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Abstract The recent light-ion collision programme at
RHIC and the LHC provides a unique opportunity to inves-
tigate the onset of quark-gluon plasma formation and par-
ton energy loss in small systems. A quantitative interpreta-
tion of emerging jet quenching measurements requires pre-
cise control over cold nuclear matter (CNM) effects, which
modify hard-process cross sections independently of any
hot-medium dynamics. In this work, we present a compre-
hensive set of perturbative QCD baseline calculations for
nuclear modification factors (Raa) in proton-oxygen (pO),
oxygen-oxygen (OO) and neon-neon (NeNe) collisions at
LHC energies. The study includes charged hadron, neu-
tral pion, prompt photon, and electroweak-boson production
computed at next-to-leading order using a broad set of recent
nuclear parton distribution functions (nPDFs). We demon-
strate that CNM effects alone can induce sizeable suppres-
sions in light-ion systems, with large associated nPDF uncer-
tainties that currently limit the quantitative extraction of par-
ton energy loss. To address this limitation, we explore a range
of multi-cross-section ratios in which CNM effects and their
uncertainties largely cancel. In particular, ratios of neutral
pion Rpo to prompt photon Rpo or charged hadron Roo to
R;2>o provide theoretically robust observables with substan-
tially reduced nPDF uncertainties, thereby enhancing sensi-
tivity to possible energy-loss signatures.

1 Introduction

At very high temperatures, ordinary matter undergoes a
cross-over phase transition to a dense medium of decon-
fined quarks and gluons [1]. This new state of matter, the
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quark-gluon plasma (QGP), is created in ultra-relativistic col-
lisions of lead (Pb) nuclei at the Large Hadron Collider (LHC)
and gold (Au) nuclei at the Relativistic Heavy Ion Collider
(RHIC), and has been studied with increasing precision over
the last two decades [2-7].

A key signature of QGP formation is the suppression of
high-pt hadron and jet yields, commonly referred to as “jet
quenching” [8—11]. Since hadrons and jets originate from
the fragmentation of outgoing partons produced in high- Q>
scatterings, they provide a sensitive probe of the interaction
between these partons and the created medium. The short
wavelength of the scattered partons enables them to interact
with the quarks and gluons of the QGP at the microscopic
level, resulting in energy loss to the medium. This energy loss
mechanism makes both the scattered partons and the result-
ing observable hadrons sensitive probes of the microscopic
structure and transport properties of the QGP. The modifi-
cation of the production yields of a given observable with
transverse momentum pt and bin in rapidity y in heavy-ion
collisions (AA) with respect to proton-proton (pp) can be
quantified using the nuclear modification factor:

d*Naa /dprdy
(Ncon) d2Npp /dprdy

Raa(pr) = (D

where Naa and Ny, represent the invariant production yields
in AA and pp collisions, respectively, and (N¢o) denotes
the average number of binary nucleon-nucleon collisions,
determined through Glauber modelling [12] to provide the
appropriate scaling of the pp reference. Pronounced suppres-
sion of inclusive charged hadrons [13-18], identified light-
flavour hadrons [13,19-21], and both inclusive [22-27] and
semi-inclusive jets [28-33] have been documented at RHIC
and the LHC, demonstrating substantial energy loss in cen-
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tral PbPb and AuAu collisions. The QGP formation in PbPb
and AuAu collisions is additionally supported by the obser-
vation of collective flow phenomena [34-36], including the
anisotropic flow coefficient vy and higher-order harmonics,
as well as strangeness enhancement [37].

Surprisingly, several signatures traditionally associated
with QGP formation, such as anisotropic flow and strangeness
enhancement, have also been observed in small systems,
including high-multiplicity pp collisions, proton-nucleus col-
lisions, and peripheral nucleus-nucleus collisions [38—41].
Despite these clear signs of collective effects in small sys-
tems, experimental observation of energy loss in these sys-
tems remains elusive. This is partly because event selection
based on high activity (e.g. using multiplicity and central-
ity selections) introduces sizeable selection biases as well
as modelling uncertainties related to the collision geome-
try [42,43].

The study of Oxygen-Oxygen (OO) and Neon-Neon
(NeNe) collisions provides a unique opportunity to investi-
gate the threshold for QGP formation in small systems [44].
RHIC delivered the first OO collisions at /sy = 200 GeV
in spring 2021, followed by the LHC, which provided OO
and NeNe collisions at ./snn = 5.36 TeV, as well as proton-
oxygen (pO) collisions at ./syn = 9.62TeV in July 2025.
In February 2026, RHIC concluded its operation with a final
data taking campaign of OO collisions. At the time of writ-
ing, only several months have elapsed since these data were
collected and experimental analyses are ongoing. Neverthe-
less, several experimental results are already available: Initial
results from the CMS collaboration [45] demonstrate signif-
icant suppression of unidentified hadron yields in minimum-
bias OO collisions at ,/snn = 5.36 TeV relative to the pp
baseline, which is supported by preliminary results for 7°
production from the ALICE collaboration. These measure-
ments can be described rather well by a wide set of theo-
retical models that account for partonic energy loss in OO
collisions [46-54]. Additionally, the ALICE, ATLAS and
CMS collaborations report substantial anisotropic flow of
charged hadrons in OO and NeNe collisions [55-57], provid-
ing further evidence for collective behaviour in these small
systems [58,59].

To unambiguously attribute the observed yield suppres-
sion to jet quenching, precise understanding of all QGP-
unrelated cold-nuclear matter (CNM) effects that may
lead to suppression of hadron production in OO colli-
sions is essential. In particular, initial-state effects unre-
lated to the hot medium may modify the parton struc-
ture in the nucleons of the colliding nuclei, leading to
modifications of the production cross sections for various
probes produced in high-Q? processes. The parton struc-
ture of nucleons in the colliding projectiles is commonly
described by nuclear parton distribution functions (nPDFs)
[60], which encode the non-perturbative physics of the ini-
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tial state and are determined through fits to experimental
data.

The modifications due to these CNM effects can be
substantial, and include gluon shadowing at low x, anti-
shadowing and EMC effect at moderate x, as well as Fermi
motion at the largest x values. Furthermore, isospin effects,
arising from the ratio of protons and neutrons in the col-
liding nuclei, may influence the observed production yields.
Consequently, measurements of nuclear modification factors
must be compared with CNM baseline calculations to draw
meaningful conclusions about the presence and magnitude
of jet quenching in light-ion collisions. In this work, we
focus on the impact of CNM effects that can be absorbed
in the nPDFs within QCD collinear factorization. Towards
the low- pt region, or more forward rapidities, additional or
competing effects from non-linear saturation type evolution
or CNM energy loss and transverse-momentum broadening
could also play a role, see Ref. [61] for discussion. How-
ever, the significant spread in the nPDF-based predictions
can be expected to cover the range of predictions from these
alternative mechanisms.

In minimum-bias collisions, the perturbative QCD (pQCD)
baseline for nuclear modification factor can be computed as
the ratio of cross sections

2
Ryt () = L Coan/derdy. @
AB d%0yp /dprdy

where A and B are the atomic numbers of the colliding nuclei
(A =B =16 for OO, A = B = 20 for NeNe and A =
1, B = 16 for pO collisions). oap is a cross section for a hard
process in (potentially asymmetric) AB nucleus collisions,
which can be systematically computed order-by-order using
QCD factorization [62,63].

