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https://indico.cern.ch/event/1423983/ 

https://indico.cern.ch/event/1423983/
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Electron-Hadron Collisions at TeV Scales

Includes discussion of FCC-eh physics (1.2 ➝ 3.5 TeV)

Reminder:

LHeC CDR in 2012 – proposing concurrent 
ep collisions (above 1 TeV) at the LHC

New LHeC proposal in 2020 – 337 authors 
from 156 institutions

https://indico.cern.ch/event/1066234/ 

https://indico.cern.ch/event/1066234/
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Large Hadron electron Collider
LHeC is NOT simply super-HERA!

LHeC is not just “super QCD machine” – it is much more:

Novel powerful lab for Electroweak & Higgs physics

+

Sensitivities to new BSM signatures

+

High energy eA collider (very complementary to EIC)
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Large Hadron electron Collider

ERL technology resulted 

in major breakthrough

for LHeC:

➝ 10 × luminosity

Energy Recovery Linac technology, or on-going revolution in 

high energy electron acceleration techniques

1 GW electron beam using only 100 MW !
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Energy Recovery Linac (green) Technology

https://www.youtube.com/watch?v=6RiYXI1Tfu4  

“Energy Recovery is at the threshold of becoming a key means for the advancement of accelerators. Recycling 
the kinetic energy of a used beam for accelerating a newly injected beam, i.e. reducing the power 
consumption*, utilising the high injector brightness and dumping at injection energy: these are the key 
elements of a novel accelerator concept, invented half a century ago**. The potential of this technique may 
be compared with the finest innovations of accelerator technology such as by Widerøe, Lawrence, Veksler, 
Kerst, van der Meer and others during the past century. Innovations of such depth are rare, and their impact 
is only approximately predictable. The fundamental principles of Energy-recovery linacs (ERLs) have now 
been successfully demonstrated across the globe. There can no longer be any doubt that an ERL can be built 
and achieve its goals.”           -- European Strategy for Particle Physics – Accelerator R&D Roadmap (CERN Yellow Report)
https://arxiv.org/abs/2201.07895 

*) Even by an order of magnitude

**) M. Tigner – A Possible Apparatus for Electron Clashing-Beam 
                 Experiments, Nuovo Cimento 10 (1965) 1228  ⇒⇒

Quite surprising gravitational analogy – note 2036 date  

https://www.youtube.com/watch?v=6RiYXI1Tfu4
https://arxiv.org/abs/2201.07895


K. Piotrzkowski - Białasówka - 22/11/2024 6

ERL@LHeC as Relay Short Track Speed Skating 
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6×ERL@HL-LHC



LHeC Linac-Ring Option: Power & Cost considerations

2 Super Conducting Linacs with Energy Recovery & high current (> 6mA)

Efficient Concept

➔ re-circulation implies cost effective use of the SRF investment 

➔ ERL implies efficient operation and higher performance reach

Two 1 km long SC

linacs in CW operation (Q0 > 1010)

➔ requires Cryogenic system 

      comparable to LHC system!

➔ ca. 9km underground tunnel 

      infrastructure [SPS size] 

O. Bruning – Kraków’24
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Experiment for electron-hadron scattering @ P2

JDH
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Experiment for eh and hh scattering @ P2

In 2022 LoI of ALICE 3 at HL-LHC was released – our paper showed that it is feasible 
to make experiments of

ep vs. pp  AND       eA vs. AA 

with SAME (“ALICE 3e”) detector !
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Experiment for electron-hadron scattering @ P2

https://link.springer.com/article/10.1140/epjc/s10052-021-09967-z 

– The detector is required to have a magnet system consisting of a central solenoid along with a dipole system to 

steer the electron beam allowing for head-on eh collisions at the interaction point; 

– The non-interacting proton/ion beam has to bypass the ep interaction yet to be guided through the same beam 

pipe housing the interacting electron and proton/ion beams; 

– The shape of the beam pipe has to allow for the electron beam generated synchrotron fan to leave the interaction 

region unaffected and with minimal back-scattering; 

– Good vertex resolution implies a small radius and thin beam pipe optimised in view of synchrotron radiation and 

background effects; 

– The tracking and calorimetry in the forward and backward directions are set up to take into account the extreme 

asymmetry of the DIS production kinematics, see [1], with multi-TeV energies emitted in the forward, proton beam 

direction while the electromagnetic and hadron energies emitted backwards are limited by the electron beam energy. 

– Very forward and backward detectors have to be set up to access diffractive produced events and to tag photo- 

production processes besides measuring the luminosity with high precision in Bether–Heitler scattering, respectively. 

https://link.springer.com/article/10.1140/epjc/s10052-021-09967-z
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Experiment for eh (and hh) Scattering @ P2

Huge advantage for eh experiments ⇒ total inelastic cross-section:   

ep ≪ pp

Event pileup is very small/negligible at LHeC

Data streaming aka “no triggering” is possible (as at EIC and ALICE!) 

Much broader class of final states/decay channels is feasible!

