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1. Introduction

Although a photon is a fundamental particle, it is possible to investigate its internal struc-
ture since a photon may fluctuate into quark-antiquark pairs in high energy scattering processes.
This investigation can be realized with the electron-photon deep inelastic scattering (DIS), and the
quark-gluon structure of the photon can be explored through the structure functions. Comprehen-
sive reviews for photon structure functions were given in Refs. [1, 2]. Historically, the electron-
photon DIS is a cleaner process compared to other high energy ones involving hadrons as the initial
states, and the corresponding experimental data have provided theorists valuable opportunities to
test the perturbative techniques of QCD in the region of a large Bjorken variable x. The situation
is completely different in the small x region, where a photon can no longer be regarded as a point
particle: its nature as a vector meson becomes dominant, which should be described by effective
models, such as the vector meson dominance model.

In this work, we will study the photon structure functions at small x in the framework of
holographic QCD, which is an effective approach of QCD based on the AdS/CFT correspondence.
It is known that the Pomeron, corresponding to the closed string sector in the string theory, and
identified as a graviton in the higher dimensional curved space, gives a dominant contribution in
the small x region. There are various descriptions of the Pomeron in the literature on holographic
QCD. Here we adopt the Pomeron exchange kernel proposed by Brower, Polchinski, Strassler, and
Tan (BPST) [3]. Experimental data of the electron-nucleon DIS indicate that the Pomeron nature
transits, depending on the probe photon four-momentum squared Q2, from the so-called soft to
hard Pomeron. It has been demonstrated [4, 5, 6] that the BPST kernel, as applied to DIS at small
x, well reproduces this transition.

A key issue is how to treat the target photon in the higher dimensional background, for which
we take the following two approaches. The wave function of the five-dimensional U(1) vector
field [7], which couples to a lepton at the UV boundary, is applicable to the probe virtual photon.
In our first approach, we utilize this U(1) vector field to describe the target photon with very tiny
four-momentum squared [8]. The second approach is based on the vector meson dominance model:
we calculate the real photon structure functions by using the gravitational from factor of the ρ
meson constructed from a bottom-up AdS/QCD model [9]. The three adjustable parameters of the
model all reside in the BPST kernel. Two of them, controlling the energy dependence of a cross
section and the strength of the confinement effect, have been determined in the previous study
on the nucleon DIS with the input of the proton structure function F2 measured by HERA [10].
Therefore, the results presented here can be regarded as our predictions, although the overall factor
needs to be tuned to fit the experimental data of the OPAL collaboration at LEP [11].

We show that our predictions in the two approaches are consistent with each other, and agree
with the data and those derived from a known parameterization of the photon parton distribution
functions (PDFs) [12]. The above observation implies that the vector meson dominance is realized
in the present model setup, and that our framework is appropriate for the study of small x physics.
Besides, our predictions can be tested at future linear colliders, such as the planned International
Linear Collider.
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(hadrons) }
Figure 1: Electron-photon deep inelastic scattering.

2. Model setup

We analyze the electron-photon DIS schematically shown in Fig. 1, where q and p denote
the four-momenta of the probe and target photons, respectively, and W is the invariant mass of the
hadronic final state X . For the real photon structure in the unpolarized case, we have the differential
cross section

d2σeγ→eX

dxdQ2 =
2πα2

xQ4

[{
1+(1− y)2

}
Fγ

2
(
x,Q2)− y2Fγ

L
(
x,Q2)

]
, (2.1)

in which α and y are the fine structure constant and the inelasticity, respectively. The Bjorken
scaling variable x is defined, in terms of Q2 =−q2 and P2 =−p2, by

x =
Q2

Q2 +W 2 +P2 . (2.2)

Since we concentrate on the kinematic region with W 2 ≫ Q2 ≫ P2, the above definition can even-
tually be approximated by x ≈ Q2/W 2.

