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We provide the most general description of the exclusive leptoproduc-
tion of a light vector meson at high center-of-mass energy, within the
CGC/shockwave formalism. We keep a twist-3 accuracy in the s chan-
nel, thus being able to describe all possible helicity amplitudes, including
the ones for the production of a transversally polarized meson. In this
latter case, we overcome the well-known issue of endpoint singularities by
promoting the GPD to a GTMD given by matrix elements of dipole and
double-dipole operators. The all-twist treatment of the proton (nucleon)
target allows to safely twist-expand the general vacuum-to-meson matrix
elements. Therefore, unlike previous attempts in the modified perturbative
approach, our final results are expressed in terms of the twist-3 collinear dis-
tribution amplitudes, introduced in the context of the higher-twist collinear
formalism.
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1. Introduction

The semi-classical effective approach to QCD at small x [1, 2] is the es-
tablished tool for the exploration of semi-hard processes at the Large Hadron
Collider (LHC) and at the future Electron–Ion Collider (EIC). Besides the
inclusive channels (see, for instance, [3–6]), in recent times, there has been
an increasing attention towards exclusive [7–13] and semi-inclusive [14–18]
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diffractive processes. Among them, the electroproduction of a light vector
meson is a golden channel and it has been extensively studied at the HERA
experiments [19, 20], where an exhaustive experimental analysis of the spin-
density matrix elements of the γ(∗)P → M(ρ, ϕ, ω)P process has been pro-
vided. The largest contribution to this spin matrix is the one describing
the longitudinal photon to longitudinal meson transition. This latter, from
a theoretical point of view, corresponds to the leading-twist contribution and
the description of all other transitions requires a treatment beyond leading
twist. Unfortunately, at the twist-3, the above-mentioned process does not
factorize in the sense of the standard collinear factorization [21, 22]. An
attempt to solve this problem is the modified perturbative approach [23],
in which distribution amplitudes (DAs) are promoted to light-cone wave-
functions. Another idea is to move to kT-factorization from the target side.
Then, the divergences are regularized by the off-shellness of the gluons in the
t-channel [24]. We will follow this second approach in the spirit and develop
a framework combining the higher-twist formalism of exclusive processes in
the s-channel with the semi-classical effective description of small-x physics
in the t-channel. As a result, we will get the result of all helicity ampli-
tudes of the exclusive light vector-meson production at small x, including
the saturation regime, and in the most general non-forward kinematics.

2. Semi-classical small-x formalism with effective operators

We work within the kT-factorization scheme and introduce a light-cone
basis using vectors n1 and n2, which specify the +/− directions and such
that n1 · n2 = 1 and lµ = l+nµ1 + l−nµ2 + l⊥, with l a generic four-momenta.
The direction of the photon is taken along the + direction, while the one of
the incoming proton, along the − one. To investigate the light vector-meson
production at high energy, we rely on the semi-classical effective approach
to QCD at small x [1, 2], in which the gluonic field A(k) is split into classical
background fields b(k) (small k+) and quantum fields A(k) (large k+). Then,
in the projectile frame, the target gluon field is effectively treated as a QCD
shockwave, i.e.

bµ(x) = b−
(
x+, x⊥

)
nµ2 = δ

(
x+
)
B(x)nµ2 . (1)

Multiple re-scattering with the target background field yields a Wilson line
located at x− = 0

Wz = P exp

(
ig

∫
dz+b−a(z)T a

r

)
,

where P denotes the path-ordering operator in the + direction and T a
r is

a color matrix in the r representation of the gauge group. In particular,
Wz = Vz (Wz = Uz) in the fundamental (adjoint) representation.
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Our general aim is to obtain a result expressed in terms of general
vacuum-to-meson matrix elements, i.e. without any reference to light-cone
expansion at the first stage. To achieve such a description, it is convenient
to introduce effective background field operators [25, 26], which take into ac-
count the infinite eikonal interactions between the projectile and the classical
fields at the operator level. We have

[ψeff (z0)]z+0 <0 = −
∫

dDz2G0 (z02)V
†
z2
γ+ψ (z2) δ

(
z+2
)
, (2)[

ψ̄eff (z0)
]
z+0 <0

=

∫
dDz1ψ̄ (z1) γ

+Vz1G0 (z10) δ
(
z+1
)
, (3)

and [
Aµa

eff (z0)
]
z+0 <0

= 2i

∫
dDz3δ

(
z+3
)
F b
−σ (z3)G

µσ⊥ (z30)U
ab
z3
, (4)

where G0(x) is the free quark propagator, Gµσ⊥(x) is the free gluon prop-
agator in the n2 light-cone gauge, and F a

µν(x) = ∂µA
a
ν(z) − ∂νA

a
µ(z) −

gfabcAb
µ(z)A

c
ν(z) is the QCD field strength tensor.

3. Exclusive light vector meson production at the twist-3

A complete and exhaustive description of the process at the twist-3 re-
quires taking into account both kinematic and genuine twist effects. The
kinematic twist effects are related to the relative transverse motion between
the constituents of the leading Fock state wave function. Instead, the gen-
uine twist effects take into account the fact that beyond the leading twist,
higher Fock states (non-minimal parton configuration) contribute to the me-
son wave function. These two effects are physically different, but related to
each other by the QCD equations of motion.

