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Abstract. A mini-review on the status of global analyses of nuclear parton
distribution functions is given, focusing on the most relevant constraints for the
hard-probes phenomenology in ultra-relativistic heavy-ion collisions.

1 Introduction

In ultra-relativistic heavy-ion collisions (HICs), the production of jets and heavy quarks—i.e.
hard probes—plays a special role. Due to their large transverse momentum (pT) or mass,
these probes are formed at the early stages of HICs through hard scatterings of high-energy
partons (quarks and gluons). The production mechanism is therefore understood in terms
of perturbative QCD (pQCD), and their later interactions with the produced bulk matter can
be used in verifying the creation of a hot QCD phase in such collisions and determining its
properties [1–3]. However, in order to have these probes well calibrated, one needs to know
the distributions of the initial-state partons in the colliding nuclei precisely enough. This
requires the study of nuclear parton distribution functions (nuclear PDFs, or nPDFs for short).
The dependence of hard-probe production on nPDFs has been demonstrated multiple times,
ranging from the suppression of very-high-pT jets [4] to comparisons with early-stage glasma
effects in heavy-quark production at low pT [5]. Recently, the issues with large uncertainties in
the initial-state nuclear modifications for the search of hot-QCD energy-loss effects in light-ion
collisions have also been raised [6–8].

In the global-analysis approach, nPDFs are extracted from fits to inclusive hard cross
section data. The idea is to use lepton–nucleus (l + A) and hadron–nucleus (h + A) data to
avoid complications from hot-QCD effects present in larger collision systems. For purely
electroweak (EW) observables, where the probe does not interact with the created medium, or
in the case of photoproduction processes in ultraperipheral collisions (UPCs), where the nuclei
pass each other without direct hadronic interaction and no hot matter is created, it is possible
to use also nucleus–nucleus (A + A) collision data to constrain the nPDFs. In the absence of
hot-QCD effects, one can calculate the relevant observables purely within the QCD collinear
factorisation, and then use statistical inference to fit model-agnostic parametrisations of nPDFs
to the available data. The working assumption in these fits is thus that the fluidlike collective
effects in small systems [9] and additional cold nuclear matter effects (see e.g. Ref. [10])
beyond nuclear modifications of the PDFs are relevant only in rare high-multiplicity events
or at low pT, therefore not influencing the hard inclusive observables (integrated over final-
state particle configurations and multiplicities) at high enough pT in the p + A and reference
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proton–proton (p + p) collisions. With new data becoming available, these assumptions and
their region of validity can be systematically tested.

This mini-review works as an overview of the most constraining processes in nPDF fits
relevant for the phenomenology of the hard and EW probes in HICs. A more comprehensive
review with extensive references to the datasets used in global analyses and discussion on the
physics-origin of the nuclear modifications can be found in Ref. [11].

2 Probes with leptonic final states

The backbone process for any nPDF analysis is that of deep inelastic scattering (DIS), l+ A→
l�+X, with X denoting “anything”, illustrated in figure 1 (left). For the virtual-photon mediated
case this process factorises, at leading order (LO) in pQCD, into a product of the partonic
cross section σ̂ and a charge-squared-weighted sum of the quark PDFs f A

i (x,Q2), i ∈ {q, q̄},
where the Bjorken variable x = Q2/2P · (k − k�) and virtuality Q2 = −(k − k�)2 that are
accessed through external kinematics, enter directly as the longitudinal momentum fraction of
the parton and the probing scale for the PDFs. Accounting for next-to-leading order (NLO)
corrections turns this product into a convolution over the momentum fraction and gives rise to
a contribution from the gluon PDF. While much of the available fixed-target data are rather
old by now and the constraints are well established, the impact from neutrino-induced DIS
is still subject to active research [12, 13], and new data from large-x charged-lepton-DIS
measurements at JLab are being included in the global analyses [14, 15]. The Electron Ion
Collider [16] will revolutionarise the study of nuclear DIS with access to smaller x than ever
before.
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Figure 1. Illustrations and pQCD expressions for the DIS (left) and DY (right) processes.

