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Why small x is so interesting?
Deep inelastic scattering is a classic scattering process in which one probes the 

structure of the hadron most precisely.

Important lesson from HERA : Observation of large scaling violations of the 
structure function F2.

Gluon density dominates at small x!
HERA established strong growth of the gluon 

density towards small x.

On the theoretical side:  there is a divergence 
of the parton densities/cross sections at high 

energies/small x.

Increasing number of partonic fluctuations in 
the hadron wave function. Many body system.

New phenomena expected: dense parton 
regime, possibly new emergent phenomena, 

different effective degrees of freedom...

Unitarity must be preserved, how it is realized 
in microscopic terms?
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New regime at small x: high parton density









































•At small x the linear evolution gives 
strongly rising gluon density.

•Parton evolution needs to be modified to 
include the gluon recombination effects (in 
the dipole language it corresponds to 
multiple scatterings).

•Dynamically generated scale:

Saturation scale: Q2
s(x)

•Characterizes the boundary between the 
non-linear and linear regime.

•Increases with energy or with decreasing x.

The boundary between the two regimes needs to be determined 
experimentally.

Unique feature of the  LHeC: can access the dense regime at fixed, semihard 
scales Q, while decreasing x.
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● Tension in data at small x 
and Q2 when introduced in a 
global fit (NNPDF2.0).

● Deviation incompatible with 
NNLO → resummation or 
non-linear effects.

Hints from HERA

Forte,Rojo
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The importance of diffraction

• Diffraction i.e. events with a rapidity gap
due to the exchange of a color neutral object,
are ∼10 % of the total cross section at HERA.

● Diffraction is characterized by softer scales
than inclusive measurements: additional
possibility to check saturation ideas at same Q. 

•Diffraction is a collective phenomenon; explore 
relation with saturation.

● A scanning in momentum transfer
t provides an impact parameter (t∝1/b)
scan of the hadron: unitarity and
saturation effects expected to be
larger in the center of the hadron
(density effect). 

Impact parameter b
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The importance of nuclei
 With non-linear phenomena (saturation) being a density effect, the 
nuclear size offers the possibility of testing it.

Exploration of the partonic structure of nuclei at high energies.
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Strategy: decreasing x and/or increasing A

LHeC would  deliver a two-pronged approach: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 

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 .
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Figure 2.41: Kinematical coverage of the LHeC in the lnQ2 − ln 1/x plane for nuclear beams,

compared to existing nuclear DIS and Drell-Yan experiments.
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Figure 2.42: Schematic view of the different regions for the parton densities in the ln 1/x− lnA
plane, for fixed Q2

. See the text for comments.
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Inclusive measurements

• Predictions for the proton. ok

•Testing non-linear dynamics. ok

• Predictions for nuclei: impact on nuclear DGLAP analyses. ok
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Predictions for the proton

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 rule out many of the scenarios.

DGLAP approaches have large uncertainties at low x and even at moderate Q (larger 
uncertainties as Q is decreased)
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Testing nonlinear dynamics in ep
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Figure 2.51: The results of the combined DGLAP analysis of the NNPDF1.2 data set and the LHeC

pseudo-data for FL(x, Q2
) in various Q2

bins generated with the AAMS09 model.

In Fig. 2.53 we show several predictions for the nuclear suppression factor, Eq. (2.24), with
respect to the proton, for the total and longitudinal structure functions, F2 and FL respectively,
in ePb collisions at Q2 = 5 GeV2 and for values of Bjorken-x 10−5 ≤ x ≤ 0.1. Results from
global DGLAP analyses at NLO: nDS, HKN07 and EPS09 [169–171], plus those from models
using the relation between diffraction and nuclear shadowing, AKST and FGS10 [108, 174],
are shown together with the LHeC pseudodata. Some explanations on the different models
can be found in Section 2.3.1. Clearly, the accuracy of the data at the LHeC will offer huge
possibilities for discriminating different models and for constraining the dynamics underlying
nuclear shadowing at small-x.

