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Hadron structure at small-x via unintegrated gluon densities
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Inclusive as well as exclusive emissions in forward and central directions of rapidity are widely recognized as excellent channels to access the
proton structure at smallx. In this regime, to describe nucleons structure, it is necessary to usekT -unintegrated distributions. In particular,
at large transverse momenta, thex-evolution of the so-called unintegrated gluon distribution is driven by the Balitsky-Fadin-Kuraev-Lipatov
(BFKL) equation, within the framework of the high-energy factorization (HEF).
Recent analyses on the diffractive electroproduction ofρ mesons have corroborated the underlying assumption that the small-size dipole
scattering mechanism is at work, thus validating the use of the HEF formalism. Nonetheless, a significant sensitivity of polarized cross
sections to intermediate values of the meson transverse momenta, where, in the case of inclusive emissions, a description at the hand of the
transverse momentum dependent (TMD) factorization starts to be the most appropriate framework, has been observed.
In this work, we will review the formal description of the unintegrated gluon density UGD within the BFKL approach and present some
UGD models that have been proposed, then we will describe the state of the art of some recent phenomenological analyses.
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1. Introduction

After almost fifty years since Quantum Chromodynamics
(QCD) was proposed, and subsequently recognized as the
theory of the interaction between quarks and gluons, a correct
and complete description of the proton structure, in terms of
its constituents, remains a challenge for the scientific com-
munity. Examples, which allows to understand the complex-
ity of such a description, are the mass-gap and the proton
spin puzzle problems. Apart from the purely theoretical in-
terest in the problem, the description of the hadronic structure
is essential to understand many of modern problems of the
Standard Model (SM). As we know, in fact, many of mod-
ern colliders, such as the Large Hadron Collider (LHC) and
the Electron-Ion Collider (EIC), use proton or nuclei (as pro-
jectile and/or target); therefore an accurate description of the
proton structure is essential to unveil signals of physics be-
yond the Standard Model.

In understanding the behavior of a hadron in high-energy
collisions, we are always faced with the need to describe both
perturbative and non-perturbative aspects of QCD. Thanks
to the factorization theorems, we are often able to separate
the two dynamics, in such a way as to be able to apply the
computation techniques of perturbative quantum field theory
to the so-called hard parts of processes and to reabsorb the
part concerning the non-perturbative dynamics in some par-
ton densities. Among these densities, the most general one is
the Wigner distribution, which is a 5-dimensional object de-
pending on longitudinal fraction of momenta (x), transverse
momentum (~kT ) and transverse position (~bT ) of the parton
inside the hadron. Integrating over some of these variables
we obtain: 1) Generalized Parton Distributions (GPDs), if
one integrates over transverse momenta, 2) Transverse Mo-
mentum Distributions (TMDs), if one integrates over trans-
verse position, 3) Parton Distribution Functions (PDFs), if
one integrates over both transverse momentum and position.
Distributions have a fixed value (at fixed parameters), only
at tree level; while, when considering quantum corrections,
they become running quantities. Their evolution with respect
to a scale can be described perturbatively, but their value at
a given energy scale must be extracted through a fit on data.
In the case of PDFs, universality properties guarantee that we
can use PDFs extracted using a particular process, to predict
cross sections of other processes. For more complicated ob-
jects, like TMDs, the situation is not so simple and we often
talk about modified universality. It is also important to men-
tion that each of these distributions satisfies different evolu-
tion equations.

A very important line of research concerns the behavior
of parton densities (and especially of the unpolarized gluon
one) in the so-called semi-hard regime of QCD, in which
s À {Q2} À ΛQCD, wheres is the squared center-of-mass
energy,{Q2} a set of typical hard scales andΛQCD the QCD
mass scale. In this regime, terms containing logarithms (of
the form ln(Q2/s) = ln(1/x)) become even more impor-
tant than the collinear ones resumed to all orders through the

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolu-
tion equations [1, 3]. To realistically describe the structure
of the proton, we must introduce a~kT unintegrated gluon
density (UGD), whose evolution at small-x is governed by
the Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation [4–7].
BFKL became famous owing to the prediction of the rapid
growth of theγ∗-p cross section at increasing energy, sub-
sequently discovered experimentally. Therefore, the BFKL
equation is usually associated with the evolution of the un-
integrated gluon distribution, even if its applicability area is
much wider.

