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•  Lepton-hadron  
collider based on  
the high lumi LHC 
•  Can we add ep and eA  
collisions to the existing LHC  
pp, AA and pA programme? 

1 

- A brief history of ep Physics 
- How to build an ep Collider based on the LHC 
- Detector considerations 
-  Physics motivation 
- Outlook 



“It would be of great scientific interest if it were 
possible to have a supply of electrons … of which the 
individual energy of motion is greater even than that 
of the alpha particle.”    
[Ernest Rutherford, Royal Society, London, (as PRS) 30 Nov 1927] 

1950s 
Hoffstadter 

First 
observation 
of finite proton size 
using 2 MeV e beam   



Proposal: 
“A general survey of the basic  
cross sections which will be  
useful for future proposals”  



proton neutron 

… and so on … 



e (27.5 GeV) 

P (920 GeV) 

Equivalent to a 50 TeV beam on 
a fixed target proton 
~2500 times more than SLAC! 

Around 500 pb-1 per experiment 

HERA (1992-2007) 

… the only ever collider 
of electron beams with 
proton beams:  

 √sep ~ 300 GeV 

ZEUS 

e (27.5 GeV) 

P (920 GeV) 



Q2: exchanged boson resolving power 

x: fractional momentum  
of struck quark  
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HERA Proton parton densities 
in x range well matched to 
LHC rapidity plateau … BUT… 

- Insufficient lumi for high x  

-  Lack of Q2 lever-arm  
for low x gluon 

-  Assumptions on quark 
flavour decomposition 

-  No deuterons or heavy ions 
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[R. Ball et al.,  
JHEP 1304  
(2013) 125] 



- LHeC is latest and most promising idea to take lepton-hadron 
physics to the TeV centre of mass scale 

- High luminosity: 
1033 - 1034 cm-2 s-1 

-  Runs simultaneously 
with ATLAS / CMS 
in post-LS3  
HL-LHC period  

-  FCC-based ep  
facility takes this 
still further in the 
distant future 
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630 pages, summarising 5 year 
workshop commissioned by CERN,  
ECFA and NuPECC 

~200 participants,  69 institutes  

Additional material in subsequent 
updates: 

“A Large Hadron Electron Collider 
at CERN” [arXiv:1211.4831] 

“On the Relation of the LHeC and 
the LHC” [arXiv:1211.5102]  

[arXiv:1206.2913] 
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Design constraint: power consumption < 100 MW ! Ee = 60 GeV 

•  Two 10 GeV linacs,  
•  3 returns, 20 MV/m 
•  Energy recovery in 
same structures 
[CERN plans energy  
recovery prototype] 
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Access to Q2=1 GeV2 in ep mode for 
all x > 5 x 10-7 requires scattered  
electron acceptance to 179o  

Similarly, need 1o acceptance 
in outgoing proton direction 
to contain hadrons at high x 
(essential for good kinematic 
reconstruction) 



e p

•  Forward / backward asymmetry reflecting beam energies 
•  1o electron hits two tracker planes  
•  Present size 14m x 9m (c.f. CMS 21m x 15m, ATLAS 45m x 25m) 
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Pixels (CPT) + strips;  
several technologies  
under discussion 

Performance evaluated  
using LicToy 2.0 

For central tracks: 
Δpt/p2

t ! 6 10-4 GeV-1 

10µm impact param 
 resolution 



Current design based on (experience with) ATLAS (and H1), 
re-using existing technologies 

-  Liquid Argon EM calo, possibly  
- accordion geometry (inside coil) 

-  Scintilating Tile HAD calorimeter  
(outside coil) 



- First generation simulated `pseudo-data’ produced with 
reasonable assumptions on systematics (typically 2x better 
than H1 and ZEUS at HERA).  

- Second generation pseudo-data (with full detector  
simulation) in progress  



PDF Constraints at LHeC  

Gluon Sea 

d valence 
19 

Full simulation of inclusive NC and CC DIS data, including 
systematics ! NLO DGLAP fit using HERA technology…  

… impact at low x (kinematic 
range) and high x (luminosity) 

… precise light quark vector, axial 
couplings, weak mixing angle 

… full flavour decomposition 



Flavour Decomposition 
Precision c, b measurements  
(modern Si trackers, beam  
spot 15 * 35 µm2 , increased  
HF rates at higher scales).  
Systematics at 10% level 
   !beauty as a low x observable 
   !s, sbar from charged current 

(Assumes 1 fb-1 and 
-  50% beauty, 10%  
charm efficiency 
-  1% uds ! c  
mistag probability. 
-  10% c ! b mistag)  

sbar 

b 



Theory Cross Section  
Uncertainties   

(125 GeV Higgs  
J Campbell, ICHEP’12) 

Similarly fermionic modes (bbbar, ccbar) 

… tests of Standard Model in Higgs 
sector may become limited by 
knowledge of PDFs in HL-LHC era 

Projected Experimental 
Uncertainties 

21 
[Dashed regions  
= scale & PDF  
contributions 
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... needs N3LO 
Higgs calculation 

… needs improved 
αs measurement 
(also @ LHeC) 

c.f. experimental 
uncertainty of 
0.25%  



-  Both signal & background uncertainties driven  
by error on gluon density … essentially unknown  

     for masses much beyond 2 TeV 

- Signature is excess @ large invariant mass  
-  Expected SM background (e.g. gg ! gg)  

  poorly known for s-hat > 1 TeV.  
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PDF 
Uncerty 

band 



ep Higgs Production at LHeC 

Cross section similar to e+e- linear collider 

Dominant charged current process probes product of 
WW ! H and H ! bbbar couplings  

Sensitive to anomalous couplings and (via azimuthal degree of 
freedom) anomalous CP structure  

Clean signature:  
     H (!bbbar) + j + pt

miss 



A Direct Higgs Study 

Study of H ! bbbar in generic simulated 
LHC detector 

- 80% lepton polarisation  
enhances signal by  
factor 1.7 

- Signal/Background ~ 1-2 

- With 1034 luminosity,  
x10 more data 

!~5000 events,  
     ! ~1%  H!bbbar  

 coupling  

… ongoing studies of H!ccbar to follow.  