In order to quantify how the LHeC would improve the present situation concerning nPDFs
in global DGLAP analyses (see the uncertainty band in Fig. 2.48), nuclear LHeC pseudodata
have been included in the global EPS09 analysis in [171]. The DGLAP evolution was carried out
at NLO, in the variable-flavor-number scheme (SACOT prescription) with CTEQ6.6 [187] set
of free proton PDFs as a baseline. For more details the reader may consult the original EPS09
paper [171] and references therein. The only difference compared to the original EPS09 setup is
that one additional gluon parameter (xa) which was freezed in EPS09 has been freed, and the
only additionally weighted data set was the PHENIX data on π0 production at midrapidity [188]
in dAu collisions at RHIC.

Two different fits have been performed: The first one (Fit 1) includes pseudodata on the
total reduced cross section. The results of the fit for the ratios of parton densities is shown in
Fig. 2.54. A large improvement in the determination of sea quark and gluon parton densities
at small x is evident.

The second fit (Fit 2) includes not only nuclear LHeC pseudodata on the total reduced
cross section but also on its charm and beauty components. These data provide a possibility of

69

Simulated LHeC data using the nonlinear evolution which leads to the parton 
saturation at low x. 

DGLAP fits (using the NNPDF) cannot accommodate the nonlinear effects if F2 and 
FL are simultaneously fitted.

FL provides important constraint on the gluon density at low x.

Albacete,Rojo
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Testing nonlinear dynamics in ep
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Charm structure function F2c can be used in addition to F2 to constrain the gluon 
density (red band corresponds to the analysis with the LHeC data on F2charm).

The advantage of 1 degree scenario is also illustrated.

Conclusion: for a better discrimination between models, especially involving nonlinear 
dynamics, two observables are necessary.

Longitudinal structure function difficult to measure. Possibility of using charm 
structure function to constrain the gluon distribution function.
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Impact of LHeC on nuclear structure functions
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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

62

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.

Armesto

Nuclear structure functions measured with very high accuracy.
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Impact of LHeC on nuclear parton distributions

• Very large constraint 
on the low x gluons 
and sea quarks after 
the inclusion of the 
LHeC pseudodata in 

the fits.
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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

72

Salgado

Global NLO fit with the LHeC pseudodata included 

Much smaller 
uncertainties.
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Exclusive production

• Exclusive Vector Meson  production.

• Introduction. ok 

• σ(W) for protons. ok

• Momentum transfer t - dependence. ok

• Diffractive VM production from nuclei. work in progress

• Deeply Virtual Compton Scattering and Generalized Parton 
Distributions

• Current DVCS perspectives. ok

• DVCS simulation at the LHeC. ok
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Exclusive diffraction
• Exclusive diffractive production of VM is an excellent 

process for extracting the dipole amplitude

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

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

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

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

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).

77

Large momentum transfer t probes small impact parameter 
where the density of interaction region is most dense. 

Watt
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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 

•Significant effects even for the t-
integrated observable.

•Different W behavior depending 
whether saturation is included 

or not.

• Simulated data are from 
extrapolated fit to HERA data

• 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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Watt

σγp→J/Ψ+p(W )
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Exclusive diffraction: predictions
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Figure 2.58: Exclusive Υ 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. The “b-Sat” theory predictions have been scaled by a factor 2.16 to

best-fit the existing HERA data.

t-dependence PRN we still need to choose what to show from the following plots ( ??
and 2.60) and write some accompanying text / shift from previous section by Graeme. Some
modifications done by AMS, paragraph by Graeme moved from previous subsection to here, plus
some description of the plot.

So far we have concentrated on the integrated cross sections which had only energy depen-

dence. These cross sections which are shown plots in Figs. 2.57 and 2.58 are integrated over

t ≡ (p − p�
)
2

= −∆2
, where ∆ is the Fourier conjugate variable to the impact parameter b.

