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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 (1k-3k HERA!)
FCC-eh

LHeC
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 LHeC and FCC-eh Detector Layout
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FCC-eh

LHeC



- Christian Schwanenberger -Top and EWK Physics in ep Collisions EPS 2019

High energy frontier eh physics
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• precision EW 
measurements

• top quark factory: 
study EW interactions 
with top quarks

• search for new physics

➞ ep collider excellent to explore EW theory

EW symmetry breaking:
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Deep Inelastic Scattering
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Neutral Current (NC) Charged Current (CC)

’

➞ LHeC/FCC-eh are unique facilities for testing EW theory: 
NC+CC, two e-beam charge and polarisation states, p or 
isoscalar targets
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Scale Dependence of sin2θW
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➞ probe large range of scale dependence

FCC-eh

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)

preliminary
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Scale Dependence of sin2θW
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➞ probe large range of scale dependence

on-shell 
definition

LHeC FCC-eh
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Electroweak Fermion Couplings
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Electroweak Fermion Couplings
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➞ precision < 1%
➞ scale dependence
➞ high sensitivity to NP
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➞ scale dependence
➞ high sensitivity to NP
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W mass measurements at HL-LHC
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Eur. Phys. J. C 78 (2018) 110; PDG (2017)

• @LHC: precision limited by
   PDFs (ΔmWPDF~9.2 MeV)

• @HL-LHC: major reduction 
   of PDF uncertainty with 
   LHeC PDFs (ΔmWPDF~2 MeV)

ATL-PHYS-PUB-2018-026
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SM Top Quark Production
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➞ future ep collider is ideal to study EWK interactions of 
the top quark

CC DIS top production NC top photoproduction

LHeC

FCC-eh

σ=1.89pb @ 

σ=15.3pb @ 

σ=0.05pb @ LHeC

Ee=60 GeV σ=1.14pb @ FCC-eh

HE-LHCσ=4.46pb @ σ=0.??pb @ HE-LHC
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Signal and Backgrounds
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➞ top quark factory (with low backgrounds)

hadronic

leptonic

LHeC
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Direct Measurement of |Vtb|

�20



- Christian Schwanenberger -Top and EWK Physics in ep Collisions EPS 2019

Limits on Anomalous Wtb Couplings

= 1 in SM
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Limits on Anomalous Wtb Couplings

= 1 in SM

Dutta, Goyal, Kumar, 
Mellado, arXiv:1307.1688
Kumar, Ruan, to be publ.
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95% C.L.

including detector simulation (Delphes)

<0.01

DELPHES

<0.14
<0.09
<0.04

hadronic channel:
LHeC
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Direct Measurement of |Vtb|
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LHeC, 100 fb-1 1.000±0.01 
(expected)LHeC
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Measurement of |Vts|
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FCC-eh

LHeC

➞ |Vts|<0.037

➞ probing SM prediction

DELPHES

LHC

LHC

➞ |Vts|<0.06
SM

SM

2σ

arXiv:1501.05013

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019)

H. Sun PoS DIS 2018, 167 (2018)
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u, c

γ

Search for Anomalous FCNC tuγ Coupling
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b-tagging

} 50<Mjj<100 GeV

background

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

λq=u,c
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u, c λq=u,c

γ

Search for Anomalous FCNC tuγ Coupling
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b-tagging }
} 50<Mjj<100 GeV

signal

mt[GeV]

N
ev

en
ts

DELPHES

130<MWb<190 GeV

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



- Christian Schwanenberger -Top and EWK Physics in ep Collisions EPS 2019

γ

u, c λq=u,c

Search for Anomalous FCNC tuγ Coupling

�28

b-tagging }130<MWb<190 GeV

} 50<Mjj<100 GeV

signal

mt[GeV]

N
ev

en
ts

DELPHES

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

FCC-eh

λ

95% C.L.

<5·10-6

➞ test exotic models 
leading to FCNC

<6·10-7

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019) 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Search for Anomalous FCNC tHu Coupling
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signal
Sun, Wang, 
arXiv:1602.04670 [hep-ph]
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Search for Anomalous FCNC tHu Coupling
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signal background
Sun, Wang, 
arXiv:1602.04670 [hep-ph]
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Search for Anomalous FCNC tHu Coupling
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signal background
Sun, Wang, 
arXiv:1602.04670 [hep-ph]

• parametrised assumed resolutions for electrons/photons, muons, jets and 
unclustered energy using ATLAS values

• b-tag rate of 60%, c-jet fake rate of 10%, light-jet fake rate of 1%
• selections optimized for LHeC and FCC-ep scenarios (s/√(S+B))
• cut-based and MVA-based analyses
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Upper Limit on Br(t→uH) in MVA analysis
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➞ improves HL-LHC sensitivity

<0.0002

parametrisation

FCC-eh

LHeC
Sun, Wang, 
arXiv:1602.04670 [hep-ph]

