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University of Porto
E-mail: miguelc@fc.up.pt,djuric@fc.up.pt

Nick Evans
University of Southampton
E-mail: n.j.evans@soton.ac.uk

We show how scattering at small-x can be studied by Pomeron exchange in AdS space using the
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1. Introduction

HERA is the largest electron - proton collider ever built, and has tremendously improved our
knowledge of the structure of the proton. It operated from 1992-2007, and collected a wealth of
small x data. Two of the crucial discoveries important for these proceedings are that the cross
sections for many different processes (DIS, DVCS, VM production...) show a power growth with
1/x and that the same, universal gluon distribution functions describe these processes, and gluons
dominate at small x. These point to a universal Pomeron exchange as the dominant process. Tra-
ditionally Pomeron exchange can be studied using the perturbative BFKL approach. Our goal is to
apply an alternative method to study the non-perturbative and saturation regions, and also see how
much can they be applied to the higher Q2 region as well.

2. Pomeron in AdS

The Pomeron is the leading order exchange in all total cross sections, and in 2→ 2 amplitudes
with the quantum numbers of the vacuum, in the Regge limit s� t. It is the sum of an infinite
number of states with the quantum numbers of the vacuum, and the tell-tale sign of Pomeron
exchange is that it leads to an amplitutude that asymptotically, as s→ ∞, goes as

A(s, t)∼ sα(t), α(t) = α(0)+
α ′t
2

. (2.1)

In perturbative QCD, the propagation of the Pomeron is given by the BFKL equation. However,
we will use an approach that is based on the AdS/CFT correspondence [1]. This is a conjectured
exact duality between type IIB string theory on AdS5×S5, and N = 4 SYM, on the boundary of
AdS5. Since QCD at low x has a lot of similarities with N = 4 SYM, this duality is very useful. It
relates states in string theory to operators in the field theory through the relation〈

e
∫

d4xφi(x)Oi(x)
〉

CFT
= Zstring [φi(x,z)|z∼0] . (2.2)

The metric of AdS5 space can be expressed in several forms. The one most useful for our purposes
is

ds2 = e2A(z) [−dx+dx−+dx⊥dx⊥+dzdz]+R2d2
Ω5. (2.3)

The exponent

2A(z) =
R2

z2 , (2.4)

where z is the extra radial coordinate of AdS space. It is possible to study theories where this
factor is different, and only asymptotically reduces to this form, in order to obtain a theory which
more closely mimics QCD, for example by introducing a scale for confinement. These theories in
general are referred to as ‘gauge/gravity duality’. Possibly the simplest such model is the so-called
‘hard-wall’ model, where the metric takes the form (2.3) with A(z) given by (2.4) only up to some
sharp cut-off z0 ∼ 1/ΛQCD, setting the scale for confinement. This is the model we will use, in
addition to the conformal model (2.4), in the fits below. The correspondence works in the limit

NC→ ∞, λ = g2NC = R4/α
′2� 1,fixed, (2.5)
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making it useful for exploring the non-perturbative region where the coupling λ is large. Under-
standably there is not enough space in these proceedings to explain this correspondence, and the
interested reader is directed to one of the many reviews, e.g. [2]. More details on using the hard-
wall model can be found in [3] and references therein. Note that although it has not been proven,
there is a lot of evidence for this correspondence, for example 2 and 3 point functions that are inde-
pendent of λ have been calculated from both sides and shown to match. We can calculate scattering
amplitudes by using Witten diagrams, which are analogous to Feynman diagrams. In order to use
them to study Pomeron exchange, we therefore need to first calculate its propagator in AdS. As
shown in [4], the Pomeron in AdS string theory is the Regge trajectory of the graviton. It is given
by

χ(τ,L) = (cot(
πρ

2
)+ i)g2

0e(1−ρ)τ L
sinhL

exp(−L2

ρτ
)

(ρτ)3/2 , (2.6)

with τ = log(zz′s/
√

λ ), L = log(1+ v+
√

v(2+ v)) and v the chordal distance in H3. Similar
procedure can be applied for other trajectories, e.g. for the Odderon [5]. In order to satisfy the
Froissart bound, we need to take into account effects beyond single Pomeron exchange. One way
is to use the eikonal approximation, which sums Pomeron exchanges to all orders, but ignores the
interactions between them [6]

A(s, t) = 2is
∫

d2be−ib·q⊥
∫

dzdz̄P13(z)P24(z̄)(1− eiχ(s,b,z,z̄)). (2.7)

We can study different scattering processes by supplying P13 and P24, which are the wavefunctions
in AdS for the external scattering states. For example, this has already been applied to DIS[3, 7],
and DVCS [8].

