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1. Fragmentation functions
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1. Fragmentation functions

e Hadronization

D, : probability density
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particle decays

» LUND Model
» Webber Model
» QCM (Shandong)




1. Fragmentation functions

e Hadronization

» LUND Model
» Webber Model

D, : probability density > QCM (Shandong)

e'e 5 y/iZ° 5 qq parton  hadronization particle decays
shower

* How quark polarization transfers to hadrons ?
D3 unpolarized quark — transversely polarized hadron;
(1, : longitudinally polarized quark — longitudinally polarized hadron;
Hi: transversely polarized quark — unpolarized hadron.

h, v - | b

Orbital angular momentum? 1
) e

Angular momentum: L,
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1. Fragmentation functions
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1. Fragmentation functions
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2. Higher twist fragmentation functions

* Leading twist FFs
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2. Higher twist fragmentation functions

* Leading twist FFs %
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* Leading twist FFs

2. Higher twist fragmentation functions

Collins

hadron
U L T
quark
U D; ® DfT@ = @
density
L Gy, (9 — @ 61T®_@
longitudinal

H@® -@

T Hf'@ —@ H%L@ _® trapsverse

L
HlT

gulrju

©TIT
o

| 2
o

30

20

10

30

2

Vs=22324 GeV |
B eronne

MAPFF NLO

m=== ARS NNLO
DDDDDD

=l At at

Vs = 3.0500 GeV

L]
L N R R

Vs =2.4000 GeV |}

[ e .
.‘.‘.K-’l! . 1n

A _al

Vs = 3.4000 GeV

Vs = 2.8000 GeV

1.5

0.5

1.5

Vs = 2.2324 GeV
B nnFF1.0 NNLO
DSS NLO

H\
’
™~

e

Vs = 3.0500 GeV

Vs = 2.4000 GeV

: )
L
- nl
L oje 1}
e

Vs = 3.4000 GeV

» Fitting experimental data, Leading twist FFs + higher twist FFs; Diy + Dy = C

» Universality of higher twist FFs,
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3. HTFFs 1n annihilation

cet+e  >h+X o P
. . . e (h h
The differential cross section, CP="
5 v/ Z° ’ <
do  nfza I — - —
dzdcosd  20*
. (1) 7(k')
The leptonic tensor, o -
L/JV (lla 12) = z[lluZZV + 111/12/1 - g,uv(ll ) 12)] + 2i/lee,uvp0'll1)lg P1 :
The hadronic tensor, / : \
oy 121 NP A Oy |
X / F, q |1
T | v
S.Y. Wei, Y. k. Song, and Z. t. Liang, Phys. Rev. D 89, 014024 (2014). Han dbag diagram

S. Y. Wei, K. b. Chen, Y. k. Song, and Z. t. Liang, Phys. Rev. D 91, 034015 (2015).

2025/8/9 W4 K% (Yantai University) 12



3. HTFFs 1in annihilation
cet+e " -oh+X

» The produced hadron moves along the z-direction.

» pt - (p-n)nt.
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4. Calculations

o
. . . . /
* Deeply 1nelastic scattering (DIS) :
— —rq/ X — & :
e (LA,) + N(P,S) - e (') + X, — & ——
parton

1. Operator Product Expansion 2. Feynman diagram approach (Collinear Expansion)
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" (a) (b) (c)
« K. G. Wilson, Phys. Rev. 179 (1969) 1499-1512 . « R. K. Ellis, W. Furmanski and R. Petronzio, Nucl. Phys. B 207,
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4. Calculations

* Semi-inclusive DIS * Electron positron annihilation
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4. Calculations

* Calculations 1n the parton model
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4. Calculations

* Decompose the gluon field kg 8
kJ_C( = Wy kB
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4. Calculations

* Apply the Ward 1dentity
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4. Calculations

* Add all the terms with the same hard part together
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4. Calculations

* Add all the terms with the same hard part together
Wy = Wi+ Wiy + Wi
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Gauge link: L(§,00) = P e’ Jgmdn= A% Cr ), and covariant derivative: D, , = 0,, + igA .

