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HERA at DESY: Still the Backbone of Proton 
Parton Density Functions (PDFs)
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Data used in current PDF fits

Including LHC data brings:
Advantages: improve precision, exploit all available inputs

Caveats: use of data that may contain BSM effects, theoretical complexity
(eg non-perturbative input), some incompatibilities between data sets 

[NNPDF4.0, Eur Phys J C82 (2022) 428]

HERA limited at 
low x by kinematic 
range and high x by 

luminosity

3

Lots of 
PDF-sensitive 
observables 

at LHC



Current State of the Art / Motivation

[NNPDF4.0 , 
Eur Phys J C82 (2022) 428]

e.g. Comparisons between current global fits on LHC 𝑞"𝑞 and 𝑔𝑔 luminosities
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- Knowing initial state 
often limits precision 
measurements & searches

Many more reasons to improve PDF precision:  
 - Cosmic ray air showers
 - Neutrino interactions with matter     
 - Understanding strong interaction dynamics …



e.g. Jets & the 
Gluon Density

CMS 13 TeV inclusive jets 
versus PDF sets that include
LHC run 1 data

Deviations at typically 5% level, 
getting worse at largest pT (highest x)
     
… improved constraints on gluon density

[JHEP 02 (2022) 142] 
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e.g. In ATLAS ‘global fit’, 
W & Z data provide flavour 
decomposition
à At low x, strange only 
slightly suppressed compared 
with up and down

e.g. Favourable 
LHCb kinematics 
à Improved u,d 
constraints at low 
and (mostly) high x   

- Some further progress expected at HL-LHC
[eg EPJ C78 (2018) 962] 

e.g. W, Z, Drell-Yan & Quark Densities 
/
a

[EPJ C82 (2022) 438]
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Nuclear Parton Densities

- Still large uncertainties at low x, where 
there may be new density-driven dynamics

- Future LHC prospects e.g. with ALICE FOCAL  

[EPJ C82 (2022) 413]

- Nuclear effects in PDFs still not fully understood. 
- Important e.g. for initial State in QGP studies

- Progress with Jlab, RHIC and LHC pPb à Examples from EPPS21 
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Nuclear shadowing experimentally confirmed, but not fully understood

• Experimental observation 
that parton distributions are 
different for protons and 
nuclei 

• What’s the mechanism 
responsible for shadowing? 
How is gluon saturation 
related? 

• The knowledge of the initial 
state of nuclei also needed 
for understanding the QGP 
evolution

8798. WE-Heraeus-seminar     October  2023 

- CMS central jets
- LHCb forward D0

expressed through:



Ultra-peripheral Collisions and the GluonEnergy dependence of coherent J/y in gPb

15b

Both gluon saturation 
and shadowing 
describe the data at 
high energies

At low energies the 
data cannot be 
described by these 
models 

JHEP 10 (2023) 119 
Published last week

798. WE-Heraeus-seminar     October  2023 

Exclusive and dissociative J/y in UPC pPb
Exclusive and dissociative J/ψ photoproduction, and exclusive dimuon production, 
in p−Pb collisions at 8.16 TeV
https://arxiv.org/abs/2304.12403 - Accepted for publication by PRD

19798. WE-Heraeus-seminar     October  2023 

[arXiv:2304.12403]

[JHEP 10 (2023) 119]

Ultra-peripheral collisions being
studied in AA at RHIC and LHC: e.g. J/Y

à gA à J/Y A cross-sections
à Clear suppressions relative to simply
scaled protons, extending to x~10-5. 

Corresponding pp, pPb data:
à gp à J/Y Pb 
à Sensitivity to gluons in the proton
 
Excellent data, limitations are in 
partonic interpretation  8



FASER: Neutrinos from the LHC

First observation of collider 
neutrinos (TeV scale)
- 153 𝜇± appearance (16s)
     - 3 e appearance (5s)

[Phys. Rev. Lett. 131 (2023) 031801]

As part of a much
wider programme:
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Forward Proton Facility for the HL-LHC 
Proposal to create a forward 

multi-experiment facility 

… very forward fixed 
target neutrino scattering 
… ~106 observable 𝜈*
interactions

à PDF constraints on 
valence densities and 
flavour decomposition  

[arXiv:2309.09581]
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Current and Future 
ep Colliders

[COMPASS @ CERN also took muon data on polarised deuterons in 2021-22] 

Ongoing fixed 
target @ JLab

Longer-term
@ CERN

On-target
for early
2030s @

BNL
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Physics at JLab CEBAF 12 GeV 

e.g. Recent data on t 
dependences of J/Y 

photoproduction 
near threshold 

Interpreted in terms of proton
gravitational form factors:
   - Mass radius notably smaller than 
charge radius
   - Extraction of QCD trace anomaly 
(contribution to proton mass)  

[Nature 615 (2023) 813]

Extensive programme emphasizing 3D tomography, including: 
 - High x longitudinal structure
 - Unravelling the spin puzzle
 - Precision nuclear effects in valence region
  [much of which is mirrored in EIC context]

[Maria 
Zurek]
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The Electron-Ion Collider (BNL)

- Energy range 28 < √𝒔 < 140 GeV, accessing 
moderate / large x values compared with HERA 

World’s first …
- High lumi ep Collider     (~ 1034 cm-2 s-1)
- Double-polarised DIS collider 
        (~70% for leptons and light hadrons)
- eA collider (Ions ranging from H to U)

