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1. Introduction

Nuclear parton distribution functions (PDFs) are an important and dynamic current research
topic, as they encode our fundamental understanding of the quark and gluon dynamics in protons (p)
and neutrons (n) bound in nuclei (A). They also impact on many other fields in particle and nuclear
physics such as global analyses of free proton PDFs, which contain a sizable fraction of nuclear data,
the three-dimensional tomography of atomic nuclei, for which they represent important boundary
conditions, and the initial-state phase transition to the deconfined quark-gluon plasma, which is
believed to be related to gluon saturation and classicalisation. While the evolution of nuclear PDFs
with the hard scale& is calculable in perturbative QCD at next-to-leading order (NLO) and beyond,
their dependence on the longitudinal parton momentum fraction G must be fitted to experimental
data. For the universality of PDFs in different collision processes, one relies on QCD factorisation
theorems. Nuclear modifications such as shadowing at G . 0.05, antishadowing at 0.05 . G . 0.3,
the famous EMC effect at 0.3 . G . 0.7, and Fermi motion at 0.7 . G have been known for many
years and can be parameterised and fitted, but they still remain to be fundamentally understood.

The key process in any PDF analysis is deep-inelastic scattering (DIS) of charged leptons,
which for nuclei has so far only been performed in fixed-target (FT) experiments at relatively
small energy and which is at LO only sensitive to quarks. Neutrino scattering provides additional
constraints on their flavour separation, in particular on the strange quark and in processes with an
identified final-state charm meson. The gluon density is directly accessible in hadronic collisions
not only in FT experiments, but also at colliders such as BNL’s RHIC and CERN’s LHC, and the
LHC experiments have collected an enormous amount of data in pPb collisions during the last
decade. Since higher-twist (HT) effects, e.g. from final-state rescattering, are enhanced in nuclear
collisions, a sufficiently large scale is required to ensure a leading-twist (LT) interpretation of the
data. The Fermi motion of individual nucleons seems to be physically reasonably clear, but for
shadowing both LT and HT explanations have been proposed, for the EMC effect both partonic and
hadronic mechanisms, and antishadowing is mainly justified with the momentum sum rule. More
details can be found in our recent review of nuclear PDFs and the references cited therein [1]. Here
we present a concise summary of this review, but provide also some complementary information.

2. Methodology

In deep-inelastic scattering, the nuclear structure function
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factorises into perturbatively calculable Wilson coefficients �2,8 , that are currently known at next-
to-next-to-leading order (NNLO) and partially beyond [2], and nuclear PDFs
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which can be technically split into (unphysical) bound nucleon PDFs. Here, � and the / denote the
nuclear mass and charge. Evolution of the PDFs with &2 is governed by the DGLAP equations
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with perturbative splitting functions %8 9 . In addition, the PDFs have to satisfy number and momen-
tum rules. Furthermore, for nuclear PDFs isospin symmetry

5
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3,D
(G, &2) = 5

?/�
D,3
(G, &2) (4)

is usually assumed. Prior to BNL’s RHIC and CERN’s LHC, global nuclear PDF analyses relied
on neutral-current (NC) and charged-current (CC) DIS and Drell-Yan (DY) FT data and still do so
for nuclei other than Au (RHIC) and Pb (LHC). This is, however, about to change with Xe and O in
the LHC and in particular with BNL’s EIC [3].

Theoretically, the global nuclear PDF analyses nCTEQ15HQ [4], EPPS21 [5] and nNNPDF3.0
[6] have so far been performed only at NLO due to the unavailability of fast NNLO codes for
processes other than DIS, DY and W- and Z-boson production, to which the KSASG20 [7] and
TUJU21 [8] NNLO analyses were therefore restricted. In DGLAP evolution codes, heavy-quark
(HQ) masses are usually taken into account with general-mass variable flavour number schemes
such as FONLL, but extensions to the SACOT-j scheme at NNLO including charged-current DIS
are currently in progress [9]. Fitting of the experimental data is performed by optimising the j2

figure-of-merit function and propagation of the experimental uncertainties into the PDFs with the
Hessian orMonte Carlo method. The validity of the Hessian approximation and the interpretation of
theMonte Carlo uncertainty receive currently a lot of interest (cf. the contributions byM. Costantini,
N. Derakhshanian, T. Giani and P. Risse at this workshop) [10].