Differently from collinear PDFs, the UGD is not well
known and several types of models for it do exist, which lead
to very different shapes in the(x,~kT )-plane. In the following,
we use theρ-meson leptoproduction to discriminate among
different models of UGD.

2. Models of unintegrated gluon density

We start by giving the original definition of UGD in terms of
the BFKL Green function. Let’s consider the totalγ∗-p cross
section inkT -factorization:

σλ(x,Q2) =
G

(2π)4

∫
d2~k1

~k2
1

×
∫

d2~k2

~k2
2

Φλ(~k1)Φp(~k2)F (x,~k1,~k2) , (1)

whereλ is the virtual photon polarization,G incorporates
color constants,Φλ andΦp are respectively the photon and
proton impact factor and

F (x,~k1,~k2) =
∞∑

n=0

∫
dν

×
(

~k2
1

~k2
2

)iν
ein(θ1−θ2)eᾱsχ(n,ν) ln( 1

x )

2π2|~k1||~k2|
, (2)

is the Green function. Thex-dependence of our final result
comes from this object:

F ∼ x−ω0

√
ln

(
1
x

) , ω0 = 4αs ln 2 . (3)

We define theunintegrated gluon density, F(x,~k), as

F(x,~k) ≡ 1
(2π)3

∫
d2~k′

~k′2
Φp(~k′) ~k2 F (x,~k,~k′) . (4)

Then, it is clear that

σλ(x,Q2) =
G

(2π)4

∫
d2~k1

(~k2
1)2

Φλ(~k1)F(x,~k1) . (5)

F(x,~k) is not a fully perturbative object, in fact it is ex-
pressed as the convolution of the BFKL Green function
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(known perturbatively) and a proton impact factor (non-
perturbative object) that has to be modeled. Some mod-
elizations, as we shall see, follow this scheme, while others
parametrize directlyF(x,~k).

Models that will be considered in this work are:i

• Gluon momentum derivative (toy model)

F(x, k2) =
d(xg(x, k2))

d ln k2
. (6)

• TheABIPSW model [9]

F(x, k2) =
A

(2π)2M2

k2

k2 + M2
. (7)

This is anx-independent model.

• TheIN model [10]

F(x, k2) = Fsoft(x, k2) + Fhard(x, k2) . (8)

This is a soft-hard model developed with the purpose
of probing different regions of transverse momentum.

• TheHSSmodel [11]

F(x, k2) = F (x,~k,~k′)⊗ Φp(~k′) , (9)

⊗ means convolution in the transverse momenta~k′.
This model is exactly based on the costruction of the
UGD shown above.

• TheGBW model [12]
This UGD parametrization derives from the effective
dipole cross sectionσ(x, r) for the scattering of aqq̄
pair off a nucleon.

• TheWMR model [13]
The unintegrated parton distributions are determined
by imposing angular-ordering constraints on gluon
emission. This UGD model satisfy the famous Catani-
Ciafaloni-Fiorani-Marchesini (CCFM) evolution equa-
tion [14–16].

• TheBCRT model [17]
It is a small-x improved model for the unpolarized
gluon TMD based on the quark spectator model idea.

3. ρ-meson leptoproduction: Theoretical set-
up

The second ingredient needed to build our prediction is the
impact factor for the transitionγλ → ρλ′ . We want to re-
solve this process in helicity, hence we will need more than

one impact factor. Dominant helicity amplitudes are those
corresponding toγL → ρL andγT → ρT transitions. La-
belling byTλγλ′ρ the helicity amplitudes one has the follow-
ing hierarchy:

T00 À T11 À T10 À T01 À T−11 . (10)

In general, the impact factor for the photoproduction of aρ-
meson is a convolution between an hard coefficient function
and a distribution amplitude (DA). In [18] this object is ex-
pressed through a twist-expansion, achieved by Taylor ex-
panding the hard part. At leading twist we have two parton
correlators connecting the hard and the soft part, at the next-
to-leading twist we have an additional gluon, and so on.

