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Status Structure Function
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scaling violations
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Extraction of 
Parton 
Distributions

xg/20

- Gluon dominates at 
small x (and not so 
small Q2) 

- Precision at very 
small x not sufficient 
for reliable 
extrapolations to the 
smallest x at the 
LHC
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Need for FL measurement
F

L
 LO , NLO, NNLO and resummed - H1 Simulation of Data
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Comparison of prediction for
FL(x,Q2) at LO, NLO and NNLO
using MRST partons and also a
ln(1/x)-resummed prediction RT.

Accurate and direct measurements
of FL(x,Q2) and other quantities
at low x and/or Q2 (predicted
range and accuracy of FL(x,Q2)
measurements posible at HERA II
shown on picture) would be a great
help in determining whether NNLO
is sufficient or whether resummed (or
other) corrections are necessary, or
helpful for maximum precision.

DIS 2004 27

- FL is directly sensitive 
to the gluon content

- Measurement 
requires runs at 
various proton 
energies

- necessary to pin 
down the gluon, i.e. 
effects of 
resummation etc. in 
NNLO at low x

R.Thorne
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Figure 1: x and Q2 plane covered by measurements of F2 in charged lepton-nucleon scattering.

as a physical observable, has to be positive. For DGLAP fits which include measurements of high transverse

momentum jets at the Tevatron [4, 5], and therefore require larger gluon content at high x, negative FL values

for x 2 10 4 appear already at Q2 2GeV2. This puts in doubt the validity of the DGLAP formalism in this

low x and low Q2 region. Moreover, it becomes apparent that a good fit to the F2 data does not guarantee the

applicability of the DGLAP evolution equations, at least in NLO. This is especially true in the low x region,

where the lever arm in Q2 is small.

One striking experimental result from the first run of HERA is the observation of a transition in the behavior

of F2 at Q
2 0 5 GeV2. Below this virtuality, the virtual photon-proton cross section has a very similar energy

dependence to that seen in hadron-hadron scattering. Above this Q2, the cross sections show a steeper energy

dependence (see Fig. 2). The location of this transition is particularly interesting, as it is near the perturbative

regime, and far from the scale set by the dimensions of the proton. The quality of the existing data in the

transition region is not as high as in other regions, because this corresponds to a geometrical location for the

scattered electron where the H1 and ZEUS detectors have very limited acceptance. A detector dedicated to this

region could make precision measurements exactly in the range where the data indicates something interesting

is taking place. The transition in the behavior of the energy dependence indicates a transition from partonic

degrees of freedom to hadronic degrees of freedom (formation of constituent quarks), which would imply a

connection to color confinement.

At the other end of the x scale, x 0 5, higher twist effects are known to play an important role. At x 0 6

higher twist contamination plays a role up to Q2 of about 100GeV2 and is simply parameterized in the fit

procedure. Via sum rules, the large x region is important in the momentum balance of the parton densities,

which then affects the densities at low x. This interplay affects the determination of !S from the evolution

of F2. The region of large x is important in the calculation of moments of parton distributions which can be

directly compared to lattice calculations.

Importance of FL At low x and relatively low Q2, there are various dynamical arguments why the NLO

DGLAP conventional approach may fail. At low x, higher order perturbative corrections may become im-

x-Q2 Correlation
at HERA

- small x implies 
small Q2 

- need for medium x 
and small Q2 data



F2 = c(Q2)x−λ(Q2)

F2 at small x (<0.01)

- coefficient c fairly 
independent of 
Q2

- small x region 
described by



Q2
≈ 1 GeV

2

Q2 Dependence

- low Q2 barely 
understood

- transition occurs 
in region where 
“size of photon” 
considerably 
smaller than 
proton 
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Fig. 1. The dipole cross section as a function of the dipole size r for different values
of log10 x = −2,−3, ...,−7 (from the left to the right). The original saturation
model: dashed lines and the improved model: solid lines.

in quadrature. For a full discussion of fit details see [3]. With the fixed
quark mass mq = 140 MeV, the value of χ2/Ndf = 1.18 was found (for
the original model refitted to the new data χ2/Ndf " 3) with the following
fit parameters: C = 0.26, µ2

0 = 0.52 GeV2, Ag = 1.2 and λg = 0.28. In
addition, for the agreement with the diffractive data we fix the normalization
of the dipole cross section to the original saturation model value σ0 = 23 mb.

The form of the new dipole cross section (7) is shown in Figure 1 (solid
lines) for different values of x. As expected the main modification in com-
parison to the model (2) (dashed lines) lies in the small-r region. In Figure 2
the global characteristic of the data description is shown. Namely, we plot
the effective slope λ(Q2), obtained from the parameterisation of F2 at small
x, F2 ∼ x−λ(Q2), for fixed Q2. For the shown curves, λ was computed using
the relation F2 = Q2/(4π2αem)σγ∗p

T+L with the two discussed forms of dipole
cross sections. As expected, the inclusion of the DGLAP evolution for small
r significantly improves agreement with the data at large Q2 while at small
Q2 the results are practically the same.

