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Overview  of  the project

The LHeC is a proposed colliding beam facility at CERN, which will exploit the new 
world of energy and intensity provided by the LHC for lepton-nucleon scattering.

An existing 7 TeV LHC proton or heavy ion beam will collide with a new electron beam 
simultaneously with proton-proton or heavy ion collisions taking place at the existing 
LHC experiments.

LHeC  :   Large Hadron Electron Collider

http://www.ep.ph.bham.ac.uk/exp/LHeC/accelep.png
http://www.ep.ph.bham.ac.uk/exp/LHeC/accelep.png
http://www.ep.ph.bham.ac.uk/exp/LHeC/accelep.png
http://www.ep.ph.bham.ac.uk/exp/LHeC/accelep.png


LHeC vs other DIS experiments

The LHeC is not the  
first proposal for  
TeV scale DIS, but it  
is the first with the  
potential for significantly  
higher luminosity  
than HERA … 

… achievable with a new electron 
accelerator at the LHC … 

  [JINST 1 (2006) P10001] 

Significantly higher luminosity than HERA.
TeV energy range using the LHC beam.

•  LHC is a totally new world of  
• energy and luminosity! LHeC 
proposal aims to exploit it for  
TeV lepton-hadron scattering 
… ep complementing next  
generation pp, ee facilities 

•  Ongoing ECFA/CERN/NuPECC  
workshop has gathered many  
accelerator, theory &  
experimental colleagues 
… still lots to do, even for CDR! 

•  Next major workshop planned for October ’10 .All ideas and 
involvement welcome!  

     [More at http://cern.ch/lhec] 



Physics possibilities at LHeC

Leptoquarks
Contact Interactions

Excited Fermions
Higgs in MSSM
Heavy Leptons

4th generation quarks
Z’

SUSY
???

Structure functions
Quark distributions from direct measurements

Strong coupling constant to high accuracy
Higgs in SM

Gluon distribution in extended x range to 
unprecedented accuracy

Single top and anti-top production
Electroweak couplings

Heavy quark fragmentation functions
Heavy flavor production with high accuracy

Jets and QCD in photoproduction
Partonic structure of the photon

...

New regime at low x 
Saturation
Diffraction

Vector Mesons
Deeply Virtual Compoton 

Scattering
Forward jets and parton 

dynamics
DIS on nuclei

Generalized/unintegrated 
parton distribution functions

Beyond Standard Model

QCD and EW precision physics

Small x and high parton 
densities
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Machine design

Ring-Ring Linac-Ring

Advantage: high peak luminosity, no 
need to drill another tunnel.

Difficulty: building around existing 
LHC.

Electron beam energy and lifetime 
limited by synchrotron radiation

Advantage: high energy, possibly 
high electron polarization. Low 
interference with existing LHC 

infrastructure.
Difficulty: lower peak luminosity, 

no previous experience

E � 60 GeV L ∼ 3× 1033 cm−2s−1 L ∼ 3× 1032 cm−2s−1E � 150 GeV
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Beam scenarios for first physics studies

ep Studies based on a 20-150 GeV electron beam  
and lumi of 1-10 fb-1 / year 

Several scenarios under study … see later for justification 



New physics on 
scales ~10-19 m 

High precision 
partons in LHC 

plateau 

Nuclear  
Structure  
& Low x  
Parton 

Dynamics 
High 

Density  
Matter 

Large x 
partons 

•  High mass (Meq,  
Q2)  frontier 

•  EW & Higgs 

•  Q2 lever-arm  
at moderate & 
high x ! PDFs 

•  Low x frontier 
! novel QCD …  



Access to Q2=1 GeV2 in ep mode 
for all x > 5 x 10-7 IF we have  
acceptance to 179o (and @ low Ee’) 

Nothing fundamentally new in 
LHeC low x physics with !<170o  

… low x cross sections are large! 

