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Project Development!

2007:  Invitation by SPC to ECFA and by (r)ECFA to work out a design concept!
!
2008:  First CERN-ECFA Workshop in Divonne (1.-3.9.08)!
!
2009:  2nd CERN-ECFA-NuPECC Workshop at Divonne (1.-3.9.09) !
!
2010:   Report to CERN SPC (June) !
            3rd CERN-ECFA-NuPECC Workshop at Chavannes-de-Bogis (12.-13.11.10)!
            NuPECC puts LHeC to its Longe Range Plan for Nuclear Physics (12/10)!
             !
!
2011:   Draft CDR (530 pages on Physics, Detector and Accelerator) (5.8.11)!
            refereed and being updated!
          !
2012:   Discussion of  LHeC at LHC Machine Workshop (Chamonix)!
            Publication of  CDR – European Strategy !
            New workshop (June14-15, 2012)!

LHeC has some history already ..!

Talk by Max Klein in Chavannes-de-Bogis
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08 IIHE, Université Libre de Bruxelles, Belgium, supported by the FNRS
09 University of Buenos Aires, Argentina
10 INFN Gruppo Collegato di Cosenza and Universita della Calabria, Italy
11 Massachusetts Institute of Technology, Cambridge, USA
12 Charkow National University, Ukraine
13 University of Copenhagen, Denmark
14 Cockcroft Institute, Daresbury, UK
15 Rutherford Appleton Laboratory, Didcot, UK
16 CERN, Geneva, Switzerland
17 DESY, Hamburg and Zeuthen, Germany
18 University of Hamburg, Germany

2

193 authors
631 pages

947 references
5 chapters 
14 sections

CERN Referees!

!"#$%&'()*+,,*-./(&*0120(-3".$*)(&%/2*4(-143*56789*:4%;(2*#<*=,,*."3'14&*>41?*+,*@2&A3"3(&*.2)*

4(>(4(()*#<*=B*:14$)*(C-(43&*12*-'<&%0&D*.00($(4.314*.2)*)(3(0314D*:'%0'*:(4(*%2E%3()*#<*6F8GH**

!"#$%&'()*+(,'-.*



Working Group Convenors 

Steering Committee 

Scientific Advisory Committee 

 Organisation for CDR 

CERN Referees 



LHeC is the latest & most  
promising idea to take ep  
physics to the TeV  
centre-of-mass scale … 
… at high luminosity 

-  A brief history of ep Physics  
- How to build an ep Collider  

  based on the LHC 
-  Detector considerations 
- Physics motivation - BSM physics  

   - Precision QCD / EW 
   - Low x / high parton densities 
   - Electron – ion collisions 

- Timeline and outlook     

LHeC is the latest & most  
promising idea to take ep  
physics to the TeV  
centre-of-mass scale … 
… at high luminosity 

-  A brief history of ep Physics  
- How to build an ep Collider  

  based on the LHC 
-  Detector considerations 
- Physics motivation - BSM physics  

   - Precision QCD / EW 
   - Low x / high parton densities 
   - Electron – ion collisions 

- Timeline and outlook     • Physics motivation 
• Accelerator and detector design
• Physics possibilities
• Timeline and outlook

Outline of the talk:



Deep inelastic electron-proton collider

HERA Hamburg 1992-2007

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 

ZEUS 

e (27.5 GeV) 

P (920 GeV) 

HERA Luminosity 2002 - 2007
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Results from HERA
HERA established detailed proton 
structure: parton density functions.

Increasing role of gluons at small x.
Proton structure is highly complex 

due to the QCD radiation (evolution).

Other results: measurement of coupling constant, jets, photon structure, diffractive 
processes, charm and bottom structure functions, limits for new physics 

(leptoquarks).

Proton constituents …  
 2 up and 1 down valence quarks 
 … and some gluons 
 … and some sea quarks 
 … and lots more gluons and sea quarks … 

!  strong interactions induce rich and complex  
`structure’ of high energy proton interactions! 

           Scattering electrons from  
           protons at !s > 300GeV at 
         HERA has established detailed 
   proton structure & provided  
   a testing ground for QCD 
   over a huge kinematic range  

   … parton density functions 

u u 

d 



Limitations of HERA
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• No deutrons
• No heavy nuclei
• Low x saturation ?(too small s)
• Precision measurement of         (overall not 

precise enough)
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Physics motivation for ep/eA in TeV range

• Details of parton structure of the nucleon (from ep,ed/eA), full 
unfolding of PDFs.  Measurement of GPDs and unintegrated PDFs.

• Mapping the gluon field down to very low x. Saturation physics.

• Heavy quarks, factorization, diffraction, electroweak processes.

• Properties of Higgs.  Very good sensitivity to: H to bbar, H to WW 
coupling in the 120-130 GeV mass range.

• Searches and understanding of new physics. Very precise measurement 
of the coupling constant. Leptoquarks, excited leptons...

• Deep inelastic scattering off nuclei. Nuclear parton distributions. 
Pinning down the initial state for heavy ion collisions.



Accelerator design in linac-ring option
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Figure 8.5: LHeC ERL layout including dimensions.

each of the other arc beam lines there always co-exist a decelerating and an accelerating beam. The effective6119

arc radius of curvature is 1 km, with a dipole bending radius of 764 m [647].6120

The two straight sections accommodate the 1-km long SC accelerating linacs. In addition to the 1km6121

linac section, there is an additional space of 290 m in each straight section of the reacetrack. In one straight6122

of the racetrack 260 m of this additional length is allocated for the electron final focus (plus matching and6123

splitting), the residual 30 m on the other side of the same straight allows for combining the beam and6124

matching the optics into the arc. In the second straight section of the racetrack the additional length of6125

the straight sections houses the additional linacs for compensating the 1.44 GeV energy loss in the return6126

arcs [648]. For the highest energy, 60 GeV, there is a single beam and the compensating RF (750 MV) can6127

have the same frequency, 721 MHz, as in the main linac [648]. For the other energies, a higher harmonic RF6128

system, e.g. at 1.442 GHz, can compensate the energy loss for both decelerating and accelerating beams,6129

which are 180◦ out of phase at 721 MHz. On one side of the second straight one must compensate a total6130

energy loss of about 907 MeV per particle (=750+148+9 MeV, corresponding to the energy loss at 60, 406131

and 20 GeV, respectively), which should easily fit within a length of 170 m. On the other side one has to6132

compensate 409 MeV (=362+47 MeV), corresponding to SR energy losses at 50 and 30 GeV), for which a6133

length of 120 m is available.6134

The total circumference of the ERL racetrack is chosen as 8.9 km, equal to one third of the LHC6135

circumference. This choice has the advantage that one could introduce ion-clearing gaps in the electron6136

beam which would match each other on successive revolutions (e.g. for efficient ion clearing in the linacs6137

that are shared by six different parts of the beam) and which would also always coincide with the same proton6138

bunch locations in the LHC, so that in the latter a given proton beam would either always collide or never6139

collide with the electrons [649]. Ion clearing may be necessary to suppress ion-driven beam instabilities. The6140

proposed implementation scheme would remove ions while minimizing the proton emittance growth which6141

could otherwise arise when encountering collisions only on some of the turns. In addition, this arrangement6142

can be useful for comparing the emittance growth of proton bunches which are colliding with the electrons6143

and those which are not.6144

The length of individual components is as follows. The exact length of the 10-GeV linac is 1008 m. The6145
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Figure 8.8: Pulsed single straight 140-GeV linac for higher-energy ep collisions.

Figure 8.9: Highest-energy high-luminosity ERL option based on two straight linacs and multiple 10-GeV

energy-transfer beams [659].

first accelerating linac, with the help of multiple, e.g. 15, 10-GeV “energy-transfer beams,” a novel type6222

of energy recovery is realized without bending the spent beam. With two straight linacs facing each other6223

this configuratiom could easily be converted into a linear collider, or vice versa, pending on geometrical and6224

geographical constraints of the LHC site. As there are negligible synchrotron-radiation losses the energy6225

recovery could be more efficient than in the case of the 60-GeV recirculating linac. Such novel form of ERL6226

could push the LHeC luminosity to the 10
35

cm
−2

s
−1

level. In addition, it offers ample synergy with the6227

CLIC two-beam technology.6228

8.1.6 γ-p/A Option6229

In case of a (pulsed) linac without energy recovery the electron beam can be converted into a high-energy6230

photon beam, by backscattering off a laser pulse, as is illustrated in Fig. 8.10. The rms laser spot size at the6231

conversion point should be similar to the size of the electron beam at this location, that is σγ ≈ 10µm.6232

With a laser wavelength around λγ ≈ 250 nm (Eγ,0 ≈ 5 eV), obtained e.g. from a Nd:YAG laser with6233

frequency quadrupling, the Compton-scattering parameter x [660,661],6234

x ≈ 15.3

�
Ee,0

TeV

� �
Eγ,0

eV

�
, (8.3)

is close to the optimum value 4.8 for an electron energy of 60 GeV (for x > 4.8 high-energy photons get6235

lost due to the creation of e+e− pairs). The maximum energy of the Compton scattered photons is given by6236

Eγ,max = x/(x+1)E0, which is larger than 80% of the initial electron-beam energy Ee,0, for our parameters.6237

The cross section and photon spectra depend on the longitudinal electron polarization λe and on the circular6238

laser polarization Pc. With proper orientation (2λePc = −1) the photon spectrum is concentrated near the6239

highest energy Eγ,max.6240

The probability of scattering per individual electron is [662]6241

nγ = 1− exp(−q) (8.4)

with6242

q =
σcA

Eγ,02πσ2
γ

, (8.5)
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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) 



