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High Energy Colliders: past 
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High Energy Colliders: present
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High Energy Colliders: next generation 
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High Energy Colliders: next generation 
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Linac-Ring Collider, LHeC and FCC-eh
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e± beam: 60 GeV
Energy Recovering Linac

operated synchronously
- with HL-LHC: 
   p beam: 7 TeV, √s=1.3 TeV
- with HE-LHC:
   p beam: 13.5 TeV, √s=1.8 TeV
- or later with FCC-hh:
   p beam: 50 TeV, √s=3.5 TeV

Lint = 1-3 ab-1 (1-3k HERA!)
FCC-ep

LHeC
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Energy Recovering Linac
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Energy Recovering Linac (ERL): Ee=60 GeV

8.9 km

• power limit: 100 MW 
• luminosity: 1034 cm-2 s-1 

•  factor of 15/120 (LHeC/FCC-eh) 
extension of Q2, 1/x reach 

M. Klein, F. Zimmermann
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Powerful ERL for Experiments (PERLE)
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➞ ERL demonstrator
➞ O(10 MeV) physics

• BINP
• CERN
• Daresbury/Liverpool
• Jlab
• Orsay

➞ CDR 1705.08783
    [J. Phys G]
➞ TDR in 2019

in Orsay
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 LHeC Detector Layout
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Slide: M. Schott
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DIS 2018 International Workshop, Kobe
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Daibutsu (Great Buddha) statue, Nara
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The eight fold path
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High Energy Frontier in DIS

EWK
Higgs

Top

QCD
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Determination of Strong Coupling
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QCD

➞ per mille level precision!

• αs is least known coupling 
constant: important to 
constrain GUT scenarios, 
Higgs cross section, …
• perform QCD fit of inclusive 
NC and CC DIS
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Unpolarised PDFs
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PDF nucl.
PDF

u d

g

g

➞ huge improvements



- Christian Schwanenberger -Electrons for the LHC - LHeC Future of Particle Physics 

Unpolarised PDFs
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Unpolarised PDFs
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PDF nucl.
PDF

➞ study nuclear effects
      (anti-)shadowing, EMC, Fermi-motion

u d
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➞ huge improvementsHiggs
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Unpolarised PDFs
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Unpolarised PDFs
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PDF nucl.
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➞ study nuclear effects
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small
xDiffractive Parton Densities
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➞ test diffractive factorisation 
➞ test proton vertex factorisation
    (pomeron structure)
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Electroweak Fermion Couplings
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EWK
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EWKElectroweak Fermion Couplings
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EWK

➞ precision < 1%
➞ scale dependence
➞ high sensitivity to NP

Electroweak Fermion Couplings
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EWK

➞ precision < 1%
➞ scale dependence
➞ high sensitivity to NP

➞ precision < 1%
➞ scale dependence
➞ high sensitivity to NP

NEW
ee+ep

Electroweak Fermion Couplings
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SM Top Quark Production

�25

➞ future ep collider is ideal to study EWK interactions of 
the top quark

CC DIS top production NC top photoproduction

LHeC

FCC-ep

σ=1.73pb @ 
σ=15.3pb @ 

σ=0.05pb @ LHeC

Ee=60 GeV σ=1.14pb @ FCC-ep

Top
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Signal and Backgrounds
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➞ top quark factory (with low backgrounds)

hadronic

leptonic

Top
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Limits on Anomalous Wtb Couplings

= 1 in SM

�27

Top
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= 1 in SM
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TopLimits on Anomalous Wtb Couplings
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= 1 in SM

Dutta, Goyal, Kumar, 
Mellado, Eur. Phys. J. 
C75 (2015) no.12, 577
Kumar, Ruan, to be publ.

