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3. Summary.
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QCD at the LHeC.
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• Two-photon processes in future electron-hadron facilities, 
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LHeC FCC-eh

PERLE

DIS at s ≃ 1.2/2.2/3.5 TeV, ∫ ℒdt ∼ 1 − 2 ab−1 ∼ 1000 × HERA

ep P=±0.8 ( )e−

QCD at the LHeC: 1. Introduction.
1810.13022
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PERLE
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Detectors:
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➜ Large acceptance, precision 
device: design determined by 
kinematics (  in CC).

➜ Low radiation (1/100 that of 
pp) enables sensitive 
technology such as HV CMOS 
to be used.

➜ Low field dipole inserted 
before the HCAL to ensure 
head-on ep collision; 
conventional solenoid.

➜ Forward (p,n) and backward 
(e, γ) tagging detectors.

H → bb̄

➜ Modular structure for fast installation, fitting inside the L3 magnet in IP2.
➜ Forward-backward symmetrised version would allow eh and hh 
collisions in the same IP (2201.02436).

L=13.2 m [ FCC-eh: 19.3, about CMS size]

R=4.8 m
[FCC-eh: 6.2]

QCD at the LHeC: 1. Introduction.



Summary of physics:
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● ep/eA colliders are the cleanest High Resolution 
Microscope: 

➜ Precision and discovery in QCD;
➜ Study of EW / VBF production, LQ, multi-jet final 
states, forward objects,…

● Empower the LHC Search Programme (e.g., PDFs, 
EW measurements).
● Transform the LHC into a precision Higgs facility.
● Unique and complementary discovery potential of 
BSM particles (prompt and long-lived).

● It is also a  facility.

● Overall: a unique Particle and Nuclear 
Physics Facility.

γγ
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DIS Xsections

● ep/eA colliders are the cleanest High Resolution 
Microscope: 

➜ Precision and discovery in QCD;
➜ Study of EW / VBF production, LQ, multi-jet final 
states, forward objects,…

● Empower the LHC Search Programme (e.g., PDFs, 
EW measurements).
● Transform the LHC into a precision Higgs facility.
● Unique and complementary discovery potential of 
BSM particles (prompt and long-lived).

● It is also a  facility.

● Overall: a unique Particle and Nuclear 
Physics Facility.

γγ



QCD: parton densities

9 N. Armesto, 11.07.2025

● For the 1st time, complete resolution of flavour and gluon parton substructure in single system/
experiment, in unprecedented kinematic range (no higher twists or nuclear corrections,…).

● PDFs and  crucial for HL-LHC: high precision electro-weak, Higgs measurements 
(e.g. remove essential part of QCD uncertainties of gg→H), extension of high mass 
search range, non-linear low x parton evolution: saturation.

αs

s

c b

QCD at the LHeC: 2. QCD.
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Longitudinal structure function
gg

gg qq̄

qq̄



QCD:  and small xαs
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DGLAP fit to 
DGLAP 
pseudodata

DGLAP fit to 
saturation 
pseudodata

● Breaking of standard factorisation: resummation 
and new non-linear regime of QCD, implications for 
FCC (e.g., gg→H).

●  to per mille accuracy (incl.+jets):αs

Δαs(MZ) (incl . DIS) = ± 0.00022(exp+PDF)

Δαs(MZ) (incl . DIS & jets) = ± 0.00016(exp+PDF)

QCD at the LHeC: 2. QCD.
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FDGLAP
L − Fsaturation

L

Fsaturation
L

proton gold



Implications: Higgs
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● PDFs+  
measurements at 
the LHeC reduce 
very strongly the 
corresponding 
uncertainties in the 
Higgs cross section.

αs

● Also constrains 
the mass in the 
SM indirectly in 
EWK fits (mostly 
effect of ).mW

● Sizeable effect of the type of factorisation at small x.

1805.08785

QCD at the LHeC: 2. QCD.



eA:
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● eA collisions at LHeC/FCC-eh: region 
presently explored in DIS extended by ~4 
decades down in x and up in Q2.

● Determination of inclusive and diffractive 
nuclear parton densities for a single nucleus, 
with flavour unfolding.

● Studies of 3D structure.

● Saturation (ep & eA, nuclear enhancement).

● Flavour dependent anti shadowing, Gribov 
relation with diffraction,…
with strong implications on the pA/AA 
programmes at the HL-LHC and FCC-hh.

QCD at the LHeC: 2. QCD.
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● eA collisions at LHeC/FCC-eh: region 
presently explored in DIS extended by ~4 
decades down in x and up in Q2.

Rf =
fp in A(x, Q2)
Affree p(x, Q2)

QCD at the LHeC: 2. QCD.

uv
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Implications of eA on pA/AA:
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● eA collisions at the LHeC will provide precise information on the partonic structure of nuclei 
and the dynamics of dense partonic systems (a new non-linear regime of QCD which requires 
ep and eA), relevant for all stages of HICs.

QCD at the LHeC: 2. QCD.

glue

Rjets
eA



Diffraction and 3D structure:

19 N. Armesto, 11.07.2025

● Diffraction: probability of ep inelastic interaction keeping the proton intact (10-15 % at HERA).
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● Inclusive diffraction: precise 
determination of diffractive PDFs.

