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Unintegrated gluon density in nuclei with shadowing
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We present a new unintegrated (transverse momentum dependent, TMD) gluon density in nuclei
valid at small 𝑥 and incorporating the shadowing effect. We start from recently presented TMD
gluon distribution in proton (LLM-2024), which shows saturation behavior, and extend it to nuclei
using the geometric scaling. The saturation scale is rescaled in a way to describe available data
on nuclear structure functions at low 𝑥 and 𝑄2 using color dipole approach. This method allows
to take into account the shadowing effect at low 𝑥 in the TMD gluon distribution.
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The high-energy, or 𝑘𝑇 -factorization approach has established itself as a quite widely used
framework for description of various processes at modern and future colliders. This formalism
is based on unintegrated, or transverse momentum dependent (TMD) parton distribution func-
tions (PDFs) and non-collinear evolution equations, such as Catani-Ciafaloni-Fiorani-Marchesini
(CCFM) equation (see the review [1] and references therein). A key advantage of the 𝑘𝑇 -
factorization is its ability to effectively account for a significant class of higher-order perturbative
corrections.

While a comprehensive collection of TMD parton densities is available in the TMDlib li-
brary [2], their number remains limited compared to the abundance of collinear PDFs. This
scarcity underscores the need for developing new unintegrated parton densities. The situation
is particularly acute for nuclear TMD PDFs, where only a few examples of phenomenological
applications exist [3–5].

In this paper we present our new unintegrated parton distribution function in nuclei [6]. Since
the 𝑘𝑇 -factorization approach is valid basically in the small 𝑥 region, we focus on gluon densities,
which contribute dominantly there. A key feature of this region in nuclei is so called shadowing,
which means that the nuclear structure function 𝐹𝐴

2 (𝑥, 𝑄2) is supressed compared to the nucleon
one (see, for example, the review [7]).

Let us start from a quite general expression for the gluon TMD in proton, which can be valid
at low scales 𝑄2 ∼ 1 GeV [8]:

𝑓𝑔 (𝑥, k2
𝑇 ) = 𝑐𝑔 (1 − 𝑥)𝑏𝑔

3∑︁
𝑛=1

𝑐𝑛 [𝑅0(𝑥) |k𝑇 |]𝑛 exp (−𝑅0(𝑥) |k𝑇 |) ,

𝑏𝑔 = 𝑏𝑔 (0) +
4𝐶𝐴

𝛽0
ln

𝛼𝑠 (𝑄2
0)

𝛼𝑠 (k2
𝑇
)
, (1)

where 𝑅2
0 = 1/𝑄2

0 (𝑥/𝑥0)𝜆, 𝐶𝐴 = 𝑁𝐶 , 𝛽0 = 11 − 2𝑁 𝑓 /3, 𝑄0 = 2.2 GeV. 𝑄𝑠 ≡ 1/𝑅0 plays the role
of the saturation scale. The phenomenological parameters essential at low 𝑥, namely, 𝜆, 𝑥0, 𝑐1, 𝑐2

and 𝑐3 are to be fitted from data. One can define them from a fit on data on soft hadron spectra and
structure function 𝐹2(𝑥, 𝑄2) at low 𝑄2 [9]. Since the gluon TMD is believed to saturate at such low
scales, the distribution is scale independent. An essential feature of this TMD gluon distribution is
that it reveals saturation behaviour at low 𝑄2. We refer to this gluon density as LLM TMD PDF.

To produce a nuclear TMD PDF, we employ so-called geometric scaling approach [10]. One
can demonstrate that data on 𝜎𝛾∗𝑝 (𝑥, 𝑄2) cross section over a wide range of 𝑄2 can be described
with a single variable 𝜏 = 𝑄2/𝑄2

𝑠 (𝑥), where all 𝑥 dependence is encoded in the saturation scale
𝑄2

𝑠 (𝑥) ∼ 𝑥−𝜆 with 𝜆 ∼ 0.3. The same scaling effect was observed for nuclear cross sections
𝜎𝛾∗𝐴(𝑥, 𝑄2) [11]. One can show, that

𝜎𝛾∗𝐴(𝜏)
𝜋𝑅2

𝐴

=
𝜎𝛾∗𝑝 (𝜏)
𝜋𝑅2

𝑝

, (2)

where 𝑅ℎ is the radius of the hadronic target and 𝜏 = 𝜏𝐴,𝑝 ≡ 𝑄2/𝑄2
𝑠, 𝐴,𝑝

. The 𝐴-dependence of the
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Figure 1: The fit results for structure function ratios 𝐹𝐴
2 (𝑥, 𝑄2)/𝐹𝐷

2 (𝑥, 𝑄2). Shaded bands represent the fit
uncertainties. Experimental data are from NMC, EMC, and E665 (see the references in [6]).

ratio 𝜎𝛾∗ℎ (𝑥, 𝑄2)/𝜋𝑅2
ℎ

comes from the 𝐴-dependence of 𝑄𝑠, 𝐴(𝑥), which reads [11]:

𝑄2
𝑠, 𝐴(𝑥) = 𝑄2

𝑠 (𝑥)
(
𝐴𝜋𝑅2

𝑝

𝜋𝑅2
𝐴

) 1
𝛿

(3)

where 𝛿 and 𝜋𝑅2
𝑝 are free parameters, which can be fitted from data. The nuclear gluon distribution

is then produced from the proton gluon density with a substitution 𝑄2
𝑠 (𝑥) → 𝑄2

𝑠, 𝐴
(𝑥) [11] and

after applying the overall normalization factor 𝑅2
𝐴
/𝑅2

𝑝. Since the proton LLM TMD includes the
saturation behaviour, it can be easily transformed to a nuclear TMD with this method.

