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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 hadron
® Essence of confinement ? Why & how ?

v Hadronization models & Fragmentation function

v' LPHD: Local Parton Hadron Duality hypothesis



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 OUARKS &
® Consequence of confinement LEPTONS:
® FF: QCD first principle (NOT YET) e

v FF evolution function: DGLAP I
v' Fitting: parametrization & experimental data
v Universality: e*e”, DIS, pp, pp data ey
® FFs contribute to virtually all processes
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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)




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



0%/ GeV?

FFs for EIC & EicC

OTM D Preprints: JLAB-THY-23-3780, LA-UR-21-20798, MIT-CTP/ 5386

Collaboration arXiv:2304.03302
TMD Handbook

Renaud Boussarie!, Matthias Burkardt?, Martha Constantinou®, William Detmold*, Markus Eber
Michael Engelhardt?, Sean Fleming®, Leonard Gamberg’, Xiangdong Ji®, Zhong-Bo Kang?,
Christopher Lee!?, Keh-Fei Liu!!, Simonetta Liuti'?, Thomas Mehen'?, Andreas Metz>, John Negele4,
Daniel Pitonyakl‘l, Alexei Prokudin’-!®, Jian-Wei Qiu!®1?, Abha Rajanu'ls, Marc Schlegelz'lg,
Phiala Shanahan*, Peter Schweitzer?, lain W. Stewart*, Andrey Tarasov?!??, Raju Venugopalan'®,

t4‘5,

Ivan Vitev!?, Feng Yuan?Z?, Yong Zhao?4418
103 : pe v:! J‘.J. “V.“l‘ ’l IE lll »]..J.l“l.l[ 5 2 ll :tl o l.:I.).li..::A...‘l = .l..l:.l.:l l:ll:' _
fisecones 3 §xtissiasamnaiaseatesss Gisamsasdiat seedh - —+— This proposal
o= USEIC 10X100GsV? [=m——=—pf oo 11 | G 4 5| —— LocaM Pasaum) ,
L |--- EicC 3.5X20 GeV? - S 127 La-aomdirect (wa) 2GeV?<Q’<3GeV? | %
[ — TLab 12 GeV ) 4 D I | —— LQ-QDM+CTEQS6L (Ma) >
- g 1; e WW-type (Prokudin) 0.40<z<0.45 | °
107 ' e T 02 E
F = E
i FF 08 2
L 043_ r et f 0 Jian-Ping Chen (JLab)
L - s .... . ChaoPeng(ANL) |
g PDF 0.2 Jlr_1 H_uang MIT) 142
i : . - cxrer °YiQiang (JLab)
i £ p o Wenbiao Yan (USTC) |
T S R O SR N S S R A SO S S A N N SO N RN TR
U] S i 0.1 0.2 0.3 0.4 0.5
10 1073 102 10! 10° X

Fraction of Momentum x

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 D
a. negative for all values of x & -oo2|
v Semi-inclusive DIS: proton PDF & kaon FF £ 003
a. DSS FFs: positive for most of measured x = " S Qe 2.5 Gov?
b. NNPDF FF & JAM FF : negative | S S 305003 (2021)
® Reliable FFs knowledge ? Need more efforts )= - - |
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® Hermes data vs. Compass data
v' Large discrepancies
v Kinematic & binning issues
v Hadron mass effect

® ce—» K+ X @ few GeV e'e ?
v’ Stat. uncertainty: 18-41%
v" Precision data ? Not yet

Kaon multiplicity
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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] = PPNF9Y91 136 (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* 5, p/p
HERMES [321,322] e+ p(d) 272 (p) 329 (d) 27 .6 fixed target =0 K*
COMPASS [323] + pid) 775 160 GeV fixed rarget h*
PHENIX 16 x 1072 62.4
[324-326] pp 2.5 200 =0y
[327-329] 128 510
STAR )
[330-332] pp 8 200 %% 0, p/B, K2, AJA
[333-335] ;
ALICE [336] pp 6x 1072 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°

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” — 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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BESIII R scan data = Precision measurement ?
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® Charged 1 @ DASP

v' about 45 years ago

v’ stat. uncertainty: 18%
® K @ PLUTO

v about 47 years ago

Luminosity (cm®s™)

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: data at /s > 10 GeV ete 5
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