Nuclear data taken with deuterons (D) in FT experiments and at RHIC must be corrected for
Fermi motion, weak binding and off-shell effects, in particular at intermediate and large values of
G (cf. the contributions by W. Henry and M. Cerutti) [11]. The dominant target mass corrections
(TMCs) can be taken into account with the Nachtmann scaling variable b = 2G/(1 + A), where
A =

√
1 + 4G2"2/&2, and they depend only weakly on �. Subleading TMCs contribute at HT (cf.

the contribution by R. Ruiz) [12]. At high G and low& values, HT corrections can generally become
important and can be parameterised and fitted additively or multiplicatively (cf. the contributions
by M. Cerutti and R. Petti). Since many neutrino DIS data points lie in this kinematic region,
all of these corrections have to be taken into account there [13]. Unfortunately, they cannot fully
resolve the long-standing tension of the CC with the NC DIS data, so that in practice only a subset
of neutrino data is used for the important separation of quark flavours (cf. the contributions by J.
Rojo and S. Yrjänheikki) [14]. Much hope lies therefore on future neutrino DIS data from the
FASERa and SND@LHC experiments at the LHC Forward Physics Facility (cf. the contributions
by J. Atkinson and O. Durhan). With electroweak boson, isolated photon, hadron and jet as well
as heavy-quark and quarkonium data, the four main LHC experiments have already extended the
kinematic plane by orders of magnitude and down to values of G < 10−5 and up to &2 > 105 GeV2.

3. Electroweak bosons

The analysis of ,- and /-boson production in pPb collisions at LHC Runs I and II has been
led by CMS and ALICE and is now seconded by LHCb and ATLAS. The importance of these
data lies in their potential sensitivity to flavour separation and the strange quark, which in practice
is, however, smaller than naively expected due to the radiative generation of strange quarks from
gluon splittings [15]. DY and W-/Z-boson production thus also impose constraints on the gluon
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FIG. 15: Comparison of DY production in p+Pb collisions at
p

sNN = 8.16 TeV at NLO (left) and NNLO (center)
results with (solid with uncertainty band) and without (dashed) nuclear PDF modifications in two invariant mass
bins, 15 < M < 60 GeV (upper panels) and 60 < M < 120 GeV (lower panels) to CMS data [98]. In the right part
we plot the ratios of the NNLO (red with uncertainty) and NLO (dot-dashed brown with hatched uncertainty)
together with the data.

large uncertainty. The A-dependence was implemented
for a subset of parameters, again selected such that the
data provided enough sensitivity to result in a converged
fit.

TABLE VI: Values of the NLO fit parameters at the
initial scale, Q2

0 = 1.69 GeV2. (SR) means that the
normalization for that particular parton is fixed by the
momentum and valence number sum rules. A dash
indicates that this parameter was excluded from the fit.
Parameter values for the sea quarks, apart from ū, were
derived from the applied constraints s̄ = s = d̄ = ū.

g value uv value dv value ū value

cg
0,0 8.9596 cuv

0,0 (SR) cdv
0,0 (SR) cū

0,0 (SR)

cg
1,0 0.3270 cuv

1,0 0.7121 cdv
1,0 0.7629 cū

1,0 -0.1815

cg
2,0 13.438 cuv

2,0 3.4290 cdv
2,0 2.0996 cū

2,0 5.2593

cg
3,0 6.4371 cuv

3,0 1.4506 cdv
3,0 -1.4391 cū

3,0 2.4151

cg
4,0 - cuv

4,0 - cdv
4,0 - cū

4,0 -

cg
1,1 -5.4728 cuv

1,1 -0.0462 cdv
1,1 -19.16 cū

1,1 251.91

cg
1,2 -0.0013 cuv

1,2 0.3411 cdv
1,2 -0.0026 cū

1,2 0.0002

cg
2,1 -2.000 cuv

2,1 4.2325 cdv
2,1 1.2264 cū

2,1 -276.53

cg
2,2 0.3695 cuv

2,2 0.0025 cdv
2,2 0.4273 cū

2,2 -0.0017

TABLE VII: Same as Table VI, but at NNLO.

g value uv value dv value ū value

cg
0,0 6.4747 cuv

0,0 (SR) cdv
0,0 (SR) cū

0,0 (SR)

cg
1,0 0.2858 cuv

1,0 0.7157 cdv
1,0 0.9101 cū

1,0 -0.1197

cg
2,0 7.6890 cuv

2,0 3.6964 cdv
2,0 3.8936 cū

2,0 8.0188

cg
3,0 -0.0413 cuv

3,0 2.5811 cdv
3,0 -0.5844 cū

3,0 -

cg
4,0 - cuv

4,0 - cdv
4,0 - cū

4,0 11.960

cg
1,1 2.9882 cuv

1,1 -0.0235 cdv
1,1 -0.6681 cū

1,1 -85.228

cg
1,2 0.0003 cuv

1,2 0.6564 cdv
1,2 -0.0376 cū

1,2 -0.0005

cg
2,1 -0.6166 cuv

2,1 15.614 cdv
2,1 1.2905 cū

2,1 -0.1323

cg
2,2 0.4518 cuv

2,2 -0.0011 cdv
2,2 0.3396 cū

2,2 -0.4051

Figure 1: Comparison of DY production in pPb collisions at
√
B = 8.16 TeV at NLO (left) and NNLO

