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Why small x is 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 
proton structure function.

HERA established strong growth of the gluon 
density towards small x.

Large uncertainties in the pdf extraction 
below x<0.0001

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

• Parton evolution needs to be modified to 
include potentially very large logs, 
resummation of log(1/x)

• Further increase in the energy could lead 
to the importance of the recombination 
effects. 

• Modification of parton evolution by 
including non-linear or saturation effects 
in the parton density.

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.



• Precision inclusive measurements of structure functions:  determining  
the gluon at low x,  DGLAP/resummation BFKL,CCFM, ABF ,CCSS .../or 
nonlinear effect saturation? Relevance for ultrahigh energy neutrino 
interactions.

• Inclusive diffraction in ep: new domains of diffractive masses, large 
kinematic window for factorization tests.

• Exclusive processes, VM production and DVCS: determining GPDs, 
sensitive tests of saturation, mapping the detailed shape of the proton.

• Forward jets and dijets: constraints on unintegrated parton distributions.

Small x regime



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

p
s ' 1� 2 TeV

Ep = 7 TeV

ep/ea collisions New physics on 
scales ~10-19 m 

High precision 
partons in LHC 

plateau 
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•  High mass (Meq,  
Q2)  frontier 

•  EW & Higgs 

•  Q2 lever-arm  
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high x " PDFs 

•  Low x frontier 
" novel QCD …  

ep

eA

Ee = 60(50)� 140 GeV



LHeC kinematics: acceptance

 LHeC - electron kinematics
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Figure 11.3: Kinematics of electron detection at the LHeC. Lines of constant scattering
angle �e and energy, in GeV, are drawn.
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Access to low x and low Q 
requires electron acceptance 

down to 179 degrees.

Kinematics in ep mode

and x is given as Q2/sy. The kinematic reconstruction in neutral current scattering therefore
has redundancy and a large potential for cross-calibration of detectors, which is one reason
why DIS experiments at ep colliders are precise. An important example is the calibration
of the electromagnetic energy scale from the measurements of the electron and the hadron
scattering angles. At HERA, this led to the precision of the energy calibration for E⇥

e at the
per mil level. In a large part of the phase space, around x = Ee/Ep, the scattered electron
energy is approximately equal to the beam energy, E⇥

e ⌅ Ee, which causes a large “kinematic
peak” in the scattered electron energy distribution. The hadronic energy scale can be
obtained from the transverse momentum balance in neutral current scattering, pet ⌅ pht . It
is determined to about 1% precision at HERA.

Following Eq.11.3, the kinematics in charged current scattering are reconstructed from
the transverse and longitudinal momenta and energy of the final state particles according to

Q2
h =

1

1� yh

�
p2t

yh =
1

2Ee

�
(E � pz). (11.4)

There have been many refinements used in the reconstruction of the kinematics, as discussed
e.g. in [822], which for the principle design considerations, however, are of less importance.

11.2.2 Acceptance for the scattered electron

The positions of isolines of constant energy and angle of the scattered electron in the (Q2, x)
plane are given by the relations:

Q2(x,E⇥
e) = sx · Ee � E⇥

e

Ee � xEp

Q2 (x, �e) = sx · Ee

Ee + xEp tan2(�e/2)
. (11.5)

Except at the smallest x, these relations relate an acceptance limitation of the scattered
electron angle �max

e to a constant minimum Q2, which is independent of Ep, given as

Q2
min(x, �

max
e ) ⌅ [2Ee cot(�

max
e /2)]2. (11.6)

This is illustrated in Fig. 11.3. There follows that a 179�(170�) angular cut corresponds to
a minimum Q2 of about 1 (100)GeV2 at nominal electron beam energy. One easily recog-
nises in Fig. 11.3 that the physics at low x and Q2 requires to measure electrons scattered
backwards from about 135� up to 179�. Their energy in this �e region does not exceed Ee

significantly. At lower x to very good approximation y = E⇥
e/Ee (as can be seen from the

lines y = 0.5 and E⇥
e = 30GeV in Fig. 11.3). At small energies, for y � 0.5 a good e/h

separation is important to suppress hadronic background, such as from photoproduction.
The barrel calorimeter part, of about 90 ± 45�, measures scattered electrons of energy not
exceeding a few hundred GeV, while the forward calorimeter has to reconstruct electron en-
ergies of a few TeV. Both the barrel and the forward calorimeters measure the high x part,
which requires very good energy scale calibration as the uncertainties diverge ⇧ 1/(1 � x)
towards large x.

Following Eq. 11.6, Q2
min varies ⇧ E2

e . It thus is as small as 0.03GeV2 for Ee = 10GeV,
the injection energy of the ring accelerator but increases to 6.0GeV2 for Ee = 140GeV, the
maximum electron beam energy considered in this design report, if �max

e = 179�. While
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Q2
min = 0.03 GeV2

Q2
min = 1 GeV2

Q2
min = 6 GeV2

for

for

for

Ee = 60 GeV

Ee = 10 GeV

Ee = 140 GeV

The measurement of the transition from hadronic to partonic 
regime would require lowering the electron energy.



LHeC
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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
visible on this plot. Departures from the strong rise of the reduced cross section, �r � F2, at very low x
and Q2 are expected to appear due to non-linear gluon-gluon interaction e�ects in the so-called saturation
region.

36

LHeC

Q
2
 / GeV

2

σ
r,

N
C

(x
,Q

2
)

x=0.032

x=0.08

x=0.25

x=0.40

x=0.65

x=0.8

(× 1.5)

(× 1.5)

(× 5)

e
-
p  -  10 fb

-1

High x

10
-2

10
-1

1

1 10
2

10
4

10
6

Figure 4.5: Simulated neutral current, inclusive reduced cross section measurement, for an integrated lumi-
nosity 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. Plotted is the total uncertainty which, where visible at
high x and Q2, is dominated by the statistical error. Similar data sets are expected with di�erent beam
polarisations and charges, and in CC scattering, for Q2 � 100 GeV2. The strong variations of �r with Q2,
as at x = 0.25, are due to the e�ects of Z exchange as is discussed and illustrated subsequently.
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Figure 4.7: Simulated measurement of the longitudinal structure function FL(x,Q2) at the LHeC (red closed
circles) from a series of runs with reduced electron beam energy, see text. The inner error bars denote
the statistical uncertainty, the outer error bars are the total errors with the additional uncorrelated and
correlated systematic uncertainties added in quadrature. The blue squares denote the recently published
result of the H1 Collaboration, plotting only the x averaged results as the more accurate ones, see [68]. The
LHeC extends the measurement towards low x and high Q2 (not fully illustrated here) with much improved
precision.

41

F2,FL structure functions   

Reduced cross section: huge kinematic range and excellent accuracy

Longitudinal structure function: lowering electron energy



Predictions for the proton

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) Extrapolation for FL in the LHeC kinematic regime: 
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 Extrapolation for F2 in the LHeC kinematic regime: 
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powerful constraints on pdfs, see talk by Voica Radescu



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 di�raction and nuclear shadowing, AKST and FGS10 [108, 174],
are shown together with the LHeC pseudodata. Some explanations on the di�erent models
can be found in Section 2.3.1. Clearly, the accuracy of the data at the LHeC will o�er huge
possibilities for discriminating di�erent 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 di�erence 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 �0 production at midrapidity [188]
in dAu collisions at RHIC.

