Inclusive hadron production at BESIII
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QCD: Asymptotic freedom & confinement
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® QCD coupling constant a,(Q) ]
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v" high Q: asymptotic freedom, perturbative QCD —ee —
° 0 q
v' low Q: non-perturbative QCD o——o—
° ° 0 q4q do
® Confinement: partons do not exist as free particles, -® o *—
o 9 949 q 4 4 9 49
but are always confined in hadron ~e oo o oo
® Essence of confinement ? why & how ? — O @ =
° ° ° ° N _’,* (@Y
v hadronization models & Fragmentation function @ s
v' LPHD: Local Parton Hadron Duality hypothesis Eur. Phys. J. C85 16(2025)

v machine learning for hadronization



Fragmentation function: integrated D} (z)

® Fragmentation function D! q(Z): probability that hadron h is found in the debris of

a parton carrying a fraction z of parton’s energy QUARKS &
® Consequence of confinement LEPT(]NS
® FF: QCD first principle (NOT YET)

v" FF evolution function: DGLAP

v fitting: parametrization & experimental data

v' universality: e*e-, DIS, pp, pp data e
® FFs contribute to virtually all processes

v’ e'e: the cleanest process for FF study
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FFs with quark/hadron polarization

Hadron Quark polarizatiom @

polarization
Unpolarized

Longitudinally Transversely
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® Theoretically many more, in particular with polarized hadrons in the final state
and transverse momentum dependence (TMD)
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FFs for EIC & EicC

OT \/ D Preprints: JLAB-THY-23-3780, LA-UR-21-20798, MIT-CTP/5386
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Precise knowledge of FFs will be crucial



Strange quark polarization puzzle
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® Strange quark density function: As(x)+As(x)
[d [ O
v inclusive DIS: only proton PDF o B
a. negative for all values of x e 0w
v' semi-inclusive DIS: proton PDF & kaon FF  © o
e 0 Ny e / B SKAO!18
a. DSS FFs: positive for most of measured x = " __ "o510 O’ 2.5 GeV?
o ~0.05 ‘ o = 2.
b. NNPDFE KE: negative S " PR D103 054003 (2021)
c. JAM FFs: negative 5 - - 1

® Reliable FFs knowledge ? important !!!



Pion FF: Best known FF
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® For z>0.8, uncertainty rapidly increase because of lack of

experimental data
® Breit frame @ DIS: incoming quark scatters off photon
and returns along same axis
v' current region is analogous to half of e*e" collision
v Born level: DIS Q =efe +/s
® DSS FFs: HERMES ep pion data at 10% level
v" describe BESIII data at ?% level
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World © & K data @ e"e collision

| World Data (Sel.) for e*e — mt+X Production

® Data sets at high z ?

® Data sets at /s < 10 GeV e*e collision ?

® Charged ©t data by DASP

v’ stat. uncertainty: 18%
® BESIII: opportunities & challenges
v’ e*e: the cleanest process for FF study

‘ World Data (Sel.) for e’e’ = K™+X Production ‘
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® MC generator of e'e- — qq — hadrons
® Reliable hadronic event generator @ low /s
v left-right asymmetry = scaling function
N a bm2
flz) = -;(] - z) exp( - —)

¥4

v’ special at low +/s: Lund area law & ConExc

v" tuning MC parameters
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ete- — nY/K? + X @ BESIII
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3.0500 14.89 283822 7719 ® Inclusive 7" production: surprise , disagreement !!!
3.4000 1.733 32202 843

3.6710 4.628 75253 6461 ® Inclusive K¢ production: not so bad 10



e'ee —n+X @ BESIII
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Inclusive T~ & KT vs.

pQCD

% {—PR#P 135 151901 (2028)c=v E i 3671 6ey ® Inclusive pion cross section
= : I $ ', this work F ] i [ NPC NNLO fit for m: v mt o~ o~ 0
6 3IF + ° E & w, this work — + =5 i TC ~ TC ~ n
= % ! ® =2 BESII 2023 e .
g5 of ., | - “ v Isospin symmetry
¢ Ces, 3 s T ® Inclusive kaon cross section
' e C ' G=g
Y A 1'?.'?2.._1"4 S I Y S Y T R VY -.1']?.!‘1[?_ v K+ ~ K = 1.4 KS
P, (GeV/e) . . . .
: — : — v' Large isospin violation ?
= b ! (s=3050 GeV | (s =3671 GeV
% N g¢¢+ | # K this work - %*$++¢ [ NPC NNLO fit for K= 20
S b JiY My +§ e %i by he,  EIERERN n
gx‘%‘-‘ 0.2 ;— + ++¢ — + §+ +Q $ ** ¢ 1.4 R - + ....................................................................... +
._‘UE 01 o | o ,.@ o L @ X L, f$$§¢ REIS o *
C : . ® . | = .‘i'# E 0y et e B e Wy S
B R T T ¥ ¥ ¥ ¥ R T TRV RN R TR 2 0af * ' + o TASS
p, (GeVic) "3 PC
04 R, = K‘+K(‘): K++5{ A] SLD
® NPC NNLO: +s >3.0 GeV & E, > 0.8 GeV @ BESIII = ““wx" = [nm

