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Inner structure of protons and nuclei

 
 

+ also including Q2 momentum-transfer scale dependences
and the dynamics of QCD at high energies (small-x physics)
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Major implications for particle 
production: cross-sections, MC 
modeling, astroparticle physics, …
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Inputs received

… plus contacts with the global 
(n)PDF and TMD groups, GPD 

community, and lattice groups.
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Benchmarks
● Kinematic planes 
comparing the coverage 
of presently included 
datasets, of approved 
experiments/upgrades, 
and of proposals.

● Comparison plots 
between selected 
(n)PDFs/TMDs from 
different groups, focus on 
less constrained aspects. 
Show existing projections 
to new facilities? 

From these benchmarks ⇒ provide a table of physics outputs to be determined/explored, 
versus approved & proposed new/upgraded experiments, with notes on sensitivity and 
observables. To be discussed later today.
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Kinematic planes for proton

HERA: NC, CC and jets in DIS
 

 

LHC: W(+jet), Z, DY, 
jets and dijets, single 
and top pair (+jet), 
isolated photons

Tevatron data: W, Z
NNPDF4.0:

arXiv:
2109.02653
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https://arxiv.org/abs/2109.02653
https://arxiv.org/abs/2109.02653
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EIC:  NC, CC and jets in DIS, light- 
and heavy-flavour ID

LHCb: D, B, 
quarkonia, light 
hadrons

FoCal: 
photons and 
jets SHIP:

Kinematic planes for proton
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FPF: 

FPF:
NC and CC DIS

LHeC:  NC, CC 
and jets in DIS, 
heavy flavour ID

Kinematic planes for proton
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LHC: W, Z, jets, light 
hadrons, isolated 
photons, D mesons, 
quarkonia

Review:

arXiv:
2311.00450

NC DIS with electrons 
and muons

CC DIS

RHIC: pions

Kinematic planes for nuclei
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https://arxiv.org/abs/2311.00450
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Kinematic planes for nuclei

EIC:   NC, CC and jets in DIS, light-
and heavy-flavour ID

LHCb:  D, B, 
quarkonia, light 
hadrons

FoCal:
photons and 
jets SHiP: 
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Kinematic planes for nuclei

FPF: 

FPF:
NC and CC DIS

LHeC:NC, CC 
and jets in DIS, 
heavy-flavour ID
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Measured in exclusive processes:
● DVCS, TCS at NNLO.
● Exclusive VM production: studies 

to stabilise at NLO.
● Besides DDVCS, 2 to 3 processes 

like diphoton or photon-meson.
● Target: transition GPDs/DAs.
● Pion, light nuclei,...
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GPDs: theory
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GPDs: theory

B. Pasquini at DIS2025

● The partonic profile of 
hadrons can be extracted 
dependent on x.

● Relation with the 
energy-momentum tensor.

13



N. Armesto and A. Buckley, May 14th 2025

 Impact-parameter distributions: nuclear shape & deformation

1702.07705

2310.15300

● Exclusive VM 
production in 
UPCs in AA 
allows the  
extraction of 
nuclear shape, 
including 
deformation.
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GPDs: existing dataC. Keppel 
at DIS2025

+ polarised RHIC
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GPDs: experimental prospects
Experiment Observable Access to Reference

HL-LHC in collider and 
fixed-target mode

Exclusive quarkonium 
production and TCS in UPCs Quark and gluon GPDs 2012.14161

LHCspin TSSA in UPCs 2504.16034

EIC DVCS, exclusive VM production Quark and gluon GPDs 2103.05419

LHeC DVCS, exclusive VM production Quark and gluon GPDs 2503.17727

FAIR N+N→N+𝜋(90⁰)+B Transition GPDs

Electron-Ion Collider in 
China DVCS, DVMP Quark and gluon GPDs 2102.09222

CLAS12 luminosity upgrade Proton, neutron and nuclear 
DVCS, TCS, DVMP Quark and gluon GPDs

SoLID
DVCS, TCS, DDVCS, exclusive 
meson production on polarised 
proton and nuclear targets

Quark and gluon GPDs

JLab22 DVCS, … Quark and gluon GPDs 2306.09360

red = ESPP submissions 16
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Small x : motivation
●  In QCD at high energies, standard fixed-order perturbation theory (DGLAP, 

linear evolution) must eventually fail:
➜ Large logs, e.g., 𝛂sln1/x~1: resummation (BFKL, CCFM, ABF, CCSS).
➜ High density ⇒ linear evolution cannot hold: saturation, either perturbative (CGC) or 
non-perturbative.

