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Fragmentation functions (FFs) as extension of the parton model

Bjorken, et al., ‘71
FFs proposed

Leading Quark TMDFFs O—- Hadron Spin @ Quark Spin
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Why FFs: key ingredients of QCD factorization framework

Bjorken et al., 71 Collins, Soper, ‘82
FFs proposed Definition in QCD

1969 1971 1977 1982 1989

Feynman, ‘69 Field, Feynman, ‘77 Collins et al., ‘89
Parton model First determination Factorization thm.

> Semi-Inclusive DIS (SIDIS):e + N->e + h + X;

..............
. Ya

B L
* e
@ *

Sen =Ry

fu PR = S o | Agep
- -, < dedydy, — Jir(P) @00, 2) @ Dayslan) O\ 7

d ................ PDF FF

LBRES | FFs+EECEAIY < | 2025.Aug.09, =} Page 3



Why FFs: phenomenologial application

|dentified hadron helps discriminate the initial parton
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Extraction of FFs

< Field theory definiton of the collinear (integrated) quark FFs [Collins, Soper '82]

iPrEt/ o h(Ph, Sp)
Dh/q i/ Pret) Tr[<O|W(oo+,,£+) Ve(ET,07,07) | B, Sp; X) $\
q(k)
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< Global analyses of ee(SIA), ep(SIDIS) and pp data based on factorization formula.
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measurement input pQCD to be determined. Universal !
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NPC collaboration gathering on July 19th 2025

in neighborhood of Huizhou city (host of EICc)

Jun Gao, ChongYang Liu, Meng Yang Li, XiaoMin Shen, HongXi Xing, YuXiang Zhao, Bin Zhou, YiYu Zhou
Shanghai JiaoTong Univ., South China Normal Univ., Institute of Modern Physics, CAS

NPC=Non-Perturbative Physics Collaboration



Automated calculation tool: FMNLO

» a hybrid scheme of phase-space slicing method and local subtraction

» automation of fragmentation calculations for arbitrary hard processes up to NLO,
interfaced to MG5 aMC@NLO

4 h h
p f\// p
X O —=x
N TSR
(b) (c)

Hadron in jet (pp) Hadron in jet (ee)

» partonic cross sections saved as interpolation tables for fast convolution with FFs

» code publicly available [Liu, XS, Zhou, Gao, 2305.14620 (JHEP)]
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NPC analyses of FFs to light
charged hadrons (r+, K+, p/p)

Gao, Liu, XS, Xing, Zhao, PRL 132, 267903, '24
Gao, Liu, XS, Xing, Zhao, PRD 71170, 1140179, '24 (Editors’ suggestion)

collaboration NNFF | JAM DSS+ BDSSV MAP
SIA (ee) v v v v v
SIDIS (ep) x v v v v
pp incl. hadron X X v X X
pp hadron in jet X X X X X

FFs 7t K*p|nt,K* | nt, KT ph* T+ Tt K=+

n
pQCD order NNLO NLO NLO appr. NNLO | appr. NNLO

Only some of the recent global analyses are shown here.



New opportunities in probing FFs at the LHC

» Inclusive hadron production (STAR, ALICE) _Wmu WmJ Wmg W others
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Simultaneous fit of n*, K%, p/p FFs