(center) results with (solid with uncertainty band) and without (dashed) nuclear PDF modifications in two
invariant mass bins, 15 < " < 60 GeV (upper panels) and 60 < " < 120 GeV (lower panels) to CMS data
[20]. In the right part we plot the ratios of the NNLO (red with uncertainty) and NLO (dot-dashed brown
with hatched uncertainty) together with the data. Taken from Ref. [8].

density [16–19]. Particularly precise are the Run-II /-boson data from CMS shown in Fig. 1 for two
invariant-mass windows and as a function of the rapidity H of the dilepton pair [20]. A comparison
of these CMS data with NLO and NNLO calculations using TUJU21 PDFs shows that the NNLO
corrections are rather mild (around 5%) for the high-mass bin, but become significant for the low-
mass bin, reaching 20% at the largest (absolute) rapidities [8]. Unfortunately, large fluctuations at
mid-rapidity make it difficult to have acceptable j2-values even at NNLO. In contrast, the CMS
Run-II ,-boson data [21] have been used in TUJU21 and all three global NLO analyses, with
nCTEQ15HQ and nNNPDF3.0 fitting absolute cross sections and EPPS21 ratios of cross sections.

4. Photons, hadrons and jets

Prompt photon production is well-known to be sensitive to the gluon density through the QCD
Compton process [22]. Prior to the LHC, prompt photon data have been taken by FNAL’s FT
experiment E706 in pBe and by the PHENIX and STAR experiments at RHIC in DAu collisions.
The only published LHC pPb cross sections, taken differentially in the photon transverse energy
(�W
)
) and for three photon pseudo-rapidity ([CM) bins at

√
B = 8.16 TeV, come from ATLAS [23].

Their ratios to ATLAS pp cross sections, taken with the same isolation criterion and extrapolated
from

√
B = 8 TeV [24], are shown in Fig. 2. The data are compared with NLO predictions based on

nNNPDF3.0 PDFs fitted with and without LHCbD-meson data. The bands in the theory predictions
indicate the PDF uncertainty. For pPb/pp ratios, a good description of the data can be achieved at
NLO, and they have therefore been included in the nNNPDF3.0 fit [6]. However, the absolute cross
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Figure 2: Comparison between ATLAS pPb/pp prompt photon cross section ratios [23] and theoretical
predictions based on nNNPDF3.0 PDFs fitted with and without LHCb D-meson data, differential in the
photon transverse energy (�W

)
) and for three photon pseudo-rapidity ([CM) bins. The bands in the theory

predictions indicate the PDF uncertainty. The bottom panels display the ratio to the central theory. The
values of j2 to this dataset for both nNNPDF3.0 fits are indicated in the legend. Taken from Ref. [6].

sections are underestimated at NLO, which may indicate a need for NNLO precision. Preliminary
ALICE data [25] are consistent with the ATLAS measurements, but extend them to lower �W

)
and

thus lower G values in the nuclear PDFs, so that their publication is eagerly awaited.
Single inclusive hadron (SIH, specifically c0) production at RHICwas one of the first processes

used to impose constraints on the gluon density. In the meantime, many more data sets, also on
charged pions, kaons, and [ mesons, have become available from PHENIX and STAR at RHIC and
in particular ALICE at the LHC and have been used to extend the original nCTEQ15 analysis [26]
to nCTEQ15SIH [27]. As the SIH calculation depends on the fragmentation of the final parton into
the observed hadron, a variety of fragmentation functions available in the literature was used to
properly estimate this source of uncertainty. This was not possible for [ mesons, which, however,
also had only a minor impact on the nCTEQ15SIH analysis.