The purpose of this article is twofold: First, we provide a
comprehensive set of baseline pQCD calculations for nuclear
modification factors Eq. (2) in pO, OO and NeNe collisions
that include CNM effects but exclude QGP effects such as jet
quenching. Our study complements previous works [64—70]
with computations using a comprehensive list of nPDFs from
recent global analyses and a wide selection of hadronic and
electroweak observables. Here we concentrate on fully inclu-
sive observables; for discussion on semi-inclusive, jet- and
hadron triggered observables, see Ref. [67]. Second, given
the sizeable nPDF uncertainties in nuclear modification fac-
tors, we study multi-cross-section ratios that could poten-
tially cancel CNM effects and provide more precise baselines
for jet quenching signatures. In this paper, our main focus is
on predictions at central rapidities and LHC energies, but the
calculations can be readily extended to different kinematic
cuts and collision energies. We aim to establish a comprehen-
sive set of CNM baselines to support ongoing experimental
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Fig. 1 x dependence of nPDFs for different partons for oxygen nucleus at 0> = 100 GeV? with respect to the corresponding free-proton baseline.

The bands denote the 68 % nPDF confidence interval

investigations of energy loss in light-ion collisions and to
motivate dedicated analyses of new energy-loss observables.

This article is structured as follows: Sect.2 outlines the
current landscape of nuclear PDFs and discusses their A
dependence. Section 3 provides calculations for the nuclear
modification factors of charged hadrons (A*) and neutral
pions (), including the centre-of-mass energy dependence
of their production. Section4 presents the nuclear modifica-
tion factors for W+, Z bosons and prompt photons. Finally,
in Sects. 5, 6 and 7 we discuss a variety of multi-cross-section
ratios that allow for the cancellation of nPDF uncertainties,
which may be used for searches of QGP-like effects in OO
and NeNe collisions. We conclude in Sect. 8.

All the results presented in this work are publicly avail-
able [71].

2 Recent nuclear PDFs

Nuclear PDFs encode the partonic structure of nuclei at high
energy and corresponding CNM effects, assuming a factor-
ization of the long and short length scales of the interaction
and the universality of the underlying parton distributions. In
particular, nPDFs are commonly given as a set of functions
fl.A (x, 0%), which at leading order (LO) in pQCD can be
interpreted as the probability densities for finding a parton i
that carries a fraction x of the momentum of a nucleon that
is embedded in a nucleus with mass number A at a given
scale Q2. While the Q% dependence can be calculated per-

turbatively in pQCD, the x-dependence must be constrained
using experimental data. The extraction of these nPDFs from
experimental data has been performed in various global anal-
yses, where the choice of input data, the functional ansatz
for fiA (x, 0?), the treatment of experimental and theoretical
uncertainties, and the fitting procedure differ significantly
between analyses. For a comprehensive overview of cur-
rently available nPDFs and their differences, we refer the
reader to a recent review by Klasen and Paukkunen given in
Ref. [60].

The current state of CNM effects in oxygen (A = 16)
is summarized in Fig.1, which shows the x dependence
of recent nuclear PDFs for oxygen at an exemplary Q2 of
100 GeV? for various parton flavours. In particular, for each
parton flavour i the ratio:

fAx, 0%

A 2y _
Ri (x’Q)_fip(x, Qz)

3

is shown, which corresponds to the modification of the
nPDF with respect to the corresponding free-proton base-
line. Because of the ratio with free proton PDF, these plots
for up and down flavours reflect also the isospin effects in
addition to the nontrivial nuclear modifications. The parton
distributions have been accessed using the LHAPDFG6 library
[72], which has also been used to calculate the nPDF uncer-
tainties at 68 % confidence level, denoted by shaded bands.
Note that nuclear PDF error sets often include the uncertainty
from the corresponding free proton baseline, which can be
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Fig. 2 (Left) Modification of the gluon nPDF with respect to the corresponding free-proton baseline at x = 1073 and Q2 = 100GeV? as a
function of mass number A. Bands show 68% confidence intervals. (Right) Relative nPDF uncertainty as a function of mass number A

cancelled in ratios such as Egs. (2) and (3). Because proton
PDF uncertainties are much smaller than nPDF uncertainties,
this typically results in only a sub-percent reduction in the
uncertainty bands. For computational efficiency, we will not
cancel proton PDF uncertainties except for the results shown
in Sect. 6.

To date, in their latest versions, four global analyses pro-
vide nPDFs for oxygen that are available in LHAPDF6:
EPPS21 [73], nCTEQI5HQ [74], nNNPDF30 [75] and
TUJU21 [76]. None of these global fits use oxygen data
directly; instead, the oxygen nPDFs are obtained by interpo-
lating between the free-proton baseline and data from other
moderate-to-heavy nuclei. This is typically done by includ-
ing an assumed functional form of the A dependence as part
of the fitting procedure. All available nPDFs show sizeable
modifications in oxygen with respect to the free-proton base-
line; however, both the uncertainties and the magnitude of the
modifications vary significantly among the different global
analyses. For example, while EPPS21 shows gluon shadow-
ing in oxygen at x ~ 10™* of about 20 %, smaller modi-
fications of less than 10 % are observed for the other three
analyses.

Although significant progress has been made in constrain-
ing nPDFs in the last decade thanks to the heavy-ion program
at RHIC and the LHC, Fig.1 highlights that there is still
much to learn about CNM effects in nuclei. In particular,
the A-dependence of nuclear modifications for many flavour
combinations is only poorly constrained, as inputs to current
nPDF fits are dominated by a variety of Deep Inelastic Scat-
tering (DIS) data from light-to-heavy nuclei, but only pPb
data at the LHC. Currently, global nPDF analyses lack col-
lider data for light nuclei, which are critical for constraining
the small-x regime. Furthermore, the measurements of the
A dependence in DIS experiments, e.g. at SLAC [77] and
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NMC [78] can be fitted with various parametric forms, not
being able to offer an unambiguous insight on how the nPDFs
should be parametrised as a function of the mass number in
general.

To illustrate this point, Fig. 2 (left) shows the A-
dependence of the gluon modification R? (x, 0% at x =
0.001 and Q% = 100 GeV? for the considered nPDFs. The
shaded band denotes the nPDF uncertainty at 68 % confi-
dence level, which is for clarity also given as a relative uncer-
tainty in Fig. 2 (right). For all nPDFs, the amount of gluon
shadowing tends to increase with increasing A, but the way
how this happens varies a lot between different parametri-
sations. For EPPS21, nCTEQ15HQ and TUJU21, the A-
dependence is introduced in the global fit via an analyti-
cal parametrisation (either modifying the free fit parame-
ters directly or constraining the nuclear to free-proton ratio),
leading to the power-law-like increase of the suppression
observed in Fig. 2. As these nuclear degrees of freedom are
introduced at the starting scale, the observed A dependence
may not be strictly monotonic at a given scale Q, leading,
e.g. to the slight rise for high A observed for nCTEQ15HQ.
For EPPS21, the rate of change in gluon shadowing as a
function of A is rather modest, except at very light nuclei,
where helium-3 and lithium-6 deviate from the general trend.
This happens due to additional parameters included in the
fit, which were introduced to better accommodate high-x
DIS data for these nuclei [73]. The presence of this non-
monotonic behaviour for the lightest nuclei in EPPS21 but
not in any other fit emphasises the significant parametrisa-
tion dependence and lack of strong experimental data con-
trols for light-nuclei gluons. For nNNPDF30, the A depen-
dence is introduced not analytically but in the neural net-
work component of the fit, which may explain the more lin-
ear A dependence and slight fluctuations as a function of A.
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Table 1 Overview of nPDFs used in this work, including their name in the LHAPDF6 [72] library. In addition, for each nPDF the corresponding

PDF used to calculate the pp reference is given !