m
Experiments N e 1INy h ah ph h n
zD*(z,Qp) = z% (1 — z)Vi ex a Z
ATLAS jets ' 446 350.8 0.79 (2, Qo) ( )" exp — in(V2)
ATLAS Z/y +jet ' 15 31.8 2.12 n=
CMS Z/y +jet ' 15 17.3 1.15 parton-to-n T |favored |a | B |ao a1 [az|d.o.f.
LHCb Z + jet 20 30.6 1.53 u Y 5
ALICE inc. hadron 147 150.6 1.02 d~u Y -|- -] - 1
STAR inc. hadron 60 42.2 0.70 4 =d N x 4
703 623.3 0.8 s=84u N |- | B
g Wi ) e TN S
TASSO 8 7.0 0.88 b=1b N x| 4
TPC 12 11.6 0.97 g N F 4
OPAL . 20 16.3 0.81
OPAL (202 GeV) 17 24.2 1.42
ALEPH 42 31.4 0.75 parton-to-K T |favored |a |3 |ao |a1 |az2 |d.o.f.
DELPHI 78 36.4 0.47 _u Y x| 4
DELPHI (189 GeV) 9 15.3 1.70 S5~u X |=[- - x| 1
SLD 198 211.6 1.07 u=d=d=s N x| 4
C ) c=2¢C N X 4
SIA sum 384 353.8 0.92 e N <4
H1 ' 16 12.5 0.78 g N F x| 3
HI1 (asy.) ' 14 12.2 0.87
ZEUS ' 32 65.5 2.05 parton-to-p |favored|a|f|ao|ai|az|d.o.f.
COMPASS (061) 124 107.3 0.87 w—2d Y < 4
COMPASS (16p) 97 56.8 0.59 e —t ~Tx1 3
SIDIS sum 283 254.4 0.90 c=¢c N x| 4
b=> N X 4
(Global total 1370 1231.5 0.90 | 7 N T T3
>
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The NPC23 FF sets

o0

Gao, Liu, XS, Xing, Zhao, PRL ‘24,
Gao, Liu, XS, Xing, Zhao, PRD "24(Editors’ suggestion)

High precision determination of FFs for
charged hadrons.

Resulting FFs are publicly available:

A
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LHAPDF 6

Main page ' PDF sets | Class hierarchy \ Examples = More... \

2070000 | NPC23_Plp_nlo (tarball) (info file) | 127
2070200 | NPC23_KAp_nlo (tarball) (info file) | 127
2070400 | NPC23_PRp_nlo (tarball) (info file) | 127
2070600 | NPC23_PIm_nlo (tarball) (info file) | 127
2070800 | NPC23_KAm_nlo (tarball) (info file) | 127
2071000 | NPC23_PRm_nlo (tarball) (info file) | 127
2071200 | NPC23_Plsum_nlo (tarball) (info file) | 127
2071400 | NPC23_KAsum_nlo (tarball) (info file) | 127
2071600 | NPC23_PRsum_nlo (tarball) (info file) | 127
2071800 | NPC23_CHHAp_nlo (tarball) (info file) | 127
2072000 | NPC23_CHHAm_nlo (tarball) (info file) | 127
2072200 | NPC23_CHHAsum_nlo (tarball) (info file) | 127
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Application: momentum sum rule  Gao, Liu, Xs, Xing, Zhao, PRL ‘24

1 1.0 !
T ou S - g —Tu s
E . — I 1 e ]
Sumrule ] I:zDh(—'Z(Z)} dz_l 0.8 h:7r3t+K:t+p/p h:ﬂ,;{;_i_K;t_l_p/ﬁ
h 0 Q@ =5 GeV = Q = 100 GeV

h

(z)*  g(z>0.01) u(z>0.01) d(z>0.01) s(z>0.088) PO @ All hadrons All hadrons

i : : : : 1 o Q =5CeV Q =100 GeV
z0.200%00 02627001 0.128%05%  0.161%05;3 RpiiligEinermlcl S
K+ 0.018f§;§§;; o.ossfgé_-(zg 0.019f§;(‘,3,.§:£ 0.015f§;§§ —
P 00357090 Qa4 00227092 00151502
n 0.200t§;§02§ 0.128j§;§§§ 0.299f§;§%§ 0.1611“02;(212
K 0.0183%'%%% 0.0193%-%%% 0.0191;%-% 0'205?1%"%632
P 0035t 0ion9tle 0019800 0015t

(Sum 05079817 05313005 05061002  0572:35%)
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NPC analyses of FFs to light
neutral hadrons (K% n, A)

Gao, Liu, Li, XS, Xing, Zhao, Zhou, '25

collaboration NNFF | JAM DSS+ BDSSV MAP NPC
SIA (ee) v v v v v v
SIDIS (ep) X v v v v v
pp incl. hadron X X v X X v
pp hadron in jet X X X X X v

FFs 7t KT p|nt K+ |75 KT ph* Tt 7t KT |7t K*.p,h™

Ui K% n,A

pQCD order NNLO NLO NLO appr. NNLO | appr. NNLO NLO

Only some of the recent global analyses are shown here.