Saturation effects are more important closer to the centre of the proton (smaller b), and at

higher energies (smaller x), where the interaction region is more dense. This is illustrated in

Fig. 2.59(a) where the dipole scattering amplitude is shown as a function of b for various x
values. By measuring the exclusive diffraction in bins of |t| one can extract the impact param-

eter profile of the interaction region. This is illustrated in Fig. 2.59(b) where the integrand of

Eq.2.25 is shown for different values of t as a function of impact parameter. Clearly for larger

values of |t| the smaller values of b in the impact parameter profile are probed. This region

is expected to be more densely populated and therefore the saturation effects should be more

important there. Indeed, the eikonalised dipole model of Eq. (2.29) leads to “diffractive dips”

in the t-distribution of exclusive J/ψ photoproduction at large |t| (reminiscent of the dips seen

in the t-distributions of proton–proton elastic cross sections), departing from the exponential

fall-off in the t-distribution seen with single-Pomeron exchange [163]. The HERA experiments

have only been able to make precise measurements of exclusive J/ψ photoproduction at rela-

tively small |t| � 1 GeV
2
, and no significant departure from the exponential fall-off behaviour,

dσ/dt ∼ exp(−BD|t|), has been observed.

In Fig. 2.60 the differential cross section dσ/dt is shown as a function of the energy W in

different bins of t for the case of the exclusive J/Ψ production. Again two different scenarios

are shown, with the unitarization effects and with the single Pomeron exchange. Already for

small values of |t| ∼ 0.2 GeV
2

and low values of electron energies there is large discrepancy

between the models. The LHeC simulate data still have very small errors in this regime, and

76

• Similar analysis for heavier 
states.

• Smaller sensitivity to the 
saturation effects. But models do 

have large uncertainty. 
Normalization needs to be 

adjusted to fit the current HERA 
data.

• Precise measurements possible 
in the regime well beyond HERA 

kinematics.

σγp→Υ+p(W )

Watt
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Exclusive diffraction: momentum transfer 
dependence
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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.
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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.

Watt
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Exclusive diffraction: nuclear case

Nuclear gluonic shapes

coherent eA ! J/!A 

11

Possibility of using the same principle to learn about the gluon distribution in the nucleus. 
Challenges: need to distinguish between coherent and incoherent diffraction. Possible nuclear 

resonances at small t?

Exclusive, Diffractive 

J/psi production at 

t=0

Large saturation 
or shadowing 
effects on nuclei

consistent with

KLV - PRL 100 

022303

13

t-dependence: characteristic dips

Energy dependence is also 
very informative

Kowalski
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 Inclusive diffraction:

• Diffractive Deep Inelastic Scattering. ok

• Diffractive Parton Densities. ok

• Diffractive DIS, Dipole Models and Sensitivity to Non-linear 
Effects . ok

• Predicting nuclear shadowing from inclusive diffraction in ep. ok

• Predictions for inclusive diffraction on nuclear targets. work in progress
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Inclusive diffraction
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momentum fraction of the 
Pomeron with respect to the 

hadron

momentum fraction of the struck 
parton with respect to the Pomeron

gap

Rapidity gap∆η = ln 1/xIP

Proton stays intact and 
separated by a rapidity gap

• Enhanced sensitivity to semi-hard regime

• Explore relation with saturation at unprecedented low x

• Test factorization (or lack of it)

• Gap survival issues

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

LHeC :
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Inclusive diffraction: new possibilities
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Figure 2.63: Illustration of the kinematic variables used to describe the diffractive DIS process

ep→ eXp.

Diffractive Parton Densities The extended range of the LHeC will allow a whole new level

of investigations of the factorization properties of inclusive diffraction. As shown in [128], in

the leading-twist approximation collinear factorization holds in diffraction and can be used to

extract diffractive parton distribution functions for the proton or heavy ion. That is, within

the collinear framework the diffractive structure functions can be expressed as convolutions of

the appropriate coefficient functions and the diffractive quark and gluon distribution functions,

which in general depend on all of β , Q2
, xP and t, withβ playing the role of the Bjorken variable

in diffractive DIS. These parton distrib utions may then be evolved with the DGLAP evolution

equations with respect to the variable Q2
.

The diffractive parton distribution functions are physically interpreted as conditional prob-

abilities for finding the parton with small fraction of momentum x in the proton, provided that

the proton stays intact and that the Pomeron momentum fraction with respect to the hadron

is xP.