Name LHAPDF name Proton reference
Oxygen EPPS21 [73] EPPS21nlo_CT18Anlo_016 CT18ANLO
nCTEQI15HQ [74] nCTEQ15HQ FullNuc_16_8 CT18NLO
nNNPDF30 [75] nNNPDF30_nlo_as_0118_ Alé6_Z8 nNNPDF30_nlo_as_0118_p
TUJU21nlo [76] TUJU21_nlo_16_8 TUJU21_nlo_1_1
Neon EPPS21 [73] EPPS21nlo_CT18Anlo_Ne20 CT18ANLO

nNNPDF30 [75]

nNNPDF30_nlo_as_0118_A20_7Z10

NnNNPDF30_nlo_as_0118_p

The A-dependence of the nPDF uncertainties for gluons at
low-x (Fig. 2 right) likewise shows significant differences
between different global analyses, both in magnitude and A-
dependence.

These large variations in the light-nuclei parton distribu-
tion functions have become of high phenomenological rel-
evance since they represent the primary source of uncer-
tainty in the hadron nuclear modification factor baseline
for light-ion collisions [64—69]. As a result, up to half of
the observed suppression in minimum-bias hadron Rpo at
/SNN = 5.36 TeV can be explained by nPDF effects [45],
but with a very large uncertainty that prohibits making pre-
cise quantitative claims about the magnitude of jet quenching
effects in these systems.

The previous considerations highlight the need for LHC
data at light-ions such as oxygen and neon to better constrain
the A-dependence of CNM effects at low-x and high Q2.
The 2025 LHC pO run provides a unique dataset to bridge
this gap. Integrating these results, for example, on di-jet pro-
duction, into future global fits will significantly reduce PDF
uncertainties and improve the precision of small-x distri-
butions, particularly for the gluon density ga(x, Q%) [79].
Similarly to di-jets, the inclusive hadron production (see
Sect. 3) can be measured with good statistics even with rel-
atively low luminosities, and the pO data can be expected
to yield new constraints. Towards low pr, the hadron pro-
duction can be subject to additional CNM effects beyond
nPDFs [61], and therefore it is important to test the uni-
versality of the obtained constraints with additional observ-
ables. Such a test is possible with the production of elec-
troweak bosons (see Sect. 4). Due to the electroweak cou-
plings involved in these processes they are more luminosity
hungry, but thanks to the very successful 2025 LHC light-ion
campaign, their measurement in pO and OO should be fea-
sible and yield new insight on the parton distribution nuclear
modifications.

' nPDFs for neon were obtained from https://research.hip.fi/qcdtheory/
nuclear-pdfs/epps21/ for EPPS21 and by private communication for
nNNPDF30.

3 Hadron production

Hadrons with large transverse momenta originate from the
fragmentation of high-virtuality outgoing partons. These
partons evolve through a parton shower and subsequent
hadronization into observable particles, making hadron pro-
duction a sensitive probe of both energy loss and CNM
effects. Measurements of charged hadrons in PbPb collisions
[13—-17] are significantly suppressed with respect to the pp
baseline, compatible with parton energy loss in the QGP.
While no energy loss has been observed in pPb collisions,
charged hadron [16,80,81] and pad production [82-84] are
significantly suppressed at low- p due to gluon shadowing,
well described by recent nPDFs. First measurements by the
CMS collaboration [45] demonstrate significant suppression
of unidentified hadron yields in minimum-bias OO collisions
at /sNN = 5.36 TeV.

In the following, we provide no-quenching baselines for
the nuclear modification factors Ry0, Roo and RneNe for
charged hadrons (h*) and neutral pions (710). We provide
predictions for neutral pions, as well as charged hadrons in
pO collisions at ,/sxn = 9.62TeV. The calculations are
performed at NLO using the INCNLOv1.4 program [85—
87]. The fragmentation of an outgoing parton to a final-state
hadron is described using the BKK fragmentation function
(FF) [88]. Sensitivity of Raa to fragmentation functions was
studied in Ref. [68] and was found largely negligible. In par-
ticular, BKK FFs reproduce very well Raa computed with a
recent NPC23 FF set [89]. The resulting hadron is required
to be produced at mid-rapidity (]y*| < 0.8) in the centre-of-
mass frame. We will denote the lab-frame rapidity as y which
coincides with the centre-of-mass rapidity y* for symmetric
collision systems in the collider mode at the LHC. The renor-
malisation scale uR, factorization scale up and fragmenta-
tion scale wpp are chosen to coincide with the transverse
momentum (pr) of the hadron.

For pO collisions and OO collisions, the calculation is
performed at a centre-of-mass energy per nucleon pair of
JSNN = 9.62TeV and /snn = 5.36 TeV, respectively,
which corresponds to the collision energy during LHC oper-
ation for the light-ion data taking in the summer of 2025.

@ Springer
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Fig. 3 Nuclear modification factors R0 (left), Roo (middle) and Rnene (right) of charged hadron production. The shown uncertainty bands denote

the uncertainty of the nPDF at 68 % confidence level

While the proton reference data taking campaign was only
performed at ,/snn = 5.36 TeV, we choose for each calcu-
lation the same centre-of-mass energy in pp collisions as for
the light-ion collisions, as measurements of the Ry and Raa
commonly use extrapolations for the pp reference for the
cases of non-coinciding centre-of-mass energies. The used
nPDFs are denoted in the respective legends in the following
figures, and the respective free-proton reference PDF is given
in Table 1.

Figure 3 shows the charged hadron nuclear modifica-
tion factors for proton-oxygen (left), oxygen-oxygen (mid-
dle) and neon-neon (right). A suppression of hadron produc-
tion of up to 10% (15 %) is observed for the Rpo (Roo)
at ptr ~ 6GeV/c for EPPS21, which can be attributed to
gluon shadowing, as discussed in Sect. 2. Less suppression
at low pr is observed for the other studied nPDFs, however,
all predictions agree within the sizeable nPDF uncertainties
denoted by shaded bands at 68 % confidence level. The scale
uncertainty was found to be negligible and is not shown.
As expected, the observed modifications are larger for OO
collisions than pO collisions, and we observe in particular
Roo =~ R;O for CNM effects. Figure3 (right) shows the
nuclear modification factor Rnene for neon projectiles for
EPPS21 and nNNPDF30, which are the only collaborations
that provide neon grids at the time of writing this manuscript.
The observed modification due to CNM effects is very sim-
ilar to the Rpo, in particular one observes an at most 1%
increased suppression of the central value at low pt. The
ratio Rnene/Roo is further discussed in Sect.7, including
the correlation of nPDF uncertainties.

We have also computed the neutral pion nuclear modifica-
tion factors. We found that for 72, the nuclear modification
factors agree within 1% with those of charged hadron pro-
duction. We include these calculations in the publicly avail-
able repository [71].

Experimental measurements of the Rpo require a pp ref-
erence at ./sN\n = 9.62TeV obtained from interpolations,
as there is no LHC dataset available at this centre-of-mass
energy. To aid these interpolations, we provide in Fig.4

@ Springer
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Fig. 4 Cross-section ratio of charged hadron production in pp colli-
sions at various centre-of-mass energies with respect to the cross section
at /sNN = 9.62 TeV. Scale uncertainties are denoted as shaded bands

various charged hadron cross-section ratios of all available
centre-of-mass energies for pp collisions at the LHC with
respect to /s = 9.62 TeV. We found that while the proton
PDF uncertainties cancel almost completely and are negligi-
ble on the ratios, the scale uncertainties do not fully cancel,
and are therefore denoted as shaded bands in the figure. To
estimate the scale uncertainty, the three scales ur, up and
urr are varied individually from 0.5pt to 2 pr, resulting in
15 variations after excluding the extreme cases where a scale
of 2pr is paired with a scale of 0.5 pr. All scales are varied
simultaneously at both respective collision energies in order
to account for correlations of the scale uncertainties. Scale
uncertainties of up to 10 % are observed at pt ~ 4GeV/c,
reducing to less than 5 % at high pr.