Two di�erent 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
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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.
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• Tests of factorization of diffractive parton distributions in an extended 
kinematic range (ep and eA).

• Sensitivity and relation to saturation physics (smaller scales involved).
• New domain for the diffractive masses.
• Study relation between diffraction in ep and shadowing in eA.

Theoretical description of such process is in terms color-
less exchange : the Pomeron.

For large scales the QCD factorization was shown. 

The diffractive structure functions are convolutions of 
diffractive pdfs and coefficient functions.

What can be done at LHeC



Diffractive kinematics

Methods for selection of diffractive events:
 Leading proton tagging, large rapidity gap selection



Rapidity gap selection
Correlation of 

with the pseudorapidity of the 
most forward particle in the 
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For larger            leading 
proton method could be used.

xIP

Two methods are 
complementary with some 

region of common acceptance.

RAPGAP simulation



compared with an estimation of the final HERA performance. For ease of illustration, a binning scheme is4090

chosen in which the � dependence is emphasized and very large bins in xP and Q2 are taken. There is a4091

large di�erence between the kinematically accessible ranges with backward acceptance cuts of 1⇥ and 10⇥.4092

Statistical uncertainties are typically much smaller than 1% for a luminosity of 2 fb�1, so a much finer binning4093

is possible, as required. The data points are plotted according to the H1 Fit B DPDF predictions [513],4094

which amounts to a crude extrapolation based on dependences in the HERA range.4095

Systematic uncertainties are di⇤cult to estimate without a detailed knowledge of the forward detectors4096

and their acceptances. At HERA, sub-5% systematics have been achieved in the bulk of the phase space4097

and it is likely that the LHeC could do at least as well.4098
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Figure 6.39: Simulation of a possible LHeC measurement of the di�ractive structure function, FD
2 using

a 2 fb�1 sample, compared with an estimate of the optimum results achievable at HERA using the full
luminosity for a single experiment (500 pb�1). The loss of kinematic region if the LHeC scattered electron
acceptance extends to within 10⇥ of the beam-pipe, rather than 1⇥ is also illustrated.

The limitations in the kinematic range accessible with the large rapidity gap technique are investigated4099
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Diffractive structure function

Pseudodata simulated using the 
large rapidity gap method and 

leading proton method.

Large differences depending on the 
acceptance of the detector: 1 vs 10 

degree.

Statistical errors less than 1% for a 
sample luminosity of 

Comparison of HERA data shows 
huge increase in kinematic range.

2 fb�1



Diffractive mass distribution

LHeC can explore very low values of
New domain of diffractive masses.

MX can include W/Z/beauty or any state with

•  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 
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Figure 6.41: 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 di�erent high acceptance LHeC luminosity and Ee scenarios.

towards larger Q2 increases the lever-arm for extracting the di�ractive gluon density and opens the possibility4121

of significant weak gauge boson exchange, which would allow a quark flavour decomposition for the first time.4122

Proton vertex factorisation can be tested precisely by comparing the LHeC � and Q2 dependences at4123

di�erent small xP values in their considerable regions of overlap. The production of dijets or heavy quarks as4124

components of the di�ractive system X will provide a means of testing QCD collinear factorisation. These4125

processes are driven by boson-gluon fusion (⇥�g � qq̄) and thus provide complementary sensitivity to the4126

di�ractive gluon density to be compared with that from the scaling violations of the inclusive cross section.4127

Factorisation tests of this sort have been carried out on many occasions at HERA, with NLO calculations4128

based on DPDFs predicting jet and heavy flavour cross sections which are in good agreement with data at4129

large Q2 [518, 519]. However, due to the relatively small accessible jet transverse momenta at HERA, the4130

precision is limited by scale uncertainties on the theoretical predictions. At the LHeC, much larger di�ractive4131

jet transverse momenta are measurable (pT
<⇥ MX/2), which should lead to much more precise tests [520].4132

The simulated measurement of the longitudinal proton structure function, FL described in subsec-4133

tion 4.1.5, could also be extended to extract the di�ractive analogue, FD
L . At small �, where the cross4134

section for longitudinally polarised photons is expected to be dominated by a leading twist contribution, an4135

FD
L measurement provides further complementary constraints on the role of gluons in the di�ractive PDFs.4136

As � � 1, a higher twist contribution from longitudinally polarised photons, closely related to that driving4137

vector meson electroproduction, dominates the di�ractive cross section in many models [521] and a mea-4138

surement to even modest precision would give considerable insight. A first measurement of this quantity has4139

recently been reported by the H1 Collaboration [522], though the precision is strongly limited by statistical4140

uncertainties. The LHeC provides the opportunity to explore it in much finer detail.4141

In contrast to leading proton production, the production of leading neutrons in DIS (ep� eXn) requires4142

the exchange of a net isovector system. Data from HERA have supported the view that this process is4143

driven dominantly by charged pion exchange over a wide range of neutron energies [523]. With the planned4144
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Diffractive dijets
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Figure 6.21: Schematic illustration of the exclusive vector meson production process and the kinematic
variables used to describe it in photoproduction (Q2 ⇥ 0) and DIS (large Q2). The outgoing particle
labelled ‘VM’, may be either a vector meson with JPC = 1�� or a photon.

mechanism, this may enhance substantially the sensitivity to non-linear evolution and saturation phenomena.3608

As already shown at HERA, J/� production in particular is a potentially very clean probe of the gluonic3609

structure of the hadron [356,435]. The same exclusive processes can be measured in deep inelastic scattering3610

o⇥ nuclei, where the gluon density is modified by nuclear e⇥ects [436]. In addition, exclusive processes3611

give access to the spatial distribution of the gluon density, parametrized by the impact parameter [437]3612

of the collision. The correlations between the gluons coupling to the proton contain information on the3613

three-dimensional structure of the nucleon or nucleus, which is encoded in the Generalised Parton Densities3614

(GPDs). The GPDs combine aspects of parton densities and elastic form factors and have emerged as a key3615

concept for describing nucleon structure in QCD (see [55,438,439] for a review).3616

Exclusive processes can be treated conveniently within the dipole picture described in Subsec. 6.1.2. In3617

this framework, the cross section can be represented as a product of three factorisable terms: the splitting3618

of an incoming photon into a qq̄ dipole; the ‘dipole’ cross section for the interaction of this qq̄ pair with the3619

proton and, in the case of vector mesons, a wave function term for the projection of the dipole onto the3620

meson. As discussed in Subsec. 6.1.2 the dipole formalism is particularly convenient since saturation e⇥ects3621

can be easily incorporated.3622

Generalised Parton Densities and Spatial Structure3623

At su⇧ciently large Q2 the exclusively produced meson or photon is in a configuration of transverse size3624

much smaller than the typical hadronic size, r⇥ � Rhadron. As a result its interaction with the target can3625

be described using perturbative QCD [440]. A QCD factorisation theorem [441] states that the exclusive3626

amplitudes in this regime can be factorised into a perturbative QCD scattering process and certain universal3627

process-independent functions describing the emission and absorption of the active partons by the target,3628

the generalized parton distributions (GPDs).3629

Let us briefly review (see [55, 438, 439] for details) the definition of GPDs and their relation to the3630

ordinary parton densities discussed in detail in Chapter 4. The parton distributions of the proton (or any3631
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Exclusive production of vector mesons
�⇤p! pV V = ⇢, �, J/ ,⌥

HERA demonstrated that such measurements allow to probe the details of 
the gluonic structure of the proton.

