Precision calculations for SIDIS and determination of light-hadron
Fragmentation Functions

Jun Gao
INPAC, Shanghai Jiao Tong University

based on works of the NPC collaboration, and works in collaboration with L. Dong, S.
Fang, HT Li, DY Shao, HX Zhu, Y] Zhu

Es—EPEEREFEFIEVEXEES B 2026/4/20

O

2\ SHANGHAI JIAO TONG UNIVERSITY

Ty
Department _Of Physics

I NPAC

INSTITUTE OF NUCLEAR AND PARTICLE PHYSICS




Outline

4+ 1. Introduction

+ 2. NPC23 analysis on FFs of light charged/neutral hadrons

+ 3. Precision calculations for SIDIS up to N3LO

+ 4. Summary



Deep inelastic scattering

+ Deep inelastic scattering on fixed-target reveals the internal structure of nucleons, consisting of quarks
and gluons (QPM) as described by parton distribution functions (PDFs), and lead to the establishment of
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Nucleon tomography and SIDIS

+ Semi-inclusive DIS (SIDIS) play an essential role in study of multi-dimensional structure of nucleon and
dynamics of hadronization which rely on complementary information from additional hadrons or jets
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Single inclusive hadron production

+ In its simplest form, fragmentation functions (FFs) describe number density of the identified hadron wrt the
fraction of momentum of the initial parton it carries, as measured in single inclusive hadron production,
e.g., from single-inclusive annihilation (SIA), SIDIS, and pp collisions

single inclusive hadron production/observable parton model  [Field&Feynman]
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exp. definition of Fragmentation Functions (FFs) creation of quark-antiquark pairs in cascade



QCD collinear tactorization

+ QCD collinear factorization ensures universal separation of long-distance and short-distance contributions
in high energy scatterings involving initial/final state hadrons, and enables predictions on cross sections
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+ 2. NPC23 analysis on FFs of light charged/neutral hadrons



Global analysis of FFs

+ Measurements are available from colliders SLAC, LEP, HERA, RHIC, LHC and fixed-target HERMES,

COMPASS experiments for various light charged hadrons as well as neutral hadrons; many groups provide
phenomenological FFs from global analysis at NLO/NNLO in QCD

single incl. production of unidentified
charged hadrons (SIA & SIDIS)

jet fragmentation to light
charged hadrons (LHCb)

global analysis
[1607.02521 for a review]
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Overview of the NPPC23 analysis of FFs

+ Establishing a new framework on global analysis of fragmentation functions to identified charged hadrons,
including charged pion, kaon and proton, using most recent data from SIA, SIDIS, and pp collisions

parametrization of FFs to charged pion/kaon/ + a joint determination of FFs to charged pion,
proton at an initial scale (Q=5 GeV): kaon and proton (via ratios or sum) at NLO in
) ) o mo QCD (63 parameters) including estimation of
2D (2, Qo) = 2% (1= 2)™ exp (2)%1(\/2) ) uncertainties with Hessian sets
parton-to-n_ Hfavored a}/f|ao fas az (d.o.f + apply a strong selection criteria on kinematics
d~ u Y [-[-] [-[-| 1 of the fragmentations to ensure validity of LT
_v-d_ | S A factorization and perturbative calculations (En/
c=c N x| 4 prh>4 GeV, and z>0.01)
b=2> N x| 4
g N F 4 . . .. .
+ including theory uncertainties (residual scale
parton-to-K * |favored || 8| ao | a1 |a= |d.o.T . Variations) Into the covariance matrix
U Y e 4
e e, + use fast interpolation techniques as in FMNLO
c=¢ N x| 4 which largely increase efficiency of the fit
b=> N x| 4
g N F e 3
[JG, Liu, Shen, Xing, Zhao, 2401.02781 (PRL),
parton—t:l)—p fav%red a|f|ao|ai|as doz-fo 2407.04424 (PRD Editor’s suggestion)]
u =2 X
U—d—=s—23 N X | X 3 . .
c=2¢ N x| 4 most complete FFs of light hadrons with
° - ° A = = ;L inclusion of extensive data sets at high energies!