An important aspect of the dipole models is their straightforward de-
scription of diffractive processes. In particular, the constant ratio of the
inclusive over diffractive cross sections as a function of x finds a natural ex-
planation in the saturation model [1, 2]. In DIS diffraction the cross section
is dominated by the contribution from large dipole sizes r. Since the large-r
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Fig. 2. The effective slope λ as a function of Q2. The original saturation model
(dashed line) and the improved model (solid line) are shown against the data.

part of the dipole cross section is practically unchanged in our modification,
the description of diffractive data is as good as in the original saturation
model. The only change introduced is a different treatment of the colour
factors for the qqg component, see [3] for more details.
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same time, we leave the large-r behaviour of the dipole cross section practi-
cally unchanged which allows to retain a good description of DIS diffractive
cross section. Recent attempts [4] along the same lines indicate that diffrac-
tion provides a highly nontrivial restriction on possible modifications of the
saturation model.

2. The saturation model and its modification

We start with a brief review of the saturation model [1]. Within the
dipole formulation of the γ∗p scattering, the cross section

σγ∗p
T,L(x,Q2) =

∫
d2r dz ψ∗

T,L(Q, r, z) σ̂(x, r) ψT,L(Q, r, z), (1)

where ψT,L are the virtual photon wave functions with the transverse and
longitudinal polarisation. In the saturation model the following form of the
dipole cross section σ̂ is proposed

σ̂(x, r) = σ0

{
1 − exp

(
−r2/4R2

0(x)
)}

, (2)

where R0(x) is the saturation scale which decreases when x → 0,

R2
0(x) =

1

GeV2

(
x

x0

)λ

. (3)

In order to be able to study the formal photoproduction limit, the Bjorken
variable x = xB was modified to be

x = xB

(
1 +

4m2
q

Q2

)
=

Q2 + 4m2
q

W 2
, (4)

where mq is an effective quark mass and W denotes the γ∗p center-of-mass
energy. The parameters of the model, σ0 = 23 mb, λ = 0.29 and x0 = 3·10−4

(for fixed mq = 140 MeV), were found from a fit to small-x data [1].
As it is well known [5], in the small-r region the dipole cross section is

related to the gluon density obeying the DGLAP evolution

σ̂(x, r) #
π2

3
r2 αs xg(x, µ2) , (5)

where the scale µ2
# C/r2 for r → 0. The equation (5) is valid in the double

logarithmic approximation in which the constant C is not determined. Ex-
panding the exponent in eq. (2) for r $ 2R0(x), we find the gluon density
in the saturation model

xg(x, µ2) =
3

4π2αs

σ0

R2
0(x)

. (6)

2 dis1 printed on September 29, 2003

same time, we leave the large-r behaviour of the dipole cross section practi-
cally unchanged which allows to retain a good description of DIS diffractive
cross section. Recent attempts [4] along the same lines indicate that diffrac-
tion provides a highly nontrivial restriction on possible modifications of the
saturation model.

2. The saturation model and its modification

We start with a brief review of the saturation model [1]. Within the
dipole formulation of the γ∗p scattering, the cross section

σγ∗p
T,L(x,Q2) =

∫
d2r dz ψ∗

T,L(Q, r, z) σ̂(x, r) ψT,L(Q, r, z), (1)

where ψT,L are the virtual photon wave functions with the transverse and
longitudinal polarisation. In the saturation model the following form of the
dipole cross section σ̂ is proposed

σ̂(x, r) = σ0

{
1 − exp

(
−r2/4R2

0(x)
)}

, (2)

where R0(x) is the saturation scale which decreases when x → 0,

R2
0(x) =

1

GeV2

(
x

x0

)λ

. (3)

In order to be able to study the formal photoproduction limit, the Bjorken
variable x = xB was modified to be

x = xB

(
1 +

4m2
q

Q2

)
=

Q2 + 4m2
q

W 2
, (4)

where mq is an effective quark mass and W denotes the γ∗p center-of-mass
energy. The parameters of the model, σ0 = 23 mb, λ = 0.29 and x0 = 3·10−4

(for fixed mq = 140 MeV), were found from a fit to small-x data [1].
As it is well known [5], in the small-r region the dipole cross section is

related to the gluon density obeying the DGLAP evolution

σ̂(x, r) #
π2

3
r2 αs xg(x, µ2) , (5)

where the scale µ2
# C/r2 for r → 0. The equation (5) is valid in the double

logarithmic approximation in which the constant C is not determined. Ex-
panding the exponent in eq. (2) for r $ 2R0(x), we find the gluon density
in the saturation model

xg(x, µ2) =
3

4π2αs

σ0

R2
0(x)

. (6)

dis1 printed on September 29, 2003 3

For fixed αs this gluon density is clearly scale independent. Thus, we have
to modify the small-r behaviour of the dipole cross section to include the
DGLAP evolution and, at the same time, keep the large-r behaviour un-
changed. This will preserve the idea of saturation, which reflects unitarity,
and allows a good description of the diffractive cross section.