(a)

p p′

!r

!b
x x′

z

(1 − z)!r
1 − z

γ∗ E

(b)

Figure 6.22: Parton level diagrams representing the ��p scattering amplitude proceeding via (a) single-
Pomeron and (b) multi-Pomeron exchange, where the perturbative QCD Pomeron is represented by a gluon
ladder. For exclusive di⇤ractive processes, such as vector meson production (E = V ) or DVCS (E = �), we
have x⇤ ⌅ x ⌅ 1 and t = (p � p⇤)2. These diagrams are related through the optical theorem to inclusive
DIS, where E = ��, x⇤ = x⌅ 1 and p⇤ = p.

Here E = V for vector meson production, or E = � for deeply virtual Compton scattering (DVCS). In Eq.3722

(6.8), z is the fraction of the photon’s light-cone momentum carried by the quark, r = |r| is the transverse3723

size of the qq̄ dipole, while b is the impact parameter, that is, b = |b| is the transverse distance from the centre3724

of the proton to the centre-of-mass of the qq̄ dipole; see Fig. 6.22(a). The transverse momentum lost by the3725

outgoing proton, �, is the Fourier conjugate variable to the impact parameter b, and t ⇤ (p� p⇤)2 = ��2.3726

The forward overlap function between the initial-state photon wave function and the final-state vector meson3727

or photon wave function in Eq. (6.8) is denoted (⇥�
E⇥)T,L, while the factor exp[i(1� z)r ·�] originates from3728

the non-forward wave function [467]. The di⇤erential cross section for an exclusive di⇤ractive process is3729

obtained from the amplitude, Eq. (6.8), by3730

d⇤��p⇥E+p
T,L

dt
=

1
16⇥

���A��p⇥E+p
T,L

���
2
, (6.9)

up to corrections from the real part of the amplitude and from skewedness (x⇤ ⌅ x ⌅ 1 for the variables3731

shown in figure 6.22a). Taking the imaginary part of the forward scattering amplitude immediately gives3732

the formula for the total ��p cross section (or equivalently, the proton structure function F2 = FT + FL) via3733

the optical theorem:3734

⇤��p
T,L(x,Q) = ImA��p⇥��p

T,L (x,Q,� = 0) =
⇥

f

⇤
d2r

⇤ 1

0

dz

4⇥
(⇥�⇥)f

T,L

⇤
d2b

d⇤qq̄

d2b
. (6.10)

The dipole picture therefore provides a unified description of both exclusive di⇤ractive processes and inclusive3735

DIS at small x.3736

The unknown quantity common to Eqs. (6.8) and (6.10) is the b-dependent dipole–proton cross section,3737

d⇤qq̄

d2b
= 2 N (x, r, b) , (6.11)

where N is the imaginary part of the dipole–proton scattering amplitude, which can vary between zero and3738

one, with N = 1 corresponding to the unitarity (“black disk”) limit. The scattering amplitude N encodes3739

the information about the details of the strong interaction between the dipole and the target (proton or3740

nucleus). It is generally parameterised according to some theoretically-motivated functional form, with the3741

parameters fitted to data. Most dipole models assume a factorised b dependence, N (x, r, b) = T (b)N (x, r),3742
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At first approximation described by two gluon exchange

Tests of nonlinear, saturation phenomena.
Extraction of Generalized Parton Distributions. Large lever arm in Q allows 
to test universality of GPDs.
Impact parameter profile. Diffusion at low x.

Goals for LHeC:



Exclusive diffraction and saturation

• 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? 
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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/⌅ photoproduction)
and di⇥erent x values. (b) The (r-integrated) amplitude for exclusive J/⌅ photoproduction as
a function of b, for W = 300 GeV and |t| = 0, 1, 2, 3, 4 GeV2.

can clearly distinguish between the di⇥erent models. The di⇥erences 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/⌅ photopro-
duction at the LHeC would have significant sensitivity to unitarity e⇥ects.

Di�ractive Vector Meson Production from Nuclei This is still needed I think!!! PRN
Similar studies of elastic J/⌅ 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, �⇥N ⇥ V +N(V =
⇥0,⇤, �), or photoproduction of heavy quarkonia, �N ⇥ V + N(V = J/⌅, �), provide informa-
tion on nucleon structure and small-x dynamics complementary to that obtained in inclusive
or di⇥ractive measurements [128]. At su⌅ciently 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. 



Exclusive diffraction: vector mesons

• 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.
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Figure 2.57: Exclusive J/⌅ photoproduction at the LHeC, as a function of the �p centre-of-mass
energy W , plotted on a (a) log–log scale and (b) linear–linear scale. The di⇥erence 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 �p centre-of-mass energy W . The maximum kinematic
limit accessible at the LHeC, W =

⇥
s, is indicated with di⇥erent 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 di⇥erence between the “eikonalised” and
“1-Pomeron” predictions. Therefore, exclusive J/⌅ 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 � photoproduction are shown in Fig. 2.58. Here, the unitarity
corrections are smaller than for J/⌅ 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/⌅ production due to the much
smaller cross sections. Note that only very sparse data are currently available on exclusive
� 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 e⇥ects 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. ⇥, ⇤) production. Again, perturbative unitarity e⇥ects are expected to be
important for light vector meson production when Q2 � 1 GeV2 is not too large.
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Figure 6.22: Parton level diagrams representing the ��p scattering amplitude proceeding via (a) single-
Pomeron and (b) multi-Pomeron exchange, where the perturbative QCD Pomeron is represented by a gluon
ladder. For exclusive di⇤ractive processes, such as vector meson production (E = V ) or DVCS (E = �), we
have x⇤ ⌅ x ⌅ 1 and t = (p � p⇤)2. These diagrams are related through the optical theorem to inclusive
DIS, where E = ��, x⇤ = x⌅ 1 and p⇤ = p.

Here E = V for vector meson production, or E = � for deeply virtual Compton scattering (DVCS). In Eq.3722

(6.8), z is the fraction of the photon’s light-cone momentum carried by the quark, r = |r| is the transverse3723

size of the qq̄ dipole, while b is the impact parameter, that is, b = |b| is the transverse distance from the centre3724

of the proton to the centre-of-mass of the qq̄ dipole; see Fig. 6.22(a). The transverse momentum lost by the3725

outgoing proton, �, is the Fourier conjugate variable to the impact parameter b, and t ⇤ (p� p⇤)2 = ��2.3726

The forward overlap function between the initial-state photon wave function and the final-state vector meson3727

or photon wave function in Eq. (6.8) is denoted (⇥�
E⇥)T,L, while the factor exp[i(1� z)r ·�] originates from3728

the non-forward wave function [467]. The di⇤erential cross section for an exclusive di⇤ractive process is3729

obtained from the amplitude, Eq. (6.8), by3730

d⇤��p⇥E+p
T,L

dt
=

1
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, (6.9)

up to corrections from the real part of the amplitude and from skewedness (x⇤ ⌅ x ⌅ 1 for the variables3731

shown in figure 6.22a). Taking the imaginary part of the forward scattering amplitude immediately gives3732

the formula for the total ��p cross section (or equivalently, the proton structure function F2 = FT + FL) via3733

the optical theorem:3734

⇤��p
T,L(x,Q) = ImA��p⇥��p

T,L (x,Q,� = 0) =
⇥

f

⇤
d2r

⇤ 1

0

dz

4⇥
(⇥�⇥)f

T,L

⇤
d2b

d⇤qq̄

d2b
. (6.10)

