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Collinear factorization in perturbative QCD
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dσAB→k+X(Q2)
Q�ΛQCD

=
∑

i,j,X′

fA
i (Q

2)⊗ dσ̂ij→k+X′(Q2)⊗ fB
j (Q2) + O(1/Q2)

The cross section for producing an
inclusive final state k + X can be
described as a convolution of. . .

. . .Coefficient Functions dσ̂ij→k+X′
which

are calculable from perturbative QCD. . .

. . . and Parton Distribution Functions fAi , fBj
which contain long-range physics and cannot
be obtained by perturbative means. . .

. . . plus “Higher Twist” corrections
which are suppressed at high enough
momentum scale Q� ΛQCD

The PDFs fA
i (x,Q

2) are universal, process independent,

and obey the DGLAP equations Q2∂f
A
i

∂Q2
=
∑

j

Pij ⊗ fA
j

fraction of momentum
carried by the parton

factorization scale

parton flavour

parent hadron
or nucleus

splitting functions

Mellin conv.

. . . this is the framework which every PDF analysis and application relies on and tests!



Nuclear PDFs from global analyses
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Figure 3: An illustration of the x and Q2 regions probed by the current lepton-A, pion-A

and proton-A data included in the global analyses of nuclear PDFs.

Figure 4: Comparison of the 208Pb nuclear modifications resulting from the EPPS21 (full,

blue) (51), nCTEQ15HQ (dashed, red) (50) and nNNPDF3.0 (dot-dashed, green) (52)

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.

largest uncertainties are seen for the strange quark distributions, which are constrained only

by – to some extent problematic – neutrino data and by LHC weak boson data, where the

strange quark originates, however, mostly from gluon splittings. In Supplemental Material

we provide also a comparison of the absolute nuclear PDFs.

www.annualreviews.org • Nuclear PDFs After the First Decade of LHC Data 15

New review: Klasen & Paukkunen, arXiv:2311.00450
Nuclear PDFs (nPDFs) are fitted to
inclusive hard cross section data

: rely only to the QCD
collinear factorization

: Q2 evolution governed
by DGLAP equations

: use model-agnostic
parametrisations
of nuclear effects
as a function of x

Vast improvement in available data
and x,Q2 reach from LHC!



Nuclear modifications
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Recent nPDF global fits
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Order in αs
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Data points
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Free-proton corr.
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Reference

KSASG20
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X
X
X
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N/A
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9
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3
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X
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own fit
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X
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nNNPDF3.0
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X
X
X

X
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X
X
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Monte Carlo
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XMEfitting
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Recent nPDF global fits (and what I am able to cover in this talk)
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Order in αs
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Hadroproduction of hadronic final states
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Hadron-production

i

j

k

h(P )

h′(P ′)

h′′(P ′′)

X

X

X

X

σh+h′→h′′+X =
∑

i,j,k∈{q,q̄,g}
fhi ⊗ fh

′
j ⊗ σ̂ij→k+X ⊗Dh′′

k

Account for the hadronization effects with the
parton to hadron fragmentation functions Dh′′

k

: a source of uncertainty for PDF fits

Jet-production

i

j

h(P )

h′(P ′)

jet
X

X

X

σh+h′→jet+X = fNP

∑

i,j∈{q,q̄,g}
fhi ⊗ fh

′
j ⊗ σ̂ij→jet+X

Instead of fragmentation functions:
need an IR-safe definition of a jet
non-perturbative corrections fNP



Dijets in pPb at 5.02 TeV
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CMS Collaboration, PRL 121 (2018) 062002

and the corresponding pPb results, are available in the
Supplemental Material [57], which includes Refs. [14,15,
18,58,59]. In order to construct an observable that is
relatively insensitive to the pp PDF calculation [41], the
ratios of the pPb and pp reference distributions, individu-
ally normalized to one, are chosen. This assumption was
tested by comparing the NLO spectra ratio in pQCD
calculations with CT14 and MMHT14 PDFs [60]. The
shape of the ratios of the pPb and pp distributions in data
are compared with NLO pQCD calculations based on the
EPS09 and DSSZ nPDFs in Fig. 2. In addition, in Fig. 3,
the ratio of the pPb=pp ηdijet distributions in data is
compared also to that from calculations based on the
nCTEQ15 and EPPS16 nPDFs, for 115 < pave

