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Comparing AdS/CFT dipole model to HERA F2 data*
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Abstract We apply an AdS/CFT-inspired color-dipole model which contains only three free parameters

to describe the HERA data for the inclusive structure function F2 at small Bjorken-x and virtuality. We

found that the saturation scale in our AdS/CFT-based parameterization varies in the range of 1÷ 3 GeV

becoming independent of energy/Bjorken-x at very small x. This leads to the prediction of x-independence

of the structure functions at very small x. With the fitted parameters in our model, the predictions for

F2, longitudinal structure function, charm structure function and total photo-production cross-sections in the

kinematic regions of future experiments can be given.
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1 Introduction

One of the most valuable tools for the explo-

ration of QCD is the measurement of the pro-

ton structure function in deep inelastic scattering

(DIS) at small Bjorken-x. For sufficiently high en-

ergies/small Bjorken-x, perturbative QCD predicts

that gluons in a hadron wavefunction form a Color

Glass Condensate (CGC) [1–3]. The main principle

of the CGC is the existence of a hard saturation

scale Qs at which nonlinear gluons recombination

effects start to become important. The saturation

scale Qs grows rapidly with energy or according to

the perturbative nonlinear Balitsky-Kovchegov (BK)

[2] and Jalilian-Marian–Iancu–McLerran–Weigert–

Leonidov–Kovner (JIMWLK) [3] evolution equations.

In the leading logarithmic (ln1/x) approximation

at fixed coupling, the BK equation predicts that

Qs
2(x)∼ (1/x)4.6 αs [4], which is a much faster growth

of the saturation scale than one expects from HERA

data. One possible way to constrain higher order

corrections to those equations is to consider small-x

evolution in the large coupling limit. In light of this,

one may resort to other QCD-like theories, such as

N = 4 super Yang-Mills (SYM) theory where one can

perform calculations in the non-perturbative limit of

large ‘t Hooft coupling by employing the Anti-de Sit-

ter space/conformal field theory (AdS/CFT) corre-

spondence [5].

Recently, the authors of [6] calculated the to-

tal cross-section for a quark dipole scattering on

a nucleus at high energy for a strongly coupled

N = 4 SYM theory using AdS/CFT correspondence.

The forward scattering amplitude for the qq̄ dipole-

nucleus scattering was derived in [6] and exhibited

an interesting feature: at high energy the amplitude

would stop growing with energy, becoming a constant.

Here we will confront the color-dipole scattering am-

plitude on a nucleus from the AdS/CFT correspon-

dence [6] with the available HERA data. Given the

non-perturbative nature of the AdS/CFT approach,

we expect this model to be valid at small x but also

at small Q2 where the experimental data are very

limited. Below we show that the HERA data for the

inclusive structure function F2 at very small x and

Q2 can be well described within the color dipole pic-

ture inspired by the AdS/CFT approach [6]. We show

that, unlike the perturbative predictions for its be-

havior, the saturation scale from the AdS/CFT ap-

proach becomes independent of energy/Bjorken-x at

very high energy. This leads to the x-independent

behavior of the structure function F2 at very small x
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and Q2.

2 Color dipole description of structure

function F2

The DIS cross sections at small x can be described

by the color dipole factorization scheme:

σγ
∗p

L,T (Q2,x) =

∑

f

∫
d2r

∫1

0

dz |Ψ (f)
L,T(r,z;Q2)|2 σqq̄(r,x), (1)

here σqq̄(r,x) denotes the qq̄ dipole-proton scatter-

ing cross-section incorporating QCD effects, and the

light-cone wavefunction Ψ (f)
L,T for γ

? can be expressed

as [7]:

|Ψ (f)
T (r,z;Q2)|2 =

αNc

2π2

∑

f

e2
f {a2

f [K1(raf)]
2×

[z2 +(1−z)2]+m2
f [K0(raf)]

2} , (2)

|Ψ (f)
L (r,z;Q2)|2 =

αNc

2π2

∑

f

e2
f {4Q2z2(1−z)2×

[K0(r af)]
2} . (3)

The proton structure function F2 and the longitu-

dinal structure function FL can be written in terms

of γ
?p cross-section,

F2(Q
2,x) =

Q2

4π2α

[

σγ
∗p

L (Q2,x)+σγ
∗p

T (Q2,x)
]

, (4)

FL(Q2,x) =
Q2

4π2α
σγ

∗p
L (Q2,x). (5)

The contribution of the charm quark to the wave

functions in Eqs. (2) and (3) feeds into Eqs. (1) and

(4) directly giving the charm structure function F c
2 .

In the CGC framework the dipole-proton forward

scattering amplitude N can be found by solving BK

or JIMWLK evolution equations [8, 9]. Here, we show

that the AdS/CFT-inspired color-dipole model of [6]

predicts a new scaling behavior for the proton struc-

ture function at very small x and Q2 in a region where

there is no experimental data yet and argue that fu-

ture experimental measurement of F2 in this region

can be used to test the model.