The dipole picture therefore provides a unified description of both exclusive di⇤ractive processes and inclusive3735

DIS at small x.3736

The unknown quantity common to Eqs. (6.8) and (6.10) is the b-dependent dipole–proton cross section,3737

d⇤qq̄

d2b
= 2 N (x, r, b) , (6.11)

where N is the imaginary part of the dipole–proton scattering amplitude, which can vary between zero and3738

one, with N = 1 corresponding to the unitarity (“black disk”) limit. The scattering amplitude N encodes3739

the information about the details of the strong interaction between the dipole and the target (proton or3740

nucleus). It is generally parameterised according to some theoretically-motivated functional form, with the3741

parameters fitted to data. Most dipole models assume a factorised b dependence, N (x, r, b) = T (b)N (x, r),3742
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Exclusive diffraction: vector mesons
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Figure 2.58: Exclusive ⇥ photoproduction at the LHeC, as a function of the �p centre-of-mass
energy W , plotted on a (a) log–log scale and (b) linear–linear scale. The di⌅erence 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 e⌅ects 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 di⌅raction 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 di⌅erent 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 e⌅ects should be more
important there. Indeed, the eikonalised dipole model of Eq. (2.29) leads to “di⌅ractive dips”
in the t-distribution of exclusive J/⇤ photoproduction at large |t| (reminiscent of the dips seen
in the t-distributions of proton–proton elastic cross sections), departing from the exponential
fall-o⌅ in the t-distribution seen with single-Pomeron exchange [163]. The HERA experiments
have only been able to make precise measurements of exclusive J/⇤ photoproduction at rela-
tively small |t| � 1 GeV2, and no significant departure from the exponential fall-o⌅ behaviour,
d⇥/dt ⇤ exp(�BD|t|), has been observed.

In Fig. 2.60 the di⌅erential cross section d⇥/dt is shown as a function of the energy W in
di⌅erent bins of t for the case of the exclusive J/⇤ production. Again two di⌅erent scenarios
are shown, with the unitarization e⌅ects and with the single Pomeron exchange. Already for
small values of |t| ⇤ 0.2 GeV2 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
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Similar analysis for heavier states.

Smaller sensitivity to the saturation 
effects. 

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.

��p!⌥+p(W )

Note: the theoretical curves have been rescaled by a factor of 
2 to match the data. 



Exclusive processes: DVCS
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Deeply Virtual Compton Scattering at H1 and ZEUS∗

Laurent Favart a

aI.I.H.E., Université Libre de Bruxelles, Belgium
E-mail: lfavart@ulb.ac.be

Results on Deeply Virtual Compton Scattering at HERA measured by the H1 and ZEUS
Collaborations are presented. The cross section, measured for the first time, is reported
for by H1 and ZEUS for Q2 above a few GeV2 in the low x region. The measured cross
section is discussed and compared to different predictions.

1. INTRODUCTION

At the high energy of
√

s # 300 GeV delivered by HERA using colliding electron (27.5
GeV) and proton beams (820 GeV), the Deeply Virtual Compton Scattering process
(DVCS) ep → eγp is of diffractive nature. Comparing to the lower energy experiments
CLAS[1] and HERMES[2,3], additionally to the direct quark contribution (LO contribu-
tion shown in Fig. 1a), the color singlet two gluon exchange is also expected to have a
sizable contribution (NLO - Fig. 1b).

e
e

γ*

p p

γ

e

e

γ*

p p

γ

Figure 1. The DVCS a) at LO b) at NLO.

A considerable interest of the DVCS comes from the particular access it gives to Gener-
alised Parton Distributions (GPD) through the interference term with the Bethe-Heitler
process. The high energy situation of H1 and ZEUS experiments give them the unique
opportunity to constrain the gluon contribution to GPDs and to study the evolution in
Q2 of the quark and gluon distributions.

Here we report the first cross section measurement of the Deeply Virtual Compton
Scattering, performed by the H1 and ZEUS experiments. The cross section measurement
are compared to the theoretical predictions and future plans for the DVCS measurement
at HERA are briefly presented.

∗Contribution to the proceedings of QCD-N’02 Workshop - Ferrara (I), 3-6 april 2002

LO NLO

DVCS sensitive to singlet quark and gluon Generalized Parton 
Distribution functions

HERA indicate larger size of quark distribution than that of gluons

LHeC could determine the x evolution of both quark and gluon GPDs in a 
wide kinematic range.



Exclusive processes: DVCS
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Figure 6.27: Simulated LHeC measurement of the DVCS cross section multiplied by Q4 for di�erent x values
for a luminosity of 1 fb�1, with Ee = 50 GeV, and electron and photon acceptance extending to within 1⇥
of the beampipe with a cut at P �

T = 2 GeV. Only statistical uncertainties are considered.

Simulations of Deeply Virtual Compton Scattering at the LHeC3836

Simulations of the DVCS measurement possibilities with the LHeC have been made using the Monte Carlo3837

generator MILOU [478], in the ‘FFS option’, for which the DVCS cross section is estimated using the model3838

of Frankfurt, Freund and Strikman [479]. A t-slope of B = 6 GeV�2 is assumed.3839

The ep ⇤ e�p DVCS cross section is estimated in various scenarios for the electron beam energy and3840

the statistical precision of the measurement is estimated for di�erent integrated luminosity and detector3841

acceptance choices. Detector acceptance cuts at either 1⇥ or 10⇥ are placed on the polar angle of the final3842

state electron and photon. Based on experience with controlling backgrounds in HERA DVCS measurements3843

[461,462,480], an additional cut is placed on the transverse momentum P �
T of the final state photon.3844

The kinematic limitations due to the scattered electron acceptance follow the same patterns as for the3845

inclusive cross section (see Subsec. 6.2.2). The photon P �
T cut is found to be a further important factor in the3846

Q2 acceptance, with measurements at Q2 < 20 GeV2 almost completely impossible for a cut at P �
T > 5 GeV,3847

even in the scenario with detector acceptances reaching 1⇥. If this cut is relaxed to P �
T > 2 GeV, it opens3848

the available phase space towards the lowest Q2 and x values permitted by the electron acceptance.3849

A simulation of a possible LHeC DVCS measurement double di�erentially in x and Q2 is shown in3850

Fig. 6.27 for a very modest luminosity scenario (1 fb�1) in which the electron beam energy is 50 GeV,3851

the detector acceptance extends to 1⇥ and photon measurements are possible down to P �
T = 2 GeV. High3852

precision is possible throughout the region 2.5 < Q2 < 40 GeV2 for x values extending down to ⇥ 5� 10�5.3853

The need to measure DVCS therefore places constraints on the detector performance for low transverse3854

momentum photons, which in practice translates into the electromagnetic calorimetry noise conditions and3855

response linearity at low energies.3856
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Figure 6.28: Simulated LHeC measurement of the DVCS cross section multiplied by Q4 for di�erent x values
for a luminosity of 100 fb�1, with Ee = 50 GeV, and electron and photon acceptance extending to within
10⇥ of the beampipe with a cut at P �

T = 5 GeV. Only statistical uncertainties are considered.

