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QCD: Asymptotic freedom & Confinement
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® QCD coupling constant o (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 hadrons.
® Essence of confinement ?




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 = 2E, //s of parton’s energy QUARKS &
® Consequence of confinement LEPTONS:
® FF: QCD first principle (NOT YET) s

v FF evolution function: DGLAP I
v' Fitting: parametrization & experimental data
v' Universality: e*e’, DIS, pp, pp data gl
® 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"
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® Theoretically many more, in particular with polarized hadrons in the final state
and transverse momentum dependence (TMD)




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 PDFOPDF®0(q1q; — q19;) QFF
® Depend on unpolarized PDFs

® | eading access to gluon FF

® Parton momenta not directly known

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



0%/ GeV?

FFs for EIC & EicC

OTM D Preprints: JLAB-THY-23-3780, LA-UR-21-20798, MIT-CTP/ 5386
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Precise knowledge of FFs will be crucial 6



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

v' Semi-inclusive DIS: proton PDF & kaon FF & o
0 SKAO’18

. = B = —0.04
a. DSS FFs: positive for most of measured X ol B g a5 gev?

b. HKNS FF: negative o JAM'15
c. JAM FFs: negative | PR D103 054003 (2021)
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® Reliable FFs knowledge ? Need more efforts




K(0)

Kaon multiplicity HERMES & COMPASS

M
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® Hermes dat_a vs. Compass data £ | g 67074020 (2013) A PLB 67 367 (1977).
v' Large discrepancies -l '
v Kinematic & binning issues A _ . L
L i 1 ! I i 1

v Hadron mass effect

® ce—» K+ X @ few GeV e'e ?
v' Stat. uncertainty: 18-41%
v" Precision data ? Not yet \w_
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Global data fit on unpolarized FF
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Used data set @ FFs fitting
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® Updated HKNS FFs @ 2016

Experiment Process £[pb~1] Q2[GeV?] Final states
TPC [288-201] = PPNF9Y1 1306 (20216) = K, p/p
TASSO
[292-294] ete” 34 34,44 T K, p/p. K2, A/ A
[205-298] B
SLD [299,300] ete~ 20 M, T K, p K, A/A
ALEPH [301,302] ete” 800 M; 7= K, p K2, A/A
DELPHI [303-306] ete” 800 M; 7t K+, pKS, A/A
OPAL[307-310] ete” 800 My 7= K p K, A/A
H1[311-313] e+p 500 27.5(e) + 920(p) h* K3
ZEUS [314-316] e+p 500 27.5(¢) + 920(p) h*
BELLE [317,318] ete” 10° Near 10.58 a* K+, p/p
BaBar [319,320] ete” 557 . 10° Near 10.58 7%, K*, 0, p/p
HERMES [321,322] e+ p(d) 272 (p) 329 (d) 27 .6 fixed target =0 K*
COMPASS [323] i+ pld) 775 160 GeV fixed rarget h*
PHENIX 16 x 1072 62.4
[324-326] pp 2.5 200 a0 g
[327-329] 128 510
STAR )
[330-332] pp 8 200 %% 0, p/B, K2, AJA
[333-335] )
ALICE [336] pp 6x 107* 7% 10° x% 0
TOPAZ [337] ete” 278 52-61.4 = K KD,
CDF [338,339] p+p n/a 630 (1800) h*, K2 A°
2 : —
10 Al NAAMS

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 ?

PR D104 032007 (2021
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World it & K data on e*e-

| World Data (Sel.) for e”e” — n*+X Production World Data (Sel.) for e 'e” — K*+X Production ‘
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® Precision data includes charged =, K i3
- . 4 [
® Data sets at /s < 10 GeV e*e- collision ? R Y z
v’ high z data sets ? gt
E e*e” — hadrons
® R scan data @ BESIII: ~10 pb! @ each /s 13 s sn o omoo
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World it & K data on e*e-
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® Charged 1 @ DASP

v about 44 years ago

v’ stat. uncertainty: 18%
® K @ PLUTO

v about 46 years ago

Luminosity (cm®s™)

v’ stat. uncertainty: 18-41%
® Precision data? TMD FFs ?
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Pion FF: Best known FF

Q? = 25 GeV?
— Bl NNLO (Fit B)

NNFF1.0 1o i
| [l NNLO (Fit E)

DEHSS 68% CL
JAM 1o

Q =10 GeV, NLO
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e i i ’, 1072 107

n*t SIDIS Multiplicity
T T T

® For z=0.8, uncertainty rapidly increase because of .
the lack of experimental data

® Xfitter: data at /s > 10 GeV ete ::
v Low +/s e*e- data ? B |

® Large z re-summation
v High z data ?