Data included in global analyses for the first time

<mpo

collaboration |year| +/s [GeV] observable Npe( KDS) Npt(A) | Npe(n) Npt(ﬂ_O)
ZEUS [35] |2012 318 Noors 55&2(53&1| - -
dN
CMS [125] [2011 900 any [ K - A _ _
pr P
STAR [126] [2010] 200 Bl - - - 8
: 3
PHENIX [127]|2011 200 i / Bea0 - - 1 -
PHENIX [128](2007| 200 Lo - - - 17
PHENIX [129](2016 510 B - - - 99
. .

ALICE [130] |2017| 2760 {fT“‘;:h / e - _ 6 _
ALICE [130] |2017| 2760 LD - - - 16
: 3
ALICE [131] |2012] 7000 LA / S - - 4 -
ALICE [131] [2012] 7000 Ll - _ - 13
: 3
ALICE [132] [2018] 8000 L / et - - 13 _
ALICE [137] |2018] 8000 20 - - _ 24
ALICE [123] |2021]13000 & 7000 224 = / Ul BT 7 - -

PT T
ALICE [133] [2021] 13000 Ny, [ 15 - - -
PT T
: 3
ALICE [124] [2024| 13000 Bdlon [ECT50 - - 1 -
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> SIDIS data from ZUES
» pp data from LHC

» hadron-in-jet data (ALEPH three-jet events)

Run=9063

Evt=7848
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The NPC23 FF sets
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What can we learn from neutral + charged hadron FFs
Momentum sum rule revisited

1
sum rule Z/ |2Dp—i(2) | dz=1
— Jo

limzminﬁo E
h

Zmin

/1 |2Dpi(2) | dz

hadron

9 (Zmin = 0.05)

d (Zmin = 0.05)

U (Zmin = 0.05)

8 (Zmin = 0.05)

¢ (Zmin = 0.05)

b (Zmin = 0.05)

K&+ K}
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0.0006
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0.000610 0ooa

0.0070
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0.032115 0033
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0.0192 25 0077

0.0002
0.042015Goes
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0.042010 0002

0.1247+5-0159

+0.0071
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0.15771 0 00rs
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0.182910 0bs

0.1954 553155
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0.307610-913%
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0.26681 50135
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Gao, Liy, Li, XS, Xing, Zhao, Zhou, ‘25
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NPC analyses of FFs at NNLO

+ constraints on PDFs

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

collaboration NNFF | JAM DSS+ BDSSV MAP NPC NPC
SIA (ee) v v v v v v v
SIDIS (ep) X v v v v v v
pp incl. hadron X X v X X v X
pp hadron in jet X X X X X v X

FFs 7t KT p|nt KT |7t KT ph* Tt 7t K* |7t KT ph*|nt K+

Ui K%n,A
pQCD order NNLO NLO NLO appr. NNLO | appr. NNLO NLO NNLO

—




The need for high-precision FFs extractions

Electrons .