If the detector acceptance extends to only 10⇥, the P �
T cut no longer plays such an important role.3857

Although the low Q2 acceptance is lost in this scenario, the larger luminosity will allow precise measurements3858

for Q2 >⇤ 50 GeV2, a region which is not well covered in the 1⇥ acceptance scenario due to the small cross3859

section. In the simulation shown in Fig. 6.28, a factor of 100 increase in luminosity is considered, resulting3860

in precise measurements extending to Q2 > 500 GeV2, well beyond the range explored for DVCS or other3861

GPD-sensitive processes to date.3862

Maximising the lepton beam energy potentially gives access to the largest W and smallest x values,3863

provided the low P �
T region can be accessed. However, the higher beam lepton energy boosts the final state3864

photon in the scattered lepton direction, resulting in an additional acceptance limitation.3865

Further studies of this process will require a better understanding of the detector in order to estimate3866

systematic uncertainties. A particularly interesting extension would be to investigate possible beam charge3867

[461, 480] and polarisation asymmetry measurements at lower x or larger Q2 than was possible at HERA.3868

With the addition of such information, a full study of the potential of the LHeC to constrain GPDs could3869

be performed.3870

Accessing chiral-odd transversity GPDs in di�ractive processes3871

Transversity quark distributions in the nucleon remain among the most unknown leading-twist hadronic3872

observables. The four chiral-odd transversity GPDs [442], denoted HT , ET , H̃T , ẼT , o�er a new way to3873

access the transversity-dependent quark content of the nucleon. The factorization properties of exclusive3874

amplitudes apply in principle both to chiral-even and to chiral-odd sectors. However, one photon or one3875

meson electroproduction leading-twist amplitudes are insensitive to the latter [481, 482]. At leading twist,3876
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MILOU generator using Frankfurt, Freund, Strikman model.

L = 1 fb�1 L = 100 fb�1

p�
T = 2 GeV p�

T = 5 GeV
✓ = 1o ✓ = 10o

2.5 < Q2 < 40 GeV2 50 < Q2 ' 500 GeV2

low x large scales



Parton dynamics

• Inclusive measurements provide constraints on the integrated 
parton distribution functions.

• Details of the dynamics need to be pinned down by more 
exclusive measurements.

• Unintegrated parton distribution functions needed, which have a 
better control of the kinematics of the process. LO with 
unintegrated pdfs descriptions are in general better than higher 
order terms in collinear approach. 

• Angular decorrelation of dijets, forward jets, transverse energy 
flow, needed to constrain the parton dynamics.



Dijets in epthe gluon also decreases, larger values of the transverse momentum kT can be sampled. This2774

will lead to an azimuthal decorrelation between the jets which increases with decreasing x. The2775

definition of �⇥ is indicated in Fig. 7.41. That is, the jets are no longer back-to-back since they2776

must balance the sizable transverse momentum kT of the incoming virtual gluon.2777

 k  = 0t

∆φ∗ < 120  
o

∆φ∗ 

j1

j2

j2

j1

Figure 7.41: Schematic representation of the production of the system of two jets in the process
of virtual photon-gluon fusion. The incoming gluon has nonvanishing transverse momentum
kT ⇥= 0 which leads to the decorrelation of the jets. �⇥ is the angle between two jets.

This has to be contrasted with the conventional picture which uses integrated parton distri-2778

butions, and typically leads to a narrow distribution about the back-to-back jet configuration.2779

Higher orders usually broaden the distribution. However, as shown by direct measurements of2780

DIS dijet data [349], NLO DGLAP calculations are not able to accommodate the pronounced2781

e⇥ect of the decorrelation.2782

Explicit calculations for HERA kinematics show that the models which include the re-2783

summation of powers of log 1/x compare favourably to the experimental data [350–354]. The2784

proposal and calculations to extend such studies to di⇥ractive DIS also exist [355,356].2785

In Fig. 7.42 we show the di⇥erential cross section as a function of �⇥ for jets in �1 < �jet <2786

2.5 with E 1T > 7 GeV and E 2T > 5 GeV found with the kt jet algorithm in the kinematic2787

range Q2 > 5 GeV, 0.1 < y < 0.6 for di⇥erent regions in x. Predictions from MEPS [18],2788

CDM [357] and CASCADE [358] are shown. At large x all predictions agree, both in shape and2789

in normalization. At smaller x the �⇥-distribution becomes flatter for CDM and CASCADE,2790

indicating higher order e⇥ects leading to a larger decorrelation of the produced jets. Whereas2791

a decorrelation is observed, its size depends on the details of the parton evolution and thus2792

a measurement of the �⇥ cross section provides a direct measurement of higher order e⇥ects2793

which need to be taken into account at small x.2794

Thus, in principle, a measurement of the azimuthal dijet distribution o⇥ers a direct de-2795

termination of the kT -dependence of the unintegrated gluon distribution. When additionally2796

supplemented by inclusive measurements, it can serve as an important constraint for the pre-2797

cise determination of the fully unintegrated parton distribution, with the transverse momentum2798

dynamics in the proton completely unfolded.2799
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• Incoming gluon can have sizeable 
transverse momentum.

• Decorrelation of pairs of jets, which 
increases with decreasing value of x.

• Collinear approach typically produces 
narrow back-to-back configuration. Need 
to go to higher orders(NLO not 
sufficient).
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Figure 7.42: Di⇥erential cross section for dijet production as a function of the azimuthal sepa-
ration �� for dijets with E 1T > 7 GeV and E 2T > 5 GeV.
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�1 < ⌘jet < 2.5

E1T > 7 GeV
E2T > 5 GeV

Q2 > 5 GeV2

0.1 < y < 0.6

• All simulations agree at large x.
• CDM, CASCADE give a flatter 

distribution at small x.



Forward jets
x bj x bj small

from large

evolution 

to small x

’forward’ jet

x
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=
Ejet

Eproton
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Figure 7.43: Schematic representation of the production of forward jet in DIS.

Forward observables2800

It was proposed some time ago [359, 360] that an excellent process which would be very2801

sensitive to the parton dynamics and the transverse momentum distribution was that of the2802

production of forward jets in DIS. According to [359, 360], DIS events containing identified2803

forward jets provide a particularly clean window to the small-x dynamics. The schematic2804

view of the process is illustrated in Fig. 7.43. The jet transverse momentum provides the2805

second hard scale pT . Hence one has a process with two hard scales: the photon virtuality2806

Q and the transverse momentum of the forward jet pT . As a result the collinear (DGLAP)2807

configurations (with strongly ordered transverse momenta) can be eliminated by choosing the2808

scales to be of comparable size, Q2 � p2
T . Additionally, the jet is required to be produced in2809

the forward direction, that is, xJ , the longitudinal momentum fraction of the produced jet, is2810

as large as possible, and x/xJ as small as possible. This requirement selects the events with2811

the large sub-energy between the jet and the virtual photon where the BFKL framework should2812

be applicable. There have been dedicated measurements of forward jets at HERA [361–366],2813

which demonstrated that the DGLAP dynamics at NLO order is indeed incompatible with the2814

experimental measurements. On the other hand, the calculations based on resummations of2815

powers of log 1/x (BFKL and others) [358,367–372] are consistent with the data. The azimuthal2816

dependence of forward jet production has also been studied [373, 374] as a sensitive probe of2817

the small-x dynamics.2818

Another process that provides a valuable insight into the features of small-x physics, is2819

the measurement of the transverse energy ET -flow accompanying DIS events at small x. The2820

di�usion of the transverse momenta in this region, leads to a strongly enhanced distribution2821

of ET at small x. As shown in analysis [375, 376], the small-x evolution results in a broad2822