3. Vector Meson Production

Vector meson production occurs in the scattering between an offshell photon and a proton.
The vector mesons consist of a quark-antiquark pair, and have the same quantum numbers as the
photon, JPC = 1−−. The production of the ρ0,ω,φ and J/Ψ was measured at HERA [9]. We are
interested in calculating the differential and exclusive cross sections

dσ

dt
(x,Q2, t) =

|W |2

16πs2 , (3.1)

and
σ(x,Q2) =

1
16πs2

∫
dt |W |2 . (3.2)

Here W is the scattering amplitude

W = 2isQQ′
∫

dl⊥ eiq⊥·l⊥
∫ dz

z3
dz̄
z̄3 Ψ(z)Φ(z̄)

[
1− eiχ(S,L)

]
. (3.3)

This has the previously mentioned form, we just need to supply the wavefunctions Ψ(z) and Φ(z̄)
for the photon and the proton. In this analysis we use

Ψn(z) =−(
√

C
π2

6
z2 Kn(Qz))(

√
2

ξ J1(ξ )
z2Jn(mz)), Φ(z̄) = z̄3

δ (z̄− z?). (3.4)

The different vector mesons are differentiated above by their mass m. For more on how these were
obtained see [10], and for more information on vector mesons in gauge/gravity duality see [11].
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4. Models

We start with the conformal pomeron, with

1− eiχ ≈−iχ =−i(cot(
πρ

2
)+ i)g2

0e(1−ρ)τ L
sinhL

exp(−L2

ρτ
)

(ρτ)3/2 . (4.1)

It depends on 3 parameters, z∗ which is related to the size of the target, ρ = 2− j0 = 2/
√

λ and C g2
0

which depends on the coupling of the Pomeron to external states. We will also use the hard-wall
Pomeron model. First notice that at t = 0 (which is enough for DIS [3]) χ for conformal pomeron
exchange can be integrated in impact parameter

χ(τ, t = 0,z, z̄) = iπ g2
0

(
cot
(

πρ

2

)
+ i
)
(zz̄)e(1−ρ)τ e−

(ln(z̄/z))2
ρτ

(ρτ)1/2 . (4.2)

Similarly, the t = 0 result for the hard-wall model can also be written explicitly

χhw(τ, t = 0,z, z̄) = χ(τ,0,z, z̄)+F (τ,z, z̄)χ(τ,0,z,z2
0/z̄) . (4.3)

When t 6= 0, we will use an approximation

χhw(τ, l,z, z̄) =C(τ,z, z̄)D(τ, l)χ
(0)
hw (τ, l,z, z̄) ,

for details see [10, 3]. The function

F (τ,z, z̄) = 1−4
√

πτ eη2
erfc(η) , η =

− log(zz̄/z2
0)+4τ√

4τ
(4.4)

is set by the boundary conditions at the wall and represents the relative importance of the two terms,
and hence the importance of confinement. It varies between −1 and 1, approaching −1 at either
large z, which roughly corresponds to small Q2, or at large τ corresponding to small x.

5. Data Analysis

For vector meson production, we fit the data collected at HERA by the H1 experiment [9]. All
the data is at small x (x < 0.01), where Pomeron exchange is the dominant process. We will look at
both the differential and total exclusive cross sections. Our results are summarized in figure 1 taken
from [10], where we direct the reader for further details, discussion and figures. The fits to the full
cross-sections provide very good χ2 < 1 in all cases. The fits for the differential cross section are
less good but still have χ2 < 2 in each case. To claim such a good fit for the J/Ψ meson we do
need to include the hard-wall parameter z0 and this is the only place in our fits where it makes a
significant impact. Note that the same formalism has been applied before to DIS with good results
(χ2 = 1.04 for the best model) [3, 7], and DVCS (χ2 = 1.00 and χ2 = 0.51 for the best models
of the cross section and differential cross section respectively) [8]. In particular the DIS data fit
in [3] probes a kinematical region where confinement is more important, and a more significant
difference between the conformal and hard wall models was obtained. In the same reference the
effective running of the Pomeron intercept was calculated.

4



P
o
S
(
D
I
S
2
0
1
4
)
0
8
4

Gauge/Gravity Small-x Marko Djurić

Figure 1: Fit results.

6. Conclusion

We have seen some interesting methods for applying gauge/gravity duality to study small x
physics. In particular we can study a wide range of HERA processes, and in kinematical regions
not accessible by traditional methods. Some of the data show that we need our theory to include
confinement if we want it to be realistic, as we can see in figure 2. More work is needed to see
the generality of this result. We now have 3 processes (DIS, DVCS and vector meson production)

Figure 2: In our model the importance of confinement enters earlier than saturation.
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where the AdS (BPST) pomeron exchange gives excellent agreement with experiment in the strong
coupling region, and even up to relatively high Q2. Hence string theory on AdS is giving us
interesting insights into non-perturbative scattering. The value of the pomeron intercept is in the
region 1.2−1.4 which is in the crossover region between strong and weak coupling, and a lot of the
equations have a form which is very similar both at weak and at strong coupling (but χ is different).
It might therefore be possible to extend some of the insights we gain even into the weak coupling
regime. It is also interesting to extend these methods beyond 2→ 2 scattering (e.g. for 2→ 3
scattering [12]). Eventually it would be good to have a single set of parameters that fits several
different processes.
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