20258 A9 H EH5< & K5 (Yantai University) 21



4. Calculations

* Hadronic tensors * Gauge invariant correlators
~ 1 ama b e
W) = STl =0, g0 -y f %e—fﬁf‘f%om%o, 0o (0)X)
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Hv . )2 [ ’ R tdem L .
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* Hard parts e
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S.y. Wei, Y. k. Song and Z. t. Liang, Phys. Rev. D 89, no. 1, 014024 (2014)

x L0, 7 WO XY hXIg(E) LE, 0)[0).
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4. Collinear expansion

* Deeply inelastic scattering * Electron positron annihilation
1. inclusive 1. inclusive
e +N-oe +X e"+et>h+X
2. semi-inclusive 2. semi-inclusive
» Current region jet > Back to back hadron
e"+N-oe +jet+X e"+e" >h+jet+X
> Target region hadron > Back to back dihadron
e +N-oe +h+X e"+et > hh,+jet+X
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4. Calculations

* 0-gluon scattering amplitude

1. Hadronic tensor /

- | BENPOINN 7(0 1
Wé?,) = ETr[hg?':{m]’ hLy) — Fy,u’/h/w

|

|

|

|

|

. dE e i |
2023 [ L OLL 0, o OIXNAXIFE ) LE )0y 4 L
X T M |

2. Calculate traces and decomposing the correlator
4 M?

Tr[hgz,)ﬁ] = 81 ZEEP) = p+ﬁuD| — Mg raDT + —+H{_3D3,
P P
n 4 2
0521 — . = M
Trl b,y ] = El‘glﬂ‘“ ZED = —p*i, 4G + MS 1,Gr — F”f.r/th?rL-

3. Leading twist result

ZWQ#V == zgj_,uvD] - 2‘]E/Ih“S-J_‘ur'w*(;l;'L'
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4. Calculations

* 0-gluon scattering amplitude .
1. Hadronic tensor / | \
. 1 o4 2oy _
WS} - ETr[hgi,]:{m], h,, = Fy”rﬂy,,, :
— k I
2=, f PR mir€ 0LL7(0, co)p Q)XY AXIIE )V LE e)l0) @ L
~ 2r v | y
2. Calculate traces and decomposing the correlator
o 4
Trl ] = =~ 1um, = U L
A 4 T-2 D
Tr[h'fg)ySﬁ] = Figl'w’ B0 = _ 1 Gip

3. Leading twist result

Leading twist

Zszjuy == 2§lva1 - 2‘]E/Ih“‘E'-J_‘ur'»*(;l;'L'

202558 H9H ZH-< 4 K% (Yantai University) 25



4. Calculations

* 0-gluon scattering amplitude .
1. Hadronic tensor / | \
. 1 o4 2oy _
WS} - ETr[hgi,]:{m], h,, = Fy”rﬂy,,, :
— k I
2=, f PR mir€ 0LL7(0, co)p Q)XY AXIIE )V LE e)l0) @ L
~ 2r v | y
2. Calculate traces and decomposing the correlator
B 4
Trl ] = =~ 1um, = U L
n 4 T-2 D
e[y ] = gL, EO - _ o
T3 D; Gy

3. Leading twist result

Leading twist ~ Twist-3

Zszjuy == 2§lva1 - 2‘]E/Ih“‘E'-J_‘ur'»*(;l;'L'
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4. Calculations

* 0-gluon scattering amplitude .
1. Hadronic tensor / | \
. 1 o4 2oy _
WS} - ETr[hgi,]:{m], h,, = Fy”rﬂy,,, :
— k I
2=, f PR mir€ 0LL7(0, co)p Q)XY AXIIE )V LE e)l0) @ L
~ 2r v | y
2. Calculate traces and decomposing the correlator
B 4
Trl ] = =~ 1um, = U L
n 4 T-2 D
e[y ] = gL, EO - _ o
T3 D; Gy

3. Leading twist result
Leading twist ~ Twist-3  Twist-4 T-4 Dy Gs

Zszjuy == 2§lva1 - 2‘]E/Ih“‘E'-J_‘ur'»*(;l;'L'
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4. Calculations

* ]-gluon scattering amplitude

— o~ ; 2
2Ey = —p HaMS 1,Dar + M*g .1 paD3q + idsM>€ 150 D3ar,

~ - 4= a2 2
Zh—f)g = 1p+na/MS TdeT + M 8J_pazG3d + M gJ_pa'GBdL-

4%

S _
Buy q_ [SJ_un’VDdT + SJ_,undeT]

