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E.C. Aschenauer3

Why do we need different probes
Complementarity

QCD has two concepts which lay its foundation
factorization and universality

To tests these concepts and separate interaction dependent phenomena from 
intrinsic nuclear properties 

different complementary probes are critical
Probes: high precision data from ep, pp, e+e-

UniversalityFactorization
Example: Measure PDFs at HERA at √s=0.3 TeV: 

Predict pp and     measurements at √s=0.2, 1.96 & 7 TeV
(un)polarized cross section ~ 

PDF ⊗ hard-scattering⊗ Hadronization

hard-scattering : calculable in QCD
PDFs and Hadronization: need to be determined experimentaly

𝑝 ҧ𝑝

Elke’s talk on Tuesday:

Here, I will discuss the complementarity of hard probes in pA, γA and eA from the nuclear-PDF
point of view



At the heart of it all: Collinear factorization of QCD
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dσAB→k+X(Q2)
Q�ΛQCD

=
∑

i,j,X′

fAi (Q
2)⊗ dσ̂ij→k+X′(Q2)⊗ fBj (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 fAi (x,Q
2) are universal, process independent,

and obey the DGLAP equations Q2∂f
A
i

∂Q2
=
∑

j

Pij ⊗ fAj
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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Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 413Nuclear PDFs (nPDFs)
are fitted with similar global analyses
as their free-proton counterparts

: rely only to the QCD collinear
factorization

: model-agnostic way to study
the nuclear effects

Bulk of data from fixed-target
experiments

LHC is extending the x,Q2 reach of
pA by orders of magnitude

EIC will do the same for eA!



Example parametrization: EPPS21
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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

shadowing
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nPDF comparison
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Recent nPDF global fits
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Order in αs
lA NC DIS
νA CC DIS
pA DY
πA DY

RHIC dAu π0,π±

LHCpPb π0,π±,K±

LHC pPb dijets
LHC pPb HQ
LHC pPb W,Z
LHC pPb γ

Q,W cut in DIS
pT cut in HQ,inc.-h

Data points
Free parameters
Error analysis

Free-proton PDFs
Free-proton corr.
HQ treatment
Indep. flavours

Reference

KSASG20
NLO & NNLO

X
X
X

1.3, 0.0 GeV
N/A
4353
9

Hessian
CT18
no

FONLL
3

PRD 104, 034010

TUJU21
NLO & NNLO

X
X

X

1.87, 3.5 GeV
N/A
2410
16

Hessian
own fit
no

FONLL
4

PRD 105, 094031

EPPS21
NLO
X
X
X
X
X

X
XGMVFN

X

1.3, 1.8 GeV
3.0 GeV
2077
24

Hessian
CT18A
yes

S-ACOT
6

EPJC 82, 413

nNNPDF3.0
NLO
X
X
X

X
XFO+PS

X
X

1.87, 3.5 GeV
0.0 GeV
2188
256

Monte Carlo
∼NNPDF4.0

yes
FONLL

6

EPJC 82, 507

nCTEQ15HQ
NLO
X

X

X
X

XMEfitting

X

2.0, 3.5 GeV
3.0 GeV
1496
19

Hessian
∼CTEQ6M

no
S-ACOT

5

PRD 105, 114043



Recent nPDF global fits
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Order in αs
lA NC DIS
νA CC DIS
pA DY
πA DY

RHIC dAu π0,π±
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Free-proton corr.
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X
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N/A
2410
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Hessian
own fit
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FONLL
4

PRD 105, 094031

EPPS21
NLO
X
X
X
X
X
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2077
24

Hessian
CT18A
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6
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nNNPDF3.0
NLO
X
X
X

X
XFO+PS

X
X

1.87, 3.5 GeV
0.0 GeV
2188
256

Monte Carlo
∼NNPDF4.0

yes
FONLL

6

EPJC 82, 507

nCTEQ15HQ
NLO
X

X

X
X

XMEfitting

X

2.0, 3.5 GeV
3.0 GeV
1496
19

Hessian
∼CTEQ6M

no
S-ACOT

5

PRD 105, 114043



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 =
∑

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



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 EPPS21 and nNNPDF3.0
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data from: LHCb Collaboration, JHEP 10 (2017) 090
R
p
P
b

pT [GeV]

not fitted

EPPS16
EPPS21 nuclear err.
EPPS21 full err.

