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High energy
Small distances

Low energy
Large distances
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Quarks

Gluons

Coloured
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„Confinement“
quarks always bound
mass of proton !

Asymptotic freedom
perturbative QCD
quasi-free partons



We know: QCD is the theory of the strong interactions !

Why then QCD at HERA ?
and elsewhere ... ?

Because:

 ... the strong coupling αs is the least well
  known of the coupling constants 

 ...  we do not understand how partons 
  are put together to make hadrons

 ... we need to understand future 
  high energy experiments at the LHC
 ...



•  proton structure F2 
quark- & gluon-PDFs (→ LHC), Δαs/αs ~ 1% (NNLO) 
F2 at small Q2, x → non-perturbative QCD
xF3, PDFs at large x (HERA II !) ... 

•  heavy quarks 
universality of proton structure (gluon-PDF!) 
fragmentation, production mechanisms, c/b-PDFs ... 

•  diffraction and low-x physics 
QCD dynamics at high parton densities ... 
structure of diffractive interactions, factorization
DVCS → parton-parton correlations (GPDs) 

•  jet physics 
universality of proton structure (gluon-PDF!) 
parton dynamics, measurement of αs 

•  spectroscopy
pentaquarks ...

QCD @ HERA ...
Today!



Structure Functions
Basics
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Ideal QCD laboratory
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HERA Kinematics
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Structure Function F
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scattering
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Rutherford scattering
on pointlike target
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Naive

With
quark-quark
 interactions

QPM: Structure Function F2 independent of Q2

(spinless case)
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Remnant

d! ~ d!eq"F2

Cross Section:

F2 = ####     e q xq(x) 2  
SF

 

• describes structure of proton
• probability to find quark with 

momentum fraction x
• QPM: independent of Q

 

2

 

. Correct?



 

Scaling 

 

[SLAC 1972]
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Scaling Violations [1990++]

 

Scaling Violations 

 

[1990++]

 

SLAC 1972



• Proton quark dominated:
  Q2 ↑ ⇒ F2 ↓ for fixed x

The QCD Picture of Scaling Violation

• Proton gluon dominated:
  Q2 ↑ ⇒ F2 ↑ for fixed x

Q2-evolution described by DGLAP equations



 

QCD Improved Parton Model
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F2 at Low Bjorken-x
[Pre-HERA Knowledge]

DGLAP: No prediction for the
x-dependence of F2

[except asymptotic behaviour]
A. De Rujula et.al. 1974

Measure !!
Fixed Target



HERA Experiments
Fixed Target Experiments
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Accessing Lower Bjorken-x

Q2=sxy

y = 1

y = 1

[HERA: s ~ 105 GeV2]

[Fixed Target: s < 103 GeV2]

accessing lower x
at fixed Q2 
needs higher s

Fixed Target:

s = 2MpEe

s = 4EpEe

! Ee = 50 TeV
s = 105 GeV

ep-Collider:

Ep = 900 GeV
Ee = 30 GeV

! s = 105 GeVx

Q2

access to lowest x
at very low Q2

access to
highest Q2
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The HERA Accelerator Complex

Electron ring:
Energy: 27.5 GeV
Mag. Field: 0.164 T
Current: ~ 40 mA

Proton ring:
Energy*: 920 GeV
Mag. Field: 4.682 T
Current: ~ 100 mA

General:
Energy in cms: 318 GeV
Circumference: 6.3 km
BX rate: 10.4 MHz
Lumi: 1.5 . 1031 cm-2s-1

* before 1998: 820 GeV

e
p[27.6 GeV]

[920 GeV]

s 320 GeV=



TESTTypical DIS-Event
[as seen by the H1 detector] Calorimeter

Backward

Forward

Q2

Trackers

!