LHeC kinematics

Project:

eA collisions at the LHeC: 2. The Large Hadron-electron Collider. 8

●LHeC@CERN → ep/eA experiment using p/A from the LHC:
Ep=7 TeV, EA=(Z/A)Ep=2.75 TeV/nucleon for Pb.
● New e+/e- accelerator: Ecm∼1-2 TeV/nucleon (Ee=50-150 GeV).
● Requirements:
* Luminosity∼1033 cm-2s-1. 
* Acceptance: 1-179 degrees
(low-x ep/eA).
* Tracking to 1 mrad.
* EMCAL calibration to 0.l %.
* HCAL calibration to 0.5 %.
* Luminosity determination 
to 1 %.
* Compatible with LHC
operation.
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eA collisions at the LHeC: 2. The Large Hadron-electron Collider. 8

●LHeC@CERN → ep/eA experiment using p/A from the LHC:
Ep=7 TeV, EA=(Z/A)Ep=2.75 TeV/nucleon for Pb.
● New e+/e- accelerator: Ecm∼1-2 TeV/nucleon (Ee=50-150 GeV).
● Requirements:
* Luminosity∼1033 cm-2s-1. 
* Acceptance: 1-179 degrees
(low-x ep/eA).
* Tracking to 1 mrad.
* EMCAL calibration to 0.l %.
* HCAL calibration to 0.5 %.
* Luminosity determination 
to 1 %.
* Compatible with LHC
operation.

x
-610 -510 -410 -310 -210 -110

)2
 (G

eV
2

Q

-110

1

10

210

310

410

510

610 )2(x,Q2,Anuclear DIS - F

Proposed facilities:

LHeC
Fixed-target data:

NMC

E772

E139

E665

EMC

 (Pb, b=0 fm)2
sQ

perturbative

non-perturbative

(70 GeV - 2.5 TeV)

e-Pb (LHeC)

d’Enterria

The machine: Ring-Ring option

eA collisions at the LHeC: 2. The Large Hadron-electron Collider. 10

e-injector

BYPASS

Preliminary; Fitterer@DIS11

eA: Len∼1032 cm-2s-1.

EA = 2.75 TeV/nucleon
Ee = 50− 150 GeV
√

s � 1− 2 TeV

Ep = 7 TeV

ep/ea collisions 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 …  

ep

eA

���e



Figure 13.52: Acceptance for J/ψ with Ee = 50GeV as a function of W , the center of mass energy of the γp
system. A detector with larger coverage both in the forward and in the rear region allows for measurements
on a much wider W range.

!"#$%&'()(%*

+,-(%)-
!(,)%"#*
.%"/0(%

1$%2"%3****
.%"/0(%

4"/02"%3

.%"/0(%

Solenoid

5#(/)%$'"6,(7/*!"#$%&'()(%

8"3%$,&/*!"#$%&'()(%

9:$,*;()(/)$%

!"#$%&'()(%*

+,-(%)-

Figure 13.53: A full view of the baseline detector in the r-z plane with all components shown. The detector
dimensions are ≈ 14 m in z with a diameter of ≈ 9 m.

473

Detector design

e p

forward backward

!"#$%&#'#(')*%+,#*,-#.%

Forward/backward asymmetry in energy deposited and thus in geometry and technology 
Present dimensions: LxD =14x9m2  [CMS 21 x 15m2 , ATLAS 45 x 25 m2] 

Taggers at -62m (e),100m (!,LR), -22.4m (!,RR), +100m (n), +420m (p) 

/-0#%$10)*-2#'#*%

!3*%#0#('*)2145#6(%(10)*-2#'#*%%

&#'#(')*%)76)5%8%9)*%!:%15;%9<00%1((#7'15(#%(),#*14#%



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

Physics possibilities



Contents

I Introduction 18

1 Lepton-Hadron Scattering 19

1.1 Development and contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.2 Open questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2 Design Considerations 26

2.1 Deep Inelastic Scattering and Particle Physics . . . . . . . . . . . . . . . . . . 26

2.2 Synchronous pp and ep operation . . . . . . . . . . . . . . . . . . . . . . . . 26

2.3 Choice of electron beam energy . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.4 Detector constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.5 Two electron beam options . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.6 Luminosity and power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

II Physics 33

3 Precision QCD and Electroweak Physics 34

3.1 Inclusive deep inelastic scattering . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.1.1 Cross sections and structure functions . . . . . . . . . . . . . . . . . . 35

3.1.2 Neutral current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.1.3 Charged current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.1.4 Cross section simulation and uncertainties . . . . . . . . . . . . . . . . 39

3.1.5 Longitudinal structure function FL . . . . . . . . . . . . . . . . . . . . 41

3.2 Determination of parton distributions . . . . . . . . . . . . . . . . . . . . . . 47

3.2.1 QCD fit ansatz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2.2 Valence quarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2.3 Probing q �= q̄ and up �= dn . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2.4 Strange quarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2.5 Releasing PDF constraints . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2.6 Top quarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.3 Gluon distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.4 Prospects to measure the strong coupling constant . . . . . . . . . . . . . . . 61

3.4.1 Status of the DIS measurements of αs . . . . . . . . . . . . . . . . . . 62

3.4.2 Simulation of αs determination . . . . . . . . . . . . . . . . . . . . . . 63

3.5 Electron-deuteron scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.6 Charm and beauty production . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.6.1 Introduction and overview of expected highlights . . . . . . . . . . . . 68

3.6.2 Total production cross sections for charm, beauty and top quarks . . . 71

9

3.6.3 Charm and beauty production in DIS . . . . . . . . . . . . . . . . . . 72

3.6.4 Determination of the charm mass parameter in VFN schemes . . . . . 76

3.6.5 Intrinsic heavy flavour . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.6.6 D∗
meson photoproduction study . . . . . . . . . . . . . . . . . . . . . 78

3.7 High pt jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.7.1 Jets in ep . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.7.2 Jets in γA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.8 Total photoproduction cross section . . . . . . . . . . . . . . . . . . . . . . . 89

3.9 Electroweak physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

3.9.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.9.2 Light quark weak neutral current couplings . . . . . . . . . . . . . . . 92

3.9.3 Determination of the weak mixing angle . . . . . . . . . . . . . . . . . 93

4 Physics at High Parton Densities 101

4.1 Physics at small x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.1.1 High energy and density regime of QCD . . . . . . . . . . . . . . . . . 101

4.1.2 Status following HERA data . . . . . . . . . . . . . . . . . . . . . . . 109

4.1.3 Low-x physics perspectives at the LHC . . . . . . . . . . . . . . . . . 116

4.1.4 Nuclear targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.2 Prospects at the LHeC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.2.1 Strategy: decreasing x and increasing A . . . . . . . . . . . . . . . . . 124

4.2.2 Inclusive measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.2.3 Exclusive production . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

4.2.4 Inclusive diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

4.2.5 Jet and multi-jet observables, parton dynamics and fragmentation . . 166

4.2.6 Implications for ultra-high energy neutrino interactions and detection 178

5 New Physics at High Energy 182

5.1 New physics in inclusive DIS at high Q2
. . . . . . . . . . . . . . . . . . . . . 182

5.1.1 Quark substructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

5.1.2 Contact interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

5.1.3 Kaluza-Klein gravitons in extra-dimensions . . . . . . . . . . . . . . . 186

5.2 Leptoquarks and leptogluons . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

5.2.1 Phenomenology of leptoquarks in ep collisions . . . . . . . . . . . . . 188

5.2.2 The Buchmüller-Rückl-Wyler Model . . . . . . . . . . . . . . . . . . . 189

5.2.3 Phenomenology of leptoquarks in pp collisions . . . . . . . . . . . . . 189

5.2.4 Contact term approach . . . . . . . . . . . . . . . . . . . . . . . . . . 191

5.2.5 Current status of leptoquark searches . . . . . . . . . . . . . . . . . . 191

5.2.6 Sensitivity on leptoquarks at LHC and at LHeC . . . . . . . . . . . . 192

5.2.7 Determination of LQ properties . . . . . . . . . . . . . . . . . . . . . . 192

5.2.8 Leptoquarks as R-parity violating squarks . . . . . . . . . . . . . . . . 198

5.2.9 Leptogluons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

5.3 Excited leptons and other new heavy leptons . . . . . . . . . . . . . . . . . . 200

5.3.1 Excited fermion models . . . . . . . . . . . . . . . . . . . . . . . . . . 201

5.3.2 Simulation and results . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

5.4 New physics in boson-quark interactions . . . . . . . . . . . . . . . . . . . . . 205

5.4.1 An LHeC-based γp collider . . . . . . . . . . . . . . . . . . . . . . . . 205

5.4.2 Anomalous single top production at a γp collider . . . . . . . . . . . . 205

5.4.3 Excited quarks in γp collisions at the LHeC . . . . . . . . . . . . . . . 208

5.4.4 Quarks from a fourth generation at LHeC . . . . . . . . . . . . . . . . 209

10



LHeC
x=0.000008

x=0.00002

x=0.00008

x=0.0002

x=0.0008

x=0.002

x=0.008

(× 70)

(× 40)

(× 20)

(× 8)

(× 4)

(× 2)

Low x

Q
2
 / GeV

2

σ
r,

N
C

(x
,Q

2
)

e
-
p  -  10 fb

-1

1

10

10
2

1 10 10
2

10
3

10
4

10
5

Figure 4.4: Simulated neutral current, inclusive reduced cross section measurement, for an integrated lu-
minosity of 10 fb−1, in unpolarised e−p scattering at Ee = 60 and Ep = 7000GeV. The DIS cross section
is measurable at unprecedented precision and range. The uncertainty is about or below 1 % and thus not
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Figure 3.6: Reduced charged current cross sections with statistical uncertainties corre-

sponding to 1 fb
−1

electron (top data points, red) and positron (lower data points, blue)

proton scattering at the LHeC, The curves are determined by the dominant valence quark

distributions, uv for e−p and dv for e+p. In the simulation the lepton polarisation is taken

to be zero. The valence-quark approximation of the reduced cross section is seen to hold at

x ≥ 0.3. A precise determination of the u/d ratio up to large x appears to be feasible at

very high Q2
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Figure 4.16: Gluon distribution and uncertainty bands, at Q2 = 1.9 GeV2, for most of the available recent
PDF determinations. Left: logarithmic x, right: linear x.
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Figure 4.17: Ratios to MSTW08 of gluon distribution and uncertainty bands, at Q2 = 1.9 GeV2, for most
of the available recent PDF determinations. Left: logarithmic x, right: linear x.
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Figure 4.18: Relative uncertainty of the gluon distribution at Q2 = 1.9 GeV2, as resulting from an NLO QCD
fit to HERA (I) alone (green, outer), HERA and BCDMS (crossed), HERA and LHC (light blue, crossed)
and the LHeC added (blue, dark). Left: logarithmic x, right: linear x.