T <
150 GeV. The ratios of pPb and pp data are seen to
deviate significantly from unity in the small (EMC) and
large (shadowing) ηdijet regions. In the interval ηdijet < −1,
which is sensitive to the gluon EMC effect, NLO pQCD
calculations with EPS09 nPDF match the data at the edge
of the theoretical uncertainty, while the calculations with
DSSZ nPDF, where no gluon EMC effect is present in the
global fit, overpredict the data.
The differences between data and the various NLO

pQCD calculations with nPDFs in the interval ηdijet<−1
are quantified by comparing the two distributions with a χ2

test, taking into account the point-to-point correlations
from the nPDFs. The uncertainties from data are taken to be
uncorrelated point to point. For 115 < pave

T < 150 GeV,
the p values from the test are 0.19, < 10−8, and < 10−8 for
the EPS09, DSSZ, and nCTEQ15 nPDFs, respectively.
Across the full pave

T range, the p values for EPS09 range
from 0.19 to 0.95, whereas the p values for the DSSZ and

nCTEQ15 nPDFs are never larger than 0.015. This shows
that, with a p-value cutoff of 0.05, the data are incompatible
with the DSSZ and nCTEQ15 nPDFs, but not incompatible
with EPS09. This supports the interpretation of the RHIC
pion data by the EPS09 nPDF, in which the modification
of the pion spectra gives rise to the gluon EMC effect.
The data also show smaller shadowing, antishadowing, and
EMC effects than what is implemented in the nCTEQ15
PDF set. The results are consistent with EPPS16 with
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FIG. 2. Ratio of pPb to pp ηdijet spectra compared to NLO pQCD calculations with DSSZ [18] and EPS09 [14] nPDFs, using CT14
[58] as the baseline nucleon PDF. Red boxes indicate systematic uncertainties in data and the height of the NLO pQCD calculation boxes
represent the nPDF uncertainties.
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FIG. 3. Ratio of theory to data, for the ratio of the pPb to pp
ηdijet spectra for 115 < pave

T < 150 GeV. Theory points are from
the NLO pQCD calculations of DSSZ [18], EPS09 [14],
nCTEQ15 [15], and EPPS16 [16] nPDFs, using CT14 [58] as
the baseline PDF. Red boxes indicate the total (statistical and
systematic) uncertainties in data, and the error bars on the points
represent the nPDF uncertainties.

PHYSICAL REVIEW LETTERS 121, 062002 (2018)

062002-4

Double ratio convenient for:

Cancellation of hadronization and
luminosity uncertainties separately
for pPb and pp

: do not expect strong
non-pert. effects

Cancellation of free-proton-PDF
and scale uncertainties in pPb/pp

: direct access to nuclear
modifications

Eskola, PP, Paukkunen, EPJC 79 (2019) 511

Ratio of ratios: Rnorm.
pPb =

d2σpPb/dpaveT dηdijet
dσpPb/dpaveT

/
d2σpp/dpaveT dηdijet
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Dijet constraints in EPPS21 and nNNPDF3.0
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data from: CMS Collaboration, PRL 121 (2018) 062002
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Figure 4.8. Comparison between the NLO QCD theory predictions based on the nNNPDF3.0 and nNNPDF3.0 (no
LHCb D) fits with the corresponding experimental data for the first two pavg

T,dijet bins of the CMS
p

s = 5.02 TeV dijet

production measurement (upper) and for the two dimuon invariant mass bins from the CMS
p

s = 8.16 Z production
measurement (bottom panels).

Figure 4.9. The dependence with the atomic mass number A of the pulls defined in Eq. (4.2) in nNNPDF3.0 for
a range of nuclei from deuterium (A = 2) up to lead (A = 208). Recall from Eq. (4.2) that nuclear modifications
associated to the di↵erent numbers of protons and neutrons have already been accounted for.

26

:

Abdul Khalek et al., EPJC 82 (2022) 507

Drastic reduction in the nPDF uncertainties!
: Important constraints for the nuclear gluons!

Eskola, PP, Paukkunen, EPJC 79 (2019) 511
Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 413

Abdul Khalek et al., EPJC 82 (2022) 507

Both EPPS21 and nNNPDF3.0 find difficulties
in reproducing the most forward data points
: missing data correlations important?
: NNLO? non-pert. effects?