Further insight on the nPDFs can be derived from the Drell–Yan (DY) process h+A→ ll�+
X, shown in figure 1 (right), producing a pair of leptons with the invariant mass M2 = (k+ k�)2,
or the EW-boson mass, providing a hard scale for the process. Again, gluon PDFs enter only
at NLO, and the DIS and DY processes are therefore essential in fixing the quark nPDFs. Here,
the CERN-LHC provides an access to the “standard candle” EW-boson production processes
in p+ A and A+ A collisions (see Ref. [11] for references to available data). With two hadrons
in the initial state, the DY process involves a product (at LO) or convolution (at NLO) of two
PDFs at different momentum fractions x1,2. This poses a problem for extracting the nPDFs

from p + A DY data, as the observed cross section now depends on the PDFs of the projectile
proton, inducing a source of uncertainty [17, 18]. The approaches taken in nPDF analyses
vary. While TUJU21 [19], nCTEQ15HQ [20] and nNNPDF3.0 [21] use absolute p + Pb
cross sections, EPPS21 [22] uses p + Pb/p + p nuclear modification ratios when possible to
cancel dependence on the free-proton PDFs. In some cases, like for the W±-boson charge
asymmetry, the sensitivity to proton PDFs can be particularly important [17]. Whether the
large difference between the Run 2 data and predictions in a forward (proton-going) direction
in p + Pb observed at ALICE [23] is due to nuclear or proton PDFs thus requires further study.
Alternative asymmetry observables with reduced proton-PDF dependence due to utilising also
the rapidity asymmetry of the collision system have also been proposed [17, 18]. For the
Z/γ∗-mediated dilepton production, the TUJU21 analysis [19] demonstrated that to properly
describe the normalisation of the data in the low-invariant-mass bin of the CMS Run 2 p + Pb
measurement [24], it was necessary to include the next-to-next-to-leading order (NNLO)
corrections for this process—a first clear evidence for the need of NNLO-accurate nPDFs.

3 Hadroproduction of hadronic final states

Since the gluon PDF enters in the DIS and DY processes only at NLO, processes with hadronic
final states, where the gluons are involved already at LO, have proven indispensible for
constraining the nPDFs. The price to pay is that hadronisation dynamics has to be accounted
for in a way or another. For the inclusive hadron production h+ A→ h� + X, shown in figure 2
(left), one accounts for the hadronisation effects with the parton-to-hadron fragmentation
functions Dh�

k (z,Q2) with a convolution over the momentum fraction z, which come as a source
of uncertainty for the nPDF fits. A lot of this uncertainty cancels in the p + A/p + p ratios, if
the hadronisation is assumed not to be significantly modified in the p + A collisions compared
to p+ p, and good fits to available data have been reached in analyses including both light [25]
and heavy flavour (HF) data [20–22]. Very recently, however, the LHCb p + Pb/p + p ratio
measurement for π0 production [26] showed an enhancement in the backward (lead-going)
direction compared to nPDFs predictions in the 2 GeV < pT < 4 GeV range, while in the
forward direction these data are compatible with constraints from D0 production data [27].
Similar enhancement in this pT range might be present also in the ALICE midrapidity π0

data [28]. If this enhancement persists in closer inspections, this could mean that the traditional
pT > 3 GeV cut for hadron production in is too small and needs to be re-addressed in future
nPDF fits. Furthermore, in the case of HF production, which currently gives the strongest
constraints for small-x gluons, different pQCD mass schemes, Monte Carlo event generator
implementations or data-driven surrogate models have been used in the fits (see the discussion
in Ref. [29]), with corresponding impact on the extracted nPDFs.

Complementary to inclusive hadron production, one can use the inclusive jet production
in h + A collisions, see figure 2 (right), for studying the nPDFs at large momentum-trasfer
scales. Now, instead of fragmentation functions, one needs an infrared-safe definition of a
jet, and since only the production of partonic jets is calculated in fixed-order pQCD, one has
to apply additional non-perturbative (NP) corrections fNP to take into account hadronisation
and underlying-event multi-parton-interaction effects that can modify the jet kinematics. For
the correct interpretation of the data, it is therefore important that experimental analyses
document whether, and how, possible underlying-event subtractions are done. Currently,
the CMS measurement of p + Pb/p + p nuclear modification ratio of dijet self-normalised
spectra [30] have been used as a constraint in the EPPS21 [22] and nNNPDF3.0 [21] analyses,
finding reduction in the gluon nPDF uncertainties. Regarding this dataset, it is still unclear
why these fits fail to reproduce the nuclear modification data at large proton-going rapidity
and why the NLO pQCD calculations give so poor description of the individual p + Pb and
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4 Inclusive UPC processes as novel probes