4.4 Prospects to Measure the Strong Coupling Constant1312

The precise knowledge of αs(M2
Z) is of instrumental importance for the correct prediction of the electro-1313

weak gauge boson production cross sections and the Higgs boson cross section at Tevatron and the LHC1314

[77]. Indepently of such applications, the accurate determination of the coupling constants of the known1315

fundamental forces is of importance in the search for their possible unification within a more fundamental1316

theory. Among the coupling constants of the forces in the Standard Model, the strong coupling αs exhibits1317

the largest uncertainty, which is currently of the size of ∼ 1%. Any future improvement of this accuracy, along1318

with the consolidation of the genuine central value, is one of the central issues of contemporary elementary1319

particle physics. It demands deep experimental and theoretical efforts to obtain the required precision and1320

especially to handle all essential systematic effects.1321

Experimentation at the LHeC will allow to measure the strong coupling constant αs(M2
Z) at much higher1322

precision than hitherto, both from the scaling violations of the deep inelastic structure functions, as will be1323

demonstrated below, and using ep multiple jet cross sections. For the final inclusion of jet data in global1324

pdf analyses, both from ep and from hadron colliders, their description at NNLO is required. At the LHeC,1325

similar to HERA, the measurement of the ep jet cross sections will form important data samples 3 for the1326

measurement of αs(M2
Z).1327

Subsequently, a brief account will be given on the status and the complexity of determining αs in DIS,1328

followed by a presentation of the study of the αs measurement uncertainty with the inclusive NC and CC1329

data from the LHeC.1330

4.4.1 Status of the DIS Measurements of αs1331

During the last 35 years the strong coupling constant has been measured with increasing accuracy in lepton-1332

nucleon scattering in various experiments at CERN, FERMILAB and DESY. The precision, which has1333

been reached currently, requires the description of the deep-inelastic scattering structure functions at O(α3
s)1334

[36, 78,79].1335

3These are presented below but have not been used in this document for a determination of the strongh coupling constant.
One knows of course that the use of jet data in DIS helps resoving the αs-xg correlation, especially at large x, and consequently
leads to a significant reduction of the uncertainty on the coupling constant. This, however, tends to also change the central
value. The LHeC as will be shown below determines αs to permille precision already in inclusive scattering. Comparison with
precise values from jets can be expected to shed light on the yet unresolved question as to whether there is a theoretical or
systematic effect which leads to different values in inclusive DIS and jets or not.
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Gluon at small x: large uncertainties Constraints by including  LHeC 
simulated data
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Figure 4.12: Sum of the strange and anti-strange quark distribution as embedded in the NLO QCD fit sets
as noted in the legend. Left: s + s versus Bjorken x at Q2 = 1.9 GeV2; right: ratio of s + s of various
PDF determinations to MSTW08. In the HERAPDF1.0 analysis (green) the strange quark distribution is
assumed to be a fixed fraction of the down quark distribution which is conventionally assumed to have the
same low x behaviour as the up quark distribution, which results in a small uncertainty of s + s.
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Figure 4.13: Simulated measurement of the strange quark density with the LHeC. Closed (open) points:
tagging acceptance down to 10 (1◦).
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Constraints of strange quark 
density through charm tagging

for example, x = 0.7 is reduced from a level of 50−100 % to about 5 %. The up valence quark distribution is1197

better known than dv, because it enters with a four-fold weight in F2, due to the electric quark charge ratio1198

squared, a big improvement yet is also visible. These huge improvement effects at large x are a consequence1199

of the high precision measurements of the NC and the CC inclusive cross sections, which at high x tend to1200

4uv +dv and uv (dv) for electron (positron) scattering, respectively. At HERA the luminosity and range had1201

not been high enough to allow a similar measurement as will be possible for the first time with the LHeC.1202

This is illustrated in Fig. 4.10 which compares recent results of the ZEUS Collaboration, on the CC cross1203

section with the LHeC simulation.

Figure 4.9: Uncertainty of valence quark distributions, at Q2 = 1.9 GeV2, as resulting from an NLO QCD
fit to HERA (I) alone (green, outer), HERA and BCDMS (crossed), HERA and LHC (light blue, crossed)
and the LHeC added (blue, dark). Top: up valence quark; down: down valence quark; left: logarithmic x,
right: linear x.

1204

Access to valence quarks at low x can be obtained from the e±p cross section difference as introduced1205

above:1206

σ−r,NC − σ+
r,NC = 2

Y−
Y+

(−ae · kxF γZ
3 + 2veae · k2xFZ

3 ). (4.25)

Since the electron vector coupling, ve, is small and k not much exceeding 1, to a very good approximation the1207

cross section difference is equal to −2kY−aexF γZ
3 /Y+. In leading order pQCD this “interference structure1208

function” can be written as1209

xF γZ
3 = 2x[euau(U − U) + edad(D −D)], (4.26)

with U = u + c and D = d + s for four flavours. The xF γZ
3 structure function thus provides information1210

about the light-quark axial vector couplings (au, ad) and the sign of the electric quark charges (eu, ed).1211

Equivalently one can write1212

xF γZ
3 = 2x[euau(uv + ∆u) + edad(dv + ∆d)]. (4.27)
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Constraints on valence at large x
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Figure 3.11: Simulation of the LHeC measurement of the interference structure function

xF γZ
3 from unpolarised e±p scattering with 10 fb

−1
luminosity per beam (blue, closed points)

compared with the HERA II data as obtained by H1 (preliminary, green triangles) and by

ZEUS (red squares) with about 0.15 fb−1
luminosity per beam charge. The H1 x values are

enlarged by 10% of their given values for clarity. It should be noted that any significant

deviation of sea from anti-quarks, see Eq. 3.27, would cause xF γZ
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1500GeV
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exploiting the fact that the valence quarks are approximately independent of Q2
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The lower plot is a zoom into the high x region.
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More on valence quarks: xF3
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Figure 4.21: Total production cross section predictions for various heavy quark processes at the LHeC (with

7 TeV proton energy), as a function of the lepton beam energy. The following processes are covered: charm

and beauty production in photoproduction and DIS, the charged current processes sW → c and bW → t and

top pair production in photoproduction and DIS. The flavour inclusive charged current total cross section is

also shown. All predictions are taken from Monte Carlo simulations, the details can be found in Table 4.5.

For comparison also the predicted cross sections at HERA (with 920 GeV proton energy) are shown.

are those of a recent weighted average [135] of almost all available measurements from H1 and ZEUS. In a1612

large part of the covered phase space these results are already rather accurate, with precisions between 5%1613

and 10%. The overlayed LHeC projections show a vast phase space increase to lower and larger x and also1614

to much higher Q2
values. In the kinematic overlap region the expected statistical precisions at LHeC are1615

typically a factor ∼ 40 better than at HERA which can be easily explained by the 20 times larger integrated1616

luminosity and the ∼ 100 times better tagging efficiency. For the smaller x not covered by HERA the1617
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Cross Sections and Rates for Heavy Flavours 
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c.f. luminosity of ~10 fb-1 per year … 
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Figure 4.22: F cc
2 projections for LHeC compared to HERA data [135], shown as a function of x for various

Q2
values. The expected LHeC results obtained with the RAPGAP MC simulation are shown as points with

error bars representing the statistical uncertainties. The dashed lines are interpolating curves between the

points. For the open points the detector acceptance is assumed to cover the whole polar angle range. For

the grey shaded and black points events are only accepted if at least one charm quark is found with polar

angles θc > 2
0

and θc > 10
0
, respectively. For further details of the LHeC simulation see the main text. The

combined HERA results from H1 and ZEUS are shown as triangles with error bars representing their total

uncertainty.
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Figure 4.23: F bb
2 projections for LHeC compared to HERA data [136] from H1, shown as a function of x for

various Q2
values. The expected LHeC results obtained with the RAPGAP MC simulation are shown as

points with error bars representing the statistical uncertainties. The dashed lines are interpolating curves

between the points. For the open points the detector acceptance is assumed to cover the whole polar angle

range. For the grey shaded and black points events are only accepted if at least one beauty quark is found

with polar angles θb > 2
0

and θb > 10
0
, respectively. For further details of the LHeC simulation see the main

text. The HERA results from H1 are shown as triangles with error bars representing their total uncertainty.

precision even improves at LHeC due to the growing cross sections driven by the rise of the gluon density.1618

The best statistical precisions in the LHeC simulation are observed at smallest x values and small Q2
and1619
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Strange quark distributions: results from LHC
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Figure 3.12: Sum of the strange and anti-strange quark distribution as embedded in the
NLO QCD fit sets as noted in the legend. Left: s + s versus Bjorken x at Q2 = 1.9GeV2;
right: ratio of s + s of various PDF determinations to MSTW08. In the HERAPDF1.0
analysis (green) the strange quark distribution is assumed to be a fixed fraction of the down
quark distribution which is conventionally assumed to have the same low x behaviour as the
up quark distribution, which results in a small uncertainty of s+ s.

to the above where the charm tagging result is used to access the strange quark density
directly from semi-inclusive data. Results are obtained using only the HERA data, adding
the recent W, Z cross section measurements from ATLAS [81] and considering the LHeC
data. One observes that the relaxation of the up-down quark parameter relations leads for
the HERA data to essentially no constraint for x < 0.01 to the down-quark distributions
as shown for the total down-quark density, xD, and the down valence quark in Fig. 3.14.
The total up quark distribution is in any case rather well constrained already by HERA
at low x because it dominates the F2. There is no significant sensitivity of the inclusive
HERA data on the strange density. ATLAS released a rather accurate measurement of
the W and Z rapidity dependent cross sections. These improve the determination of the
down quark densities and they also can be seen to have a sensitivity to the strange density
between x of 0.01 and 0.2 which ATLAS has employed for obtaining a constraint on the
s/d̄ ratio recently [81]. Fig. 3.14 shows that the LHeC inclusive NC and CC data lead to
very precise determinations of all these PDFs. It is worth noting that the ∼ 2% accuracy
obtained for xU can not be met fully by the xD uncertainty, which, however, will be about
as precise if deuteron measurements become available. The determination of the strange
distribution from the inclusive fits is accurate to a few % at x ∼ 0.1 and can complement
the xs determination from charm data presented above. Clearly, such analyses are to certain
extent only illustrative, yet showing the unique potential of the DIS inclusive LHeC data
for unfolding the nucleon quark contents.

