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We discuss recent developments towards next-to-leading order (NLO)
accuracy in the dipole picture. We review recent NLO results for exclusive
vector meson production and diffractive structure functions, and discuss
how it is becoming possible to describe both inclusive and exclusive DIS
data simultaneously within the Color Glass Condensate framework at NLO
accuracy. These developments will make it possible to probe the gluon
saturation phenomena in detail, especially when nuclear-DIS data from the
EIC become available.
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1. Introduction

Diffractive scattering processes are especially powerful probes of the com-
plex QCD dynamics taking place in protons and nuclei at high energies. In
these events, there cannot be a net exchange of a color charge. Otherwise,
a color string would be formed, which eventually produces hadrons destroy-
ing the gap between the diffractively-produced system X (characterized by
the invariant mass M2

X , or in exclusive process, X can be e.g. a J/ψ me-
son) and the target. For example, the J/ψ production cross section in the
collinear-factorization-based approach is proportional to the squared gluon
distribution at leading order [1] (although the situation becomes more com-
plicated at next-to-leading order [2]). The second advantage of diffractive
processes (especially exclusive vector meson production) is that the total
momentum transfer, which is the Fourier conjugate to the impact parame-
ter, is measurable and as such provides access to the spatial distribution of
gluons in the target.
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The strong sensitivity to the internal structure makes diffractive scatter-
ing a powerful probe of non-linear QCD dynamics. This dynamics, which is
naturally described in the Color Glass Condensate effective field theory ap-
proach to QCD [3], should manifest itself in the high-density region accessed
at high energy or with heavy nuclei as targets. Probing these non-linear sat-
uration effects is one of the main tasks of the future Electron–Ion Collider at
BNL [4], and diffractive processes have an important role in achieving this
goal.

2. Deep inelastic scattering at high energy

At high energies, the Deep Inelastic Scattering (DIS) processes, or sim-
ilarly photon-mediated interactions in Ultra Peripheral Collisions at RHIC
and at the LHC [5], are naturally described in the dipole picture. In the
frame where the photon has a large momentum, the lifetime of the partonic
fluctuations of the photon state, such as |qq̄⟩ or |qq̄g⟩, is much larger than the
typical timescale of the interaction. Consequently, the scattering amplitude
can be factorized to the virtual photon wave function describing fluctuations
to the partonic Fock states, and the dipole-target scattering amplitude de-
scribing the eikonal propagation of the quark–antiquark pair in the target
color field.

Let us first consider exclusive vector meson production. In the high-
energy limit, the scattering amplitude at leading order (where only the |qq̄⟩
state contributes) can be written as

−iAγ∗A→V A =

∫
d2b d2r⊥

dz

4π
e−i(b+(1−2z)/2r)·∆

×Ψ qq̄
γ∗ (r⊥, z)N (r⊥, b, xP)Ψ

qq̄∗
V (r⊥, z) . (1)

Here, the quark and antiquark transverse coordinates are b± r⊥/2, z is the
fraction of the photon plus momentum carried by the quark and Ψγ∗ and
ΨV refer to the virtual photon and vector meson light front wave functions,
and the vector meson transverse momentum is ∆.

We emphasize that in the CGC approach, the dipole-target scattering
amplitude N is the convenient degree of freedom including all information
of the target structure. In particular, the total cross section in DIS can
also be obtained from Eq. (1) using the optical theorem by evaluating the
amplitude at ∆ = 0 and setting V = γ∗ in which case one obtains the
forward elastic scattering amplitude for the γ∗ + p → γ∗ + p scattering.
The center-of-mass-energy dependence of the dipole amplitude satisfies the
Balitsky–Kovchegov equation [6, 7]. The non-perturbative initial condition
for it is typically obtained by fitting the HERA structure function data [8],
and excellent descriptions of these measurements have been obtained both
at leading [9, 10] and next-to-leading order accuracy [11, 12].
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At next-to-leading order accuracy, one has to include loop corrections
to the photon and vector meson wave functions, and consider the |qq̄g⟩
Fock state that can interact with the target. We reported the NLO cross
section for heavy vector meson production in Refs. [13, 14], applying the re-
cently calculated virtual photon NLO wave function [15]. The vector meson
wave function is in principle non-perturbative, and in our NLO calcula-
tion, we described it by including first perturbative corrections to the fully
non-relativistic wave function. We additionally included the first relativistic
correction at leading order, following [16]. In the limit of high photon vir-
tuality, the meson wave function, on the other hand, is described in terms
of the distribution amplitude, and the corresponding NLO cross section for
light meson production at high Q2 we reported in [17] (the same calculation
was previously performed from a slightly different approach in [18]).