Gaussian ET -distribution as a function of rapidity. This should be contrasted with the much2823

smaller ET -flow obtained assuming strong kT -ordering as in DGLAP-based approaches, which2824

give an ET -distribution that decreases with decreasing x, for fixed Q2.2825

The first experimental measurements of the ET -flow in small-x DIS events indicate that2826

there is significantly more ET than is given by conventional QCD cascade models based on2827

DGLAP evolution. Instead we find that they are in much better agreement with estimates2828
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• Forward jet provides the second hard scale.
• By selecting it to be of the order of the photon 

virtuality, collinear configurations can be suppressed.
• Forward jet, large phase space for gluon emission.
• DGLAP typically underestimates the forward jet 

production.

which incorporate dynamics beyond fixed-order DGLAP [357, 358, 377] like BFKL evolution.2829

The latter dynamics are characterized by an increase of the ET -flow in the central region with2830

decreasing x.2831

However, the experimental data from HERA do not enable a detailed analysis due to their2832

constrained kinematics. At the LHeC one could perform measurements with large separations2833

in rapidity and for di⇥erent selections of the scales (Q, pT ). In particular, there is a possibility2834

of varying scales so to test systematically the parton dynamics from the collinear (strongly2835

ordered) regime Q2 � p2
T to the BFKL (equal scale, Regge kinematics) regime Q2 ⇥ p2

T .2836

Measurements of the energy flow in di⇥erent x-intervals, in the small-x regime, should therefore2837

allow a definitive check of the applicability of BFKL dynamics and of the eventual presence of2838

more involved, non-linear e⇥ects.2839

The simulation of the forward jet production at the LHeC is shown in Figs. 7.44 and 7.45.2840

The jets are required to have ET > 10 GeV with a polar angle �jet > 1o and 3o in the laboratory2841

frame. Jets are found with the SISCone jet-algorithm [378]. The DIS phase space is defined by2842

Q2 > 5 GeV, 0.05 < y < 0.85.2843
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Figure 7.44: Cross section for forward jets with �jet > 3o (left) and �jet > 1o (right). Predic-
tions from MEPS, CDM and CASCADE are shown. Jets are found with the SISCone algorithm
using R = 0.5.

In Fig. 7.44 the di⇥erential cross section as a function of x for an electron energy of Ee =2844

50 GeV is shown. The predictions come from a Monte Carlo generator [18] using O(�s) matrix2845

elements with a DGLAP type parton shower (MEPS), with higher order parton radiation as2846

simulated with the Colour Dipole Model [357] and from CASCADE [379], which uses o⇥-shell2847

matrix elements convoluted with the unintegrated gluon distribution function (CCFM set A)2848

and subsequent parton shower according to the CCFM evolution equation. Predictions for2849

�jet > 5o and �jet > 1o are shown. One can clearly see that the small-x range is explored2850

with the small angle scenario. In Fig. 7.45 the forward jet cross section is shown when using2851

R = 1 instead of R = 0.5 (Fig. 7.44). It is important to note that the angular acceptance of the2852

detector is crucial for the measurement of forward jets. The dependence of the cross section on2853
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Figure 7.45: Cross section for forward jets with �jet > 3o (left) and �jet > 1o (right). Predic-
tions from MEPS, CDM and CASCADE are shown. Jets are found with the SISCone algorithm
using R = 1.0.

the acceptance angle is very strong as is evident from Figs. 7.44 and 7.45. In case of the 10o
2854

acceptance, almost all of the forward jet signal is lost.2855

A complementary reaction to that of forward jets is the production of forward ⇥0 in DIS.2856

Albeit having a lower rate, this process o⇥ers some advantages over forward jet production.2857

By looking onto single particle production the dependencies on the jet finding algorithms can2858

be eliminated. Also, the non-perturbative hadronisation e⇥ects can be e⇥ectively encompassed2859

into the fragmentation functions [368].2860

Perturbative and non-perturbative aspects of final state radiation and hadroniza-2861

tion2862

The mechanism through which a highly virtual parton produced in a hard scattering gets rid of2863

its virtuality and color and finally projects onto a observable, final state hadron, is unknown to2864

a great extent (see [255] and references therein). The di⇥erent postulated stages of the parton2865

in its way to becoming a hadron are shown in Fig. 7.46: colored parton which undergoes QCD2866

radiation, colored excited bound state (pre-hadron), colorless pre-hadron and final hadron, are2867

characterized by di⇥erent time scales. While the first stage can be described in perturbative2868

QCD [380], subsequent ones require models (e.g. the QCD dipole model for the pre-hadron2869

stages) and nonperturbative information.2870

The LHeC o⇥ers great opportunities to study these aspects and improve our understanding2871

on all of them. The energy of the parton which is kicked by the virtual photon implies a Lorentz2872

dilation of the mentioned time scales for the di⇥erent stages of the radiation and hadronization2873

processes. All of them will be influenced by the fact that they do not take place in the vacuum2874

but within the QCD field created by the other components of the hadron or nucleus. While at2875

fixed target SIDIS or DY experiments, the lever arm in energy has been quite reduced (� < 1002876
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⇥ > 3o ⇥ > 1o

Simulations for 

Angular acceptance crucial for this 
measurement.

and

⇥ > 10oWith

all the signal for forward jets is lost.

SISCone R=0.5

SISCone R=1.0

Can explore also forward pions. Lower rates but 
no dependencies on the jet algorithms. Non-
perturbative hadronisation effects included 
effectively in the fragmentation functions.



Relevance of LHeC for neutrino interactions

High energy neutrino interactions probe 
extremely small values of x

Cross section dominated by large Q
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Relevance of LHeC for neutrino interactions
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Figure 2.72: Contour plot showing the x, Q2 domain of the dominant contribution to the
d⇥/d ln(1/x)d log Q2 for the total �N interaction at a value of the neutrino laboratory momen-
tum equal to E� = 1011 GeV. The 20 contours are such that they enclose a contribution of 5,
10, 15 · · · % of the above di�erential 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 di�erent 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 d⇥lA

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 di�erent 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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Oscillation enhance the possibility of direct observation of tau neutrinos at Earth. Short 
lifetime of tau, causes it to quickly decay in flight and produce a shower. Search for Earth 

skimming tau neutrinos 

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

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 di�erent neutrino energies E = 106,
109 and 1012 GeV, in two di�erent 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.

Armesto 

Energy loss of tau:

ionization

dominated by pair production, 
bremsstrahlung and photonuclear 

interactions

photonuclear contributions:

dominant  at high energies



Summary

• LHeC has an unprecedented potential for exploring  small x physics and high 
parton density regime.

• Precision measurement of inclusive structure functions provides constraint 
on the gluon density down to very low x. Constrain the nonlinear dynamics.

• Inclusive Diffraction: QCD factorization tests, diffractive parton densities, 
nonlinear effects.  New domain of diffractive masses.

• Exclusive vector meson production and Deeply Virtual Compton Scattering: 
constraints on gluon and quark GPDs, impact parameter profile, saturation.