% The Electron-lon Collider (EIC) % Efforts from China

- start operation in the early 2030s - ep collisions: EicC
« unprecedented access to structure of the « ee collisions: BESIII measurements
proton

. . See Lingin Huang & Wenbiao Yan's talk
 FFs as keys ingredients of SIDIS at the EIC

High-precision (NNLO, N3LO) FFs as key output & input

Page 18
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First global analysis of FFs at NNLO [Gao. Xs, Xing, Zhao, Zhou, PRL 135, 041902, 2025]

% Data L A AR AR AR PR N L A AR AR RS Foas
ob e, om0 1553871 Gev ) oK
- mt K*: SIA(ee) and SIDIS(lepton+N) data with ¢ B
Q >3&2 GeV S X
« recent BESIII measurement included %E?’%g "’ %%%“ ?
See Wenbiao Yan & Lingin Huang’s talk o 1, N wr
107 102

AP PRI B B L
02 04 06 0

p.Gevi)  [BESIIl, 2502.16084] », Gevioy |

[P PRI |
0 1.2 14

< First global analysis of FFs at NNLO

. . . = NNLO ~—— NNLO(approx.) —:= NLO === NNLO(w/o BESIII)
 SIDIS: coefficient functions at NNLO from o e T ast T e T A gt ]
[Bonino+, '24] and [Goyal+, 24] 5/‘\ T
®0 /,f 4
+ SIA: NNLO ] s a0 B m—
» 3-loop DGLAP evolution [Mitov, Moch, Vogt, - BN AN MY B
i — 0.5 ; E 4 i g ]
Almasy], [Chen, Yang, Zhu, Zhu, '20] 2 / /\
. . . . h / = o
* include scale variations into the covarinace oS Fop— T‘TF\ s o :
matrix B I JB X i ey
Yai LHAgrids of our FFs available in the LHAPDF repository

7%
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Test on universality of FFs at low Q

Quality of NNLO fit of SIA and SIDIS data

BESIII COMPASS | B-factories HE-SIA global
Ep,min[GeV] | Npt Xz/Npt Npt XZ/NN Npt Xz/Npt Npt XZ/Npt Npt X2 XZ/Npt
0.5 242 1.26 |358| 1.65 |233| 1.06 [426| 1.19 |(/1259(1650.2| 1.31
0.6 212 1.21 (290| 1.59 (228 0.92 |423| 0.97 |/1153|1338.8| 1.16
0.7 182 1.11 |214| 1.47 |223| 0.61 (413| 0.84 ||1032|997.2 | 0.97
0.8 152| 0.98 |142| 1.30 (218 0.53 |[407| 0.82 919 | 781.8 | 0.85
0.9 122 1.05 |94 | 1.29 [213| 0.52 [407| 0.80 836 | 687.1 | 0.82
1.0 98 | 1.14 | 54| 0.97 [209| 0.49 |[403| 0.80 764 | 587.2 | 0.77

ratio

ratio

Theory v.s. data for BESIII (SIA)

—_

[a—
T

1t

7 g{-—l-g

f
| {-P*-I-ﬂé'l'é'l'é

| *+i+-1-I-'I"I"I'{-H£ 7

+ data —— theory " scale unc. _Hessian unc.
5 Q@ =3.05 GeV mt Q =3.5 GeV Tt Q@ =3.671 GeV 7"
5 Q@=305GeV K" { Q=35GeV K" 1 Q=3671GeV K"

0.6

0.8

0.6 0.8

z

0.6 0.8

z

ratio

ratio

ratio

ratio

ratio

ratio

Theory v.s. data for COMPASS06(SIDIS)

—I— data —— theory [ sca,le unc. Hessian unc.

2 [ L T =+ T ]
0.06<z<0.10 1rr+ 0.10<z<0.14 w* 0.10<z <0.14 wt
0.30< y <0.50 0.20< 4 <0.30 0.30< 4 <0.50

Lf !? BpE—— se=pef

2 b + + g t + g t +
0.14<x<0.18 s 0.14<x<0.18 s 0.14<x<0.18 m
0.15<y<0.20 0.20<y <0.30 0.30<y<0.50

e T

9 + + H + + + t +
0.18<x<0.40 s 0.18<x<0.40 m 0.18<x<0.40 e
0.15<y <0.20 0.20< 4 <0.30 0.30< 5 <0.50

1 I === e=——eg

o + +— + +—t + +—]
0.06<x<0.10 K{ 0.10<z<0.14 K* 0.10<x<0.14 K+
0.30<y<0.50 0.20<y <0.30 0.30<y<0.50