As anticipated, the kinematic twist contribution requires to calculate the
γ(∗)P → M(ρ, ϕ, ω)P amplitude, in which the meson is produced starting
from a quark–antiquark pair. Using the effective operator formalism, we
obtain

A2 =

1∫
0

dx

∫
d2rΨ2(x, r)

∫
ddb ei(q−pM )·b 〈P (p′) |Ub+x̄r b−xr|P (p)

〉
,

(5)
where q (pM ) is the photon (meson) momenta, x is the longitudinal fraction
of meson momenta carried by the quark, x̄ ≡ 1−x, Ub+x̄r b−xr is the dipole
operator, and Ψ2(x, r) is a two-body photon–meson wavefunction overlap
(PMWO). The explicit expression of Ψ2(x, r) can be found in Refs. [25,
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26], here, we limit to recall that it contains the two-body vacuum-to-meson
matrix elements

ϕΓλ =

∫
dr−

2π
eixpM ·r−ixp+Mr−⟨M(pM )|ψ̄(r)Γ λψ(0)|0⟩r+=0 , (6)

where Γ λ = {γ+, γ+γ5}. The most general expression of Ψ2(x, r) contains
an infinite kinematic twist, via the off-light-cone matrix elements in Eq. (6).
In order to express the final result in terms of collinear twist-3 DAs, one has
to perform the non-local operator product expansion (OPE) [27] in powers
of the deviation from the light-cone r2 = r2⊥ = 0. In the case of light vector-
meson DAs, this program was achieved up to the twist-4 in Ref. [28]. Paying
attention to some formal subtleties1, the pioneering formalism of Ref. [28]
can be used to achieve the twist-expansion of (6) to finally get

[Ψ2(x, r)]twist−3 = eqmMfMδ

(
1−

p+M
q+

)(
εqµ −

ε+q
q+
qµ

)(
ε∗Mα −

ε∗+M
p+M

pMα

)
×
[
−irα⊥

(
h(x)− h̃(x)

)(
2xx̄qµ + (x− x̄)

−i∂
∂r⊥µ

)
+ϵµν+−ϵ+α−δr⊥δ

(
g
(a)
⊥ (x)− g̃

(a)
⊥ (x)

4

)
∂

∂rν⊥

]
K0

(√
xx̄Q2r2

)
, (7)

where mM is the meson mass, eq the quark electric charge, εq (ε∗M ) is the
polarization vector of the photon (meson), and fM is the standard vector
decay constant [28]. Moreover, h(x) and g

(a)
⊥ (x) are the kinematic twist-3

DAs, while

h̃ (x) =
fV3M
fM

x∫
0

dxq

1−x∫
0

dxq̄
V (xq, xq̄)

(1− xq − xq̄)
2 ,

g̃
(a)
⊥ (x) = 4

fA3M
fM

x∫
0

dxq

1−x∫
0

dxq̄
A (xq, xq̄)

(1− xq − xq̄ + iϵ)2
(8)

are gauge-link related terms, where V (x1, x2) (A(x1, x2)) is the genuine vec-
tor (axial) twist-3 DA. fVM and fAM are the vector and axial normalization
constants [28].

1 In Ref. [28], the parametrization of the vacuum-to-meson matrix elements is obtained
for the correlator expressed in the most general gauge-invariant form.
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The genuine twist contribution requires calculating the γ(∗)P → MP
amplitude, in which the meson is produced starting from a quark–antiquark–
gluon system. In this case, the factorization formula is

A3 =

(
3∏

i=1

∫
dxi

∫
d2zi e

ixiqziθ(xi)

)
δ

(
1−

∑
i

xi

)
Ψ3 ({xi}, {zi})

×
〈
P
(
p′
) ∣∣∣∣Uz1z3Uz3z2 − Uz1z3 − Uz3z2 +

Uz1z2

N2
c

∣∣∣∣P (p)

〉
, (9)

where Uz1z3Uz3z2 is the double-dipole operator, Ψ3 ({xi}, {zi}) is a three-
body PMWO, and {ai} = {a1, a2, a3}. Again, the expression of Ψ3({xi}, {zi})
can be found in Refs. [25, 26] and it depends on the three-body vacuum-to-
meson matrix elements, i.e.

χΓλ,σ =

∞∫
−∞

dz−1
2π

dz−2
2π

dz−3
2π

e−ix1q+z−1 −ix2q+z−2 −ix3q+z−3

×
〈
M (pM )

∣∣∣ψ̄ (z1) gΓ
λF−σ (z3)ψ (z2)

∣∣∣ 0〉
z+1,2,3=0

. (10)

Performing the twist-3 expansion of Ψ3({xi}, {zi}) is rather straightforward
since, within this accuracy, the correlators (10) coincide with those in [28].
We do not report the explicit expression for compactness. It can be found
in Refs. [25, 26] and is a function of the genuine twist-3 DAs A(x1, x2) and
V (x1, x2), introduced previously.

4. Summary and conclusion

We introduced a general framework to deal with beyond-leading-power
corrections at small x and applied it to the transversely polarized light
vector-meson production, γ(∗)P →M(ρ, ϕ, ω)P , which starts at the next-to-
leading power and for which a purely collinear treatment leads to endpoint
singularities. Existing and future measurements of the whole spin density
matrix require to go beyond leading twist, since some of these matrix ele-
ments simply vanish at leading twist.
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