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The Electron-Ion Collider (EIC)
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ePIC: currently >850 collaborators, 171 institutions, 24 countries 
Germany: GSI, KIT, Wuppertal  

32 German users (theory, experiment, accelerator)



- Christian Schwanenberger -High-energy  & High-lumi ep/eh scattering German strategy workshop “The Future on Collider Physics

Physics questions to be addressed at EIC
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Linac-Ring Collider, LHeC and FCC-eh
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LHeC

FCC CDR:
Eur. Phys. J. C 79, no. 6, 
474 (2019) - Physics
Eur. Phys. J. ST 228, no. 
4, 755 (2019) - FCC-hh/eh

Lint = 1-2 ab-1 (1000×HERA!)
• operated synchronously with HL-LHC

• operated 
synchronously 
with FCC-hh

LHeC CDRs: 
arXiv:1206.2913, J. Phys. G 39 075001 (2012) 
arXiv:2007.14491, J. Phys. G 48, 11, 110501 (2021)

Energy Recovering Linac (ERL)
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The Large Hadron-Electron Collider at the HL-LHC
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5 pages summary:

https://cds.cern.ch/record/2729018/files/ECFA-Newsletter-5-Summer2020.pdf 

acce
pted

O. Brüning, M. Klein 

Eur. Phys. J. C 82 (2022) 1, 40

Max Klein 
1951-2024

White Paper coming soon…



- Christian Schwanenberger -High-energy  & High-lumi ep/eh scattering German strategy workshop “The Future on Collider Physics

Deep Inelastic Scattering at the Energy Frontier

6

deliveries of ep/eA

Wide-ranging deep 
physics programme

•  cleanest high resolution microscope: 
QCD discovery 


•  empowering the LHC/FCC search 
program

•  precision Higgs facility together with 
LHC/FCC-hh

• precision and discovery facility (top, 
EWK, BSM)

•  unique nuclear physics facility 
• precision proton PDFs including low x 

parton dynamics in ep, eA
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Deep Inelastic Scattering at the Energy Frontier
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•  cleanest high resolution microscope: 
QCD discovery 


•  empowering the LHC/FCC search 
program

•  precision Higgs facility together with 
LHC/FCC-hh

• precision and discovery facility (top, 
EWK, BSM)

•  unique nuclear physics facility 
•  precision proton PDFs including low x 

parton dynamics in ep, eA

deliveries of ep/eA

Wide-ranging deep 
physics programme
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Short recap of physics programme
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High precision ep 
measurements 
used as input in 
LHC analyses for 
their improvements

ep measurements to considerably 
improve LHC physics output, e.g. in 
final combinations

LHC  
physics program

in
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ns

ep-physics

ep analyses with sensitivity 
complementary to LHC 
analyses to complete the 
overall LHC physics program
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High precision ep 
measurements 
used as input in 
LHC analyses for 
their improvements

LHC  
physics program

in
pu

t

co
m

pl
em
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ep-physics

→ Empowerment of LHC 
program   
→ Input to pp physics analyses 
improving sizable uncertainties 
and limitations 

Synergies between LHeC and HL-LHC physics
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Parton Density Functions

BSM (pp)

Higgs (pp)

saturation

u d

g

g

PDF

not constrained 
by HERA

W mass uncertainty prospects @ HL-LHC

Contact Interactions @ HL-LHC up to 
factor 1.7

BSMEWK

ATL-PHYS-PUB-2018
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ep measurements to considerably 
improve LHC physics output, e.g. in 
final combinations

LHC  
physics program

in
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t
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ep-physics

→ Competitive precision of 
measurements and 
combination of results 
→ uncorrelated uncertainties 
→ resolve correlations in 
parameters of interest  
→ resolve common/
correlated uncertainties 
between ATLAS&CMS 
→ empowers global fits

Synergies between LHeC and HL-LHC physics
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Higgs coupling combinations in κ-framework
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CC(e-p)

LHC
ep+pp

1%
➞ adding electrons 

makes the LHC a Higgs 
precision facility

we profit from 
diversity through
complementarity

Higgs SMEFT coupling 
combinations profit from 
diversity: ee, ep, and pp 

Higgs BSM



- Christian Schwanenberger -High-energy  & High-lumi ep/eh scattering German strategy workshop “The Future on Collider Physics 13

ep analyses with sensitivity 
complementary to LHC 
analyses to complete the 
overall LHC physics program