Hadronic jets are less sensitive to details of the fragmentation process than single inclusive
hadrons. In nuclear collisions one must, however, pay particular attention to the background from
the so-called underlying event, which is much larger than in pp collisions and has been estimated to
involve on average 7±5 pN interactions [28]. Multiparton scatterings are therefore usually modelled
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Figure 3: The CMS dĳet data [29] compared with the EPPS21 analysis. The solid blue lines show the
central results, inner blue bands the nuclear uncertainties, and the purple bands the total uncertainty. The
grey bands correspond to the EPPS16 results [30]. Taken from Ref. [5].

by Monte Carlo simulations and subtracted from the experimental data. For further reduction of
the associated uncertainty, one resorts to sufficiently large transverse momenta and small jet cones.
Currently, the most constraining data have been taken in LHC Run I by CMS on dĳets differential
in the average ?) (?ave

T ) and rapidity ([dijet) of the two jets [29]. They supersede earlier dĳet data,
which were included in the EPPS16 analysis [30]. The cross sections are normalised to the rapidity-
integrated cross section, so that most of the systematic uncertainties cancel. The resulting spectra
in pp are then so precise that they challenge the theoretical description, the NLO perturbative QCD
calculations being in tension with the data [31]. The impact of the NNLO corrections [32] is still
unclear. Despite this tension, ratios of normalised cross sections between pPb and pp collisions,
'norm.

pPb , are broadly consistent with nuclear PDFs. They have therefore been included in the EPPS21
[5] and nNNPDF3.0 [6] global fits, where they have a large impact on the gluon. Fig. 3 shows the
large reduction of the nuclear uncertainty in the forward region from EPPS16 (grey) to EPPS21
(blue), while in the backward region the gluon uncertainty in the underlying CT18A proton PDFs
[33] adds to the full error (purple). However, the most forward data points at the edge of the detector
acceptance indicate a suppression, which cannot be fitted.

5. Heavy quarks and quarkonia

During the last decade, the four LHC experiments and in particular ALICE and LHCb have
taken vast data sets on open heavy quark and quarkonium production. They cover a wide kinematic
range and put strong constraints on the nuclear gluon PDFdown to G ≤ 10−5. Theoretical predictions
for these data sets can be obtained from a data-driven approach, where pp data are used to determine
effective scattering matrix elements. Including an explicit rapidity dependence in the ansatz allows
to describe also the very forward LHCb data. This approach has been validated with detailed
comparisons to existing NLO calculations in non-relativistic QCD (NRQCD) for quarkonia and in
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Figure 4: Comparison of the observed top quark cross section in ATLAS [35] with the corresponding
CMS measurement [36] at

√
B = 8.16 TeV. Also shown is the combined ATLAS and CMS measurement in

pp collisions at
√
B = 8 TeV, extrapolated to 8.16 TeV. Theoretical predictions are calculated at NNLO for

different nuclear PDF sets with associated PDF uncertainties (grey). The central ATLAS measurement is
indicated by the black line, the statistical uncertainty and its combination with the systematic uncertainty by
yellow and green shaded areas. Taken from Ref. [35].

the general-mass variable-flavor-number scheme (GMVFNS) for the open heavy-flavoured mesons
(cf. the contribution by J. Wissmann). Inclusion of these data has led to an enormous reduction
in the gluon uncertainty in the nCTEQ15HQ analysis [4]. In addition, the uncertainties from the
data-driven approach have been determined using the Hessian method and accounted for in the PDF
fits (cf. the contribution by T. Jezo). One of the most recent LHC measurements in pPb collisions
is the observation of top quark production by ATLAS [35] and CMS [36]. The measured cross
sections are compared to the PDFs discussed in this contribution in Fig. 4 and show for most of
them an impressive agreement, even though these data were not included in the fits.

6. Conclusion

To summarise, Fig. 5 compares the nuclear modifications of the lead nucleus PDFs at &2 = 10
GeV2 from EPPS21 (full, blue) [5], nCTEQ15HQ (dashed, red) [4] and nNNPDF3.0 (dot-dashed,
green) [6]. Qualitatively, there is good overall agreement between all three within the 90% CL
uncertainty bands (shaded areas). Closer inspection reveals nevertheless still significant differences
both among the central values and the widths of the uncertainty bands in several distributions
and G regions. The vastly expanding measurements at the LHC and steady theoretical progress,
including recent advances in lattice QCD calculations (cf. the contribution by H.W. Lin), will
ensure continuous progress in the important dynamic field of nuclear PDFs over the next years, as
we eagerly await the commissioning of BNL’s EIC.
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Figure 5: Comparison of the 208Pb nuclear modifications resulting from the EPPS21 (full, blue) [5],
nCTEQ15HQ (dashed, red) [4] and nNNPDF3.0 (dot-dashed, green) [6] global analyses of nuclear PDFs,
i.e. the PDFs of lead divided by the summed PDFs of 82 free protons and 126 free neutrons. Uncertainty
bands correspond to 90% CL. Taken from Ref. [1].
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