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Abstract

Exclusive emissions of vector mesons in forward directions of rapidity offer us a faultless
chance to probe the proton structure at small x . A high-energy factorization formula
is established within BFKL, given as the convolution of an impact factor depicting the
forward-meson emission and of an unintegrated gluon distribution (UGD) driving the
gluon evolution at small x . As a nonperturbative quantity, the UGD is not well known
and several models for it exist. We present recent progresses on the study of the exclusive
forward ρ-meson leptoproduction at HERA and EIC energies, showing how osbervables
sensitive to different polarization states of the ρ-particle act as discriminators for the
existing UGD models.
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1 Introduction

Inclusive as well as exclusive emissions of particles in forward directions of rapidity are widely
recognized as excellent channels to probe the high-energy dynamics of strong interactions in
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new and original ways. The Balitsky–Fadin–Kuraev–Lipatov (BFKL) [1–3] resummation of en-
ergy logarithms provides us with a factorization formula of scattering amplitudes (and thence,
for inclusive reactions, of cross sections) given as the convolution of a universal gluon Green’s
function and two process-dependent impact factors depicting the transition from each collid-
ing particle to the corresponding final-state object. The first class of reactions that allows us to
test the BFKL mechanism in represented by the inclusive semi-hard detection of two particles
featuring large transverse momenta and well separated in rapidity. Here the established factor-
ization is hybrid, in the sense that the pure high-energy dynamics is supplemented by collinear
distributions that enter expressions of impact factors. In the last three decades several phe-
nomenological analyses have been proposed for distinct semi-hard configurations (see, e.g.,
Refs. [4–23]), this allowing us to define BFKL-sensitive observables as well as discriminate
between BFKL and fixed-order calculations [24–26]. The second class of probes for BFKL is
given by single forward emissions, where the proton content is accessed via the so-called unin-
tegrated gluon distribution (UGD), whose evolution at small x is driven by the gluon Green’s
function. As a nonperturbative quantity, the UGD in not well known and several phenomeno-
logical models for it have been proposed so far. Golden channels to study the UGD are the
deep inelastic scattering at small x [27], the single exclusive electro- or photoproduction of
vector mesons [28–39] at HERA, and the forward Drell–Yan process [40–42] at LHCb.

In this paper we extend the analysis done in Ref. [29], by showing how the study of helicity-
amplitude ratios for the exclusive leptoproduction of ρ mesons permits us to discriminate
among different UGD models at HERA and EIC energies.

2 Exclusive ρ-meson leptoproduction at HERA and the EIC

The process under investigation is the single exclusive production of a ρ meson in ep collisions
via the subprocess

γ∗λi
(Q2) p → ρλ f

p , (1)

where a photon with virtuality Q2 and polarizationλi is absorbed by the proton and aρ particle
with polarization λ f is emitted in the final state. The two helicity states λi, f can take values 0
(longitudinal) and ±1 (transverse). In the high-energy regime one observes a strict semi-hard
scale ordering, W 2 � Q2 � Λ2

QCD (W is the subprocess center-of-mass energy), that leads to
small x , x =Q2/W 2. Here, a high-energy factorized expression for polarized amplitudes holds

Tλiλ f
(W 2,Q2) =

iW 2

(2π)2

∫

d2q
(q2)2

Φ
γ∗
λi
→ρλ f (q2,Q2)Fg(x ,Q2) , (2)

where Φγ
∗
λi
→ρλ f (q2,Q2) is the impact factor portraying the photon-to-ρ transition that em-

bodies distribution amplitudes (see Section 2.1 of Ref. [29] for details), and Fg(x ,Q2) is the
UGD. We include in our analysis the six UGD models presented in Section 2.3 of Ref. [29],
together with the novel Bacchetta–Celiberto–Radici–Taels (BCRT) transverse-momentum de-
pendent unpolarized gluon distribution [43–47].

In Fig. 1 we present our study for the T11/T00 helicity ratio as a function of Q2. We compare
our results with HERA data [48] at W = 100 GeV (left panel), and present new predictions for
the EIC [49,50] at the reference energy of W = 30 GeV (right panel). We employed the twist-2
distribution amplitude for longitudinal impact factor and the full twist-3 one for the transverse
case, and we assessed the impact of the distribution-amplitude collinear evolution by varying
the nonperturbative parameter a2(µ0 = 1 GeV) in the range 0.0 to 0.6 (see Ref. [29]). We
observe that our results are spread over a large window. None of the UGD models is in agree-
ment with HERA data over the whole range of Q2, although the ABIPSW, IN and GBW ones
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better catch the intermediate Q2 range. Predictions at EIC energies exhibit a reduction of the
distance between models, together with a change of their hierarchy for some regions of Q2. All
these features corroborate our statement that the T11/T00 ratio is potentially able to strongly
constrain the small x UGD.
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Figure 1: Q2-dependence of the polarized T11/T00 ratio, for all the considered UGD
models, at 75 GeV HERA (left) and at 30 GeV EIC (right). Uncertainty bands rep-
resent the effect of varying a2(µ0 = 1 GeV) between 0.0 and 0.6. Numerical results
were done by using the Leptonic-Exclusive-Amplitudes (LExA) module as implemented
in the JETHAD environment [26].

3 Conclusions

We presented results for the exclusive electroproduction ofρmesons in the high-energy limit of
strong interactions, pointing out how ratios of polarized amplitudes are excellent observables
to discriminate among several existing UGD models. Comparisons with HERA data clearly
indicate that none of these model is able to reproduce the entire Q2 spectrum. This outcome
is confirmed also by predictions for the EIC, the distance between models being however less
pronounced.

Future studies of the polarized production of vector mesons at new generation colliders
will certainly accelerate progress of understanding of the proton structure at small x . In view
of the current situation, we believe that a path towards the first extraction of the UGD from
a global fit on data coming from the EIC [49, 51], the HL-LHC [52], the FPF [53, 54] and
NICA-SPD [55] has been now traced.
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