These conditions may be satisfied equivalently by the experimental signatures of either a

leading proton [222,223] or the presence of a large gap in the rapidity distribution of final state

hadrons, separating the unobserved outgoing proton from the remainder of the hadronic final

state [223, 224]. In various extractions using HERA DDIS data [224–227] the DPDFs have

been found to be dominated by gluons. To good approximation they exhibit a ‘proton vertex

factorisation’ property, whereby they vary only in normalisation with the four-momentum of

the final state proton, the normalisation being well modelled using Regge phenomenology.

The LHeC will offer the opportunity to study diffraction in an unprecedented kinematic

range. A diffractive kinematic plane is illustrated in Fig. 2.64 for two different values of the

Pomeron momentum fraction xP = 0.01 (left plot) and xP = 0.0001 (right plot). Three different

sets of the electron energy are displayed in each plot. It is clear that the LHeC will have a

much increased reach compared to HERA towards low values of xP where the interpretation

of diffractive events is not complicated by the presence of sub-leading meson exchanges and

rapidity gaps are large. Similarly to fully inclusive DIS, fractional struck quark momenta

relative to the diffractive exchange, β = x/xIP , a factor of around 20 lower than at HERA are

accessible at the LHeC.

Figure 2.65 illustrates the achievable kinematic range of diffractive DIS measurements at the

83

• Studies with 1 degree acceptance,
• Constraints on diffractive-PDFs
• Factorization (tests) in much bigger kinematics range.
• Diffraction is much more sensitive to the semi-hard regime.
• Enhanced sensitivity to nonlinear/saturation effects.
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•  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] 

1o acceptance,  
2 fb-1 

Inclusive diffraction: final states
Diffractive masses up to hundreds of GeV 

can be produced with low 

Precise tests of the diffractive PDFs and 
factorization possible. Final states (jets) with 

high       

New diffractive channels (W/Z/beauty/Higgs?...)

Unfold quantum numbers precisely, measure new 
exclusive final states 

xIP

pT

1−

Newman
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Inclusive diffraction

● The diffractive structure 
function can be described in 
theory using factorization 
framework and parton 
distribution functions.

•LHeC: precise characterization 
of dpdf’s, much wider range than 
HERA.

● Benchmark for factorization 
breaking in hard diffraction in 
hadron colliders (gap survival).

Newman
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Inclusive diffraction in ePb
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• In the nuclear case two scenarios possible: 
coherent (nucleus stays intact) and 

incoherent diffraction (nuclear breakup into 
nucleons).

• Diffractive structure functions in electron-
lead collisions. Dipole model predictions 

compared with the H1 fit B extrapolation. 
Predictions for the coherent case.

• Detailed Monte Carlo simulations of the 
nuclear breakup necessary.

Lappi

β
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 Jet and multi-jet observables, parton 
dynamics and fragmentation:

Forward jets, dijets, angular decorrelation. work in progress

Unintegrated PDFs: theoretical introduction. ok

Perturbative and non-perturbative aspects of final state radiation 
and hadronization. work in progress
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 Photoproduction physics:

The total photoproduction cross section. ok

Jet photoproduction. ok

Photon Structure : probably covered in QCD/EW chapter - to 
discuss.
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Photoproduction cross section

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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•Photoproduction cross section.

•Explore dual nature of the photon: 
pointlike interactions or hadronic 
behavior.

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

•Large divergence of the theoretical 
predictions beyond HERA 
measurements.

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

•Events with                                  
could be detected       

y ∼ 0.3 Q2 ∼ 0.01

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

Pancheri 
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Relevance of LHeC for neutrino interactions

High energy neutrino interactions probe 
extremely small values of x

Cross section dominated by large Q

x ∼ 10−7

Q2 ∼M2
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Figure 2.72: Contour plot showing the x,Q2 domain of the dominant contribution to the
dσ/d ln(1/x)d log Q2 for the total νN interaction at a value of the neutrino laboratory momen-
tum equal to Eν = 1011 GeV. The 20 contours are such that they enclose a contribution of 5,
10, 15 · · · % of the above differential cross section. The saturation scale in the model in [130]
is shown by a dashed line. See the text for further explanations.

