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Future Opportunities with 
Lepton-Hadron Collisions 

1) Deep Inelastic Scattering
2) Proton partonic structure
3) The Electron Ion Collider
4) The Large Hadron electron Collider
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Input to European
PP Strategy Update  

- ‘Future Opportunities’ document: Overview and vision of current and 
possible future landscape, centred around DIS conference series 
-  Supporting and adding context to separate submissions

… and several others …
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Rutherford (1927, as President of Royal Society)

“It would be of great scientific 
interest if it were possible to 
have a supply of electrons … 
of which the individual energy 
of motion is greater even than 
that of the alpha particle.” 

Following from the original
scattering experiments 

(a particles on 
gold foil target) …
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Probing the Proton with Electrons
e–

1950s
Hoffstadter

First
observation
of finite proton size
using ~200 MeV e beam  

Simple uncertainty principle arguments:
 
 Resolved dimension:    Δx~ !""#$%

&	
fm

… need a beam energy of ~200 MeV to see proton structure (~1 fm)
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… Interpreting scattered 
electron pattern

to determine spatial 
distribution of the

target charge distribution

à proton radius ~1fm

Hoffstadter’s Results
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e–

~20 GeV electrons on fixed proton target

ESA experiment at SLAC (1969)

Probing the Proton with Higher Energy Electrons

… 1-2 more orders of magnitude à 0.1-0.01 fm

Absence of dependence
of suitably scaled
cross section on 

momentum transfer 
(wide-angle scattering) 

implies point-like 
constituents of 
target (quarks)

Bjorken Scaling 
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James Bjorken (22 June 1934 – 6 Aug 2024) 
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e (27.5 GeV)

P (920 GeV)

- The only ever collider of 
electron with proton beams: 
 √sep ~ 300 GeV

- Equivalent to 50 TeV
electrons on fixed target 

… Resolved dimension
 ~ 10-20 m 

ZEUS

e (27.5 GeV)

P (920 GeV)

HERA, DESY, Hamburg

(1992-2007)

à Source of much of our
knowledge of proton 
(longitudinal) structure,
extending to partons
of x<10-4 momm fraction

u u

d

BUT …
à Only ~0.5 fb-1 
per experiment
à No deuterons 
or nuclei
à No polarised 

targets
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Inclusive Neutral Current DIS: epà eX 
… Kinematics

x = fraction of proton momentum carried by struck quark

Q2 = |4-momentum transfer squared|      (photon virtuality)
     … measures the hardness /scale of collision
     … inverse of (squared) resolved dimension 

𝑠 = #!!
"#	 with inelasticity 𝑦 < 1 

  …   i.e. Maximum Q2 and minimum x 
    governed by CMS energy, √𝑠 

(q)

(p)
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• Photon-exchange component 
of NC data measures 

 

• Due to eq
2 photon coupling, 

this mainly constrains u & ubar
… shape of quark densities 
already qualitatively apparent

Fixed target and (early) HERA data 
at a single Q2 value (15 GeV2)

~

Example Inclusive Neutral Current Data 
from HERA / Previous Experiments

Variations of the cross sections with Q2 tell us about the role of gluons … 
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g qq®

QCD Evolution and the Gluon Density

- DGLAP equations describe QCD 
evolution (to NNLO and 
approximate N3LO accuracy)

- EW effects give different
quark sensitivities (Z-exchange 
separates e+p v e-p, W-exchange 
gives charged current (ep à nX) 

à Fits to data to extract proton 
parton densities

- Q2 dependence 
directly sensitive to the
gluon density via splitting
function …
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Proton PDFs from HERA only (HERAPDF2.0)

uv dv

Seag

Input to
energy frontier

discovery?

Strong 
interaction
dragons?

• At x ~ 10-2 : ~2% gluon, 1% quark precision 
• Uncertainty explodes:
 - below x=10-3 (kinematic limit) 
 - above x=10-1 (limited lumi)12



Constraining PDFs with LHC Data

Main observables included in global fits 
 - Electroweak gauge bosons (and Drell Yan)  à quarks
 - Jet production à gluons
  … more forward (i.e. high 𝜂 ) accesses lower x 

[NNPDF4.0]

à Need precise PDFs for interpretation of LHC physics …BUT ALSO…
à LHC can tell us more about PDFs à ‘Global Fits’

13



- Not fully convergent 
between different 
global fitting groups

- Large x BSM effects
can be hidden

- A limiting factor in 
precision LHC physics

… could many of the tensions between data sets / methodologies be avoided 
if it were possible to constrain PDFs from DIS data only?..