0.0 —=—
0

40 60 80

100 120 140 160 180 200

® PRL 135 041902 (2025): Validity of QCD factorization ’ ey
and pQCD calculation at energy scales down to 3 GeV D (z Q) =1DT(z,Q) @NPB 803 42 (2008)

if i = d(u), j = u(d)
otherwise 1 = j 12

® Test of isospin symmetry with FF fitting DI (2,Q) = 1D (2,Q) {



To do list @ BESIII

Theoretically many more, in particular with polarized hadrons in the final state
and transverse momentum dependence (TMD)

Inclusive
hyperon

Inclusive
vector

TABLE II. The 18 leading twist components of the FFs for quark fragments to spin-1 hadrons. The symbol x
means that the corresponding FF disappears after the integration over transverse momentum.

Quark -
polarization Hadron polarization TMD FFs Integrated over kp Name
u u Dy(z.kgy) Dy(z) Number density
8 T Dz, kp)) X
IDCIHSIVC LL D‘I,r,( i\f;i) Dypp(z) Spin alignment
charm LT Diyr(z.kr1) x
T DLTT( kei) *
meson L L wlzkey) Gp(z) Spin transfer (longitudinal)
T Gfr(fj‘u.) *
?; Gﬁrgz-ku; *
Giyplz. kes x
Inclusive Thrust T U Hi(z, kg1 ) X Collins function
T(") Hyp(z kg ) Hy7(z) Spin transfer (transverse)
/K @ & thrust i) Hie k1) ’
(2. kpL) *
5.0 GeV axis 6IL o
ki H
PR D94 034003 (2016) .-




Thrust axis: more is different

. . 040 11 1 1 T 7T T T T
o BESIII. COl‘l’eCtly thrUSt axis ? _PRL 35 1609 (1975) " PR D% %9]&(“19@2\3
® Phase space model vs. jet model . el | i
v’ reliable @ /s =5 GeV ? L / ]
® Usage of thrust axis S 036 i
% / ALz A=Ay §
v" two hadron €/¢ of a quark 50 ’ 12
v" TMD physics topics @ BESIII j o34 8 200
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Thrust T = 1- T: exp. data @ low /s ?2?

NP BisT3 0T Fosiy <
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Fig. 2. Feynman diagrams for the

® Fixed order calculation, NLO @ 1981 = NNLO @ 2007
® Small t (t << 1) due to soft & collinear gluons

Partonic contributions to the thrust distribution in

tree-level
one-loop
tree-level
tree-level
two-loop
one-loop
one-loop
tree-level

TABLE 1.
perturbative QCD. PRI, 99 132002 (2007)
LO Y — qqg
NLO Y —qqg
Y — qdgg
Y — q4qq
NNLO Y — qqg
Y — qqgg
T maX Z |p® | * — ngq
> |pil 7* — 944948
Y — qqggg

tree-level

v' re-summation of large In(1/7) to all orders in o,

v N4LL in full QCD @ PRL 134 251904 (2025)

® NNLO & N4LL vs. NNLO & N°LL @ Z': few permille

v" higher order: more complex & difficulty
® Experiment results @ low +/s: sensitive to higher order of o,

® BESIII/Belle/Belle I1: O(1-100M) qq events, not yet !
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L3

PRL 134 251904 (2025)
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CELLO [57]
MARKII [56]
MARKII [56]
MAC [55]
TASSO [53]
JADE [54]
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® The FF play a crucial role in describing hadronization process, and understanding of

non-perturbative QCD dynamics.
® Inclusive ° & K_: Large discrepancy with theory calculation. PRL 130 231901 (2023)
® Inclusive n: FF fitting with NNLO accuracy, hadron mass correction & higher twist,

could describe BESIII data. PRL 133 021901 (2024)

® Inclusive © & K: Validity of QCD factorization and pQCD calculation at energy scales
down to 3 GeV, isospin symmetry with FF fitting. PRL 135 151901 (2025)

® To do list @ BESIII
v FFs with hadron: beyond pion/kaon/eta
v' TMD FFs & Di-hadrons FFs: possible
v' spin effect at hadronization: any surprises ?
v’ thrust & EEC: old & new topics

16



Measurment of e'e- — nt’ + X @ BESIII
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v -
factor F 1000 [— Vs = 2.8000 GeV
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Trot dp_o ’ ) o) } ’

det
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MC: ISR off | factor 7 [ MC: ISR on
hadron level J L detector level

exp.: ISR oft W ! ( exp.: ISR on }

hadron level J L detector level
5 N(off) N (on)
Niree(of f)" Nj<t(on)

® Bin-by-bin unfolding method
® Correction factor F
v" event selection efficiency
v’ radiative correction
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