NPC23 FFs to charged hadrons

+ We arrive at a best-fit of the charged pion, kaon and proton FFs together with 126 Hessian error FFs, two
for each of the eigenvector direction; FFs are generally well constrained in the region with z~0.1-0.7

+ our results show an uncertainty of 3%, 4% and
8% for FFs of gluon to pion at z=0.05, 0.1 and

| | 0.3, respectively
< similarly an uncertainty of 4%, 4% and 7% for
FFs of u-quark to pion, kaon and proton at z=0.3,

respectively

* FFs of heavy-quarks are well constrained for z
between 0.1~0.5 due to the tagged SIA events of

Z-pole measurements
+ a preference for larger FFs of s quark to pion due

8::53—05 } Dg ;DE Dg I — D Dﬁ%
o2 oroton to pulls from SIA data
S [ [ ]
0.1- T ] . ¢« o .
1 /\/x - * high precision of gluon FFs is mostly due to the
0.0 B p o S~ R TS . .
15y —— T data of jet fragmentation from the LHC
I S— R .,
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FFs (positively charged) vs. momentum fraction
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NPC23 FFs to neutral hadrons

+ Global analysis of FFs to light neutral hadrons at NLO with high-energy data from SIA, SIDIS and pp
collisions, inlcluding kaon, eta, lambda; FFs of neural pion are constructed via isospin symmetry and find

very good agreement with high-energy data [JG, Li, Shen, Xing, Zhao, Zhou, Zhou, 2503.21311 (PRD)]

K¢ FFs at Q =5 GeV

A FFs at Q =5 GeV
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+ similar setup as the charged hadron fit with high- N Dy g o o

energy data; first inclusion of SIA jet and SIDIS data o4

Q

+ FFs of Ks from direct fit are compared to those g \\

constructed via isospin symmetry [Chen, Liang, Pan, 08/\ & S

Song, Wei]; further measurements are needed for O R v

testing isospin symmetry in kaons FFs : PR
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NPC23 analysis at NNLO

+ Global analysis of FFs to light charged hadrons at full NNLO with SIA and SIDIS data, especially with the
recent BESIIl measurements, focusing on low momentum transfer region and test of collinear factorization

+ a joint determination of FFs to charged pion,
kaon at NNLO in QCD (54 parameters) with
Hessian uncertainties

parametrization form (pi+/K+)

ZD?(Z, Qo) = zo‘?(l — z)ﬁ’? exp( aﬁnz”ﬂ)

n=0

* parametrization at Qo=1.4 GeV for light flavors

flavor |favored |ag| o |8 |a1|az flavor favored|ag| « B |ailas
w=d| v (/| 7 [J|[/]V u AN AN Aarari and at mass threshold for heavy quarks; 3-loop
i=a| X /| 7 /|7 |V 5 |V =ad=Bu |/ : -
A A omeam a7 TR DGLAP evolution from [MItOV,. Moch, Vogt, |
c=2| X (/| 7 [VV|V c=2¢ X V7 [/ |[/[V Almasy; Chen, Yang, Zhu, Zhu] implemented in
b=0b| X |v/| v/ |[/|[/|V b=10 X |V v [/ |[/|v
g | X [/ 7 [/ [*X g X |V v | 7 [/[X HOPPET
| + SIDIS coefficient functions from [Bonino,
BESIII charged pion/kaon [2502.16084] Gehrmann, Stagnitto; Goyal, Moch, Pathak, Rana,
A N N Ravmdran];.SIA with hadr(.)n.mass. corrections;
2.0000 10.074 350298 + 592 8722 + 94 include residual scale variations into the
2.2000 13.699 445019 =+ 668 10737 £ 104 . .
2.3960 66.869 1869906 + 1368 47550 & 219 covariance matrix
2.6444 33.722 817528 = 905 21042 + 146
2.9000 105.253 2197328 £+ 1483 56841 + 239 o :
= 5500 VETE Ry T oo *» select SIA and SIDIS data with z>0.01, Q>2 GeV,
3.5000 3.633 62670 = 251 1691 =+ 42 and En> Enh min (0.8 GeV default) with later varied
3.6710 4.628 75253 = 275 6461 + 81

[JG, Shen, Xing, Zhao, Zhou, 2502.17837 (PRL)]
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Non-singlet FFs from charge asymmetries

+ We extract non-singlet FFs of charged pion and kaon at NNLO in QCD from charge asymmetries
measured in hadron fragmentation, and provide a benchmark for various QCD models, MC generators

and 8|0ba| analyses [JG, Liu, Zhou, 2507.14637, CPC cover story & editors’ suggestion]
charge asymmetries in SIDIS and SIA + NCSIDIS data from COMPASS with iso-scalar
[2016] and proton targets [2024], HERMES
ohr — op-Ine = Y (fi/H(37) — fz/H(:v)) with proton/deuteron targets [2013]
1=u,d,s
@ DI (2) @ ANS (2, x,1), % (anti-)neutrino CCSIDIS data from ABCMO
ont — on-looo = 3 (fz’/H(CU) © DI (2) @ AZCC (2, ) [1983], and NNLO coefficient functions from
i—d,s [Bonino, Gehrmann, Lochner, Schonwald,
— fo u(x) ® ij (2) ® A]VV%C’Q(Z, z)), StagnittO]
onr —On-lsia= Y DI(z)@ (Ai{? (2, cos0,1) + SIA data from SLD [1999; 2004] quark-tagged

