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QCD: Asymptotic freedom & Confinement

i Observation of Fractional Charge of (1/3)e on Matter
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Measurements on niobium spheres which show unambiguously the existence of fractional
g1 charges of 3¢ are reported. Charge changes of 3 on partlcular spheres when they con-
act other surfaces are contmually observed. Of 21 new measurements four cha.rges of
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e o » : analyses have assured us that the background forces are either neg11g1b1e or have been

1/Q GeV- measured and taken fully into account.

® QCD coupling constant a.(Q)
v High Q: asymptotic freedom, perturbative QCD
v Low Q: non-perturbative QCD
® Confinement: partons do not exist as free particles, but
are always confined in hadron
® Essence of confinement ? Why & how ?
v Hadronization models & Fragmentation function ; L
v LPHD: Local Parton Hadron Duality hypothesis - e
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Fragmentation function: integrated D7 (z)

® Fragmentation function Dg(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 LEPTONS:
® FF: QCD first principle (NOT YET) s

v FF evolution function: DGLAP ’

v' Fitting: parametrization & experimental data

v" Universality: e*e”, DIS, pp, pp data i
® 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! Hit'
Transversely DiR Ghy HY Hi7
PLB396 (1993) 161 {9

p2 (k x Ppy)-S,
e zM),

® 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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Precise knowledge of FFs will be crucial

Asymmetry 7"



Strange quark p
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a. negative for all values of x
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® Strange quark density function: As(X)+As(X)
v" Inclusive DIS: only proton PDF

v Semi-inclusive DIS: proton PDF & kaon FF

a. DSS FFs: positive for most of measured X
b. NNPDF FF & JAM FF : negative

® Reliable FFs knowledge ? Need more efforts
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Flavor tagging
OPAL tagging
uncertainties
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nt K+ update
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ete”,SIDIS

Global data fit on unpolarized FF

“model estimates consistent with data™
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Used data set @ FFs fitting
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® Updated HKNS FFs @ 2016

Experiment Process L£[pb~1] Q2[GeV?] Final states
TPC [288 201 = PPNF9Y]1 136 (20216) 7=, K= /B
TASSO
[292-294] ete™ 34 3444 xt KE, p/p. K2, A/A
[205-208] i
SLD [299,300] et 20 M; xt KE, p, K2, A/A
ALEPH [301,302] et 800 My xt KE, p, K2, A/A
DELPHI [303-306] ete 800 M, xt KE, p, K2, A/A
OPAL [307-310] ete” 800 M 5 K5, 0. K2, A/A
H1[311-313] e+p 500 27.5(e) + 920(p) h*, K5
ZEUS [314-316] e+p 500 27.5(e) + 920(p) ht
BELLE [217,318] ete 06 Near 10.58 T K%, p/p
BaBar [319,320] ete” 557 . 10° Near 10.58 T+ K+, n.p/b
HERMES [321,322] e+ p(d) 272 (p) 320 (d) 27 6 fixed target aE0 gE
COMPASS [323] i+ pl(d) 775 160 GeV fixed target h*
PHENIX 16 x 103 624
[324-326] pp 25 200 =0y
[327-329] 128 510
STAR i
[330-332] pp 8 200 %% 0, p/p, K2, AJA
[333-335] )
ALICE [336] op 6x10° 7 x 10° 7 q
TOPAZ [337] ete” 278 52-61.4 x* K* KD,
CDF [338,339] p+p nja 630 (1800) ht, K2 A9

107

v only e*e” (1/s > 10 GeV) data sets
® MAPFF1.0 FFs @ 2021

v’ e*e (v/s > 10 GeV) and SIDIS data sets

® Data set at /s < 10 GeV e*e- collision ?
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World it & K data on e*e-

| World Data (Sel.) for e*e — 14X Production

World Data (Sel.) for e’e’— K™+X Production ‘
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® Precision data includes charged &, K 18
- . 4 r
® Data sets at /s < 10 GeV e*e- collision ? RE - !
v" high z data sets ? T enaRIb
. R Scan data @ BESI I I: ~1O pb-l @ eaCh ﬁ 1;_ A :]EE;)IEI{I « BESII :EI]_\ETT](])B(H
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® Scan data @ STCF: precise measurement 5""20'"25'"56"55"'é-(i(’}':%'"s.d"'s.s'"é.d"é.s'"'v.d
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World it & K data on e*e-
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BESIII R scan data = Precision measurement ?

