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Outline

What are open fundamental questions?

Exploring nuclear structure.

High parton density regime.

Initial conditions for AA collisions.

What measurements do we need?

Physics potential of LHeC and EIC.



Nuclear structure
Low energy: nucleus consists of  nucleons; pion interactions.

High energy: larger transverse momenta involved. Quarks, gluons are  
explored at smaller  distance scales.

What is the structure of the nucleus in terms of these 
fundamental degrees of freedom?
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Fundamental interaction is described by QCD  in terms of quarks and gluons as 
elementary degrees of freedom.
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1. Introduction

The fact that nuclear structure functions in nuclei are different from the superposition

of those of their constituents nucleons is a well known phenomenon since the early

seventies, see references in the reviews [1, 2]. For example, for F2 the nuclear ratio is
defined as the nuclear structure function per nucleon divided by the nucleon structure

function,

RA
F2

(x, Q2) =
F A

2 (x, Q2)

A F nucleon
2 (x, Q2)

. (1)

Here‡, A is the nuclear mass number (number of nucleons in the nucleus). The variables
x and Q2 are defined as usually in leptoproduction or deep inelastic scattering (DIS)

experiments: in the scattering of a lepton with four-momentum k on a nucleus with four-

momentum Ap mediated by photon exchange (the dominant process at Q2 ! m2
Z0 , m2

W

where most nuclear data exist),

l(k) + A(Ap) −→ l(k′) + X(Ap′),

q = k − k′, W 2 = (q + p)2, x =
−q2

2p · q
=

−q2

W 2 − q2 − m2
nucleon

, (2)

see Fig. 1. The variable x has the meaning of the momentum fraction of the nucleon in
the nucleus carried by the parton with which the photon has interacted. Q2 = −q2 > 0

represents the squared inverse resolution of the photon as a probe of the nuclear content.

And W 2 is the center-of-mass-system energy of the virtual photon-nucleon collision

(lepton masses have been neglected and mnucleon is the nucleon mass), see e.g. [3] for full

explanations. The nucleon structure function is usually defined through measurements

on deuterium, F nucleon
2 = F deuterium

2 /2, assuming nuclear effects in deuterium to be
negligible.

The behaviour of RA
F2

(x, Q2) as a function of x for a given fixed Q2 is shown

schematically in Fig. 2. It can be divided into four regions§:

• RA
F2

> 1 for x ! 0.8: the Fermi motion region.

• RA
F2

< 1 for 0.25 ÷ 0.3 " x " 0.8: the EMC region (EMC stands for European

Muon Collaboration).

• RA
F2

> 1 for 0.1 " x " 0.25 ÷ 0.3: the antishadowing region.

• RA
F2

< 1 for x " 0.1: the shadowing region.

This review will be focused in the small x region i.e. that of shadowing, see [1, 2]

for discussions on the other regions‖. The most recent experimental data [4, 5, 6, 7, 8, 9]

‡ Sometimes the ratio of nuclear ratios is used e.g. R(A/B) = RA
F2

/RB
F2

.
§ Note that the deviation of the nuclear F2-ratios from one in all four regions of x, is sometimes referred
to as the EMC effect. I use this notation only for the depletion observed for 0.25 ÷ 0.3 " x " 0.8.
‖ The region of Fermi motion is explained by the Fermi motion of the nucleons. For the EMC region
there exist several explanations: nuclear binding, pion exchange, a change in the nucleon radius,. . . The
antishadowing region is usually discussed as coming from the application of sum rules for momentum,
baryon number,. . .
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Figure 1. Diagram of leptoproduction on a nucleus through virtual photon exchange.
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Figure 2. Schematic behaviour of RA
F2

(x, Q2) as a function of x for a given fixed Q2.

(see [1, 2, 10, 11, 12] for previous experimental results), confined to a limited region of
not very low x and small or moderate Q2 (and with a strong kinematical correlation

between small x and small Q2, see Fig. 3), indicate that: i) shadowing increases with

decreasing x, though at the smallest available values of x the behaviour is compatible

with either a saturation or a mild decrease [8]; ii) shadowing increases with the mass

number of the nucleus [6]; and iii) shadowing decreases with increasing Q2 [7]. On

the other hand, the existing experimental data do not allow a determination of the
dependence of shadowing on the centrality of the collision.

