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> Introduction to Fragmentation Functions (FFs, fiFZEREQ)
» Determination of collinear FFs

» NPC analysis of NNLO FFs + constraints on PDFs



Fragmentation Functions (f#Z2E8£%) in parton model

parton i hadrons h

(wd,g,..) (= 5a ) FF = number density of finding

» a specific hadron h

« with momentum fraction z “in” parton i

Ph ;
Dy i\ z= —F = —F
D; Dy
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Fragmentation Functions (FFs) in QCD

Bjorken et al., ‘71 Collins, Soper, ‘81 PDFS
FFs proposed FFs def. in QCD
1969 1971 1977 1981 Hadron <=~
Feynman, ‘69 Field, Feynman, ‘77 5;’;’;;’1’3,55,’;;1’;‘:;‘;,’;;",‘;;’3; )
Parton model First determination finding a quark or gluon

Crossing c_ e+h—e+X

D) = Zﬁ/ P € T [(0| Wioo, €4) (4,07, 0r) | Pr, S5 X) | [Sommeny [Nevet = hx
(Ph 513 X | 94(0%,07,00) W(0F,00%) |0) 7~ | FF
S

Parton :::'—/
[D (Z’ QO) } Fragmentation funcnro;f§‘
describes the probability of
d Dy, /@-(Z , Q) 2z producing a specific hadron.

dn2Q = Pji(y) ® Dy/4( = Q

Low

timelike DGLAP evolution
D(z Q) ]
7 [
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FFs are key ingredients of QCD factorization framework

ittt sttt ~\
[ Bjorken et al., ‘71 Collins, Soper, ‘81 |
| FFs proposed FF def. in QCD :
I

|
| 1969 1971 1977 1981 1989 :
I
. | Feynman, ‘69 Field, Feynman, ‘77 Collins et al., ‘89 :
i | Parton model First determination Factorization thm. /'
\

fi/p(a;) & 6-3'*—'5(:3: Y, Z) & Dh/J(Z)
PDF  pQCD  FF

- e e o e e o
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> ete” > h+ X (SIA) => ¢ =pQCD ® FF

pp > h+X => ¢ = PDF ® PDF ® pQCD ® FF

DA
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Determination of collinear FFs



Determination of FFs: global data fits

< e p collision:

_________________________________________________

@
{0

@@@ = f":/P(x) ® 6'3'4—{,(3’), Y, Z) ® Dh/J(z)

[ | !

Sy amm—

o Em Emm o

_________________________________________________

“eeandpp ,-~ "o N P N

X

— - . . S o o . .y

v ) o = PDF ® PDF ® pQCD ® FF/
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Global analyses of collinear FFs to light hadrons

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
hadron in jet X X X X X v

FFs (charged h) |7, K*,p |, K+ |75, K+ p Tt rt KT+ |7t K*p
FFs (neutral h) n K°%n.A
pQCD order NNLO NLO NLO appr. NNLO [ appr. NNLO NLO

» NLO analyses from Non-perturbative Physics Collaboration (NPC)

&

<>
A

2026-April-12

« NPC23 FFs to light charged hadrons:

Gao, Liu, XS, Xing, Zhao, PRL 132, 267903, '24
Gao, Liu, XS, Xing, Zhao, PRD 770, 7740179, '24 (Editors’ suggestion)

« NPC23 FFs to light neutral hadrons:
Gao, Liu, Li, XS, Xing, Zhao, Zhou, PRD 112, 054045, 25

R ER (PR, IHIFT)
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NPC analysis of FFs at NNLO

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

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

FFs 7t K*p|nt KT |7t K% ph* t rt, K* |7t KT ph®|| 7t K+

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




The framework

pm TN M mm = - = = = e ey,

,’/ =[D(z, QO)] \ » FFs at starting scale Q, = 1.4 GeV
\ m
«— extend HOPPET to NNLOI 2DM2,Qq) = 2° (1 — z)ﬁiI exp( aﬁnz”/2)
n=0
[D(Z Q) I ILHAgr'd] +charge/isospin symmetries

<« FMNLO

I

I

I

I

I

I

I

| > FFs at arbitrary energy scale Q

I
[theory ] [ data ] : 3-loop timelike DGLAP evolution

I

I

I

I

I

I

[Mitov, Moch, Vogt, Almasy]