A lot of progress has been recently made in using A + A UPC processes as probes of the
nuclear contents [33]. In particular, a new class of inclusive UPC photoproduction pro-
cesses is emerging as novel probes. At this conference, the first measurement of UPC dijet
photoproduction [34, 35] by ATLAS [36] and preliminary results for the inclusive HF photopro-
duction [37, 38] from CMS [39] and ALICE collaborations were presented. These processes
are illustrated in figure 4. The same hadronisation-treatment considerations have to be made
as for the corresponding hadroproduction processes, but the underlying-event contribution can
be expected to be smaller, making the UPCs a “cleaner” environment for measuring these final
states. On the other hand, new complications arrise from the experimental selection of the UPC
events. To identify these inclusive UPC processes and the direction of the photon-emitting
nucleus, the experiments use a 0nXn forward-neutron event-class requirement together with
associated rapidity-cut criteria. Correspondingly, theory predictions have to account for the
electromagnetic dissociation (EMD) probability of the photon emitter [40] and for the fact that
the diffractive contribution to the photo-nuclear cross section is excluded by this selection [41].
The impact-parameter dependent EMD and hadronic-interaction probabilities enter the cal-
culation of the effective photon flux f A

γ (y) describing the distribution of quasi-real photons
carrying a fraction y of the energy of the photon-emitting nucleus, conditional to the UPC
criteria. For processes requiring high photon energies this can even lead to sensitivity to
the full trasverse-plane event geometry and the spatial structure of the target nucleus [42].
Furthermore, the PDFs of real photons are currently somewhat poorly determined, which
causes an uncertainty for the size of the resolved contribution to these processes [43]. These
matters have to be properly understood and the associated uncertainties quantified for the
inclusive UPC processes to yield reliable information on the nPDFs.
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Figure 4. Illustrations and pQCD expressions for the inclusive hadron (left) and jet (right) photoproduc-
tion processes in UPCs.

5 Outlook

Nuclear PDFs are being constrained by an increasing amount of LHC data with recent global
fits including few thousand data points on a variety of hard and EW processes, showing
that collinear factorisation works in l + A and h + A collisions across a large phase space.
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p+ p spectra [31]. New measurements for this process, as presented by the CMS collaboration
at this conference with preliminary Run 2 data, will be most helpful for addressing these
issues. Notably, no direct measurement of the differential dijet cross section or its nuclear
modification ratio have been made thus far. Only self-normalised spectra [30] and conditional-
yield [32] measurements are currently available. It should be noted that while these kind of
self-normalised quantities are helpful for cancelling systematic uncertainties and NP effects,
they can also induce anti-correlation between data points even for statistical uncertainties [18].

Figure 3 compares the gluon nuclear modification factor from recent analyses [20–22]
and their earlier versions. All major global nPDF fits find significant reduction in gluon
uncertainties when including LHC data. These constraints are driven by the dijets and HF
data, but also EW bosons and light-hadron production provide complementary constraints.
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Still, significant differences appear e.g. between the gluon nPDF extractions, and studies
with extended datasets including the LHC Run 2 HF data [44, 45] and the upcoming dijet
measurements are needed in order to shed light on the observed tensions and further constrain
the nPDFs to find limits where proposed additional effects (nonlinear saturation dynamics,
cold nuclear matter energy loss, hadronisation nonuniversality) become significant for hard-
probes phenomenology, or to outrule their impact. This requires precision in both data and
pQCD calculations. Additional processes for these studies involve direct photons [46, 47]
and top-quark production [48, 49] where the data agree with nPDF predictions, but the
current experimental uncertainties are too large to yield stringent constraints. As an exciting
development, inclusive UPC processes are now rapidly emerging as new nPDF probes.

The work of P.P. has been funded through the Research Council of Finland (projects 330448 and 331545)
and as a part of the Center of Excellence in Quark Matter of the Research Council of Finland (project
364194).
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