 2-gluon scattering amplitude

et = P’ g [M 81porD3da — l/thZSJ_pO'DdeL]a

=) B

L
<€

—_— - -

=2 = pth, [IM E1p0G3da — AM glmG?*ddL]

Z“‘pO'Cx q—k
., 2M? - 4M?
Q)L _ M _ M
Wi =81y (D3aa = G3ad) , WMt =7 g PP (D 3dd T Gde)
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4. Calculations

* ]-gluon scattering amplitude

. 2
J_pch?)d + l/th 8J_pafD3dL

paGBd + /thzg_Lpa'G

 2-gluon scattering amplitude

=2 _ p"‘fla, [Mzglpchde — i/thzglpchdeL] ,

Epoa | | |
Zéﬁﬁa = p'iy, [iM *e1porG3ad — M ZgJ_pO'G?rddL] : :‘ : : ::
I q— | |

LoL _2M? - QM AM? M M
Wi :p—-qg“w (D34a — G34a) » Wiy =~ - q) PuPv (Dsdd + Gde)
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4. Calculations

* Hadronic tensor up to twist-4

Wy ==2g1,wD1 — 2ie,,,G1L = Leading twist

- 21 aaDr +ic, anGr]
Dg T 4T T[99 T
AM?> AM?
+ ——quqyD3 + —— gD _344
P q P q
M2
+ m{gl,uvl)élq + i/thJ_/,széqu}-
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4. Calculations

* Hadronic tensor up to twist-4

Wy ==2g1,wD1 — 2ie,,,G1L = Leading twist
. 2M [SS _ D + - S — G ] .
p—- q T{qu} T lgT[qu] T e Twist-3

AM?* AM?
+ ——quqyD3 + —— gD _344
P q P q
M2
+ W{gluvl)élq + i/thJ_quéqu}-
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4. Calculations

* Hadronic tensor up to twist-4

Wy ==2g1,wD1 — 2ie,,,G1L = Leading twist
. 2M [SS _ D + - S — G ] .
p—- q T{qu} T lgT[qu] T e Twist-3

AM? AM?
+ ——quqyD3 + —— gD 344 — Twist-4, Multi-gluon scattering
P q P q
M2
+ W{gluvl)élq + i/thJ_,quéqu}-
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4. Calculations

* Hadronic tensor up to twist-4

Wy ==2g1,wD1 — 2ie,,,G1L Leading twist

- 21 aaDr +ic, anGr] -
Dg T{#QV} T T[uQV] T Twist-3

4AM?* _ 4M>
+ ——quqyD3 + —— gD 344 Twist-4, Multi-gluon scattering
P q p-q
M2
+ —(p 2 {gJ_IJVDélq + i/thJ_ﬂvG4qL}- Twist-4, Multi-quark scattering
" o P

(aa) (b)
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4. Calculations

* Cross section up to twist-4

4> K?
D — —YRe(D34q — G34q) — TMDﬂlq

-

L 4

do , Tz 5
— = 2 1 + cos“ 6
dzd cos @ Zuli“ 204 {( cos™6)

8K K
+ B ; sin® 0D5 — |S 7|8 sin 26 sin g5 Dy

T

Ky K .
+24,|SLcosO|Gip — —Gugr | = IST[B— sinfcos o5 Gr

s

!

where 1), = M /Q is a typical suppression factor of high twist contributions.

| 5 4;(%, K%,f
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5. Summary

* Fragmentation functions are important in describing
hadronization process;

 Higher twist fragmentation function deserve more
attention;
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5. Summary

* Fragmentation functions are important in describing
hadronization process;

 Higher twist fragmentation function deserve more
attention;

Thank you!
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Backup

The origin of the handedness in the jet fragmentation.

A

Q

Q|

2025/8/9 A& K5 (Yantai University) 38



h,

>

h
Angular momentum: L, \‘} 1

S
v

I~

n Light-like

2025/8/9 A& K5 (Yantai University) 39



Ka
¢ @ p kig = wgkﬁ
=0 : :
jet parton

2025/8/9 M4 k5 (Yantai University) 40



production plane
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