! [Chen, Yang, Zhu, Zhu, 20]
( XZ ] ! > SIA/SIDIS coefficient functions at NNLO

S e e e - ____- - [Bonino+, '24], [Goyal+, '24]

gun EED EEm o S S S S S RS M S EEm S M M S E E E—

The first global FF fit (ee+SIDIS) at full NNLO accuracy
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The datasets

> SlA(ete™) data used in the fit:

exp. V/5/GeV |lum.(nz) |year |final states | hadrons
DELPHI | 189 157.7 pb~1|2002 |inc. had. |7n* K*
OPAL |my 780 000 1994 | Z — qq Tt K+
ALEPH |mg 520 000 1995 | Z — qq Tt K+
DELPHI | m 1 400 000 | 1998 | Z — qq Tt K+
Z—bb rt K+
4 —qq rt K+
SLD my 400 000 2004 | Z — bb nt K+
/4 —cC 7t K+
TASSO |44 34 pb~! 1989 |inc. had. |#*, 7"
TASSO |34 77 pb~! 1989 |inc. had. |#% K=*
TPC/2v | 29 70 pb~! 1988 [inc. had. |7% K+
Belle 10.52 68 fb—! 2013 |inc. had. |#n*, K+
BaBar 10.54 0.91 fb—! [2013|inc. had. |#nT K*
BESIII |2.0-3.671 (253 pb~! |[2025 |inc. had. |#*, K=

> separated kinematic region of e*e™ and ep data

before BESIII measurement

Khdlek,Be
PRD.104.0
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BESIII

» This work uses both ee and ep data at Q~3GeV

[BESIII+NPC, PRL135, 151901, 2025]

N The first test on universality of FFs at Q~3 GeV (using ee +ep)
<mp>
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The results

» Our FFs describe both ee and ep data well [Gao, XS, Xing, Zhao, Zhou, PRL 135, 041902, 2025]
: : . “ NNLO  —— NNLO(approx) == NLO__ ==~ NNLO(w/o BESIII)
> test of leading-twist factorization o1 AN S A A P

d—rt 1 s—at 1

BESIII COMPASS | B-factories | HE-SIA global
En,min[GeV] | Npt Xz/Npt Npt Xz/Npt Npt Xz/Npt Npt XZ/Npt Npt X XE/Npt
0.5 2421 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 | 097 (209 049 [403| 0.80 || 764 | 587.2 | 0.77

|

energy cut of the identified hadron

Z Z Z z

> XfinLo < XRLo-
NN N LHAgrids of our FFs have been submitted
Previous studies: xg,, nnLo > XRLo- to the LHAPDF repository.

CIMPD
U 2026-April-12 SBSER (R AHIF) Page 12


https://www.lhapdf.org/pdfsets.html

Application: constraining proton PDFs at NNLO

SIDIS may also constrain PDFs

LO xsec of SIDIS off an isoscalar target (COMPASS)
Lon () @504z, ,2) ® Dy (2) K gk
dzpdydz, i/p\T) B 0;—il\T, Y, 2 h/j\% do B do
unpolarized PDF FF dexdydz dzdydz
~ 2(u x dv(az))(Der(z)—Dng(z))
‘ (DE™(2) - DE*(2)) +
4‘: \\\Ll ‘.\‘Qg‘////// /; o FF
‘\5: \\\\\%Z//////////// /ﬂ»_:
~ =N IS sensitive to strangeness asymmetry
/////// ny, ;///////// éﬂ
"ﬁ;“ - S— S
a =
(\/)
<mp>
UA)  2026-April-12

R ER (PR, IHIFT)
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Application: constraining proton PDFs at NNLO

» Correlation between x? and PDFs

—.— MSHT20T210 NNPDF40MC  --- ATLAS21T3 —— CTI8
810} -
[ 7 Lt -
TN I 4 V1 SO
800\ N i 7 it Loy
SURE S NN I [xa /% Vi
L\ I /1 | 7
A S ! I ; w7
L e 1 1 53
780F DT X T s+
| \s____________.—’ :: /_/"” ::
0.30 0.32 0.25 0.50 0.0 0.2 0.4

zdy,(r=0.2,0=2 GeV) 1r4(x=0.2,Q=2 GeV) rqo(x=0.2,Q=2 GeV)

