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QCD: Asymptotic freedom & Confinement
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® QCD coupling constant a,(Q) ]
[ J [ ) [ ] q q
v" high Q: asymptotic freedom, perturbative QCD - oo —
° 0 q
v' low Q: non-perturbative QCD o——o—
° ° 0 q4q qo
® Confinement: partons do not exist as free particles, -® o *—
o 9 499 q 4 4 9 4o
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
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FFs with quark/hadron polarization

Hadron Quark polarizatiom @

polarization
Unpolarized

Longitudinally Transversely

Unpolarized D! Hi"
Longitudinally G Hiy'
Transversely DiR G HT Hif
PLB396 (1993) 161 {9
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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
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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” — 1*+X Production | World Data (Sel.) for e ‘e’ — K*+X Production | . e"-e-'_'n:)'( —r 3
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® Data sets at high z ? 21~ sE
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® Data sets at \/s < 10 GeV e*e" collision ? 2 N N Hbf‘ -
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® Charged ©t data by DASP RS
L gl B
v’ stat. uncertainty: 18% ol® 2f
! - BESTI + PLUTO
® BESIII & STCF: opportunities & challenges I aDwmdys  CKEDR LMARKT . CosalBal

v’ e*e: the cleanest process for FF study 0300 55 50350 As 50 55 60 63 7.0
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Hadron production with QCD @ d
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Measurment of e'e- — nt’ + X @ BESIII
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v -
factor F 1000 [— Vs = 2.8000 GeV
‘ correction factor}—[ MC samples B sou

* BT b ittt gt
(L do(ete” —m'+X) J 2 Ef +;}++ t ++T 144 ? it +1 vy f pt t
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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
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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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ete- — nY/K? + X @ BESIII
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2.2324 2.645 83227 2041 . o
2.4000 3.415 96627 2331 ® Dominated uncertalnty: MC generator
2.8000 3.753 83802 2075 . 0 N N o "
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 11



ete” — n/K§ + X @ BESIII

C

RL 130231501 (2023)
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¢ <
q C) Radiotive Via 7

® KFrom theory side:
v fit with BESIII data, hadron mass effect, higher
twist contribution, and so on
v factorization breaking
® From experimental side
v' primary hadron vs from resonance decay
= measure e ¢ — p(®, )+ X, and so on
v" contribution of vector states p*, ®* and ¢*
= e e — p*/o*/¢p* - h+X 12



e'ee —n+X @ BESIII
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® PRDS3 (2001) 034002 vs. BESIII data

v underestimate

® BESIII fit: PR D111 034030 (2025)
v' NNLO accuracy, hadron mass & higher twist

v /s >10 GeV e*e data + BESIII data
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Inclusive T~ & KT vs.

pQCD

% {—PR#P 135 151901 (2028)c=v E i 3671 6ey ® Inclusive pion cross section
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® NPC NNLO: +s >3.0 GeV & E, > 0.8 GeV @ BESIII = ““wx" = [nm
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® 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)

® Test of isospin symmetry with FF fitting D¥(2,Q) = $DK* (2,Q) { otherwise 1=} 14



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

2005 (2017)

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) .-




Inclusive hadron: beyond pion/kaon/eta

collaboration NNFF | JAM DSS+ BDSSV MAP NPC
STA (ee) v v v v v v
SIDIS (ep) X v v v v v
pp incl. hadron X X ve X 4 v
hadron in jet X X X X X v

FFs (charged h) |75, KT p|nT K+ |75, KT p mt . K* |7t K*p
FFs (neutral h) n K%n,A
pQCD order NNLO NLO NLO appr. NNLO [ appr. NNLO NLO

® Existing hadron FFs

® Inclusive £,(980) production
v nature of £,(980)

® FFs of charm quark
v inclusive D? production
v" inclusive /K with D-tag

Tetraquark picture for f,(980)
u, s (favored) 5 }

fy = (uitss +ddss) /2
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°® PR D77 017504 (2008)
"“‘ﬁ ] + a:-xlli) (g"} h:'rms
0 (@) m,é }
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1/o*tdo/dz

0 -

| JHERO6 440 (3024)

1 — nNLO comp |~
{1 == NNLOCNO f=1.25 4
] =—— NNLO CNO f=20 /

1 = NNLO CGMP
{ ¥ CLEO D*+ /

1 charm
1 @=106Ge
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Thrust axis: more is different

® BESIII & STCF
v' correctly thrust axis ?