The two structure functions are expressed, with the BPST Pomeron exchange kernel χ in our
model setup, as

Fγ
i (x,Q

2) =
αg2

0ρ3/2Q2

32π5/2

∫
dzdz′P(i)

13 (z,Q
2)P24(z′,P2)(zz′)Im[χ(W 2,z,z′)], i = 2,L , (2.3)

where the overall factor g2
0 controls the magnitude of the structure functions, and ρ governs their

energy dependence. We employ the modified kernel for Eq. (2.3),

Im[χmod(W 2,z,z′)]≡ Im[χc(W 2,z,z′)]+F (z,z′,τ)Im[χc(W 2,z,z2
0/z′)], (2.4)

F (z,z′,τ) = 1−2
√ρπτeη2

erfc(η), (2.5)

η =

(
− log

zz′

z2
0
+ρτ

)
/
√ρτ . (2.6)

The first term on the right-hand side of Eq. (2.4) is the kernel from the conformal field theory,

Im[χc(W 2,z,z′)] = e(1−ρ)τe−[(log2 z/z′)/ρτ ]/
√

τ , (2.7)

2



P
o
S
(
D
I
S
2
0
1
8
)
0
5
6

Electron-photon DIS at small x in holographic QCD Akira Watanabe

with τ = log(ρzz′W 2/2). The second term on the right-hand side of Eq. (2.4) mimics the strength
of the confinement effect adjusted by the parameter z0. It has been found [5, 6] that one can have
results from Eq. (2.4) in better agreement with the data of the nucleon structure functions, compared
to those from Eq. (2.7).

The functions P13 and P24 in Eq. (2.3) represent the density distributions of the colliding par-
ticles in the five-dimensional AdS space. P13 for the probe photon are set to the wave functions of
the five-dimensional U(1) vector field,

P(2)
13 (z,Q2) = Q2z

{
K2

0 (Qz)+K2
1 (Qz)

}
, (2.8)

P(L)
13 (z,Q2) = Q2zK2

0 (Qz). (2.9)

As mentioned in the Introduction, we take the same function as Eq. (2.8) for the target photon wave
functions P24 with tiny four-momentum squared [8] in the first approach. As to the vector meson
dominance model in the second approach, we consider the photon-ρ meson scattering with P24

being described by the ρ meson gravitational form factor in Ref. [9].

3. Numerical results

We present in Fig. 2 the behavior of the resulting photon structure function F2 at small x.
The solid and dashed curves represent our predictions for the photon-photon and photon-ρ meson
scattering, respectively, which agree with the LEP data [11] within the errors, and with those de-
rived from the GRS PDF set at next-to-leading-order accuracy [12]. The agreement implies that
the BPST Pomeron exchange kernel works well to describe the photon structure in the considered
nonperturbative kinematic region, and that the vector meson dominance is realized in the present
model setup.

Some ratios of the structure functions are exhibited in Fig. 3 for a more detailed comparison
between the two approaches. The dependence of the ratio Rγ/N = Fγ

2 (x,Q
2)/[αFN

2 (x,Q2)] on the
Bjorken variable x is plotted in the panel (a), where the results for the nucleon structure function
FN

2 (x,Q2) are taken from Ref. [6]. The ratios for the photon-photon scattering reveal opposite x
dependencies between the Q2 = 1 and 10 GeV2 cases, such that their difference increases with x.
Both the x and Q2 dependencies of the ratios for the photon-ρ meson scattering are quite weak.
These features may be attributed to the fact that the ρ meson is a normalizable mode, while the
photon, described by Eq. (2.8), is not. In the panel (b), we display the longitudinal-to-transverse
ratio of the structure functions RL/T = FL(x,Q2)/FT (x,Q2), where FT = F2 −FL, for Q2 = 1 and
10 GeV2 in the two approaches. It is seen that the four ratios slightly increase with x and with
Q2. These behaviors agree qualitatively with those observed in the previous analysis of the nucleon
DIS [6].

4. Summary

In this work, we have investigated the electron-photon DIS at small x in holographic QCD.
In addition to the photon-photon scattering, we have also taken into account the photon-ρ meson
scattering based on the vector meson dominance model. The structure functions obtained in the
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Figure 2: Fγ
2 (x,Q

2) as a function of the Bjorken variable x for various Q2. In each panel, experimental data
measured by the OPAL collaboration at LEP [11] are displayed with error bars, the solid and dashed curves
are from our calculations, and the dotted curves are from the PDF parameterization [12].

two approaches are consistent with each other, and with the LEP data and those from the PDF
parameterization of the real photon in the considered kinematic region. The density distribution of
the quasi-real photon, described by Eq. (2.8) with a tiny four-momentum squared, has a substantial
component from the UV (small z) to IR (large z) region, while that of the ρ meson has most of
its component in the IR region. Hence, our findings indicate a nontrivial realization of the vector
meson dominance in our model setup. The fact that the present holographic formalism works well
in both the investigations of the photon and nucleon structures strongly supports its further appli-
cations to other high energy scattering processes, to which the conventional perturbation technique
does not apply.
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