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€ Introduction to Fragmentation Functions

¢ Existing studies at BESIII
« ete > nm¥/K)+ X
¢« efeTon+X
¢ ete” > mi/KT +X

4 Summary and Outlook
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¢9 QCD Confinement and Nucleon structure

& Confinement

Proton Pion
* Quarks and gluons can not be observed separately.
 They are perpetually confined within hadrons. @ @ @ &\)

¥ Nucleon structure

0.35

T T
T decay (N*LO) +=
low Q2 cont. (N3LO) =
HERA jets (NNLO) H+ ]

Spin: how does nucleon spin emerge

03 \ Heavy Quarkonia (NNLO)
e'e” jets/shapes (NNLO+res) +=
pp/pp (jets NLO) +e-
EW precision fit (N>LO) +e— ]
pp (top, NNLO)

02

a(Q?)

0.15 [

Mass: Higgs mechanism gives
only a few %

0.1

= 0(Mz?) = 0.1179 = 0.0009
1 1
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Q[GeV]
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¢9 Confinement and Hadronization

Theory/phenomenology Hadronization Experiments
<€ > €

e

\‘\Qf FFS: describe how guarks or
P P gluons transfer into hadrons
- T ® Serve as a bridge to

. understand hadronization

EW QCD Fragmerjtation Detector

N
Fragmentation Functions FFs
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&9 Determination of FFs: Global data fits

efe":s= Y 0(eTe” > qq)QFF
* No PDFs necessary

Y.Z * Calculations know at NNLO

= C_' * Flavor structure not directly accessible

SIDIS: s = Y, PDFQad(eq — e'q')QFF
h * Depend on unpolarized PDFs

* Flavor structure directly accessible

* FFsand PDFs

h

pp: s =Yg PDFRPDF®0(q1q1 = q142)®FF
* Depend on unpolarized PDFs

* Leading access to gluon FF

* Parton momenta not directly known
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® ce™ experiments is the cleanest
laboratory for the fragmentation
function studies.

® FFs and PDF: Universal and non-
perturbative objects

® Well known FFs are crucial for nucleon
structure in ep experiments




&9 Word data from e*e™ experiments
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2= 5 jeliio) Lack of precise data @ +/s < 10 GeV !
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$o BESIII Data Sets

® BESIII : 1.84-4.95 (5.6) GeV

102 E_
N BESIIIT e
i = gt g- L BaBar
— COMPASS .
0 = p— N ' Belle
R = ( HERMES » <——SIDIS e —
N | Y A N
| | I +T & & a & 4 1 % & 1 -
— ko { m ) /
1 — } I } . QZ
= ) 2 2 2
[ ve « BESIII « BESII + PLUTO 1—10GeV 25 GeV 100 GeV
| —— pQCD+y and y's = KEDR * MARK-I 4 Crystal Ball
1 —1 1 L L L I 1 L L L I 1 1 L L I L 1 L L | 1 1 L 1 | 1 1 1 L | 1 L 1 L I
Is (GeV)

® New opportunities at new energy scale with BESIII data
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49 BEPCII and BESIII

| detector

rea -

Double-ring, symmetry, multi-bunch e* e collider

E.,=1.84t04.9 GeV
Energy spread: AE ~ 5 x 10~*

Peak luminosity in continuously operation @E__=

RPC: 9 : RPC: 8
yers 2yers
SC
Solenoid
Barrel
ToF
Endcap
ToF
SC I
Quadrupole = z
e+ =Y :.__ I
Main Drift Time Of Flight || Electromagnetic Muon
Chamber Calozimet Counter
Plastic scintillator SOGIHICTEL RPC
Small cell, 43 layer CsI(T]): L=28
oo =130 um || o (barre): 65 ps sI(T]): L=28 cm|| Barrel: 9 layers
xy= "; o7 (endcap): 110 ps|| Barrel 0g=2.5% Endcap: 8
dE/dx~6% (update to 60 ps Endcap 05=5.0% layers
0, /p=0.5% at 1 . Ospatial® 1.48
GeV with MRPC) cm

3.77 GeV: 1.1 x 1033 cm™2s71
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@9 Accessing FFs in e™ e~ annihilation experiments

€ Experimental observable in eTe™ annihilation: normalized differential
cross-section of the inclusive production of final state hadron “h”

1 do(ete” > h+ X)
0:ot(ete™ — hadrons) dpy,

* At leading order in ag, can be interpreted as:
Y e2[D}(z,Q?) + [Dg(z, Q2)]

S Factorization scale (c.m. energies)
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&¢ Analysis at BESIII

Based on dedicated MC generators

‘ Normalized differential cross-section: deve|opment for R-value ana|ysis:

1 do(ete">h+X) N, 1 obs 9 f
= — Nobs h
Ohad dpp Nhaa Apn  Np25 Apn
€+e_ data 1000-— :qunf]lldala
:E:, i i)ackgruund
:2 500_
ete™ - qq selection

5 -
= g Sttt st e St oty
0.10 0.12 0.14 0.16
M(yy) (GeV/c?)

n%/KQ /n/m*/K*(photon, PID, second vertex fit) mmmmmmmmms)