LHCb D0, 2.0 < y < 2.5

Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 413
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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, neglect IS quarks)

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, 114043



D0s at 8.16 TeV – LHCb
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New LHCb measurement at 8.16 TeV
(not included in the nPDF analyses yet)

pp reference interpolated from 5 and 13 TeV
measurements

So far compared only against the HELAC
matrix-element-fitting results

Kusina et al., PRL 121 (2018) 052004

: to be scrutinised with the direct pQCD
calculations
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Figure 2: Nuclear modification factor as a function of pT in di↵erent y⇤ intervals for prompt
D0 mesons in the (top) forward and (bottom) backward regions. The error bars show the
statistical uncertainties and the boxes show the systematic uncertainties. The LHCb results atp

sNN = 5.02 TeV [19] and theoretical calculations from Refs. [60, 61, 64,65] are also shown.

Figure 3: Nuclear modification factor for prompt D0 mesons as a function of y⇤ in (left) the
full-pT range and (right) the high-pT range. The error bars show the statistical uncertainties
and the boxes show the systematic uncertainties. The LHCb results at

p
sNN = 5.02TeV [19]

and theoretical calculations from Refs. [60,61,64,65] are also shown. On the left, the pT range is
0 < pT < 15 GeV/c for the calculations with nPDFs of EPPS16 and nCTEQ15.

At low pT, the nPDF and CGC1 calculations are slightly higher than the data while the
CGC2 calculation shows a better agreement. The observed suppression in the backward
rapidity is less than that seen for forward rapidities. The RpPb values are lower than
the nPDF calculations for pT > 6GeV/c. Fig. 3 shows RpPb as a function of y⇤ in two
di↵erent pT intervals. The smaller values of RpPb compared to theoretical predictions in
the high-pT interval may indicate that additional e↵ects exist in the backward rapidity
region, which may be related to final-state energy loss, that are not present at forward
rapidity.

5

HELAC

LHCb Collaboration, arXiv:2205.03936



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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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
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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.
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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?
: new & complementary data would help!
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Fig. 1. Schematic diagram of an ultraperipheral collision of two ions. The impact parameter, b, is larger than the sum of the two radii, RA + RB .
Reprinted from Ref. [3] with permission from Elsevier.

Fig. 2. A schematic view of (a) an electromagnetic interaction where photons emitted by the ions interact with each other, (b) a photon–nuclear
reaction in which a photon emitted by an ion interacts with the other nucleus, (c) photonuclear reaction with nuclear breakup due to photon
exchange.

The photoproduction cross section can also be factorized into the product of the photonuclear cross section and the
photon flux, dN� /dk,

�X =

Z
dk

dN�

dk
�

�
X (k), (4)

where �
�
X (k) is the photonuclear cross section.

The photon flux used to calculate the two-photon luminosity in Eq. (2) and the photoproduction cross section in Eq.
(4) is given by the Weizsäcker–Williams method [8]. The flux is evaluated in impact parameter space, as is appropriate
for heavy-ion interactions [9,10]. The flux at distance r away from a charge Z nucleus is
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where w = kr/�L and K0(w) and K1(w) are modified Bessel functions. The photon flux decreases exponentially
above a cutoff energy determined by the size of the nucleus. In the laboratory frame, the cutoff is kmax ⇡ �L h̄c/RA. In
the rest frame of the target nucleus, the cutoff is boosted to Emax = (2� 2

L � 1)h̄c/RA, about 500 GeV at RHIC and 1
PeV (1000 TeV) at the LHC. The photon flux for heavy ions at RHIC and the LHC is depicted in Fig. 4. Also shown,