3 AdS/CFT color dipole model to fit

to the F2 data

The forward scattering amplitude N of a qq̄ dipole

on a large nuclear target at high-energy for a strongly

coupled N = 4 SYM theory employing AdS/CFT

correspondence was derived in [6] and had been ex-

pressed as a function of Bjorken-x and r [10]:

N(r,x) = 1−exp

[

− A0 xr

M2
0(1−x)π

√
2
×

(

1

ρ3
m

+
2

ρm

−2M0

√

1−x

x

)]

, (6)

with

ρm =























(

1

3m

)1/4
√

2cos

(

θ

3

)

: m 6
4

27

√

1

3m∆
+∆ : m >

4

27

,

∆ =

[

1

2m
−
√

1

4m2
− 1

27m3

]1/3

,

m =
M4

0(1−x)2

x2
, θ = arccos

(

√

27m

4

)

, (7)

where we defined A0 =
√

λYM Λ. The impact-

parameter integrated qq̄ dipole cross-section on a pro-

ton target is then related to the dipole amplitude via

σqq̄(r,x) = σ0 N(r,x).

The saturation scale in AdS/CFT dipole model

(6) is then defined as

QAdS
s (x) =

2A0 x

M2
0 (1−x)π

(

1

ρ3
m

+
2

ρm

−2M0

√

1−x

x

)

. (8)

Note that the AdS/CFT dipole scattering ampli-

tude N from Eq. (6) with the saturation scale from

Eq. (8) exhibits the property of geometric scaling

[11]: it is a function of r QAdS
s (x) only, N(r,x) =

1−exp[−rQAdS
s (x)/(2

√
2)].

We fit the AdS/CFT color-dipole parametriza-

tion to the experimental data on the proton struc-

ture function F2(x,Q2) measured by ZEUS [12] at

HERA in the kinematical region x < 6× 10−5 and

Q2 < 2.5 GeV2. As λYM and Λ only appear together in

A0 we put Λ = 1 GeV throughout this paper examine

different cases with fixed λYM = 10,20,30. The other

two free parameters M0 and σ0 in the AdS/CFT

dipole model will be determined from a fit to the data.

The results of the fit is presented in Table. 1. The first

three lines and the last two lines in Table. 1 show the

results without and with the presence of the charm

quark contribution to F2. In the fit we adopt light

quark mass mu = md = ms = 140 MeV and charm

quark mass mc = 1.4 GeV.
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Table 1. Parameters of the AdS/CFT dipole

model from Eq. (6) determined from a fit to

F2 data reported by ZEUS.

mc/GeV λYM M0(10−3) σ0/mb χ2/d.o.f.

− 10 8.16 26.08 0.82

− 20 6.54 22.47 0.92

− 30 5.72 20.80 0.98

1.4 10 7.66 24.72 1.03

1.4 20 6.16 21.31 1.18

We checked that the quality of the fit based on

the AdS/CFT color-dipole model is very sensitive to

the upper bound of the given Bjorken-x bin. Note

that currently there is no experimental data below

the lower x and Q2 bound we have taken, and also

there are no experimental data for F2 at large Q2 but

very small x. While the smaller values of λYM ap-

pear to give better description of the F2 data using

our AdS/CFT ansatz, one has to keep in mind that

AdS/CFT correspondence is valid for λYM � 1. We

therefore can not use very small λYM in the fit, as the

whole underlying theoretical approach of [6] would

reach its limit of applicability.

In Fig. 1, we show the description of the pro-

ton structure function F2 obtained from the fit for

the AdS/CFT and the GBW dipole model [7]. The

curves showed at x < 10−6 are our predictions of F2

for this region. Notice that although both models

give a good fit of existing data, they lead to drasti-

cally different predictions for the structure function at

smaller x in the region where there is no experimental

data yet. The main prediction of the AdS/CFT color-

dipole model is that at very small x it gives rise to

a saturating behavior of the structure function which

becomes independent of x. The onset of this limiting

(scaling) behavior moves to a smaller x for larger Q2.

One can also apply the fitted parameters given

in Table. 1 to predict the longitudinal structure func-

tion FL, charm structure function F c
2 in the kinematic

regions of future experiments. The detailed calcula-

tions and the results can be found in Ref. [10]. In

[10] we also fitted the s-dependent dipole amplitude

N(r,s) [8] to the HERA data at small x and Q2, and

calculated the total photo-production cross-sections

as a function of
√

s.

Fig. 1. Results of our AdS/CFT-based fit to

the proton structure function F2 for the AdS/

CFT and GBW dipole models, respectively.

In the left panel of Fig. 2 we plot the AdS/CFT

dipole cross-section as a function of the dipole trans-

verse size r. It is obvious that AdS/CFT dipole cross-

section profile saturates for x < 10−8 and will not

change further with x. In the right panel of Fig. 2 we

show the saturation scale for both the AdS/CFT and

the GBW dipole models. It can be seen that the satu-

ration scale in AdS/CFT dipole model is smaller than

the one obtained from the GBW model at very small

x. Moreover, the AdS/CFT model of [6] predicts that

the saturation scale saturates. The saturation scale

in the AdS/CFT dipole model defined via Eq. (8) is

proportional to
√

λYM/M2
0. Therefore, smaller λYM

leads to a smaller saturation scale.
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Fig. 2. Left panel: the AdS/CFT dipole cross-section obtained from the fit given in Table. 1 for λYM = 20

at various fixed Bjorken-x as a function of the dipole size r. Right panel: the AdS/CFT and the GBW

saturation scales Qs(x)/GeV as functions of x.
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