… luminosity in all realistic  
scenarios ample for most 
 low x measurements 



Low x and saturation

•  Somewhere & somehow, the low x growth of cross sections 
must be tamed to satisfy unitarity … non-linear effects  
•  Dipole model language ! projectile qq multiply interacting 
•  Parton level language ! recombination gg ! g? 
•  Usually characterised in terms of an x dependent  
     “saturation scale”, Q2

s(x), to be determined experimentally 

Lines of constant ‘blackness’ 
diagonal … scattering cross 
section appears constant 
along them … “Geometric 

   Scaling”  

Something appears to happen  
around ! = Q2/Q2

s = 1 GeV2 

(confirmed in many analyses)  
BUT … Q2 small for ! <~ 1 GeV2 

… not easily interpreted in QCD 

HERA established strong growth of the gluon 
density towards small x

Unitarity must be preserved, but how it is 
realized in microscopic terms?

Parton saturation: recombination of gluons at 
sufficiently high densities leading to nonlinear 

modification of the evolution equations.
Emergence of a dynamical scale: saturation 

scale dependent on energy.

Linear DGLAP evolution works well at HERA.
Hints of saturation at low Q and low x: deterioration of the 

global fit in that region.
Large diffractive component.

Success of the dipole models in the description of the data.
The models point at the low value of the saturation scale 

LHeC would provide an access to a kinematic regime where the 
saturation scale is perturbative

What we learned from HERA about saturation?



Strategy for making the target more black

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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LHeC delivers a 2-pronged approach: 

30 

Probing lower x in ep. 
Evolution of a single 

source

More nucleons: eA 
scattering. Many sources 

overlapping in impact 
parameter .





[Forshaw, Klein, PN, Soyez] 

Vary proton beam energy  
as recently done at HERA ?… 
‘direct’ gluon measurement … 

Ep (TeV)      Lumi (fb-1) 
----------      ----------- 
     7                  1 
     4                 0.8 
     2                 0.2 
     1                 0.05 
 [0.45              0.01] 

… precision typically 5% 
… stats limited for 

 Q2 > 1000 GeV2 
… could also vary Ee … 

… selected lowest x data 
compared with 3 dipole 
models including saturation … 



•  ‘Modern’ dipole models, containing saturation effects & low x 
behaviour derived from QCD give a much narrower range 
•  c.f. 2% errors on LHeC F2 pseudo-data, 8% on FL pseudo-data   

   … we should be able to distinguish … 

NNPDF NLO DGLAP uncertainties explode @ low x and Q2  
Formally, wide range of possibilities allowed, still fitting HERA 

Interestingly, rather small band of uncertainties for models based on saturation as 
compared with the calculations based on the linear evolution. Possible cause: the 

nonlinear evolution washes out any uncertainties due to the initial conditions, or too 
constrained parametrization used within the similar framework.

approx. 2% error on the F2 pseudodata, and 8% on the FL pseudodata ,should 
be able to distinguish between some of the scenarios.



Conclusion: clearly establishing non-linear effects needs a 
minimum of 2 observables … (F2

c may work in place of FL)… 

Simulated LHeC F2 and FL data based on a dipole model 
containing low x saturation (FS04-sat)… 

… NNPDF (also HERA framework) DGLAP QCD fits cannot 
accommodate saturation effects if F2 and FL both fitted 

[Rojo] 

Can saturation be finally established at ep 
collider?



PDFs & EW Couplings 

Using ZEUS fitting code, HERA + 
LHeC data … EW couplings free 

Ee = 100 GeV, L = 10+5 fb-1, P = +/- 0.9 

[Gwenlan] ZEUS 
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Diffraction
• Enhanced sensitivity to semi-hard regime

• Explore relation with saturation at unprecedented low x

• Test factorization (or lack of it)

• Gap survival issues

• Additional momentum transfer dependence allows access 
to measure the impact parameter profile of the 
interaction region

LHeC has the potential to address these problems in 
an extended kinematic regime



Diffraction at LHeC: new possibilities

Forshaw, Marquet, Newman

• Studies with 1 degree acceptance,

• Diffractive-PDFs

• Factorization (tests) in much 
bigger range

• Diffractive masses                                
with  

• X can include W,Z,b

MX ∼ 100GeV
xIP = 0.01

•  Higher Ee yields acceptance at higher Q2 (pQCD), 
lower xIP (clean diffraction) and ! (low x effects) 
•  Similar to inclusive case, 170o acceptance kills most of plane "



Diffraction and saturation
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Diffraction and saturation
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Exclusive diffraction
• Exclusive diffractive production of VM is an excellent 

process for extracting the dipole amplitude

• Suitable process for estimating the ‘blackness’ of the 
interaction.