In the region of small x, partonic distributions are dominated by sea quarks and

gluons. Thus isospin effects, partially corrected in practice by the use of deuterium as

Schematic picture

• Fermi motion

• EMC region

• Antishadowing region

• Shadowing region

x ≥ 0.8

0.25− 0.3 ≤ x ≤ 0.8

0.1 ≤ x ≤ 0.25− 0.3

x ≤ 0.1

High energy

A classic way to measure the nuclear/hadron structure and quark/gluon distributions is 
through deep inelastic scattering.

Rutherford 1911 SLAC 1967 HERA 2007 EIC & LHeC ?



What the nuclear DIS data tell us?
Shadowing increases with A

Shadowing increases with decreasing x
Shadowing decreases with increasing Q

Nuclear shadowing 13

Figure 8. x-dependence of the nuclear F2-ratios in the model in [48] for different
nuclei, compared with experimental data [8, 9] (circles). Solid lines correspond to
Schwimmer (15) and dashed lines to eikonal (16) unitarization. Error bars in the
experimental points follow the same convention as in Fig. 5. In the ratios Xe/D, filled
circles correspond to the analysis with hadron requirement and open circles to that
with electromagnetic cuts, see the experimental paper [8] for more details. Both the
experimental results and the theoretical ones, joined by lines, correspond to different
average Q2 for every different value of x. [Figure taken from [48].]

In high-density QCD the small x partons (slow gluons) are treated classically due

to the high occupation number†† ∝ 1/αs. This number is as high as it can be - thus
this field is often referred to as saturation physics. The source term for the classical

equations of motion comes from the fast partons e.g. valence quarks with large x (see

††For example, in the BFKL framework [68, 69] the gluon density xg in the hadron is expected to
increase with decreasing x, ∝ x−2.65αs . The exponent in this power takes a value ∼ −0.5 for the
strong coupling constant αs ∼ 0.2. DIS proton data show an increase ∼ x−0.3 for small x, although no
conclusive evidence of BFKL dynamics has been extracted from such behaviour.
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Figure 11. x-dependence of the ratios in the model in [54] for different nuclei,
compared with experimental data [4, 5, 8, 9] (filled points). The band corresponds to
different choices of the scale of power corrections ξ2 in [54]. ∆D−T = Data − Theory,
and the open circles joined by dashed lines in these plots show the comparison to
the approach in [99]. The (x, Q2) correlation of the experimental points is taken into
account in the theoretical results shown here, as it was in those in Fig. 8. [Figure taken
from [54].]

the nuclear size appears as an additional variable. Then these initial conditions are

evolved through the DGLAP equations towards larger values of Q2 and compared with

experimental data. From this comparison the initial parametrizations are adjusted.
Different approaches differ in several details, see [17]:

• The form of the parametrizations at the initial scale. For example, in [99, 103]
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Figure 11. x-dependence of the ratios in the model in [54] for different nuclei,
compared with experimental data [4, 5, 8, 9] (filled points). The band corresponds to
different choices of the scale of power corrections ξ2 in [54]. ∆D−T = Data − Theory,
and the open circles joined by dashed lines in these plots show the comparison to
the approach in [99]. The (x, Q2) correlation of the experimental points is taken into
account in the theoretical results shown here, as it was in those in Fig. 8. [Figure taken
from [54].]

the nuclear size appears as an additional variable. Then these initial conditions are

evolved through the DGLAP equations towards larger values of Q2 and compared with

experimental data. From this comparison the initial parametrizations are adjusted.
Different approaches differ in several details, see [17]:

• The form of the parametrizations at the initial scale. For example, in [99, 103]
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Figure 11. x-dependence of the ratios in the model in [54] for different nuclei,
compared with experimental data [4, 5, 8, 9] (filled points). The band corresponds to
different choices of the scale of power corrections ξ2 in [54]. ∆D−T = Data − Theory,
and the open circles joined by dashed lines in these plots show the comparison to
the approach in [99]. The (x, Q2) correlation of the experimental points is taken into
account in the theoretical results shown here, as it was in those in Fig. 8. [Figure taken
from [54].]

the nuclear size appears as an additional variable. Then these initial conditions are

evolved through the DGLAP equations towards larger values of Q2 and compared with

experimental data. From this comparison the initial parametrizations are adjusted.
Different approaches differ in several details, see [17]:

• The form of the parametrizations at the initial scale. For example, in [99, 103]
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Figure 3. Plot on the left: Kinematical range in the x-Q2 plane probed in nuclear
DIS [4, 5, 6, 7, 8, 9, 10, 11, 12] and Drell-Yan [13] processes, and in d-Au at forward
rapidities [14, 15] at RHIC. [Figure taken from [16].] Plot on the right: The average
values of x and Q2 of the DIS data from the New Muon Collaboration [4, 5, 6, 7]
(triangles) and E665 [8, 9] (diamonds) in l-A, and of x2 and M2 of the Drell-Yan
dilepton data [13] (squares) in p-A. The heavy quark mass scales are shown by
the horizontal dashed lines. Those lines labeled saturation indicate the estimated
saturation scale in proton and Pb. The different bands and lines show the values of x
and Q2 which are or will be probed in Drell-Yan or heavy flavour production at SPS,
RHIC and LHC, for rapidities different from central ones when indicated. [Figure
taken from [17].] See also the text in Subsection 2.3 and in Section 5.

reference and of isoscalar nuclei, are negligible and will not be discussed in the following.

In most approaches, the origin of the depletion of the nuclear ratios in this region is

related with the hadronic behaviour of the virtual photon [18]. This resolved hadronic

component of the photon wave function at high collision energies - equivalent to small
values of x, see (2) - and at relatively low values of Q2, will interact several times with

the different nucleons in the nucleus i.e. will experience multiple scattering. As I will

discuss in the next Section, this results in a reduction of the corresponding cross sections

- shadowing, related to the structure functions through

F A
2 (x, Q2) =

Q2(1 − x)

4π2αEM
σγ∗−A , (3)

with αEM the fine structure constant. Thus, the phenomenon of multiple scattering is

sometimes referred to as shadowing corrections.

The importance of the phenomenon of nuclear shadowing is twofold: First,

on the theoretical side it offers an experimentally accessible testing ground for our

understanding of Quantum Chromodynamics (QCD) in the high-energy regime [19].
Multiple scattering is unavoidable in a quantum field theory as a consequence of such

a basic requirement of the theory as unitarity. The nuclear size gives the possibility

Kinematic coverage in nuclear DIS and DY
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Figure 1.9: 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
. Results

from [72] (nDS, black dashed), [73] (HKN07, green solid), [74] (EPS09, red dotted) and [77]

(FGS10, blue dashed-dotted; in this case the lowest Q2
is 4 GeV

2
and two lines are drawn

reflecting the uncertainty in the predictions) are shown. The red band indicates in each case

the uncertainties in the EPS09 analysis [74].

Large uncertainty at small values of x especially in the gluon  and sea quark sector

From structure functions to pdfs

FA
2,L(x,Q2) = Ci(αs;x, Q2/µ2)⊗ xfA

i (x, µ2)
Current uncertainties of the parton distribution in nuclei

Collinear factorization in DIS:



Proton case: gluon density at small x
!"#$%#&%'()*'+,'-#&#./"/&'0/123"1'
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Observation from electron-proton collider 
HERA: Gluon density dominates at small x.

Hadron at large energy

Increasing number of fluctuations at high energy/small x. 

• Rise of the cross sections with energy.

• Bulk of the particle production (multiplicities).

• Many body dense system. New emergent phenomena expected. 
New degrees of freedom.



Small x: high parton density

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

• Non-linear parton evolution includes the 
recombination effects of gluons.

• Dynamically generated momentum scale:

Saturation scale: Q2
s(x)

Fast proton or nucleus

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

•Increases with energy or with decreasing x.



Saturation scale grows with A
• 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

Q2
s(x,A) ∼ Q2

0 x−λA1/3

Nuclei at high energy

Large A and small x

High parton densities.
New regime of QCD



Nuclear structure

• Impact parameter profile of nucleus. Generalized parton distributions.

In order to unfold the details of the nuclear structure less 
integrated distributions are needed. For the better understanding of 
the more exclusive final states need extra information about 
transverse position or momenta of partons.

b

q(x,b;µ) =
�

d
2q

(2π)2
e
−ib·q

H
q(x, ξ = 0, t = −q2;µ)

Probability of finding a quark with light cone fraction x at impact parameter b.

Transverse spatial distribution is a fundamental characteristic of nucleon/
nucleus: Gribov diffusion, chiral dynamics, issues of saturation at small x

Qs(x,b)

Momentum transfer



Exploring nuclear structure
Unintegrated/transverse momentum dependent parton distributions.