» We generate modified PDFs which reflect the impact of SIDIS data

« Reweighting of the NNPDF4.0 PDF set

 Profiling of the MSHT20 PDF set

A 2026-April-12 LB (SRR, JEAF)
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Summary and outlook

> FFs are key inputs for calculations of hadron production rate from first principles.
» We present the first global (SIA+SIDIS) FFs determination at full NNLO.
» find good agreement with low-Q data from both SIDIS and e+e- annihilation.

» find a preference for a reduced asymmetry in the strange (anti-)quark PDFs.

collaboration NPC NPC FF sets from NPC available from
SIA (ee) v v NLO ch 4 had
Ccharge adron:
S.ID{S}feg) j v Gao, Liu, XS, Xing, Zhao, PRL 132, 261903, 2024

pp INcL hadron o Gao, Liu, XS, Xing, Zhao, PRD 110, 114019, 2024

hadron in jet v X NLO neutral hadron:

FFs TE KT p|rE KT Gao, Liu, Li, XS, Xing, Zhao, Zhou, PRD 112, 054045, 2025
KOp A NNLO:
>QCD order NLO NNLO Gao, XS, Xing, Zhao, Zhou, PRL 735, 047902, 2025
o Thank youl!
<IP>

U 2026-April-12 SRBRER (SR, DA Page 15


https://www.lhapdf.org/pdfsets.html

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



Determination of FFs

< No lattice QCD calculation yet

P . WP $1)
Diyal2) 2/ €T (0 | Wioo™, £9) 4y(€%,07,07) | P, 51 X)
q(k)

Ph,Sh,X ’ wq(OJf 0~ OT) W(0+,OO+) ’0) o

< Using quantum computers [Li, Xing, Zhang, 2406.05683]
[Galvez-Viruet et al. 2510.18869]

< In simpler theory: 't Hooft model [Jia, Mo, Xiong, 2310.17640]

U 2026-April-12 SRS R (PR SE4IER) Page 17



NPC FFs analyses incorporate various types of data

\_ ee(SIA) ep(SIDIS)
single-inclusive hadron production hadron-in-jet measurements
. : : pT.n LO
» Hadron-in-jet data provides direct probe of z dependence ’ > 2
pT,;

> All theoretical predictions calculated with FMNLO.
[Liu, XS, Zhou, Gao, 2305.14620 (JHEP)]

(\/) Figures from: A. Metz, A. Vossen,1607.02521; ALEPH Collaboration
<IMp>
U 2026-April-12 SRBRER (SR, DA Page 18



Application: constraining proton PDFs at NNLO

PDF sets before and after reweighting/profiling

xdy(z =0.2,Q = 2GeV)|7s(x = 0.2,Q = 2GeV)|ro(z = 0.2,Q = 2GeV)
NNPDF4.0 0.2924 + 0.0084 0.547 +0.079 0.408 +0.107
NNPDF4.0(reweighting) 0.3021 + 0.0069 0.438 4+ 0.066 0.281 4+ 0.086
MSHT20 0.295 +0.011 0.511+0.124 0.213 +£0.126
MSHT20(profiling) 0.298 +0.011 0.481 +0.121 0.167 £ 0.136

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

0.4F £ MSHT20 + &=+ NNPDF4.0 .
. E=4 MSHT20_SIDIS NNPDF4.0_SIDIS
8
=102 - ]
=
] Q=2.0 GeV

0.0f L

PDF values dy,7s,7, at 68% C.L. before and after reweighting (profiling) for NNPDF4.0 (MSHT?20)

dy

]
SH
|
~
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Backup
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o

CIMPY
Q

—

A

T T T T
0.28 0.29 0.30 0.31

dyix=0.2, Q= 2GeV)

2026-April-12

NNPDF40MC

850 A

840 -

830 A

820 A

810 +

800 4

790 A

780 -

T T T
0.4 0.5 0.6 0.7
ralx=0.2, Q= 2GeV)

R ER (PR, IHIFT)
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