• t-dependence provides an information about the impact 
parameter profile of the amplitude.

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

Large t (small b) probes densest 
packed part of proton? 
c.f. inclusive scattering probes median 
b~2-3 GeV-1 1− S2 probability that a dipole passing the proton will induce 

an inelastic reaction at the given impact parameter

Q2 = 0.45 GeV2

Q2 = 3.5 GeV2

Q2 = 7.0 GeV2

e.g. “b-Sat” Dipole model [Golec-Biernat, Wuesthoff, 

Bartels, Teaney, Kowalski, Motyka, Watt] … 
“eikonalised”: with impact-parameter 

   dependent saturation  
“1 Pomeron”: non-saturating 

•  Significant non-linear  
effects expected  
even for t-integrated  
cross section in LHeC  
kinematic range. 
•  Data shown are  
extrapolations of  
HERA power law fit  
for Ee = 150 GeV… 
    ! Satn smoking gun? 

[Watt] 

[2 years in low x configuration] 



Exclusive diffraction in dipole model

e.g. “b-Sat” Dipole model [Golec-Biernat, Wuesthoff, 

Bartels, Teaney, Kowalski, Motyka, Watt] … 
“eikonalised”: with impact-parameter 

   dependent saturation  
“1 Pomeron”: non-saturating 

•  Significant non-linear  
effects expected  
even for t-integrated  
cross section in LHeC  
kinematic range. 
•  Data shown are  
extrapolations of  
HERA power law fit  
for Ee = 150 GeV… 
    ! Satn smoking gun? 

[Watt] 

[2 years in low x configuration] 

• b-Sat dipole model (Golec-
Biernat, Wuesthoff, Bartels, Motyka, 

Kowalski, Watt)
• eikonalised: with saturation
• 1-Pomeron: no saturation 

•Significant effects even for the t-
integrated observable.

•Different W behavior depending 
whether saturation is included 

or not.

• Simulated data are from 
extrapolated fit to HERA data

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

Large t (small b) probes densest 
packed part of proton? 
c.f. inclusive scattering probes median 
b~2-3 GeV-1 



Exclusive diffraction in dipole model

J/! photoproduction 
double differentially 
in W and t … 

Cross sec probes  
to xg ~ 6.10-6 

Q2 ~ 3 GeV2 ~ m!
2/4 

Precise t dependence 
will help to reveal 
satn effects! 

Also possible in 
several Q2 bins and  
for Upsilon, DVCS … 

Ee = 50 GeV, 1o acceptance, L=2 fb-1 

differential cross section in bins of t
•photoproduction cross section 

double differential in W and t

• small x of the gluon probed

•precise t-dependence can help 
us map the impact parameter 

profile

•possible also in DIS for several 
Q bins and other states like 

Upsilon and for DVCS process.



Cross Sections and Rates for Heavy Flavours 

HERA 
27.5 x 920 

[Behnke] Charm

Beauty
cc
sW-> c 
bW->top
ttbar

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

Physics with heavy flavors

Luminosity 
10 fb−1

LHeC is a flavor factory!