1t = #_' - jl-_ a ==

o + +—— t +—H .
0.14<z<0.18 K+ 0.14<x<0.18 K+ 0.14<x<0.18 K+
0.15<y <0.20 0.20< 4 <0.30 0.30< y <0. 50-1—

1y e e

+——

2 _} + t __1 _I 1
0.18<x<0.40 K+ 0.18<x<0.40 K+ 0.18<x<0.40 KJr
0.15<y<0.20 0.20< y <0.30 0.30<y <0.50

1p ﬂ- ;ﬂ—“%q-lgr

0.4 0. 6 0.8 0.4 0. 6 0.8 0.4 0.8

Satisfactory agreements found for both SIA and SIDIS data Wlth Q~3 GeV
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Application: constraining proton PDFs at NNLO

SIDIS measurement depends on both PDFs and FFs

Aqep

= fi/p(z) ®Gj—i(z,y,2) ® Dp;j(zn) +(9( 9

Unpol. PDF FE

| _
g1(x,0%2) = 5 D e2[Aq(x,Q)DI7MQ?, 2) + Ag(x, Q) DTTH(Q?, 7) |

*  PolPDF FF
€ Slemy —&y
- s & '

....
@ *
o, a®
ny a®
---------

C%?_D
LA VOBER | FFs+EECHTTS | 2025.Aug.09, XA

)

LO cross section difference of K* with iso-scalar target
do K™ B do®~
dexdydz dzdydz

~ Z(uv(:c) + dy(x) ) (D§+(Z) -

+(s(2) ~ 5(2) ) ( DE"(2) -

PDF FF

sensitive to strangeness asymmetry

S— S
S+ s

Tq =
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Application: constraining proton PDFs at NNLO

PDF variables before/after reweighting/profiling

» Correlation between chi2 and PDFs

810

800

N

<

790

—-— MSHT20T210 - NNPDF40MC ~ --- ATLAS2IT3 —— CTI8
I3 ;r s—§ -
TN [ Tq = — Lt N
{ % N i s+5 /-{ x : ;7 x
=0 [ 2% /[ x Y
N i [
N, N \_’_/
g >

780

» Modified PDFs with the inclusion of SIDIS data

-
b TP L

Pl -

030 032
zdy(2=0.2,Q=2 GeV)

rs(z=0.2,Q=2 GeV)

025 050 00 02 04

ro(r=0.2,Q=2 GeV)

« Reweighting of the NNPDF4.0 PDF set
 Profiling of the MSHT20 PDF set

[ref: Phys.Rept.742(2018)1]

A
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0.4r

== MSHT20
ESS MSHT20_SIDIS

B== NNPDF4.0
ESSE NNPDF4.0_SIDIS

|

05 01 03

T

0.7

Ojl Oj3 0j7

x

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

> FFs are essential non-perturbative inputs for precision calculations of
hadron production cross sections from first principle of QCD.

» NPC23 fit framework: developed based on FMNLO ILiu, Xs, Zhou, Gao, 2305.14620 (JHEP)]

» NPC23 FF sets: the most precise and complete FF sets to date

collaboration NNFF | JAM DSS+ BDSSV MAP NPC NPC
SIA (ee) v v v v v v v
SIDIS (ep) X v v v v v v
pp incl. hadron X X v X 4 v X
pp hadron in jet X X X X 4 v X

FFs 7E K*p |7t KT |7t K* ph* T 7t KT |7t K*ph* |75 K+

U] K%n,A
pQCD order NNLO NLO NLO appr. NNLO | appr. NNLO NLO NNLO

Gao, Liu, XS, Xing, Zhao, PRL 132, 267903, 2024
Gao, Liu, XS, Xing, Zhao, PRD 770, 71740179, (Editors' suggestion), 2024

Gao, XS, Xing, Zhao, Zhou, PRL 135, 047902, 2025 .
Gao, Liu, Li, XS, Xing, Zhao, Zhou, 2503.21311 Thankyou foryour attention!
Page 23
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Backup slides



What can we learn from neutral + charged hadron FFs
Test the isospin symmetry
Dy =2 (DI + D). ala') = u(d) or d(u) 09
DiKg’iSO:%(D§++Dg{_)ai:gasacab

K} FFsat Q =5 GeV

Predictions of K¢ production at COMAPSS.