PRD 87 034014 (2013)
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Pion FFs

Breit Frame Breit Frame Lab Frame

T T T T T T
I 0255250354 02 a [ —v o4
e o i 1;':{”“ dNT J’dfdQ ) : |,::-s :§\ k [].‘I' 1 UNIH\ dN Mf(l(PRD 7 D) %Hﬁlﬂ (2 7) 1 oz
—_— L L W T 1E & U0 g 4 .01 [ L. o o2
\ =—==p 0350453 | T G !_: 02 < \f Yy 4
( Vi < rg Merﬁ-smni T ) < coas o i § « m « -] 92
\CI + \ R A 160-075 1 F & 401 = L \ — ——i— ’1'— o
]”-I = S —— THISHIT B j\ LA S E t].‘l' ;:% : :‘ AN —— THIS EIT 0 % 0.35<z2<0.45 04
e F QI\\\ 5 02 L o I(R]l o 0.2
T T } ¥

0452250604 02 .3

DIs .

E N, dN® ﬁ.lﬂ.l()

q - - - - KRE
:::) - ] |
b 1/Np, AN /dzdQ’ ]

[ | LIS
T %
| A ‘
. o 1 L
2 L1 wl
L (-] -E L o 4
Loldalyl
A m:lm( Azoan

P :[]-1 _I 1]
T—rf_f_,_, . ) & 045<2 <060 ] 94
™ T~ = 060220753 02 0 E 4 4 02
\ - - 3 oa B I

-Q/2 '} Q/2 T e e o \ A i
/ - - - -0.1 - \“ - 0.2

/ P R N d 02 & '

_— | . L sl 1 e “]_: | | - i 04

Current — Target 1 Q [GeV] 10 1 Q [GeV] 10 i Q [GeV] 10 I Q: [GeV] 10

® DIS @ Breit frame
v Incoming quark scatters off photon and returns along same axis
® Current region of Breit frame is analogous to et*e
v Born level: DIS Q = e*e /s
® DSS FFs: HERMES ep pion data at 10%o level
® c'e data at low energy +/s
v FFs packages could describe e*e-data at 7% level

Ao A0 - BIRD)
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ete” — mO/KQ + X @ BESIII
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® Charged pion/kaon
v' Particle PID: right/wrong probability
v" Low py: curling track, not reconstructed
® inclusive wn° production: surprise

® inclusive K2 production: not so bad 15



ete” — n/KQ + X @ BESIII

C
*
Y ,Z
&
C
s sb PRL 130 22;32%.291%%\;2023)
% i [ ~nFfionNLO
g 6__ MAPFF NLO
Har 4 S
© | i
—E 2 BESII
:_i_: I e . vu sy W

h
J Wﬁhudrons )N\Ghodrons

(a) 3 Gluon Electromagnetic
Y
c _"JJ]
i hadrons J/LP "?c hodrons
c
q (c) Radiative (d) Vian,

® From theory side: fitting with BESIII data, hadron
mass effect, large z re-summation, and so on
® From experimental side

v Primary hadron vs from resonance decay

= measure e* &= — p(o, ¢)+ X, and so on

v" Contribution of vector states p*, ®* and ¢*

= ete — p*/o*/pF > h+X
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® Ratio Ry in nucleus-nucleus collisions
v Expected Ry < 1, opposite to observed results

=
=

—

total uncertainty

statistical uncertainty

K*+K~ K'+K~

@ NAB1/SHINE; Ar+Sc; centrality 0-10%; dn/dy at y=0
FOPI; Al+Al; centrality 0-9%; mean multiplicities
HADES; Ar+KCI; centrality 0-35%, mean multiplicities
HADES; Au+Au; centrality 0-10%; mean multiplicities
AGS; Si+Si; centrality 0-7%; mean multiplicities
STAR BES; Au+Au; centrality 0-5%; dn/dy at y=0

© NA49; Pb+Pb; centrality 0-5%; mean multiplicities

© CERES; Pb+Au; centrality 0-7%; mean multiplicities

- KO+ KO

IIIIJIJ|

2K?

IIIIlJlI

MNA35; 5+5/S+Ag(shifted); mean multiplicities
2L STAR; Au+Au; centrality 0-5%; dn/dy at y=0

STAR; Au+Au; centrality 0-6%; dn/dy at y=0

ALICE; Pb+Pb; centrality 0-5%; dn/dy at y=0

arXiv:2312.06572

1 IIIIJlIl | 11 11 111

10

10?

10° 10*

VS (GEV)

v' Large isospin breaking ?
® How about R in e*e- collision ?
v" Precise measurement ?

