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Several open guestions about QCD

« Confinement, no existing isolated quarks or gluons

+H4{{

* Nucleon structure, what is the origin of nucleon spin and mass in terms of
quarks and gluons degree of freedom
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Spin;
How does nucleon spin emerge

Mass:
Higgs mechanism gives only ~few%
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Fragmentation Functions (FFs)
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DZ (Z) Positive pion ") Positive kaon (K ™)

. DZ(Z): describe the fragmentation of an quark into an hadron, where the hadron
carries a fraction z = 2E}, //s of parton’s momentum
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Access FFs with QCD factorization

eet o=Y,0(ete” - q7)®FF

* No PDFs necessary

« Calculations know at NNLO

» Flavor structure not directly accessible

SIDIS: =), PDF®ua(eq - e'q )QFF
« Depend on unpolarized PDFs

PDF » Flavor structure directly accessible
p  FFsand PDFs
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pp: o= g PDF®PDF®0(q1q: = q192)®FF
« Depend on unpolarized PDFs

» Leading access to gluon FF
» Parton momenta not directly known

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



Nucleon tomography

W H(x,kp,r) Wigner distributions
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LLO expansion of TMDs

Nucleon Polarization

Unpolarized (U)

Quark polarization

Longitudinally Polarized (L)

Transversely Polarized (T)
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FFs studies at an unpolarized e*e- collider
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Separation of TMD factorization in SIDIS: | u
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To accurately extract Parton Distribution Functions (PDFs), more precise FFs are
required.

Two types of fragmentation functions can be studied at an unpolarized e*e” collider: D
and Hi .
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BEPCII/BESIII

 BESHI | |
fl detector |44

Double-ring, symmetry, multi-bunch e* e- collider
E.,= 1.841t04.95 GeV
Energy spread: AE ~ 5 x 10~*
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Data samples collected at BESII|I
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Unpolarized FFs measurements at BESI| |

Experimental observable at e*e colliders:

1 do(ete - h + X)
Oroc(ete™ — hadrons) d Py,

h is a particular type of hadron such as =%, n*-, K¥- ...

 Atleadingorder ~ »_, E}Dh/q

Unpolarized fragmentation function (D)

Fractional energy of hadron z = 2E}, /+/s



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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Pion FF: Best known FF
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« For z=0.8, uncertainty rapidly increase T e
because of the lack of experimental data ;

« Xfitter: data at /s > 10 GeV e*e-
» Low /s e*e data? ot
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Strange quark polarization puzzle

Strange quark density function: As(X)+As(X)
Inclusive DIS: only proton PDF

Reliable FFs knowledge ? Need more efforts

Semi-inclusive DIS: proton PDF & kaon FF
DSS FFs: positive for most of measured X

negative for all values of x

HKNS FF: negative
JAM FFs: negative

. 0.03
Proton e E = 0.02 [ ------ LSST)G(D'S) xAs:xA§
| Q 4T —— LSs'10(DIS+SIDIS) 1
Quark | oo1| =~ - Dis+siseny A" ) DSS FFs |
| 0.00 —_ .
L d@ o) -~ el s ]
\ Q S =~ :." 7/ /I
Gluon%ﬁ & ““ -0.01 | =~ L - - 4 .
‘ < SO0 U
&g S
. d . N | ~a_o- i
__;?ilsanzatlon, 0.02 Qz Y Gevz y
PR D84 01400%3251%) -
-0.03 R N
0.01 0.1 1

X

0.03

0.02f—

0.01F

o=

XAs(x,Q°=10 GeV?)

-0.01==

-0.02F
-0.03f

-0.04f

-0.05/~ [ NNPDFpol1.1
= DSSV08 Ayx?=1

-0.06

-0.07 “3
10°

f Py NP B337 2

0

_0.04| EE3 SKAO'18
—0.05 BB'10 Q%= 2.5 GeV?
JAM'15
~0.06 PR D103 054003 (2021)
0.001 0.01 0.1

T

13




Analysis at BESII |

> Normalized differential cross section (take ¥ as an example):
1 do_o _ N o 1
Ohad AP .0 Nhad AP0

» Hardronic events Ny ,q . R =o0(efe” — hadrons)/o(ee™ — u"u™)

