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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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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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+ coefficient functions, hard scattering; infrared
(IR) safe, calculable in pQCD, independent of
the hadron

< FFs/PDFs, reveal inner structure of hadrons or
parton-hadorn transition; NP origin, universal,
e.g. DIS vs. pp collisions; fitted from data

¢ runnings of FFs/PDFs with scales pp/ps are
governed by the DGLAP equation
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+ 2. NPC23 analysis on FFs of light charged hadrons at NNLO



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/aNNLO 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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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
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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
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[JG, Shen, Xing, Zhao, Zhou, 2502.17837 (PRL)]

first FFs of light hadrons at full NNLO ensuring
a successful test of factorization at low Q2!



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, providing a benchmark for various QCD models, MC generators and

8|Oba| 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]
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@ DI (2) @ ANS (2, x,1), % (anti-)neutrino CCSIDIS data from ABCMO
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_ ASIAg - .
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nominal parametrization of NS FFs + 3(5) free parameters in total for pion-only fit
(joint fit of pion and kaon), including NS FFs
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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

zDZf o o] ao(a1) X° (Npt)
nominal|—0.33577570.692" 79| —1.891775¢ [252.4 (249) ||
mod.1 0 0.976 -1.438 257.5 (249)
mod.2 -0.035 1.0 -1.460 257.4 (249)
mod.3 0.893 2.0 -0.091 326.4 (249)
mod.4 1.0 2.0 0.054 346.5 (249)
mod.5 0.681 2.298 |-1.352(2.444
sys.1 -0.323 0.703 -1.846 247.6 (249)
sys.2 -0.476 0.665 -1.984 152.7 (144)
sys.3 -0.355 0.732 -1.828 153.8 (136)
sys.4 -1.000 0.835 | -3.919(2.350) |252.2 (249)
sys.5 -0.349 0.568 -1.885 252.4 (249)
sys.6 -0.373 0.534 -1.954 243.3 (249)

+ 3-parameter nominal fit (z>0.3) shows a very
good chi2 and a scaling index of about 0.7+0.2;
changing PDFs, Qo , z cut, using only proton
data, or switch to 4-parameter fit or NLO fit, all
return a scaling index within uncertainties
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+ 3. Precision calculations for SIDIS up to N3LO
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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.
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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
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¢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...
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+ 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-su

otraction formalism (Catani—Grazzini) from Drell-Yan to SIDIS using hadron

transverse momentum o©
results

T (Breit frame) as the slicing variable, validated against existing analytic NNLO

components of NNLO corrections charged hadron multiplicity at HERA

‘ — — NL
00— o
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! 5 Z 2560 GeV?< Q%<5120 GeV?
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dT, cut

TMD factorization of the unresolved part
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&6 + excellent agreements with NNLO analytical results

for all partonic channels; our calculations are fully

i

[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 step forward of leveraging the perturbative
orecision to N3LO in QCD for SIDIS
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Two-dimensional transverse momentum subtraction

+ Introduction 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
hadron 5¢ 4 0025 T 1s nio Pglt]sa-:]?\lle?it:zngNLo FFs, m* =hannek g channel: ud
' A 0.020. ep, Eom = 141 GeV 0.01 0.025 -
e I B I ET Y Ei JoAgs 02<2<08 %:Zl gzz:
QNLO X S 3
proton (69) O % % % 0.0101
Nt AA °© 0.0001 --. Zﬁfﬁﬁ’ _§_ 331:23 -y © 0.005-
9 O0@3),A=02 -F- 0(a),A=02 o
TMD (5¢) B 00030 T 'oflA | 04 030 'oflA | o4 29%oz 'oflA | 04
jk; 0 > 0.00 Channel: ug 10 Channel: uu Channel: uux
-------------------------------------------------------- A 50
ﬁ: 2:0.03
§ §0.02
double slicing and two cutoffs ® © 0o
003 01 Y *08.03 0.1 04
A A
do A do4 007
10 /O dod =0 s + /A dot/ + good convergence of the QCD corrections wrt. both
AA 1B spma 4oC cutoffs for all partonic channels, numerically challenging
X do do )
( /O ?350d06d0 /m ? 350d66d0 for small cutoffs

<+ N3LO corrections (blue) are much smaller than NNLO

Dong, Fang, JG, Li, Shao, Zhu, Zhu, 2602.22972, 2603.29673 .
[Dong J ! 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, providing state-of-the-art predictions for study of
nucleon structure and hadronizations at EIC

dM" /dP,T [GeV ']

Ratio

hadron transverse momentum spectrum

distribution of Bjorken-x and z for

at HERA and EIC upto NNLO SIDIS at EIC upto N3LO
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[ > : T S 0.000} == 1 & 0.000Ff 1
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[Dong, Fang, JG, Li, Shao, Zhu, Zhu, 2602.22972, 2603.29673]

20



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
leverage 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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