Therefore, we propose the following modification of the model (2)

σ̂(x, r) = σ0

{
1 − exp

(
−

π2 r2 αs(µ2)xg(x, µ2)

3σ0

)}
, (7)

where the scale µ2 is assumed to have the form

µ2 = C/r2 + µ2
0 . (8)

The parameters C and µ2
0 will be determined from a fit to DIS data. The

scale µ0 " Λ allows to freeze the value of the gluon distribution for large r
at a perturbative scale which leads to σ̂(x, r) ≈ σ0, as in the original model.
The transition between small and large r depends on x but in detail it might
be different from the original formulation. Thus, the modified form mimics
in a consistent way the saturated behaviour of the dipole cross section.

In a first approximation, g(x, µ2) is evolved with the leading order
DGLAP equation in which quarks are neglected in the spirit of the small-x
limit. The starting gluon distribution at the initial scale Q2

0 = 1 GeV2

xg(x,Q2
0) = Ag x−λg (1 − x)5.6 , (9)

where Ag and λg are another fit parameters. The exponent determining the
large x behaviour is motivated by the recent MRST parameterisation [6].

For small r, the exponential in (7) can be expanded in powers of its
argument, and relation (5) with the running αs = αs(µ2) is found. In con-
trast to the model (2), the rise in 1/x now has become r-dependent. When
inserting σ̂ into (1) and convoluting with the photon wave function, the
integrand peaks near r ∼ 2/Q for large Q2, and the argument of the gluon
density turns into µ2

∼ Q2. Consequently, with increasing Q2, DGLAP
evolution will strengthen the rise in 1/x, whereas in the original saturation
model the power of 1/x had been constant

3. Fit results and comparison with data

We performed a global fit to the DIS data with x < 0.01 in the range
0.1 < Q2 < 500 GeV2. For the HERA experiments the new 1996-97 data
from H1 and ZEUS were used [7] together with the E665 experiment data
[8] (in total 330 points) The statistical and systematic errors were added

Dipole Model

Saturation Model à la GBW

including gluon evolution

σγ
∗
p(x, Q2) =

∫
d2rdz P γ

∗

(Q2, r, z)︸ ︷︷ ︸
Dipole Form.

σ̂(x, r)



Dipole Model

σγ
∗
p(x, Q2) =

∫
d2rdz P γ

∗

(Q2, r, z)︸ ︷︷ ︸
Dipole Form.

σ̂(x, r)

parametrization for σdipole is adopted for the case of photoproduction. In contrast to our our
treatment of the DIS case [4], we need to introduce additional nonperturbative parameters to
insure a finite result in the limit Q2 → 0. This leads to a successful description of both the
photoproduction and low Q2 DIS data. Our approach for photoproduction is very similar to that
which we employed for soft hadronic interactions in Ref. [6].

As a further test of our hypothesis we apply our model to the case of the photon scattering
on nuclei targets. This extension does not involve any additional parameters, and can thus
be regarded as an independent check. All available data on nuclear shadowing is successfully
reproduced for heavy nuclei. An approach similar to the one presented here for the photon
scattering on nuclei can be found in Ref. [12]. In [12] a Glauber formula with the GBW model
was used. In this paper, we rely on the model defined in Ref. [4].

The content of the paper is as follows. In Section 2 we discuss the numerical solution of the BK
equation [7]. We briefly review the GBW saturation model [2], with which we compare some of
our results. In Section 3 we present the changes that must be introduced to adapt the formalism
for the calculation of photoproduction cross-sections. Section 4 is devoted to the overall picture,
including comparison of the model’s results with experimental data. We extend our approach to
nuclei targets in Section 5. Section 6 contains a discussion of our results and our conclusions.

2 Description of the Saturation Models

In [4] an approximate solution to the BK non-linear evolution equation [7] was obtained using
numerical techniques. Below we briefly review the method used and the main results obtained.
For more details of the method of solution we refer to [4].

The solution of the BK equation which we denote by Ñ , takes into account the collective phenom-
ena of high parton density QCD. Starting from an initial condition which contains free parameters,
we have numerically solved the nonlinear evolution equation, restricting ourselves to the point
b⊥ = 0. The parameters which appear in the initial conditions, have been determined by fitting
to the F2 data [4], and the resulting approximate solution is displayed in Fig. 1.