LHC  
physics program

in
pu

t

co
m

pl
em

en
ta

rit
y

co
m

bi
na

tio
ns

ep-physics
→ high precision QCD analyses 
→ high precision measurements 
of specific parameters 
 → searches in complementary 
phase space regions

Synergies between LHeC and HL-LHC physics
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SM parameters: strong coupling and Vtb
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LHeC

➞ unprecedented precision

QCD

Unprecedented 
precision < 1%

Dutta, Goyal, Kumar, 
Mellado, arXiv:1307.1688
Kumar, Ruan, to be publ.

LHeC 100 fb-1 1.000±0.01 
(expected)

Top
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Possible site: “Bridge” between major colliders @ CERN
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J. d’Hondt
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Possible site: “Bridge” between major colliders @ CERN
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Possible site: “Bridge” between major colliders @ CERN
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Possible site: “Bridge” between major colliders @ CERN
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J. d’Hondt
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Time schedule
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I am not sure what update one would expect wrt to those numbers for the ESPP update, apart from cost index variation application?

Staged Scenario:                    Installation                       Running at 15 mA (e beam) 

Running at 25 mA (e beam)                  Running at 50 mA (e beam) 

- 𝑒±𝑝 50 GeV x 7 TeV with lepton polarization +0.8 / 0 / -0.8 

- 𝑒𝐴 50 GeV x 2.76 TeV at 10 fb-1 per year

… integrated lumi of 180 fb-1 per year  
à 1 ab-1 total target in a few yearsScenario: Running in standalone ep mode 
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Status of the facility: Energy Recovery Linacs (ERL)
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• Demonstrating ERL: scalability is critical path
• Prototype (PERLE @ IJCLab / Orsay) implementation started
• First stage (one turn) by 2028, 3 turns in 2029

multi-turn ERL based 
on SRF technology
(3-turns, 500 MeV, 20 mA)

→ first 10 MW 
    ERL facility 

CDR: J. Phys. G 45 (2018) 6, 065003
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R&D Need: Detector Design
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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

FCC-eh: 19m x 12m

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 (e.g. Particle ID)
- not particularly well integrated or optimized
… synergies with EIC, LHCb, ALICE3, future lepton colliders still to be explored

Eur. Phys. J. C 82 (2022) 1, 40
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Organisational structure  / Political organisation

LHeC / FCC-eh study group: 337 collaborators (CDR), 156 institutes (9 German) from 6 continents 

• CERN support with the mandate for the ep/eA@CERN study group
• It can be expected that the large EIC community can engage in a natural way in the LHeC, but also ATLAS/
CMS communities or Heavy Ion community with eA collisions in mind

• German leadership with HERA and ERL research in bERLinPro (HZB), S-DALINAC (Darmstadt), MESA (Mainz)

https://indico.cern.ch/e/LHeCFCCeh
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Estimates of sustainability
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➞  aspects of sustainability are 
being collected and reviewed 
by a dedicated working group 
of the LDG (Lab Directors 
Group), in due time this report 
will become public

• ‘sustainable’ 
acceleration:
~100 MW (similar to 
LHC today)

• green technology
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Costs and personpower
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• 1-1.8 BCHF: in 10 years means ~8-14% of the 
CERN annual budget

• detector: ~few x 100 MCHF, presumably mostly 
coming from contributions via an experimental 
collaboration, so not core CERN funds 

• Considering electricity price of 0.1CHF/kWh: 
additional operation cost for the LHeC at around 
15MCHF to 30MCHF per year (similar to LHC)

• accelerator implementation: total personpower 
need of ca. 2500 Person Years (2300 of CERN 
staff plus personpower from international 
collaborations)

• operating the LHeC: with only one experimental 
insertion of one proton beam and ERL facility is 
comparable to the needs of to HL-LHC with two 
proton beams and 4 experimental insertions

costs: 2018

CERN-ACC-2018-0061, ATS report approved by 
director of accelerators, Frederick Bordry
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• EIC is happening: from mid 2030s it will transform our understanding of nucleon and nuclear 
structure, scientifically complementing past / future energy frontier DIS facilities

• LHeC as a bridge between HL-LHC and FCC-ee that supports technological development and 
offers a wide-ranging deep physics programme 