® Phase space model vs. jet model
v’ reliable @ /s > 5 GeV ?

® Usage of thrust axis
v" two hadron €/¢ of a quark
v’ transverse momentum

. BT 2002

pQCD (NLO) & Power correc tion
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Edward Farhi @ PRL 39 1587 (1977): Hadronic jets have been observed in
electron positron annihilation experiments at energies above 5 or 6 GeV
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1/0g do /dp;

TMD FFs: D"(z) = D"(z, pr)

107+ 10~ 1072 107! 1

——— Extractions — SIDIS
25 F ,‘g{:'i\:\ iF=4aGey =i _ 400 1 400
%/’y g‘\ 22 gzz = The only available fits are from SIDIS data, no e+e- data yet
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P In SIDIS the information on FFs is always convoluted with (TMD) PDFs J_J
® Collinear factorization vs. TMD factorization Ll ey 0
® Published do/dp of e"e” collision R =y — ———
v’ stricter constraint p;/(zQ) @ SIDIS TMD & | [l [overos
® Belle: Gaussian shape @ low p; PR D99 112006 (2019)
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v' similar results @ HERMES & COMPAS

® SIDIS & Drell-Yan: proton PDF N e D

® c¢'e: cleanest process i mm;m@ﬁﬁmm
v' TMD evolution effect & universality T T S
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Di-hadron FFs

PR D96 032005 (2017 TABLE I. Data from experiment and LQCD used in this analysis for the DiFFs D and H;' and the transversity
> (2017) PDF 1. PR D109 034024 (2024)
Collaboration References Observable Process Nonperturbative function(s)
Belle [64] do/dzdM, ete” = (ntn )X D,
Belle [112] Acte ete” - (ztn ) (nt ™)X D, HY
HERMES [118] ASIPIS ept = ¢ (ztn )X Dy, HY, hy
COMPASS [117] A?}?IS /,[{p,D}T — ,u’(n'"'n'_)X Dl,Hf[, hy
STAR [97.121] APP. pip = (ntr)X Dy, H Iy
ETMC [77] Su, 8d LQCD h,
PNDME [71] Su, 5d LQCD h,
. e+e_ VS. SIDIS s 0.30 < z < 0.35 . 0.50 < z < 0.55 i 0.65 < z < 0.70
. . T B NNLO fit .
v di-hadron FFs evolution z I data 50 | 12 1arXiv:2809.11855
v’ universality @ e*e- & SIDIS 2
. S 2.0 1
® MAP: di-hadron FFs at NNLO  :,
® Truth distribution (@ BESIII L. 101
v’ with thrust axis: possible R~ ] — T o mm i
v’ without thrust axis: ratio ? e 1 i owe us 1o 1 P R

M, [GeV] My, [GeV] M, [GeV]



Spin (@ hadronization: A polarization

Group Reaction Vs/GeV Measurements | Result
BES et+e” > A+ X ~5 P? ~ DJ} Furture
Belle [44] | e +e™ — AJA+X 10.58 P) ~ DA ~ —0.06

et+e” > AJA+h*+X P} ~D"'D 1~ 0.1
BelleIl [45] | et+e” > A+ X 10.58 Polarization Furture

