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CERN Referees

Published 600 pages conceptual design report (CDR) written by 150 authors from 60 Institutes. 
Reviewed by ECFA, NuPECC (long range plan), Referees invited by CERN. Published June 2012. 
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FCC-eh 

60 GeV ERL tangential to FCC-hh. IP: L for geological reasons. 
 L= 1.5 1034  Higher s, Q2, 1/x 

J.Osborne, et al 
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 Energy Recovery Linac for LHeC/FCCeh 

Concurrent operation to pp, LHC/FCC become 3 beam facilities. Power limit: 100 MW 
1034 cm-2 s-1 luminosity and factor of 15/120 (LHC/FCCeh) extension of Q2, 1/x reach 
                1000 times HERA luminosity. It therefore extends up to  x~1.  
Four orders of magnitude extension in deep inelastic lepton-nucleus (ion) scattering. 

U(ERL) = 1/3 U(LHC) 

M.Klein 



Luminosity for LHeC, HE-LHeC and FCC 

Contains  update on eA: 
6x1032 in e-Pb for LHeC. 
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Powerful ERL for Experiments 

arXiv:1705.08783 
https://indico.cern.ch/event/680603/ 
 

J. Phys. G45 (2018) 
ERL facility: high current and energy 
low energy nuclear, particle and astro-physics 

Collaboration of BINP, CERN, Daresbury/Liverpool, Jlab, Orsay INP+LAL  
CDR 2016/17, TDR 2018/19 .. 
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PERLE at Orsay (LAL/INP)  Collaboration: BINP, CERN, Daresbury/Liverpool, Jlab, Orsay   
 
3 turns, 2 Linacs, 500 MeV, 20mA, 802 MHz, Energy Recovery Linac facility 
 
-Demonstrator of ERL for ep at LHC/FCC 
-SCRF Beam based development facility 
-Low E electron and photon beam physics 
-High intensity: O(100) x ELI   

 PERLE at Orsay 

CDR to appear in J Phys G [arXiv:1705. 08783]  
 

A.Bogacz 

5.5 x 24m2 

Strong low energy physics program 

https://indico.cern.ch/event/698368/ 9 
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PERLE Magnets 
70 dipoles  0.45-1.29 T 
 
±20 mm aperture, l=200,300,400 mm 
 
May be identical for hor+vert bend 
 
7A/mm2  (in grey area) water cooled 
 
DC operated 

114 quadrupoles   max 28T/m 
 
Common aperture of 40mm all arcs 
 
Two lengths: 100 and 150mm 
 
DC operated  

380 mm 

 220 m
m
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 m
m

 

P Thonet, A Milanese (CERN), C Vallerand (LAL), Y Pupkov (BINP)  11 



1st 802 MHz Cavity  

CERN-Jlab design, produced at Jefferson Laboratory November 2017 
Goal: 16 MV/m, Q0 > 1010 operated in CW in the PERLE+LHeC ERLs, prototype also for FCC-ee 

F. Marhauser et al (Jlab) 
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Initial 2K Test of 802 MHz Nb Cavity 
December 2017 

High quality, CW: operation point at about 18 MV/m. Quench at 31 MV/m 
Rerinsing for field emission suppression,  observed at higher gradients.  
Next: HOM adapter and cryomodule design – cavity production to proceed. 
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title 
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LHeC Detector Basic Layout
All Numbers 

[cm]

http://cern.ch/lhec 
CDR: “A Large Hadron Electron Collider at CERN” ,  
LHeC Study Group, [arXiv:1206.2913],  
J. Phys. G: Nucl. Part. Phys. 39 (2012) 075001 
 
“On the Relation of the LHeC  and the LHC” [arXiv:1211.5102]
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Based on the LHeC design; Solenoid&Dipoles between Electromagnetic Calorimeter 
and  Hadronic Calorimeter.