Heavy-flavour production mass schemes
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FFNS
In fixed flavour number scheme, valid at small
pT, heavy quarks are produced only at the
matrix element level

Contains log(pT/m) and O(m) terms

DQ→h

ZM-VFNS
In zero-mass variable flavour number scheme,
valid at large pT, heavy quarks are treated as
massless particles produced also in ISR/FSR

Resums log(pT/m) but ignores O(m) terms

DQ→h

− subtraction term +

GM-VFNS
A general-mass variable flavour number scheme combines the two by supplementing subtraction
terms to prevent double counting of the resummed splittings, valid at all pT

Resums log(pT/m) and includes O(m) terms in the FFNS matrix elements

Important: includes also gluon-to-HF fragmentation – large contribution to the cross section!
Helenius & Paukkunen, JHEP 05 (2018) 196



D0s in pPb in EPPS21 and nNNPDF3.0
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data from: LHCb Collaboration, JHEP 10 (2017) 090
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Figure 4.3. Comparison between the LHCb data on D0-meson production from pPb collisions in the forward region
and the corresponding theoretical predictions based on the nNNPDF3.0 prior set described in Sect. 3.4. The ratio
between D0-meson spectra in pPb and pp collisions, RpPb in Eq. (2.3), is presented in four bins in D0-meson rapidity

yD0

as a function of the transverse momentum pD0

T . We display separately the PDF and scale uncertainty bands, and
the bottom panels show the ratios to the central value of the theory prediction based on the prior.

TeV. The di↵erences and similarities between the proton PDF boundary conditions used for the nNNPDF3.0
and nNNPDF3.0 (no LHCb D) fits and their nNNPDF2.0 counterpart were studied in Fig. 3.1. Subsequently,
the LHCb data for RpPb in the forward region is added to this prior nPDF set using reweighting.

Fig. 4.3 displays the comparison between the LHCb data for RpPb, Eq. (2.3), for D0-meson production
in pPb collisions (relative to that in pp collisions) in the forward region, and the corresponding theoretical
predictions based on this nNNPDF3.0 prior set. The LHCb measurements are presented in four bins in D0-
meson rapidity yD0

as a function of the transverse momentum pD0

T , and we display separately the PDF and
scale uncertainty bands, and the bottom panels show the ratios to the central value of the theory prediction.

From Fig. 4.3 one can observe how PDF uncertainties of the prior (that does not yet contain RpPb

D0-meson data) are very large, and completely dominate over the uncertainties due to missing higher order
(MHOs), for the whole kinematic range for which the LHCb measurements are available. The uncertainties
due to MHOs (or scale uncertainties) are evaluated here by independently varying the factorisation and
renormalisation scales around the nominal scale µ = Ec

T with the constraint 1/2  µF /µR  2, and
correlating those scales choices between numerator and denominator of the ratio observable defined in
Eq. (2.3). Furthermore, these PDF uncertainties are also much larger than the experimental errors, especially
for the bins in the low pD0

T region which dominate the sensitivity to the small-x nPDFs of lead. Within
these large PDF uncertainties, the predictions based on the nNNPDF3.0 prior fit agree well with the LHCb
measurements. This feature makes the LHCb forward RpPb data amenable to inclusion in a nPDF analysis,
as opposed to the situation with the corresponding measurements in the backward region, shown in Fig. 4.4,
where uncertainties due to MHOs are larger than both PDF and experimental uncertainties. Because of
this, the LHCb backward RPbp data are not further considered in the nNNPDF3.0 analysis. Considering

19

Abdul Khalek et al., EPJC 82 (2022) 507

Drastic reduction in the nPDF uncertainties!
: Important constraints for the nuclear gluons!