. E_‘“ ﬁ,.‘l-#. év“‘“x“,i,:“l‘ arihitietys ;“"ﬁ Hhoky
Efficient and ISR correction A I et

0.48 0.50 0.52
M(r+r) (GeV/c?)
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~ 4% Inclusive production of nO/Kg@ BESIII

PRL 130, 231901 (2023)

8 Vs =2.2324 GeV /s = 3.0500 GeV 033_ (5=22324GeV | Vs =3.0500 GeV
6: [ nNFF1.0 NNLO L -:;JEFP:LOONNLO r
[ MAPFF NLO [ [
b 0.2F ++ A
AKRS NNLO 3 3
4: —— ARS NNLO -+
oF DSS NLO 0.1 +++ Yo g
—'@ — e _"C F— T S E "R SR v S
> 8 Vs =2.4000 GV % 0 3:_ Vs = 2.4000 GeV
Q0 b I
= 6F Q X
T a4 < o02f T4
gl 1N
s < s 0.4 +
—_— —-— - L -+
|b P D= D — B r _,_\
] e = ! At
8r Vs = 2.8000 GeV
6: 0.3F + Vs = 2.8000 GeV
3 —+
4t 0.2F +
2F o N F o1 /+ 3
e [ e PO Y
0.5 1.0 . 2SN B e . AT PR B s
p , (GeV/c) 0.5 1.0 0.5 1.0 1.5
® P (GeV/c)

® Theory modes have different initial evolution scales and kinematic requirements on data
® Higher twits effect? Hadron mass effect?
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¢¢ Inclusive production of n@ BESIII

PRL 133, 021901 (2024)

0.4 {5 =2.0000 GeV [~ Vs=2.6444 GeV [ Vs = 3.5000 GeV
—+ BESII data ! % %o, + ++
=~ 2500 — sum 02F 4 B S 5 $*
L signal i ++ L & " I enwa, "'-QI.
> Al Y e background [ - | Wavmea,, | .’.‘ Yea, L ]
[P] 2000 —_ (L LLL Y == e ™ '.'” 4 "va, @
—_ L e, 1 b .o, Sty e L oy L .-;--M,
E 1500 S 04 Vs =2.2000 GeV [~ Vs =2.9000 GeV [~ Vs =3.6710 GeV
— D = - L
Z <) - .+. I
2 1000 laed < - '+' L e ++
A - A gls” 2 ¥ * e R as b
a 500 = [ - [ < 4T, %e
M b E : -.--ll-. +'.' : .0*“..'.". ) < : "“ .'.." “'."'.'
. ] . . + b ..,_;I l:c.....-. . ‘ , t...-l?:-_-._... OIS ...116"-! y
2 ¢ 0.4 = = 2.3960 GeV [ = 3.0500 GeV :
4 t L H i 4% - [ -0-_._ ~§- BESIII data
03 04 0.5 0.6 0.7 038 02 -2- [~ "-.- A u == AESSS prediction
M,, (GeV/c?) i - [ - p
VY b
[ 6-......., e [ @t ., & BESII fit
° LT T . Y A I ﬂ--‘?’:’t!-,_
0.5 1.0 0.5 1.0
p_(GeV/c)

€ BESIII fit: NNLO + hadron mass correction + high-twist
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¢¢ Inclusive production of T*/K*@ BESIII

Phys. Rev. Lett. 135, 151901 (2025)

. . . — 43— i s = 3.050 GeV - i-.- Vs =3.671 GeV
® 7t is consistent with r°. SR +H'+.+ | bwmswok +++*+¢ | EwecNNwO o
8 3 - ; ° 3 ¢ , this work C + & 3
. ] ] S ) . % ! # %, BESII 2023 96- !
® K1t is systematically higher than  gls° °F “ - o
¢ o 3 "o,
that Of K,S(')' E‘ 1 1 1 ‘:1... ...1.'. O30 ,050. aug. '? PP TP P il-.-.lo-hlmg_l.-_
0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.2 0.4 0.6 0.8 1.0 1.2 1.4
. P, (GeV/c)
® New global data fit at NNLO ; = : =
T/G 04 - ! (s=3.050GeV | + ! Vs=3.671 GeV
= - ! ¢ K, this work | NPC NNLO fit for K*
under (NPC) framework (/s > I +,w+ N, oK mowork [ ﬁ ﬁmh. %ca.f;mo;;,}gbyw
; y : + " I é * KES,‘ BESIII 2023 % : : using Isospin symmetn
3 GeV & E;, > 0.8 GeV) gls b b Ty F + ;+ ST
—~& o1 e, - | ! 'hé’é
o Olp . °.o°-06 . | SRARTY
- IO..2I I IO,I4I I OI\% I IO,ISI I ILIOI I .1.I2.I Ilj4l = .0}2. I I0!4I I OI(; I IO?SI I Il,IOI I Il.l2l I !1!4!
Py (GeV/e)
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¢¢ Global analysis with BESIII data