HL-LHC

HL-LHC

<0.0015
2σ

2σ

(1ab-1)

(2ab-1)
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FCNC Branching Ratios at Colliders
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95% CL



- Christian Schwanenberger -Top and EWK Physics in ep Collisions EPS 2019

FCNC Branching Ratios at Colliders

LHeCMVA cut-based

95% CL
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LHeC

LHeC

cut-based

Ee=60 GeV
1000 fb-1

2000 fb-1
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FCNC Branching Ratios at Colliders

LHeCMVA cut-based

95% CL
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LHeC

LHeC

cut-based

Ee=60 GeV
1000 fb-1

2000 fb-1

FCC
-ep

Ee=60 GeV
1000 fb-1

2000 fb-1
FCC
-ep
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FCNC Branching Ratios at Colliders

LHeCMVA cut-based

95% CL
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LHeC

LHeC

cut-based

Ee=60 GeV
1000 fb-1

2000 fb-1

FCC
-eh

Ee=60 GeV
1000 fb-1

2000 fb-1
FCC
-eh

• improve 
limits on 
BR(t→γu), 
BR(t→Zu), 
BR(t→Hu) 
considerably

➞ test SUSY, 
little Higgs, 
technicolor...
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Summary
• future ep collider has a rich analysis programme for 
electroweak interactions of light and heavy quarks
• high precision EW measurements: sin2θW, light quark 
couplings to bosons (vu, au, vd, ad), W mass and Z mass, …
• single top quark factory: |Vtb| (~1%)
• top quark couplings to bosons (|Vtb|, Wtb, ttγ, ttZ, tH, FCNC)
• analyse top quark properties with high precision: 
polarisation, charge, PDFs of tops, ... 
• many stringent searches for new physics:
   anomalous couplings, FCNC, CP violation in ttH, heavy top, 
   SUSY stops…
➞ DIS is competitive and complementary in performing 
    high precision measurements of particle properties
➞ large sensitivities to discover new physics!

�38
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Backup
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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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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
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• study P-violation in 
NC-EW interactions
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• 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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 FCC-eh: tracker, calorimeters and steps
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NC Cross Section Measurement
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Neutral Current (NC)

’

10 fb-1

stat errors

➞ high precision in large range of Bjørken x and Q2
LHeC TDR, J.Phys. G39, 075001 (2012)
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Quark Couplings to the Z boson
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Neutral Current (NC) Charged Current (CC)

’

fit to simulated NC and CC data to extract
au, ad, vu, vd and PDFs simultaneously 
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Asymmetry Measurements
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10 fb-1

stat errors

e beam: 
60 GeV

mean x differs by factor 
of 6 between NC and CC

A-

extract 
sin2θW
(α, mZ 
fixed)
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Asymmetry Measurements

�52

10 fb-1

stat errors

e beam: 
60 GeV

A-

mean x differs by factor 
of 6 between NC and CC
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Asymmetry Measurements
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10 fb-1

stat errors

e beam: 
60 GeV

mean x differs by factor 
of 6 between NC and CC

A-

extract 
sin2θW
(α, mZ 
fixed)
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Measurement of |Vtd|
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FCC-ep

LHeC

HL-LHC

2σ

arXiv:1709.07887

➞ |Vtd|<0.037

➞ extend HL-LHC limits

DELPHES

LHC

H. Sun PoS DIS 2018, 167 (2018)

LHC

SM

SM

➞ |Vtd|<0.06

HL-LHC

arXiv:1501.05013
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FCNC Top Quark Couplings
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➞ complementarity of colliders

FCC-eeCLIC

H
c

FCC-pp

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019) 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60 GeV

 2 pb

3 pb

CC Single Top Quark Cross Section
100 fb-1:

2·105 events
3·105 events

➞ LHeC offers excellent prospects for top quark physics

Dutta, Goyal, Kumar, Mellado,
arXiv:1307.1688 [hep-ph]

�56
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60 GeV

 2 pb

3 pb
 6 pb

10 pb

140 GeV

CC Single Top Quark Cross Section
100 fb-1:

2-6·105 events
3-10·105 events

➞ LHeC offers excellent prospects for top quark physics

Dutta, Goyal, Kumar, Mellado,
arXiv:1307.1688 [hep-ph]

�57
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CC Single Top Quark Cross Section
Dutta, Goyal, Kumar, Mellado,
arXiv:1307.1688 [hep-ph]
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Backgrounds: Hadronic Channel
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Backgrounds: Leptonic Channel

�60
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Direct Measurement of |Vtb|
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100 fb-1: ∆|Vtb|=0.005Dutta, Goyal, Kumar, Mellado,
arXiv:1307.1688 [hep-ph]

∆|Vtb|·1000 ∆β: luminosity uncertainty
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Search for Anomalous Wtb Couplings

= 1 in SM
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Search for Anomalous Wtb Couplings

= 1 in SM
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Search for Anomalous Wtb Couplings

= 1 in SM

fVR=+0.5

fTR=
+0.5 fTL=-0.5

fTL=+0.5

+ other variables sensitive on W helicity

SM top+bckg.

