
08/17/2012 Quark Matter 2012, Washington DC

The Large Hadron electron 
Collider at CERN

Paul Newman 
(Birmingham University) 

Southampton Seminar 

18 June 2010 

http://cern.ch/lhec 

… work in progress from 
ECFA/CERN/NuPECC  
workshop on ep/eA physics  
possibilities at the LHC 

http://cern.ch/lhec

Anna Stasto (Penn State & RIKEN BNL & Krakow INP)

���e

x
-610 -510 -410 -310 -210 -110 1

)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 - 2.75 TeV)

e-Pb (LHeC)

Figure 4.4: Kinematic coverage of the LHeC in the lnQ2 − ln 1/x plane for nuclear beams,

compared with existing nuclear DIS and Drell-Yan experiments.
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Figure 4.5: Schematic view of the different regions for the parton densities in the ln 1/x−lnA
plane, for fixed Q2

. Lines of constant occupancy of the hadron are parallel to the diagonal

line shown. See the text for further comments.
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• 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.

• Understanding nuclear effects of QCD radiation and hadronization.

Physics Motivation for ep/eA in TeV range���e



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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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
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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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500 MeV injection
3 turns

2 linacs, 10 GeV
energy recovery
90% polarisation

Higher energy:
140 GeV linac

ILC type
31.5 MV/m

without energy 
recovery

lower luminosity 

L = 1033 cm−2s−1

preferred option

Accelerator design in linac-ring scenario���e



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) 
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Forward/backward asymmetry in energy deposited and thus in geometry and technology 
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Figure 12.12: Configuration of the solenoid and electron beam bending dipoles in the

baseline Linac-Ring detector. Longitudinal r-z section showing the position of the solenoid

and the two dipoles, each split in two sections, a superconducting inner section incorporated

with the solenoid in one cryostat and a normal conducting iron based outer section magnet

with smaller bore.

The solenoid is wound in two layers internally in an Al5083 alloy support cylinder with

30mm wall thickness and a length of about 6m. When finished two extension cylinders are

flanged to the central solenoid section at either end to support the inner superconducting

dipole sections, see Figure 12.13. In this way the solenoid can be produced as a 6m long coil

unit, and then transported to the integration site where the adjacent sections are coupled

and the dipoles sections can be introduced.

The magnetic field generated by the system of solenoid and internal dipoles is shown in

Figure 12.13. The peaks in magnetic field in the solenoid and dipole windings as a result of

their combined operation at nominal current are 3.9 and 2.6T respectively. The Bz and

By components of the magnetic field are shown in Figure 12.14.

The superconductor used for the solenoid is an Al stabilised NbTi/Cu Rutherford cable

based on state-of-the-art NbTi strands featuring 3000A/mm
2
critical current density at 5T

and 4.2K. A 20 strand Rutherford cable carries the nominal current of 10 kA which is 30%

of its critical current.

The conductor has a comfortable temperature margin of 2.0K when operating the coil

with a forced Helium flow enabling 4.6K in the solenoid windings. The high purity Al

used for the co-extrusion of Al and cable is mechanically reinforced by micro-alloying with

either Ni or Zn, or another suitable material, a technology proven with the ATLAS solenoid.

Ideally, two conductor units of 5.4 km would be used, corresponding to the two layers in

the coil windings. In practice, internal splices are acceptable and can be made reliably

by overlapping a full turn and performing welding on the two adjacent thin edges of the

conductors.

The conductor insulation is a double layer of 0.3mm thick polyimide/glass tape (or

similar product) featuring a high breakdown voltage of more than 2 kV and robustness for

coil winding damage in order to limit the risk of turn-to-turn shorts. Coil winding can be

509
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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: 

30 
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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: 

30 

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 Nuclear physics in eA
complementarity to pA, AA at LHC

Precision measurement of the initial state. 

Nuclear structure functions.

Particle production in the early stages.  

Factorization eA/pA/AA.

Modification of the QCD radiation and hadronization 
in the nuclear medium. 



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

71

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.
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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 of nuclear PDFs with the LHeC pseudodata included 

Much smaller 
uncertainties.
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● Low energy: hadronization 
inside → formation time, (pre-)
hadronic absorption,...

● LHeC: dynamics of QCD radiation and hadronization.
● Most relevant for particle production off nuclei and for QGP 
analysis in HIC.

Radiation and hadronization:

∼ ratio of FFs A/p
● High energy: partonic evolution 
altered in the nuclear medium.