Finally, we present the dependence of the charged hadron
nuclear modification factor on the mass number A of the col-
liding nucleus in Fig. 5, including the corresponding sizeable
nPDF uncertainties of the respective sets. The modification
factor is shown at an exemplary pt of 6 GeV /¢, which probes
the gluon shadowing regime. All features discussed on the
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Fig. 5 Mass number (A) dependence of the nuclear modification factor
Raa of charged hadron production at pt = 6 GeV /c. The uncertainty
band denotes the nPDF uncertainties at 68 % confidence level

level of nPDFs in Fig.2 clearly propagate to the charged
hadron modification factor, highlighting the resulting size-
able uncertainties of pQCD calculations for light ions.

4 Electroweak-boson production

Electroweak-boson production serves as an important bench-
mark process at hadron colliders and their production in pp
and pPb collisions have been routinely studied in analyses
of proton and nuclear PDFs. Since electroweak bosons do
not carry colour charge, studying their production in heavy-
ion collisions is particularly interesting, as they do not lose
energy in a hot medium and modification of their production
is dominated by CNM effects. This makes them an important
calibration probe for OO and NeNe collisions to disentangle
CNM effects from potential hot medium effects observed for
other observables.

4.1 W* and Z boson production

Measurements of W= and Z bosons in PbPb [91-94] and
pPb [94—103] collisions show significant modifications with
respect to no CNM effect predictions and have provided
important constraints for nPDF analyses. W* bosons are
at leading order dominantly produced by an interaction
of a valence quark and a sea quark, in particular through
ud — W+ and di — W~ channels, but giving also sen-
sitivity to the strange quarks through subleading contribu-
tions [104] and gluons via scale evolution and higher-order
terms. The production rates of W bosons in ion collisions
are modified with respect to a free-proton baseline due to
isospin effects as well as a modification of the PDFs them-
selves. The former arise as a nucleus containing protons as

well as neutrons naturally has a different average valence
quark distribution than a single proton. The latter may arise
e.g. due to the shadowing of quarks and gluons at low-x in
the involved nucleus, as illustrated in Fig. 1. The produc-
tion of Z bosons is likewise affected by CNM effects such as
shadowing but not significantly by isospin effects, in contrast
to W* production. The absolute cross sections for the W+
and Z production can show a non-negligible dependence on
proton PDFs in comparison with the nuclear modification
uncertainties [105,106], and thus we are considering here
only the nuclear modification factors, where the proton-PDF
dependence can be shown to cancel to a good extent [106].

In the following, we provide predictions for the expected
modification of the production rates of W* and Z bosons
in OO and pO collisions. The calculations are performed
at NLO using the MCFM 10.1 [90] program for the semi-
leptonic decays W+ — [*v and Z — [*IF. 2The calcu-
lations for W production are performed in the exemplary
fiducial acceptance p[T > 25GeV/c, mlT” > 40 GeV/c?* and
|yi| < 2.4, which is commonly used in measurements by the
CMS collaboration [108]. We use the same rapidity inter-
val in the centre-of-mass frame for pO, which due to the
boost of the system would correspond to a rapidity inter-
val of approximately —2.05 < y; < 2.75 in the laboratory
frame, thus exceeding the CMS muon acceptance. However,
we have checked that the impact of restricting the rapidity to
a narrower |y*| < 2.05 interval is a marginal, percent level
effect on the ratios of fiducial inclusive cross sections. For Z
production, a lower cut for the lepton transverse-momentum
pé > 15GeV/c is used together with a dilepton invariant
mass requirement of 60GeV/c> < m; < 120GeV/c?.
The factorization and renormalisation scales are fixed to
UF = UR = mlT” for the W* and up = ugr = my for
the Z production, but the results for the nuclear modifica-
tion factors are expected to be insensitive to this choice and
variations around the central scale.

Figure 6 (top row) shows the nuclear modification factor
Rpo for W and W~ production as a function of lepton rapid-
ity in the centre-of-mass frame y;* (first and second panel) at
J/SNN = 9.62TeV, with the pp baseline being expected to
be interpolated to this energy. For negative rapidities, i.e. the
oxygen-going direction, where one probes dominantly the
nuclear valence quarks, the predictions obtained with dif-
ferent nPDFs agree well. This is due to the valence-quark
distributions in these nPDFs being constrained for oxygen
through A-interpolation from fixed-target DIS data for other
nuclei. The differences between the W+ and W™ ratios in
this negative-rapidity region originate predominantly from
isospin effects. The W™ boson, coupling preferentially to

2 Tn particular, we use a modified version of MCFM10.1 used in [107]
that allows specifying the (n)PDF for each beam separately. This allows
us also to obtain the results for pO collisions.

@ Springer
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Fig. 6 Lepton-rapidity differential and fiducial inclusive Rpo (top) and Roo (bottom) for W production. The calculations are performed at NLO
with the MCEFM code [90]. The shown uncertainty bands denote the nPDF uncertainties at 68 % confidence level

down valence quarks of the nucleus, receives an enhancement
from the presence of neutrons, which increase the down-
quark distribution with respect to the proton reference, as
can be seen also in Fig. 1. Conversely, the W™ boson gets a
suppression from the relative lower number of protons and
thus up quarks in the nucleus. As the lepton rapidity increases
to positive values, i.e. to the proton-going direction, the pre-
dictions from different nPDFs begin to deviate from each
other due to differences in the small-x sea-quark and gluon
distributions. This results in a total uncertainty envelope of
approximately 10 % at y;* ~ 2, with nNNPDF3.0 giving
the largest and EPPS21 the smallest values for the ratio. With
the produced W bosons originating in these rapidities pref-
erentially from valence quarks of the proton both in the pO
and pp collisions, the isospin effects become significantly
smaller. The observed differences are also reflected in the
fiducial inclusive ratios shown also in Fig. 6 (top row, third
and fourth panel), with the isospin effects explaining why
Rl‘fg < Rgg and the variations in different nPDF predic-
tions originating from different amounts of shadowing in
small-x quark and gluon distributions. For these inclusive
ratios the nPDF uncertainties are somewhat diminished due
to integrating over the regions of negative and positive rapidi-
ties.

@ Springer

The results for W* productionin OO at \/snN = 5.36 TeV
are shown in Fig. 6 (bottom row) in a similar fashion to the
pO results above. Now, since the quark coupling to the W+
comes always from the nucleus, we find strong isospin effects
throughout the rapidity range, leading to RCV)VS < Rg/o_ also
for the fiducial inclusive ratios. Similarly, since the small-x
nuclear modifications are probed (symmetrically) both in the
positive and negative directions, we see a separation in the
predictions at all rapidities, with EPPS21 and nCTEQ15HQ
giving more suppressed ratios compared to nNNPDF3.0 and
TUJU21. Due to the smaller collision energy, and thus more
limited small-x reach, this separation is less strong compared
to the pO results. Apart from the isospin effects, the differ-
ence between W and W™ ratios depends on the nontrivial
nuclear modifications. In fact, since oxygen is isoscalar, the
leading contributions ud — W7 and di — W™ are identi-
cal in OO (assuming isospin symmetry between the bound
proton and neutron PDFs), and the difference of W+ and
W~ cross sections is then directly sensitive to the subleading
Cabibbo-suppressed contributions. A precise enough mea-
surement of the W+ cross sections or nuclear modification
factors could therefore help constraining the currently rather
poorly understood strange-quark nPDFs.
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Fig. 7 Lepton-pair-rapidity differential and fiducial inclusive Rpo
(top) and Roo (bottom) for Z production. The calculations are per-
formed at NLO with the MCFM code [90]. The shown uncertainty
bands denote the nPDF uncertainties at 68 % confidence level

Figure7 shows the Z-boson nuclear modification factors
Rpo (top row) and Roo (bottom row) as a function of the
dilepton rapidity y;; (left side panels) and for fiducial inclu-
sive cross sections (right side panels). Since these ratios are
less affected by the isospin effects, we now see more directly
the impact of the nuclear modifications of parton distribu-
tions. For Rpo, we see a clear transition from anti-shadowing
dominated region at negative rapidities to shadowing domi-
nated region at positive rapidities. For Roo, there is a mixture
of the two effects at all values of y;; within the considered
acceptance, resulting in a relatively flat behaviour as a func-
tion of rapidity.

