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Hadron 

polarization

Quark polarizatiom @ PPNP 91 136 (2016)

Unpolarized Longitudinally Transversely

Unpolarized 𝐃𝟏
𝐡 𝐇𝟏

⊥𝐡

Longitudinally 𝐆𝟏
𝒉 𝐇𝟏𝐋

⊥𝐡

Transversely 𝐃𝟏𝐓
⊥𝐡 𝐆𝟏𝐓

𝒉 𝐇𝟏
𝐡 𝐇𝟏𝐓

⊥𝐡

⚫ Theoretically many more, in particular with polarized hadrons in the final state

and transverse momentum dependence (TMD)

PLB396 (1993) 161



Access FFs with QCD factorization theorem
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SIDIS: s = σ𝐪𝐏𝐃𝐅⨂𝛔 𝐞𝐪 → 𝐞′𝐪′ ⨂𝐅𝐅

⚫ Depend on unpolarized PDFs

⚫ Flavor structure directly accessible

⚫ FFs and PDFs

e+e-: s = σ𝐪𝛔 𝐞+𝐞− → 𝐪ഥ𝐪 ⨂𝐅𝐅

⚫ No PDFs necessary

⚫ Calculations know at NNLO

⚫ Flavor structure not directly accessible

pp: s = σ𝐪𝐏𝐃𝐅⨂𝐏𝐃𝐅⨂𝛔 𝐪𝟏𝐪𝟏 → 𝐪𝟏
′ 𝐪𝟐

′ ⨂𝐅𝐅

⚫ Depend on unpolarized PDFs

⚫ Leading access to gluon FF

⚫ Parton momenta not directly known

pp

SIDIS

SIA

⚫ SIA @ e+e-: the cleanest input for FFs fitting



FFs for EIC & EicC
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Precise knowledge of FFs will be crucial 
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Strange quark polarization puzzle
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⚫ Strange quark density function:   Δs(x)+Δ ҧs(x) 

✓ Inclusive DIS: only proton PDF

a. negative for all values of x

✓ Semi-inclusive DIS: proton PDF & kaon FF 

a. DSS FFs: positive for most of measured x

b. HKNS FF: negative

c. JAM FFs: negative

⚫ Reliable FFs knowledge ? Need more efforts

PR D84 014002 (2011)

DSS FFs

PR D103 054003 (2021)

NP B887 276 (2014)



Kaon multiplicity HERMES & COMPASS

arXiv:1712.04571

⚫ Hermes data vs. Compass data

✓ Large discrepancies

✓ Kinematic & binning issues 

✓ Hadron mass effect

⚫ e+e- → K + X @ few GeV e+e- ?

✓ Stat. uncertainty: 18-41%

✓ Precision data ? Not yet
8
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PLB 67 367 (1977)
PR D87 074029 (2013)



Global data fit on unpolarized FF
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Used data set @ FFs fitting
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PR D104 034007 (2021)

PTEP 2016 113B04 (2016) PPNP 91 136 (2016)

⚫ Updated HKNS FFs @ 2016

✓ only e+e- ( 𝐬 > 10 GeV)  data sets

⚫ MAPFF1.0 FFs @ 2021

✓ e+e- ( 𝐬 > 10 GeV) and SIDIS data sets 

⚫ Data set at 𝐬 < 10 GeV e+e- collision ?



World p & K data on e+e-
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⚫ Precision data includes charged p, K

⚫ Data sets at 𝐬 < 10 GeV e+e- collision ?

✓ high z data sets ?

⚫ R scan data @ BESIII: ~10 pb-1 @ each 𝐬

PRL 111  062002 (2013)



World p & K data on e+e-
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⚫ Charged p @ DASP

✓ about 44 years ago

✓ stat. uncertainty: 18%

⚫ 𝐊𝐒
𝟎 @ PLUTO

✓ about 46 years ago

✓ stat. uncertainty: 18-41%

⚫ Precision data ? TMD FFs ?

NPB 148 189 (1979) 

PLB 67 367 (1977)

BESIII R scan data ⇒ Precision measurement ?



Pion FF: Best known FF
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PRD 91 014015 (2015)

⚫ For z≥0.8, uncertainty rapidly increase because of 

the lack of  experimental data

⚫ Xfitter: data at 𝐬 > 10 GeV e+e-

✓ Low 𝐬 e+e- data ?

⚫ Large z re-summation

✓ High z data ?