® Charged 1 @ DASP

v' about 45 years ago

v’ stat. uncertainty: 18%
® K @ PLUTO

v about 47 years ago

v’ stat. uncertainty: 18-41%
® Precision data ? TMD FFs ?
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Pion FF: Best known FF
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® For z=0.8, uncertainty rapidly increase because of .
the lack of experimental data

® Xfitter: experimental data at /s > 10 GeV ete- 5
v Low +/s e*e-data ? .

® Large z re-summation
v High z data ?

~ PRD 87034014 (2013) |




Pion FFs

Breit Frame Breit Frame Lab Frame

\\‘ — 2 0602075 02 10 E
\ . L H 4 o1
-Q/2 WQQ \>> P : N R R I
| L0 - NN 5 3 o
/ P ~ C mid fidiec L. & __ 0z

" 1 " il 2

L N 10
Current Target 1 Q [GeV] 10

— T
0.25=5z20354 02

RN N

LR J
S 4 02

é _

e e 1/Nps dN" f'd;f_lQ _.
L W::—.:i.ms
JR——
1 3 % 0.35 - 0,45 3
( 5 > L Mu_ 0 |I'JE

0k —— THISFIT e

03557045

[0]
UL L
W
-
o
o)
wl
Lol el ol |
o
T

' uNlm dN mm()PRD 7,

—— THIS FIT
- ---KRE

0455220.60 ] 02 5 1 B

q F - - =-- KRE | 1
: WWv< L 1N AN /dzdQ’ I

LI | L]

—— 7 —
28 AR
X 1 L]
= 1 nl

| Q-E 1 o

Ll syl
m:ln,u

E 1N

dN¥ /dzdQ?

1215

© (125 - (.3
0,35 « 045 i :\\\ K
.45 - (.60 ]I 4
N
\

DIS @ Breit frame

v Incoming quark scatters off photon and returns along same axis

Current region of Breit frame is analogous to e*e-
v  Born level: DIS Q =e*e /s
DSS FFs: HERMES ep, pion data at 10% level

® c'*e data at low energy /s

v' FFs packages could describe e*e-data at 7% level
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ete” — mO/KQ + X @ BESIII

8- Vs = 2.2324 GeV Vs = 3.0500 GeV 0 3:_ {s=22324GevV | Vs = 3.0500 GeV
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® inclusive n° production: surprise
® inclusive K2 production: not so bad



ete” — n/Kg + X @ BESIII

e h
C: hadrons C hadrons

q (a) 3 Gluon Electromagnetic
FF

* o
Y.Z ﬁ{hodron‘s % ",::Cmrons
C_- /
(d

(c) Radiative

a
Q|

Via e

® From 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* e- — p(®, ¢)+ X, and so on
v" Contribution of vector states p*, ®* and ¢*
= ete — p*lo*/p* > h+X 14




Impact of BESIII ete” — %K + X

I T T T T T T T T
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® PRD 110 014019 (2024): NNLO & hadron mass correction for Kq
® arXiv:2404.11527: NNLO & higher twist contribution for r®
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[ ALEPH "92
[ (x 1000) BABAR

BESIII inclusive
n data

~| PRD83 (2004) 134002 1 a0 |

10°

3

10 E 3F (< 1000) 3
F ALEPH "02 j EJADE "90 E
L (x 100) 1 [ < 100) ]

10° | =l 5 10°
F ALEPH "00 o j FCELLO ]
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10 g 1F } 410
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NNLO n FF fitting

Reduce theory
uncertainty

OPAL ik
1] MARkKI
L E El3 q 1
FL3 94 JE 4 E
[ <01 4 1F HRS ]

4 Iy (x0.1) -1
U , El3 510
FL3 92 iF f E
[ (<001 o 1r + ]

2 v JADE 85 —_ 2
107 TE 00D 4 * 510
F —— THIS FIT 1F h 1
1073 1 ] N A R

10 z 1 10 z 1

|

No

-

Factorization
breaking ?