Length of  Solenoid ~10m 

P.Kostka FCC-he Detector Basic Layout 



Installation  
Study 

to fit into LHC  
shutdown needs 
directed to IP2 
Andrea Gaddi et al 

Detector fits in L3 magnet support Modular structure  
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Physics Highlights 



LHeC Physics Programme 

  Ultra high precision (detector, e-h redundancy)       -  new insight 
  Maximum luminosity and much extended range      -  rare, new effects 
  Deep relation to (HL-) LHC (precision+range)         -  complementarity 

CDR, arXiv:1211.4831 and 5102 
http://cern.ch/lhec 

Strong coupling  0.1%; Full unfolding of PDFs; Gluon: low x: saturation?, high x: HL LHC searches…  



20 20    
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arXiv:1802.043317 

Strong reduction of 
parton pdf uncertainties, 
with largeimpact on high-
x physics in pp 

Achieve 
down to 
0.1% error 
in αs 



Reduce pdf error 2.8 MeV  à  
Remove PDF uncertainty on MW LHC 
 
Spacelike MW to 10 MeV from ep 
à Electroweak test at 0.01% ! 
 

High Precision for pp 
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Can achieve <0.5% precision in pdf 
uncertainty, thus removing this 
uncertainty from the prediction of the 
Higgs cross-section. 

M
.K

lein 
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eA Collisions 
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Extension of kinematic 
range of eN scattering by 
orders of magnitude in Q2 
and 1/x  
 
Complementarity  to AA 
and pA physics: initial 
state of QGP, 
hadronisation and 
mechanism of 
confinement, colective 
phenomena seen in AA, 
pA and pp 



eA: inclusive 
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● Large impact on nPDFs, 
possible to make a Pb fit 
without proton PDFs 
● Large room for 
improvements: NC+CC at 
several energies, flavour 
decomposition,… 



Direct Measurement of |Vtb| 

25 LHeC, 100 fb-1 

1.000±0.01  
(expected) LHeC 

C.Schwanenberger 

Takes advantage that tt 
production is suppressed in ep. 
FCC-eh with 2 ab-1 would further 
improve the result significantly.  



Top Quark Anomalous 
Couplings 

26 

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 
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FCC-ep observation 

= 1 in SM 

C.Schwanenberger 



Higgs in ep 
q It is remarkable that VBF 

diagrams were calculated for 
lepton nucleon collisions before 
for pp! 

q Small theoretical uncertainties 

q Topological requirements 
effective in background 
suppression 

q Large S/B w.r.t. pp, e.g. in hàbb 
expect S/B=3 

27 

At LHC replace 
lepton lines by quark lines 
but dominantly gg à H  
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LHeC, a Higgs Facility  

   



CDR Updates: Two independent analyses 

ICHEP 2014 
Master Thesis Ellis Kay, Liverpool 2014, 
PGS “detector” ATLAS-style and & 
modeling of PHP background using low 
Q2  NC DIS 

[ after Higgs discovery MH=125 GeV,  Ep=7 TeV, Ee=60 GeV; cut-based & conservative]  

100 fb-1 

 1 year of data 

Confirmed CDR: S/N>1 
using conservative 
light misID and cut-
based  δµ=2% for 1 ab-1 

PGS of LHC detector 
+ flat parton-level b-
tagging     for |η|<3.0 
b: 60%, c: 10%, udsg: 1% 
CAL coverage |η|<5.0  
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BDT Results for Higgs @ LHeC 

Hbb: Clear sensitivity 
to chosen jet radius; 
rather robust w.r.t. 
vertex resolution in 
range of 5 to 20 µm  

Hcc	:	High	sensi+vity	to	vertex	
resolu+on	(nominal	10	μm)	
and	jet	radius		
à	expect	about	400-600	Hcc	
candidates	

L=1 ab-1 

Pe=-80% 

Daniel Hampson, 
MPHYS 2016 

using realistic HFL tagging at Delphes detector level 

30 

U.Klein 



Higgs in ep – clean S/B, no pile-up 

& Izzy 
Harris BSc 
2017 

2% PHP 
and 2% 
other bgd 
 

0.8% 

Assuming 
ATLAS 
light  
jet misID 
efficiencies 
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Observe/Exclude non-zero phase to better than 4σ at 
LHeC. Achieve <2% error on kt at the FCC-eh. 

Top Yukawa coupling 
Introduce phase dependent top Yukawa coupling   

Enhancement of the cross-
section as a function of phase 

 0

 5

 10

 15

 20

 25

0 π/5 2π/5 3π/5 4π/5 π

µ

ζt

Ee = 60 GeV

Ee = 120 GeV

B.Coleppa, M.Kumar, S.Kumar, B.M., Phys. Lett. B770 (2017)  335  
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SM Higgs Signal Strengths in ep 

Uta & Max Klein, Contribution to HL/HE Workshop, 4.4.2018, preliminary. 