Kusina et al., PRL 121 (2018) 052004
Eskola, Helenius, PP, Paukkunen, JHEP 05 (2020) 037
Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 413

Abdul Khalek et al., EPJC 82 (2022) 507

nNNPDF3.0 with POWHEG+PYTHIA finds a
large scale uncertainty : fit only forward data

not seen in the S-ACOT-mT GM-VFNS used
in EPPS21 Helenius & Paukkunen, JHEP 05 (2018) 196

Eskola, Helenius, PP, Paukkunen, JHEP 05 (2020) 037



A data-driven approach – nCTEQ15HQ
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nCTEQ15HQ uses a data-driven approach
Lansberg & Shao, EPJC 77 (2017) 1

Kusina et al., PRL 121 (2018) 052004
to fit the D0 and J/ψ data:

1. Fit the matrix elements to pp data. . .
(assume 2→ 2 kinematics, gg IS only)

2. . . . use the fitted matrix elements to fit
nuclear PDFs with pPb data

17

FIG. 10: Predictions for D0 production in proton-proton collisions with uncertainties from the Crystal Ball fit.
Di↵erent rapidity bins are separated by multiplying the cross sections by powers of ten for visual clarity.

23

FIG. 17: Predictions for D0 production in proton-lead collisions with PDF uncertainties of the nCTEQ15HQ fit.
Di↵erent rapidity bins are separated by multiplying the cross sections by powers of ten for visual clarity.

12

FIG. 4: Lead PDFs from di↵erent nCTEQ15 versions. The baseline nCTEQ15 fit is shown in black, nCTEQ15WZ
in blue, nCTEQ15WZSIH in green, and the new fit in red.

FIG. 5: Ratio of lead and proton PDF from di↵erent nCTEQ15 versions. The baseline nCTEQ15 fit is shown in
black, nCTEQ15WZ in blue, nCTEQ15WZSIH in green, and the new fit in red.

12

FIG. 4: Lead PDFs from di↵erent nCTEQ15 versions. The baseline nCTEQ15 fit is shown in black, nCTEQ15WZ
in blue, nCTEQ15WZSIH in green, and the new fit in red.

FIG. 5: Ratio of lead and proton PDF from di↵erent nCTEQ15 versions. The baseline nCTEQ15 fit is shown in
black, nCTEQ15WZ in blue, nCTEQ15WZSIH in green, and the new fit in red.

Duwentäster et al., PRD 105 (2022)
114043



D0s in pPb at 8.16 TeV
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New LHCb measurement at 8.16 TeV
initially claimed to be in tension with nPDFs
(not included in the nPDF analyses yet)

Not only probing nPDFs but also testing
production mechanism!
(Here HELAC vs S-ACOT-mT)

0 5 10 15
]c [GeV/

T
p

0.5

1

1.5FBR  = 8.16 TeVNNsLHCb 
 = 5.02 TeVNNsLHCb 

EPPS16rwHF
nCTEQ15rwHF
FCEL

0Dprompt 
 < 4.0*y2.5 < 

Figure 7: Forward-backward production ratio for prompt D0 mesons as a function of pT,
integrated over the common rapidity range 2.5 < |y⇤| < 4.0. The error bars show the
statistical uncertainties and the boxes show the systematic uncertainties. The LHCb results atp

sNN = 5.02 TeV [4] and theoretical calculations at
p

sNN = 8.16 TeV from Refs. [8–10] are also
shown. For the LHCb results at

p
sNN = 5.02TeV, the error bars show the quadratic sum of

statistical and systematic uncertainties.

Table 4: Nuclear modification factor RpPb for prompt D0 mesons in intervals of pT and y⇤ for
pT < 10 GeV/c. The first uncertainty is statistical and the second is the systematic.