Contain information about the transverse momentum distribution. Useful for more exclusive final 
states, SIDIS, heavy quark production, dijet production,forward jets. 

the 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 ∆φ 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. ∆φ 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

effect 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 diffractive DIS also exist [355,356].2785

In Fig. 7.42 we show the differential cross section as a function of ∆φ for jets in −1 < ηjet <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 different 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 ∆φ-distribution becomes flatter for CDM and CASCADE,2790

indicating higher order effects 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 ∆φ cross section provides a direct measurement of higher order effects2793

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

Thus, in principle, a measurement of the azimuthal dijet distribution offers 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

130

Example: dijet production in DIS, angular 
decorrelation between jets.

SIDIS Heavy Quark 
production

Decorrelation of jets at small x due to the increased 
transverse momentum. Sensitivity to nonlinear evolution when kT ∼ Qs(A, x)



Diffraction in ep

M2 diffractive mass

t = (p− p�)2 momentum transfer

momentum fraction of the Pomeron with respect to the hadron

momentum fraction of the struck parton with respect to the Pomeron

Bjorken x

Rapidity gap

gap

∆η = ln 1/xIP

Proton stays intact and 
separated by a rapidity gap

12



Diffraction in eA
Two possibilities for the diffractive events in nuclei:

Coherent: No-breakup Incoherent: With breakup into nucleons
The gap is still there

gap

A
A

e
e

gap

A

A’

p
n

e
e

Predictions give 
20%-40% for

in the regime down 
to

σdiff/σtot

10−6

Diffractive to inclusive ratio in eA



Diffraction, dipole models and saturation

Inclusive: dominated by 
relatively hard component

Diffractive: dominated by the 
semi-hard momenta

!* !*

p

z
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Dipole model for the description of DIS at high energy: photon fluctuates 
into qqbar pair of size r and undergoes an interaction with the target

d
!

T
/d

r

Inc

DD

2/Q
r [2R

0
]

0

1

2

3

0.5 1 1.5

overlap function in the dipole model
typical dipole sizes involved in the process

σ̂



Diffraction
• Large distances: long range effects, correlations. Relation to saturation.

• Explore the Pomeron structure, color neutral excitations.

• t-dependence gives access to the impact parameter profile, especially in 
exclusive processes. 

• Tests of factorization in diffraction, does it hold in eA in the same 
parameter range as in ep? 

• Relation between diffraction in ep and shadowing in eA.

Nuclear shadowing can be  
described (Gribov-Glauber) as  
multiple interactions, starting  
from ep DPDFs  

[Capella, Kaidalov et al.] 

[Diff DIS] 

[eA 
shadowing] 

… starting point for  
extending precision  
LHeC  studies into 
eA collisions 



Importance of eA for AA

Understanding the initial conditions in AA is critical for the later evolution of the system.

Simulations based on the initial wave function with parton saturation describe fairly well 
the  multiplicites at RHIC and LHC.

However, many free parameters,  poor understanding of impact parameter 
dependence.

Need an independent measurement of the initial condition : eA.
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In-medium hadronization:

Small-x physics at the LHeC: 4. Final states. 33

! Low energy: need of 
hadronization inside " 
formation time, (pre-)
hadronic absorption,...

! High energy: 
partonic evolution 
altered in the nuclear 
medium, partonic 
energy loss.

! A high energy eA collider would allow to study the dynamics of 
hadronization, testing the parton/hadron energy loss mechanism 
by introducing a length of colored material which would modify 
its pattern (length/nuclear size, chemical composition). 

Brooks at Divonne’09

Deep Inelastic Scattering - Vacuum

tp

production time tp - propagating quark

htf

formation time htf - dipole grows to hadron

DIS in vacuum (in practice on a nucleon)

production time

formation time
DIS in medium: 

Partonic multiple scattering: 
medium-stimulated
gluon emission, 
broadened pT 

Low-Energy DIS in Cold Nuclear Medium

Low-Energy DIS in Cold Nuclear Medium

Hadron forms inside the medium; then also have
prehadron/hadron interaction

(In reality, hadron ‘formation’ starts immediately)

Hadron forms outside, high 
energy, partonic energy loss

Hadron forms inside, low 
energy, prehadron(hadron) 

absorption.

Connection between the transverse momentum broadening in SIDIS 
and the saturation scale which characterizes the dense medium.