 

àNC and CC DIS together over-constrain Higgs couplings in a combined SM fit.  

ZZàH 
25 fb 
150 fb 

WWàH 
LHeC  200 fb 

FCC-eh  1 pb 

Ee=60 GeV 

HWW and HZZ signal strengths measured at once in DIS 
 via selection of the final state (e or ν) 

submitted  to EU strategy  CERN-ACC-Note-2018-0084 
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         LHeC and HL-LHC Higgs Prospects 

preliminary 

2% 

HL-LHC prospects using new CMS projections (3ab-1) with two scenarios, S1 and S2, in a 
SM coupling fit 

à Amazing prospect for measuring fundamental Higgs couplings to high 
precision (dark blue) at LHC with pp + ep using SM assumptions. 

Hcc@pp:    ~2.0-5.5 σSM@HL-LHC 
              [HL-LHC Oct 2017] 

submitted to ECFA: 
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35 
Published in book 1 of FCC 
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Draft 9.4. – in preparation 



50 journal papers on BSM with LHeC in recent years 

Th
an

ks
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un
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Scalar Portal: Dark Scalar  



39 

Sterile Neutrinos at ep colliders 
O.Fischer 



Higgsino search at FCC-eh 

Higgsino production 
Typical signal: electron + jet + missing energy 

C. Han, R. Li, R. Pan, K. Wang, arXiv:1802.03679 

Higgsino: Higgs partner in supersymmetry,  
difficult to probe at the LHC(C. Han et al, JHEP 1402 (2014) 049) 

preliminary 
result 

Higgsino mass (GeV) 

Standard model main backgrounds 
1% sys. 
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Outlook and Conclusions 
q Progress in devising concurrent ep/pp running 

q Unique DIS facility at CERN with 1034 instantaneous 
luminosity, opens new horizon for particle physics 

q PERLE collaboration formed, conceptual design 
q Demonstrator for ERL; envisioned at Orsay 

q First 802 MHz cavity produced 
q Complete design of FCC-eh detector 
q Complementarities of the ep/pp programs strongly 

benefits HL(HE)-LHC, FCC prospects: 
q Combining pp with ep, a very powerful Higgs facility 
q Precise measurements and discoveries in QCD  
q Exploration of new nuclear substructure in new domains 
q Unprecedented precision in top physics topics 
q Additional sensitivity to physics BSM 
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Additional slides 
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S.Forte 

PDF uncertainty on Higgs production at LHC will 
become negligible due to measurements a the LHeC 



45 

Impact of LHeC at small x 



● LHeC F2 and FL data will have discriminatory 
power on models. 

Small-x: inclusive 
NLO DGLAP cannot accommodate F2 and FL in 
presence of saturation  

46 N. Armesto 



eA: diffractive 

47 

Saturation 
effects 

● Elastic VM: 
saturation, nGPDs. 

N. Armesto 



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

LHeC MVA FCC-ep cut-based 

95% CL 

➞ test 
SUSY, little 
Higgs, 
technicolor... 
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Ee=60 GeV 
1000 fb-1 LHeC 

FCNC Branching Ratios at Colliders 
C.Schwanenberger 
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C.Schwanenberger 



50 
B.Biswal, R.Godbole, S.Kumar, B.M., S.Raychaudhuri 
Phys.Rev.Lett. 109 (2012) 261801  
  

Model independent separation of HWW 
and HZZ coupling, unique capability of 
ep collisions, not available in pp and 
e+e- collisions  

Can consider azimuthal angle 
correlation between scattered 
neutrino and quark. Other 
observables can be used too. 

Structure of HVV couplings  
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Sterile Neutrinos at ep colliders 

O.Fischer 
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O.Fischer 
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Cross-sections 
in the SM 

Considering highly 
asymmetric 
collisions 
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Effective vertices. Note the dependence on momenta in non-SM 
vertices. This induces significant impact on scattering kinematics.  

M. Kumar et al.[1509.04016] 
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Also sensitivity to 
structure of hhh coupling  

Lambda_HHH 
measured 
within 10-15% 