• LHeC would also be a natural bridge between HL-LHC and FCC-hh/HE-LHC, with impactful 
physics to empower the high-energy pp physics

• LHeC is not the next major collider for CERN
• LHeC could be an impactful final upgrade to LHC… 
  - potentially ‘affordable’ on required timescale
  - technically realisable for late 2030s (ERL technology = critical path)
  - extending energy frontier sensitivity within a few years of running
  - complementing and enabling HL-LHC programme, keep communities alive
  - ensuring continuity of collisions and scalar sector exploration in the 2040s at CERN
  - exploring SRF (802 MHz as FCC-ee), ERL options & detector technologies

Conclusions

26

… as a testing ground (injector?) for a future major facility
The LHeC offers an achievable bridging project for CERN, with an impactful physics 
programme, including further empowerment of the LHC and exploration of the scalar sector.
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Backup
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Running scenarios considered in CDR

28

P. Newman
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LHeC Detector Design
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• large acceptance, precision device: design is determined by kinematics and high precision 
demands as from the H→bb reaction in CC

• low radiation (1/100 that of pp) enables sensitive technology such as HV CMOS to be used  
• the need to ensure head-on ep collisions introduces a long, low field dipole to be inserted 

before the HCAL, the solenoid is a rather conventional magnet
• complemented by forward (p,n) and backward (e, γ) tagging detectors

due to modular structure]

Eur. Phys. J. C 82 (2022) 1, 40

forward-backward 

symmetrise
d detector permits 

alternately eh and hh physics
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LHeC Detector Design
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Timeline of Future Colliders in European Strategy
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CERN/ESG/05b

extracted from 
submitted inputs 
by U. Bassler



- Christian Schwanenberger -High-energy  & High-lumi ep/eh scattering German strategy workshop “The Future on Collider Physics

Energy Recovering Linac (ERL)
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•LHeC Configuration reduced from 60 to 50 GeV

•LINAC: 112 cryomodules with 4 cavities each 
 ➞ total number of cavities: 896 [ILC: O(104)]

• configuration may be staged with less RF

• tunnel is small part of cost and better not reduced further, synchrotron loss, upgrades…

• ERL reduces power to ≪ GW and dumps at < GeV 

➞ novel, “green” revolutionary accelerator technology and save energy

LHeC/FCC-eh: needs high luminosity, high energy:  
High ERL power facility P=Ie Ee 

• high quality Superconducting 
Radio Frequency: 802 MHz	

• first 5-cell Niobium cavity 
built at JLAB: Q0 ≃ 3∙1010	

• high current sources	

• multiturn (3 passes) to reach high Ee 
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Linac-Ring Collider, LHeC and FCC-eh
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e beam: 50, 60 GeV

Energy Recovering Linac

• operated synchronously with HL-LHC: 
   e beam: 50 GeV × p beam: 7 TeV:    
   √s=1.2 TeV
• operation: 2035+
• cost: O(1) BCHF
• luminosity of 1034 cm-2s-1

Lint = 1-2 ab-1 (1000×HERA!)

FCC-eh

LHeC

LHeC CDRs: 
arXiv:1206.2913, J. Phys. G 39 075001 (2012) 
arXiv:2007.14491, J. Phys. G 48, 11, 110501 (2011)

FCC CDR:
Eur. Phys. J. C 79, no. 6, 
474 (2019) - Physics
Eur. Phys. J. ST 228, no. 
4, 755 (2019) - FCC-hh/eh

• operated synchronously with FCC-hh: 
   e beam: 60 GeV × p beam: 50 TeV: 
    √s=3.5 TeV
• operation: 2045+
• cost: O(1-2) BCHF
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New idea to combine LHeC and A3

35

arXiv:1902.01211
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New idea to combine LHeC and A3
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arXiv:1902.01211
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Energy Recovering Linac (ERL)
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•LHeC Configuration reduced from 60 to 50 GeV

•LINAC: 112 cryomodules with 4 cavities each 
 ➞ total number of cavities: 896 [ILC: O(104)]

• configuration may be staged with less RF

• tunnel is small part of cost and better not reduced further, synchrotron loss, upgrades…

• ERL reduces power to ≪ GW and dumps at < GeV 

➞ novel, “green” accelerator technology and save energy

LHeC/FCC-eh: needs high luminosity, high energy:  
High ERL power facility P=Ie Ee 