Q2 = 4EeEecos2(!/2)’

Electrons

Protons

Scattered
Quark

Electron
Scattered



ep Cross Section 
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> 2500 Events 

>   650 Events 

>   100 Events 

<   100 Events

ZEUS

Q2=15 GeV2
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xQ4
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N
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Basic (simplified) Procedure:

Structure Function F2
[Principle of Measurement]

N: Number of events
L  : Luminosity 

In reality much more difficult as 
acceptances, backgrounds, higher 
order corrections etc. have to be 
taken into account.
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• Fit to fixed target data only
• Different assumptions on xg(x,Q
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Precision

 

2-3%
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[HERA & fixed target data]

 

Precision: 2-3% 
[bulk region] 

For x < 10-2:
   ~ g(x,Q2) ."s(Q2)

NLO QCD Fits:

   Quark densities
   Gluon density
   Strong coupling "s

dF2

d Q2log
--------------



QCD Fits: Principle

Fit Procedure

• Parametrize parton distribution functions (PDFs) 
at starting scale Q2 = Q0

2 as function of x.
• Perform QCD evolution using DGLAP equations.

[usually NLO, special treatment of heavy quark PDFs]
• Calculate predictions for experimental observables.

[cross sections, structure functions, ...]
• Determine PDF parameters from !2-fit to 

experimental data.

For p = uv, dv, , g or p = , , s:" q q+( ) u d+ u d–

xp x Q0
2,( ) Ap xap 1 x–( )

bp P x cp ...,;( )=

characterizes PDFs 
at x = 0.
[sea: ap<0, valence: ap>0]

characterizes PDFs 
at x = 1.
[bp>0 for all PDFs]

weakly x-dependent 
function.
[“fine tuning”]



QCD Fits: Inputs

• Fixed target data — llllp ! llllp: BCDMS, NMC, E665 ...
Fixed target data — llllp ! """"p: CCFR, CDHS, BEBC ...

• H1, ZEUS data — structure function and cross
H1, ZEUS data — section measurements

• Sum rules:    , ,

              ,     

!!!!!!!  .

uv x( ) xd# 2= dv x( ) xd# 1=

xd x g x( ) $ q x( ) q x( )+[ ]+
% &
' (
) *

# 1=

IG xd F2
lp F2

ln
–( )# 1

3
--

2
3
-- xd u d–( )#+= =

 Valence
quarks

Momentum 
sum rule

Gottfried
sum rule

• Other experimental data:
pp–  ! W + X qq–  ! W u, d, u/d
"N ! µ+µ– + X "s ! µc s
pp, pN ! l+l– + X qq–  ! l +l – d–/u–
hh ! + + X qg ! q+ g
pp–  ! jets ± X gg ! gg, qg ! ... g

[Experiment (NMC): IG = 0.235 ± 0.026 ! u– > d–]
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H1 !s fit: Dedicated to !s and g(x).
H1 ep NC data (low Q2) & BCDMS µp data.
Parametrization of valence, sea quark and gluon.
Starting scale: Q0

2 = 4 GeV2.

H1 PDF fit: Dedicated to PDF-determination.
Fit A: H1 data only (NC, CC, low & high Q2).
Fit B: H1 data & BCDMS µp data.
Parametrization of U, U–, D, D–  and gluon.
Starting scale: Q0

2 = 4 GeV2.
ZEUS PDF fit: Dedicated to PDF-determination (main goal).

Simultaneous fit to strong coupling constant.
Data: ZEUS NC data, BCDMS, NMC, E665, CCFR.
Starting scale: Q0

2 = 7 GeV2.

!s = 0.1150 + 0.0019 - 0.0018  ± 0.005

!s = 0.1166 + 0.0052 - 0.0052 ± 0.004

Comparison H1 vs. ZEUS

scale
uncertainty

scale
uncertaintyexp. & model

uncertainty

exp. & model
uncertainty



theoretical 
uncertainty

experimental 
uncertainty

 S. Bethke: World Average
 [hep-ex/0211012]

 J. Santiago, F.J. Yndurain
 [hep-ph/0102247]

 ZEUS: NLO QCD fit
 [Phys. Rev. D 67 (2003) 012007]

 H1: NLO QCD fit
 [Eur. Phys. J. C 21 (2001) 33]
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PDFs – Are they universal?
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from jets

from charm



High Q2 Physics
Constraining Valence Quarks
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Parton Densities @ LHC

What do we need?
How well do we know them?

