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WG1: structure functions and parton densitites
Structure functions and parton densities are tools to

study the fundamental properties of proton and nuclear (collinear) structure
probe the standard model and search for New Physics

These goals are pursued by optimising models to the data,
which rely on factorisation of physical observables

Key ingredients are Methodology, Theory, and Data

 

Lattice QCD as an 
alternative/complementary way

(see talk by H.-W. Lin)



Methodology

● New tests of current methodologies
○ Closure tests of MSHT (L. Harland-Lang)
○ MC sampling vs Bayesian methods (M. Constantini)
○ Systematic uncertainties in PDF fits (M. Reader)

● New methodologies
○ Gaussian processes (T. Giani)
○ MC Markov Chains (P. Risse, N. Derakhshanian)

● Computing packages
○ PartonDensities.jl (A. Caldwell)



Closure tests of MSHT
● MSHT performed closure test L0 
● MSHT not limited by parametrisation inflexibility
● MSHT uncertainties (T2 = 1) similar to NNPDF ones



Monte Carlo and Nested Sampling
● Mathematical formulation of the Monte Carlo replica method
● Compare Monte Carlo replica approach against nested sampling
● Applications to phenomenologically relevant scenarios: SMEFT



Epistemic and data uncertainties

● Experimental systematic uncertainties hard to 
quantify…

● … and correlations are even harder!
● Incorporate errors on errors into the calculation 

of a χ2 leads to non-Gaussian distributions

● Quantify epistemic PDF uncertainties with 
Fantômas4QCD

● Inflate the aleatory uncertainties T2 = 1 with the 
uncertainty due to PDF parametrization



Markov Chain Monte Carlo

● MCMC applied to nuclear PDF
● Promising preliminary results

PRELIMINARY



Software and Gaussian processes

● Non-parametric regression model 
● Based on Gaussian process
● MCMC to determine hyper-parameters

● Based on BAT.jl, a modern Bayesian Analysis 
Toolkit written in Julia

● General likelihood allowing for forward modeling 
approach to analysis

● Standard output in useful format



Theory

● TMD Parton Branching method (S. Taheri Monfared)
● DIS without PDFs (M. Tevio)
● Analytical solution of DGLAP (A. Simonelli)
● PDFs with quantum computing (H. Xing)
● Heavy quarks in hadronic processes (M. Guzzi)
● N3LO

○ N3LO splitting functions (G. Falcioni)
○ 4-loop splitting functions (T. Yang)

● Impact of N3LO on modern PDFs
○ NNPDF (J. Rojo)
○ MSHT (R. Thorne)
○ N3LO benchmarking (R. Thorne)



Evolution of PDFs; PDFs by quantum computing

● First attempt for direct computing of “PDFs” using 
quantum computing

● Proof of concept study using toy model 1+1D, no 
gauge field

● Each gate is the result of time evolution



Heavy quarks in hadronic processes
● Heavy Quark production measurements at the LHC (e.g. Z+c, Z+b)
● S-ACOT-MPS: Towards accounting for HQ mass effects  



Splitting functions at N3LO and beyond

Pgq moments computed up to N = 20

Timeline:

● New framework to infer splitting functions
● Proof of concept: get exact results for pure 

singlet anomalous dimensions



PDFs at aN3LO

ggH + MHOU



Data

● CMS (D. Savoiu)
● JLAB (W. Henry)
● Neutrinos (J. Atkinson, O. Durhan)
● COMPASS (M. Stolarski)
● Final state fragmentations (J. Gao)



New CMS and JLab measurements

New CMS jet measurement useful to determine 
the strong coupling and PDFs

New Hall C measurement of F2
d/F2

p, useful to 
determine the d/u ratio



New Faser and SND@LHC measurements

32 νμ CC interactions have been observed 
together with 2023 dataFirst observation of ve produced at the LHC



New COMPASS measurement and fragmentation

Multiplicities for pions, kaons and hadrons 
useful to determine Fragmentation Functions

Global analysis of pion, kaon and 
proton Fragmentation Functions



Impact of new data on PDFs

● NNPDF (J. Cruz-Martinez, T. Sharma)
● CTEQ (P. Nadolsky)
● MSHT (R. Thorne)
● ABMP (O. Zenaiev)
● CJ (S. Li)