» FFs at NNLO with BESIII data

exp. \/8/GeV |lum.(nz) |year |final states | hadrons
DELPHI | 189 157.7 pb~1[2002 | inc. had. |7* K=*
OPAL |mg 780 000 1994 | Z — qq Tt K+
ALEPH |my 520 000 1995 | Z — qq Tt K+
DELPHI | my 1400 000 [1998|Z — qq Tt K+
Z — bb i K+
Z—qq = K+
SLD mz 400 000 2004 | Z — bb Tt K+
Z —cC Tt K+
TASSO |44 34 pb~! 1989 |inc. had. |#%,x°
TASSO |34 77 pb~1 1989 |inc. had. |#n% K=*
TPC/2v | 29 70 pb~! 1988 |inc. had. |#n% K*
Belle 10.52 68 fb~! 2013 |inc. had. |n* K+
BaBar |10.54 0.91 fb~! |2013|inc. had. |7* K=*
BESIII [2.0-3.671) 253 pb~! |2025 |inc. had. |7=, K=

HEMEFAEEE
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First university test of FFs at Q~ 3 GeV

[Gao, XS, Xing, Zhao, Zhou, PRL 135, 041902, 2025]

—— NNLO(approx.)

—-= NLO

- == NNLO(w/o BESIII)

d—)'ﬂ'+ _
Q=14GeV }

S—)7T+ —

g—mt ]
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¢¢ Global analysis with BESIII data

» FFs at NNLO with BESIII data can explain both existing high-energy world data and the
BESIII new measurements

1012
Exp (7%) Vs [GeV] Ngp 7*/Ngp
L3 [61] 91.2 3 0.82 I BESIN Q=223 Gev
L3 [62] 91.2 12 227 N 10 T[O =—— This Work NNLO4+HMC+HT
- ’ - o r —-== This Work NNLO+HMC 10 ]
OPAL [60)] 91.2 10 0.60 5 o This Work NNLO 10
ALEPH [58] 91.2 21 1.83 = —— MAPFF NNLO Prediction
ALEPH [59] 91.2 13 2.53 § 5t 3 = NNFF NNLO Prediction
JADE [57] 44.0 7 1.60 =5 T = AKRS NNLO Prediction
JADE [57] 35.0 10 3.09 0 . 10%1
CELLO [54] 35.0 8 0.64 t
TASSO [52] 34.6 7 1.47
JADE [56] 34.4 10 1.17 I BESII 0=2.23 Gev S el
TASSO [51] 34.0 4 251 ~ 1007 KO —— This Work NNLO+HMC+HT N
CELLO |5;| 34.0 7 0.34 E S === This Work NNLO+HMC E
TPC [55] 29,0 10 1.29 S r=+= This Work NNLO 3
1531 : : Il —— AKK08 NLO+HMC Predicition I
JADE [56] 22.5 5 1.79 S 0.50} & 1ot
CELLO [53] 22.0 7 1.41 = 0.251 ~
CELLO [53] 14.0 6 2.39
JADE [36] 14.0 6 1.77 0.00
TASSO [51] 14.0 4 1.62 102
ARGUS [50] 9.46 13 1.47
BESIII [9] 3.67 16 2.23 I BESII Q=2.00 GeV
BESIII [9] 3.40 15 0.65 N 10| n —_ I:is ﬁort:ﬁtg+::g+m’
] = —-=- This Wor +
BESIII [9] 3.05 14 1.77 5 |\ This Work NNLO 10
BESIII [9] 2.80 13 0.53 g —— AESSS NLO Prediction _
BESIII [9] 2.40 10 1.41 & 0.5F R 3 c =5
BESIII [9] 2.23 9 473 = | TR
e - ¥ -2 . . . .
TOTAL 568 1.09 0.0 : : : T 00 02 0 06 08 Lo
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4o Further Measurements @ BESIII

10° B
i >150 pb above 4.8 GeV
10 & More on the schedule
R E by 1
N sttty I
LE
E o BESIII « BESII ¢+ PLUTO
| —— pQCD+y and y's = KEDR * MARK-I 4 Crystal Ball
(s (GeV)
Collinear FFs D} TMD FFs D EECs
ete” - (mm) + X ete” >nT /% + X E1C »
8+€_ - ¢/K*(892) + X e+e— N T]/Ki/KSQ-FX E2C » | +::: :
TMD EEC |

ete”->n' +X
ete” - A(l_\) + X
ete" -I4+X

ete” > hyh, + X
(back-to-back pair)

Many results will be ready soon
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~ 9% Summary

€ Precise knowledge of FFs are important for the understanding of non-perturbative
QCD dynamics.

€ In e*e~annihilation experiments, which serve as the cleanest laboratory for FFs
studies, BESIII has provided extensive data at lower energy regimes and have good
constrains on FFs.

- ete > n'/KY+X :
- §+§—J,,T+/xs Thanks for your attention!

« ete  ->mif/K*t+X

€ More results of , and EEC-related results will be ready soon at

BESI — cve- 5 o) + efe” > m* /m® + X E1C
ete” - ¢/K*(892) + X ete” - n/KT/KI+X E2C
e:e— N 77I _l__X e+e_ N hlhz _|_X TMD EEC
ete™ > A(A) + X (back-to-back pair)
e+e_ > X+ X
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