The possibility to search for tau neutrinos by looking for tau leptons that exit the Earth, Earth-
skimming neutrinos, has been shown to be particularly advantageous to detect neutrinos of
energies in the EeV range [269]. The short lifetime of the tau lepton originated in the neutrino
charged current interaction allows the tau to decay in flight while still close to the Earth
surface producing an outcoming air shower in principle detectable by different techniques. This
same channel yields negligible contributions for other neutrino flavors. The sensitivity to tau
neutrinos through the Earth-skimming channel directly depends both on the neutrino charged
current cross section and on the tau range (the energy loss) which determine the amount of
matter with which the neutrino has to interact to produce an emerging tau. It turns out that
the tau energy loss is also determined by the behavior of the proton and nucleus structure
functions at very small values of x, see e.g. [270]. The average energy loss per unit depth, X,
of taus is conveniently represented by:

−
�

dE

dX

�
= a(E) + b(E)E, b(E) =

NA

A

�
dy y

�
dQ2 dσlA

dQ2dy
, (2.38)

where a(E) is due to ionization and b(E) is the sum of fractional losses due to e+e− pair
production, bremsstrahlung and photonuclear interactions, NA is Avogadro’s number and A
the mass number. The parameter a(E) is nearly constant and the term b(E)E dominates the
energy loss above a critical energy that for tau leptons is of a few TeV, with the photonuclear
interaction being dominant for tau energies exceeding E = 107 GeV (as already assumed in Eq.
(2.38)). In Fig. 2.73 the relative contribution to b(E) of different x and Q2 regions is shown.
It can be observed that the energy loss is dominated by very small x and, complementary to
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Search for Earth skimming tau neutrinos 

the case of the neutrino cross section, by small and moderate Q2 <∼m2
τ .

Figure 2.73: The relative contribution of x < xcut (plot on the left) and of Q2 < Q2
cut (plot on

the right) to the photonuclear energy loss rate, b(E), for different neutrino energies E = 10
6
,

10
9

and 10
12

GeV, in two different models for the extrapolation of structure functions to very

small x, see the text and [270] - from which these plots were taken - for explanations.

As the LHeC will be able to explore new regime of low x and high Q2
and constrain the

parton distributions, the measurements performed at this collider will be invaluable for the

precise evaluation of the neutrino-nucleon (or nucleus) scattering cross sections and tau energy

loss necessary for ultra-high energy neutrino astronomy.
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Energy loss of tau again dominated by 
small x region.
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Summary of activities and plans

• Currently 50 pages submitted on the svn with 160 references.  
Almost a first complete draft of the chapter.

• Contributions from about 25 people.

• The complete chapter will be about  60 pages.

• Needs still a lot of editing work.

• Plans:

• Continue on weekly EVO meetings.

• Meeting of the conveners, around December or January.

• Comments/remarks/critique welcome, please contact one of the 
conveners.
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Backup
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Saturation scale grows with A

Pocket formula: Q2
s(x, A) ∼ Q2

0

�
A

x

�1/3

• Probes interact over distances      

• For                          high-energy probes 
interact coherently across nuclear size.                       

Very large field strengths.

L ∼ 1
2mNx

L > 2RA ∼ A1/3

Scattering off nuclei: Saturation is 
reached for smaller energies due 

to the enhancement from A.

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

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

… low x cross sections are large! 

… luminosity in all realistic  
scenarios ample for most 
 low x measurements 
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2.5 DVCS and GPDs:

Overview of the HPD chapter: 2. Prospects at the LHeC. 37

● Exclusive processes like γ*+h→(ρ,ϕ,γ)+h give information of 
GPDs, whose Fourier transform gives a transverse scanning of 
the hadron: key importance for both non-perturbative and 
perturbative aspects, like the possibility of non-linear dynamics.

● Only small-x case where higher luminosity really helps!!! (even 
lepton polarization and charge asymmetries).

DVCS, Ee=50 GeV, 1o,
pTγ,cut=2 GeV, 1 fb-1

DVCS, Ee=50 GeV, 10o,
pTγ,cut=5 GeV, 100 fb-1
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Impact on DGLAP for p: F2, FL

● Inclusion of LHeC pseudodata for F2, 
FL in DGLAP fits improves the 
determination of the glue at small x.