—— this fit
. from 1iso.

| 1D 17.33 GeV
: zp € (0.14,0.18)
- y€(03,0.5)

0.6

-

——

JIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIII

02 03 04 05 06 071
Zp

MP.D
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collaboration ear| +/s [GeV] 2| Npt | x?/Npt . : 2 2
Belle [100] ;(02/1 10.58 1)1(1,9 35 Xu.ds collaboration |year |v/s [GeV]| x| Npt|x”/Npt C;i:bsza;? f;:; \/EEEV] 1X25 A;)t Xo/i\;pt
TASSO [07] 1985 14 512 | 9 | 0.57 106 4 04 . . : :
TASSO [17] 193; 2 551 | 6 | 0.2 ARGUS_ [‘l_J 11990 9.46 5.9 61 099 TASSO [97] 1985 22 281 | 4 | 0.70
TASSO [17] woss| s | 1486 |13 L HRS [107] 1988 29 18.07 | 13 | 1.39 TASSO [07] 1985 34 437 | 7| 062
TASSO [o1] 1990 L8 1089 1 9 ) L2l JADE [110]  [1985| 34.4 229 | 2 | 1.14 SLAC [105] 1985 29 2246 | 15 | 1.50
TASSO [16] 1990 215 340 | 6 | 057 .
TASSO [01] 1990 345 19.54 | 13 | 1.50 JADE [112] 1990 35 3.29 3 1.09 T;ISI;Z[{Lf])fJ] 13:: ;232 322 z g;g
TASSO [00] 1990 35 1352 | 13| L0d L ' . -
TASSO [96] 1990 426 | 3201 |13 | 2.6 CELLO [113] |1990| 35 347 | 5 | 0.69 TASSO [111] 1989| 348 16.23 | 10 | 1.62
TPC [93] 1984 29 3.02 | 8 | 038 L3 [123] 1992 91.2 583 | 4 | 1.46 TASSO [111] 1989 12.1 149 | 5 | 0.30
MARK II [91] 1985 29 1106 | 17 | 0.65 08
HRS [07] 1987 29 36.33 | 12 | 3.03 L3 [124] 1994 91.2 10.46 | 10 | 1.05 DCEELI];I;E H"]l] 1322 9?152 13(;/159 Z (1)‘23
CELLO [9] 1990 35 348 | 9 | 039 - “ : - .
TOPAZ [0 1995 58 0.18 | 4 | 0.05 ALEPH [l ! '] 1992 91.2 1.48 8 0.18 ALEPH [118] 1994 91.2 6.36 | 14 | 045
OPAL [+1] 1901 912 803 | 7| 115 ALEPH [101] [2000{ 91.2 18.39 | 18 | 1.02 ALEPH [90] 1998 91.2 3.60 | 16 | 0.22
OPAL [5] 1995 912 12.97 | 16 | 0.81 . 107 ALEPH jet 1 [101 2000 91.2 1658 | 13 | 1.28
OPAL [39] a0l otz | sos | 16| 056 ALEPH jet 1 [101]{2000] 91.2 | 11.26 | 7 | 1.61 - j; X 31} oo I ppl ol B
ALEPH [00] 1998 912 722 |16 | 045 ; 10 : : :
AT DI 0] o000 019 1204 1 34 | _0qn ALEPH ']Et 2 [l“l] 2000 91.2 1.95 6 0.33 ALEPH jet 3 [llll] 2000 91.2 3.38 9 0.38
ALEPH jet 1 [101] 20000 91.2 14.85 | 12 | 1.24 ALEPH jet 3 [101]{2000] 91.2 1049 | 4 | 2.62 OPAL [115] 1997 91.2 6.23 | 12 | 0.52
ALEPH jev 2 [101] 20001 912 980 18 ] 072 ALEPH [120] |2002| 912 | 17.18 | 5 | 3.44 SLD [07] 1999 912 4.19 | 9 | 047