● Non-linear effects driven by density, different from resummation: x↓, A↑.
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Small x : theory status
● LO calculations (single particle and particle correlations) do not allow a conclusive 

comparison with data.
● NLO calculations in the dilute regime: BFKL at NLL (with coll. resummation)

○ DIS cross sections.
○ Photon-photon cross sections.
○ Jet-gap-jet observables (Mueller-Navelet).
○ Resummations for some observables: Higgs, heavy quarks.

● NLO calculations in the dense regime: JIMWLK/BK at NLL (with collinear 
resummation)
○ DIS cross sections: impact factors including HQs.
○ Single particle/jet, and DY+jet, in pA: problems with stability; missing dijet and 𝛄+jet.
○ Single hadron, dihadron and dijet in DIS: Sudakov resummation, relation with TMDs at 

small x and link with CSS/DGLAP.
○ Non-eikonal corrections.

● Relation with TMD factorisation, and search of unified evolution.
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Small x : experimental situation
● Experimental observables where small-x effects (resummation, saturation) 

have been claimed, none of them considered conclusive:
○ DIS cross sections at HERA at small to moderate Q2: resummation has been suggested as 

alternative to DGLAP fits, but several models are able to reproduce data.
○ Two-particle correlations in the forward direction at RHIC: x not really small, and competes 

with standard gluon shadowing.
○ Two-particle correlations in small systems: theory lacks ingredients and presently contradicts 

some features of data.
○ Exclusive VMs in UPCs: competition with unknown gluon distributions, theoretical caveats.
○ Jet-gap-jet (Tevatron, LHC) and photon-photon (LEP): inconclusive differences between NLL 

BFKL and DGLAP.

Lever-arm in 
Q2 at small x 
essential!!!

 2203.05846 
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Small x : experimental prospects

● Plus: PPS2 at CMS in the HL-LHC, diffractive observables at the EIC and LHeC, 
photon-photon at LEP3/FCC-ee/CEPC/LC, FCC-hh and FCC-eh, … 

Saturation scale: GBW, scaled by A1/3~6 for a Pb nucleus.
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https://arxiv.org/abs/2103.02752
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Table comparing different projects
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Quantity or 
question/

experiment

LHC in 
fixed 
target 
mode

D, B, 
quarkonium, 
light hadrons

(HL-)LHC in 
collider 
mode 

(FCC-hh)
D, B, quarkonium, 

light hadrons, 
UPCs

FoCal
Photons and 

jets

SHiP
𝛎 flux from 

charm, NC and 
CC DIS

EIC
NC, CC and jets 
in DIS, light and 

heavy flavour 
ID, exclusive 

diffraction

FPF
𝛎 flux from 

charm, NC and 
CC DIS

LHeC 
(FCC-eh)

NC, CC and jets 
in DIS, heavy 

flavour ID, 
exclusive 
diffraction

FCC-ee/
LEP3/

CEPC/LC
FFs of light and 
heavy quarks, 

jets, 𝛄𝛄

PDFs ** **? ** ** ***? ** *** -

nPDFs ** ** ** ** *** ** *** -

TMDs ** ** * ? *** ? ** ?

GPDs * ** ? ? *** ? *** -

Small-x 
dynamics * ***? ***? * ** **? *** *

***: top quality for providing input to determine/constrain the quantity or answer the question; **; medium 
quality; *: poor quality; -: not applicable; ?: input particularly welcome