LHC Parton Luminosities and Physics
[NNPDF4.0 , 
Eur Phys J C82 (2022) 428]

[Luigi Marchese,
Maria Ubiali, 

DIS25]
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Burkert, V.D., et al., Colloquium: Gravitational form factors 
of the proton. Reviews of Modern Physics 95, 041002 
(2023)

V.Burkert, L. Elouadrhiri, F.X. Girod, Nature 557 (2018) 7705, 396

Pressure Distribution 
Inside the Proton

Pierre Chatagnon
JLab – Post-doc

This breakthrough has paved the way for a novel approach to 
unraveling the intricate structure of the proton.

Peak pressure in objects on 
earth, the sun, and the universe

Tangential stress force inside the proton 
changes direction near r ~ 0.45 fm  
Peak : 38,000 N (4 metric tons)

Mechanical Structure of the Proton: Pressure and Sheer Forces

Hadron Structure and Dynamics are much
richer than longitudinal PDFs …

Transverse degrees of freedom,
correlations in momentum and
position via TMDs, GPDs through 
exclusive processes, SIDIS …
à First glimpses of 3D structure &
mechanical properties from Jlab data

Proton radial
pressure

distribution

Proton size

Shear
forces

[Barbara Pasquini, 
Thia Keppel, 

DIS25]
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Current & Proposed Lepton-Hadron Facilities

- Ongoing experiments revealing new properties of matter
- An approved new accelerator exploring new fundamental topics
- Longer-term plans aligned with core PP and NP priorities 
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Ongoing fixed 
target @ JLab

Longer-term
@ CERN

On-target
for mid
2030s @

BNL

Current and Future 
ep Colliders
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Crude Mapping Between Physics & Facilities

High x (Fixed Target/JLab)
Basic Structure

Low x (HERA / LHeC)
Non-linear dynamics 

Intemediate x (EIC)
Emergent properties

[Kong Tu,
Thursday]

Partons with decreasing x

Very Low x 
(LHeC,FCC-eh) 
The unknown 
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The Electron-Ion Collider (BNL)

- Energy range 28 < √𝒔 < 140 GeV
World’s first …
- High lumi ep Collider 
(~ 1033 -1034 cm-2 s-1)
- Double-polarised DIS collider 
(~70% for leptons & light nuclei)
- eA collider 
(Ions ranging from H to U)

Specifications driven by science goals:

New 
electron

ring

Collider Specifications from Science

4DIS2023                                                                                                               
Michigan State University

Mass and
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Fundamental questions for EIC

- What does the proton look like in 3D?
 …  How is proton mass generated
from quark and gluon interactions?
 …  How is proton spin 
generated?
 …  What is the mechanism
behind confinement?

- How are parton properties and 
dynamics altered in nuclei?
 … How do quarks and gluons 
interact with the nuclear medium?
 … What is the QCD-science of 
high density systems of gluons?
 … How is the low x growth
of the gluon density tamed?

Atom: Binding/Mass = 0.00000001
Nucleus: Binding/Mass = 0.01
Proton: Binding/Mass = 100
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A Detector for the EICePIC detector design

9/28/2023 17

Proton/Ion beam Electron beam

- 9m long x 5m wide
- Hermetic (central detector -4 < h < 4)
- Extensive beamline instrumentation (see later)

- Much lower radiation fluxes than LHC widens technology options 21



Tracking Detectors

9/28/2023 19

ePIC detector design – tracking

Inner Barrel (IB)
o Two curved silicon vertex layers
o One curved dual-purpose layer

Outer Barrel (OB)
o One stave-based sagitta layer
o One stave-based outer layer

Electron/Hadron Endcaps (EE, HE)
o Five disks on either side of the Interaction Region

Full tracking system: Silicon Vertex 
Tracker (SVT) + MPGDs + TOF detectors

SVT

65 nm MAPS technology (ALICE ITS3)
O(20x20 μm2) pixel size
Total active area of 8.5 m2

MPGDS and TOFs provide
o additional hit points for track reconstruction
o fast timing hits for background rejection (~10-20 ns)

Primarily based on MAPS silicon detectors (65nm technology)
- Leaning heavily on ALICE ITS3 
- Stitched wafer-scale sensors, thinned and bent around beampipe
 à Very low material budget (0.05% X0 per layer for inner layers)
- 20x20µm pixels  
- 5 barrel layers + 5 disks (total 8.5m2 silicon)

LGAD layers provide fast timing (~20ns)
Outer gaseous detectors add additional hit points for track reconstruction 

Tracking

DIS2023                                                                                                               
Michigan State University 12

First “µITS3” assembly at CERN

Si Tracker based on ALICE ITS3 
65nm MAPS sensors. 