3.2.6 Top quarks

The top is the heaviest of the quarks. It decays before hadrons are formed. It has not been
explored in DIS yet because the cross sections at HERA are too small [82]. This is different
at the LHeC where top in charged currents is produced with a cross section of order 5 pb as
can easily be estimated from the LO calculation of Wb scattering. The energy dependence of
top production cross sections in ep scattering is calculated and shown in Fig. 3.22 below. At
the LHeC therefore, for the first time, top quarks can be studied in deep inelastic scattering.

55

Previous MSTW, NNPDF analysis 
indicated strangeness suppression. 
ATLAS points to SU(3) symmetry 

with 0.5(sbar+s)/dbar ratio



Strange pdf from LHeC
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Figure 3.13: Simulated measurement of the anti-strange quark density in CC e−p scattering

with charm tagging at the LHeC, for a luminosity of 10 fb
−1

. Closed (open) points: tagging

acceptance down to 10 (1
◦
). The charm quark tagging efficiency is assumed to be �c = 10%

and the efficiency to keep light quark background bgdq = 1%.
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Deutrons: constraints on light quark sea 
asymmetry

x(4ū+ d̄) towards low x. From Fig. 3.20 one can see that a combination of H1 and BCDMS

(proton and deuteron data at larger x) leaves a very large uncertainty to the ratio of the

light sea quarks at low x if, as is done in this fit, the conventional relation of (ū− d̄) → 1 for

low x is relaxed. In ep at the LHeC, it is mainly the charged current high statistics ep data

which constrain the d/u ratio at lower x. In Fig. 3.20 this may be recognised to be subject to

parameterisation effects to some extent because these mimic a reasonable precision down to

low x < 10
−5

, although the LHeC CC data are limited to x ≥ 10
−4

. The light quark sea gets

fully resolved when one has ep and en data as this measures the orthogonal combinations

of 4u+ d and u+ 4d.
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Figure 3.20: Uncertainty of the d/u ratio as a function of x from a QCD fit to H1 and

BCDMS data (outer band, blue), to the LHeC proton data (middle band, yellow) and the

combined simulated proton and deuteron data from the LHeC (inner band, green). In these

fits the constraint of u and d to be the same at low x has been relaxed.

For the study of the parton evolution with Q2
, the measurement of FN

2 = (F p
2 +Fn

2 )/2 is

also crucial since it disentangles the evolution of the non-singlet and the singlet contributions.

Down to x of about 10
−3

the W±
boson LHC data will also provide information on the up-

down quark distributions, albeit at high Q2
. With ep, eD and W+/W−

data, the low x sea

will be resolved for the first time, as all the low x light quark information from HERA has

been restricted to F p
2 only.

A special interest in high precision neutron data at high Q2
arises from the question of

whether charge symmetry holds at the parton level, as has been discussed recently [121].

It may be studied in the charged current ep and eD reactions, using both electrons and

positrons, by measuring the asymmetry ratio

R−
= 2

W−D
2 −W+D

2

W−p
2 +W+p

2

, (3.31)

which is directly sensitive to differences of up and down quark distributions in the proton

and neutron, respectively, which conventionally are assumed to be equal. With the prospect

of directly measuring the strange and anti-strange quark asymmetry in e±p CC scattering

and of tagging the spectator proton and thus eliminating the Fermi motion corrections in
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which constrain the d/u ratio at lower x. In Fig. 3.20 this may be recognised to be subject to

parameterisation effects to some extent because these mimic a reasonable precision down to
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Figure 3.20: Uncertainty of the d/u ratio as a function of x from a QCD fit to H1 and

BCDMS data (outer band, blue), to the LHeC proton data (middle band, yellow) and the

combined simulated proton and deuteron data from the LHeC (inner band, green). In these

fits the constraint of u and d to be the same at low x has been relaxed.

For the study of the parton evolution with Q2
, the measurement of FN

2 = (F p
2 +Fn

2 )/2 is

also crucial since it disentangles the evolution of the non-singlet and the singlet contributions.

Down to x of about 10
−3

the W±
boson LHC data will also provide information on the up-

down quark distributions, albeit at high Q2
. With ep, eD and W+/W−

data, the low x sea

will be resolved for the first time, as all the low x light quark information from HERA has

been restricted to F p
2 only.

A special interest in high precision neutron data at high Q2
arises from the question of

whether charge symmetry holds at the parton level, as has been discussed recently [121].

It may be studied in the charged current ep and eD reactions, using both electrons and

positrons, by measuring the asymmetry ratio

R−
= 2

W−D
2 −W+D

2

W−p
2 +W+p

2

, (3.31)

which is directly sensitive to differences of up and down quark distributions in the proton

and neutron, respectively, which conventionally are assumed to be equal. With the prospect

of directly measuring the strange and anti-strange quark asymmetry in e±p CC scattering

and of tagging the spectator proton and thus eliminating the Fermi motion corrections in
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Tests of charge symmetry using 
electrons and positrons
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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 

���e Electroweak precision

Also measurement of weak mixing angle below and above Mz (scale variation)
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Higgs at LHeC
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Higgs at the LHeC���e

Higss can be studied at the LHeC.
 High rates in CC interactions.

bbar channel cleaner at the LHeC.
Precision measurements of WW and ZZ 

couplings. CP properties.

Paul LaycockChavannes 2012

Higgs

• Higgs cleanly produced in CC reactions, ~hundred events

• Particularly interesting if the hints for Higgs at 125 GeV endure

• Studied with the Higgs decaying to bb, possible due to LHeC tracking detector

• Signal significance of ~16 found, clearly worthy of further study!

• See talk of Ishitsuka for more details

24



+
Results

!! Beam energy: 
!! Electron beam  150 GeV 

!! Proton beam  7 TeV 

!! SM Higgs mass  120 GeV 

!! Luminosity   10 fb-1

H→bb CC DIS NC bbj S/N S/!N

NC rejection 816 123000 4630 6.38!10-3 2.28

+ b-tag requirement 

+ Higgs invariant mass 

178 1620 179 9.92!10-2 4.21

All cuts 84.6 29.1 18.3 1.79 12.3

16

Signal and background cut flow
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Signal and background cut flow

Talk by Masaki Ishitsuka at 
Chavannes-de-Bogis

+
Comparison with 60GeV option

!! Beam energy: 
!! Electron beam  150 GeV ⇒ 60 GeV 

!! Proton beam  7 TeV 

!! SM Higgs mass  120 GeV 

!! Luminosity   10 fb-1 ⇒ 100 fb-1 

Ee = 150 GeV 

(10 fb-1)

Ee = 60 GeV 

(100 fb-1)

H → bb signal 84.6 248

S/N 1.79 1.05

S/!N 12.3 16.1
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+
Summary

!! Once the discovery of SM Higgs is made by LHC, next goal is to 

establish Higgs field as origin of fermion mass 

⇒ Measurement of Hbb coupling is essential 

!! Sensitivity to H → bb was estimated by simulation study of LHeC 

!! LHeC has potential to measure H → bb 

!! 150 GeV electron beam with 10 fb-1 

!! 85 signal events expected with S/N ~ 1.8, S/!N ~ 12.3 

!! 60 GeV electron beam with 100 fb-1 

!! 248 signal events expected with S/N ~ 1.1, S/!N ~ 16.1 

!! We can explore other channels 

!! NC Higgs production in ZZ fusion 

!! Other light Higgs decay channels 
 

18
Higgs at the LHeC���e



Measurement of strong coupling���e

Strong coupling is least known of all couplings
Grand unification predictions suffer from uncertainty

DIS tends to be lower than the world average
LHeC: per mille accuracy (now percent accuracy)

Unification of coupling constants?

α−1

case cut [Q2 (GeV2)] αS uncertainty relative precision (%)

HERA only (14p) Q2 > 3.5 0.11529 0.002238 1.94

HERA+jets (14p) Q2 > 3.5 0.12203 0.000995 0.82

LHeC only (14p) Q2 > 3.5 0.11680 0.000180 0.15

LHeC only (10p) Q2 > 3.5 0.11796 0.000199 0.17

LHeC only (14p) Q2 > 20. 0.11602 0.000292 0.25

LHeC+HERA (10p) Q2 > 3.5 0.11769 0.000132 0.11

LHeC+HERA (10p) Q2 > 7.0 0.11831 0.000238 0.20

LHeC+HERA (10p) Q2 > 10. 0.11839 0.000304 0.26

Table 3.4: Results of NLO QCD fits to HERA data (top, without and with jets) to the
simulated LHeC data alone and to their combination. Here 10p or 14p denotes two different
sets of parameterisations, one, with 10 parameters, the minimum parameter set used in [38]
and the other one with four extra parameters added as has been done for the HERAPDF1.5
fit. The central values of the LHeC based results are obviously of no interest. The result
quoted as relative precision includes all the statistical and the systematic error sources taking
correlations as from the energy scale uncertainties into account.