Saturation Scale

• The saturation scale Q2s(b,E) gives the momentum 
characterizing the onset of gluon saturation, i.e., the 
Color Glass Condensate

• Within the dipole model, it has recently been 
shown that the saturation scale can be measured 
experimentally by transverse momentum 
broadening of SIDIS hadrons: Δp2T = Q2s(b,E)

B. Z. Kopeliovich, I. K. Potashnikova, and Iván Schmidt, 
Phys. Rev. C 81, 035204 (2010)

Parton dynamics in nuclear medium



EIC & LHC
physics potential



Future DIS facilities
Ecm vs L



LHeC: DIS with LHC beam
Project:

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

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

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

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

e-injector

BYPASS

Preliminary; Fitterer@DIS11

eA: Len∼1032 cm-2s-1.

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

√
s � 1− 2 TeV

Ep = 7 TeV
ep/ea collisions



New physics on 
scales ~10-19 m 

High precision 
partons in LHC 

plateau 

Nuclear  
Structure  
& Low x  
Parton 

Dynamics 
High 

Density  
Matter 

Large x 
partons 

•  High mass (Meq,  
Q2)  frontier 

•  EW & Higgs 

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

•  Low x frontier 
! novel QCD …  

���e Physics in ep/eA



EIC: eRHIC and ELIC
Ee = 5− 30 GeV
Ep = 50− 250(325) GeV

ep mode:

eA mode:

√
s = 30− 200 GeV

L ∼ 1033−34 cm−2s−1

Beam polarization: 70% for p, D,
3
He

p→ U
EA = 20− 100 GeV/N√

s = 12− 63 GeV

LA/N ∼ 1033 cm−2s−1



Nuclear structure functions

• Excellent precision on   
• Heavy flavor components

F2



Note on heavy flavor in ep
Simulations with RAPGAP MC 3.1

Impressive extension of the phase space.
Both small  and large x.

Crucial as a benchmark for the heavy flavor production in nuclei. Can test 
thoroughly the nuclear effects of in heavy quark production.



Impact of LHeC on nuclear parton distributions

Strong 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
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Global NLO fit with the LHeC pseudodata included 

Much smaller 
uncertainties.

Constraining gluon/sea 
densities simultaneously for 

proton and Pb.

Gluon in the proton



Longitudinal structure function in  ep/eA
It is known from theory that       is  sensitive to the gluon distribution.

But.... it is also known experimentally that it is  challenging measurement.
 Need y dependence, varying energies.

FL

Vanishes in naiive parton model (when transverse momenta limited).

Dominant contribution: g → qq̄

Note: FL in eA

eA collisions at the LHeC: 3. Inclusive observables. 20

● FL traces the nuclear effects on the glue (Cazarotto et al ’08).
● Uncertainties in the extraction of F2 due to the unknown nuclear 
effects on FL of order 5 % (larger than expected stat.+syst.) ⇒ 

measure FL or use the reduced cross section (but then ratios at two 
energies...).

NA, Paukkunen, Salgado, Tywoniuk, ‘10

Precision typically limited to 5%

Feasibility study: !r = F2(x,Q2) - y2/Y+ ⋅FL(x,Q2)
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E. Aschenauer

Strategies:
slope of y2/Y+ for 
different s at fixed 
x & Q2

e+p:  1st stage
5x50 - 5x325
running combined
4 weeks/each
(50% eff)

stat. error shown
and negligible

To Do:
Rosenbluth 
extraction & 
Detector effects

Y+ = 1 + (1− y)2

EIC
Ullrich/Aschenauer DIS2011



Nuclear FLSyst. Uncertainties in FL for staged EIC 
FL for electron energy fixed at 4 GeV and proton energies: 
50, 70, 100, 250 GeV (4 fb-1 each)

13

The magenta curves show 
the statistical and systematic 
errors (1% uncertainty in 
normalization) added in 
quadrature.

Again, the extraction of 
FL is dominated by 
systematic uncertainties

EIC
Ee = 4 GeV

Ep = 50, 70, 100, 250 GeV

Measurement dominated by the 
systematic uncertainties.

Issue of e+A radiative 
corrections...Work in progress

Magenta curves show statistical 
and systematic (1% in 

normalization) added in 
quadrature

Ullrich DIS2011



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

Watt



Exclusive diffraction: nuclear case
Possibility of using the same principle to learn about the gluon distribution in the nucleus. 

Possible nuclear resonances at small t?

t-dependence: characteristic dips.
Challenges: need to distinguish 

between coherent and incoherent 
diffraction. Need dedicated 

instrumentation, zero degree 
calorimeter.