Physics at low xBj and in eA: 2. Highlights.
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● Low energy: hadronization 
inside → formation time, (pre-)
hadronic absorption,...

● LHeC: dynamics of QCD radiation and hadronization.
● Most relevant for particle production off nuclei and for QGP 
analysis in HIC.

Radiation and hadronization:

∼ ratio of FFs A/p
● High energy: partonic evolution 
altered in the nuclear medium.

Physics at low xBj and in eA: 2. Highlights.

Radiation and Hadronization���e

Low energy: hadronization inside

High energy: partonic evolution 
altered in nuclear medium

• LHeC can provide information on radiation and hadronization.
• Large lever arm in energy allows probing different timescales. 
• Important for HI collisions .



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

•  5-10% data, depending on detector 
•  DPDFs / fac’n in much bigger range 
•  Enhanced parton satn sensitivity? 
•  Exclusive production of any 1– state 
with Mx up to ~ 250 GeV 

 ! X including W, Z, b, exotics? 

[Forshaw, 
Marquet, 
PN] 
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Figure 4.41: Simulated distributions in the invariant mass MX according to the RAPGAP
Monte Carlo model for samples of events obtainable with xP < 0.05 Left: one year of high
acceptance LHeC running at Ee = 50 GeV compared with HERA (full luminosity for a single
experiment). Right: comparison between three different high acceptance LHeC luminosity
and Ee scenarios.

precise testing of QCD collinear factorisation. These processes are driven by boson-gluon
fusion (γ∗g → qq̄) and thus provide complementary sensitivity to the diffractive gluon den-
sity to be compared with that from the scaling violations of the inclusive diffractive cross
section.

Diffractive final states containing charm signatures or relatively high transverse momen-
tum dijets have been analysed in detail at HERA. In the DIS regime, the cross sections for
these processes are reproduced within uncertainties by calculations based on NLO DPDFs
extracted from inclusive diffractive data for both the dijet [436,439–441] and charm [442,443]
cases. By far the limiting factor in the precision of these tests is the large scale uncertainty
on the theoretical predictions, due to the strong kinematic limitations on the accessible
jet transverse energies in diffraction at HERA. The situation from HERA photoproduction
data is more complex and is usually divided into direct and resolved photon contributions
(figures 4.42a and 4.42b, respectively). In the direct photon case, where the highly virtual
photon has a point-like coupling, the process is driven by photon-gluon fusion and at the
current level of precision, cross sections are well predicted using DPDFs extracted in fits
to inclusive diffractive data [377,440,444]. In contrast, the resolved photon case introduces
sensitivity to the rich partonic structure of the quasi-real photon. It is these partons which
participate in the hard scattering sub-process producing the dijets, in a manner which re-
sembles the situation in hadron-hadron scattering. In this case, the possibility of additional
rescatterings between the hadronic remnants leads to a non-unit ‘survival probability’ for
the rapidity gap [445–447] and a breakdown of factorisation. Factorisation tests have been
carried out on several occasions in diffractive dijet photoproduction at HERA, resulting in a
somewhat confused situation on the size of the gap destruction effects [377,444] and the roles
of resolved and direct contributions. Data in which the parton entering the hard scattering

158

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. 
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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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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
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Summary
• LHeC has rich and unique physics program, DIS essential part of HEP. 

• Precision QCD and Electroweak studies. Understanding the regime of 
small x. 

• eA program has complementarity with pA and AA physics. Pinning 
down the initial state in nuclear collisions.

• Conceptual Design Report supported and monitored by CERN, ECFA 
and NuPECC, has been published.

• Next steps: 

• Presentation in European Strategy for Particle Physics meeting in  
Cracow in September 2012.

• Collaborations are soon to be build for further design, machine and 
detector.

•  CERN mandate for Technical Design Report in 2015.
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���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. 

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



•  Previously considered as `QCD  
explorer’ (also THERA) 

•  Main advantages: low interference  
with LHC, high Ee (! 150 GeV?) and 
lepton polarisation, LC relation 

•  Main difficulties: lower luminosity  
<1033 cm-2 s-1? at reasonable  
power, no previous experience exists 

•  First considered (as LEPxLHC) 
in 1984 ECFA workshop 

•  Main advantage: high peak 
lumi obtainable (~2.1033 cm-2 s-1) 

•  Main difficulties: building  
round existing LHC, e beam  
energy (60GeV?) and lifetime 
limited by synchrotron radiation  

LINAC-RING 

RING-RING 

… whilst allowing simultaneous ep and pp running …  

preferred option



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....
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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



Diffractive mass distribution
���e

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