• high quality Superconducting 
Radio Frequency (Q0 > 1010)	

• high current sources	

• multiturn to reach high Ee 

Technical Synergies of LHeC with other applications 
• operate the ILC as an ERL: boost luminosity to 1036 cm-2s-1 

Vladimir Telnov at the March 21 LCWS  

• 	SAPPHIRE: a γγ collider : Higgs, EWK and QCD machine  
F. Zimmermann et al., arXiv:1208.2827  

• 	Racetrack as an injector into FCC-ee [direct into Z]  
O. Bruening, Y. Papaphilippou  

• 	HeC-FEL  
F. Zimmermann et al., work in progress  

• 	Injector into FCC-hh  
R. Calaga  

• 	Proposal of ERL Version of FCC-ee for high Lumi at high Ee  
V Litvinenko, T Roser, M Chamizo-Llatas arXiv: 1909.04437  

• 	802 MHz technology: PERLE, FCC-ee, eSPS  
F Marhauser, B Rimmer et al.  

• 	704 MHz SPL Cryomodule (CERN) modified for PERLE  
F Gerigk, E Jensen et al.  

• ALICE (Daresbury) Gun delivered to Orsay for PERLE  
D Angal-Kalinin, B Militsyn et al.  

• 	JLEIC Booster (Jlab) likely to be used in PERLE  
F Hannon, B Rimmer et al.  

• 	Forward Calorimetry: FCC-hh and ee colliders / CALICE… 

• 	Inner Tracker/CMOS: ee colliders, new HI detector at IP2  

• 	... 
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Powerful ERL for Experiments (PERLE) @ Orsay
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Chris Tennant (JLab)

CDR: 1705.08783, J. Phys. G
CERN-ACC-Note-2018-0086 (ESSP)

Ie=20mA

802 MHz SRF
3 turns 

→ first 10 MW ERL facility 

PERLE Collaboration (2021): CERN, Cornell, Daresbury, 
JLab, Liverpool, Novosibirsk (BINP), Orsay (IJC) 
• Technology Development Facility at 500 MeV at Orsay for 
development of ERL with LHeC conditions

• high luminosity particle and nuclear physics experiments

• part of global ERL Developments
(Roadmap end of 2021)

• synergies: ERL Concepts for FCC-ee and ILC

➞ high precision elastic ep scattering,  
photo-nuclear reactions, …
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Further developments

39

Max Klein
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LHeC IR modified for dual purpose

40

Max Klein
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Technical synergy

41

Max Klein



- Christian Schwanenberger -High-energy  & High-lumi ep/eh scattering German strategy workshop “The Future on Collider Physics

Combined A3 - LHeC Tracker

42

P. Kostka
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Powerful ERL for Experiments (PERLE) @ Orsay
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CDR: 1705.08783, J. Phys. G
CERN-ACC-Note-2018-0086 (ESSP)

Status: see talk by
Achille Stocchi, 05/05

PERLE Collaboration (2021): CERN, Cornell, Daresbury, JLab, Liverpool, Novosibirsk (BINP), Orsay (IJC) 

• Technology Development Facility at 500 MeV at Orsay for 
development of ERL with LHeC conditions

• high lumi particle and nuclear physics experiments
• part of global ERL developments: included in Europ. 

 Strategy roadmap (ESPP) on Accelerators R&D
• synergies: ERL Concepts for FCC-ee and ILC
➞ high precision elastic ep scattering,  

photo-nuclear reactions, …
First PERLE Physics Workshop: 

09.05.2022 (by invitation)
arXiv:

2201.07895
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Powerful ERL for Experiments (PERLE) @ Orsay
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CDR: 1705.08783, J. Phys. G
CERN-ACC-Note-2018-0086 (ESSP)

Ie=20mA

Ee=500 MeV 

802 MHz SRF
3 turns 

→ first 10 MW ERL facility 

PERLE Collaboration (2021): CERN, Cornell, Daresbury, JLab, Liverpool, Novosibirsk (BINP), Orsay (IJC) 

Status: see talk by
Achille Stocchi, 05/05

• Technology Development Facility at 500 MeV at Orsay for 
development of ERL with LHeC conditions

• high lumi particle and nuclear physics experiments
• part of global ERL developments: included in Europ. 