Following the description of the simulated LHeC data (Sec. 3.1.4) and the QCD fit tech-
nique (Sec. 3.2.1) a dedicated study has been performed to estimate the precision of an
αs measurement with the LHeC. In the fits, for the central values of the LHeC data, the
SM expectation is used smeared within the above uncertainties assuming their Gaussian
distribution and taking into account correlated uncertainties as well.

The QCD fit results are summarised in Tab. 3.4. The first two lines give the result
of a fit to the HERA I data. One observes that the inclusion of DIS jet data reduces
the uncertainty, by a factor of two, but it also increases the central value by more than
the uncertainty. The LHeC alone, using only inclusive DIS, reaches values of better than
0.2% which when complemented with HERA data reaches a one per mille precision. From
inspecting the results one finds that enlarging the Q2 minimum still leads to an impressive
precision, as of two per mille in the LHeC plus HERA case, at values which safely are in
the DIS region. A Q2 cut of for example 10GeV2 excludes also the lowest x region in which
non-linear gluon interaction effects may require changing the evolution equations.

It is clear from Table 3.4 that the LHeC will give an enormous improvement in the
experimental error on αs from the evolution of structure functions, and possibly other pro-
cesses including jets. However, there is also the theory uncertainty to consider. It will be
a great challenge to QCD theory to reduce this uncertainty, so as to make the most use
of such results. This will require to study the effect of non-linear terms and additional
ln(1/x) contributions in DGLAP evolution at low x, to control the parameterisations and
contributions of all PDFs much better than hitherto and to have an accurate knowledge of
the heavy quark contributions as may be measured by the uncertainty of the charm quark
mass, required to better than 10MeV for a knowledge of αs to one per mille. Also one may
have to include the QED corrections in the evolution. However, these limitations will be
automatically improved by the LHeC itself. As an important example, this is demonstrated
for the determination of mc in Section 3.6.4, which can be as accurate as about 5MeV based
on the NC, CC cross sections and a precision measurement of F cc

2 . Then, to reduce the
uncertainty due to the choice of renormalisation and factorisation scales, it appears to be

64

A dedicated study was performed to determine the accuracy 
of alphas from the LHeC was performed using for the 
central values the SM prediction smeared within its 

uncertainties assuming  Gauss distribution and taking into 
account correlations
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•  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

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?

���e Low x and saturation



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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Probing lower x in ep. 
Evolution of a single 

source

More nucleons: eA 
scattering. Many sources 

overlapping in impact 
parameter .

���e Strategy for making target more ‘black’



���e F2,FL structure functions at low x  

 Extrapolation for F2 in the LHeC kinematic regime: 
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 Extrapolation for FL in the LHeC kinematic regime: 
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Precision measurements of structure functions at very low x: test DGLAP, small x, 
saturation inspired approaches. 

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.



Heavy Ion Physics!
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Initial conditions of  QGP!
!
Hadronization in Media!
!
Nuclear Parton Distributions!
!
Black body limit!
!
Saturation in ep AND in eA?!
!
Diffraction in eA scattering!
!
Deuterons: tag p in en to beat!
Fermi motion and exploit!
diffraction-shadowing relation!
…!
!
LHeC eA is natural continuation!
of  (part of) the heavy ion physics!
of  the LHC (AA and pA, forward) !



Nuclear structure functions at LHeC
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Figure 2.53: Predictions from different models for the nuclear modification factor, Eq. (2.24)

for Pb with respect to the proton, for F2(x,Q2
= 5 GeV

2
) (plot on the left) and FL(x, Q2

=

5 GeV
2
) (plot on the right) versus x, together with the corrresponding pseudodata. Dotted lines

correspond to the nPDF set EPS09 [172], dashed ones to nDS [170], solid ones to HKN07 [171],

dashed-dotted ones to FGS10 [175] and dashed-dotted-dotted ones to AKST [109]. The band

correspond to the uncertainty in the Hessian analysis in EPS09 [172].

Indeed, due to it’s extremely clean final states, the relatively low effective x values (xeff ∼
(Q2

+ m2
V )/4) and scales (Q2

eff ∼ (Q2
+ m2

V )/(Q2
+ W 2

)) accessed [193, 194], and the exper-

imental possibility of varying both W and t over wide ranges, the dynamics of J/ψ in the

photoproduction (Q2 → 0) regime may offer the cleanest available signatures of the transition

between the dilute and dense regimes.

Even if the LHeC detector tracking and calorimetry extend only to within 10
◦

of the

beampipe, it should be possible to detect the decay muons from J/ψ or Υ decays with ac-

ceptances extending to within 1
◦

of the beampipe. Depending on the electron beam energy,

this makes invariant photon-proton masses W of well beyond 1 TeV accessible.

LHeC pseudo-data for elastic J/ψ and Υ photoproduction and electroproduction have been

prepared under the assumption of 1
◦

acceptance and a variety of luminosity scenarios based on

simulations using the DIFFVM Monte Carlo generator [195]. This generator involves a simple

Regge-based parameterisation of the dynamics and a full treatment of decay angular distribu-

tions. Statistical uncertainties are estimated for each data point. Systematic uncertainites are

hard to estimate without a detailed simulation of the detector’s muon identification and recon-

struction capabilities, but are likely to be at least as good as the typical 10% measurements

achieved for the elastic J/ψ at HERA.

σ(W ) for protons PRN Text in this section taken without edit from Graeme Watt. Graeme’s
work only deals with ep. Ideally we wanted both ep and eA here, but maybe more practical to
have a separate eA section - see below. Modified by AMS.

Within the dipole model, (see section 2.3.1), the amplitude for an exclusive diffractive

process, γ∗p→ E + p, shown in Fig. 2.56(a), can be expressed as

Aγ∗p→E+p
T,L (x,Q, ∆) = i

�
d

2r

� 1

0

dz

4π

�
d

2b (Ψ∗EΨ)T,L e
−i[b−(1−z)r]·∆ dσqq̄

d2b
. (2.25)

Here E = V for vector meson production, or E = γ for deeply virtual Compton scattering
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the transverse impact parameter dependence of the dipole scattering amplitude S(r, b;x) is
very poorly constrained. Indeed, one has been able to describe F2 and correctly predict FD

2

with two kinds of impact parameter dependences, neither of which is fully satisfactory. In
a first class of dipole models, the impact parameter profile of the proton is independent of
energy, yielding a dipole cross section bounded from above. In the other class of models, the
black-disk regime of maximal scattering strength spreads too quickly in the transverse plane
with increasing dipole size r, leading to a dipole cross section which diverges for large r. It is
therefore of vital importance to measure accurately the t dependencies of the diffractive cross
sections in an extended kinematics to pin down the impact parameter distribution of the proton
as probed at high energies.

Low-x physics at the LHC

Nuclear targets

Comparing nuclear parton density functions The nuclear modification of structure func-
tions has been extensively studied since the early 70’s [166, 167]. Such modification is usually
characterized through the so-called nuclear modification factor which, for a given structure
function or parton density, f , reads

RA
f (x,Q2) =

fA(x,Q2)
A× fN (x,Q2)

. (2.24)

In this Equation, the superscript A refers to a nucleus of mass number A, while N denotes the
nucleon (either a proton or a neutron, or deuterium as their average). The absence of nuclear
effects would result in R = 1.

Apart from possible isospin effects, the nuclear modification factor for F2 shows a rich
structure: an enhancement (R > 1) at large x > 0.8, a suppression (R < 1) for 0.3 < x < 0.8,
an enhancement for 0.1 < x < 0.3, and a suppression for x < 0.1 where isospin effects can
be neglected. The last-mentioned one, called shadowing [168], is the dominant phenomenon at
high energies (the kinematical region x < 0.1 will determine particle production at the LHC,
see Subsection 2.3.1 and [169]).

The modifications in each region are believed to be of different dynamical origin. In the
case of shadowing, the explanation is usually given in terms of a coherent interaction involving
several nucleons which reduces the nuclear cross section from the totally incoherent situation,
R = 1, towards a region of total coherence. In the region of very small x, small-to-moderate
Q2 and for large nuclei, the unitarity limit of the nuclear scattering amplitudes is expected to
be approached and some mechanism of unitarization like multiple scattering should come into
work. Therefore, in this region nuclear shadowing is closely related to the onset of the unitarity
limit in QCD and the transition from coherent scattering of the probe off a single parton to
coherent scattering off many partons. The different dynamical mechanisms proposed to deal
with this problem should offer a quantitative explanation for shadowing, with the nuclear size
playing the role of a density parameter in the way discussed in Subsection 2.3.1.

At large enough Q2 the generic expectation is that the parton system becomes dilute and the
usual leading-twist linear DGLAP evolution equations should be applicable. In this framework,
global analyses of nuclear parton densities - in exact analogy to those of proton and neutron
parton densities - have been developed up to NLO accuracy [170–172]. In these global analyses,
the initial conditions for DGLAP evolution are parametrized by flexible functional forms but
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Nuclear effects RA �= 1
LHeC potential: precisely measure partonic structure of the nuclei at small x.

Nuclear ratio for structure 
function or a parton density:

Nuclear structure functions measured with very high accuracy.

���e



Nuclear parton distributions 

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....

���e



Nuclear parton distributions at LHeC

Very large constraint on 
the low x gluons and 
sea quarks with  the 
LHeC pseudodata .
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Figure 2.54: Ratio of parton densities in a bound proton in Pb over those in a free proton, for

valence u (left), ū (middle) and g (right), at Q2
= 1.69 (top) and 100 (bottom) GeV

2
. The

dark grey band corresponds to the uncertainty band using the Hessian method in the original

EPS09 analysis [171], while the light blue one corresponds to the uncertainty band obtained

after including nuclear LHeC pseudodata on the total reduced cross sections (Fit 1). The dotted

lines indicate the values corresponding to the different nPDF sets in the EPS09 analysis [171].