® n: a Goldstone boson due to spontaneous breaking of QCD chiral symmetry

® nFF @ NLO: data at /s > 10 GeV e*e" collision
v Missing theory uncertainty
® Theory improvement:

v" NNLO accuracy, hadron mass correction & higher twist contribution

® BESIII results and its possible impact ?
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e'ee > n+ X @ BESIII

— 5500 0.4, 05) GeV \/— =29 GeV 0.4:- Y5 = 2.0000 GeV - VS = 2.6444 GeV - Vs = 3.5000 GeV
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Z 8 [ 4 [ . [
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........ == 3. i . - IR AT
3500 4¢ Rfee, e LT e J 0.
PRL 133 021901 (2024) 04 Vs =2.3960 GeV [ Vs = 3.0500 GeV 05 10
4 ; . . B 4 i < ~$— BESII data
~ oE.a¢ i..J.i ittty A Y 4?1*4.?; booe 02 & ++ o © e AESSS prdicion
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® PR D83 (2001) 034002 prediction vs. BESIII data: tension !
® BESIII fit: detail @ arXiv:2404.11527
v /s > 10 GeV e*e-data + BESIII data
v" NNLO accuracy, hadron mass correction & higher twist contributions

17



TMD FFs: D¥(z) = D¥(z p1)

TMD FF D (z, kr)

thrust

om b b Y E:qeﬁl)?”@(za,kayj(2)[)?”@(zb,kap) back-to-back production e
w +{q < 4} of hadron pair
ete” — ;
(h,jet/thrust axis)X E:qeﬁljl/q(z,kT) can access z, kg

1.2
4 oo 1.0
S oal 7=0.3
/ : o z=0.6
PRD78 032011%(2009) PRD99 11200620 & osf
- = %50.4-
® Traditional 2-hadron FF s JHEP 09 006 (2023)
v" Use transverse momentum between two hadron O,O_\
® Single-hadron FF with Thrust or jet axis 00 05 10 }(73[65? 25 30 35

v' Need qq axis (quark or jet axis) 18



TMD FFs: D (z) = D¥(z, p1)

thrust
- 3,_?:':|5ﬂ'

® Jet structure at BESII & STCF

v" can reconstruct thrust axis correctly ?
® Phase space model vs. Jet model

v /s >5GeV?
® At higher+/s: jet @ [5, 7] GeV ?

v Evidence for jet structure

v Events with large thrust value ?

| , | L5 @
1-10 GeV? 25 GeV? 100 GeV?

<1=T>
°

. BR3CHR 2002

pQCD (NLO) & Power correction

Ecm (GeV)
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Spin density matrix of vector meson

® The spin state of a vector state Is described by 3X3

spin density matrix P—*l,—l P-1,0 P-1,1
v pm. Probability to be in |s; s, = m> state P-1,0 P00 01
® The polarization vector is related with some elements P11 P01 P11
of spin density matrix
By -
P

[Pla P27 P3] (

[\/§R€(P—1o + 1001), ﬂlm(ﬂ—lo + ,001): (Pll - P—l—l)} K momentum

® Angular of decay particle (kaon) @ K*(892) helicity frame © ¢ direction
v’ extract some elements, e.g. pgo

® vector meson are polarized or not by comparing of .