 Strategy roadmap (ESPP) on Accelerators R&D
• synergies: ERL Concepts for FCC-ee and ILC
➞ high precision elastic ep scattering,  

photo-nuclear reactions, …
arXiv:

2201.07895
First PERLE Physics Workshop: 

09.05.2022 (by invitation)
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LHeC Calorimeter Design
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LHeC Tracker Design

46



- Christian Schwanenberger -High-energy  & High-lumi ep/eh scattering German strategy workshop “The Future on Collider Physics

Detector technologies build on LHC and EIC
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inform future lepton colliders 
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Conclusions
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➞ let’s make it a diverse one

Yulia Furletova, DIS 2018, Kobe
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Physics Results Backup
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Determination of the strong coupling

50

➞ considerable improvement of world average

• αs is least known 
coupling constant

LHeC

LHeC CDRs and 
arXiv:2203.08271 

• αS from fits to ep jet production LHeC

QCD
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SM parameters: strong coupling and sin2θW
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EWK

➞ probe large range of scale dependence

LHeC CDR, 
J.Phys. G39, 
075001 (2012)

PERLE CDR, 
CERN-ACC-NOTE-2018-0086

arXiv:2203.06237 

LHeC

➞ unprecedented precision

QCD
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Parton Density Functions
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u d
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Parton Density Functions
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Higgs (pp)

u d

g

g
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Parton Density Functions
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BSM (pp)

Higgs (pp)

u d

g

g
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Parton Density Functions
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LHeC provides a single, coherent base for 
PDF determination to N3LO, as pure and 
complete as only DIS can deliver

BSM (pp)

Higgs (pp)

saturation

u d

g

g
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Parton Density Functions

56

BSM (pp)

Higgs (pp)

saturation

u d

g

g

uncertainties 
on the gluon
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Parton Density Functions
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BSM (pp)

Higgs (pp)

saturation

u d

g

g

uncertainties 
on the gluon
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Parton Density Functions

58

BSM (pp)

Higgs (pp)

saturation

u d

g

g

uncertainties 
on the gluon
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Parton Density Functions
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BSM (pp)

Higgs (pp)

saturation

u d

g

g

PDF

not constrained 
by HERA

QGP

● High-energy and high-density measurements of heavy ion collisions 
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Determination of  the strong coupling
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➞ unprecedented precision

• αS from fits to ep jet production

• αs is least known 
coupling constant

LHeC

LHeC CDRs and 
arXiv:2203.08271 

QCD
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Determination of the strong coupling

61

➞ considerable improvement of world average

• αs is least known 
coupling constant

LHeC

LHeC CDRs and 
arXiv:2203.08271 

• αS from fits to ep jet production LHeC

QCD
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Uncertainties for inclusive Higgs boson production cross section 
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arXiv:1902.00134 [hep-ph]

imprecise knowledge of the strong coupling 
constant and of parton distribution functions 
combined in quadrature 

Missing higher-order effects of 
QCD corrections beyond N3LO

Missing higher-order effects of electroweak 
and mixed QCD-electroweak corrections at 
and beyond O(αS α)

Effects due to finite quark masses 
neglected in QCD corrections beyond NLO 

Mismatch in the perturbative order of 
the parton distribution functions (PDF) 
evaluated at NNLO and the perturbative 
QCD cross sections evaluated at N3LO 
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Uncertainties for inclusive Higgs boson production cross section 
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arXiv:1902.00134 [hep-ph]

imprecise knowledge of the strong coupling 
constant and of parton distribution functions 
combined in quadrature 

Missing higher-order effects of 
QCD corrections beyond N3LO

Missing higher-order effects of electroweak 
and mixed QCD-electroweak corrections at 
and beyond O(αS α)

Effects due to finite quark masses 
neglected in QCD corrections beyond NLO 

Mismatch in the perturbative order of 
the parton distribution functions (PDF) 
evaluated at NNLO and the perturbative 
QCD cross sections evaluated at N3LO 
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High Mass Searches at the LHC via EFT
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➞ considerable improvement (up to factor 1.7) in reach of 
new physics mass scale using LHeC PDFs and αs 



- Christian Schwanenberger -High-energy  & High-lumi ep/eh scattering German strategy workshop “The Future on Collider Physics

Deep Inelastic Scattering and EKW observables 
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Effective electroweak mixing angle
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Precision of W mass and effective electroweak mixing angle