(DVCS). In (2.25), z is the fraction of the photon’s light-cone momentum carried by the quark,

r = |r| is the transverse size of the qq̄ dipole, while b is the impact parameter, that is, b = |b|
is the transverse distance from the centre of the proton to the centre-of-mass of the qq̄ dipole;

see Fig. 2.56(a). The transverse momentum lost by the outgoing proton, ∆, is the Fourier

conjugate variable to the impact parameter b, and t ≡ (p − p�)2 = −∆2
. The forward overlap

function between the initial-state photon wave function and the final-state vector meson or

photon wave function in Eq. (2.25) is denoted (Ψ∗
EΨ)T,L, while the factor exp[i(1− z)r · ∆] in

Eq. (2.25) originates from the non-forward wave functions [195]. The differential cross section

for an exclusive diffractive process is obtained from the amplitude, Eq. (2.25), by

dσγ∗p→E+p
T,L

dt
=

1

16π

���Aγ∗p→E+p
T,L

���
2
, (2.26)

up to corrections from the real part of the amplitude and from skewedness (x� � x � 1).

Taking the imaginary part of the forward scattering amplitude immediately gives the formula
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Global NLO fit with the LHeC pseudodata included 

Much smaller 
uncertainties.
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Diffraction���e

β =
Q2

Q2 + M2
X − t

xBj = xIP β

xIP =
Q2 + M2

X − t

Q2 + W 2

momentum fraction of 
the Pomeron w.r.t hadron

momentum fraction of 
parton w.r.t Pomeron

Methods: Leading proton tagging, large rapidity gap selection



Diffractive mass distribution
���e

New domain of diffractive masses.
MX can include W/Z/beauty



Inclusive diffraction in eA

Diffractive structure function for Pb
Diffractive to inclusive ratio for 

protons and Pb

Enhanced diffraction in the 
nuclear case

Study of diffractive dijets, heavy quarks for the factorization tests

���e

coherent incoherent



Exclusive diffraction
• Exclusive diffractive production of VM is an 

excellent process for extracting the dipole 
amplitude and GPDs

• 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 

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] 
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Figure 2.59: (a) The (imaginary part of the) dipole scattering amplitude, N (x, r, b), as a func-

tion of the impact parameter b, for r = 1 GeV
−1

(typical for exclusive J/ψ photoproduction)

and different x values. (b) The (r-integrated) amplitude for exclusive J/ψ photoproduction as

a function of b, for W = 300 GeV and |t| = 0, 1, 2, 3, 4 GeV
2
.

can clearly distinguish between the different models. The differences are of course amplified

for larger t and large energies, where however the precise extraction of the t slope will be more

challenging.

Summarizing, it is clear that the precise measurements of large-|t| exclusive J/ψ photopro-

duction at the LHeC would have significant sensitivity to unitarity effects.

Diffractive Vector Meson Production from Nuclei This is still needed I think!!! PRN
Similar studies of elastic J/ψ photoproduction in LHeC eA collisions have been proposed

as a direct means of extracting the nuclear gluon density [?].

DVCS and GPDs

Current DVCS Perspectives Text from Christian Weiss
Exclusive processes such as electroproduction of vector mesons and photons, γ∗N → V +N(V =

ρ0,φ, γ), or photoproduction of heavy quarkonia, γN → V + N(V = J/ψ, Υ), provide informa-

tion on nucleon structure and small-x dynamics complementary to that obtained in inclusive

or diffractive measurements [128]. At sufficiently large Q2
the meson/photon is produced in

a configuration of transverse size much smaller than the typical hadronic size, r⊥ � Rhadron,

whose interaction with the target can be described using perturbative QCD [203]. A QCD

factorization theorem [204] states that the exclusive amplitudes in this regime can be factorized

into a pQCD scattering process and certain universal process-independent functions describ-

ing the emission and absorption of the active partons by the target, the generalized parton

distributions (or GPDs).
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Large momentum transfer t probes small impact parameter 
where the density of interaction region is most dense. 

���e



Exclusive diffraction: predictions

• b-Sat dipole model (Golec-Biernat, 

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

Large 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

LHeC can distinguish between the 
different scenarios.

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 
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Figure 2.57: Exclusive J/ψ photoproduction at the LHeC, as a function of the γp centre-of-mass
energy W , plotted on a (a) log–log scale and (b) linear–linear scale. The difference between
the solid and dashed curves indicates the size of unitarity corrections compared to pseudo-data
from an LHeC simulation.

and “1-Pomeron” predictions therefore indicates the importance of unitarity corrections, which
increase significantly with increasing γp centre-of-mass energy W . The maximum kinematic
limit accessible at the LHeC, W =

√
s, is indicated with different options for electron beam en-

ergies (Ee) and not accounting for the angular acceptance of the detector. The precise HERA
data [197, 198] are overlaid, together with sample LHeC pseudo-data points with the errors
(statistical only) given by an LHeC simulation with Ee = 150 GeV. The central values of the
LHeC pseudo-data points were obtained from a Gaussian distribution with the mean given by
extrapolating a power-law fit to the HERA data [197,198] and the standard deviation given by
the statistical errors from the LHeC simulation. The plots in Fig. 2.57 show that the errors
on the LHeC pseudo-data are much smaller than the difference between the “eikonalised” and
“1-Pomeron” predictions. Therefore, exclusive J/ψ photoproduction at the LHeC may be an
ideal observable for investigating unitarity corrections at a perturbative scale provided by the
charm-quark mass.

Similar plots for exclusive Υ photoproduction are shown in Fig. 2.58. Here, the unitarity
corrections are smaller than for J/ψ production due to the larger scale provided by the bottom-
quark mass and therefore the smaller typical dipole sizes r being probed. The simulated LHeC
pseudo-data points also have larger statistical errors than for J/ψ production due to the much
smaller cross sections. Note that only very sparse data are currently available on exclusive
Υ photoproduction at HERA [199–201] and that a factor ∼2 is required to bring the “b-Sat”
predictions into agreement with the HERA data for the purposes of extrapolation (a similar
factor is required for other calculations using the dipole model, see e.g. Ref. [202]).

For the analysis presented here we have concentrated on vector meson photoproduction
(Q2 = 0), where the HERA data are most precise due to the largest cross sections and where
unitarity effects are most important. Of course, studies are also possible in DIS (Q2 � 1 GeV2),
where the extra hard scale Q2 additionally allows a perturbative treatment of exclusive light
vector meson (e.g. ρ, φ) production. Again, perturbative unitarity effects are expected to be
important for light vector meson production when Q2 � 1 GeV2 is not too large.
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σγp→J/Ψ+p(W )
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Figure 2.60: W -distributions of exclusive J/ψ photoproduction at the LHeC in bins of t =

0.10, 0.20, 0.49, 1.03, 1.75 GeV
2
. The difference between the solid and dashed curves indicates

the size of unitarity corrections compared to pseudo-data from an LHeC simulation. The central

values of the LHeC pseudo-data points were obtained from a Gaussian distribution with the

mean given by extrapolating a parameterisation of HERA data and the standard deviation

given by the statistical errors from the LHeC simulation with Ee = 150 GeV. The t-integrated

cross section (σ) as a function of W for the HERA parameterisation was obtained from a power-

law fit to the data from both ZEUS [197] and H1 [198], then the t-distribution was assumed to

behave as dσ/dt = σ · BD exp(−BD|t|), with BD = [4.400 + 4 · 0.137 log(W/90 GeV)] GeV
−2

obtained from a linear fit to the values of BD versus W given by both ZEUS [197] and H1 [198].
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Photoproduction in bins of W and t.

Already for small values of t and smallest 
energies large discrepancies between the 

models. LHeC can discriminate.

Large values of t : increased sensitivity to small 
impact parameters.(a)
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Figure 2.59: (a) The (imaginary part of the) dipole scattering amplitude, N (x, r, b), as a func-

tion of the impact parameter b, for r = 1 GeV
−1

(typical for exclusive J/ψ photoproduction)

and different x values. (b) The (r-integrated) amplitude for exclusive J/ψ photoproduction as

a function of b, for W = 300 GeV and |t| = 0, 1, 2, 3, 4 GeV
2
.

can clearly distinguish between the different models. The differences are of course amplified

for larger t and large energies, where however the precise extraction of the t slope will be more

challenging.

Summarizing, it is clear that the precise measurements of large-|t| exclusive J/ψ photopro-

duction at the LHeC would have significant sensitivity to unitarity effects.

Diffractive Vector Meson Production from Nuclei This is still needed I think!!! PRN
Similar studies of elastic J/ψ photoproduction in LHeC eA collisions have been proposed

as a direct means of extracting the nuclear gluon density [?].

DVCS and GPDs

Current DVCS Perspectives Text from Christian Weiss
Exclusive processes such as electroproduction of vector mesons and photons, γ∗N → V +N(V =

ρ0,φ, γ), or photoproduction of heavy quarkonia, γN → V + N(V = J/ψ, Υ), provide informa-

tion on nucleon structure and small-x dynamics complementary to that obtained in inclusive

or diffractive measurements [128]. At sufficiently large Q2
the meson/photon is produced in

a configuration of transverse size much smaller than the typical hadronic size, r⊥ � Rhadron,

whose interaction with the target can be described using perturbative QCD [203]. A QCD

factorization theorem [204] states that the exclusive amplitudes in this regime can be factorized

into a pQCD scattering process and certain universal process-independent functions describ-

ing the emission and absorption of the active partons by the target, the generalized parton

distributions (or GPDs).
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Amplitude as a 
function of the impact 

parameter.