• γL → ρL impact factor

This impact factor starts at the leading twist (twist two)
and it is known up to next-to-leading order. The LO
expression is [8]

ΦγL→ρL
(k,Q;µ2) = 2B

√
N2

c − 1
QNc

×
1∫

0

dyϕ1(y; µ2)
(

α

α + yȳ

)
, (11)

whereα = k2/Q2, B = 2παs
e√
2
fρ and

ϕ1(y; µ2) = 6yȳ

(
1 + a2(µ2)

3
2
(5(y − ȳ)2 − 1)

)
, (12)

is the twist-2 DA.

• γT → ρT impact factor

This impact factor starts at the next-to-leading twist
(twist three) and it is known up to leading order. Its
expression can be found in [19].

4. ρ-meson leptoproduction: phenomenology

In this section we present some predictions for theρ-meson
leptoproduction in kinematical conditions typical of HERA
collider and of the future EIC collider. In the case of HERA
we show and discuss comparison with data.

TheTλγλ′ρ can be expressed as

Tλγλ′ρ = is

∫
d2k

(k2)2
Φγ∗(λγ)→ρ(λ′ρ)F(x, k2) , (13)

i For reasons of space, we limit ourselves to mentioning the models used in this work. For a more complete review see [8].
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FIGURE 1. Longitudinal cross-section as a function of the squared photon virtuality,Q2, atW = 75 GeV (left) and atW = 30 GeV (right).

FIGURE 2. Transverse cross-section as a function of the squared photon virtuality,Q2, atW = 75 GeV (left) and atW = 30 GeV (right).

wherex = Q2/s. We stress that the amplitude in the semi-
hard regime is dominated by its imaginary part. In the so-
called Wandzura-Wilczek (WW) approximation, in which
genuine terms are neglected, we have (for the two leading
amplitudes):

T11 = is
2BC

Q2

∫
d2k

(k2)2
F(x,~k2)

×
∫

dy

yȳ

α(α + 2yȳ)
(α + yȳ)2

ϕWW
+ (y, µ2) , (14)

T00 = is
4BC

Q2

∫
d2k

(k2)2
F(x,~k2)

×
∫

dy
α

(α + yȳ)
ϕas

+ (y, µ2) , (15)

whereC =
√

4παem. The expression of DAsϕWW
+ (y, µ2),

ϕas
+ (y, µ2) can be found in [20]. In the same work also the

generalization of Eqs. (14) and (15) to massive quark case is
given. We will investigate the longitudinal and the transverse
cross section,

σL(γ∗p) =
1

16πb(Q2)
|T00(s, t = 0)|2

W 2
,

σT (γ∗p) =
1

16πb(Q2)
|T11(s, t = 0)|2

W 2
. (16)

Here,W 2 ≡ s and

b(Q2) = β0 − β1 ln
[
Q2 + m2

V

mJ/Ψ

]
+

β2

Q2 + m2
V

(17)

is the slope function for light vector mesons. Forρ-meson we
have

β0 = 6.5 GeV2, β1 = 1.2 GeV2, β2 = 1.1 GeV2 . (18)

In Figs. 1 and 2 we show the longitudinal (transverse) cross
section for theσL (σT ) as a function of the squared pho-
ton virtuality, Q2; a more comprehensive phenomenological
study can be found in [8]. All cross sections fall at increas-
ing Q2 as it is expected from the high-energy analysis. Left
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panels refer to a typical HERA kinematics (W = 75 GeV2),
while in the right panels there are predictions for measure-
ments that can be made at the EIC. From comparison with
data we can understand that none of the models is capable of
describing the entireQ2-spectrum of HERA. In particular, at
small value ofQ2 (between 2 and 3 GeV2) only the ABIPSW
model fits data, while above 6 GeV2 only the GBW model

can describe data. As can be seen, these considerations re-
main true for both transverse and longitudinal cross sections.
An intriguing possibility for future developments, motivated
by the analysis presented above, is to consider a new UGD
model, which contains a low-kT TMD input and encodes the
small-x evolution, to try to describe the entire HERAQ2-
spectrum.
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