These results highlight the opportunity of constraining
the oxygen nPDFs with W and Z boson data, in particu-
lar with the mid-forward production in pO collisions, where
we find the largest differences in predictions from different
nPDF sets. The W and Z boson production also serve as an
important cross check for nPDF constraints from hadronic
observables in pO collisions, such as the hadron production
considered in Sect. 3, but cannot fully replace the latter due
to different kinematical and flavour dependence.

To study the feasibility of these measurements, we take the
total fiducial cross sections as an average of the predictions
from the four different nPDFs studied in this work, and mul-
tiply them with luminosities reflecting approximately those

CNM effects, not by energy loss. The production cross sec-
tion is particularly sensitive to the gluon (n)PDF, which is not
directly accessible via deep inelastic scattering experiments.
Atlow pT, prompt photons may also be produced in the frag-
mentation process through quark-photon splittings, which is
commonly absorbed in calculations using non-perturbative
parton-to-photon fragmentation functions, which are defined
for a given factorization scheme at a given factorization scale.
Both theoretical calculations and measurements of prompt
photon production commonly employ an isolation require-
ment, in order to suppress this fragmentation contribution,
as well as experimental background from electromagnetic
decays (mainly 7° — yy). This is done by requiring that the
energy in the vicinity of the photon is below a given threshold.
Isolated prompt photon production has been measured in pp
[110-112], pPb [113,114], and PbPb [115-117] collisions at
LHC energies. The measured nuclear modification factors in
pPb and PbPb collisions are compatible with pQCD calcula-
tions at NLO incorporating CNM effects, while the experi-
mental results of absolute pp cross sections hint at the need
for NNLO precision for calculations of the prompt photon
cross section [110].

In this work, we calculate the isolated prompt photon pro-
duction cross section at mid-rapidity | y*| < 0.8 in the centre-
of-mass frame using the JETPHOX [118] program at NLO.
In line with a recent ALICE measurement [113], we apply a
fixed-cone isolation, requiring that the transverse energy EiTSO
in the cone of radius R = 0.4 is below 2 GeV. The pQCD
calculation is performed in pp collisions at /s = 5.36 TeV,
as well as for pO and OO collisions at ,/snxn = 9.62 TeV
and 5.36 TeV, respectively. As for the other calculations, the
used nPDFs are given in Tab. 1 and the nuclear modification
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Table 2 Estimated statistics and projected statistical uncertainties for
W= and Z boson production with example luminosities mimicking
those delivered to CMS during the 2025 light-ion campaign. The total
fiducial cross sections are estimated by taking a simple average of the

predictions from the four different nPDFs studied in this work. The
impact of efficiency corrections is not taken into account in the statisti-
cal estimates

lumi Xsec est. num. proj.
[nb—1] [nb] events stat. unc.
pO 50.0 wt 59.0 2950 1.8%
W= 46.3 2315 2.1%
VA 10.2 510 4.4 %
00 10.0 wt 529.7 5297 1.4 %
W= 443.7 4437 1.5%
Z 95.4 954 32%

JETPHOX; pO, /sNn = 9.62 TeV

o
o prompt 7 (|y*| < 0.8)
EX° <2 GeV; R=04
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Fig. 8 Nuclear modification factors R,o (top) and Roo (bottom) for
isolated prompt photon production. Shaded bands denote the corre-
sponding nPDF uncertainties at 68§% confidence level

factor is calculated according to Eq.2. Prompt photons pro-
duced in the fragmentation process that survive the isolation
requirement are incorporated using the BFG II [119] parton-
to-photon fragmentation function, and all scales are chosen
to coincide with the photon transverse momentum.

@ Springer

Figure 8 shows the nuclear modification factor of isolated
prompt photon production for pO (top) and OO collisions
(bottom). While the scale uncertainties were found to be
negligible on the ratios, the nPDF uncertainties are size-
able and denoted by shaded bands. As currently JETPHOX
does not have the ability to use precomputed grids to calcu-
late cross sections for all nPDF members, calculations of the
nPDF uncertainties are computationally costly. The relative
nPDF uncertainties are therefore only calculated at LO pre-
cision. However, we confirmed that the relative uncertainties
obtained at NLO are identical. The central values are calcu-
lated at NLO precision. As for the inclusive hadron produc-
tion, agreement with unity is observed for high pt, however,
significant suppression of up to 20 % is observed at low pr
due to gluon shadowing. Overall, the suppression is about
10 % larger than the one observed for hadron production.
This is expected, as a prompt photon at a given pt probes,
on average, a lower x than a hadron at the same transverse
momentum, since the hadron only carries a small momen-
tum fraction z of the outgoing parton, and in prompt photon
production the isospin effects can also lead to an additional
suppression with respect to the pp reference [120].

5 Hadron to electroweak-boson ratios

In this section, we consider the possibility of partially can-
celling the CNM effects in hadron nuclear modification fac-
tor by taking ratios with respective factors for electroweak
bosons. As discussed in the previous section, the electroweak
bosons and their decay leptons do not interact with the cre-
ated hot medium and therefore the hot-medium effects from
the hadron production in nucleus-nucleus collisions persist
in these ratios. However, nPDF effects can at least par-
tially cancel if the probed momentum fractions in the hadron
and electroweak-boson production are close enough. This
could potentially lead to a more precise theoretical CNM
baseline.
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Fig. 9 The charged-hadron nuclear modification factor normalised
with the Z-boson total fiducial Roo. The hadron and Z-boson accep-
tance cuts correspond to those used in Sects. 3 and 4

5.1 Z-boson normalised hadron Rpo

One particular example of a hadron over electroweak-boson
ratio is the Z-boson normalised hadron Roo,
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This ratio was considered previously in Ref. [64] in the con-
text of jet over Z-boson production with the aim of cancelling
luminosity uncertainties and, potentially, nPDF uncertain-
ties.

However, it turns out that nPDF cancellation is not very
effective. We note that for the hadron production in Sect. 3,
the ordering of the central predictions from different nPDFs
for the Roo (which also varies as a function of pr) is some-
what different than what is seen in the total fiducial Z-boson
Roo- One can thus expect that normalising the hadron nuclear
modification factor with the Z boson cross-section ratio is not
an effective way to cancel nPDF dependence, as was found
to be the case also in Ref. [64] for jet production.