ALEPT jet 3 [101] 20000 91.2 9.28 | 11| 0.84 .
Wﬁ — ——— n,r?‘ OPAL “lll] 1998 91.2 712 11 0.65 SLD c-tagged [92] 1999 91.2 1141 | 5 2.28
SLD [92] 1999 912 761 | 9 | oss SLD b-tagged [02] 1999 91.2 117 | 5 | 0.23
SLD e-tagged [07] 1999 91.2 2323 | 9 | 2.58 SIA sum 117.20 |102] 1.15 SIA sum 129.52 | 166 | 0.78
SLD b-tagged [02] 1999 912 11.27 | 9 | 1.30 PHENIX [127] |2011 200 7.61 | 14 | 0.51 ZEUS Q? € (160,640) GeV? [85] |2012 318 13.30 | 5 | 2.66
S S-SR o 2 2 195
ZEUS Q* € (160,640) GeV*® [#7] [2012 318 5 | 0.88 ALICE [l"“] 2017 2760 5.37 6 0.90 ZEUS QZ € (640, 2560) GeV 2[\' I |2012 318 1131 3| 0.38
ZEUS Q? € (640,2560) GeV? [25] |2012 318 207 | 5 | 050 ALICE [1..))11 2012 7000 1.26 4 0.392 ZEUS @Q° € (2560, 10240) GeV*= [35]|2012 318 0.004 | 1 | 0.004
ZEUS Q7 € (2560, 10240) GeV? [27]|2012 318 3.00 | 2 | 1.50 SIDIS sum 1443 | 9 1.60
J P P N 1929
SIDIS sum 10.35 | 12 | 0.86 ALICE [132] 2018| 8000 12.64 | 13 | 0.97 OMS (NA/NKlé) [125] 2011 900 907 | 4 | o4
ALICE ( NV /NT&Y) [133] |2021[13000 & 7000 3.19 | 10 | 0.32 12 . :
(% o ) o ‘ . ALICE [151] 2024] 13000 “1 |14 051 ALICE (Nz* T™V/N{ V) [133] |2021|13000 & 7000| 1.71 | 7 | 0.24
ALICE (Nig/No+) (135 [2021] 13000 | 596 |15 | 040 J pp sum 33.99 | 51 | 0.67 pp sum 168 | 11| 043
total sum ] J32;r.93|349] 0.04 total sum 151.21{153| 0.99 total sum 148.63186| 0.80
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NPC NNLO FFs analysis: the framework

Joint determination of FFs to charged pion,

o)
{,;l__Mﬁ
A

kaon at NNLO in QCD

Parameterization at Q, = 1.4 GeV for light
flavors, and threshold for heavy quarks.

2Dz, Qo) = 2% (1 — 2)P exp(za,m )
Charge conjugation symmetry
Dy nt(z,Q)=Ds_ .- (2,0Q)
Isospin symmetry

Du—>7r+(zv QO) — Dd_—>7T+(Z7 QO)

LBRE | FFs+EECHITS | 2025.Aug.09, =

[Gao, XS, Xing, Zhao, Zhou, 2502.17837]

flavor [favored |ag| o |B|a1|az
u=d| V| Vv (/S
d="1u X | v (S
$S=35 X Vi i=oag|V |V |V
c==¢C X V| v/ (/S
b=b| X |V/| V |[V|/ |V
g X A RARAT A ¢
flavor favored |ag| « B |ailas
) v | v v |V
S v Vi i=ay|=8u|V |V
—u=d=d| X |V/| / | V |[/|X
c=7=C X |V v |V
b=1> X | v v |V
g X i/ v |V X
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