A =2 A+et+v Polarization —0.86 + 0.04

A = A+nt Polarization —-091 +£0.15
OPAL [46] et +e” 5 AJA+X 91.2 P? ~ D]L:;‘ ~0

et+e” 5 AA+X P} ~ G -0.329
ALEPH [47] | et +e~ = A/JA+ X 91.2 P} ~ DA ~0

et+e” > AJA+X P} ~G%, -0.32
TASSO [49] | e* +e” - A/A+X 14,22, 34 | P} ~ D ~0

et +e” -5 AJA+X P’2~G’]\L ~0

® [.ongitudinal A polarization
® Transverse A polarization
v increases with increasing z,

v" due to hadronization effect
® Hyperons, beyond A ?

v' negative polarization for A, Z° and =-

v' positive polarization for Z* and X-

PR D105 034027 (2

v X0ys Xtand -, 20 vs A (uds)
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0.1 T
0.08 —
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E -0.04 +
-0.06
-« PRI} 122 042001 (2019)-
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Spin (@ hadronization: spin alignment

* o(yl<1.0and 1.2 <p;<5.4 GeVc) 1.1 . T T T T T T T T T T
L ~ = Pop = 13 . .
od0l © K?(yl<1.0and 1.0 <p; <50 GeV ¢ b ® K*892)" @ OPAL 0.5F PI’OdUCtIOﬂ plane (C) - Production plane (d)_
i — G¥=4642073m* Tk 11 P10 P1.—1 W ¢@oOPAI
09 F- A p'@OPAL
“E Po1 oo ,00,4 ¢ @ DELPHI q)
0.8 | P11 P-10 P-1-1 4~ K*892)" @ DELPHI 0_4 m

0.35

P 00
pm)

i e + e %@ %f@ 8 H@----ﬁ;rﬁm-ﬂ“ﬁ-%--& ----- -
o TS 2 i o H

14 Jlid * 2F —+  ®Pb-Pb (10-50%) -
B o # STAR (Au+Au and 20-60% centrality) ::zf I l 7 E Opp
| . wlfa LﬁEl(Eé PETZII— ?4}4 (2023) 0'10; N Jﬂ.Jll - u.‘zl ‘ o.JJl | ln‘l-t‘ - (;‘Is T 0%7‘ l i»}s‘ - ‘0.[9‘ ) 0-1r PRL 125 012301(202—6) %Kg, o (20740%) ]
F(GV) P ' ' : : : : ' ! : :
® Heavy ion collision: QGP & spin-orbital coupling ] A
hd OPAL
v STAR: unexpectedly large than 1/3 @ ¢ meson e
® LEP: efe collision, fragmentation, Z° dominant * POz gy
. . . . kg |
v qurk/antiquark: longitudinally polarized <. g i
v x, <0.3, pgy = 1/3; x,> 0.3, pyy > 1/3 e
® pp collision: PDF & fragmentation 02|
® BESIII/Belle II: e*e" collision, fragmentation, y* dominant 02 o4 s )

v’ energy dependence, any surprise ? 21



Energy-energy correlator (EEC) @ e'e

o Energy Correlations in Electron-Positron Annihilation: Testing Quantum Chromodynamics
® Not a new idea (@ theory )

C. Louis Basham, Lowell S, Brown, Stephen D. Ellis, and Sherwin T. Love
Department of Physics, University of Washington, Seattle, Washington 98195

v infrared & collinear safe event shapes pry 41 1585 (1078)  (esehed st s 1o

An experimental measure is presented for a precise test of quantum chromodynamics.
This measure involves the asymmetry in the energy-weighted opening angles of the jets

EEC 9 . 1 dE(GL . d (5 6 of hadrons produced in the process e*e” — hadrons at energy w. It is special for several
( L) — o - 2 Tete— —i+7+X ( L — zg) reasons: It is reliably calculable in asymptotically free perturbation theory; it has ra-
Tiotal L Tiotal \/_/ pidly vanishing (order 1/w?) corrections due to nonperturbative confinement effects; and

it is straightforward to determine experimentally.
® Not a new topic @ e'e i Z /eL M BB o g
® L — Ui )a
v widely measured at e*e- 225 Juans 22 T
v" extract o, at NNLO+NNLL @ ~2%