• Jets, ex. forward jets, dijets: probe of unintegrated parton densities 
(transverse momentum dependence) in a wide kinematic range.
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Figure 6.31: Diagrams illustrating the di⇤erent types of exclusive di⇤raction in the nuclear case: coherent
(plot on the left) and incoherent (plot on the right). While the diagrams have been drawn for the case of
exclusive vector meson production, they equally apply to an arbitrary di⇤ractively produced state.

low-|t| regime of coherent di⇤raction illustrated in Fig. 6.31 left, in which the nucleus scatters elastically and3925

remains in its ground state, will be dominant up to a smaller value of |t| (about |t| = 0.05 GeV2) than in3926

the proton case, reflecting the larger size of the nucleus. The nuclear dissociation regime (incoherent case),3927

see Fig. 6.31 right, will consist of two parts: an intermediate regime in momentum transfer up to perhaps3928

|t| = 0.7 GeV2, where the nucleus will predominantly break up into its constituent nucleons, and a large-|t|3929

regime where the nucleons inside the nucleus will also break up, implying - for instance - pion production in3930

the Y system. While these are only qualitative expectations, it is crucial to study this aspect of di⇤raction3931

quantitatively in order to complete our understanding of the transverse structure of nuclei.3932

Fig. 6.32 shows the di⇤ractive cross sections for exclusive J/⇥ production o⇤ a lead nucleus with (b-Sat)3933

and without (b-NonSat) saturation e⇤ects. The figure shows both the coherent and incoherent cross sections.3934

According to both models shown, the cross section for t ⇥ 0 is dominated by coherent production, whereas the3935

nuclear break-up contribution becomes dominant for |t| >⇤ 0.01 GeV2, leading to a relatively flat t distribution.3936

The coherent cross section exhibits a characteristic multiple-dip structure at these relatively large t values,3937

the details of which are sensitive to gluon saturation e⇤ects. Resolving these dips requires a clean separation3938

between the coherent and nuclear break-up contributions, which may be possible with su⌃cient forward3939

instrumentation. In particular, preliminary studies suggest that the detection of neutrons from the nuclear3940

break-up in the Zero Degree Calorimeter (Section 14.3) reduces the incoherent backgrounds dramatically.3941

Assuming that it is possible to obtain a relatively clean sample of coherent nuclear di⇤raction, resolving3942

the rich structure at large t should be possible based on the measurement of the transverse momentum of3943

the elastically produced J/⇥ according to t = �p2
T (J/⇥). The resolution on the t measurement is thus3944

related to that on the J/⇥ by �t = 2
⌅
�t �pT (J/⇥), amounting to �t < 0.01 GeV2 throughout the range3945

shown in Fig. 6.32 assuming �pT (J/⇥) < 10 MeV, as has been achieved at HERA. The pseudodata for3946

the coherent process shown in the figure are consistent with this resolution and correspond to a modest3947

integrated luminosity of order 10 pb�1.3948

Independently of the large |t| behaviour, important information can be obtained from the low |t| region3949

alone. Coherent production for t ⇥ 0 can easily be related to the properties of dipole-nucleon interactions,3950

because all nuclear e⇤ects can be absorbed into the nuclear wave functions, such that only the average gluon3951

density of the nucleus enters the calculation. For this forward cross section, the exact shape of the nuclear3952

wave function is not important, in contrast to what happens at larger |t| where the distribution reflects the3953

functional form of the nuclear density.3954

Saturation e⇤ects can be studied in a very clean way using the t-averaged gluon density obtained in this3955

way from the forward coherent cross section. Fig. 6.33 shows this cross section for J/⇥ production as a3956

function of W for di⇤erent nuclei. The cross section varies substantially as a function of the �⇥p centre of3957

mass energy W and the nuclear mass number A. It is also very sensitive to shadowing or saturation e⇤ects3958

due to the fact that the di⇤erential cross section at t = 0 has a quadratic dependence on the gluon density3959

and A. Due to this fact, the ratios of the cross sections for nuclei and protons are roughly proportional to the3960
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���e Exclusive diffraction on nuclei
coherent incoherent

0.05 < |t| < 0.7 GeV2

nuclear breakup into nucleons

pion production 
will become large

|t| > 0.7 GeV2

significant for

|t| < 0.02 GeV2

Resolving between these two requires forward instrumentation: Zero 
Degree Calorimeter



Inclusive diffraction in eA���e

coherent incoherent

Two types of events in the case of scattering off nuclei

Inclusive diffraction on nuclei is an unexplored area.

• Can one use factorization for the  description of DDIS on 
nuclei?

• Impact parameter dependence?

• Relation between diffraction in ep and shadowing in eA.

• Current theoretical predictions vary a lot.



Possibility of using this process to learn about the gluon distribution in the nucleus and its 
spatial distribution. Possible nuclear resonances at small t?

���e Exclusive diffraction on nuclei

Incoherent production is dominant 
except for low |t|.

The dip structure is sensitive to 
details of the impact parameter 
profile.

Resolving the dips:

�t = 2
p
�t�pT (J/ )

�pT < 10 MeV
�t < 0.01 GeV2



Energy dependence for different targets.

Exclusive diffraction on nuclei���e

Forward t=0 coherent cross section provides 
also information about the gluon density in the 

nucleus.

Strong variation with energy and mass number A.

Large sensitivity to saturation and shadowing 
effects.
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Figure 6.34: The x dependence of the nuclear modification ratio for the gluon density squared, from nuclei
to protons (rescaled by A2), for the scale corresponding to the exclusive production of the J/�. The results
have been obtained from the model described in [487].

of pseudoscalar mesons, �(�)p � Cp, where C = ⇤0, ⇥, ⇥⇤, ⇥c . . . Searches for the Odderon in the reaction3987

ep � e⇤0N⇥ were performed by the H1 collaboration at HERA [495] at an average �p c.m.s energy ⇥W ⇤ =3988

215 GeV. No signal was found and an upper limit on the cross section was derived, ⌅(ep � e⇤0N⇥, 0.02 <3989

|t| < 0.3 GeV2) < 49 nb at the 95 % confidence level. Although the predicted cross sections for processes3990

governed by Odderon exchange are rather small, they are not suppressed with increasing centre-of-mass3991

energy and the large luminosities o⇥ered by the LHeC may be exactly what is required for a discovery. In3992

addition to ⇤0 production, Odderon searches at the LHeC could be based on other exclusive channels, for3993

example with heavier mesons ⇥c, ⇥b [496].3994

It has been advocated [497] that one could devise more sensitive tests of the existence of the Odderon3995

exchange by searching for interference e⇥ects between Pomeron and Odderon exchange amplitudes. Such an3996

observable is the measurement of the di⇥erence between charm and anti-charm angular or energy distributions3997

in �⇥p � cc̄N⇥. Another channel is the exclusive photo or electroproduction of two pions [498–500]. Indeed3998

a ⇤+⇤� pair may be produced both as a charge symmetric C+ and a charge antisymmetric C� state. The3999

Pomeron exchange amplitude will contribute to the C� ⇤+⇤� state, the Odderon exchange amplitude will4000

contribute to the C+ ⇤+⇤� state. A (mesonic) charge antisymmetric observable will select the interference4001

of these two amplitudes. In the hard electroproduction case, one may estimate the e⇥ect through a lowest4002

order calculation where Pomeron (Odderon) exchange is calculated through the exchange of two (three)4003

non-interacting gluons in a colour singlet state in the t-channel, as shown in Fig. 6.35.4004

Figure 6.35: Feynman diagrams describing ⇤+⇤� electroproduction in the Born approximation.

