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We analyse the precise DIS reduced cross section data from HERA using
the BGK dipole model with valence quarks. We show that it is possible
to describe the HERA data very well using solely the dipole model gluon
density with added valence quarks from the usual pdf’s.
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1. Introduction

The saturation model of Golec-Biernat andWüsthoff (GBW) [1] has been
very successful in describing both the inclusive, F2, and diffractive, FD(3)

2 ,
structure functions of proton at low values of the Bjorken variable x. The
model was then improved by Bartles, Golec-Biernat and Kowalski (BGK) [2]
by including the DGLAP evolution of the gluon density, whose effects are
important for the small-r part of the dipole cross section. This allowed to
describe the new, more precise, HERA data. However, this model does not
take into account valence quarks, which are added in the measured F2 data
from HERA. That is why we added the valence quarks from the usual pdfs,
to be more consistent with the HERA data. It is the novelty of this analysis,
which was done within HERAFitter framework [3–5]. HERAFitter Package is
a ready platform to analyse new data and their impact.

The main motivation for this study is provided by the observation that
in the usual pdfs approach the gluon density is not very well defined since
the F2 measurements are not very sensitive to its contribution. The gluon
density contributes to F2 mainly through the evolution of the sea quarks, the
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direct contribution is only of the order of a few percent. This is different than
in the case of FL, which in the collinear factorization approach, is mainly
determined by the gluon density. In the case of F2, the uncertainties due
to higher order QCD effects are of the order of 10%, whereas for FL they
are much larger, of the order of 100%. This indicates that gluon density is
not very well defined within the usual pdf scheme. On the other hand, in
the dipole models, the gluon density is directly connected to the sea quarks
and, therefore, also to F2. This interpretation is confirmed by the successful
predictions for FL obtained from the F2 measurements analysed within the
dipole models.

The different role of the gluon density in the two approaches could show
a way to improve the understanding of the physical properties of the gluon
density.

2. Dipole models

In the dipole picture, the deep inelastic scattering is viewed as a two-stage
process; first, the virtual photon fluctuates into a dipole, which consists of a
quark–antiquark pair (or a qq̄g . . . system) and in the second stage, the dipole
interacts with the proton [6]. This proccess is shown in Fig. 1. Here, r is
dipole size and z is longitudinal momentum fraction of the quark/antiquark.
We can factorise this process as dipole formation and dipole interaction

σγp =
4π2αem
Q2

F2 =
∑
f

∫
d2r

1∫
0

dz
∣∣Ψγ (r, z,Q2,mf

)∣∣2 σ̂(r, x) . (1)

Fig. 1. The photon–proton interaction in the dipole formalism at small x.

Dipole–proton interaction is written as

σ̂(r, x) = σ0
(
1− exp

{
−r̂2

})
, r̂ = r/Rs(x) . (2)

Dipole denotes a quasi-stable quantum mechanical state, which has a very
long life time ∝ 1/mpx and a size r which remains unchanged during
scattering. The scattering amplitude is a product of the virtual photon wave
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function with the dipole cross section. The photon wave function describes
the probability to find a dipole within a virtual photon and the dipole cross
section determines a probability of the dipole–proton scattering.

Several dipole models have been developed to describe various DIS re-
actions. They vary due to different assumption made about the behavior
of dipole cross sections. In the HERAFitter three representative models are
implemented:

— the original (GBW) [1] dipole saturation model,

— the colour glass condensate approach to the high parton density regime
(IIM) [7],

— a modified GBWmodel which takes into account the effects of DGLAP
evolution (BGK) [2].

2.1. GBW model

In the GBW model, the dipole–proton cross section σdip is given by

σdip
(
x, r2

)
= σ0

(
1− exp

[
− r2

4R2
0(x)

])
, (3)

where r corresponds to the transverse separation between the quark and the
antiquark, and R2

0 is an x dependent scale parameter which has a meaning
of saturation radius, R2

0(x) = (x/x0)
λ. The free fitted parameters are the

cross-section normalisation σ0 as well as x0 and λ.

2.2. IIM model

The IIM (Iancu, Itakura, and Munier) model assumes an improved ex-
pression for dipole cross section which is based on the Balitsky–Kovchegov
equation [8]. The explicit formula for σdip can be found in [7]. The free
fitted parameters are the alternative scale parameter R̃, x0 and λ.

2.3. BGK model

The BGK model modifies the GBW model by taking into account the
DGLAP evolution of the gluon density. The dipole cross section is given by

σdip
(
x, r2

)
= σ0

(
1− exp

[
−
π2r2αs

(
µ2
)
xg
(
x, µ2

)
3σ0

])
. (4)
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The evolution scale µ2 has the form µ2 = CBGK/r
2 + µ20. In this model the

gluon density, which is parametrized at some starting scale µ20 by

xg
(
x, µ20

)
= Agx

−λg(1− x)Cg (5)

is evolved to larger scales, µ2, using LO or NLO DGLAP evolution. The
free fitted parameters for this model are σ0, µ20 and 3 parameters for gluon
Ag, λg, Cg. The fit results were found to be independent of the parameter
CBGK, which was, therefore, fixed as CBGK = 4 GeV2, in agreement with
the original BGK fits.