This is indeed verified in Fig. 9, where we show the ratio in
Eq. (4) with the acceptance cuts introduced in Secs. 3 and 4.
The total variation and uncertainties of the nPDF baselines
are somewhat reduced compared to the hadron Rpo, but the
full nPDF variation envelope can still exceed £10 % uncer-
tainty at the lowest values of hadron pt. This poor nPDF
cancellation can be attributed to the hadron and Z produc-
tion being predominantly sensitive to flavour combinations
different from each other, as well as differences in the probed
x and Q2 values.

directly the initial state gluons compared to the previous case
where the Z boson is mainly sensitive to the valence- and sea
quark content of the projectiles, and therefore the 7°/y ratio
should allow for a higher degree of cancellation of nPDF
uncertainties. Nonetheless, the involvement of the electro-
magnetic coupling in the gg — y¢q and gg — y g channels
means an enhanced sensitivity to up quarks, which can lead to

imperfect nPDFs cancellation and the Rgoo/ Y ratio to deviate
from unity simply by isospin effects (cf. Ref. [120]). In addi-
tion, as for the 4™/ Z scenario, prompt photon production and
70 probe on average different values of x [122] at a given pr
due to their differing fragmentation, which also impacts the
degree of nPDF uncertainty cancellation and absolute value
of R3” (pr).

From an experimental point of view, using 7% production,
rather than inclusive hadron production, as the numerator
offers the possibility for a higher degree of cancellation for
experimental uncertainties, as both 7 — yy and prompt
photons can be measured in the same detector subsystem, i.e.
the electromagnetic calorimeter. The PHENIX collaboration
[123] has presented a measurement of 7% and prompt photon
production in dAu collisions at ,/syn = 200 GeV. However,
rather than the ratio introduced in Eq. (5), they present the
nuclear modification factor as a function of the number of
binary collisions N1, where the prompt photons were used
to assess centrality biases in peripheral dAu collisions. Such
an approach may also be useful for future measurements in
light-ion collisions when moving from MB collisions dis-
cussed in our work towards measurements binned in central-
ity, which may come with substantial selection biases [42].
However, as pointed out in Ref. [124], special care has to be
taken when interpreting these results due to the differing x
sensitivity of prompt photons and neutral pions.

Figure 10 (left) shows the double ratio Rgg/ ¥ introduced
in Eq.5 of the 7° and prompt photon nuclear modification
factors in minimum-bias collisions. The calculations have
been performed at NLO using the INCNLO [86] program,
both for 7 and prompt photon production. In contrast to
Sect.4.2, where the JETPHOX program has been used to
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Fig. 10 Double ratio K5 (pr) (Ieft) and R7o/” (pr) (right) of the
neutral pion nuclear modification factor with respect to the prompt pho-
ton nuclear modification factor. The calculation is performed using the
INCNLO program, using the BKK and BFGII fragmentation functions

calculate prompt photon production including the isolation
requirement, we found the used numerical precision too lim-
iting for the presented double ratio. Instead, we calculated
the prompt photon production cross section without isolation
using the INCNLO program, and verified that the obtained
predictions agree with the JETPHOX predictions. The uncer-
tainty bands in Fig. 10 are denoted at 68 % confidence level,
and are obtained by simultaneous variation of the nPDF mem-
bers for the 77° and prompt photon calculation. As expected,
due to the sensitivity of prompt photons to slightly lower x
with respect to neutral pions, the double ratio is slightly above
unity, up to 10 % at low pr. In any case, we observe signifi-
cant cancellation of nPDF uncertainties for this observable;
the relative nPDF uncertainty of the double ratio is below 2 %
for all nPDFs in the considered pt range. This is significantly
smaller than the nPDF uncertainties of the individual nuclear
modification factors entering the double ratio, which exceed
about 10 % at low- pt. Scale uncertainties are likewise found
to be negligible on this double ratio. However, it appears
that nNNPDF3.0 gives a somewhat different pt dependence
for this observable, and the total envelope of different nPDF
predictions yields an uncertainty of the order of 5 % at low
PT-

The good cancellation of nPDF and scale uncertainties
makes the double ratio particularly suited for experimental
searches for parton energy loss. The double ratio in pO col-

0
lisions Rgo/ Y( pT) = Rgg (p1)/ Rgo( pT) provides a direct
way to assess the presence of energy loss in this system. This
double ratio is presented in Fig. 10 (right). As expected, the
0
deviations from unity are smaller than for the Rgo/ Y and a
similar cancellation of nPDF uncertainties is observed.
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for 7¥ and photon production, respectively. The shaded bands denote
the nPDF uncertainties at 68 % confidence level, where cancellation of
nPDF uncertainties for 7 and prompt photon production were taken
into account

6 OO to pO hadron ratios

In this section we discuss ratios of hadronic cross sections
in OO, pp and pO collisions that may help cancel out some of
current nPDF uncertainties and increase the significance of
energy-loss signals in light-ion collisions. One way to cancel
nPDF dependence in oxygen-oxygen hadron nuclear modifi-
cation factor Roo is to divide by the square of Rpo. Following
Ref. [125] we call this ratio Soo,

Roo
Soo = —5— (6)
RpO

Because the oxygen nPDF are used twice in the numera-
tor and denominator, the nPDF uncertainties should mostly
cancel if OO and pO collisions were performed at the same
centre-of-mass energy. During the short run at LHC in 2025,
the collision energy between OO and pO was different. In
addition, the pO centre-of-mass was boosted by Ay ~ 0.35
with respect to the lab frame. Therefore, the same experi-
mental acceptance results in different rapidity window for
pO system compared to symmetric systems like OO and pp.
Furthermore, the pp reference was not taken at pO collision
energy. The issue of missing pp reference can be addressed
by interpolating from measurements at different energies, or
by considering ratios of different collision energies [65].

Another important consideration is that, unlike the ratios
involving electroweak bosons in Sect. 5, the ratio of hadrons
in Eq. (6) could partially cancel the energy-loss signal. For
small energy-loss signal (for a moment neglecting CNM
effects) |1 — Raa| < 1, the energy loss in pA system would
need to be more than twice smaller, |1 —Rpa| < [1—Raal/2,
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Fig. 11 Charged hadron Soo = Roo/ RSO ratio with all collisions at
the same collision energy /syy = 5.36 TeV. (Left) All collisions in

for it not to cancel out in Eq. (6). The current measurements
of pPb have not shown an energy-loss signal at the same
level as similar multiplicity OO data, which points out that
the energy loss might be significantly smaller in these asym-
metric systems [69].

In this work, we discuss only the cancellation of theoret-
ical uncertainties in CNM baseline. The multi-cross-section
ratios, such as Eq. (6) might compound the experimental
uncertainties. Especially, normalisation or luminosity uncer-
tainties might be difficult to cancel across different collision
systems. However, the proper assessment of experimental
uncertainties for a specific observable has to be done case by
case and is outside the scope of the current paper.

With the caveats outlined above, we consider the sev-
eral variations of Eq. (6) for inclusive charged hadrons. For
the computations in this section we include the error sets
both of nucleus and proton PDFs (EPPS21, nNNPDF30 and
TUJU21), accounting for their correlations in the uncer-
tainty cancellation. As nCTEQI5HQ does not propagate
proton baseline uncertainties, we use the central member
of CT18NLO in the ratios. In addition, we will compute
pO cross sections in two rapidity windows. The symmet-
ric |y*| < 0.8 range as for pp and OO collisions, which can
be only selected experimentally if the acceptance window is
large enough and —1.15 < y* < 0.45, which corresponds
to pO system boosted by Ay = 0.35 in the positive rapidity
direction in the lab frame (negative boost from the centre-of-
mass-frame viewpoint).