Experiment V5, GeV, data Vs, GeV, MC Events
SLD [47] 91.2 (91.2) 91.2 60,000 it
_‘._| OPAL [50] 91.2 (91.2) 91.2 336,247 IA\
i 511 912(913 &4 ( @2 / , .
(E;. 5;) : E}l Phys, J. C78,498 (20 v &
‘ 'T. ‘7 Gev N DELPHI [49) 91.2 (91.2) 91.2 120,600 \

TOPAZ [52] 59.0-60.0 (59.5) 595 540 i
TOPAZ [52] 52.0-55.0 (53.3) 533 745
TASSO [53] 38.4—46.8 (43.5) 43.5 6434
TASSO [53] 32.0-352(34.0) 340 52,118

(L, 7y) PLUTO [58]  34.6 (34.6) 34.0 6964
JADE [54] 29.0-36.0 (34.0)  34.0 12,719
CELLO [57] 34.0 (34.0) 34.0 2600
MARKII[56]  29.0 (29.0) 29.0 5024
MARKII[56]  29.0 (29.0) 29.0 13,829
MAC [55] 29.0 (29.0) 29.0 65,000
TASSO [53] 21.0-23.0 22.0) 220 1913
JADE [54] 22.0 (22.0) 22.0 1399
CELLO [57] 22.0 (22.0) 220 2000 v
TASSO [53] 124—14.4 (14.0) 140 2704 '
JADE [54] 14.0 (14.0) 14.0 2112




Revisit LEP data

10° T T T T T T T T T T LA — T T T T T TT [ L2 R LI B . 0 S |1 SLE £ WiLZRIE |
DELPHI Fully corrected (1994 + 1995) - <£(72,1 )5‘(”2»
ete~, Vs =912 GeV + DELPHIEPJC14:557-584,2000 C ) (7, eTe~ — hadrons
Yy c V5 = 91.2GeV ALEPH
v = K o 3 . .
o - araand sl ., . . » @
: ; g9 o F % arXivi2511.00149 /7 w A, semele
1071 | " - B —7 4 f." /’V E . m J=3 ‘4\ .'. '-.. >
. W . . O = Lightray-Hadron Transition &, o String Breaking — 10"
o . /';/ |l © = : 10 : ._.. p 10
“ - 4c o & f 1 /
z SNV N . I % 4
Y / A;<’{V/J ' -c o &’ B = / % Perturbation Theory ¢
v - s My \ g O . 107 Lightray OPE X A s 107!
3 | . s - C Y . ]
- . T . [ W1 ALEPH . s ]
10 2L . . 3 N~ ™ U r . s R ]
arXiv:2510.18762 Perturbative K i T e e N @) _
-
L Illl\ll L 1 IIILI\I L Il JIIILII IHIII\ 1 L |\|I|\I 1 Il \IJIII\ 1 H t 1 |||||||| 1 |||||l|| 1 ||||Hl| | |||||||| 1 llIlI 1 Illlllll 1 |||l|||| 1 I||||||| 1 I”IIIII 1 f
0.01 0.1 1 n-1 m-0.1 n-0.01 EVO|UtI0n 10~° 104 1072 102 10-* 05 1-107* 1-107% 1-10"%* 1-10"* 1-107°
6, z=(1—cos(h))/2

® The 2-point energy correlator (E2C) @ Right peak: back-to-back, TMD physics
v' limited binning @ small & large 0 v’ peak and transition between Sudakov

® [ eft peak: collinear, E2C inside jets limit and parton shower
v large 0, : partonic, perturbative v’ a unique opportunity in efe"
v' small 6, : hadronic phase ® State-of-the-art prediction vs. BESIII/Belle 11
v' middle 6, : confinement transition v’ physics at collinear & back-to-back limit

® Mapping time evolution of jet formation @ Qnly pairs of charged particle
onto EEC angular scaling
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EEC

Self-Normalized EEC

Study of EEC: active area of research !!!