When considering diffractive structure functions (diffractive cross sec-
tions as a function of e.g. M2

X), there is no need to model the non-pertur-
bative final-state wave function which makes such processes theoretically
cleaner. In the dipole picture, a successful description of the HERA proton
diffractive structure function data has been previously obtained at leading
order [19]. The successful description of the data however requires one to in-
clude a contribution from the produced qq̄g (color singlet) state which dom-
inates over the qq̄ production at large M2

X . In the successful phenomeno-
logical analysis performed in [19], this contribution was calculated in the
high-Q2 limit where the qq̄g system can be considered as an effective gg
dipole. Recently, by using the exact light-cone wave function describing
the γ∗ → qq̄g splitting [20] (neglecting the quark masses) and performing
the final-state phase-space integral exactly, we calculated the leading qq̄g
contribution to diffractive structure functions in exact kinematics [21], and
showed that in the high-Q2 limit, we obtain the previously known so-called
“Wusthoff result” [22]. This contribution where the qq̄g system interacts
with the shockwave is itself finite at fixed M2

X and reads

F
D(4)NLO
T, qq̄g

(
xP, Q

2,M2
X , t

)
= 2NcQ

2αsCF

∑
f

e2f

1∫
0

dz0
z0

1∫
0

dz1
z1

1

z2

×
∫
x0

∫
x1

∫
x2

∫
x̄0

∫
x̄1

∫
x̄2

I(3)

M2
X
I(3)
∆

z0z1Q
2

X012X0̄ 1̄ 2̄

K1 (QX012)K1 (QX0̄ 1̄ 2̄)

×
{
Υ
(|a|2)
reg + Υ

(|b|2)
reg + Υ

(a′)
inst + Υ

(b′)
inst + Υ

(ab)
interf

}
N0̄ 1̄ 2̄N012 (2)

for the transverse structure function (results for the longitudinal cross sec-
tion are also reported in Ref. [21]). Here, the quark, antiquark, and gluon
transverse coordinates are x0,x1, and x2, and coordinates with bar refer to
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the conjugate amplitude, Q2X2
012 is the qq̄g formation time divided by the

lifetime of the virtual photon that forms the qq̄g system and z2 = 1−z1−z0
is the gluon longitudinal momentum fraction. The interaction with the tar-
get is described by N012 which is the qq̄g-target scattering amplitude that
can be written in terms of dipole-target amplitudes using the Fierz iden-
tity. Detailed expressions for the Υ terms that originate from the square of
the photon wave function can be found in [21]. The transfer function I(3)

M2
X

describing the formation of a system with a given invariant mass from the
coordinate space qq̄g system reads

I(3)

M2
X
= 2

z0z1z2
(4π)2

M2
X

Y012
J1

(
M2

X |Y 012|
)
, (3)

where

Y 2
012 = z0z1 (x0̄0 − x1̄1)

2 + z1z2 (x2̄2 − x1̄1)
2 + z0z2 (x2̄2 − x0̄0)

2 . (4)

Note that Y 2
012 does not depend on the center-of-mass of the qq̄g system

b = z0x0 + z1x1 + z2x2 (or on b̄) which is the Fourier conjugate to the
momentum transfer ∆, and when integrating over the momentum transfer,
the other transfer function I(3)

∆ sets b = b̄.
In order to obtain the full NLO result for diffractive structure functions,

one needs to add all possible loop corrections and gluon emission after the
shockwave. These contributions are separately divergent, but the final result
for the cross section is of course finite. These results will be reported in a sep-
arate publication in the future. When this calculation is finished, it becomes
possible to simultaneously calculate exclusive vector meson production and
diffractive structure functions in the dipole picture at NLO consistently with
inclusive structure function data. This is crucial to test the gluon saturation
picture of CGC, especially in the EIC era with precise nuclear-DIS data.