RpPb

pT [ GeV/c]\y⇤ (2.5, 4.0) (2.0, 2.5) (2.5, 3.0) (3.0, 3.5) (3.5, 4.0)
(0.0,1.0) 0.546 ± 0.002 ± 0.033 0.485 ± 0.001 ± 0.041 0.525 ± 0.001 ± 0.032 0.556 ± 0.002 ± 0.036 0.561 ± 0.005 ± 0.039
(1.0,2.0) 0.596 ± 0.002 ± 0.034 0.557 ± 0.001 ± 0.037 0.591 ± 0.003 ± 0.034 0.611 ± 0.002 ± 0.036 0.585 ± 0.003 ± 0.038
(2.0,3.0) 0.637 ± 0.001 ± 0.034 0.648 ± 0.001 ± 0.036 0.637 ± 0.001 ± 0.034 0.648 ± 0.001 ± 0.035 0.624 ± 0.003 ± 0.037
(3.0,4.0) 0.671 ± 0.001 ± 0.036 0.679 ± 0.001 ± 0.038 0.676 ± 0.002 ± 0.035 0.673 ± 0.002 ± 0.036 0.659 ± 0.004 ± 0.044
(4.0,5.0) 0.706 ± 0.002 ± 0.040 0.697 ± 0.002 ± 0.042 0.719 ± 0.002 ± 0.039 0.710 ± 0.003 ± 0.041 0.681 ± 0.007 ± 0.048
(5.0,6.0) 0.719 ± 0.005 ± 0.048 0.718 ± 0.003 ± 0.056 0.722 ± 0.002 ± 0.047 0.737 ± 0.004 ± 0.047 0.688 ± 0.019 ± 0.064
(6.0,7.0) 0.710 ± 0.014 ± 0.067 0.721 ± 0.004 ± 0.056 0.769 ± 0.004 ± 0.058 0.725 ± 0.006 ± 0.057 0.568 ± 0.061 ± 0.169
(7.0,8.0) 0.752 ± 0.005 ± 0.061 0.777 ± 0.006 ± 0.067 0.783 ± 0.005 ± 0.061 0.709 ± 0.010 ± 0.067 -
(8.0,9.0) 0.768 ± 0.011 ± 0.073 0.717 ± 0.006 ± 0.084 0.832 ± 0.008 ± 0.074 0.683 ± 0.023 ± 0.078 -
(9.0,10.0) 0.784 ± 0.018 ± 0.111 0.687 ± 0.007 ± 0.070 0.764 ± 0.011 ± 0.086 0.814 ± 0.043 ± 0.160 -
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Figure 8: Left: The LHCb Run-II RFB (263) compared to NLO GM-VFNS calculations

(234) using EPPS21, nCTEQ15HQ and nNNPDF3.0 nuclear PDFs. Right: The LHC

Run-II data (276, 277, 278, 279) for exclusive J/ production in PbPb collisions compared

to NLO calculations using EPPS21, nCTEQ15HQ and nNNPDF3.0 nuclear PDFs. The

factorization scales µ ⇠ 2.2 GeV have been chosen to match the ALICE data at y = 0.

of the top quark renders the production cross sections small in comparison to charm or

beauty production, the process was predicted to be visible at the LHC. Total top quark

cross sections have thereafter been measured by CMS (280) and ATLAS (281) and also in

PbPb collisions by CMS (282). The ATLAS measurement in pPb is consistent with the

nCTEQ15HQ, EPPS21 and TUJU21, but not with the nNNPDF3.0 nuclear PDFs.

5.6. Exclusive and inclusive observables in ultraperipheral collisions

Ultraperipheral collisions (UPCs) of ions are interactions in which the approaching nuclei

do not touch. Instead, they interact at a distance due to their strong electromagnetic fields

(283, 284). In comparison to typical minimum-bias pPb (let alone PbPb) collisions, much

fewer background processes take place, and the signal processes are thus easier to isolate.

The exclusive production of J/ mesons in UPCs has triggered particular interest. The

process is dominated by the exchange of an almost real photon. In photon-nucleus collisions,

the PDFs appear already at the level of the matrix element

M(� + A ! J/ + A) ⇠ Tg ⌦ fA
g +

X

q

Tq ⌦ fA
q . 48.

When squared to obtain a cross section, the latter becomes extremely sensitive to PDFs.

Several LO studies have been performed in the past (285, 286, 287, 288), but the first NLO

calculations for PbPb collisions have appeared only very recently (289, 290) despite the

fact that the NLO coe�cient functions Tg,q have been known for some time (291). Figure

8 (right) compares NLO calculations with several recent nuclear PDFs with the combined

experimental data from the LHC (276, 277, 278, 279). The factorization scales have been

chosen to match the ALICE data at mid-rapidity. While the central theory values do not

reproduce the behavior of the data particularly well, the nuclear PDF error bands are

28 Klasen and Paukkunen

Klasen & Paukkunen, arXiv:2311.00450

Rather different predictions!