Five layers in barrel, 
supplemented by MPGDs for 
pattern recognition. 

Five discs in forward/backward 
directions (+MPGD in forward)

Meets EICUG Yellow Report design 
requirements. 

Tracking

DIS2023                                                                                                               
Michigan State University 12

First “µITS3” assembly at CERN

Si Tracker based on ALICE ITS3 
65nm MAPS sensors. 

Five layers in barrel, 
supplemented by MPGDs for 
pattern recognition. 

Five discs in forward/backward 
directions (+MPGD in forward)

Meets EICUG Yellow Report design 
requirements. 
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Interaction Region / Beamline Instrumentation 

EIC Interaction Region (IR)

9/28/2023 27

Far-backward region

Far-forward region

IR design is critical for EIC science

Far-forward region: Many physics channels 
require the tagging of charged and neutral 
particles at very small angles to the incoming 
proton/ion beam. Detectors in this region are the 
B0, Off-Momentum detectors, Roman Pot 
detectors, and Zero-Degree calorimeter.

Far-backward region: Measurement of the 
absolute and relative luminosity, as well as 
tagging of low-Q2 electrons. The detectors in this 
region are the Direct Photon detector, the Pair 
Spectrometer, and the Low Q2 taggers.

- Extensive beamline instrumentation integrated into IR design

- Tagging electrons and photons in backward direction for lowest Q2

physics studies and lumi monitoring via photon counting in epàepg 

Board
Timepix4

Calorimeter Tracker
4 Layers

2 low Q2 
electron
taggers

Pair-production 
lumi

spectrometers
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More Novel Detector Components

9/28/2023 24

ePIC detector design – electromagnetic calorimetry
Electron Endcap EMCal

PbWO4 crystals 

All calorimeters read with SiPMs

Hadron Endcap EMCal

High granularity W-powder/SciFi EMCalBarrel Imaging EMCal

21

Particle ID 
q In general, need to separate:

Ø Electrons from photons à 4p coverage in tracking
Ø Electrons from charged hadrons à mostly provided by calorimetry & tracking
Ø Charged pions, kaons and protons from each other on track levelà Cherenkov detectors

Ø Cherenkov detectors, complemented by other technologies at lower momenta
Time-of-flight or dE/dx

Rapidity π/K/p and π0/γ e/h Min pT (E)

-3.5 − -1.0 7 GeV/c 18 GeV/c 100 MeV/c

-1.0 − 1.0 8-10 GeV/c 8 GeV/c 100 MeV/c

1.0 − 3.5 50 GeV/c 20 GeV/c 100 MeV/c

Physics requirements:  

Need more than one technology to 
cover the entire momentum ranges 

at different rapidities

E.C. Aschenauer

Far-forward region

9/28/2023 28

Imaging eCAL
Pb/SciFi sampling +
AstroPix
imaging
layers

Comprehensive Particle ID

- Forward protons inside 
and outside beampipe 

     (0.45 < Ep’/Ep < 1) 

- Forward neutrons with 
ALICE FOCAL-like ZDC 24



Inclusive ep DIS
àClosing gap and overlapping
between fixed target & HERA
à High x, moderate Q2 precision

Polarised target ep & eA DIS 
àCompletely unexplored
regions, extending to low x 

EIC Kinematic Range v Previous Data 
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EIC Impact on Proton Parton Densities
Fractional total 
uncertainties with / 
without simulated 
EIC data added to
HERA (lin-x scale)

… EIC brings reduction 
in large x uncertainties 
relative to HERA for 
all parton species

Up quarks improve
relative to global fits
including LHC (not shown)

Precision high x data
also yield world-leading
strong coupling precision

- 𝛼! 𝑀"
#  to 0.3% 

 (cf world data à 0.6% now)
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- Very little known about 
gluon helicity contribution 
and low x region

- Simulated EIC inclusive data show very 
significant impact on polarised gluon and 
quark densities à orbital angular 
momentum constrained by implication … Full decomposition down to x~10-3.