Energy dependence for 
different targets.

Diffraction in e+A
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• Diffractive cross-section !diff/!tot in e+A  predicted to be ~25-40%
• Process most sensitive to xG(x,Q2)

• Rich physics program on momentum & spatial gluon distribution
• Coherent vs Incoherent: requires detection of breakup with ~ 1-10-4 

efficiency

e + A " e’ + J/! + A’

Never done at a collider!

EIC



Exclusive diffraction: nuclear case

Exclusive VM production sensitive to the gluon density squared.

•  `Cleanly’ interpreted as hard 2g  
exchange coupling to qqbar dipole 
… enhanced sensitivity to low x gluon 

•  c and c-bar share energy equally,  
simplifying VM wavefunction  

•  Clean experimental signature (just 2 leptons) 

… LHeC reach extends to xg ~ 6.10-6 at Q2 ~ 3 GeV2 !

(MNRT etc)   Xg ~ (Q2 + MV
2) / (Q2 + W2)      Q2 = (Q2 + MV

2) / 4 

•  Simulations of elastic J/" ! µµ photoproduction  
! scattered electron untagged, 1o acceptance for muons 

     (similar method to H1 and ZEUS)  

dσA
dt |t=0

dσp

dt |t=0

∼
xgA(x,M2

J/Ψ)2

xg(x, M2
J/Ψ)2

Prediction for the amount of  shadowing/saturation in exclusive production

EIC



Exclusive diffraction: predictions for ep

• 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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σγp→J/Ψ+p(W )



Inclusive diffraction in eA
Diffractive structure function for Pb

Diffractive to inclusive ratio 
for protons and Pb

Enhanced diffraction in the 
nuclear case

Study of diffractive dijets, heavy quarks for the factorization tests



Final states: jet photoproduction

Ee = 50 GeV

ET > 20 GeV

L = 2 fb−1

|ηjet| < 3.1

Two-peak structure: direct and resolved.
Need to do: background subtraction, detailed analysis of jet reconstruction, energy calibration.

Hard probe of the nuclear medium.
Information about photon structure.



Summary
• eA(with parallel ep) at high energy essential to untangle the complex nuclear 

structure at low x and constrain the initial conditions for AA.  Also low x ep 
needed  for pp, low x, forward rapidities. Entering new regime of DIS with 
high parton densities. Precision DIS measurements complementary to pp/
pA/AA. 

• LHeC program: complete flavor decomposition of pdfs, heavy flavor 
measurement at high accuracy, precision strong coupling measurements, 
electroweak couplings, TMD and GPD, high parton density/saturation at low 
x, nuclear effects,  BSM...

• EIC program: nuclear structure at moderately low x by scanning A 
dependence from light to heavy nuclei, nuclear pdfs, TMD and GPD 
measurement, spin structure (for p and d), polarized sea and gluons...

• Timeline for LHeC: first version of CDR (almost) complete. Realization in 10 
years or so.

• Timeline for EIC: staged approach; construction ELIC in 10 years, eRHIC 
first stage in about or less than 10 years.



Backup



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)

Albacete

 Extrapolation for FL in the LHeC kinematic regime: 

1x10-6 0.00001 0.0001 0.001 0.01
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Small-x resummed

x

Eikonal multiple

scatterings

CGC

FL(x,Q2=10 GeV2)
Linear approaches

NLO DGLAP

NNPDF 1.0

Non-Linear approaches

Pseudodata

Regge

 Extrapolation for F2 in the LHeC kinematic regime: 

1x10-6 0.00001 0.0001 0.001 0.01
0

1

2

3

4

5

6

7

Small-x resummed

x

Eikonal Multiple 

scatterings

CGC

F2(x,Q2=10 GeV2)
NLO DGLAP

NNPDF 1.0

Linear approaches

Non-Linear approaches

Pseudodata

Regge

���e



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
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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.