Flavor decomposition

19

Max Klein

F strange
2

20

F2
cc  projected LHeC results (only QPM like part):

Max KleinF charm
2Flavour Decomposition 

High precision c, b measurements  
(modern Si trackers, beam  
spot 15 * 35 µm2 , increased  
HF rates at higher scales).  
Systematics at 10% level 
   !beauty is a low x observable! 
   !s (& sbar) from charged current 
   ! Similarly Wb ! t? 

b 

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

LHeC 10o acceptance 

LHEC 1o acceptance s 
[Mehta, Klein] 

Flavour Decomposition 
High precision c, b measurements  
(modern Si trackers, beam  
spot 15 * 35 µm2 , increased  
HF rates at higher scales).  
Systematics at 10% level 
   !beauty is a low x observable! 
   !s (& sbar) from charged current 
   ! Similarly Wb ! t? 

b 

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

LHeC 10o acceptance 

LHEC 1o acceptance s 
[Mehta, Klein] 

F beauty
2

Flavour Decomposition 
High precision c, b measurements  
(modern Si trackers, beam  
spot 15 * 35 µm2 , increased  
HF rates at higher scales).  
Systematics at 10% level 
   !beauty is a low x observable! 
   !s (& sbar) from charged current 
   ! Similarly Wb ! t? 

b 

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

LHeC 10o acceptance 

LHEC 1o acceptance s 
[Mehta, Klein] 

• High precision c,b measurements
• Possible s (and sbar) from charged current
• b is a small x observable
• Also possible Wb→ t



[d’Enterria] 
•  Very limited x, Q2 and A range  
for F2

A so far (unknown for  
x <~ 10-2, gluon very poorly  
constrained) 

•  LHeC extends kinematic  
range by 3-4 orders of  
magnitude with very large A  

Gluons from saturated nuclei  !   Glasma?       !     QGP     !            Reconfinement 

electron-ion collisions

[d’Enterria] 
•  Very limited x, Q2 and A range  
for F2

A so far (unknown for  
x <~ 10-2, gluon very poorly  
constrained) 

•  LHeC extends kinematic  
range by 3-4 orders of  
magnitude with very large A  

Gluons from saturated nuclei  !   Glasma?       !     QGP     !            Reconfinement 

•Measurement of eA essential for understanding 
the initial stage in the heavy ion collisions.

• So far limited kinematical range known

• Gluon in nucleus is not very well constrained

•LHeC can extend the range in x by 4 orders of 
magnitude as compared with existing data, and 
by 2 orders of magnitude as compared with 

planned eRHIC machine



Extrapolation of nuclear parton densities

Ri = Nuclear PDF i / (A * proton PDF i)  

Current status: nuclear parton distribution functions are poorly 
known at small x. Especially gluon density, below x=0.01 can be 

anything between 0 and 1....



Impact of LHeC on nuclear parton 
distributions

•  Striking effect on quark sea and gluons in particular 
•  High x gluon uncertainty remains large   
•  Now working on flavour decomposition  

[Paukkunen, 
Armesto … 

 in progress] 

39 

• Very large constraint 
on the low x gluons 

and sea quarks.

• Large x region 
remains unconstrained

•Work in progress: full 
flavor decomposition



Organization of the Conceptual Design Report
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Schedule and remarks
• Proposal to start operation by 2020/2022 (new phase of LHC)

• This is possible. HERA: proposal 1984-operation 1992. LEP: proposal 1983 - operation 1989.

• Major technologies for the detector and accelerator do exist. This 
machine can be built.

• Cost is modest in terms of major HEP experiments (part of the machine, 
LHC is already there)

• Next steps:

•  CDR fall 2010/early 2011

• Evaluation by CERN, ECFA

• If successful, set up professional structure to complete the TDR by 
2013/2014

• In an optimistic long term perspective a super-LHC’ beam of 16 TeV 
could be collided with a 140 GeV electron beam to give a CMS energy of 
3 TeV and reaching down to x ∼ 10−7



Summary
• LHeC offers an access to a new world of luminosity  and energy in 

lepton-hadron interactions.

• ep complementing next generation of ee and pp colliders.

• Already lots of interest among experimental and theoretical 
colleagues. Many tests and simulated data are available. Technical 
design under discussion.

• Still need a lot of work for the preparation of the CDR.

• Next major workshop, Divonne, October 2010.

• Ideas/suggestions and involvement are welcome!
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