Proton Spin
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Proton Mass
-  Decomposition along similar lines to spin: 

𝑚( = 𝑚) +𝑚*+ 𝑚++ 𝑚,

Valence and sea
quark masses

(including heavy
quarks)

Quark & gluon ‘KE’ & 
‘PE’: confinement 

and relative motion

QCD trace anomaly (purely 
quantum effect - chiral 

condensates)

- Relations to experimental 
observables being understood 

- eg gluon contribution to 
trace anomaly from 
J/Y (Jlab, also J/Y-007) 
to U (EIC) near threshold 
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The CERN Large Hadron electron Collider
- Proposal for CERN to further-exploit the LHC in the 2040s
- Add a Recirculating Energy-Recovery Linac (ERL) electron accelerator
- Baseline plan is several years standalone running after HL-LHC à 1ab-1

- ‘Sustainable’ acceleration: ~100 MW for ERL 

~9km
tunnel

ERL Prototype 
(PERLE @ IJCLab, Paris) 

… first stage (one turn) 2028.
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Energy Recovery 
Linacs

Electron 
DC-gun

Photo-cathode

34

previous &
current

Power = Energy x Current

Energy Recovery demonstrated
great achievements on all aspects 
and large research infrastructures 
based on Energy Recovery systems 

have been operated successfully

nuclear power plant

- Demonstrating ERL 
scalability is critical path

- Prototype (PERLE @ IJCLab)
implementation started

- First stage (one turn) by 2028.
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How could LHeC fit into global landscape?

[Jorgen d’Hondt]

- Not the next CERN flagship project
- Possible ‘bridge’ in event of significant time gap, due to funding constraints 
or pivot away from FCC-ee due to competition, or scientific developments

- Highly impactful science from strong interaction discovery to Higgs 
- Opportunity for accelerator and detector technology development
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Overview of LHeC Physics Programme

Higgs, Top, EW and BSM 
programme
à General purpose 
particle physics detector
… high pT capabilities

Precision QCD and PDFs,
including very low x 
parton dynamics
à Dedicated Deep 
Inelastic Scattering 
experiment… hermetic
& reconstructing all
final state particles  
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Compact
13m x 9m (c.f. 
CMS 21m x 15m, 
ATLAS 45m x 25m)

Hermetic
- 1o tracking 
acceptance 
forward & backward.

Beamline also 
well instrumented

Detector Overview (as in 2020 CDR Update) 

‘Could be built now’, but many open questions:
- A snapshot in time, borrowing heavily from (HL)-LHC (particularly ATLAS) 
- Possibly lacking components for some ep/eA physics (eg. Particle ID) 
- Not particularly well integrated or optimized
… Synergies with EIC, LHCb, ALICE, future e+e- or µ+µ- colliders 
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Proton PDF Precision

dv

Gluon

Strange

Q2 = 1.9 GeV2

- PDF knowledge transformed over wide 
kinematic range, extending from x~10-6 to xà1

- Resolving current ambiguities

- First full and 
precise flavour 
decomposition

- as to 0.14%, 
including running

- MW to few MeV
- sin2qw to 0.0002 including running
- Best axial and vector Z-light quark couplings34



Enabling HL-LHC: parton lumi’s revisited

- Extends upper mass reach of many LHC BSM searches
- Facilitates LHC precision measurements 
  …Theory uncertainty on LHC Higgs cross section
  … MW PDF systs à 2 MeV, enabling 3 MeV measurement
  … sin2qW à 0.0008
  …
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LHeC extends Higgs programme at the LHC by:
 1) Improving HL-LHC pp precision through PDFs
 2) The LHeC Higgs production programme

Studies in Kappa-3 framework
(SMEFIT group)

‘HL-LHC (improved)’ shows 
Impact of LHeC PDFs

Influence on LHC Higgs Programme

Dominant production mechanism 
charged current (WW), distinguished 
event-by-event from sub-dominant 

neutral current (ZZ)

Charged Current  cross section ~ 0.2pb for P=-0.8 à ~200,000 events for 1ab-1

… improvements HL-LHC à LHeC 
about same as LHC à HL-LHC
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Influence on Higgs 
Coupling Precision

(by LHeC PDFs)

(by LHeC PDFs) (by LHeC PDFs)

eg for HL-LHC à LHeC à FCC-ee …

- LHeC PDF constraints already 
improve HL-LHC substantially

- LHeC impact for most couplings
   à Dominates W throughout
   à Major impact for Z
   à Likely first 5s c observation
   à Also invisible, undetected  
 
pp, ee, ep synergies for best results
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SUMMARY

“Circles in a circle”, Wassily Kandinsky (1923), Philadelphia Museum of Art

Historically:
Lepton-hadron scattering consistently led to surprises and 
discoveries about the structure of matter

Vibrant field with running and fast-developing projects
Jlab Fixed target, LHC Neutrinos …

From the early 2030s: 
The Electron Ion Collider will transform our understanding of 
nucleon and nuclear structure, including emergent properties 
such as mass and spin

From the early 2040s: 
The Large Hadron electron Collider can enable LHC discovery 
via precision, discover new strong interaction phenomena, 
and explore the Higgs sector in complementary ways 
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