How to improve?
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LHC needs:

 

• knowledge on 
parton densities

• extrapolation over
orders of magnitude

M2 = x1x2 s
i.e. to produce a particle with mass  M    
 at LHC energies (√s = 14 TeV)
 

 <x> = √x1x2 = M/√s
 [x1 = x2: mid-rapidity]
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Challenges of LHC to QCD and vice versa. PDF from HERA to LHC

Data on Structure func-
tions measured at HERA.
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Predictions (eg.) of
Higgs cross-section have a
spread of about 10 − 15%
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MRST, CTEQ, Alekhin. is
used.

R.M. Godbole, Beijing, July 6-10, 2004. page 14

Simple spread of existing PDFs
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the Higgs cross section.
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W and Z Production @ LHC

x = 0.005

Considered
as luminosity monitor

pp → W + X 
pp → Z + X 

Q2 for W/Z production
@ LHC energies
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At the Tevatron, the CDF collaboration chose to study the ratio of cross-sections where the lead-
ing jet is required to be central and the second jet is restricted to four slices in pseudo-rapidity
[15-96] based on an integrated luminosity of less than 10 pb-1. A cross-section based on the full
statistics from Run I is to be published soon. Leaving the leading jet pseudorapidity fixed, the
D0 collaboration studied the signed pseudorapidity distribution of the second jet [15-97]. Ulti-
mately it should be possible to derive from the triple differential cross-section both the strong
coupling constant and parton distribution functions. A summary of the recent measurements
by the CDF and D0 collaborations of the triple differential cross-section can be found in [15-98].

15.5.4.2 Di-jet invariant mass and angular distribution

As in the case of the inclusive jet cross-section, the di-jet invariant mass and angular distribu-
tions are used to search for new physics. The expected sensitivity to new physics is discussed in
Chapter 21. The invariant mass of the di-jet system is calculated from the two leading jets found
using a cone algorithm with a radius of 0.8, treating the jets as massless objects.

Figure 15-26 shows the cross-section for di-jet production (restricted to jet pseudorapidities of
|!| < 1) as a function of the invariant mass of the di-jet system, as obtained from the PYTHIA
calculation (using the CTEQ2L pdf), including the simulation of detector effects. As discussed
before, the cross-section obtained after the detector simulation (using ATLFAST) has been cor-
rected to the hadron level. The error bars indicate (for large masses) the achievable statistical ac-
curacy for 300 fb-1. Also shown for comparison is the result of a NLO calculation based on
JETRAD [15-84], using the CTEQ4M parton distribution. The partonic cross-section has been
corrected for hadronisation effects. In Figure 15-27 the ratio of the di-jet invariant mass cross-
section from PYTHIA (corrected with a pseudo K-factor) to the one from this NLO calculation
(including a hadronisation correction) is shown, together with the ratio of NLO calculations us-
ing different parton distribution functions and different values of the strong coupling constant

Figure 15-24 Di-jet cross-section (at hadron level with

a leading jet |!1| < 1) for different ranges of the pseud-

orapidity of the second leading jet obtained from a

PYTHIA calculation (points) and from a NLO Monte

Carlo calculation (solid line).

Figure 15-25 Range in 1/x and Q2 for the di-jet differ-

ential cross-section measurement. Only those bins

are shown which contain more than 100 events for an

integrated luminosity of 300 fb-1.
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of order 10-19m. No evidence of quark substructure was found. Previous studies of the di-jet in-
variant mass spectrum reported by UA1 [21-34], UA2 [21-35] and by CDF [21-36] have also
shown that data that were consistent with QCD predictions.