!

N
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0.4

0.6

0.8

1

Figure 1: Ñ(b⊥ = 0) versus τ = r⊥ Qs(x).

The b⊥-dependence of the solution is restored using the ansatz:

Ñ(r⊥, x; b⊥) = (1 − e−κ(x,r⊥) S(b⊥)) , (2.1)

2

Qsr

…motivating the dipole term using the 
Balitsky-Kovchegov non-linear 
evolution equations… (see J. Bartels talk)

successful ansatz for 
description of
- photoproduction
- DIS
- Diffraction
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Figure 13: Shadowing of parton distributions in different nuclei: (left) for the gluon distribution at different Q2

values of 4,25,100 GeV2 (red,green,blue) [59]; (right) for valence quarks, sea quarks and gluons at Q2=2.25

GeV2 [60].

color transparency in vector meson production and limits the present ability to calculate partonic energy loss in

the nuclear medium.

2.4.2 High Density Partonic Matter
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Figure 14: Schematic view of the ln 1 x Q2 plane showing the regimes of applicability of different evolution

equations
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Why small x?
small x refers to the high energy limit of QCD 
since

enter regions of

large gluon densities while retaining 
potentially the power of (modified)  
perturbative calculations

new QCD dynamics

correlated gluon emission

W 2 =
Q2

x
(1 − x) ≈ Q2/x
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Example: Forward Jet Production
- forward going pion serves 

as poor man’s jet

- BFKL like MC 
implementations are able 
to describe data

- require better forward 
reconstruction for full 
assessment



Experimental Prospects at HERA II

Limitation 
- mini beta magnet restrict 

acceptance at HERA II
- HERA accelerator 

operation ends in 2007

improved forward 
instrumentation 
H1: FST, FTD, 

VFPS
ZEUS: STD,   

MVD

Expect some improvement 
over HERA I data but 
smallest x is excluded.

s.c. Solenoid 1.16 T

Liquid Argon Calorimeter

 Instrumented Iron Detector Forward Muon

Spectrometer

GO GG

Forward

Tracker

Central

Tracker

Silicon

Tracker

Spaghetti

Calorimeters

e
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Central
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If HERA were to remain operational…3.1 Detector concept 29

Positron Hemisphere

EM calorimeter end-wall at 5.0 m

Proton Hemisphere

EM and hadron calorimeter

end-wall at 4.8 m

EM catcher calorimeters

at z=-90 cm and z=-170 cm

EM catcher calorimeters

at z=+90 cm and z=+170 cm

EM barrel calorimeter

covering z= 70 cm.

Figure 20: Schematic overview over the detector components within 6 m of the interaction point. The

silicon planes are visible in the center. The calorimeter system consisting of a central barrel, 2 catcher rings on

each side and end-walls is depicted in blue and green.

adjusted to the required cut-out. In order to leave space for the calorimetry the silicon planes extend to 4.9 m

in the electron and 4.5 m in the proton hemisphere. Figure 19 gives an overview over the design.

Close to the interaction point the planes are relatively densely packed; they are used to track low momentum

tracks with a large curvature and tracks with rapidities less than 1. Further out the planes have larger distances

to enhance the lever arm for tracking particles with higher momenta.

3.1.4 Calorimetry

Over most of 4! only electromagnetic calorimetry is required. The goal of a compact detector leads to silicon-

tungsten as the choice of technology. The active components are confined to a tube with a radius of 60 cm. In

order to cover 4! in an elongated design as this, multiple structures have to be adapted. Figure 20 shows an

overview over the full detector, Fig. 21 depicts the central region.

The central region in rapidity [ " 1 3] is covered by a barrel structure with an inner radius of 40 cm.

Dedicated new experiment

A Caldwell et al.
However little chance of 
realisation given DESY’s 
other commitments.

and upgrade proposal for 
H1 expt.
Program 
- low x
- pA (increased gluon 

density); 
- FL
- t-dependence of VM
- DVCS

Q2

S ∝ A1/3



Role of LHC

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

fixed

target
HERA

x
1,2

 = (M/14 TeV) exp(±y)

Q = M

LHC parton kinematics

M = 10 GeV

M = 100 GeV

M = 1 TeV

M = 10 TeV

66y = 40 224

Q
2   

 (
G

eV
2 )

x

Assess pdfs in 
- in W + jet events
- jet + photon 

events

Largely self-consistent 
approach since same 
physics can be measured 
in various combinations 
of x1 and x2

Limitation 
- absolute energy scale
- missing cross 

calibration
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low x is key to QCD understanding

high gluon density         non-linear evolution

saturation? link to diffraction.

Future progress depends on

ep scattering,
possibly with modified detectors/acceptance 

LHC at low luminosity

Conclusions