LHCb pions and inclusive hadrons in pPb at 8.16 TeV
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Figure 3: Measured ⇡0 nuclear modification factor in the (left) backward and (right) forward ⌘CM

regions. Error bars show the statistical uncertainty, while the open boxes show the pT-dependent
systematic uncertainties. The solid gray boxes show the overall normalization uncertainties from
the luminosity estimate and e�ciency correction factors. The results are compared to (top)
theoretical predictions [47, 49, 52] and (bottom) to charged-particle data from Ref. [15]. The
hatched regions show the nPDF uncertainties of the pQCD calculations. The vertical error bars
on the charged-particle results show the combined systematic and statistical uncertainties.
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At forward rapidities, π0 & h±

agree with each other and nPDFs
constrained with D0s

At backward rapidities, this
agreement seems to break down!

Heavier mesons and baryons
potential explanation to the h±
excess in pPb, but do we see also
a “Cronin effect” in pions?

How does this effect evolve with
the system size? Does it persist
in pO/Op?

How low can we go in pT

such that the collinear
factorization is valid in pA
without additional
higher-twist corrections?



PHENIX pion production small-system scan

14 / 19

16

driven by the thickness of the nuclear matter traversed
by the projectile.

FIG. 10. Average RxA versus the number of collisions for (a)
the region around the RxA peak [4 < pT < 6 GeV/c] and
(b) the high pT region [pT > 8 GeV/c]. (c,d) Average RxA

versus the number of collisions per projectile participant for
the same two pT ranges. The statistical (error bars) and sys-
tematic (boxes) uncertainties are indicated. The tilted error
bars represent the anti-correlated uncertainty on the y and
x-axis due to the Ncoll calculations. The bar around unity
at the highest pT shown represents the overall normalization
uncertainty from p+p collisions.

5. Model comparison and discussion

The PDF of a nucleon is modified if the nucleon is
within a nucleus and the modifications increase with in-
creasing number of nucleons in the nucleus. Similarly
to the free proton PDFs themselves, the nuclear parton
distribution functions (nPDFs) are determined empiri-
cally by fitting a large variety of experimental data. Here
three di↵erent nPDFs are considered: nNNPDFv1.0 [47],
EPPS16 [48], and nCTEQ15 [49]. For consistency, the
same framework was used in all calculations with the
same fragmentation function [50].

Figure 11 compares the measured nuclear modification
factors for inclusive p+Al, p+Au, d+Au, and 3He+Au
collisions are to the predictions using the three di↵erent
nPDFs mentioned above. The central value of the predic-
tions is represented by a line and the uncertainties from
fitting the nPDF to data are given as shaded area. Due to
their large uncertainties, all three nPDFs give RxA pre-
dictions consistent with the data. However, looking at
the central values, the predictions are in tension with the
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FIG. 11. RxA for inelastic collisions compared to three dif-
ferent nuclear PDF calculations and their uncertainties. The
data points include the statistical and systematic uncertain-
ties. The left box around unity represents the overall normal-
ization uncertainty on the p+p collisions and the right box
represents the uncertainty from the calculated Ncoll.

trends of the data. For example, for the nNNPDF case
an enhancement is observed from 4 to above 20 GeV/c for
all systems, with a maximum near 8 GeV/c, clearly not
consistent with data. Looking at individual collision sys-
tems, EPPS16 and nCTEQ15 based calculations qualita-
tively, but not quantitatively, capture the general trends.
The tension is most clearly visible when comparing the
system size dependence. Each nPDF calculation predicts
an ordering of the enhancement of RxA in their respec-
tive peak region: 3He+Au > d+Au > p+Au > p+Al,
which is significant as the systematic uncertainties on
the nPDFs within one approach are highly correlated
between systems. The predicted ordering in the lower
pT (2–10 GeV/c) region, depending on the model, results
from the modification increasing both with the target size
and with the projectile size. In contrast, the data show
the reverse ordering 3He+Au < d+Au < p+Au with de-
creasing projectile size in the peak region.

For the same reasons that led to predictions of increas-
ing modification at lower pT . At high-pT , the models pre-
dict an ordering of RxA with projectile and target size:
3He+Au < d+Au < p+Au < p+Al. In contrast, the
data show a larger suppression than any of the models,
and it is essentially independent of the collision system.
However, given the systematic uncertainties on the RxA

scale, the nPDF predictions are consistent with the data
at high pT . The di↵erent trends, in particular at low pT ,
of the nPDF calculations compared to the data suggest

PHENIX Collaboration, PRC 105 (2022) 064902

Contrary to nPDF expectations,
measured “Cronin peak” size follows the
ordering 3He + Au < d+ Au < p+ Au

higher-twist (multiple-scattering)?
flow-like component?