Baltz et al., Physics Reports 458 (2008) 1

In ultra-peripheral heavy-ion collisions (UPCs), two nuclei
pass each other at an impact parameter larger than the sum
of their radii
: hadronic interactions suppressed

Hard interactions of one nucleus with the electric field of the
other can be described in equivalent photon approximation
: access to photo-nuclear processes
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In ultra-peripheral heavy-ion collisions (UPCs), two nuclei
pass each other at an impact parameter larger than the sum
of their radii
: hadronic interactions suppressed

Hard interactions of one nucleus with the electric field of the
other can be described in equivalent photon approximation
: access to photo-nuclear processes

Just like two capoeiristas who interact without touching!
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6

FIG. 1. Upper panel: The scale-choice uncertainty-envelope of the rapidity-di↵erential exclusive J/ photoproduction cross
section in ultraperipheral Pb+Pb collisions at

p
sNN = 5.02 TeV, as a function of the J/ rapidity y, calculated to NLO pQCD

with the EPPS16 nPDFs [44] and compared with the experimental data from Refs. [38] (ALICE Forw), [36] (ALICE Cent) and
[41] (LHCb Forw). The experimental data points are mirrored w.r.t. y = 0, and their errorbars are obtained by adding the
statistical and systematic errors in quadrature. The solid (red) curve shows the NLO result with our “optimal” scale explained
in the text. Lower panel: The same but at

p
sNN = 2.76 TeV and with experimental data from Refs. [39] (ALICE Forw),

[37] (ALICE Cent) and [40] (CMS Cent). For the errorbars of the data, all given errors are added in quadrature.

in ultraperipheral Pb+Pb collisions. Figure 1 shows the
uncertainty envelopes that result from varying the scale
µ = µF = µR from MJ/ /2 to MJ/ at

p
sNN = 5.0 TeV

(upper panel) and 2.76 TeV (lower panel), using the cen-
tral set of the EPPS16 nPDFs [44]. For comparison, the
figure also shows the experimental LHC data measured
at these energies at forward rapidities by ALICE [38, 39],
LHCb [41] and CMS [40], and at central rapidities by AL-
ICE [36, 37]. The solid (red) lines in the middle-parts of
the envelopes show the results with µ = 0.76MJ/ = 2.37
GeV, a scale we have iteratively obtained by requiring

a rough simultaneous fit to the data at both collision
energies. In what follows, we call this “optimal” scale,
emphasizing however that its precise number bears no
special significance but it depends e.g. on the assumed
the GPD modeling details and nPDFs in general.

On the one hand, as expected based on Ref. [30], we
observe that the scale uncertainty remains quite large
also here in the nuclear case. On the other hand then,
it is interesting and quite encouraging that already with
our current “bare bones” GPD/PDF framework the NLO
cross sections with entirely feasible scale choices µ =

12

FIG. 7. Decomposition of the exclusive rapidity-di↵erential J/ photoproduction cross section, computed with EPPS16 nPDFs
at our “optimal” scale, in 5.02 TeV Pb+Pb UPCs (solid blue curve “Full |M|2”) into the contributions with zero quark
distributions (dashed orange curve “Only Gluons”), with zero gluon distributions (dotted green curve “Only Quarks”) and
the one with a mixing of the quark and gluon distributions in the square of the full NLO amplitude (red dashed-dotted curve
“Interference”).

component’s photon flux and nuclear form factor towards
negative rapidities now suppresses the W� component so
that it becomes of the same magnitude as the W+ com-
ponent whose squared amplitude is smaller but photon
flux correspondingly larger. As seen in Figs. 6 and 7,
as a result of these competing e↵ects the real and imagi-
nary parts of the amplitude, as well as quarks and gluons,
then contribute equally to the rapidity-di↵erential cross
section at y ⇡ �3.