3. Dipole model with valence quarks

The dipole models are valid in the low-x region only. In this region, the
valence quark contribution is small and, therefore, was usually neglected.
This was justified as long as the experimental errors were relatively large.
The new HERA F2 data have a precision better than 2% so since the con-
tribution of valence quarks is of the order of 5% it is no more justified to
neglect it. A straightforward solution of this problem is to take the valence
quark contribution from the standard pdfs fits and just add it to the dipole
predictions. In this approach, the dipole contribution plays the role of the
sea quarks in the standard pdfs. This procedure is justified by the fact that
the sea quark contribution disappears at larger x. The HERAfitter program
is well suited for this approach since the dipole model and the valence quarks
contributions are a part of the same framework.

4. Results from fits with the BGK model

The BGK model is best suited for investigation of the interplay of the
dipole and valence quarks contributions because it uses the DGLAP evolu-
tion, which is known to provide the best description of the HERA data, see
Table I.

TABLE I

Dipole model BGK fit without valence quarks for σr for H1ZEUS-NC-(e+ p) and
H1ZEUS-NC-(e− p) data in the range of Q2 ≥ 3.5 and Q2 ≥ 8.5, and x ≤ 0.01.

No. Q2 σ0 Ag λg Cg CBGK µ2
0 Np χ2/Np

1 Q2 ≥ 3.5 NLO 40.4 1.6 −0.249 12.3 1.6 0.4 197 1.10
2 Q2 ≥ 8.5 NLO 32.5 1.7 −0.256 11.7 1.5 0.2 156 0.80

Indeed, the fits with the BGK dipole model alone show a very good agree-
ment with data, the χ2 values are similar to the χ2 values of the standard
pdfs fits shown in Table II.
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TABLE II

HERAPDF fit with valence quarks for σr for H1ZEUS-NC-(e + p), H1ZEUS-NC-
(e− p) data in the range Q2 ≥ 3.5 and Q2 ≥ 8.5, and x ≤ 0.01. χ2 is calculated in
the region x ≤ 0.01.

No. Q2 HF Scheme Np χ2 χ2/Np

1 Q2 ≥ 3.5 RT 197 220.64 1.12
2 Q2 ≥ 3.5 ACOT Full 197 206.85 1.05
3 Q2 ≥ 8.5 RT 156 131.04 0.84
4 Q2 ≥ 8.5 ACOT Full 156 131.04 0.84

In Table III, we show four fits of the BGK dipole model with valence
quarks in the LO and NLO approach. We have five fitted parameters: σ0,
Ag, λg, Cg, µ20. Alternative values of the parameter cBGK fixed as 4.0 were
also investigated: 1.5, 2.0, 6.0, 8.0, 10.0, 12.0. In these fits, we set the
non-zero quark mass because it allows for a better description of the current
data. We also fix the minimal value µ20 of the scale µ2 to 1 GeV2 for the
gluon evolution. Since the parameters σ0, and λg are strongly correlated,
we have performed a systematic search of the best χ2. The fit results are
very good.

TABLE III

Dipole model BGK fit with valence quarks for σr for H1ZEUS-NC-(e + p) and
H1ZEUS-NC-(e − p) data [9] in the range Q2 ≥ 3.5 and Q2 ≥ 8.5, and x ≤ 0.01.
The calculation was done in ACOT Full HF Scheme.

No. Q2 σ0 Ag λg Cg CBGK µ2
0 Np χ2/Np

1 Q2 ≥ 3.5 LO 66.6 4.0 −0.039 18.6 4.0 5.3 196 0.930
2 Q2 ≥ 8.5 LO 63.6 4.2 −0.036 19.8 4.0 5.1 157 0.790
3 Q2 ≥ 3.5 NLO 79.4 3.2 −0.021 13.7 4.0 6.7 196 0.927
4 Q2 ≥ 8.5 NLO 67.5 1.9 −0.14 15.9 4.0 3.8 157 0.781

The quality of the fits of the BGK dipole model with valence quarks
matches the quality of HERAPDF fits in the low x region.

5. Comparison with HERA data

In Fig. 2, we show the comparison of the BGK dipole model predictions
with the combined H1 and ZEUS collaborations data [9] on the reduced
cross section

σDr = FD2 − y2FDL /
(
1 + (1− y)2

)
. (6)
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We included in the structure function the charm contribution. The solid
lines correspond to the results of the NLO BGK dipole model fit number 3
from Table III. We found good agreement with data from HERA.
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Fig. 2. Comparison of the NLO dipole fit from Table III with HERA data.

6. Prediction for FL function

In this section, we show prediction for the FL proton structure function
measured at the given values of Q2 and x. The present measurement of FL

function [9] supersedes the published H1 result [10] in the common region of
phase space. The FL data presented here extend down to Q2 of 1.5 GeV2,
which is much smaller than the minimum Q2 value of previously published
results by H1 [10] and ZEUS [11]. Consequently, FL is measured down to
x ≈ 0.00003 for the first time. We show prediction from BGK dipole model
for FL proton structure function in LO and NLO approach. The predictions
describe data very well.
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Fig. 3. FL of the fit number 4 from Table III.

7. Summary

We have shown that it is possible to simply add the contribution of
the valence quarks obtained in the standard pdfs fits to the BGK dipole
contribution and obtain excellent fit results. In presented analysis, we use
BGK dipole model, which has very similar physics interpretation as pdfs, i.e.
DGLAP evolution in the kt factorization scheme (in contrast to the collinear
factorization for pdfs). The quality of the fits from the BGK dipole model
with valence quarks and without valence quarks are very good. This could
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show a way to improve the pdfs fits because the gluon density within dipole
model is less sensitive to the higher order corrections than in the collinear
factorization scheme, which is usually used.

I would like to express my gratitude to Henri Kowalski and Sasha Glazov
from DESY with whom this work has been done.
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