Unique capabilities (with about 1000 fb− of collected data in total)
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Electron-Hadron Scattering @ LHC

AA 

Several highlights ⇒⇒



14K. Piotrzkowski - Białasówka - 22/11/2024

DIS @ LHeC

14JDH
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LHeC as Gauge Boson Collider

WW, ZZ and  fusion

(in clean environment)
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(Clean) Higgs factory @ LHeC
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LHeC updates in Praha @ ICHEP2024
The LHeC and FCC-eh experimental program, Jorgen D'Hondt
                    https://indico.cern.ch/event/1291157/contributions/5890135/ 

A detector for future DIS at the energy frontier, Laurent Forthomme
                  https://indico.cern.ch/event/1291157/contributions/5888179/ 

The general-purpose LHeC and FCC-eh high-energy precision programme: Top and EW measurements,
                     Daniel Britzger https://indico.cern.ch/event/1291157/contributions/5896101/ 

Higgs precision physics in electron–proton scattering at CERN, Uta Klein
                    https://indico.cern.ch/event/1291157/contributions/5876815/

Proton and nuclear structure from EIC and HERA to LHeC and FCC-eh,
Claire Gwenlan https://indico.cern.ch/event/1291157/contributions/5876815/ 

High energy  interactions at the LHeC, Krzysztof Piotrzkowski 
https://indico.cern.ch/event/1291157/contributions/5905430/ 

©Wawrzyniec

https://indico.cern.ch/event/1291157/contributions/5890135/
https://indico.cern.ch/event/1291157/contributions/5888179/
https://indico.cern.ch/event/1291157/contributions/5896101/
https://indico.cern.ch/event/1291157/contributions/5876815/
https://indico.cern.ch/event/1291157/contributions/5876815/
https://indico.cern.ch/event/1291157/contributions/5905430/
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Aftermath of two “earthquakes” last winter…

Bottom line

FCC-ee (in 2048) 
vs. 

CEPC (in 2037)

“issue” to be 
resolved by 
end of 2025
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LHeC: staging proposal
[It is likely CEPC funding will be approved in 2025]

LHeC concept is fully developed and is ready to be thoroughly 
considered by ESPP Update as next very big project at CERN

If by 2027 CERN/Europe decide to make LHeC, it seems feasible by 
2036 to get 20 GeV electron beam at IP2 for concurrent ep (or eA) 

collisions at 0.75 TeV, and final “stand-alone” LHeC at 1.2 TeV in 2040s  

In parallel, novel acceleration techniques can be vigorously pursued, as 
acceleration in plasma, or/and concept of multi-TeV muon collider 
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LHeC: staging proposal

If by 2027 CERN/Europe decide to make LHeC, it seems feasible by 
2036 to get 20 GeV electron beam at IP2 for concurrent ep (or eA) 

collisions at 0.75 TeV, providing also perfect LHeC staging

win-win-win for LHC science programme

making unique LHeC science + improving precision of pp experiments 
+ enhancing HI research with Alice 3e [data streaming already in use in Alice!]  
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https://indico.cern.ch/event/1456583/ 

Last week

https://indico.cern.ch/event/1456583/
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LHeC in Run 5
LHeC was conceived to provide eh collisions concurrently to hh collisions at HL-
LHC (at other IPs) ⇒ its schedule defines time constraints

Question:

It is possible to commission eh 
collisions at P2 in 2036?

Proposed answer: yes!

1. By staging LHeC project

2. By accommodating eh 
experiment in “ALICE 3e”

Final stage LHeC from ≈2043 till 2049 
– “bridge” to next big project @CERN
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LHeC: Staging Proposal
If one targets LHeC commissioning in 2036 then staging is necessary

⇒ 20 GeV electron beam offers significant simplifications in design & running:

➢ Center-of-mass energy of 0.75 TeV ensures excellent science

➢ Only one-pass ERL is required with significantly lower power use

➢ Synchrotron Radiation is much softer and simplifies MDI design

➢ Electron beam separation is easier

➢ Very high luminosity might be easier to achieve

ALICE 3 requires rather minor adaptations to accommodate eh physics:
• ALICE is already using data streaming
• Beneficial dipole field at IP2 was considered in ALICE 3 proposal



Electron emittance at 20 GeV is larger by 5/2

with careful emittance tuning and smaller start emittances we should be able 
to stay within emittance regime that allows for compensation of beam optics 
and unchanged luminosity values.

Electron beam current for 1-pass ERL should reach 60 mA – for total current in 

ERL cavities of 120 mA – and luminosity of 1034 cm-2s-1 may be achieved [➝ 500 
fb-1 of data in Run 5?]