We fit the scaling parameters 𝜋𝑅2
𝑝 and 𝛿 on data on 𝐹𝐴

2 (𝑥, 𝑄2)/𝐹𝐷
2 (𝑥, 𝑄2), where the structure

functions can calculated in the color dipole approach [12, 13]. The calculation details can be found
in [6].

We also need to specify the formula for the nuclear radius, 𝑅𝐴. We take two parametrizations
known from the literature [11, 14], 𝑅𝐴 =

(
1.12𝐴1/3 − 0.86𝐴−1/3) fm and 𝑅𝐴 =

(
1.12𝐴1/3 − 0.5

)
fm.

We denote the fit obtained with the former as ’Fit I’ and with the latter as ’Fit II’. In the calculations,
we consider the deutron to be identical to the proton, so that 𝑅𝐷 = 𝑅𝑝 and 𝐴𝐷 = 1.

The fit results in 𝜋𝑅2
𝑝 = 1.74±0.20 fm2, 𝛿 = 0.751±0.026 with 𝜒2/𝑛.𝑑. 𝑓 . = 2.28 for Fit I and

𝜋𝑅2
𝑝 = 1.86 ± 0.20 fm2, 𝛿 = 0.740+0.041

−0.021 with 𝜒2/𝑛.𝑑. 𝑓 . = 2.19 for Fit II [6]. The corresponding
structure function ratios 𝐹𝐴

2 (𝑥, 𝑄2)/𝐹𝐷
2 (𝑥, 𝑄2) are shown in Fig. 1. We find that the both fits

reasonably describe the data.
In Fig. 2 we present results for integrated over k2

𝑇
up to a scale 𝜇2 nuclear gluon distribution

functions 𝑥𝑔𝐴(𝑥, 𝜇2) normalized to 𝐴 for some of the nuclei studied as functions of the momentum
fraction 𝑥 in the region of the fit, 𝑥 ≤ 0.1. The difference between the Fit I and Fit II appears mainly
at low 𝑥 and is more pronounced for heavier nuclei. The obtained results can be compared with
predictions based on the GBW form of the gluon density [12]. In addition, we plot here nPDFs
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Figure 2: Integrated over k2
𝑇

gluon densities in 4He, 12C, 40Ca and 208Pb nuclei calculated as functions of 𝑥
at 𝜇2 = 𝑄2

0. For comparison we show here corresponding nPDFs obtained by the nCTEQ Collaboration [15].

Figure 3: Nuclear modification factor for gluon densities in 4He, 12C, 40Ca and 208Pb nuclei calculated as
functions of 𝑥 at 𝜇2 = 𝑄2

0. For comparison we show here corresponding results obtained by the nCTEQ [15]
and nIMP [16] groups.

obtained by the nCTEQ Collaboration [15]. It also shows many differences with the approaches
discussed above.

In Fig. 3 we demonstrate the nuclear shadowing effects in the calculated nPDFs, which can
be expressed in terms of the nuclear modification factor for the integrated gluon distributions
𝑅𝐴
𝑔 (𝑥, 𝜇2) = (1/𝐴)𝑥𝑔𝐴(𝑥, 𝜇2)/𝑥𝑔(𝑥, 𝜇2). One can see that both our fits result in a sizeable gluon

shadowing, which is more pronounced as 𝑥 decreases and 𝐴 increases. Predictions of Fit I and Fit II
at low 𝑥 ≤ 10−4 are typically a bit stronger for all nuclei than that of global analyses performed by
the nCTEQ [15] or nIMP [16] groups within the collinear framework. Difference in predictions of
these approaches is quite notable.

To conclude, we have presented a new unintegrated gluon density in nuclei. We started from
an analytical expression for the TMD gluon distribution in proton developed earlier and used the
geometric approach to produce a nuclear TMD by modifying the saturation scale 𝑄𝑠 (𝑥) in a way
to include nuclear medium effects resulting in shadowing at small 𝑥. The parameters of the scale
modification have been obtained from a fit to data on ratios 𝐹𝐴

2 (𝑥, 𝑄2)/𝐹𝐴′
2 (𝑥, 𝑄2) for several

nuclear targets at low 𝑥 < 0.1. Basing on different formulae for nuclear radius, we have obtained
two fits, which provide a good description of the data.
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