The impact representation of the amplitude has the form of an integral over the 2-dimensional transverse4005
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Nuclear modification ration for the gluon density 
squared.

Q2 = M2
J/ 



Diffractive structure function for Pb

���e Diffractive structure func. in eA
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Figure 6.44: Di�ractive structure function xPFD
2 for Pb in bins of Q2 and xP as a function of �. Model

calculations are based on the dipole framework [532,533].
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Figure 6.43: Di�ractive structure function xPFD
2 for Pb in bins of Q2 and xP as a function of �. Model

calculations are taken from [487].

6.2.5 Jet and multi-jet observables, parton dynamics and fragmentation4247

Introduction4248

Inclusive measurements provide essential information about the integrated distributions of partons in a4249

proton. However, as was discussed in previous sections, more exclusive measurements are needed to pin4250

down the essential details of the small-x dynamics. For example, a central prediction of the BFKL framework4251

at small x is the di�usion of the transverse momenta of the emitted partons between the photon and the4252

proton. In the standard collinear approach with integrated parton densities the information about the4253

transverse momentum is not accessible. However, it can be recovered within a di�erent framework which4254

utilizes unintegrated parton distribution functions, dependent on parton transverse momentum as well as x4255

and Q2. Unintegrated PDFs are natural in the BFKL approach to small-x physics. A general, fundamental4256

expectation is that as x decreases, the distribution in transverse momentum of the emitted partons broadens,4257

resulting in di�usion.4258

The specific parton dynamics can be tested by a number of exclusive measurements. These in turn can4259

provide valuable information about the distribution of transverse momentum in the proton. As discussed4260

in [534], for many inclusive observables the collinear approximation with integrated PDFs is completely4261

insu⇤cient, and even just including parton transverse momentum e�ects by hand may not be su⇤cient to4262

describe many observables. In DIS, for example, processes needing unintegrated distributions include the4263

transverse momentum distribution of heavy quarks. Similar problems are encountered in hadron collisions4264

when studying heavy quark and Higgs production. The natural framework using unintegrated PDFs gives a4265

much more reliable description. Furthermore, lowest-order calculations in the framework with unintegrated4266

PDFs provide a much more realistic description of cross sections concerning kinematics. This may well lead4267

to NLO and higher corrections being much smaller numerically than they typically are at present in standard4268

collinear factorization, since the LO description is better.4269
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Frankfurt, Guzey, Strikman. Model based on leading twist 
shadowing.

Kowalski, Lappi, Marquet, Venugopalan. Dipole model and Color 
Glass Condensate.

Models differ a lot in magnitude between the different scenarios within one 
framework as well as between different frameworks.



Diffractive to inclusive ratio for protons and Pb

Enhanced diffraction in the 
nuclear case.

The constant diffractive/total ratio as a function of W can 
be explained in saturation models: in the black disk limit 

the energy dependencies approximately cancel in 
diffractive/total ratio.

Models incorporate saturation but show variation with 
energy. Large differences between models.  Very large 

sensitivity due to lack of impact parameter information.

���e Diffractive structure func. in ep/eA

LHeC can provide here essential 
information on the saturation 
limit in ep/eA and constrain 

impact parameter dependence.



LHeC kinematics: acceptance
 LHeC - hadronic final state kinematics
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Figure 11.6: Kinematics of hadronic final state detection at the LHeC. Lines of constant
energy and angle of the hadronic final state are drawn, as represented by simple kinematics
of the struck quark.
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Kinematics in ep

Similarly access to large x requires angle 
acceptance of hadrons down to 1 degree.

 LHeC - electron kinematics
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Figure 11.5: Kinematics of electron detection in the forward detector region corresponding
to large Q2 ⇥ 104 GeV2. The energy values are given in GeV. At very high Q2 the iso-E⇥

e

lines are rather independent of x, i.e. Q2(x,E⇥
e) ⇤ 4EeE⇥

e.

For the measurement of the hadronic final state the forward detector is the most de-
manding. Due to the high luminosity, the large x region will be densely populated and a
unique physics program at large x and high Q2 may be pursued. In this region the relative
systematic error increases like 1/(1�x) towards large x. At high x and not extreme Q2 the
Q2(x,Eh) line degenerates to a line x = Eh/Ep as can be derived from Eq. 11.7 and seen in
Fig. 11.6. High x coverage thus demands measurements of up to a few TeV of energy close
to the beam pipe, i.e. a dedicated high resolution calorimeter is mandatory for the region
below about 5� 10� extending to as close to the beam pipe as possible. A minimum angle
cut �h,min in the forward region, the direction of the proton beam, would exclude the large
x region from the hadronic final state acceptance (Fig. 11.6), along a line

Q2 (x, �h,min) ⇤ [2Epx tan
2(�h,min/2)]

2, (11.8)

which is linear in the logQ2, log x plot and depends on Ep only. Thus at Ep = 7TeV the
minimum Q2 is roughly (1000[100]x)2 at a minimum angle of 10[1]�. Since the dependence in
Eq. 11.8 is quadratic with Ep, lowering the proton beam energy is of considerable interest for
reaching the highest possible x and overlapping with the large x data of previous experiments
or searches for new phenomena with high mass.

11.2.4 Acceptance at the High Energy LHC

Presently a high energy (HE) LHC is under consideration as a machine which would be
built in the thirties, with proton beam energies of 16TeV [823]. Such an accelerator would
better be combined with an electron beam with energy exceeding the 60GeV considered as
default here, to profit from the increased proton beam energy and to limit the asymmetry
of the two beam energies. Using the 140GeV beam mentioned above in this section as an
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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 di�erent 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 e⇤ciencies 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 |�jet| < 3.1
and the considered integrated luminosity of 2 fb�1 per nucleon; (b) The e�ects of the nuclear
modification of parton densities and their uncertainties are smaller than 10 %; and (c) The two-
peak structure in the �jet-plot results from the sum of the direct plus resolved contributions,
each of them with a single maximum but located in opposite hemispheres: positive �jet (photon
side) for direct, negative �jet (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.
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Figure 2.60: W -distributions of exclusive J/⇥ photoproduction at the LHeC in bins of t =
0.10, 0.20, 0.49, 1.03, 1.75 GeV2. The di�erence 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 (�) 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 d�/dt = � · 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/⌅ photoproduction)
and di⇥erent x values. (b) The (r-integrated) amplitude for exclusive J/⌅ photoproduction as
a function of b, for W = 300 GeV and |t| = 0, 1, 2, 3, 4 GeV2.

can clearly distinguish between the di⇥erent models. The di⇥erences 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/⌅ photopro-
duction at the LHeC would have significant sensitivity to unitarity e⇥ects.

Di�ractive Vector Meson Production from Nuclei This is still needed I think!!! PRN
Similar studies of elastic J/⌅ 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, �⇥N ⇥ V +N(V =
⇥0,⇤, �), or photoproduction of heavy quarkonia, �N ⇥ V + N(V = J/⌅, �), provide informa-
tion on nucleon structure and small-x dynamics complementary to that obtained in inclusive
or di⇥ractive measurements [128]. At su⌅ciently 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.

Exclusive diffraction: t-dependence