Rojo
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Forward jets:

Overview of the HPD chapter: 2.7 Jet and multi-jet observables,... 39

Jung at Divonne’08
● Studying forward jets
(pT∼Q) would allow to 
understand the 
mechanism of radiation:
→ kT-ordered: DGLAP.
→ kT-disordered: BFKL.
→ Saturation?

● Further imposing a 
rapidity gap (diffractive 
jets) would be most 
interesting: perturbatively 
controllable observable.
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Jet photoproduction:

Overview of the HPD chapter: 2.8 Photoproduction Physics. 40

● Jets: large ET 
even in eA.

● Useful for 
studies of parton 
dynamics in 
nuclei (hard 
probes), and for 
photon structure.

● Background 
subtraction, 
detailed 
reconstruction 
pending.
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Diffraction and saturation
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Diffraction and saturation
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relatively hard component
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Diffraction is a collective phenomenon. 
Explore relation with saturation.
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Diffraction at LHeC: new possibilities

Forshaw, Marquet, Newman

• Studies with 1 degree acceptance,

• Diffractive-PDFs

• Factorization (tests) in much 
bigger range

• Diffractive masses                                
with  

• X can include W,Z,b

MX ∼ 100GeV
xIP = 0.01

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

0

0.02

0.04

0.06

0.08

0.1

10
-2

10
-1

xIP=0.00001
Q2=3 GeV2x IP

F 2D

10
-2

10
-1

xIP=0.0001
Q2=3 GeV2

10
-3

10
-2

10
-1

xIP=0.001
Q2=3 GeV2

0

0.05

0.1

0.15

10
-2

10
-1

10
-2

10
-1

xIP=0.0001
Q2=30 GeV2

10
-2

10
-1

xIP=0.001
Q2=30 GeV2

0

0.02

0.04

0.06

0.08

0.1

10
-1

H1 fit B
ipsat
bCGC

Ee=150 GeV, 1o

10
-1

10
-2

10
-1

xIP=0.001
Q2=300 GeV2

0

0.05

0.1

0.15

10
-2

10
-1

xIP=0.00001
Q2=3 GeV2x IP

F 2D

10
-2

10
-1

xIP=0.0001
Q2=3 GeV2

10
-2

10
-1

xIP=0.001
Q2=3 GeV2

0

0.025

0.05

0.075

0.1

10
-2

10
-1

10
-2

10
-1

xIP=0.0001
Q2=30 GeV2

10
-2

10
-1

xIP=0.001
Q2=30 GeV2

0

0.02

0.04

0.06

0.08

0.1

10
-1

H1 fit B
ipsat
bCGC

Ee=50 GeV, 1o

10
-1

10
-1

xIP=0.001
Q2=300 GeV2

Dipole models with parton saturation effects as compared with the H1 fit 
extrapolations.

Lappi
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Exclusive diffraction in dipole model

J/! photoproduction 
double differentially 
in W and t … 

Cross sec probes  
to xg ~ 6.10-6 

Q2 ~ 3 GeV2 ~ m!
2/4 

Precise t dependence 
will help to reveal 
satn effects! 

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

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

differential cross section in bins of t
•photoproduction cross section 

double differential in W and t

• small x of the gluon probed

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

profile

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

Upsilon and for DVCS process.
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DIS in a different frame

qqbar probe ( a microscope)
γ∗

p

r

b

Small x components of the proton

impact parameter

dipole sizer

b

DIS at small x can be viewed as an interaction of the qqbar dipole 
(photon fluctuation) with the small x partons of the evolved target

(proton or nucleus)

proton or nucleus

virtual photon
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QCD: theory of strong interactions

• Strong interactions responsible for about 99% 
percent of the visible mass in the universe.

• Rich and very complicated structure due to 
non-linear interactions of gluons.

• Emergent phenomena: confinement, Regge 
trajectories, hadron spectrum.

• Complex dynamics at high energies or small 
x.

Understanding of the dynamics 
of the gluon fields is of 

fundamental importance.

Lattice QCD 
reproduces hadron 

spectrum
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