�29

95% C.L.

including detector simulation (Delphes)

<0.01
<0.04
<0.09
<0.14

DELPHES

LHeC

Ee=60 GeV

TopLimits on Anomalous Wtb Couplings
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Direct Measurement of |Vtb|
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LHeC, 100 fb-1 1.000±0.01 
(expected)LHeC

Top
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FCNC Top Quark Couplings
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➞ complementarity of colliders
➞ test little Higgs, SUSY, technicolor, …

FCC-eeCLIC

H
c

Top

FCC-pp
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Higgs Couplings
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➞ adding electrons 
makes the LHC a Higgs 

precision facility

Higgs

, Z

, Z

NEW
ep+pp

CC(e-p): 196 pb (LHeC)
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Higgs Couplings
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➞ complementarity of colliders

Higgs



- Christian Schwanenberger -Electrons for the LHC - LHeC Future of Particle Physics 

Searches for New Phenomena
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BSM
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Impact of PDF @ High x
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➞ needs to be quantified by how much 
HL-LHC analyses would improve with 
PDFs being measured at LHeC

BSM
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Sterile Neutrinos
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N

Oliver Fischer

LFV

BSM
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Sterile Neutrinos
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NLFV

+ many backgrounds included

BSM
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Sterile Neutrinos
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NLFV

+ many backgrounds included

BSM
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N

+ many backgrounds included

➞ improves limits considerably

LFV

BSM
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Sterile Neutrinos
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NLFV

N

➞ exciting prospects

BSM
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Physics Conclusions
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➞ DIS is unique in studying the inner structure of nature
➞ DIS is competitive and complementary in performing 
    high precision measurements of particle properties
➞ large sensitivities to discover new physics!

• very rich and diverse field 
of research!
• LHeC will do PDFs 
important for LHC
• LHeC is high precision 
facility for EWK, Top, Higgs 
physics with high sensitivity 
for BSM physics

• many other interesting experiments/colliders
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3 Raisons d’Être for the LHeC 
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• many other interesting experiments/colliders

➞ exciting project!
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Outlook: Back to the Future
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Backup
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VHEeP (and PEPIC): 
Very High Energy eP and eA colliders

High Energy eh Colliders
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Ee=3 TeV, Ep=7 TeV
⇒ √s=9 TeV

+ many more physics topics

WHY?

σtotγp

1028−1029 cm-2s-1 ⇒ ~1 pb−1 p.a.
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Energy Recovering Linac
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➞ ERL demonstrator
➞ O(10 MeV) physics

Energy Recovering Linac (ERL):
Ee=60 GeV

Powerful ERL for Experiments (PERLE):
SC RF cavity prototype:

8.9 km
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 LHeC and FCC-eh Detector Layout
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FCC-ep

LHeC
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High Energy e+e- Colliders: ILC, CLIC, FCC
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Future DIS colliders
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Why ep/eA Colliders?
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Slide: N. Armesto
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High energy frontier eh physics

�51

• precision EW 
measurements

• top quark factory: 
study EW interactions 
with top quarks

• precision Higgs 
physics

• search for new physics

➞ ep collider excellent to explore QCD and EW theory

EW symmetry breaking:
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Nuclear Physics: Comparison to EIC
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Plots: N. Armesto
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Scale Dependence of sin2θW
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➞ probe large range of scale dependence

FCC-ep

LHeC0.1-1GeV
±0.5%
accuracy

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

MSbar 
definition

PERLE CDR, Arduini et al, to be published
ICFA BeamNewsletter 68 (January 2016)
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Scale Dependence of sin2θW
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➞ probe large range of scale dependence

on-shell 
definition

LHeC FCC-ep
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Vector and Axial Vector NC Couplings
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➞ high precision measurement of light quark couplings
➞ test new physics: Z’ boson, R-parity violating SUSY, leptoquarks

• simultaneous extraction with PDFs FCC-epLHeC
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Asymmetry Measurements

�56

• study P-violation in 
NC-EW interactions
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Asymmetry Measurements

�57

• study P-violation in 
NC EWK interactions
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Asymmetry Measurements
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• study P-violation in 
NC EWK interactions

• 11 times higher 
center-of-mass 
energy

• 100-1000 times 
higher luminosity

• 2-3 times higher 
polarisation

➞ extend by 2-3 
orders of magnitude

FCC-ep
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Asymmetry Measurements
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• study P-violation in 
NC EWK interactions

pure Z exchange 
becomes 
important

• 11 times higher 
center-of-mass 
energy

• 100-1000 times 
higher luminosity

• 2-3 times higher 
polarisation

➞ extend by 2-3 
orders of magnitude

FCC-ep
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Measurement of |Vcs|
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(work in progress)
➞ heavy flavour factory