Specifications driven by science goals:
    - 3D proton structure 
    - Proton mass 
    - Proton spin
    - Dense partonic systems in nuclei

What is the EIC Facility
What is the EIC:

A high luminosity (1033 – 1034 cm-2s-1) polarized electron 
proton / ion collider with √sep = 28 – 140 GeV

E.C. Aschenauer2

What is special:
EIC is the ONLY world-wide new collider in foreseeable 
future. Allows to remain at frontier of Accelerator S&T.

factor 100 to 1000 higher luminosity as HERA
both electrons and protons / light nuclei polarized, 

nuclear beams: d to U
Fixed Target Facilities i.e.:

at minimum > 2 decades increase in kinematic 
coverage in x and Q2

State of the art general purpose collider detector

Science Program: An EIC can uniquely address three 
profound questions about nucleons — neutrons and 
protons — and how they are assembled to form the 

nuclei of atoms: 

Possible
2nd Detector 

Location

Project 
Detector 
Location

New electron ring, to collide with RHIC p, A 
- Construction scheduled from 2025
- Operations / science from early 2030s

See Ferdi Willeke,
Thursday Collider Specifications from Science

4DIS2023                                                                                                               
Michigan State University

Mass and
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ePIC detector design

9/28/2023 17

Proton/Ion beam Electron beam

- Optimised for inclusive, 
semi-inclusive and exclusive DIS

- Emphasis on forward & backward
instrumentation, integrated in 
interaction region design

- Ongoing work towards a second, 
complementary detector

Far-forward region

9/28/2023 28

A Detector for the EIC
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EIC Physics Motivation: Inclusive DIS on Proton
Precision at large x, intermediate Q2,
complementing HERA and fixed target 

Newly accessed region ideally suited to
constrain high x PDFs and offers 

potentially world-beating as precision

Improvement relative
to HERAPDF2.0 (DIS only) PDFs

[Eur Phys J C83 (2023), 1011] 15
[arXiv:2309.11269]



EIC Physics Motivation: Proton Spin
EMC ‘spin crisis’ (1987) - quarks
carry only ~10% of proton spin …

Viewed at the parton level: 

Can be resolved in full with EIC inclusive, 
semi-inclusive and exclusive data

e.g. impact relative to recent global 
fit (DSSV14) of inclusive EIC data 
(double spin asymmetries 15fb-1 and 70% 
e,p polarization)

Impact of the EIC on polarized PDFs: DSSV
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EIC Data Region

Very significant impact on polarized gluon and 
quark singlet PDFs using inclusive e-p only!

7/27/2022 3

Measurement Physics Topic/goal

ોred,NC(CC)(x,Q2) ڴ F2 , FL Proton PDFs
q(x,Q2) , g(x, Q2) 

ોred,NC(CC)(x,Q2)  ڴ F2 , FL Nuclear PDFs
q(x,Q2) , g(x, Q2)

Non-linear QCD dynamics  

Inclusive A|| / A༗ for proton,  deuterium, 
3He

Gluon & Quark Helicity
ѐŐ;ǆ͕Y2Ϳ͕�ѐƵ+͕�ѐĚ+

Inclusive APV Strange Pol and Unpolarized
ѐƐ+(x,Q2), s+(x,Q2)

BSM & Precision EW (sin2ીw )

EICUG Meeting

Inclusive scattering at the EIC
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EIC Physics Motivation: 3D Structure

Exclusive processes, yielding intact protons, 
require (minimum) 2 partons exchanged 
à Sensitivity to correlations between 
partons in longitudinal / transverse 
momentum and spatial coordinates
à access to 3D tomography

e.g. Deeply Virtual Compton Scattering, ep à egp: 
EIC fills gap between (high stats) fixed target & (low stats) HERA data

[arXiv:1304.0077]
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Nuclei enhance density of 
partons (“ 𝐴 ⁄! ,	” factor)
à Very large impact on eA phase 
space, extending into expected 
region of density effects

Mandelstam t in exclusive processes 
conjugate to transverse 
spatial distributions 
à Fourier transform the target

EIC Physics Motivation: Dense Gluonic Systems

e.g. Coherent J/Y 
in eAu: dips 
sensitive to 
saturation 18

AA

Approx 𝑄!"#$  (GBW) for Au



Future ep and eA
Options at CERN

- Extending lepton-proton energy frontier 
by up to 2 orders of magnitude

- Crucial technical step: Energy Recorvery 
Linac prototype (PERLE @ Orsay)

Renewed mandate, structure 
and coordination (J d’Hondt)

See https://indico.cern.ch/event/1335332/
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Example LHeC and 
FCC-eh Physics

Revolutionary proton PDF precision
     à Facilitates LHC / FCC-hh precision    
         measurements and BSM searches
     à Elucidates very low x dynamics in ep / eA 

Impactful Higgs programme
     à Complements HL-LHC (and FCC-ee / FCC-hh)

[JHEP 01 (2020) 139

following Sarah Heim]
20



SUMMARY

Progress continues on proton and nuclear
longitudinal (and spin) structure
 à Better understanding may yet be needed for 

     full exploitation of LHC  

Current / future facilities are revealing the 3D 
structure and dynamics of strongly interacting 
matter in new ways
 à Electron-Ion Collider on course to transform 

     the picture from early 2030s

Apologies for the many uncovered topics

Thanks to J d’Hondt, S Dalla Torre, R Ent, 
K Wichmann, & many other colleagues 

“Circles in a circle” 
Wassily Kandinsky (1923)

Philadelphia Museum of Art
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