1=u,d,s

jet measurements, and NNLO coefficient

_ ASIAg - .
ANs (Z»COSH»Z))» functions from [Zhou, JG]

nominal parametrization of NS FFs + 3(5) free parameters in total for pion-only fit
(joint fit of pion and kaon), including NS FFs
2D (2,Qo) = 2(DI — D) (z,Q0) = 2*(1 — 2)” exp(ay) of u to pi+, u to K+, and s to K-
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Non-singlet FFs from charge asymmetries

+ In the pion-only fit we find a preference on the scaling index 3 close to 1 rather than 2, at Q=1.3 GeV,
despite of various systematic effects; several models are tested including Field-Feynman parametrization
and CSM FFs [Xing, Bian, Cui, Roberts, 2025]

various fits to the pion NS FFs a scan on the scaling index
2D T a B ao(a1) X~ (Npt) e R R I R A A
: A " _ ota
nominal|—0.33577570.692" 79| —1.891775¢ [252.4 (249) || - COMPASS
mod.1 0 0.976 -1.438 257.5 (249) OF COMPASS f -
mod.2 |  -0.035 1.0 1460  |257.4 (249) : ABCMO v
mod.3 |  0.893 2.0 0.091  |326.4 (249)  —- ABCMO
mod.4 1.0 2.0 0.054 346.5 (249) 0| HERMES -
mod.5 | 0.681 2.298 [-1.352(2.444 e a=0 _
sys. 1 -0.323 0.703 -1.846 247.6 (249) e | Field-Feynman -
5yS.2 ~0.476 0.665 -1.984 152.7 (144) < yop -+ CTI A
Sys.3 -0.355 0.732 -1.828 153.8 (136) [ NNPDF4) 0]
sys.4 | -1.000 0.835 | -3.919(2.350) |252.2 (249) AN 24;;152[? R
sys.5 | -0.349 0.568 "1.885  |252.4 (249) 200 L e "
sys.6 | -0.373 0.534 1.954  |243.3 (249) LT
0 s paREE A e S e T2
. . -|||||||||||||||||||||||
¢ 3-parameter nominal fit (z>0.3) shows a very 0.5 L0 L5 2.0 2.5
good chi2 and a scaling index of about 0.7+0.2; ’
changing PDFs, Qo , z cut, using only proton % a surprisingly consistent preference of B close to 1
data, or switch to 4-parameter fit or NLO fit, all than 2 from all SIDIS data studied; see [Aichier, Schafer,
return a scaling index within uncertainties Volgesang, 2010] for related discussions on pion PDFs
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+ 3. Precision calculations for SIDIS up to N3LO
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Hadron production cross sections at NLO

+ Generic algorithms on NLO calculations of jet production cross sections have been developed for long
times, based on local subtraction or phase-space slicing method; especially automation of NLO jet cross
sections exists, e.g., in MG5 and Sherpa

local subtraction
+ FKS subtraction (jet), [Frixione, Kunszt, Signer], as

d - i
d_; N /dPSmDM%am“L My + ’I’%%}‘S(F(pm?fm) - F) implemented in Madgraph5
+ /dPSm—I—l “M’%,m—l—lé(p(pm—l—l;fm—l—l) o F) o ’I‘%l—l—lé(ﬁ(ﬁmafm) o F) o Dlpole Subtraction (Jet & hadron), [Catani’
. Seymour], as implemented in MCFM
phase-space slicing
1s A + Two-cutoff slicing (jet & hadron), [Harris, Owens]
7 = [ APSu[IMP o+ IMB | 5CF i fir) ~ )

; A + Antenna subtraction (jet & hadron), [2406.09925];
i /dPSm“(@(C ~N+60=0)) DM‘RmH(S(F(pm“; fmt1) = F)} alternative subtraction [2403.14574]; semi-
analytical calculations, [1903.01529, BigkT]

CD radiati
QLD radiations # STRIPPER (jet & hadron at NNLO), [2503.11489]

(p

— public tools and automation on the hadron cross
0 ] sections calculations are very much limited!
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The story of higher-order calculations for SIDIS

+ In early 2023, | collaborated with HuaXing on a NLO calculation for hard functions of Energy-energy
correlations. Soon we realized that the same method can be applied to hadron production as well.