High electron longitudinal polarization seems possible as couple of on-going low 
energy experiments are demonstrating

Luminosity (and Polarization) Expectations
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Detector for Electron-Hadron Scattering @ P2

Measurements of eh scattering require very good detectors for scattered 
electrons AND for jets (⇒ HCAL)

Bending power for electron separation of about 1 Tm is needed, but can be also 
done with off-axis/combined function electron quadrupoles

Precise electron-hadron luminosity measurements will directly follow EIC design

“Triggerless” data streaming is essential

  To be released very soon ⇒
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LHeC: Summary
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LHeC: Summary

LHeC will complete the HL-LHC science in profound & 
relevant ways – in QCD, HF, top, Higgs & Electroweak sectors

In addition, PDF determined at LHeC will significantly decrease 
systematic uncertainties of pp experiments at HL-LHC  

LHeC offers practically ideal conditions for studying high energy  interactions 
(and other exclusive processes) and will open new era in eA studies

NEW detector and beamline designs have been developed for P2, accommodating 
both eh and hh collisions (⇒ stage 1 LHeC “includes” ALICE 3)
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LHeC: personal outlook

Extracting best science at LHC is our duty – LHeC will open vast fields of 
research and significantly strengthen concurrent hadron-hadron 

research at cost of HL-LHC! 

Join us! For example, by checking how much your HL-LHC research 
would profit from LHeC!

 Or just help it happen…remember – ESPP update will shape HEP for next 25 years and 

Poland is contributing to CERN budget 40M CHF each year! 

Reminder: LHeC has been driving developments of green ERL technology for future colliders 

[very appropriate response to demands of our time] ⇒ strong hadron cooling at EIC, new 
designs of Next Linear Collider & electron beam injector for FCC-ee + electron beam for FCC-eh
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Thank you for attention!
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For interested…

Two very well financed four-year scholarships for doctoral students are available at 
AGH from October 2025, dedicated to the LHeC (and CMS) research – one more 
phenomenology- and one more detector-oriented

Contact:  piotrzkowski@agh.edu.pl 

In addition, up to six-months LHeC project positions (including extended stays at 
CERN) can be offered to both undergraduate and graduate candidates – starting from 
January 2025!
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Backup slides
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Experiment for eh and hh scattering @ P2

“As described above in Sect. 

4.6, the new accelerator optics 

is able to provide collisions for 

eh and hh configurations in 

the same interaction point. As 

a consequence and if confirmed 

by further study, IP2 could 

indeed house one, common 

multi-purpose detector serving 

for all of these, mostly related 

physics programs, of ep, pp, eA, 
pA and AA interactions, with 

high precision and large 

acceptance, and the unique 

advantage for cross-calibration 

of performance and physics.“
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Electron-Hadron Scattering @ LHC
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eA scattering at LHeC

Unprecedented access to (x,Q2) 
kinematic plane in eA: 

• coverage extended with respect to 

EIC by up to 2 orders of magnitude

• DIS with nuclei down to and below 

x = 10-5 in perturbative regime ⇒    

⇒ saturation scale (non-linearities) 

in fully perturbative regime 



Tiziana Von Witzleben @ Synergy Workshop
ep/eA, CERN 1.3.2024

K. Piotrzkowski - Białasówka - 22/11/2024 36



Tiziana Von Witzleben @ Synergy Workshop
ep/eA, CERN 1.3.2024
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Advancing the ERL Concept

Need to demonstrate 
scalability!
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Summary LHeC / FCC-eh

• Unique machine for exploring the TeV Center of Mass region of HEP with ep

• Maximum Infrastructure exploitation of the LHC and FCC!

• Moderate cost – [compared to ILC, CLIC or FCC]

• Unique oportunity – no other machine can provide ep @ TeV CME

• Technology driver with many spin off benefits – ERL & SRF

    ➔ Sustainable accelerator operation!

• Unique physics program

• Modular design with several operation phases! 

    ➔ LHeC, FCC-ee injector, FCC-eh
O. Bruning – Kraków’24
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LHeC demonstrator: Powerful ERL for Experiments (PERLE) 

K. Piotrzkowski - Białasówka - 22/11/2024
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Nuclear particle physics with electron–ion scattering at 
the LHeC 

• “The LHeC will be able to test and establish or exclude the phenomenon of parton saturation at 

low x in protons and nuclei. […] The LHeC will be a unique machine with which to address both 

of their variations, such that the saturation concepts can be precisely tested.”

• “LHeC machine in eA mode will have a huge impact on physics explored in pA and AA 
collisions, see section 9.7, where it will provide vital input and constraints on the ‘baseline’ initial 

state in nuclear collisions and measurements of the impact of a cold nuclear medium on hard 

probes and the effects of hadronisation. It will also explore the effect of the initial-state 

correlations on the final-state observables, which are relevant in order to understand collectivity 

in small systems explored in pp or pA collisions.”

• “The measurements of diffraction of protons and nuclei as well as the inclusive structure 

functions in the nuclear case will allow us to explore the very important relation between nuclear 

shadowing and diffraction […]

• Similarly to the proton case, DVCS and exclusive vector-meson production will provide unique 

insight into 3D nuclear structure.”

https://iopscience.iop.org/article/10.1088/1361-6471/abf3ba 

https://iopscience.iop.org/article/10.1088/1361-6471/abf3ba
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