IUUUO_—
31— s r .
=
| L15?:'3(){}(]_—
- T + T T ¥ . H
Tyab bbb bt il l Lt el Ty
| [ e A TR e by -
B LA S Ti* { T*F*h"[} T SR Y LA Y
2+ Nprg cos
B 20005 [ oo
e BESIII (this Letter) @ BES 4 CrystallBall 15005 %2000:— ;‘,%Mq
m KEDR * MARK-I ¢ PLUTO -=-pQCD+J/y and ' = = = = i
L L | L 1 1 1 | 1 1 1 1 | 1 1 EID{}U__ gum(m-_
2.3 3 3.5 . 5005— H g f
Vs (GeV) : H & . 'l .
03E ¢¢¢¢¢ e ' 0'8 - e apeeaeet R
PRL 128 062004(2022) BESII L S o 1

4 6
2-pr
N *

LUARL\)\? MC generator 14



Inclusive %/ K? production
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Results: inclusive % /K?
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Comparoed with theoretical estimation
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Results:
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inclusive % /K?

* From theory side: fitting with BESIII data, hadron
« mass effect, large z re-summation, and so on
* From experimental side
* Primary hadron vs from resonance decay
« = measure e e — p(w, P)+ X, and so on
 Contribution of vector states p*, »* and ¢*
s =>ete - pflo*lg* > h+ X



World n data on e*e-

PRDS3 (2001) 034002

10% ¢ 1 do" 4F 1 do= | i0*
F ALEPH "92 O dz o, dz
(> 1000) BABAR 103

3

107 & ElS (x 1000) E
g . 3 EJADE '90 E
F ALEPH "02 iE ]
L (x100) 1 [ (x100) ]

10% = F 4 10?
F ALEPH "00 o JFCELLO ]
[ (< 10) 1F 10 ]

10 El ¥ H 10
a1k ]

FOPAL

FL3°94
[ 0.1

FL3°92

1
(< 0.01) °\¢¢ ]
107 E Tooon T H107
F —— THISFIT t f “
107 AN 10
10" 7z 1 10" z 1

« nFF @ NLO: data at+/s > 10GeV e*e" collision
« Missing theory uncertainty

« Theory improvement:
« NNLO accuracy, hadron mass correction & higher twist contributions

« BESIII results and its possible impact ?
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* NNLO accuracy, hadron mass correction & higher twist contributions
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Prospects of FFs at BESI|I |

» Higher center-of-mass energy Counts G =5.190 Gev
 Broader hard scale Q coverage 20000: ‘EﬁDf{
* heavy flavors: A, A, D° :
» Hadron mass correction i1s smaller 10000 [ From Generator
i Data sample ~ 0.15fb!
» High luminosity L v

« From exploratory to precision measurements

« Multi-dimensional binning of the measurements

e Currently mainly on z and Q?, P, of hadron is crucial
(now with Gaussian assumption)
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Collins FFs

J. Collins, Nucl. Phys. B396, (1993) 161 o Spln of quark correlates with hadron

S, 1 b B transverse momentum
P : : :
@ —— =>translates into azimuthal anisotropy of
qQ k final state hadrons

« The possibilities for finding a hadron produced from a transversely polarized quark:

Dth(Z’ Pyi)= D?(Z, P;Z,_L)

(KXP,,)-S
" [Hllq(z, pgl} SO

* Unpolarized fragmentation function (D) < Fractional energy of hadron z = 2E,, /\/s

» Collins fragmentation function (Hj) » Transverse momentum of the hadron Py, ,



Collins effects In ete- annihilation

SIDIS e+ e-
Transversity (X Collins FF Collins FF () Collins FF
i —
, v \e+e— —f®
— l 1 I qz
3-10GeV? 25GeV? 100GeV?

« At BESIII, the correlation of quark and anti-quark Collins functions are
searched with back-to back hadrons:

ete”™ - qq » h{h,X
D0 o cos(2¢0) Hi (z,)®H; ()
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Collins effects at BESI|I |

To avoid detection-related effects, experimentally, ~ U: pi+&pi- or pi-&pi+
a double ratio measurement was proposed: L. pi+&pi+ or pi-&pi-
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Summary

* The knowledge of FFs Is an important ingredient in our understanding of
non-perturbative QCD dynamics. e*e- annihilation experiments provide the
cleanest environment to measure FFs.

« Two types of fragmentation functions can be studied at BEPCII/BESII|I
»Unpolarized fragmentation function
v'Unigque Q<10 GeV data
v"More results from charged /K and heavy flavor
» Collins fragmentation function
v'Essential input in the 3D imaging era of the nucleon structure study

v'More results from K7 + X and KK + X
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