17



FMNLO (fragmentation at NLO in QCD)

+ FMNLO is a program for automated and fast calculations of fragmentation cross sections of arbitrary hard

orocesses. It is based on a hybrid scheme of phase-space slicing method and local subtraction method,
accurate to NLO in QCD

QCD inclusive dijets at LHC Z-boson tagged jet

+ automation of fragmentation

——- NNFF1.1

——- NNFF1.1

. . 8 i T I
calculations for arbitrary hard v OB ey T oK | 50-6:  ppezi T oK
PR < 6 central - 13 | ——=V5=5.02Tey —  Pata |
processes up to NLO, within SM and R e NNFFLINLO | 04| O o NNFFLINLO |
BSMs via MG5_aMC@NLO N NNFFL1LO | 3 T NNFF1.1 LO
a i =
........... —_— —

+ fast convolution of partonic cross
sections with FFs without repeating the

o
= O
=]

- .
o
I

O_' — Tt~ T Jr -t T 17 T T T T ]
N

0 S ™8
. . . . . o o I e L.d == s I
time consuming MC integrations using %25 T 1 5 R -
interpolation grids e I ==
0.0 ,
2 1.2}
R . . O o |
* generalizations: transverse observables, 2 | 1 = |
NNLO corrections Q Q 1.0 prmmmmmmmemeeee e e
10T 100 Y
¢ pr.n (GeV)
¢y News
2024.07: £ F EMNLOvZ2.1 NNLO calculations are available for limited cases, SIA,

decay of the Higgs bosaon to gluons, and SIDIS.

https:/fmnlo.sjtu.edu.cn/~fmnlo/  [JG, Liu, Shen, Zhou, 2305.14620 (JHEP)]

2024.07: £ £+ EMNLOvVZ2.0 include a SIDIS module for calculations of SIDIS at NLO.

2023.05: £ £+ FMNLOV1.0 first release of FMNLO interfaced with MG5 aMC@NLO.
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The story of higher-order calculations for SIDIS

+ In early 2023, | collaborated with HuaXing on a NLO calculation for hard functions of Energy-energy
correlations. Soon we realized that the same method can be applied to hadron production as well.

+ Around late 2023, we started working on the NNLO QCD calculations for SIDIS with subtraction method.
Somehow we got stuck with unreasonable numerical results...

19
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correlations. Soon we realized that the same method can be applied to hadron production as well.

+ Around late 2023, we started working on the NNLO QCD calculations for SIDIS with subtraction method.
Somehow we got stuck with unreasonable numerical results...

+ In the middle of 2024, two other groups finished the analytical calculation of SIDIS at NNLO both
oublished as Editors” Suggestion in PRL
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+ In late 2025, after a long cooling down, we finally find a bug in our numerical code and immediately we
are able to reproduce the known NNLO corrections
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Transverse momentum subtraction for SIDIS

+ Generalizing the qT-subtraction formalism (Catani—-Grazzini) from Drell-Yan to SIDIS using hadron
transverse momentum T (Breit frame) as the slicing variable, validated against existing analytic NNLO

results . o
components of NNLO corrections charged hadron multiplicity at HERA
D —— NNLO
' —-—- NLO
100':_.':_._._. _______ LO
® + 0000, —+ o - ep, Ecm=318 GeV
) 5 Z 2560 GeV4< Q°<5120 GeV?
IVV] IRV] IRR] + 5.0 f current hemisphere
% T
T subtraction/slici thod 0.0 118 NNLO PDF< | :
qT subtraction/slicing metho CT18 NNLO PDFs + NPC23 NLO FFs, h
14— ¢
do- dT ,max do- dT , cut dO- E —*_ NNLO ——_ NLO I ZEUS ]
— = dqr | / dqr = 1.2f -
d0 /QT’C‘” qudO 0 dQTdO E s ;L",,f,;',,T

TMD factorization of the unresolved part

1 do , db, & .o - T S
P dedyds = 2 Hal@% ) x / e @b &) x Df (zé,fwo) 02 04 06 08
q
: Acusp(/'LOhu) ; K(bJ—hLLO) p
% H 2K yep (B0 1)+ A% (05 1) & % Ve
) z‘ ’ 1 ith NNLO analytical resul
p 1o &6 * excellent agreements wit analytical results

for all partonic channels; our calculations are fully

[JG, Li, Zhu, Zhu, 2602.06364 } differential and can be extended to N3LO
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+ In late 2025, after a long cooling down, we finally find a bug in our numerical code and immediately we
are able to reproduce the known NNLO corrections