At high pT the nPDF predictions
overshoot the data, but mind the large
normalisation uncertainties

How do the LHC pPb and pO data fit
this picture?
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DIS DY/W/Z hadr. Counting ratios A1/A2 only for the heavier nucleus

∼ 50% of the data points are for Pb!

� Good coverage of DIS measurements for different A (but only fixed target!)

À DY data more scarce, but OK A coverage

� Hadronic observables available only for heavy nuclei!

Light-ion runs at LHC could:

Complement other light-nuclei DY data with W and Z production (strangeness!)

Give first direct constraints (e.g. dijets, D-mesons) on light-nuclei small-x gluon distributions!



A-dependence of nuclear modifications
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A-dependence of gluon PDFs not well constrained by data!

Having data for even one additional nucleus would help interpolating the effect for others
(but note that A-dependence is not necessarily smooth or even monotonous)

nPDFs a major source of uncertainty for testing existence of QGP in small systems
Huss et al., PRL 126 (2021) 192301

Brewer et al., PRD 105 (2022) 074040



Dijet production in pO at 9.9 TeV
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PP, PRD 105 (2022) L031504

Similar setup as in CMS 5.02 TeV pPb measurement

Total integrated pO cross section of 81 µb

Compare with ∼ 330 µb in pPb at 5.02 TeV

Sufficient to give reasonable statistics even at
relatively low luminosities

16000 events at 0.2 nb−1

486000 events at 6 nb−1

Problem: absolute cross sections very sensitive to
the used free-proton PDFs

Difficult to disentangle nuclear modifications
from the free-proton d.o.f.s

Problem: We do not expect pp reference at 9.9 TeV

Could we use a mixed energy ratio
pO(9.9 TeV)/pp(8.8 TeV)?

0

1

2

3

1 1
6
d
σ
p
O

9
.9

T
e
V
/
d
η
d
ij
e
t
[µ
b
]

0.9

1

1.1

1.2

ra
ti
o
to

E
P
P
S
1
6

−3 −2 −1 0 1 2 3

0.9

1

1.1

ηdijet
ra
ti
o
to

E
P
P
S
1
6

anti-kT, R = 0.3, −3 < ηjet < 3
paveT > 55 GeV, psubT > 20 GeV, ∆φ > 2π/3

EPPS16
nNNPDF2.0
nCTEQ15WZ

stat. proj. LpO
int = 0.2 nb−1

stat. proj. LpO
int = 6 nb−1

CT14 error



Dijet RpO in pO at 9.9 TeV
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PP, PRD 105 (2022) L031504

Problem: We do not expect pp reference at 9.9 TeV

Could we use a mixed energy ratio
pO(9.9 TeV)/pp(8.8 TeV)? Yes!

Excellent cancellation of free-proton PDFs

: Direct access to nuclear modifications

Already few nb−1 can be expected to be enough
to put new constraints on nPDFs (if we have
sufficient statistics for the pp reference)

: Can resolve different nPDF parametrisations!
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A new generation of nPDF analyses with strong constraints from LHC data have appeared in the past
few years and are available for applications in high-energy physics

Still, the uncertainties in many places are large and new constrains are desperately needed

In particular, the A-dependence of gluon PDF nuclear modifications is currently practically unconstrained

Wishlist for pO (with the expected short-run luminosities):

D-mesons, identified light hadrons, jets
Cross sections and, if possible, nuclear modification ratios, even if with pp baseline at some
different (but close by) energy (avoid interpolated baselines)

For discussion: What are the needs for astroparticle physics? Which nuclei, parton flavours and
kinematical regions are needed? What is the precision that we should target?

: Possible input for run plans at the LHC and EIC



Thank you!



