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In this talk, we present an analysis of the next-to-leading order CGC/saturation approach from
Ref. [1] using combined HERA data to determine its parameters. The model features an analyt-
ical solution for the non-linear Balitsky-Kovchegov (BK) evolution equation and an exponential
behavior of the saturation momentum with impact parameter 1-dependence, characterized by
&B ∝ exp(−<1). With its parameters fixed via a fit to high-precision HERA data, we compare
the model predictions with experimental data at small-G for the proton structure function �2,
longitudinal structure function �! and exclusive vector meson production. The model shows
excellent agreement across a wide kinematic range of&2 at small-G, supporting its use for reliable
predictions in upcoming experiments like the Electron-Ion Collider and the LHeC.
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1. Introduction

The Color Glass Condensate (CGC)/saturation effective field theory [2] provides an effec-
tive description of high-energy QCD processes. However, leading-order CGC predictions show
high-energy growth inconsistent with experimental data. To address this, in Ref. [1] non-linear
corrections were introduced to the BFKL kernel [3] of the Balitsky-Kovchegov (BK) equation [4],
complemented by a resummation procedure [5] that accurately solves this problem. Additionally,
this approach incorporates a saturation momentum formulation designed to satisfy the Froissart
theorem [6] and ensure consistency in the large impact parameter (1) limit. Applying this enhanced
CGC/saturation dipole model to precise HERA DIS data [7, 8], we extracted phenomenological
parameters and confronted theoretical predictions with experimental results for various observables.

2. Inclusive and Exclusive Processes

The proton structure functions can be expressed in terms of the virtual photon-proton cross
section fW∗? as follows:
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where the virtual photon-proton cross section can be calculated in the CGC framework as
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with . = ln(1/G� 9), G� 9 is the Bjorken G, I is the fraction of the virtual photon momentum carried
by the quark, and & is the photon virtuality. The |ΨW

∗

!,)
(&, A, I) |2 are the overlap wave-functions

of the photon, detailed in Ref. [2], and # (A,. ; 1) represents the imaginary part of the forward
@@̄ dipole-proton scattering amplitude with transverse dipole size A and impact parameter 1. For
exclusive diffractive processes W∗ + ? → � + ? (where � is a real photon in DVCS or a vector
meson), the amplitude and differential cross-section are given by:
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where the expressions for the overlap wave functions can be found in Ref. [9] and V accounts
for the ratio of the real to imaginary parts of the scattering amplitude. Two main observables used
in the analysis are the total cross-section fW

∗?→�?
) ,!

and the slope parameter �� , defined as:

f
W∗?→�?
) ,!

=

∫
3C
3f

W∗?→�?
) ,!

3C
, �� = lim

C→0

3

3C
ln ©­«

3f
W∗?→�?
) ,!

3C

ª®¬ . (2.6)

2



P
o
S
(
D
I
S
2
0
2
4
)
0
9
2

Confronting next-to-leading order CGC/Saturation approach with HERA data José Garrido

3. CGC/saturation dipole model

The color @@̄ dipole-proton scattering amplitude # (A,. ; 1) in the model of [1] is given by:

# (I) =


#0 4

IW̄ for g ≤ 1,

0

(
1 − 4−Ω(I)

)
+ (1 − 0) Ω(I)

1+Ω(I) for g > 1,
(3.1)

where 0 = 0.65, I = ln (A2&2
B (., 1)) and Ω(I) is:
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{
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We use the following expression to represent the saturation momentum:

&2
B (., 1) = &2

0(< 1  1(< 1))1/W̄4_. , (3.3)

where the critical anomalous dimension W̄ and energy behavior of the saturation scale _ are:
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√
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Expanding the linear solution of Eq. (3.1) to g < 1, we replace W̄ by:

W̄ → W̄ + ln(1/g)
2^_.

, ^ =
j′′(W̄)
j′(W̄) =

32l ( W̄[)
3W̄2

[

3l ( W̄[)
3W̄[

. (3.6)

This equation was derived in Ref. [10] and has demonstrated a strong agreement with the
experimental data for G ≤ 0.01.

4. Numerical results and discussion

The model uses four parameters fitted to H1 and ZEUS data [7], and the fit range 0.85 GeV2 <

Q2 < 30 GeV2 and G ≤ 10−2 ensures BK equation validity, with j2 minimization including
systematic and statistical uncertainties.

Dipole amplitude Minimization
Ū( #0 &2

0 (GeV2) < (GeV) j2/d.o.f.
0.1040 ±4.6 × 10−4 0.1311 ±3.7 × 10−4 0.797 ±3.3 × 10−3 0.4743 ±9.6 × 10−4 205.70/166 = 1.239
0.1100 ±1.8 × 10−4 0.1510 ±8.1 × 10−4 0.809 ±6.2 × 10−3 0.5412 ±1.8 × 10−4 204.73/166 = 1.233

Table 1: Parameters of the CGC/saturation dipole model for fixed light quark masses 10−2 ÷ 10−4 and two
fixed values of the charm quark masses, 1.40 GeV (first line) and 1.27 GeV (second line) respectively.
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Figure 1: Fig. 1-a: Structure function �2 (G, &2) vs G, for different &2 values. Theoretical results and
experimental data from H1 and ZEUS [7]. Fig. 1-b: Results for the longitudinal structure function �! (G, &2)
and the structure function �2 (G, &2), as functions of G, for different values of &2. The solid and dashed lines
are generated using parameter sets from table I, which correspond to charm masses of <2 = 1.4 GeV and
<2 = 1.27 GeV, respectively. The experimental data are from ZEUS and H1 collaboration [11, 12].

▲

▲▲
▲
▲

▲

▲

▲

■

■■
■
■
■

■

■

�=�� ���

��
����

▲
■

��-� ��� ��� ���
��-�

���

���

���

��+��/ψ
� [����]

σ
[
�
�
]

γ*� -> �/ψ �

▲▲
▲
▲
▲
▲
▲

▲
▲

▲

▲

▲

■

■

■

■
■

■

■

■

■

�=�� ���

��
����

▲
■

��� ��� ���
��-�

���

���

���

��+�ϕ
�[����]

σ
[
�
�
]

γ*� -> ϕ �

▲
▲▲▲▲▲▲▲▲▲

▲▲
▲▲▲
▲▲
▲
▲
▲
▲
▲

▲

�=�� ���

��▲

��� ��� ���
��-�

���

���

���

���

��+�ρ
�[����]

σ
[
�
�
]

γ*� -> ρ �

■
■
■
■

■

■

■

■

■

■

�=�� ���

����■

��� ��� ���
��-�

���

���

���

���

��+�ρ
�[����]

σ
[
�
�
]

γ*� -> ρ �

Figure 2: Total vector meson cross-sections f for �/k, q and d, as a function of &2 + "2
�
compared to

theoretical estimates from CGC/saturation dipole model where solid (<2 = 1.4 GeV) and dashed (<2 =
1.27 GeV) lines correspond to the parameters used from table I, respectively. The data are from H1 and
ZEUS collaborations [13–18].
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Figure 3: Results for the slope �� of C−distribution of exclusive vector meson electroproduction as a
function of &2. Solid and dashed lines represent calculations using charm quark masses of <2 = 1.4 GeV
and <2 = 1.27 GeV, respectively, from table I. The collection of experimental data are from H1 and ZEUS
collaborations [13–18].

The results show that with only four parameters fixed by the reduced cross-section, this model
provides a good description of nearly all available data on inclusive and exclusive diffractive
processes at HERA for small-x (G ≤ 10−2). For a comparison of our results with other observables
at HERA, refer to Ref. [19].
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