67

W mass uncertainty prospects @ HL-LHC
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Precision of W mass and effective electroweak mixing angle
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W mass uncertainty prospects @ HL-LHC
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Precision of W mass and effective electroweak mixing angle
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W mass uncertainty prospects @ HL-LHC sin2𝛳W prospects @ HL-LHC
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Precision of W mass and effective electroweak mixing angle
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W mass uncertainty prospects @ HL-LHC sin2𝛳W prospects @ HL-LHC

LHeC PDFs will shrink uncertainties in HL-LHC measurements of many 
(not only electroweak) parameters dramatically
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Indirect Determination of Higgs Mass
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LHeC PDFs will shrink uncertainties in HL-LHC measurements of many 
(not only electroweak) parameters dramatically
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Higgs physics at the LHeC
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CC(e-p)

DELPHES
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Higgs physics at the LHeC
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CC(e-p)

DELPHES
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Higgs coupling combinations in κ-framework
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CC(e-p)

LHC
ep+pp

1% ➞ adding electrons 
makes the LHC a Higgs 

precision facility

final plot 7.5 CDR

DELPHES
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Higgs coupling combinations in κ-framework
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CC(e-p)

LHC
ep+pp

1%
➞ adding electrons 

makes the LHC a Higgs 
precision facility

we profit from 
diversity through
complementarity

DELPHES
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Higgs coupling combinations in κ-framework
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CC(e-p)

LHC
ep+pp

1%
➞ adding electrons 

makes the LHC a Higgs 
precision facility

we profit from 
diversity through
complementarity

DELPHES

more projects on the way: e.g. joint ep-pp 

simulation analysis of the prospects to 

access di-Higgs production 
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SMEFT fit results after FCC era
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Higgs SMEFT coupling 
combinations profit from 
diversity: ee, ep, and pp 
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Higgs coupling combinations in κ-framework
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CC(e-p)

DELPHES

LHC
ep+pp

1%

we profit from 
diversity through
complementarity

➞ adding electrons 
makes the LHC a Higgs 

precision facility

Higgs
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SMEFT fit results after FCC era
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Higgs SMEFT coupling 
combinations profit from 
diversity: ee, ep, and pp 

Higgs BSM
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ep analyses with sensitivity 
complementary to LHC 
analyses to complete the 
overall LHC physics program

LHC  
physics program

in
pu

t

co
m

pl
em

en
ta

rit
y

co
m

bi
na

tio
ns

ep-physics
→ high precision QCD analyses 
→ high precision measurements 
of specific parameters 
 → searches in complementary 
phase space regions

Synergies between LHeC and HL-LHC physics
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Electroweak Fermion Couplings and SMEFT couplings

81

Britzger, Klein, Spiesberger, 
Eur.Phys.J.C 80 (2020) 831



- Christian Schwanenberger -High-energy  & High-lumi ep/eh scattering German strategy workshop “The Future on Collider Physics

Electroweak Fermion Couplings and SMEFT couplings
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Britzger, Klein, Spiesberger, 
Eur.Phys.J.C 80 (2020) 831
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Electroweak Fermion Couplings and SMEFT couplings
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Britzger, Klein, Spiesberger, 
Eur.Phys.J.C 80 (2020) 831

Electroweak physics of 1st generation quarks are 
largely inaccessible in other colliders 
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Electroweak Fermion Couplings and SMEFT couplings

84

FCC-eh and LHeC will improve upon existing 
precision electroweak bounds in SMEFT parameter 
space in many cases, also for correlations 

Britzger, Klein, Spiesberger, 
Eur.Phys.J.C 80 (2020) 831

Bissolotti, Boughezal, Simsek, 
arXiv:2306.05564

Electroweak physics of 1st generation quarks are 
largely inaccessible in other colliders 
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EWK Fermion Couplings and SMEFT couplings
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FCC-eh and LHeC will improve upon existing 
precision electroweak bounds in SMEFT parameter 
space in many cases, also for correlations 

Britzger, Klein, Spiesberger, 
Eur.Phys.J.C 80 (2020) 831

Bissolotti, Boughezal, Simsek, 
arXiv:2306.05564

Electroweak physics of 1st generation quarks are 
largely inaccessible in other colliders 

EWK BSM
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Scale Dependence of sin2θW
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EWK

➞ probe large range of scale dependence

LHeC CDR, 
J.Phys. G39, 
075001 (2012)

PERLE CDR, 
CERN-ACC-NOTE-2018-0086

BSM

arXiv:2203.06237 
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Constraints on New Physics
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➞ high sensitivity to NP
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Expected measurements of Wtb couplings

88

Dutta, Goyal, Kumar, Mellado, 
arXiv:1307.1688
Kumar, Ruan, to be publ.

