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1. Introduction

Collinear parton densities (PDFs) are the universal pieces that provide the initial flux of partons
to compute particle production in hard processes involving hadrons [1]. Therefore, they are basic
objects for the calculation of such cross sections. Assuming that collinear factorisation holds for
collisions involving nuclei, the standard way to deal with the experimental fact that nuclear struc-
ture functions cannot be described by the superposition of non-interacting protons and neutrons
[2, 3] is absorbing the nuclear effects in a modification of parton densities in the nuclear medium -
nPDFs. Then, the techniques of DGLAP evolution equations and global fits used to extract proton
PDFs can be used to extract nPDFs [4]. The feasibility of such extraction and the compatibility
of the predictions of collinear factorisation using existing nPDFs with new sets of data test the
factorisation hypothesis, see the most recent sets of nPDFs in [5, 6, 7, 8, 9, 10].

On top of their intrinsic interest for the partonic characterisation of nuclei, nPDFs are required
to compute observables in heavy-ion collisions. With the goal of the heavy-ion program being the
characterisation of the hot dense medium produced in the collisions, the existing uncertainties in
nPDFs reflect in sizeable uncertainties in the extraction of medium parameters, see e.g. Fig. 84 in
[11]. It is therefore of key importance to reduce such uncertainties. At present, the experimental
possibilities come from the proton-nucleus programmes [12] and the study of ultraperipheral colli-
sions UPCs [13] at RHIC and the LHC. In the future, electron-ion colliders: the EIC in the US [14]
and the LHeC/FCC-eh at CERN [15], will be the machines for a precise determination of nPDFs.

Here I will review the present status of nPDFs and the possibilities for further determining
them in existing and future experimental facilities. Due to limitations of space, I apologise in
advance for the large amount of material that I will skip. I will mainly discuss the standard nu-
clear modification factor in nucleus A for the PDF fiA (x,0?) of any parton species i, defined as

R (x,Q%) = f(x, Q%) /[Af] (x,Q)].

2. Present status of nuclear parton densities

Presently (see e.g. [16]), nPDFs are poorly constrained due to two facts. On the one hand,
data come from a large variety of nuclei and the number of data points for any of them, particularly
for Pb for which it is less than 50 coming from fixed target DIS and DY experiments and from
pPb collisions at the LHC, is very small compared to proton analyses. This fact makes the fit
for a single nucleus impossible and the modelling of the A-dependence of the parameters in the
initial conditions mandatory. On the other hand, the region covered by existing data, see Fig. 1,
is very small compared to that for the proton. The most up to date analyses include between 1000
and 2000 data points for 14 nuclei and are performed at next-to-leading accuracy [5, 6, 7, 8, 10]
(even there exists some preliminary attempt at next-to-next-to-leading [9]). Differences between
them mainly arise from the different sets of data included in the analysis and from the different
functional forms employed for the initial conditions to be fitted. As a result, all parton species are
very weakly constrained at small x < 1072, gluons at large x > 0.2, and flavour decomposition is
largely unknown - a natural fact for u and d due to the approximate isospin symmetry in nuclei.
The impact of presently available LHC data, studied in [10], is quite modest with some constrains
on the gluon in the region 0.01 < x < 0.3.
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Figure 1: Regions in the x — Q? kinematic plane covered in electron-nucleus collisions by the EIC (left)
[17], the LHeC/FCC-eh (middle) [18] and a comparison between the regions covered by electron-nucleus
and present and future pA colliders (right) [18]. The region covered by presently available experimental data
is also shown in each plot.

3. Future of the determination of parton densities

3.1 Kinematics

The kinematic regions in the x — Q? plane studied in present and future experiments are shown
in Fig. 1. It can be observed that: (i) the presently available region in constrained to x > 0.01 and,
except for LHC pPb data, to Q> < 100 GeV?; (ii) electron-ion colliders offer an extension of the
presently available region that can be as large as 3 to 4 orders of magnitude in x and Q?; (iii) pA
colliders offer further enlargement (an analogous region can be drawn for UPCs, see [13]). While
hadronic colliders are unbeatable in terms of kinematics, DIS offers a cleaner experimental setup
with fully reconstructed kinematics and more first-principle theoretical calculations available.

3.2 Constraints from the (HL-)LHC

There exist several observables at the LHC that offer constraints on nPDFs:
e Dijet data in pPb collisions constrain the nuclear glue for x > 0.01 [19, 20].
e Data on EW boson production in pPb constrain the difference between u and d quarks [21].
e Exclusive J/y production in UPCs constrains the nuclear glue at small x [22].
e Quarkonium and open heavy flavours in pPb constrain the nuclear glue at small x [23] (Fig. 2).
In future Runs 3 and 4 at the LHC, larger statistics can be expected for several observables like
EW bosons and bottomonium in pPb, and UPCs, and new observables like inclusive and diffractive
dijets in UPCs or tops in pPb [24]. And theoretical and experimental work is demanded to reduce
the large uncertainties that exist on quarkonium and open heavy flavour production in UPCs and
pPb and to clarify the relevance of collective phenomena at small transverse momenta [25, 26], that
would preclude the use of collinear factorisation.

3.3 Constraints from electron-ion colliders

DIS is the ideal place to determine PDFs through the measurement of both inclusive quantities
like reduced cross sections and structure functions, and more exclusive quantities like those with
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Figure 2: Impact of quarkonium and open heavy flavour production in pPb collisions at the LHC on the
nuclear modification factor for the glue, using reweighting techniques on the EPPS16 (left) and nCTEQ15
(right) nPDF sets [23].

identification of flavours. Here I offer two recent examples of the expected impact of measurements
at future eA colliders:

e At the EIC [17], substantial constrains on the nuclear glue are expected for x > 10~ from fits to
reduced cross sections, and additional constrains at large x from charm measurements, see Fig 3.

e At the LHeC/FCC-eh, similar studies were performed in the past in the same EPPS16 [10] frame-
work, see [27]. Here, in Fig. 4 I show the result of a fit [18] using xFitter [28] that should reflect
the ultimate precision that can be achieved in terms of determination of nuclear parton densities at
the LHeC and the FCC-eh.

From the comparison with Fig. 2, the much larger constraining power of eA compared to hadronic
collisions is evident.

In conclusion, I have briefly discussed the present status of nPDFs and the future opportunities
for determining them both at the (HL-)LHC and at future eA colliders, EIC and LHeC/FCC-eh.
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Figure 3: Constraints on the nuclear modification factor for the average valence (top), average sea (middle)
and glue in Pb using inclusive (blue band) and inclusive+charm (error bars) data [17], compared with the
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Figure 4: Proton (top left) and Pb (middle left) gluon PDFs (per nucleon) and their ratio (bottom left), and
their respective uncertainties (right plots) at the LHeC, the FCC-eh and their combination, extracted [18]
using xFitter. The plots at the bottom show the EPPS16 results for comparison with the present situation
(see the legends on the plots for the meaning of the colours).
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