6.1 Rpo at 5.36 TeV

First, we consider the case of OO and pO collisions at the
same collision energy. This is the ideal case where we would

the same centre-of-mass rapidity window |y*| < 0.8 (right) in the same
laboratory frame rapidity window |y| < 0.8. Bands show 68% nPDF
uncertainty intervals. Dashed lines show scale variation envelope
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Fig. 12 Ratio of charged-hadron cross section in pp at the same colli-
sion energy, but different rapidity windows

expect the maximum uncertainty cancellation. The ratio of
six cross sections simplifies to

doo(5.36) dopp(5.36)

1 Roo(5.36) T ap, dpr @
00 =™ g 0(5.36)2 = do,0(5.36) dopo(5.36)
P d d
pT T

We label this version of Eq. (6) as S(l)O to distinguish it from
other variations of Sop, which we will consider later.
Results are shown in Fig. 11, where the shaded bands show
the resulting 68% confidence interval, while dashed lines
indicate the spread of 15-point scale variation. The left panel
of Fig. 11 shows the results when all collisions are measured
in the same centre-of-mass rapidity window |y*| < 0.8. In
this case the nPDF uncertainty cancels to sub-percent level
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1.15 T T
h:l:
=— EPPS21
—— nCTEQ15HQ
1.10 nNNPDF30 A
—— TUJU21nlo

15 20 30 50 70 100
pr (GeV/e)

156 810

Roo(5.36)/ R2,(9.62), [y| < 0.8

1.15
h:l:
=— EPPS21
—— nCTEQI15HQ
1.10 nNNPDF30 A
—— TUJU21nlo

15 20 30 50 70 100

156 810
pr (GeV/e)

Fig. 13 Same as Fig. 11, but with OO and pO at different collision energies. (Left) All collision in the same centre-of-mass rapidity window
[y*| < 0.8 (right) in the same laboratory frame rapidity window |y| < 0.8. Bands show 68% nPDF uncertainty intervals. Dashed lines show scale

variation envelope

and we become sensitive to 0.1% numerical precision of the
numerical integration. On the right panel, we show the case of
where pO is measured in the same lab-frame rapidity window
ly] < 0.8,ie. —1.15 < yzo < 0.45. We observe excellent
cancellation of nPDF uncertainties to the percent level, small
scale uncertainty and a positive slope in the ratio. Importantly,
the spread of different nPDFs is much reduced compared to
Roo in Fig. 3.

For the results shown in Fig. 11 we kept the reference
pp cross section for pO system in the same rapidity range
|y] < 0.8. In Fig. 12 we show results for the ratio of pp
cross section in two rapidity windows using CT18NLO PDFs
(results for other PDFs are identical). The PDF and scale
uncertainties are at sub-percent level and overall ratio is
slightly below unity. Therefore, the shift in pp reference for
pO would slightly modify the overall ratio, but not the uncer-
tainty bands seen in Fig. 11.

6.2 Ryo at 9.62 TeV

Next we consider the case of OO collisions at /sN\N =
5.36 TeV and pO at \/snn = 9.62TeV. We also assume
the existence of a (potentially interpolated) pp reference for
pO collisions at /s = 9.62 TeV. Then Eq. (6) becomes

dooo(5.36) dopp(9.62) dopp(9.62)

00 Rp0(9.62)2  d9p009:62) doy0(9.62) doy(5.36) *
dpr dpr dpr

In Fig. 13 we show the NLO computation of this ratio in
centre-of-mass (left) and lab frames (right). We observe good
cancellation of nPDF uncertainties down to a couple of per-
cents. The ratio is approximately flat, but slightly above unity.

@ Springer

The uncertainty cancellation is somewhat better in the lab
frame (right) than in the centre-of-mass frame (left). We
expect this to happen due to the higher collision energy in
pO pushing the probed nPDFs to smaller x, but the rapidity
shift conversely leads to higher nuclear x being probed, and
the two opposite effects partially compensate for each other
in the case of equal lab-frame acceptance measurement. This
is different to what has been shown in Fig 11 (right), where
only the latter of these two effects is present.

Compared to Roo in Fig. 3, the spread of CNM baselines
is significantly reduced. If the pp reference at 9.62 TeV could
be measured or reliably interpolated, this ratio might serve as
a precise theoretical baseline for energy-loss signals in light-
ion collisions. However, as stated also above, multi-cross-
section ratios might also compound experimental uncertain-
ties, especially the normalisation uncertainty arising from
luminosity determination for each collision system.

We would like to emphasize the importance of document-
ing the exact interpolation procedure in the construction of pp
reference. This would allow one to perform the same interpo-
lation on theoretically computed spectra and their error sets,
resulting in well-defined theoretical uncertainties in Eq. (8)
even with an interpolated reference.

6.3 Mixed-energy R,0

It is possible to avoid the use of interpolated pp reference at
pO collision energy, by using a mixed-energy Rpo. Namely,
one can use a pp reference at some other measured collision
energies. It is natural to consider the 5.36 TeV pp reference,
which partially cancels in the ratio and results in a four cross-
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Fig. 14 Charged hadron Soo = Roo/ RIZ,0 ratio with one pp reference

for pO collisions at (left) /s = 5.36 TeV (right) /s = 13.6 TeV. All
collisions are in the same centre-of-mass rapidity window |y*| < 0.8.

section ratio

dooo(5.36) dUpp(5-36)

3 _ dpr dpr
So0 = d0y0(9.62) doyn(9.62) ©)
dpr dpr

The perturbative cross section increases with collision energy
and becomes harder. Therefore, the ratio above is below
unity and decreasing with increasing momentum. Results are
shown in Fig. 14(left). In the top panel, we show the absolute
ratio, while in the lower panels we present results normalised
by the central EPPS21 line. In this case we show results only
for the centre-of-mass rapidity window |y*| < 0.8.

We observe that the nPDF uncertainty cancellation is
slightly worse than in Fig. 13. Strikingly, the scale variation
band is significantly larger than nPDF uncertainties, indicat-
ing that this ratio might be sensitive to higher-order correc-
tions. We also found that unlike the other multi cross section
ratios that we study here, this observable is more sensitive to
fragmentation function choice, with NPC23 FF results (not
shown) reaching 1.1 for the ratio to the central prediction
with BKK FFs at the upper momentum range. Therefore,
this ratio is not suitable as a precision CNM baseline.

Instead, we suggest using pp reference at a high-energy,
namely 13.6 TeV. That is, we propose the following ratio

dooo(5.36) dUpp(l3-6)

4 dpr dpr
So0 = d0op0(9.62) dopo(9.62) (10)
dpr dpr

h:l:
=— EPPS21
nCTEQ15HQ
nNNPDF30
TUJU21nlo

15 20 30 50 70 100

pr (GeV/e)

4 56 810

Bands show 68% nPDF uncertainty intervals. Dashed lines show scale
variation envelope. The bottom panel denotes the ratio with respect to
the prediction using the EPPS21 nPDF

Now the pO cross section in the denominator is at approx-
imately mean collision energy of OO and pp systems.
Although the higher pp collision energy does not fully cancel
the pr dependence, as shown in Fig. 14(right), the ratio is
closer to unity. More importantly, the scale variation enve-
lope is below 5% in the considered region and comparable
to nPDF uncertainties. Therefore, this ratio could be used as
a precise energy-loss baseline.

6.4 Rapidity symmetrized ratio

All scenarios so far have been focused on predictions for mea-
surements performed in a symmetric acceptance of | y| < 0.8.
However, when moving to asymmetric rapidity intervals,
commonly encountered for measurements at forward rapid-
ity, the presented double ratio in Eq. (6) needs to be modified
to the following symmetric ratio

Roo
Rpo X Rop ’

(1)

Soo =

where R,0 and Rop denote the nuclear modification fac-
tor for the two different possible directions of the nucleus
beam. This ratio has been previously used in the measure-
ment of forward J/¢ production in pPb collisions [125],
following theoretical calculations [126] that likewise intro-
duce the observable equivalent to Eq. (11).