The effect of quark compositeness at the LHC is investigated in this section. To simulate a sce-
nario with quark substructure the event generator PYTHIA-5.7 [21-11] has been used. More de-
tails can be found in [21-37]. A simple phenomenological approach is used. This adds contact
interactions between quark constituents with a compositeness scale ! [21-38], where the sign of
the effective Lagrangian for a flavour diagonal definite chirality current is positive (destructive
interference) or negative (constructive interference). The data simulated in the framework of the
Standard Model (SM) are compared with those obtained assuming quark compositeness. The
simulated event sample included the following hard-scattering final states: qq, qg, gg, g", q", and
"". The "*/Z, W, and tt production subprocesses were also enabled. A cut on the transverse mo-
mentum of the hard scattering subprocess was set to 600 GeV. Under these conditions, the con-
tributions from the qq, qg and gg processes represent 97% of the cross-section. For the Q2 scale in
the hard scattering 2#2 process, was used. Jets were reconstructed using
ATLFAST with a cone size . All calorimeter cells with ET>1.5 GeV are taken as possible
initiators of clusters. The total ET summed over all cells in a cone $R should be larger than
15 GeV. Jets were reconstructed down to |%|=5.0.

21.5.2 Transverse energy distributions of jets.

Figure 21-16 and Figure 21-17 show the effect of compositeness on the inclusive jet energy spec-
trum. The case of constructive interference is shown; the destructive case is similar. Only events
with two jets of ET> 400 GeV are included. Figure 21-17 shows the deviation from the Standard

Figure 21-16 ET distribution for two leading jets

showing the Standard model prediction (open circles)

and the effect of quark compositeness to the scales

indicated. 30 fb-1 of integrated luminosity assumed.

Figure 21-17 Difference of the standard model pre-

diction and the effect of compositeness on the jet ET
distribution, normalised to the Standard Model rate.

The errors correspond to 30 fb-1
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HERA Parton Distributions

Present Precision 
Future Perspectives



Where HERA Data constrain PDFs

Valence Quarks: High Q2, high x
NC/CC ep cross section
[HERA I: statistics limited]

Sea Quarks: Low-x: inclusive NC DIS 
[HERA I 2000 data to be published]

Gluon: Low-x: scaling violations
Mid-x: jet data
Mid-x: heavy flavours
High-x: momentum sum rules
[HERA I statistics limited at high ET]
[HERA II: jets, heavy flavours]

HERA II

HERA II



New H1 Low-Q2 Results
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Precision HERA data and low-x gluon _______________________________
• Comparison of gluon PDFs
- reduced systematic 

uncertainties give improved 

knowledge of gluon at low-x 

for relatively low-Q2

- Some reduction in 

uncertainties also seen at 

mid-to-high-x, continuing to 

high scales (momentum sum?)

→ Moderate impact on xG

ZEUS Fit to H1 Data
 High Q2 NC/CC Data 94-00
 Low Q2 NC 94-97 (published)
 High Q2 NC/CC Data 94-00
 Low Q2 NC 2000 (estimate)

- improved knowledge of 
  gluon at low x and low Q2

- some reduction also at 
 higher x

C.Gwenlan
[HERA/LHC Workshop]

Moderate impact on xg(x)
“only”

from extra precision on low Q2 data

Impact of ‘New’ HERA low-Q2 data
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Impact of Jet Data on Gluon PDF

HERA jets impact on PDFs (C.Gwenlan)

5

Impact of jet data on the gluon PDF _______________________________
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• Inclusion of jet data improves knowledge of gluon at mid-to-high-x
-> improvement persists up to high scales

→ Improvement of xG at x ∼ 0.01 − 0.1

Clear improvement of xg(x) at x ~ 0.01 - 0.1
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Optimised jet cross sections _______________________________

With HERA-II data, potential to measure cross sections designed 
to maximise sensitivity to gluon
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by Christopher Targett-Adams

500pb-1 data assumed

HERA jets is a new method, optimization/improvements in sys-
tematic can be significant

HERA prospects using jets
by optimizing selection cuts

Significant improvement seems possible.