���e Exclusive diffraction: t-dependence



Possibility of using the same principle to learn about the gluon distribution in the nucleus. 
Possible nuclear resonances at small t?

t-dependence: characteristic dips.
Challenges: need to distinguish between coherent and 

incoherent diffraction. Need dedicated instrumentation, zero 
degree calorimeter.

Energy dependence for 
different targets.

���e Exclusive diffraction on nuclei



Summary���e

http://cern.ch/lhec

• LHeC has an unprecedented potential as a high luminosity, high energy DIS machine. 
Offering a unique window for small x physics and high parton density regime.

• Precision DIS measurements: constraining and unfolding PDFs, heavy flavor physics, precision 
strong coupling , precision electroweak measurements. Higgs properties.

• eA at high energy essential to untangle the complex nuclear structure at low x and 
constrain the initial conditions for AA at the LHC.  Complementary to pp/pA/AA.

• CDR for the project is complete:    arXiv:1206.2913

• Next steps in the near future:

• Reorganization of the working groups. Forming a collaboration.

• Detailed evaluation of the relation of ep/eA program to LHC (esp. pp and pA) is 
needed.

• First steps towards Technical Design Report.

	  	  	  



backup



Figure 2.70: Simulated LHeC measurements of the total photoproduction cross section with
Ee = 50 GeV or Ee = 100 GeV, compared with previous data and a variety of models (see text
for details). This is derived from a similar figure in [256].

(ii) For the photon parton densities, GRV-HO [262]; (iii) For the proton parton densities,
CTEQ6.1M [263]; (iv) For the nuclear modification of nucleon parton densities, EPS09 [172];
(v) For the renormalization and factorization scales, µR = µF =

�
jets ETjet/2; and (vi) For

the jet definition algorithm, inclusive kT [264] with D = 1. The statistical uncertainty in
the computation (i.e. in the Monte Carlo integration) is smaller than 10 % for all shown
results, being usually much smaller and only of that order for the largest ETjet. No attempt
has been done to estimate the uncertainties due to different choices of Weizsäcker-Williams
distribution of photons in the electron, photon or proton parton densities, scales or jet definitions
(see [265, 266] for such considerations at HERA). Nor the eventual problems of background
subtraction, experimental efficiencies in jet reconstruction or energy calibration, have been
addressed. The only studied uncertainty studied is that due to the uncertainties in the nuclear
parton densities, extracted in EPS09 [172] using the Hessian method, see that reference for
details.

The results are shown in Fig. 2.71. The main observations to be done are: (a) Rates
around 103 jets per GeV are expected with ETjet ∼ 95 (80) GeV in ep (ePb), for |ηjet| < 3.1
and the considered integrated luminosity of 2 fb−1 per nucleon; (b) The effects of the nuclear
modification of parton densities and their uncertainties are smaller than 10 %; and (c) The two-
peak structure in the ηjet-plot results from the sum of the direct plus resolved contributions,
each of them with a single maximum but located in opposite hemispheres: positive ηjet (photon
side) for direct, negative ηjet (nucleon side) for resolved.

Photon Structure Probably just a paragraph of qualitative argument on kinematic range
etc without plots. Could be merged with previoius subsubsection
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Explore dual nature of the photon: 
pointlike interactions or hadronic 
behavior.

Tests of universality of hadronic 
cross sections, unitarity, transition 
between perturbative and 
nonperturbative regimes.

Dedicated detectors for small angle 
scattered electrons at 62m from the 
interaction point.

Kinematics of events:

y ∼ 0.3
Q2 ∼ 0.01

Systematics is the limiting factor here.  Assumed 7% 
for the simulated data as in H1 and ZEUS.

���e Photoproduction cross section
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LHeC layout: ring-ring optionTable 7.34: Main parameters for the LHeC RR injector

particle types e
+
, e
−

polarized no

injection energy Eb = 10 GeV

bunch intensity 2× 10
10 e = 3.2 nC

pulse frequency ≥ 5 /s

!

!"

#$ %

Figure 7.59: Layout of the LPI in 2000.

46.7 m

2
0

.5
 m

200 MeV 600 MeVe+

90 m  LIL
EPA
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Figure 7.61: Recirculator using 4 ILC modules.
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LHeC

Figure 7.47: Cross-section of the LHC tunnel with the original space holder for the electron beam installation
directly above the LHC cryostat and the shifted new required space due to the additional bypass in IR1 and
IR5 and the need to keep the overall circumference of the electron ring identical to that of the proton beams.

sector 3, shows also the critical tunnel condition in this part of the machine. Clearly, heavy loads cannot5756

be suspended from the tunnel ceiling. The limit is set to 100 kg per meter along the tunnel. The e-ring5757

components have to rest on stands from the floor wherever possible. Normally there is enough space between5758

the LHC dipoles and the QRL to place a vertical 10 cm quadratic or rectangular support. Alternatively a5759

steel arch bolted to the tunnel walls and resting on the floor can support the components from above. This5760

construction is required wherever the space for a stand is not available.5761

The electron machine, though partially in the transport zone, will be high up in the tunnel, high enough5762

not to interfere with the transport of a proton magnet or alike. The transport of cryogenic equipment may5763

need the full hight. Transports of that kind will only happen, when part of the LHC are warmed up. This5764

gives enough time to shift the electron ring to the outside by 30 cm, if the stands are prepared for this5765

operation. The outside movement causes also a small elongation of the inter-magnet connections. This effect5766

is locally so small that the expansion joints, required anyway, can accommodate it. One could even think5767

of moving large sections of the e-machine outwards in a semi-automatic way. Thus the time to clear the5768

transport path can be kept in the shadow of the warm-up and cool-down times.5769

Dump area The most important space constraints for the electron machine are in the proton dump area,5770

the proton RF cavities, point 3, and in particular the collimator sections.5771

Figure 7.50 [616] shows the situation at the dump kicker. The same area is also shown in a photo in Figure5772

7.51, while Figure 7.52 shows one of the outgoing dump-lines. The installation of the e-machine requires5773

the proper rerouting of cables (which might be damaged by radiation and in need of exchange anyhow),5774

eventually turning of pumps by 90 degrees or straight sections in the electron optics to bridge particularly5775

difficult stretches with a beam pipe only.5776
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Accelerator design
Multi-lab involvement: CERN, BNL, Novosibirsk, Cockroft, Cornell, DESY, EPFL 

Lausanne, JLab, KEK , Liverpool, SLAC, TAC Turkey, NTFU Norway, INFN, ...

Design constraint: power consumption < 100 MW. Electron energy 60 GeV in ring-ring 
mode

Installation 1m above LHC and 60cm to the inside. 
By-passes of existing experiments.
Challenging, but  possible.

Figure 7.48: View of sector 4 showing the chain of superconducting magnets in the arc.

Figure 7.49: Sideview of a QRL service module with the jumper that extends vertically above the LHC

cryostat and the cryogenic distribution line.
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Figure 7.50: Dump kicker [616]

Figure 7.51: Dump kicker installation in IR6 for one of the two LHC proton rings.
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Figure 5.5: Example diagrams for resonant production in the s-channel (a) and exchange in the u-channel
(b) of a LQ with fermion number F = 0. The corresponding diagrams for |F | = 2 LQs are obtained from
those depicted by exchanging the quark and antiquark.

high Q2 (i.e. high ET,e) DIS event candidates, for a peak in the invariant mass M of the final e − q pair.2223

Moreover, the significance of the LQ signal over the SM DIS background can be enhanced by exploiting the2224

specific angular distribution of the LQ decay products (see spin determination, below).2225

5.2.2 The Buchmüller-Rückl-Wyler Model2226

A reasonable phenomenological framework to study first generation LQs is provided by the BRW model [202].2227

This model is based on the most general Lagrangian that is invariant under SU(3)×SU(2)×U(1), respects2228

lepton and baryon number conservation, and incorporates dimensionless family diagonal couplings of LQs2229

to left- and/or right-handed fermions. Under these assumptions LQs can be classified according to their2230

quantum numbers into 10 different LQ isospin multiplets (5 scalar and 5 vector), half of which carry a2231

vanishing fermion number F = 3B + L (B and L denoting the baryon and lepton number respectively) and2232

couple to e+ + q while the other half carry |F | = 2 and couple to e+ + q̄. These are listed in Table 5.1.

F = −2 Prod./Decay βe F = 0 Prod./Decay βe

Scalar Leptoquarks
1/3S0 e+

RūR → e+ū 1/2 5/3S1/2 e+
RuR → e+u 1

e+
L ūL → e+ū 1 e+

LuL → e+u 1
4/3S̃0 e+

L d̄L → e+d̄ 1 2/3S1/2 e+
LdL → e+d 1

4/3S1 e+
Rd̄R → e+d̄ 1 2/3S̃1/2 e+

RdR → e+d 1
1/3S1 e+

RūR → e+ū 1/2
Vector Leptoquarks

4/3V1/2 e+
L d̄R → e+d̄ 1 2/3V0 e+

LdR → e+d 1
e+
Rd̄L → e+d̄ 1 e+

RdL → e+d 1/2
1/3V1/2 e+

L ūR → e+ū 1 5/3Ṽ0 e+
LuR → e+u 1

1/3Ṽ1/2 e+
RūL → e+ū 1 5/3V1 e+

RuL → e+u 1
2/3V1 e+

RdL → e+d 1/2

Table 5.1: Leptoquark isospin families in the Buchmüller-Rückl-Wyler model. For each leptoquark, the superscript
corresponds to its electric charge, while the subscript denotes its weak isospin. βe denotes the branching ratio of the
LQ into e + q.

2233

We use the nomenclature of [203] to label the different LQ states. In addition to the underlying hypotheses2234
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Leptoquarks appear in many extensions of the SM.

May help explain remarkable symmetry between 
lepton and quark sectors.

Produced via fusion of electron with the quark
(antiquark) from the proton.