Example parametrization: EPPS21

Define nuclear PDFs in terms of

f
p/A
i

bound-proton PDF
(x,Q2) =

nuclear modification

R
p/A
i (x,Q2) fpi

free-proton PDF
(x,Q2)

PDFs of the full nucleus are then constructed with

fAi (x,Q2) = Zf
p/A
i (x,Q2) +Nf

n/A
i (x,Q2),

and assuming fp/Ai

isospin←→ f
n/A
j

Parametrize the x and A dependence of
R

p/A
i (x,Q2

0) at Q0 = mcharm = 1.3 GeV

I Use a phenomenologically motivated
piecewise function in x

I Use a power-law type function in A

Fermi motion

EMC effect

antishadowing
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W bosons in pPb at 8.16 TeV data from: CMS Collaboration, PLB 800 (2020) 135048
pp baseline: CMS Collaboration, EPJC 76 (2016) 469

Abdul Khalek et al., EPJC 82 (2022) 507
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Figure C.2. Same as Fig. C.1 for LHC datasets on gauge boson production in pPb collisions, specifically for the
ATLAS and CMS Z production measurements at 5.02 TeV, and the charged lepton rapidity distributions for W+ and
W� collisions from CMS at 5.02 TeV and 8.16 TeV.

Concerning the o↵-peak invariant mass region, 15  Mµµ̄  60 GeV, the theory undershoots the data by
a factor which is more or less rapidity independent and that could be explained by the absence of NNLO
QCD corrections, which are known to be non-negligible in this kinematic region.

Finally, Fig. C.4 compares the NLO QCD calculations based on nNNPDF3.0 with the CMS measure-
ments of dijet production at 5.02 TeV presented in terms of the ratio between pPb and pp spectra. These
measurements are presented as a function of the dijet rapidity ⌘dijet in five bins of the dijet average transverse
momentum pavg

T,dijet. We find how in general there is good agreement between the CMS data and the theory

calculations for most of the range in ⌘dijet and pavg
T,dijet covered. One di↵erence with the LHC electroweak

46

Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 413
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isospin only

CMS W+, pPb,
√
s = 8.16 TeV

EW bosons important probes of flavour separation

ud̄ (cs̄)→W+

ūd (c̄s)→W−

Small-x, high-Q2 quarks and gluons correlated by
DGLAP evolution : sensitivity to gluons

nCTEQ15WZSIH, TUJU21 and nNNPDF3.0
fit to absolute cross sections

EPPS21 uses nuclear-modification ratios
to cancel proton-PDF uncertainties

Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 271



Mitigating free-proton PDF uncertainty data from: CMS Collaboration, PLB 800 (2020) 135048
pp baseline: CMS Collaboration, EPJC 76 (2016) 469

Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 271
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Absolute pPb cross sections
sensitive to proton-PDF
uncertainties!

Difficult to disentangle
nuclear modifications
from free-proton d.o.f.s

nCTEQ15WZSIH, TUJU21
and nNNPDF3.0 fit to
absolute cross sections

Wherever possible, EPPS21
uses nuclear modification ratios
to cancel the free-proton-PDF
uncertainties
: can still become relevant

with LHC Run 3 statistics
Eskola, PP, Paukkunen, Salgado,

EPJC 82 (2022) 271



Propagating free-proton PDF uncertainty
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Z bosons in pPb at 8.16 TeV data from: CMS Collaboration, JHEP 05 (2021) 182
pp baseline: CMS Collaboration, EPJC 75 (2015) 147
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Figure 4.8. Comparison between the NLO QCD theory predictions based on the nNNPDF3.0 and nNNPDF3.0 (no
LHCb D) fits with the corresponding experimental data for the first two pavg

T,dijet bins of the CMS
p

s = 5.02 TeV dijet

production measurement (upper) and for the two dimuon invariant mass bins from the CMS
p

s = 8.16 Z production
measurement (bottom panels).

Figure 4.9. The dependence with the atomic mass number A of the pulls defined in Eq. (4.2) in nNNPDF3.0 for
a range of nuclei from deuterium (A = 2) up to lead (A = 208). Recall from Eq. (4.2) that nuclear modifications
associated to the di↵erent numbers of protons and neutrons have already been accounted for.

26

Abdul Khalek et al., EPJC 82 (2022) 507

New Run 2 data from CMS
CMS Collaboration, JHEP 05 (2021) 182

nNNPDF3.0 include both low-mass and on-peak data
RpPb studied in EPPS21 : not included in the final fit

Both EPPS21 and nNNPDF3.0 observe some tension
between the data and fit

abrupt change in the shape at midrapidity
NNLO to cure for the low-mass data?
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