-Q/2 Q/2 b
: >—P, 10"
,////
Current T _’-:I;arget

b 1/Np AN fdzdQ

— THIS FIT

= === KRE

I R I

— T
0252z =0.35 o

.0
A~ Y% 3

% i

W

0355725045

»f
o
o)
-
L
wl

i
A

L 1N AN /dzdQ

0,45 <7 = 0,60

L I R IR

oooooo

0.60 £z £0.75

........
ol S I R g

DIS @ Breit frame

3
10

' UNW dN fd.fd(PRD 7,

— THIS FIT
- - KRE

E /N, dN® /dzdQ

1315

K

v Incoming quark scatters off photon and returns along same axis

Current region of Breit frame is analogous to e*e-

=e*e /s

v Born level: DIS Q

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

6

,{mnl]l,r(_.{.u)mn - BIEp)

=)
T T T

14



ete” — mO/KQ + X @ BESIII

N o
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® inclusive n° production: surprise
® inclusive K2 production: not so bad
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ete” — n/Kg + X @ BESIII
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Y
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c
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® 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* e — p(w, ¢)+ X, and so on

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

= ete — p*/o*/p* > h+X
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Impact of BESIII ete” — %K + X
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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

BESIII inclusive
n data

~ PRD83 (2004) 134002 1 a0 |

(x 1000) 1
BABAR 103

3

10 E 3E (< 1000) 3
F ALEPH "02 1 FJADE "90 E
[ (x100) 1F o100 1

10% HF 4 102
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NNLO n FF fitting

Reduce theory
uncertainty

OPAL 1E
17 ™MARKI
L F IF 3!
FL3°94 EN: 4 E
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4 Iy (x0.1) -1
10 F , El3 ERY
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2 v JADE 85 —_ 2
107 & TE 00D 4 * q10
F —— THIS FIT 1k h 1
1073 1 ] N A R
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|

No

-

Factorization
breaking ?

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

® n FF @ NLO: data at /s > 10GeV 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
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® PR D83 (2001) 034002 prediction vs. BESIII data: tension !
® BESIII fit: detail @ arXiv:2404.11527
v /s >10GeV e*e  data + BESIII data
v" NNLO accuracy, hadron mass correction & higher twist contributions
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Inclusive hadron: MLLA & LPHD

® 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
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TMD FFs: D¥(z) = D¥(z p1)

TMD FF Dl(Zj kT) thrust

. eﬁD?ﬂ/q(za, kor) & Di”’/q(zb, kyr) | back-to-back production e

_|_ —
ete” = hohp X Hgoq) of hadron pair

ete” —
(h, jet/thrust axis)X

> egD?/q(z, kr) can access z, kp

£ 1.2
\\\‘\-\ | 4 % 1.0
\P/{ | S oal 720.3
PRD78 032011(2008) PRD99 112006,(20 %0.6- 2=06
® Traditional 2-hadron FF Q Z: 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) 21



TMD FFs: D (z) = D¥(z, p1)

thrust
», .ﬁ&!sﬁ
’.

® 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 ?

1-10 GeV? 25 GeV? 100 GeV?

<1=T>
°

. BR3CHR 2002

pQCD (NLO) & Power correction
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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

Tetraquark picture for f,(980) 7 = (uiss + ddss) /2

u, s (favored) s s
@‘@% u ] o 6@@4 i ] fo
D :2“?% s ] f O (g9
- (1 0
u ‘é‘s u d
0 @) MPL A23 2226 (2008)
_— ] D)
O (g4) g ryoee f ’

O (g%

Table 1.
and the peak positions for the fragmentation functions of f(980).

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

Type Configuration Second moments  Peak positions
Strange qq ss M, < Ms < Mg Zmax o pmax
max ~ zmax

Tetraquark (or KK)  (uiss+ dds3)/v/2 My ~ Ms < M, 2z r




Spin alignment of vector meson
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@® Spin density matrix of vector states
® The polarization vector is related with
some elements of spin density matrix

7_3 = [P1,P3, P3|
= {\@Re (P—l,u + po1) , V2Im (.0—1_.{} + po1) , (P11 — P—l,—l)]

® Can not measure polarization vector with
strong decay, only know that vector meson
are polarized or not.
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® 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

La+a | Pr|cos 0
v’ Polarization vector Py S )

d cos 6*

Polarization vector with hyperon
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T T T T T T
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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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