In pp leptoquarks mainly produced in pairs. Single 
production in ep. Better suited for studies of 

properties (quantum numbers etc.)

As the resonant LQ production in ep collisions, the cross-section of single LQ production in pp collisions2256

approximately scales with the square of the coupling, σ ∝ λ2
. Figure 5.7 (left) shows the cross-section for2257

single LQ production at the LHC as a function of the LQ mass, assuming a coupling λ = 0.1. While the2258

inelastic part of the γq cross-section can be neglected, the elastic production plays an important role at high2259

masses; its cross-section is larger than that of LQ production via gq interactions for masses above ∼ 1 TeV.2260

However, the cross-section for single LQ production at LHC is much lower than that at LHeC, in e+p or e−p2261

collisions, as shown in Fig.5.7 (right).2262
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Figure 5.7: left: Single LQ production cross-section at the LHC. right: comparison of the cross-section for

single LQ production, at LHC and at LHeC.

The Contact Term Approach For LQ masses far above the kinematic limit, the contraction of the2263

propagator in the eq → eq and qq → ee amplitudes leads to a four-fermion interaction. Such interactions are2264

studied in the context of general contact terms, which can be used to parameterize any new physics process2265

with a characteristic energy scale far above the kinematic limit.2266

In ep collisions, Contact Interactions (CI) would interfere with NC DIS processes and lead to a distorsion2267

of the Q2
spectrum of NC DIS candidate events. The results presented in section 5.1 can be re-interpreted2268

into expected sensitivities on high mass leptoquarks.2269

5.2.4 Current status of leptoquark searches2270

The H1 and ZEUS experiments at the HERA ep collider have constrained the coupling λ to be smaller than2271

the electromagnetic coupling (λ <
√

4παem ∼ 0.3) for first generation LQs lighter than 300 GeV. The D0 and2272

CDF experiments at the Tevatron pp collider set constraints on first-generation LQs that are independent of2273

the coupling λ, by looking for pair-produced LQs that decay into eq (νq) with a branching ratio β (1− β).2274

For a branching fraction β = 1, masses below 299 GeV are excluded by the D0 experiment [207]. The CMS2275

and ATLAS experiments have recently set tighter constraints [208,209]. Fig. 5.8 shows the bounds obtained2276

by the CMS experiment with ∼ 32 pb
−1

collected in 2010, in the β versus MLQ plane. For β = 1 (β = 0.5),2277

masses below 384 GeV (340 GeV) are ruled out.2278
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Figure 5.11: Asymmetries which would determine the fermion number of a LQ, the sign of the asymmetry

being the relevant quantity. The dashed curve shows the asymmetry that could be measured at the LHC; the

yellow band shows the statistical uncertainty of this quantity, assuming an integrated luminosity of 300 fb
−1

.

The red and blue symbols, together with their error bars, show the asymmetry that would be measured at

LHeC, assuming Ee = 70 GeV (left) or Ee = 140 GeV (right). Two values of the integrated luminosity have

been assumed. These determinations correspond to the S̃L
1/2 (scalar LQ coupling to e+

+ d), with a coupling

of λ = 0.1.

• the production cross-section, via the cross-sections measured in the eq and νq decay modes2365

allows the value of the coupling λ to be determined, from the above formula.2366

Chiral structure of the LQ coupling Chirality is central to the SM Lagrangian. Polarised electron and2367

positron beams
2

at the LHeC will shed light on the chiral structure of the LQ-e-q couplings. Measurements2368

of a similar nature at LHC are impossible.2369

2370

In summary, would a first generation leptoquark exist in the TeV mass range with a coupling λ of O(0.1),2371

the LHeC would allow a rich program of “spectroscopy” to be carried out, resulting in the determination of2372

most of the LQ properties.2373

5.2.7 Leptogluons2374

While leptoquarks and excited fermions are widely discussed in the literature, leptogluons have not received2375

the same attention. However, they are predicted in all models with colored preons [213–218]. For example,2376

in the framework of fermion-scalar models, leptons would be bound states of a fermionic preon and a scalar2377

anti-preon l = (FS̄) = 1⊕8 (both F and S are color triplets), and each SM lepton would have its own colour2378

octet partner [218].2379

2
Whether it is possible to achieve longitudinal polarisation in a 70 GeV e± beam in the LHC tunnel remains to be clarified.

98

 Fermion number determination

10
-1

1

10

10 2

600 800 1000 1200 1400 1600
M LQ (GeV)

si
gn

ifi
ca

nc
e 

(σ
)

SL
   1/2    LQ, λ = 0.1~

LHC, 300 fb -1

LHC, 1 ab -1

LHeC, Ee=70 GeV, 10 fb -1

LHeC, Ee=70 GeV, 100 fb -1

LHeC, Ee=140 GeV, 1 fb -1

LHeC, Ee=140 GeV, 10 fb -1

Figure 5.12: Significance of the determination of the fermion number of a LQ, at the LHC (black curve) and

at the LHeC (blue and red curves). This corresponds to a S̃L
1/2 leptoquark, assuming a coupling of λ = 0.1.

A study of leptogluons production at LHeC is presented in [219]. It is based on the following Lagrangian:2380

L =
1

2Λ

�

l

�
l̄α8 gsG

α
µνσµν

(ηLlL + ηRlR) + h.c.
�

(5.5)

where Gα
µν is the field strength tensor for gluon, index α = 1, 2, ..., 8 denotes the color, gs is gauge coupling,2381

ηL and ηR are the chirality factors, lL and lR denote left and right spinor components of lepton, σµν
is the2382

anti-symmetric tensor and Λ is the compositeness scale. The leptonic chiral invariance implies ηLηR = 0.2383

The phenomenology of leptogluons at LHC and LHeC is very similar to that of leptoquarks, despite2384

their different spin (leptogluons are fermions while leptoquarks are bosons) and their different interactions.2385

Figure 5.14 shows typical cross-sections for single leptogluon production at the LHeC, assuming Λ is equal2386

to the leptogluon mass. It is estimated that, for example, a sensitivity of to a compositeness scale of 2002387

TeV, at 3σ level can be achieved with LHeC having Ee = 70 GeV and with 1 fb
−1

. The mass reach for Me82388

is 1.1 TeV for Λ = 10 TeV.2389

As for leptoquarks, would leptogluons be discovered at the LHC, LHeC data would be of highest value2390

for the determination of the properties of this new particle.2391

5.3 Excited leptons and other new heavy leptons2392

The three-family structure and mass hierarchy of the known fermions is one of the most puzzling charac-2393

teristics of the Standard Model (SM) of particle physics. Attractive explanations are provided by models2394

assuming composite quarks and leptons [220]. The existence of excited states of fermions (F ∗
) is a natural2395

consequence of compositeness models. More generally, various models predict the existence of fundamental2396

new heavy leptons, which can have similar experimental characteristics as excited leptons. They could, for2397

example, be part of a fourth Standard model family. They arise also in Grand Unified Theories, and appear2398

as colorless fermions in technicolor models.2399
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���e Excited leptons
Why 3 families ? Could be a sign of composite structure. Excited leptons could 
appear as sign of compositeness. Heavier leptons (4th family).  Appear in GUTs 
and technicolor models.

LHeC sensitivity with 1-10 fb-1 
competitive with LHC 

Similarly, excited neutrinos  

Considering pure gauge interactions, excited electrons could be produced in ep collisions at the LHeC2447

via a t-channel γ or Z bosons exchange. The Monte Carlo (MC) event generator COMPOS [233] is used for2448

the calculation of the e∗ production cross section and the simulation of signal events. The production cross2449

sections of excited neutrinos at the LHeC is also shown in figure 5.15. These results are obtained with the2450

assumption f = +f � and Me∗ = Λ and are compared to production cross section at HERA and also at the2451

LHC [222]. In the mass range accessible by the LHeC, the e∗ production cross section is clearly much higher2452

than at the LHC.2453

Considering gauge and contact interactions together, formulae for the e∗ production cross section via2454

CI and of the interference term between contact and gauge interactions have been incorporated into COM-2455

POS [224, 234]. For simplicity, the relative strength of gauge and contact interactions are fixed by setting2456

the parameters f and f � of the gauge interaction to one. Comparisons of the e∗ production cross section2457

via only gauge interactions and via GM and CI together, as a function of the e∗ mass, are presented in2458

figure 5.16(a) for Me∗ = Λ and figure 5.16(b) for Λ = 10 TeV, respectively. These results for the LHeC2459

at
√

s = 1.4 TeV are compared to the cross section at an LHC operating at
√

s = 14 TeV. These plots2460

demonstrate that at the LHeC the ratio of the contact and gauge cross sections (proportional to ŝ/Λ4 and2461

1/Λ2 respectively) decreases as Λ and Me∗ increase differently than for the LHC where contact interactions2462

may be an important source of production of excited electrons. In the mass range accessed at the LHeC, e∗2463

decays are dominated by gauge decays, provided that Λ is large enough. Therefore, only gauge decays are2464

looked for in the present study.2465
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Figure 5.15: The e∗ production cross section for different design scenarios of the LHeC electron-proton
collider, compared to the cross sections at HERA and at the LHC.

In order to estimate the sensitivity of excited electron searches at the LHeC, the e∗ production followed2466

by its decay in the channel e∗→eγ is considered. This is the key channel for excited electron searches in ep2467

collisions as it provides a very clear signature and has a large branching ratio. Only the main sources of2468

backgrounds from SM processes are considered here, namely neutral currents (NC DIS) and QED-Compton2469

(eγ) events. Other possible SM backgrounds are negligible. The MC event generator WABGEN [235] is used2470

to generate these background events. Figure 5.17 compares the e∗ production cross section to the total cross2471

section of SM backgrounds. Background events dominate in the low e∗ mass region. Hence to enhance the2472

signal, candidate events are selected with two isolated electromagnetic clusters with a polar angle between2473
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