+ Running to 2026, through a series of works, we now made a new breakthrough of leveraging the
nerturbative precision to N3LO in QCD for SIDIS
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SIDIS at finite transverse momentum

+ First complete NNLO calculation for identified hadron production in DIS at finite hadron PT, based on qT-
subtraction with out-of-plane momentum defined with WTA (Winner-Take-All) recombination scheme

out-of-plane momentum/azimuthal decorrelation

do
ddpdO’

do do

do

d5¢

5¢max
g
6q5cut

5¢cut
= do
/0 * 15640

TMD factorization of the unresolved part

dorp
dz dy dz A2 Py 7 dpous

db
:/ GZpoutb/C X Z/dgHez—m]k Q g C)

17k

X Bi/p(§,0) Dhyj (¢, 0) Ti(b) Sijr(b)

[Dong, Fang, JG, Li, Shao, Zhu, 2602.22972]

d20/dxdy [pb]

pion cross sections vs. resolution parameter

0.000 Channel: gg Channel: gu 0.00 Channel: ud
' zt(;ﬁ(eag 04 ' it of olaz)
_ ] === 0(ag) ref. % —%———ee==gp -—— 0O(a?) ref.
0.005 & o) g g -001 & o@)
- ola) — 03 ~ :
~0.010+ % > > 4 0(a3)
- - ——0—0—0——0——0-0—0-0—0- g B g —-0.02
S 0.2 o
~0.015 = | fit of O(a3) | =
L -== 0(a?) ref. & —0.03
_0-020' v Ie) 01 _§_ (9((153) S ——W_
—&— 0O(a?) —0.04 -
_0.025 T T T T LA | T T T L T 0.0 T L T T T L T T T T T L T T T LA | T
1073 1072 1071 1073 1072 1071 1073 1072 1071
it bpcut S Ut
Channel: u Channel: uu Channel: uux
g
0.4 0.00
- 20 fit of O(a?)
=03 —_ CT18 NNLO PDFs + NPC23 NNLO FFs, m+ _, 0011 -== 0O(a?) ref.
:S' | é— 15 ep, Ecm = 141 GeV 8 —0.02- —& 0(a?)
| - —&— 0(a?)
= =) 3 —0.031
g 07 2 (e 2
= fit of O(as) s 107 fitof O(a) | = —0.041
o] — 2 o) —_——— S
¥ 0.1 Olas) ref % 5| x=0.2,y=0.3,0.2<2<0.8 Olagyref. | oL _0.051
—— 0(a?) P,r>2zQ/10 -4 0O(a3) R ¥ S = v San it
-4 O —$— 0(a?) —0.06
O_O ™ T T T T 0 T T T LB | T T LB | T ™ T T L | T T LB | T
10-3 1072 1071 10-3 1072 1071 1073 1072 1071
¢t bpeut Spcut

24

+ excellent convergence of the QCD corrections wrt.
the cutoff of slicing variable for all partonic channels

<+ NNLO corrections (blue) are about half of the NLO
ones (red) for the two major channels gu and uu



Two-dimensional transverse momentum subtraction

*

ntroduction of the two-dimensional transverse momentum subtraction formalism for identified hadron
oroduction, using both conventional and out-of-plane T as slicing variables, resulting a first calculation

of SIDIS at N3LO in QCD

hadron kinematics and slicing variables pion cross sections vs. resolution parameter
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<+ N3LO corrections (blue) are much smaller than NNLO

[Dong, Fang, JG, Li, Shao, Zhu, Zhu, 2603.29673] ones (red) for three major channels uu, gu and ug
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Implication for Electron-ion colliders

+ New perturbative QCD corrections for SIDIS exhibit good convergence and reduced scale variations for
differential cross sections at future electron-ion collider, ensuring precision hadron tomography for study
of nucleon structure and hadronizations
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Summary

+ ldentified hadron production is essential for the study of nucleon structure and QCD hadronization at
high energies, especially SIDIS for determination of PDFs and FFs

+ We developed a systematic routine of subtraction/slicing methods for identified hadron production, and
leveraged perturbative precision of SIDIS to N3LO in QCD

+ The NPC collaboration provides most comprehensive/advanced global analyses on FFs of light hadrons,
including on hadron species, data selections, and theoretical precisions (to NNLO)

+ With the advancements on ingredients of both non-perturbative and perturbative QCD we are on the way
of building a precision framework for theoretical predictions of SIDIS at future electron-ion colliders
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Thank you for your attention!
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