Albacete,Rojo
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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

���e

x
-5

10 -410
-3

10 -210 -110 1

)
02

x
g

 (
x
, 
Q

-2

-1

0

1

2

3

4

NNPDF1.2

NNPDF1.2 + LHeC small-x F2p

x
-5

10 -410
-3

10 -210 -110 1

)
02

x
g

 (
x
, 
Q

-2

-1

0

1

2

3

4

NNPDF1.2

NNPDF1.2 + LHeC small-x F2p, FL

Figure 7.15: The results for the gluon distribution in the combined DGLAP analysis of the NNPDF1.2

data set [202] and when including LHeC pseudodata for F2 (left) and F2 + FL (right).

of having 1 degree acceptance is also illustrated. Using simultaneously F2 and F c
2 LHeC pseu-2093

dodata one can precisely pin down the deviations from the fixed-order linear DGLAP evolution2094

at small x.2095

Predictions for nuclei: impact on nuclear parton distribution functions2096

LHeC will be the first electron-ion collider machine, and hence it will have enormous potential2097

for measuring the nuclear parton distribution functions at small x.2098

Let us start by a brief explanation of how the pseudodata for inclusive observables in ePb2099

collisions are obtained: For generating F2 in electron-nucleus collisions, the points (x,Q2
),2100

generated for e(50) + p(7000) collisions as explained in Subsection 5.1, are considered. Among2101

them, we keep only those points at small x ≤ 0.01 and not too large Q2 < 1000 GeV
2

with2102

Q2 ≤ sx, for a Pb beam energy of 2750 GeV per nucleon. Under the assumption that the2103

luminosity per nucleon is the same in ep and eA, the statistics is scaled by a factor 1/(5×50×A),2104

with 50 coming from the transition from a high luminosity to a low luminosity scenario, and 52105

being a conservative reduction factor (e.g. for the probably shorter running time for ions than2106

for proton).2107

In each point of the grid, σr and F2 are generated using the dipole model of [174,263] to get2108

the central value. Then, for every point, the statistical error in ep is scaled by the mentioned2109

factor 1/(5 × 50 × A), and corrected by the difference in F2 or σr between the (Glauberized)2110

5-flavor GBW model [263] and the model used for the ep simulation. The fractional systematic2111

errors are taken, for the same grid point, to be the same as for ep - as obtained in previous2112

DIS experiments on nuclear targets
5
. An analogous procedure is applied for obtaining the2113

pseudodata for F c
2 and F b

2 , considering the same tag and background rejection efficiencies as in2114

the ep simulation.2115

For extracting FL, a dedicated simulation of e+p(2750) collisions has been performed, at2116

three different energies: 10, 25 and 50 GeV for the electron, with assumed luminosities 5, 102117

and 100 pb
−1

respectively, see Sec. 5.1. Then, for each point in the simulated grid, FL values2118

5The main difference in the systematics would eventually come from the different size of the radiative cor-
rections in proton and nuclei, an important point which remains to be addressed in future studies.
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HERA+LHC HERA+LHC
F2 F2 + FL

Q2 = 2 GeV2

fb
−1

. The reference baseline for these studies is the NNPDF1.0 parton set [261]. The kinematics2049

of the LHeC pseudodata included in the fit (together with that of the NNPDF1.0 analysis) are2050

shown in Fig. 7.13. The average total uncertainty of the simulated F2 pseudodata is ∼ 2%,2051

while that of FL is ∼ 8%.2052
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Figure 7.13: The kinematical coverage of the LHeC pseudodata used in the present studies,

together with the data already included in the reference NNPDF1.0 dataset.

LHeC pseudodata have been generated not within the DGLAP framework, but rather from2053

two different models: the AAMS09 model [260], which is based on the non-linear Balitsky-2054

Kovchegov evolution with running coupling, and the FS04 model [179], based on the dipole2055

model. Both of these models deviate significantly from the linear DGLAP evolution since they2056

include saturation effects in the gluon density.2057

Next, the global analysis using the NNPDF1.0 framework with fixed-order DGLAP evolu-2058

tion was performed but now including LHeC pseudodata generated using the scenarios with2059

saturation. This procedure provides an illustration of a potential analysis technique which2060

ultimately should be applied to experimental data.2061

Such study offers the possibility of checking the sensitivity to parton dynamics beyond fixed-2062

order DGLAP. In this respect, for both the AAMS09 and the FS04 models the conclusions are2063

the same: the DGLAP analysis reproduces perfectly the F2(x,Q2
) pseudodata. This implies2064

that although the underlying physical theories are different, from a practical point of view2065

the small-x extrapolations of AAMS09 and FS04 for F2 are rather similar to DGLAP-based2066

extrapolations, and their differences can be absorbed as modifications of the shape of the non-2067

perturbative initial conditions. Note that, in this scenario, the more sophisticated analysis2068

based on sequential kinematical cuts and backwards DGLAP evolution presented in Sect. 7.1.22069

should be applied.2070

However, the situation is very different for the longitudinal structure function FL(x,Q2
),2071

provided the level arm in Q2
is large enough. The analysis based on the linear DGLAP evolution2072
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Impact of flavor decomposition
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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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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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Dijets in ep
���ethe 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 ∆φ 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. ∆φ 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

effect 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 diffractive DIS also exist [355,356].2785