- Christian Schwanenberger -Electrons for the LHC - LHeC Future of Particle Physics 

Measurement of |Vtd|
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FCC-ep

LHeC

➞ |Vtd|<0.05 2σ

2σ ➞ |Vtd|<0.02
at 2σ C.L.

similar

DELPHES

LHC

Hao Sun to be publ.
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Measurement of |Vtd|
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FCC-ep

LHeC HL-LHC

5σ
3σ
2σ

2σ

arXiv:1709.07887

➞ |Vtd|<0.05 2σ

2σ ➞ |Vtd|<0.02
at 2σ C.L.

similar

➞ extend HL-LHC limits

DELPHES

LHC

Hao Sun to be publ.



- Christian Schwanenberger -Electrons for the LHC - LHeC Future of Particle Physics 

Top Quark Polarisation
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cosθ: angle between charged 
lepton and spin quantisation 

axis in top rest frame

e-beam a

is
using simply e-beam axis: 

polarisation: Pt = 96%

SM

fTR=0.2

19.7 fb-1: A   = 0.26±0.11

V-A

accuracy of order 10-2

assuming 10% systematic uncertainty

Atag, Sahin, 
PRD 73, 074001 (2006)

JHEP 04 (2016) 073

TESLA+HERAp:
√s=1.6 TeV
Lint=20 fb-1 

LHeC

Ee=60 GeV
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Top Quark Parton Density Function
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➞ LHeC offers new field of research for top quark PDF

six-flavour 
variable number 
scheme for top 
quark

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

t
t

parton momentum fraction

• in 6 flavour number scheme, top receives at Q2~mt2 certain fraction of the proton's momentum
• need to understand what a “top PDF” is in the framework of parton model
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Top Quark Structure Function
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Boroun, Phys. Lett. B744, 142 (2015)

variable flavour 
number scheme 
for top quark

➞ LHeC/FCC-ep opens up a new field of top quark PDFs 
and to unveil the complete flavour structure of the proton

Lint=10 fb-1 LHeC

Ee=60 GeV
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Top Quark Anomalous Couplings
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Dutta, Goyal, Kumar, 
Mellado, Eur. Phys. J. 
C75 (2015) no.12, 577
Kumar, Ruan, to be publ.

DELPHES

<0.01
<0.04
<0.09
<0.14

DELPHES parametrisation Sun, Wang, 
arXiv:1602.04670

observation

Turk Cakir, Yilmaz, Denizli, 
Senol, Karadeniz, O. Cakir, 
Adv. High Energy Phys. 2017, 
1572053 (2017) 

FCC-ep

LHeC

b
b

_

νe

e-

W+

bh

t

P

q

FCC-epobservation

= 1 in SM
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CP Nature of Top-Higgs Coupling

�67
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CP Nature of Top-Higgs Coupling
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Phys. Lett. B770 (2017) 335

B. Coleppa 
M. Kumar
S. Kumar
B. Mellado

LHeC

rapidity difference (H,t)
_

top polarisation

scalar
(SM)

angular asymmetries (b2,l-)

parton level

scalar
(flipped sign)

pseudo-
scalar

mixture



- Christian Schwanenberger -Electrons for the LHC - LHeC Future of Particle Physics 

CP Nature of Top-Higgs Coupling
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Phys. Lett. B770 (2017) 335

B. Coleppa 
M. Kumar
S. Kumar
B. Mellado

LHeC

rapidity difference (H,t)
_

top polarisation

scalar
(SM)

fiducial incl. cross-section

parton level

scalar
(flipped sign)

pseudo-
scalar

mixture
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Exclusion Contours (fiducial cross section)
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LHeC
CP-even

(flipped sign)

CP-even
(SM)

CP-odd

HL-LHC

3σ

Phys. Lett. B761 (2016) 25

10% uncertainty on 
background yields

➞ powerful probe 
of ttH coupling
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Han, Li, Pan, Wang, arXiv:1802.03679 

Prompt Higgsino (LSP) Searches
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BSM

signal

background

si
gn

ifi
ca

nc
e

Higgsino mass
➞ many more ideas for sensitive searches to come!

difficult at LHC…