Poo and 1/3 »
v pOO 75 1/3 Spin alignment W(cosb*,¢*) = (3/4rw) [;(1—,000)4—;(3;.}90—1)@596*]
v' poo = 1/3: no polarization e Smgmm__);\%Re(mom_l)mw

® The production mechanism for the spin alignment
of vector mesons with unpolarized beams

. 1
+Im p1_1 sin” 0% sin 20* + ﬁlm (p10 — po—1) sin 26” sin (_')*:|

20



Poo Of vector meson

# ¢ (vl <1.0and 1.2 <p; <5.4 GeVc™) = -
© K*(y|<1.0and 1.0 <p;<5.0GeVcT) < 08 F

0.40 — 0 E'
L —GY=4641073m? n %
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1 - Fi*

- lO_

00

|
o

0.7 & OPAL
0.6 F

03 ‘}--;-*$H-{-i-+--~--K*(892.)- ........... "%y |

Fo - ; ~0.05f
' 0.2
- Nature 614 244 (2023) 2 ] p(770)
[ , 1 F = 0. 10_
o] T TRt 2 i) o bt PLBA12210 (1997)3 PRC108 055204 (2023)
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® Heavy ion collision: contribution from QGP & fragmentation
v' STAR: for phi unexpectedly large than 1/3 (with respect to reaction plane)
® c*e collision: contribution from fragmentation, Z° energy v , 4
v’ X, <0.3, consistent with 1/3; x, > 0.3, larger than 1/3 - n
® Photoproduction: p,, @ GlueX
® BESIII: e*e collision, fragmentation, y* dominant
v’ pgo = 1/3: yes or no ? P Y|



® Polarization vector of hyperon with parity violating decay B
® Daughter proton preferentially decays in direction of A’s spin (opposite for A)
v’ Decay parameter o

v’ Polarization vector Py
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® The knowledge of FFs is an important ingredient in our understanding of
non-perturbative QCD dynamics.

® Inclusive n° & K, production @ BESIII: Large discrepancy with theory calculation,
need more study on FFs at low energy e*e- collision. PRL 130 231901 (2023)

® Inclusive n production @ BESIII: fit with NNLO accuracy, hadron mass correction
& higher twist contributions, could describe BESIII data. PRL 133 021901 (2024)

® c*e annihilation provide the cleanest environment to measure FFs.
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Access FFs with QCD factorization theorem

e'e o= Zq c(e*e” » qq)QFF

® No PDFs necessary

® Calculations know at NNLO

® Flavor structure not directly accessible

SIDIS: o =} PDFQo(eq — e'q )QFF
® Depend on unpolarized PDFs

® Flavor structure directly accessible
® FFs and PDFs

pp: o =Y PDFRPDF®o(q1q; — q1q;) ®FF
® Depend on unpolarized PDFs

® | eading access to gluon FF

® Parton momenta not directly known

® SIA @ e*e: the cleanest input for FFs fitting



Kaon multiplicity HERMES & COMPASS
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® Hermes dat_a VS. Compass data ¢ | pr D87 074029 (2013) ] PLB 67 367 (1977),
v' Large discrepancies Loa ¢ ]
v' Kinematic & binning issues “ - £
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v Hadron mass effect

® ce—» K+ X @ few GeV e'e ?
v’ Stat. uncertainty: 18-41%
v" Precision data ? Not yet |
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® MLLA: Modified Leading Log Approximation
v" calculate distribution at partonic level

v’ test for re-summation

® L PHD: Local Parton Hadronic Duality

® Fitted line by BES data could describe high
energy e*e data and ep data at 5% level

® Inclusive identified hadron at BESIII

4.5

peak position of &

Inclusive hadron: MLLA & LPHD
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Nature of f,(980)

* qqg

® Nature of a,(980) & ,(980)

v" molecule, tetraquark, hybrid ?
® a,(980)-f,(980) mixing @ BESIII
® Inclusive f,(980) production

f, = (uiiss +ddss) /N2
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Table 1.
and the peak positions for the fragmentation functions of fy(980).

Possible fp(980) configurations and their relations to the second moments

Type Configuration Second moments  Peak positions
Strange qq S3 M, < Mg < My ZIax o pmax
max ~ zmax

Tetraquark (or KK)  (utiss + dds3)/\/2 My ~ Ms < M, zy :
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