•  The (pp) LHC has much better discovery potential than LHeC 
(unless Ee increases to >~500 GeV and 1034 lumi achieved) 

e.g. Expected quark  
compositeness limits 
below 10-19 m at LHeC 

… big improvement on  
HERA, but already beaten 
by LHC  

•  LHeC is competitive with LHC in cases where initial  
state lepton is an advantage and offers cleaner final states 

e 

q 

e 

q 
~ 

χ0 

~ 



Cross Sections and Rates for Heavy Flavours 

HERA 
27.5 x 920 

Charm

Beauty
cc
sW ! c 
bW ! t
ttbar

c.f. luminosity of ~10-100 fb-1 per year 
… 

[1010 / 10 fb-1] 

[103 / 10 fb-1] 

[105 / 10 fb-1] 

[4.105 / 10 fb-1] 

[108 / 10 fb-1] 



•  Somewhere & somehow, the low x growth of cross sections 
must be tamed to satisfy unitarity … non-linear effects  
… new high density, small coupling parton regime of non-linear 
parton evolution dynamics (e.g. Colour Glass Condensate)? … 
… gluon dynamics ! confinement and hadronic mass generation 

[HERAPDF 
1.6 NNLO] 



Enhance target `blackness’ by:   
1) Probing lower x at fixed Q2 in ep 

 [evolution of a single source]  
2) Increasing target matter in eA 

 [overlapping many sources at fixed kinematics … density ~ 
  A1/3 ~ 6 for Pb … worth 2 orders of magnitude in x]   

LHeC delivers a 2-pronged approach: 
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… Reaching 
saturated 
region in  
both ep & eA  
according to 
current models 



With 1 fb-1 (1 month at 1033 cm-2 s-1), F2 stat. < 0.1%, syst, 1-3% 
FL measurement to 8% with 1 year of varying Ee or Ep 

•  LHeC can distinguish between different QCD-based models for 
the onset of non-linear dynamics  
•  Unambiguous observation of saturation will be based on tension 
between different observables e.g. F2 v FL in ep or F2 in ep v eA   



1)  [Low-Nussinov] interpretation as 2 
gluon exchange enhances sensitivity 
to low x gluon 

2)  Additional variable t gives access to 
impact parameter (b) dependent 
amplitudes 

! Large t (small b) probes densest  
packed part of proton? 



e.g. “b-Sat” Dipole model 
- “eikonalised”: with impact-parameter 

   dependent saturation  
- “1 Pomeron”: non-saturating 

•  Significant non-linear  
effects expected in LHeC  
kinematic range. 

•  Data shown are  
extrapolations of  
HERA power law fit  
for Ee = 150 GeV… 
    ! Satn smoking gun? 

[2 fb-1] 



eA 

Four orders of magnitude increase  
in kinematic range over previous  

DIS experiments.  
Current knowledge for 
x <~ 10-2 almost zero. 

! LHeC revolutionises 
our view of partonic 
structure of nuclei. 

!  Study interactions of 
densely packed, but 
weakly coupled, partons 

! Ultra-clean probe of 
passage of `struck’ 
partons through cold 
nuclear matter 
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•  Simulated LHeC ePb F2 measurement 
has huge impact on uncertainties 

•  Most striking effect for sea & gluons 

•  High x gluon uncertainty still large    

Valence 

Sea 

Glue [Example  
pseudo-data 
from single  
Q2 Value]  

[Effects  
on EPS09 
nPDF fit]  34 
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First studies with current electron design, (Ee = 60 GeV)  
enhanced with crab cavities, and Ep=50 TeV.  
Detector, scaled by up to ln(50/7) ~ 2  

   ! √sep = 3.5 TeV, Lumi = few.1034 cm-2s-1 



- Total FCC-he H cross section ~ 1 pb (cf lumi ~ 1034 cm-2s-1) 
- H!HH cross section ~0.5 fb within range?... Studies ongoing 



- Leptoquark reach to ~ 4 TeV 
-  Sensitive to gluon density down to x~10-7 for Q2>1 GeV2 

! Studies underway, common software group with pp and ee   



•  CDR 2012 (630 pages, summarising 5 year  
workshop. 200 authors from 69 institutes) 

•  Renewed interest following  
 1) Possibility of 1034 cm-2 s-1 luminosity 
 2) Higgs discovery ! closer look at what  
      limits HL-LHC sensitivity and standalone ep possibilities  
 3) Associated technical developments  
     (High gradient cavities, Energy recovery linacs) 

•  New International Advisory Committee and Coordination 
Group set up by CERN, with mandate to further develop 
LHeC, also in context of FCC. 

•  More, at LHeC web  
http://lhec.web.cern.ch  
                      and …  

- LHeC Study Group (CDR), J Phys G39 (2012) 075001      
- Klein & Schopper, CERN Courier, June 2014 
- Newman & Stasto, Nature Phys 9 (2013) 448 
- Bruening & Klein, Mod Phys Lett A28 (2013) 1130011 



… with thanks to many experimentalist, theorist  
& accelerator science colleagues, especially 
Nestor Armesto, Max Klein, Uta Klein and Anna Stasto …   

LHeC study group … 
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