LHeC
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Expected measurements of Wtb couplings
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Unprecedented 
precision < 1%

Dutta, Goyal, Kumar, Mellado, 
arXiv:1307.1688
Kumar, Ruan, to be publ.

LHeC 100 fb-1 1.000±0.01 
(expected)
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Expected measurements of Wtb couplings

90

Unprecedented 
precision < 1%

Dutta, Goyal, Kumar, Mellado, 
arXiv:1307.1688
Kumar, Ruan, to be publ.

Probing SM prediction directly for the first time

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019) H. Sun PoS DIS 2018, 167 (2018)

LHeC 100 fb-1 1.000±0.01 
(expected)
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Expected measurements of Wtb couplings
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Unprecedented 
precision < 1%

Dutta, Goyal, Kumar, Mellado, 
arXiv:1307.1688
Kumar, Ruan, to be publ.

Probing SM prediction directly for the first time

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019) H. Sun PoS DIS 2018, 167 (2018)

Top BSM
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Top Quark Yukawa Coupling and CP Nature

92

• LC: analysis of 
CP nature profits 
from direct 
production at 
high energies
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Anomalous FCNC tuγ, tuZ Couplings

93

test exotic models 
leading to FCNC
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FCNC Branching Ratios at Colliders

  7−10 6−10 5−10 4−10 3−10 2−10 1−10
Branching fraction

Zu→t

Zc→t

gu→t

gc→t

uγ→t

cγ→t

hu→t

hc→t

2HDM(FV) 2HDM(FC) MSSM
RPV RS HL-LHC
FCC-ee FCC-eh FCC-hh
LHeC ILC/CLIC

-17 10×7 [10]
-17 10×7 

[9]

-14 10×1 [8]
-14 10×1 

[9]

-14 10×4 [7]
-14 10×4 

[6]

-12 10×5 [7]
-12 10×5 

[6]

-16 10×4 [5]
-16 10×4 

[4]

-14 10×5 [5]
-14 10×5 

[4]

-17 10×2 [3]
-17 10×2 

[2]

-15 10×3 [1]
-15 10×3 

[2]

SM

  ATLAS   CMS95% CL upper limits
[1] EPJC 84 (2024) 757

[2] arXiv:2407.15172[3] PLB 842 (2023) 137379
[4] PRD 109 (2024) 072004

[5] EPJC 82 (2022) 334 [6] JHEP 02 (2017) 028
[7] CMS-PAS-TOP-17-017

[8] PRD 108 (2023) 032019[9] JHEP 07 (2017) 003

all other processes are zero
Each limit assumes that

from arXiv:1311.2028
Theory predictions
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➞ test SUSY, little 
Higgs, technicolor...

2 ab-1

FCC-pp

FCC CDR, Eur. Phys. J. C 79, 
no. 6, 474 (2019), updated by 
K. Skovpen, 10/2024

FCC-ee

FCC-eh

ILC/CLIC
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FCNC Top Quark Couplings
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complementarity 
of colliders

test little Higgs, 
SUSY, 
technicolor, …
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Complementary searches for new phenomena
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… and much more
LHeC and FCC CDRs: and several dedicated publications 
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Complementary searches for BSM: heavy sterile neutrinos
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Search for heavy sterile neutrinos
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  History mtop vs. MW
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  History mtop vs. MW

today

➞ agreement with the SM
100

MW=80370±19 MeV

using world average for mt
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LINAC at Stanford
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Max Klein
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Conclusions: Statement of the IAC to DG

102

J. Phys. G 48, 11, 110501 (2011)

➞ LHeC/FCCeh developments are part of detector and accelerator roadmaps 
➞ PERLE a key part of the ERL development
➞ exciting rich programme for the coming years that substantially strengthens HL-LHC 
➞ is established and for us to shape https://lhec.web.cern.ch/