The symmetrization in Eq. (11) is needed to ensure the
optimal cancellation of nPDF uncertainties. To illustrate this
point, we calculate hadron production in pp, pO, Op and

@ Springer
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L3 EPPS21 /sy = 5.36 TeV, 2 < y* < 4
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1
1
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Fig. 15 Soo in forward rapidity window for different pO collision
orientations. Bands show 68% EPPS21 nPDF uncertainty intervals.
Dashed lines show scale variation envelope

OO collisions at the same centre-of-mass energy of /sNn =
5.36 TeV at forward rapidity 2 < y* < 4 in the centre-of-
mass frame. We do not consider rapidity boosts in order not
to complicate the comparison and only use EPPS21 nPDFs.
Figure 15 shows the three possible ratios which may be con-
structed considering the two possible directions of the oxygen
beam. Both ratios, Roo/ Rgo and Roo/ R(z)p, show significant
deviations from unity. This can be understood when consid-
ering that a measurement at 2 < y* < 4 in pO collisions is
probing oxygen nPDFs at small-x, while the same rapidity
in Op collisions probes the large-x structure of the nucleus.’
Because nPDFs are typically suppressed at small x (shadow-
ing) and enhanced at larger x (anti-shadowing) (see Fig. 1),
dividing Roo by R;2>0 is probing the ratio of CNM effects at
large and small x. For small pr, this gives a larger than unity
ratio. At pr ~ 40GeV the ratios cross unity, which likely
indicates the transition from shadowing to anti-shadowing
in pO and from anti-shadowing to EMC effect in Op. The
Roo/ Rép ratio mirrors the trend reflected at unity.

We note that due to differences in nPDFs between differ-
ent collaborations (see Fig. 1), the Roo/ R;2>0 and Roo/ R(Z)p
ratios in Fig. 15 look different for different nPDF sets (data
not shown). However, the symmetrized ratio Eq. (11) for all
nPDFs shows excellent uncertainty cancellation. This high-
lights the need for experimental measurements at both for-
ward and backward rapidities for asymmetric proton-nucleus
systems. If experimental acceptance is constrained only to

3 For inclusive hadron measurements, the recoiling hadron rapidity is
not constrained and introduces smearing in the probed x range, so the
arguments here are only heuristic.
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Fig. 16 The ratio of NeNe and OO inclusive-hadron cross sections.
The bands show 68% nPDF confidence intervals. Dashed lines show
the scale variation envelope

forward rapidities, then this requires the run with nucleus in
the reversed direction.*

7 NeNe to OO hadron ratio

In this section we briefly mention the possibility to consider
the ratios of hadron nuclear-modification factor NeNe over
OO [53,68]. At the same collision energy, this completely
cancels the need of pp reference resulting in

LdUNeNe(5-36)
RNeNe 20 dpr (12)
ROO - 1 dopo(5.36)

162 dpr

We show pQCD baseline computations for this ratio in
Fig. 16. The nPDF uncertainties cancel to a couple per-
cent level and there is much better agreement between
EPPS21 and nNNPDF30 compared to regular RneNe, se€
Fig. 3. Interestingly, EPPS21 shows stronger cancellation
than nNNPDF30, which is likely because for nNNPDF30
nPDFs the A dependence is encoded in a neural network
and less constrained than for EPPS21, i.e. for EPPS21 oxy-
gen and neon nPDFs are more correlated. In these ratios the
scale uncertainty is negligible.

Naturally, in this ratio the energy-loss signal would also
largely cancel. If the energy-loss signal scales with 1 —Raa o
A'/3 [69] then one would expect

_ RNeNe
00

1 ~ 0.07 x (1 — Roo)- (13)

4 We note that pO run at LHC in July 2025 was performed only with
proton in the first beam.
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For Roo ~ 0.7, this would give ngfoege ~ (0.95. This is consis-
tent with model calculations [53] and could be distinguish-
able from the precise nPDF baseline if experimental uncer-
tainties could be also cancelled to a great extent. Of course,
since no direct constraints for the small-x gluons in neon are
expected in the near future, this assumes that the neon nPDFs
can be reliably interpolated with constraints from measure-

ments with oxygen and heavier nuclei.

8 Summary

In this work, we have presented a comprehensive set of per-
turbative QCD baseline predictions for cold nuclear matter
(CNM) effects in light-ion collisions at LHC energies. Using
recent nuclear parton distribution functions (nPDFs), we
computed nuclear modification factors for hadronic and elec-
troweak probes, with the aim of supporting ongoing experi-
mental searches for parton energy loss in small systems. In
Sects.2 through 4 we quantified the sizeable nPDF uncer-
tainties arising from the lack of light-ion collider data in the
global analyses and the weakly constrained A-dependence
of CNM effects and showed their impact on the traditional
nuclear modification factors.

Based on our calculations and earlier similar findings,
we argue that precise knowledge of these CNM effects
is essential to interpret the nuclear modification factors of
hard probes in light-ion collisions, which are just starting to
become available now. To this end, we discussed the potential
for new nPDFs constraints from measurements in the light-
ion collisions with observables arguably free from hot QGP
effects. Furthermore, to aid the searches for the onset of par-
ton energy loss in small collision systems, we study various
observables for which the CNM effects largely cancel.

In Sect. 5, we explored multi-cross-section ratios involv-
ing hadrons and electroweak bosons. The hadron-to-Z ratio
in OO collisions (Fig. 9) exhibits only a partial cancellation of
nPDF uncertainties, mainly due to the sensitivity to different
parton flavor combinations and x regions in the two probes.
In contrast, the double ratio of neutral pion to prompt pho-
ton nuclear modification factors (Fig. 10) achieves a strong
cancellation of nPDF uncertainties, resulting in an observ-
able with reduced CNM baseline dependence that remains
sensitive to potential energy-loss effects.

In Sect.6 we studied the cancellation of CNM effects
using hadron nuclear modification factor in pO collisions. In
particular the double ratio S(l)o = Roo(5.36TeV)/
Rpo(5.36 TeV)?2 (Fig. 11) achieves excellent cancellation of
nPDF uncertainties. As no pO measurement at /sN\N =
5.36 TeV is available, and also the pO system is boosted
by Ay =~ 0.35, several variations of this ratio depend-
ing on experimental constraints, are discussed. The ratio
Ro0(5.36 TeV)/Rp0(9.62 TeV)?2 (Fig. 13) offers a very good

uncertainty cancellation. The construction of the double
ratio with a mixed energy Rpo can lead to sizeable scale
uncertainties. Nonetheless, we showed that the double ratio
00(5.36 TeV)pp(13.6 TeV) /pO(9.62 TeV)? gives a reason-
ably good cancellation of both the scale and nPDF uncer-
tainties and is found to be preferable over using a pp refer-
ence at /s = 5.36 TeV for this type of ratio (Fig. 14). For
measurements at forward rapidities, it is also important to
use a rapidity-symmetrised construction for the nPDF can-
cellation (Fig. 15). Finally, in Sect.7, the ratio of hadron
production in NeNe over OO collisions (Fig. 16) shows that
correlated CNM effects between the two systems lead to sig-
nificant cancellation of nPDF uncertainties.

In summary, the results presented in this work provide
a unified set of CNM baselines and precision observables
for light-ion collisions. We demonstrate that current nPDF
uncertainties constitute a major limitation for quantitative
studies of parton energy loss in small systems, but also iden-
tify a set of experimentally accessible ratios in which these
uncertainties largely cancel. These observables offer promis-
ing avenues for future measurements aimed at establishing
or constraining energy loss in light-ion collisions.
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