statistically limited data-sets
•  scale statistical uncertainties on existing data assuming max. 700 pb-1 (equally between e+/e-)
•  systematic uncertainties taken from existing data
optimised jet cross sections
• include simulated data-points from NLO QCD, statistical uncertainties assume 500 pb-1

• no systematics included

Impact of HERA II
[case study using current running scenario]

Data sample
L of HERA-I 

measurement (pb-1)  
l

assumed L of HERA-II 
measurement (pb-1)

Central values 
taken from…

Systematica 
taken from…

High-Q2 NC e+ 63 350 existing data existing data

High-Q2 NC e- 16 350 existing data existing data

High-Q2 CC e+ 61 350 existing data existing data

High-Q2 CC e- 16 350 existing data existing data

Inclusive DIS jets 37 500 existing data existing data

Dijets in γp 37 500 existing data existing data

Optimised dijets in γp - 500 NLO QCD NOT 
INCLUDED



log-x scale (low-x region) linear-x scale (high-x region)

u-Valence Uncertainties



d-Valence Uncertainties
log-x scale (low-x region) linear-x scale (high-x region)



→ most significant improvement from increased statistics at HERA-II

Sea Quark Uncertainties
log-x scale (low-x region) linear-x scale (high-x region)



Gluon Uncertainties
log-x scale (low-x region) linear-x scale (high-x region)

→ most significant improvement from optimized jet analysis



Caveats



Comparison of H1 and Zeus (M. Cooper-Sarkar)

ZEUS analysis/ZEUS data ZEUS analysis/H1 data ZEUS analysis/H1 data 

compared to 

H1 analysis/H1 data

Here we see the effect of differences in the 

data, recall that the gluon is not directly 

measured (no jets)

The data differences are most notable in 

the large 96/97 NC samples at low-Q2 The 

data are NOT incompatible, but seem to 

‘pull against each other’

IF a fit is done to ZEUS and H1 together 

the !2 for both these data sets rise 

compared to when they are fitted 

separately………..

Here we see the effect 

of differences of 

analysis choice - form 

of parametrization at 
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Comparison of H1 and ZEUS

ZEUS analysis/ ZEUS data ZEUS analysis/ H1 data
ZEUS analysis/H1 data

H1 analysis/H1data

Here we see the effect of differences in the data;
recall that the gluon is not directly measured (no jets).

The data differences are most notable in the large 96/97 NC 
samples at low-Q2.

If a fit is done to ZEUS and H1 together the χ2 for both these 
data sets rises compared to when they are fitted separately ... 

Here we see the effect due 
to differences in the  
analysis choice 

e.g. parametrization at Q02 ... 

 [Cooper-Sarkar]
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non-perturbative region
phenomenological description
      [e.g. Regge-Theory]

perturbative QCD

Small Q2

St
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Large Q2

QCD

QED

F2 @ low Q2



Y3

Y1
X3

X2

X1

Y3

Backward
Calorimeter

Shifted
Vertex

Special 
data taking period
with shifted vertex

Small angle detector
[ZEUS BPT]

+  ISR
      QEDC

Small Q2 
↔ small scattering angles
↔ lower cms-energy



Nominal IP

Shifted IP

70 cm BST

pe

SpaCal
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X

p l'

Experimental Technics [to Access Low Q2]

Initial State Radiation (ISR)

QED Compton
(QEDC)

Shifted Vertex smaller 
scattering angles

smaller 
scattering angles

smaller cms-energy
Ee → Ee - Eγ
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Q2 = .35 GeV2 Q2 = .5 GeV2 Q2 = .65 GeV2

Q2 = .85 GeV2 Q2 = 1.2 GeV2 Q2 = 1.5 GeV2

Q2 = 2 GeV2 Q2 = 2.5 GeV2 Q2 = 3.5 GeV2
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  ALLM97
  H1 QCD Fit
       Q2 min  = 3.5 GeV2



F2 ~ x-λ
         with λ ~ ln Q2

pQCD [@ small x]

[ DLL-Approximation ]

[ Regge-Theory ]

For Q2 ~ 0

F2 ~ x-.08



Determination of λ 

x

λ



Result:
F2 ~ x-λ for x < 0.01



Q2-Dependence of F2-Slope

What happens 
at Q2 ~ 0.5 GeV2?

corresponds to scale of
 r ≈ −h/Q ≈ 0.3 fm. 

proton radius: r ≈ 0.8 fm 

Evidence for non-partonic 
substructure within proton? 