3. Numerical results for exclusive vector meson production

Let us next highlight some selected numerical results for exclusive vector
meson production. To demonstrate the successful phenomenology at lead-
ing order, we show in Fig. 1 the t-integrated coherent J/ψ production cross
section as a function of the center-of-mass energy W . The CGC results
from [23] are found to describe well the available high-energy data. In prin-
ciple, saturation effects could be expected to slow down the W dependence
at high energies/densities, but no significant effect is predicted based on the
small-x evolution of the proton structure included in the calculation.

As non-linear effects are enhanced in heavy nuclei, we also calculate the
coherent J/ψ production in photon–nucleus collisions. In ultraperipheral
collisions at the LHC, a significant nuclear suppression is observed [24].
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Fig. 1. Coherent J/ψ production cross section as a function of the center-of-mass-
energy W from [23].

As discussed in [23], we typically overestimate the nuclear cross sections,
i.e. the CGC calculations tend to underestimate the amount of suppression
especially close to midrapidity in LHC kinematics. In addition to the overall
normalization, it is also possible to look at more differential observables such
as t distributions that probe the spatial distribution of small-x gluons in the
target. The calculated spectra are compared to the ALICE in Fig. 2. When
the normalization is fixed by the data, we find that the CGC calculation
including non-linear effects describes the shape of the ALICE data well. On
the other hand, if non-linear effects are neglected (corresponding to the curve
form factor in Fig. 2), a clearly too hard spectrum is obtained. This result
can be interpreted such that strong non-linear effects close to the center
of the nucleus modify the spatial density profile to be different from the
Woods–Saxon distribution which is an input to the calculation and from
which the positions of individual nucleons are sampled.
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Fig. 2. Differential coherent J/ψ production cross section in photon–nucleus colli-
sions compared to the ALICE data [25]. Figure adapted from [23].
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When vector meson production is computed at next-to-leading order, it
is also crucial to use a corresponding NLO-evolved dipole–proton scattering
amplitude, with the initial condition for the BK evolution fitted to the data
at NLO accuracy. In Refs. [13, 17], we used different fits reported in [11],
and the deviations between the results shown in Figs. 3 and 4 correspond to
the remaining model uncertainty. We show results separately for J/ψ (Fig. 3
based on [13]) and ρ (Fig. 4 based on [17]) production. When calculating the
J/ψ production, we also include the first relativistic correction to the J/ψ
wave function (in our power counting v2 ∼ αs, where v is the heavy quark
velocity in the J/ψ rest frame). It is required to obtain a good description
of the data also at low Q2. With the first relativistic correction included,
we find a good description of the HERA vector meson production data, and
also note that in this kinematics the NLO corrections are moderate.
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Fig. 3. Coherent J/ψ production at fixed W = 75 GeV from [13].
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Fig. 4. Coherent ρ production at fixed W = 75 GeV from [17].
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Similarly, a good description of the ρ production cross section in the
high-virtuality region is demonstrated in Fig. 4. We only calculate the con-
tribution where a longitudinal ρ is formed by a longitudinal photon, which
dominates at high Q2. Our results also agree with the experimental data
at low Q2, but we emphasize that the calculation is not valid there and
also a numerically important transverse component is missing. In the high-
virtuality region where the calculation is valid, an excellent description of
the H1 data is obtained.

4. Conclusions

The Color Glass Condensate framework has been extensively used to suc-
cessfully describe many different scattering processes sensitive to the proton
and nuclear small-x structure. However, in order to accurately probe the
non-linear QCD dynamics in protons and, especially, in heavy nuclei, it is
necessary to promote the field to the NLO accuracy. There has been a lot
of progress in that direction recently. In this paper, we summarized recent
developments towards the NLO accuracy related to inclusive and diffractive
structure functions and exclusive vector meson production. These develop-
ments have made it possible to describe, for the first time in dipole picture,
simultaneously the total cross section and heavy-quark production in DIS
in HERA kinematics. The cross sections for the exclusive production of the
light and heavy vector mesons have been calculated at NLO, and a subset
of the NLO corrections to the diffractive structure functions is also avail-
able in the literature. These developments should make global analyses of
precise small-x DIS data possible in the future, which, in turn, will enable
detailed studies of the gluon saturation phenomena at the current colliders
and especially at the EIC.
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