Ratio RK
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j‘> 7 ? K*(892) ?
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Process

Fraction (%) (2.125GeV)

Fraction (%) (2.396 GeV)

Fraction (%)

Process

2.125GeV  2.396 GeV  2.900 GeV
o JHERES 18042604)  1.82+1.11
$(1680)7° 2.394+1.23  5.96+2.10  5.22+1.50
K*(892)°KY | 79.894+1.12 86.01£1.38 72.65+2.11
K3(1430)°K° | 7.4240.83  1.9340.57  1.85+0.82
K(1680)°K° | 3.00£1.11  6.73£1.91  5.824+1.96

o 7+0.3
p(1450)7° J HE i(‘iz 045 (2022)2 +0.2
$(1680)m° 14.6 + 2.3 13.6 + 2.9
p(1900)7° 2.1 +0.3 3.0+ 1.0
p3(2250) 0.9 £05 0.9 + 0.6
K*(892)K 2.8+ 0.3 9.3+ 1.2
K*(1410) K 1.1+08 3.6+ 1.4
K3(1430)K 73.0 + 3.7 64.6 + 3.2
K3(1780)K L3 +£05 2.1+ 14
® KKr system
v K, (1430)K @ K*Kr?
* (13 74\) 03700 -
v K*(892)°K® @ KgKim® 3 ,f
I~ 0.05

v PRD99 032001 (2019)

v PRD104 092014 (2021)

v" valence quark charge
® K*K: isospin — one

v' electromagnetic interaction

O

:— (&) ~l—BEsm

oglete” = K*(892)TK™)

olete™ — K*(892)0K0)

X A

‘JHE 01 180 (2&24)

1

2

37 T3 a6 28

Vs (GeV)

3

*

R(K,(1430))

: . H'" R

E (b) ~I»BEsm

oglete™ — K3(1430)TK™)
o(ete™ — K3(1430)0K0)

|| | H
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e'ee > n+ X @ BESIII
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® 1 : a Goldstone boson due to spontaneous breaking of QCD chiral symmetry
® 1 FF @ NLO: with data at /s > 10GeV e*e" collision
® BESIII fit: NNLO accuracy, hadron mass correction & higher twist contributions
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TMD FFs: D} (z) = D¥(z, p1)

TMD FF Dl(Zj ]CT) thrust
om s b b Y . eﬁD?ﬂ/q(za, kor) & Di”’/q(zb, kyr) | back-to-back production
“ +{q <+ ¢} of hadron pair
ete” — ;
(h, jet/thrust axis)X Zq eng/q(Z? kr) can access z, kr

: 1.2
Pra 1.0-
S z=0.3
D ~ 0.8F
\\\ 4 o z=0.6
\\\\\Phli. | OO ;: o
VN 1.% JHEP09 006 (2023)
PRD78 0320114(2009) PRD99 112006,(20 N o-z\
0.0r
® Traditional 2-hadron FF 00 05 10 }QS[G 2\:;]) 2’530 35
T e

v" Use transverse momentum between two hadron
® Signal-hadron FF with Thrust or jet axis
v Need qq axis (quark or jet axis) 20



TMD FFs: D (z) = D¥(z, p1)

thrust @
@ o ‘

r.
.

® Jet structure at BESII & STCF

v" can reconstruct thrust axis correctly ?
® At lower +/s: back-to-back pion events

v’ Events with ete” » nt+ X: 0> 120°
® At higher+/s: jet @ [5, 7] GeV ?

v Evidence for jet structure

v Events with large thrust value ?

1-10 GeV2 25 GeV? 100 GeV?

;Q2

<1=T>
°

. BR3CHR 2002

pQCD (NLO) & Power correction
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STCF with polarized beam

AT AT FRAC ISR Tep p 5 S IEWRAL B e BYHBUN AT 20730 9 -

do 1 ‘ ‘ ‘ 0

= 1o P 1Gs) + G + #1Ga(s) + 5 [Gue*} . Al
do 1 ‘ : ‘ :

ﬁ — 16752 {uz |GRR(S) + GRR(t)’2 + le ’GRL(S)’Q + SZ ’GRL(t)"Z} .

® Longitudinally polarized e beam @ STCF
v' Effect on fragmentation function ?

® Single-spin asymmetry
v What could we obtain ?

® We need theorist’s help.

Large-x, spin asymmetry in 7" production
by 200-GeV polarized protons*

FNAL E704 Collaboration
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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.

® Inclusive n production @ BESIII: fit with NNLO accuracy, hadron mass
correction & higher twist contributions, could describe BESIII data

® c*e- annihilation experiments such as STCF provide the cleanest environment
In which to measure FFs.
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