
Hadron production at low energy e+e-

鄢文标(中国科学技术大学)

arXiv:2304.03302

碎裂函数和能量关联研讨会，2025.08.09，兰州
1



Eur. Phys. J. C85  16(2025)

QCD: Asymptotic freedom & Confinement
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⚫ QCD coupling constant s(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 hadron 
⚫ Fragmentation function & Energy-energy correlator

✓ Understanding hadronization

PRL 134 131802 (2025)



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 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



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. NNPDF FF: negative

c. JAM FFs: negative

⚫ Reliable FFs knowledge ? Important !!!

PR D84 014002 (2011)

DSS FFs

PR D103 054003 (2021)

NP B887 276 (2014)



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 ?



𝐬 < 10 GeV

World  & K data on e+e-
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⚫ Data sets at high z ?

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

⚫ Charged  data by DASP

✓ stat. uncertainty: 18%

⚫ Chance for BESIII & STCF

✓ Precision 

PRL 111  062002 (2013)

NPB 148 189 (1979) 



PRL 130 231901 (2023)

Inclusive 0/𝐊𝐒
𝟎/ vs. what we know
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⚫ Inclusive 0 : surprise , disagreement !!! 

✓ Best known pion FFs

⚫ Inclusive 𝐊𝐒
𝟎 : not so bad

⚫ Inclusive  : how to understand the discrepancy

✓ NNLO accuracy, hadron mass correction & 

higher twist

PRL 133 021901 (2024)

PRD 91 014015 (2015)



Inclusive ±/K± vs. pQCD
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⚫ Inclusive pion cross section

✓ + ≈ - ≈ 0

✓ Isospin symmetry

⚫ Inclusive kaon cross section 

✓ K+ ≈ K- ≈ 1.4 KS

✓ Large isospin violation ?

⚫ NPC NNLO:  𝐬 > 3.0 GeV & Eh > 0.8 GeV @ BESIII

⚫ arXiv:2502.17837: Validity of QCD factorization and 

pQCD calculation at energy scales down to 3 GeV  

⚫ Test of isospin symmetry with FF fitting

arXiv:2502.16084



Nature of f0(980)
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PRL 121 022001 (2018)

⚫ Nature of a0(980) & f0(980)

✓ molecule, tetraquark, hybrid ?

⚫ a0(980)-f0(980) mixing @ BESIII

⚫ Inclusive f0(980) production

MPL A23 2226 (2008)



To do list
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⚫ TMD FFs: 

✓ reliable thrust axis @ 5.0 GeV

⚫ Hadrons with spin: spin effect

✓ hyperon: polarization, weak decay

✓ vector states: spin alignment , strong decay

⚫ Inclusive di-hadron production

✓ di-hadron FFs, thrust axis ?

⚫ Event shape variables

✓ Thrust & energy-energy correlator

⚫ Polarization electron beam  @ STCF

✓ MC generator ? what could we do ?

⚫ More ideas

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

and transverse momentum dependence (TMD)

NP B136 1 1(1978)



TMD FFs: 𝐃𝟏
𝐡 𝐳  ⇒ 𝐃𝟏

𝐡 𝐳, 𝐩𝐓

PRD99  112006 (2019)

⚫ Traditional 2-hadron FF

✓ Use transverse momentum between two hadron

✓ e+e- →  + X: >120O, back-to-back pions

⚫ Signal-hadron FF with thrust or jet axis

PRD78  032011 (2008)
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鄢文标 2002

Thrust axis: more is different
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⚫ Jet structure at BESIII & STCF 

✓ can reconstruct thrust axis correctly ? 

⚫ Phase space model vs. Jet model

✓ 𝐬 ≥ 5 GeV ? reliable ?

✓ evidence for jet structure ?

⚫ Advantage of thrust axis

✓ Two hadron ∈ same q/തq ?