Eur.Phys.J.C77 516 (2017)

PRD 104 056019 (2021)

PRD 87 034014 (2013)



Pion FFs
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⚫ DIS @ Breit frame

✓ Incoming quark scatters off photon and returns along same axis

⚫ Current region of Breit frame is analogous to e+e-

✓ Born level: DIS Q = e+e- 𝐬
⚫ DSS FFs: HERMES ep pion data at 10% level

⚫ e+e- data at low energy 𝐬
✓ FFs packages could describe e+e- data at ?% level

PRD 75 114010 (2007)



e+e- → p0/𝐊𝐒
𝟎 + X @ BESIII
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⚫ Charged pion/kaon

✓ Particle PID: right/wrong probability

✓ Low pt: curling track, not reconstructed

⚫ inclusive p0 production: surprise

⚫ inclusive 𝐊𝐒
𝟎 production: not so bad

PRL 130 231901 (2023)p0 𝐊𝐒
𝟎

PRL 128 062004(2022)

e+e- → 𝐪ഥ𝐪



e+e- → p0/𝐊𝐒
𝟎 + X @ BESIII
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⚫ From theory side: fitting with BESIII data, hadron 

mass effect, large z re-summation, and so on 

⚫ From experimental side

✓ Primary hadron vs from resonance decay

⟹measure e+ e- → r(w, f)+ X, and so on 

✓ Contribution of vector states r*, w* and f*

⟹ e+ e- → r*/w*/f* → h + X

PRL 130 231901 (2023)



e+e- → K + X
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arXiv:2312.06572

⚫ Ratio RK in nucleus-nucleus collisions

✓ Expected RK < 1, opposite to observed results

✓ Large isospin breaking ?

⚫ How about RK in e+e- collision ?

✓ Precise measurement ?

p ? K*(892) ?



e+ e- → K+ K- p0 vs. e+ e- →𝐊𝐒
𝟎𝐊𝐋

𝟎𝛑𝟎
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⚫ KKp system

✓ K2
*(1430)K @ K+K-p0

✓ 𝐊∗(𝟖𝟗𝟐)𝟎ഥ𝐊𝟎 @ 𝐊𝐒
𝟎𝐊𝐋

𝟎𝛑𝟎

⚫ G(K+K-) ≈ 10 G(KSKL)

✓ PRD99 032001 (2019)

✓ PRD104 092014 (2021)

✓ valence quark charge

⚫ K*K: isospin → one

✓ electromagnetic interaction

JHEP 01 180 (2024)

JHEP 01 180 (2024)

JHEP 07 045 (2022)



e+e- → h + X @ BESIII
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⚫ h: a Goldstone boson due to spontaneous breaking of QCD chiral symmetry

⚫ h FF @ NLO: with data at 𝐬 > 10GeV e+e- collision

⚫ BESIII fit: NNLO accuracy, hadron mass correction & higher twist contributions

PRD83 (2001) 034002

arXiv:2401.17873



TMD FFs: 𝐃𝟏
𝐡 𝐳  ⇒ 𝐃𝟏

𝐡 𝐳, 𝐩𝐓

PRD99  112006 (2019)

⚫ Traditional 2-hadron FF

✓ Use transverse momentum between two hadron

⚫ Signal-hadron FF with Thrust or jet axis

✓ Need 𝐪ഥ𝐪 axis (quark or jet axis)

PRD78  032011 (2008)

JHEP 09 006 (2023)
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TMD FFs: 𝐃𝟏
𝐡 𝐳  ⇒ 𝐃𝟏

𝐡 𝐳, 𝐩𝐓
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⚫ Jet structure at BESIII & STCF 

✓ can reconstruct thrust axis correctly ? 

⚫ At lower 𝐬: back-to-back pion events

✓ Events with e+e- → p p + X: qpp> 120O

⚫ At higher 𝐬: jet @ [5, 7] GeV ?

✓ Evidence for jet structure

✓ Events with large thrust value ?

鄢文标 2002

PRL 35 1609 (1975)

Phase space

Jet



STCF with polarized beam
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⚫ Longitudinally polarized e- beam @ STCF

✓ Effect on fragmentation function ?

⚫ Single-spin asymmetry

✓ What could we obtain ?

⚫ We need theorist’s help.

p ↑ + p → 𝜋0 + 𝑋



Summary
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⚫ The knowledge of FFs is an important ingredient in our understanding of

non-perturbative QCD dynamics. 

⚫ Inclusive p0 & Ks production @ BESIII: Large discrepancy with theory 

calculation, need more study on FFs at low energy e+e- collision.

⚫ Inclusive h production @ BESIII: fit with NNLO accuracy, hadron mass 

correction & higher twist contributions, could describe BESIII data

⚫ e+e- annihilation experiments such as STCF provide the cleanest environment 

in which to measure FFs.
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