       λ =0.08
[Regge phenomenology]



Q2-Dependence of F2-Slope

       λ =0.08
[Regge phenomenology]

H1
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oll
ab
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on

VV

What happens 
at Q2 ~ 0.5 GeV2?

corresponds to scale of
 r ≈ −h/Q ≈ 0.3 fm. 

proton radius: r ≈ 0.8 fm 

Evidence for non-partonic 
substructure within proton? 

More precision
from combined data ...



From hard to soft physics
Do we see saturation?



Saturation

Unitarity consideration:
Rise towards small x has to 
stop somewhere

x > xc x ≪ xc

Expectation:
At some point number of gluons
is so large that recombination 
becomes important 

Possible observation:
Taming of the rise of F2 at low x
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ep-Scattering – Alternative Pictures
Infinite momentum frame Proton rest frame

Electron interacts with quark of proton
Parton content described by F2 

L ~ 1/x

rT

γ*

A colour dipole of variable size rT ~ 1/Q
interacts with the proton at high CM energy

sγp = W2 = Q2/x
[ low x = high energy scattering! ]

rT ~ 1/Q
(dipole size)

F2(x,Q2) = F2(W2,Q2)  ≈ 4πα2⋅Q2⋅σγ*p(sγp,Q2)

Electron
Q2

Electron

x

Proton

x ~ .01 
L ≈ 50 fm

Q2 ~ 1 GeV2 
rT ≈ 0.2 fm

proton



The Saturation Model
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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)

Dipole model
γ*p cross section
[for small x] 
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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

Saturation model à la GBW:

Saturation model
including gluon evolution:
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DGLAP [for small r]:

]

dipole wave 
function

dipole proton
x-section

             R0(x)      
             average gluon

         distance at which
saturation sets in
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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

~ r2

constant
[“saturation”]

x = 10-2

x = 10-7
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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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saturation model

saturation model
with DGLAP evolution

Transition to soft physics described !



Do we see saturation ?

Dipole saturation model 
successfully describes ...

 • describes F2 in DIS also 
  at small x and low Q2 (Fit!)
 

 • predicts details of diffractive processes
 •  predicts diffractive DIS/DIS = constant
 • ...

No proof of saturation, but ...

 • several independent effects described
 • very appealing
 • also very much discussed also within Heavy 
  Ion community (Color Glass Condensate)
 • more theoretical work needed ...
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Concluding Remarks

HERA provides the decisive information about 
parton distributions, especially the gluon content of the proton

HERA has delivered data which guide theory to describe 
low energy QCD, e.g. the transition from hard to soft physics

However, despite of large theoretical progress regarding 
saturation, dynamic QCD evolution, understanding of diffraction ...

... low energy QCD is still not understood



Epilogue
How to constrain PDFs at LHC

[some examples]
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• At LHC energies these processes 
  take place at low values of Bjorken-x

• Only sea quarks and gluons are involved

• At EW scales sea is driven by the gluon,
   i.e. x-sections dominated by gluon uncertainty

➥ Constraints on sea and gluon distributions
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THE GLOBAL PICTURE
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• PARTONS WITH ERRORS NOW AVAILABLE
• GLOBAL FITS BASED ON LARGE SETS OF
DATA:
MRST, CTEQ ⇒ LARGE DATASETS,
ALEKHIN: DIS+DY

data included in CTEQ5 parton fit
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Data Included in CTEQ Fits