✓ back-to-back hadrons

✓ di-hadron FFs

PRL 35 1609 (1975)

Phase space

Jet



Quark polarization
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⚫ Quark polarization @ e+e- → */Z → qതq
✓ q/തq: longitudinally polarization

✓ q/തq: transversely polarization suppressed by 

factor mq/ s

✓ unpolarized q/തq @ [2, 7] GeV: Yes or No ?

⚫ Sokolv-Ternov effect: transverse polarization of

electron/positron beam in storage rings

arXiv:2304.03302

PRD95  034009 (2017)

γ*



Inclusive  production
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⚫ Spin density matrix  of spin ½ hyperon

⚫ Polarization vector of hyperon with parity 

violating decay

⚫ Daughter proton preferentially decays in 

direction of ’s spin (opposite for ഥΛ)

✓ Decay parameter 

⚫ Cross section of inclusive 

✓ For  FFs

✓ S: polarization vector

✓ i = i/2,  Pauli matrices



Inclusive  production
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PRD95  034009 (2017)

PL B818 136371 (2021)

⚫ Energy dependence of  polarization

⚫ Thrust axis → z axis @ experiment

⚫ Beyond 

✓ ground state , 

✓ exotic  hyperon (1405) 



Spin alignment of vector meson
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⚫ Spin density matrix  of vector states

✓ mm : probability to be |s; sz = m>

✓ 00 ≠ 1/3: spin alignment

⚫ Angular of decay particle @ rest frame

✓ extract some elements, e.g. 00

PRD62  114004 (2000)



PRL 125 012301(2020)

Spin alignment of vector meson

Nature 614 244 (2023)

⚫ Heavy ion collision: QGP & spin-orbital coupling

✓ STAR: for phi unexpectedly large than 1/3 

⚫ e+e- collision: fragmentation, Z0 dominant

✓ xp < 0.3, 00 ≈ 1/3; xp > 0.3, 00 > 1/3

⚫ pp collision: PDF & fragmentation

⚫ BESIII: e+e- collision, fragmentation, * dominant PRD95  034009 (2017)
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Vector meson: FFs, TMD & spin alignment
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⚫ Cross section of vector states

✓ FFs of vector meson

✓ ///K*(892) FFs: not yet

⚫ Using thrust axis

✓ Combine TMD & spin alignment

⚫ e+ e- → Vector +  + X

✓ Back-to-back vector & 

PRD95  034009 (2017)



di-hadron FFs

PRD96  032005 (2017)

⚫ Fragmentation of a parton into two hadrons

✓ Hadrons emerge from same q or തq
✓ Thrust axis or hh< 60O 

⚫ Possible results @ BESIII

✓ Around 5.0 GeV with thrust axis

✓ TMD di-hadron FFs

✓ With hh< 60O method

21



Event shape variables: thrust
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⚫ Event shape explore geometry of hadronic energy-momentum flow

✓ Interplay between perturbative and non- perturbative dynamics

⚫ Thrust: how compatible an event is with two back-to-back objects

⚫ Thrust analysis around 5.0 GeV: important analysis

✓ Shape: experimental data vs. theory prediction

✓ Moment: s(Q) running (cross check)  

PRL 134 251904 (2025)

鄢文标 2002

EPJ C67 57(2010) 



Energy-energy correlator (EEC)
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⚫ EEC describes energy flux in e+e- collision

⚫ Angular scale resolve and characterize behavior 

in different QCD regions

✓ Small angle: collinear limit of QCD, EEC inside 

Jets, s measurement

✓ Large angle: back-to-back, limit, soft recoiling, 

TMD physics

✓ Intermediate angle: fixed-order perturbative 

expansion

arXiv:2505.11828

Rich physics @ EEC



Energy-energy correlator (EEC)
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⚫ Energy dependence of EEC

✓ Results with 𝐬 < 7 GeV: not yet

⚫ Single inclusive EEC 

⚫ Azimuthal dependence of energy correlators

⚫ Energy correlator around ,  mesons ? 

✓ Strange quark, almost free of resonances decay

PRL 133 19101 (2024)
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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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