● Exclusive diffraction: transverse 
partonic structure, hot spots 
(fluctuations of density in 
coherent ep→eXp versus 
incoherent ep→eXp*), small x.

1402.4831

QCD at the LHeC: 2. QCD.



Quark and gluon GPDs:
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● Coherent exclusive production of γ and VM yields information about q and g GPDs.

LHeC 1206.2913
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Quark and gluon GPDs:
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● Coherent exclusive production of γ and VM yields information about q and g GPDs.
● Incoherent exclusive production yields information about fluctuations: hot spots.

1703.09256

QCD at the LHeC: 2. QCD.



Summary:
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●  LHeC in the landscape of particle 
physics colliders:

➜ Physics case on their own: QCD (precision 
and discovery in ep & eA), EW, top, Higgs, 
BSM.
➜ Enlarge the reach of hadronic colliders into 
(higher) precision, both for pp and for AA.
➜ Complementarities/synergies with hh & 
e+e-.

●  LHeC is not the next flagship project at CERN but it may serve as bridge 
between HL-LHC and a new major project at CERN (2503.17727):

➜ Ultimate exploitation of the results of the LHC (e.g., , Higgs couplings).
➜ Physics program on its own: proton/nuclear structure and dynamics, EW, top , Higgs, BSM.
➜ It facilitates technology (SRF, ERL, detector) and physics (e.g., PDFs for pp and AA, 
combinations of Higgs couplings, complementary regions on searches) for future projects.

mW

QCD at the LHeC. N. Armesto, 11.07.2025



LHeC as a bridge:
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● In standalone mode (ep/eA only), LHeC may be a bridge between major colliders at CERN, 
between the end of the HL-LHC (2041) and the next flagship CERN collider.

Slide by J. D’Hondt

QCD at the LHeC.
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➜ Thank you very
 much to the organisers

 for the invitation to delive
r this talk!

➜ Thank you very
 much for your attention!



Backup:
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Accelerators:
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HERA

LHeC

EIC

FCC-eh

FCC-pp
40 TeV

● Thoughts of combining 
LEP with LHC came from 
the start (1990’s).

● LHeC idea born in 2005: 
upgrade of the HL-LHC to 
study DIS at the terascale.

● It should be able to 
run concurrently 
with pp (also FCC-eh), 
plus limitations on power 
consumption, high 
luminosity for Higgs 
studies,… ⇒ energy 

recovery linac as baseline.

Tevatron/HERA/
LEP (fermiscale) → 
HL-LHC/LHeC/
e+e- (terascale)

QCD at the LHeC: 1. Introduction.



Parton densities: synergies with HL-LHC
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qq̄ qq

qggg



Parton densities: synergies with EIC
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Components, cost, sustainability:
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A. Bogacz, full lattice simulation for ERL at 50 GeV

● Power consumption for this option: 220 MW including the ERL, the single-beam HL-LHC 
and the detector  +60 MW w.r.t. HL-LHC and +75 MW w.r.t. nominal LHC operation.⟶
QCD at the LHeC: 3. Summary.

● Cost estimate for 1/3rd of the LHC, 50 GeV racetrack: 
1.6 BCHF (2018 cost, CERN-ACC-2018-0061), 46% 
corresponding to the SRF ERL accelerator and 24% to 
civil engineering; detector: 360 MCHF (75% calorimetry).

671

1622



Feasibility:
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2035 2041

● Target ep luminosity of  can be 
achieved in 6 years: two years for 
installation and commissioning plus one 
year LS leads to completion in 2050.

● Demonstration of multi-turn high-
current ERL in PERLE in 2029/2030:

1 ab−1



Challenges:
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● Accelerator (ERL in the ECFA Accelerator Roadmap 
and in the 2020 strategy):

➜ High quality SRF cavities integrated in the cryomodule: 
PERLE (iSAS).
➜ High-current, multi-pass ERL → PERLE as demonstrator 
(2029 1-turn, 2030 3-turn).

● Detector (in the ECFA Detector Roadmap):
➜ Keep material budget in the forward direction low 
(MAPS) → synergies with ALICE(3) and ePIC.
➜ Choose between more conservative or more aggressive 
proposal: particle ID, EMCAL? → synergies with EIC.
➜ Further develop an ep/pp option and the possibility of 
reusing existing detectors.

● Machine-detector interface:
➜ Synchrotron radiation protection: beam pipe and inner 
tracking.
➜ 3-beam IR: high aperture, field-free region Q1 (HL-LHC 
complexity). 2-beam configuration simpler.

1810.13022



Synergies between eh and hh programes:
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High precision ep 
measurements used 
as input in hh 
analyses for their 
improvements

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

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

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

→ Competitive measurements and combination of results.
→ Uncorrelated uncertainties.
→ Resolve common/correlated expt. uncertainties.
→ Resolve correlations in parameters of interest.
→ Empowers global fits.

→ High precision QCD analyses.
→ High precision measurements 
of specific parameters.
→ Searches in complementary 
phase space regions.

 hh 

QCD at the LHeC: 3. Summary. N. Armesto, 11.07.2025