Impact of new data in NNPDF4.0 

Generalisation power on unseen data of 
NNPDF4.0 and PDF4LHC21 similar 

despite smaller NNPDF4.0 uncertainites

Impact of LHC ttbar, jet and dijet data (13 TeV)
Impact of HERA DIS+jet data



Impact of new data in CT18 and MSHT20

Impact  of LHC DY, ttbar, and inclusive 
jets (8, 13 TeV) data

Impact of LHC single-inclusive and dijet data (8 TeV)



Impact of new data on ABMP16 and CJ22

Extracted mt
pole from LHC ttbar data

Assessed impact of ttbar data on the gluon PDF
A data-driven extraction of F2

n from deuteron data, 
with knowledge of HT and nuclear effects



Nuclear PDFs

● nCTEQ (T. Ježo)
● Dimuon cross section and SIDIS (S. Yrjänheikki)
● Target mass corrections (R. Ruiz)
● Higher twist (M. Cerutti, R. Petti)
● EMC effect (C. Cotton)



Updates from nCTEQ

Upcoming nCTEQ global analysis:
● data: LHC: W/Z, HQ, SIH, 

JLAB NC DIS, DIS CC (over 
3000 pts)

● theory: relaxed kinematic 
cuts, TMCs, deuteron 
corrections, HT

● methodology: 
parametrization, A-dep.



Nuclear PDFs: theoretical developments

● Dimuon production in neutrino-nucleus collisions 
important for strange PDF determination

● New calculation directly using SIDIS and a decay 
function

● No assumption that dimuon production is 
proportional to charm production

● Good data description

● Derivation of Target Mass Corrections for nuclei
● Formulas known for proton hold for nuclei with 

simple rescaling MN=MA/A, xN=AxA



Higher twist contributions

● Understand the behaviour of d/u PDFs in the 
large-x region requires nuclear corrections and HT 
depending on off-shell correction δf

● HT can be implemented via additive of 
multiplicative corrections



Meson PDFs

● Fantomas4QCD: pion PDF (A. Courtoy)
● Kaon PDF (J.-C. Peng)



Pion and Kaon PDFs

● Sea-gluon separation requires more data 
● End-point behavior plays an important role

Determination of meson PDFs based on 
statistical model with new data



Future facilities

● Impact of neutrino future data on PDFs (J. Rojo)
● HL-LHC (O. Zenaiev)
● LHeC (A. Cooper-Sarkar)
● EIC on PDFs and aS (K. Wichmann)
● QED radiation (J. Qiu)



Forward Physics Facility

● LHC neutrinos:
○ Charged-current counterpart of the EIC to probe proton and nuclear structure
○ Probe small-x QCD (e.g. non-linear dynamics) in uncharged regions
○ Provide a laboratory validation of muon puzzle predating cosmic ray physics
○ Unique constraints for high-pT searches at LHC



HL-LHC

● AFB as a function of mll and yll is a suitable observable 
which provides constraints on the PDFs and Z boson 
couplings

● At HL-LHC it is possible to extract these couplings 
with 1% level precision, which approaches the 
precision of LHeC and FCC-eh



LHeC
● The LHeC offers dramatic improvements on PDFs:

○ at high-x important for direct discoveries, also brings improvement in αS(mZ)
○ middling x important for SM precision measurements like mW
○ at low-x for studying QCD beyond DGLAP (BFKL resummation and saturation)



EIC: PDFs

Using EIC data will make tremendous difference in 
proton and nuclear PDFS, especially at high x



EIC: αS and QED radiation

Using EIC DIS data will make tremendous 
difference in αS(mZ) determination

● Relevant for events with high momentum transfers 
and large phase space to shower (EIC)

● Consistent and controllable approximation to 
high-energy lepton-hadron scattering processes



Thanks to…
● All the speakers (47 talks in total):

○ 12 theory
○ 8 experiments
○ 16 phenomenology
○ 7 methodology
○ 4 future facilities

● The chairs (Mandy, Aurore, Katarzyna, Giovanni, Robert, Pavel, Lucian, Bill)
● The conveners of WG4 and WG6 for joint sessions (Ilkka, Giovanni, Laure 

and Leticia, Bill, Alessandro)
● WG1 is always a lively and productive working group
● We look forward to DIS2025

Thank you all for your attention