In Fig. 7.42 we show the differential cross section as a function of ∆φ for jets in −1 < ηjet <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 different 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 ∆φ-distribution becomes flatter for CDM and CASCADE,2790

indicating higher order effects 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 ∆φ cross section provides a direct measurement of higher order effects2793

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

Thus, in principle, a measurement of the azimuthal dijet distribution offers 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: Differential cross section for dijet production as a function of the azimuthal sepa-
ration ∆φ for dijets with E 1T > 7 GeV and E 2T > 5 GeV.
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−1 < ηjet < 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.

Jung 



Forward jets���e

x bj x bj small

from large

evolution 

to small x

’forward’ jet

x
jet

=
Ejet

Eproton
= large

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

diffusion 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 different 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 different 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 effects.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 Θjet > 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 Θjet > 3o (left) and Θjet > 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 differential 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(αs) 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 off-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

Θjet > 5o and Θjet > 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 Θjet > 3
o

(left) and Θjet > 1
o

(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 10
o

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 π0
in DIS.2856

Albeit having a lower rate, this process offers 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 effects can be effectively 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 different 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 different 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 offers 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 different 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 (ν < 1002876
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Θ > 3o Θ > 1o

Simulations for 

Angular acceptance crucial for this 
measurement.

and

Θ > 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.

Jung 



Example: di-hadron correlation in dA collisionsPhenomenology: Dihadron correlations at RHIC and future EIC Dihadron correlations at RHIC

STAR measurement on di-hadron correlation in dA collisions

There is no sign of suppression in the p + p and d + Au peripheral data.

The suppression and broadening of the away side jet in d + Au central collisions is due to

the multiple interactions between partons and dense nuclear matter (CGC).

Dissect the data into three features:

Width σ of peaks, Pedestal P and Peak suppression.
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Angular correlation disappears in central dA collisions at forward rapidity

low parton density, 
back to back 
configuration

high parton density, multiple 
rescatterings with heavy 
nucleus, disappearance of 

the peak



Naturally explained in the framework of CGC (Color Glass 
Condensate) via multiple interactions between partons and dense 

nuclear matter. Albacete & Marquet

Phenomenology: Dihadron correlations at RHIC and future EIC Dihadron correlations at RHIC

Comparing to STAR data

[A. Stasto, BX, F. Yuan, in preparation]

For away side peak in both peripheral and central dAu collisions in q + g channel:
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Central dAu

The framework does not work for pp since the saturation scale Qs is too low at√
s = 200GeV.

Use Golec-Biernat Wusthoff model for the saturation momentum, Q2

s (x) = Q2

s0(x/x0)
λ

.

Adding the nuclear and impact factor dependence: Q2

sA = c(b)A1/3Q2

s (x).

Peripheral b = 6.8± 1.7fm with c(b) = 0.45 and width σ � 0.99;

Central b = 2.7± 1.3fm with c(b) = 0.85 and width σ � 1.6.
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In preparation 
Yuan  ,Xiao, AMS

Gluon Distributions Gluon+Jet in pA

Existing calculations on dijet production

Let us first look back, and re-examine the existing calculations on dijet productions.

I. Quark+Gluon channel [Marquet, 07] and [Albacete, Marquet, 10]

p q

k

p q

k

Prediction of saturation physics.

All the framework is correct, but over-simplified 4-point function.

Improvement [F. Dominguez, C. Marquet, BX and F. Yuan, 11.]

S(4)
xg (x1, x2; x�2, x�1) � e−
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II. Gluon+Gluon channel [Tuchin, 09]

Fit the RHIC data amazingly well.

Not correct, since the starting formula is Kt factorization formula.
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d

Au

• Necessity of unintegrated/transverse momentum dependent distributions.
• Importance of the ‘cold’ nuclear matter effects.
• Tests of saturation ideas.
• Ample possibilities of studying variety of processes in DIS in an 

experimentally  cleaner way with a better theoretical control.

Example: di-hadron correlation in dA collisions