D=@=W =)=
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EEC @ BESIII

20 _\\ 7.7 GeV ,-“:‘_
1.0 L__'-,:‘\ PL B99 292 (1981) , ll_

X% . o
0.5 t . ".\\ /’ :
02 | o _ A 1

4 l‘i;l l.'.' | 1
0. 0 60 120 180°
e

® Energy dependence of EEC zece.) =

PRL 133 191901 Q024)

: /s
‘/}
/\
ol

1 dX(0r)

Ototal deL

v’ results with /s <7 GeV: not yet

® Quarkonium energy correlator
v inclusive p/w/¢/K*(892) ?
® One-point energy correlators

<5n> =

v' zero @ +/s ? flavor dependence ?

® Azimuthal dependent EEC

EECe+e_ (T7 Qb) =

&)
4

Ototal /

drdg

[ arXiv:2509.02669

Unitarity bound
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Summary & Outlook

® The FF play a crucial role in describing hadronization process, and understanding of
non-perturbative QCD dynamics.
® For FFs (@ BESIII
v Inclusive /K/n @ BESIII: validity of QCD factorization and NNLO calculation at
energy scales down to 3 GeV, importance of hadron mass & higher twist
v" FFs with hadron: beyond pion/kaon/eta
v' TMD FFs & Di-hadrons FFs: possible
v' Spin effect at hadronization: surprises @ low energy ?
v Thrust & EEC: old & new topics
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TMD FFs: Hi"(z, p1)

g 3 (kX Pry) -8y
PLB396 (1993) 161 xY Digt (2 Pas) = DUz, P2,) + H (2, P2,) — ;) 1
. l S L
/ pr ———————————————
................. 0.2F - AyPRI. 116 042001 (2016 =
—— Ay : ' .
0.15 []A, prediction i E
. . . 0.1 [ Ay prediction ——
® (Collins Function H,: a transversely polarized 0.05 ' k3
quark into a spinless hadron h of
v’ Save as “quark polarimeter”
v" Use back-to-back hadron events s,
o 0.2 0.3 0.5 0.9/0.3 0.5 0.9/0.5 0.9
® TMD FFs evolution o5 o Sz
eTe"
A <5 SIDIS
\\\Phl_L o

PR D78 032011 (2008) 1_16 GeV? 25 G;:VZ 100 (.}-ev2



Distribution of thrustt=1-T

TABLE 1. Partonic contributions to the thrust distribution in (s 101181200018, Qory —Nweno lc’__\ 0.15
perturbative QCD PRL 99 132002 (2007) 654=0.0071£0.0007, Gyp=0.0060£0.0013 '—O:‘:ILL+NNLO+NP: %0.09:—
+ DELPHI 0.08
LO Y = qdg tree-level - o
NLO Y —qqg one-loop oy 1 oos
Y — q48g tree-level S !
Y — q4qq tree-level ¢ RL 134 251904 (2025) | 0.05
NNLO Y — q4g two-loop . 004
Y — q48g one-loop 0.03
Y' — 4q4qq one-loop 0.02
Y' — 44q94g tree-level — N tor
Y — q4g8g tree-level .

® Fixed order calculation, NNLO

Pow. Corr.: @ pert.
PYTHIA: B pert.

non:pert
non:pert

= Eur. Phys. J. i67 57 (20
: i 3 i

(x5) (x50)

107

® Small Tt (T << 1) due to soft & collinear gluons
v’ re-summation of large logarithmic corrections |
In(1/7) to all orders in o,
v N4LL in full QCD @ PRL 134 251904 (2025)
® NNLO + NLL vs NNLO + N°LL @ Z': few permillg,

=

10° b

DELPHI Open Data

ete”, ¥§=91.2 GeV
+ Example -

Perturbative

v" low +/s e*e” data: motivation for theory ???

102

arXiv:2510.18762

10°

(x200)

5
(x1000) "

DELPHI Open Data

ete”, V5 =912 GeV

+ Example

Non
Perturbative

® Perturbative & no-perturbative contribution
® Re-analysis LEP data with modern method

05

Thrust (T)
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