SM top+bckg.

Dutta, Goyal, Kumar, 
Mellado, arXiv:1307.1688

�64

Lint=100 fb-1
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Search for Anomalous Wtb Couplings

= 1 in SM

∆fVL·100 ∆fVL·100 ∆fVL·100

f V
R ·

10

f T
L ·

10

f T
R ·

10

syst. error syst. error syst. error

Dutta, Goyal, Kumar, 
Mellado, arXiv:1307.1688

68% C.L.

property precision

fVL 0.001-0.01

fVR, fTL, fTR 0.01-0.1

�65
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Search for Anomalous Wtb Couplings

= 1 in SM
68% C.L.
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Search for Anomalous Wtb Couplings

= 1 in SM

P

P

fTL

fTR

�67
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Search for Anomalous Wtb Couplings

= 1 in SM

P

P

fTL

fTR

�68
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Top Quark Polarisation

�69

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

Atag, Sahin, 
PRD 73, 074001 (2006)

JHEP 04 (2016) 073

TESLA+HERAp:
√s=1.6 TeV
Lint=20 fb-1 
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Gluon Parton Density Function
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➞ measure gluon density at high x 
➞ LHeC offers new field of research for top quark PDF
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Top Quark Structure Function

�71

Boroun, Phys. Lett. B744, 142 (2015)

variable flavour 
number scheme 
for top quark

➞ LHeC opens up a new field of top quark PDFs

Lint=10 fb-1
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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



- Christian Schwanenberger -Top and EWK Physics in ep Collisions EPS 2019

Top Quark Structure Function

�73

Boroun, Phys. Lett. B744, 142 (2015)

variable flavour 
number scheme 
for top quark

➞ longitudinal top structure function component could be 
good to probe top quark density in proton at Q2≃4mt2

→ approximately: 1/τt → independent of x and τt

τtτt τt

x
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NC Top Quark Production
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DIS photoproduction photoproduction

top pair production single top 
production

e-beam 60 GeV, 100 fb-1:

0.031 pb
Nt=3,100

0.70 pb
Ntt=70,000_

0.023 pb
Ntt=2,300_

Bouzas, Larios, 
Physical Review D 88, 094007 (2013)
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Analysis of the ttγ Vertex
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signal background

iQteγμ

➞ measure top quark charge

➞ difficult at the LHC

LHCγ γ

OR ?

-
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Search for Anomalous ttγ Couplings
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κ, κ~
electric dipole moment: κ~

magnetic dipole moment: κ

LHC with
5% accuracy

LHeC:
10% and 18% accuracy

Bouzas, Larios, 
Physical Review D 88, 094007 (2013)

-

27% accuracy
(4.59fb-1, 7 TeV)



- Christian Schwanenberger -Top and EWK Physics in ep Collisions EPS 2019

Search for Anomalous ttγ Couplings

�77

κ, κ~
electric dipole moment: κ~

magnetic dipole moment: κ

LHC with
5% accuracy

LHeC:
8% and 16% accuracy
10%      18%

Bouzas, Larios, 
Physical Review D 88, 094007 (2013)

-

27% accuracy
(4.59fb-1, 7 TeV)

1 ab-1

→ systematically limited
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Top Quark Dimension 6 Operators

15%
Sarmiento-Alvarado, 
Bouzas, Larios, 
arXiv:1412.6679

68% C.L.

property precision
C1 0.50-0.85

C2r 2.2-5.0

C3r 1.4-2.9

C4r 2.2-4.9

�78

7%

cross section

L

L, R experimental error

SM
Λ=1TeV
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Search for Anomalous ttZ Couplings
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κZ, κZ
~

Bouzas, Larios, 
Physical Review D 88, 094007 (2013)Z

tt photoproduction

tt 
DIS

-

-

EDMMDM

-

property precision

EDM: κ / κZ 0.20-0.28/0.6-0.8

MDM: κ / κZ 0.05-0.09/0.9-1.3

~ ~

LHeC:
10% and 18% accuracy
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FCNC Top Couplings at Colliders
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|  γtuκ|
-310 -210 -110

|  
tu

Z
|v

-310

-210

-110

1

H1

ZEUS

CDF DØ
L3

95% C.L.

2.1 fb-1, 7 TeV

5 fb-1, 7 TeV + 
20 fb-1, 8 TeV

ATLAS: 300 fb-1 
√s= 14 TeV

Top Quark Working Group 
Collaboration, 
arXiv:1311.2028 [hep-ph]
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Reconstructed Higgs mass
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Reconstructed top quark mass

�82
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Searches for RPV SUSY and stops

�83

➞ RPV can be probed at unprecedented levels
➞ very promising with high luminosity

similar to leptoquark searches 
with generation mixing