• At y ⇡ �4, where the cross section is dominated by
the W+ component as seen in Fig. 5, the LO and NLO
gluon terms cancel to a much smaller degree both in the
real and imaginary parts, and the hierarchy becomes

[Re(MNLO
Q )]2 ⌧ [Re(MLO

G + MNLO
G )]2

. [Im(MNLO
Q )]2

⌧ [Im(MLO
G + MNLO

G )]2,

(36)

causing the gluons-only terms to dominate over the
quarks-only by a factor of four. In this case, the siz-
able quark-gluon mixing term is deeply negative because
of the large negative term Im(MLO

G ) + Im(MNLO
G ). It is

again the negative sign of this term that in the full am-
plitude causes [Re(M)]2 & [Im(M)]2, seen in Fig. 8 and
in the lower panel of Fig. 6 at y = �4...� 3.

As shown by Figs. 5-8, the full NLO cross section thus
has a very detailed complex structure with interplays
between the photoproduction cross section, the photon
flux and the nuclear form factor, between the W± com-
ponents, and especially between the various contribu-
tions from the real and imaginary parts of the amplitude.
The key to understand the obtained rapidity-di↵erential
cross sections is the degree of cancellation of the LO and

NLO gluon contributions of opposite signs. We have also
checked that the situation is qualitatively the same for
the 2.76 TeV collision energy, and that the real part con-
tributions become slightly more important for all values
of y than for the 5.02 TeV case. We have also checked
that in the case of no nuclear e↵ects, the situation re-
mains qualitatively the same.

C. Nuclear e↵ects and PDF uncertainties in the
cross section

Next, we analyse how the nuclear modifications of the
PDFs as well as the uncertainties of the nuclear and
free-proton PDFs propagate into the exclusive rapidity-
di↵erential J/ photoproduction cross sections. Figure 9
compares the rapidity-di↵erential cross sections at 5.02
TeV obtained at our “optimal” scale with the EPPS16
nPDFs (solid orange curve), and the one obtained with
the CT14NLO free-proton PDFs (dashed blue) which are
the baseline for EPPS16. As seen in the figure, at mid-
rapidity, where the W± terms contribute equally, the
cross sections show a reduction of a factor of 0.76 from
CT14NLO to EPPS16. Towards backward/forward ra-
pidites, i.e. in the regions where the W± terms contribute
significantly and probe the nuclear e↵ects in di↵erent
x-regions, the net nuclear e↵ects are slighly increasing.
Finally at the backwardmost (forwardmost) rapidities,
where the single W+ (W�) contribution dominates and
one enters the antishadowing region, the nuclear e↵ects
essentially die out.

The general behaviour and magnitude of the nuclear
e↵ects here can be understood as follows:

Eskola et al., PRC 106 (2022) 035202

First phenomenological implementation of
the NLO corrections

Ivanov et al., EPJC 34 (2004) 297
Jones et al., J. Phys. G 43 (2016) 035002

in ultrapheripheral Pb+Pb
Eskola et al., PRC 106 (2022) 035202

Exclusive process
: need a mapping between GPDs and

traditional PDFs (Shuvaev transform)

Large scale uncertainty
: perturbative convergence?

ξ ¼ pþ − p0þ

pþ þ p0þ ¼
M2

ψ

2W2 −M2
ψ
: ð2Þ

Due to the vanishing of the quark coefficient function at
LO, the process is predominantly sensitive to the gluon
GPD. At LO, the gluon coefficient function is strongly
peaked for jXj ∼ ξ and so the gluon GPD is probed close to
Fgðξ; ξÞ. In fact, for the imaginary part of the amplitude, the
LO gluon coefficient function acts as a Dirac delta function
and the GPD is probed at exactly jXj ¼ ξ.

III. CONNECTING EXCLUSIVE
PRODUCTION TO THE PDFS

First, let us recall the advantage of using the exclusive
J=ψ LHCb data in global parton analyses in the collinear
factorization scheme. It offers the possibility to probe PDFs
(mainly the gluon PDF) at extremely low x in a so far
unexplored kinematic regime. In particular, for forward
ultraperipheral production, pp → pþ J=ψ þ p, the LHCb
experiment can reach3

x ∼ ðMψ=
ffiffiffi
s

p
Þe−Y ∼ 3 × 10−6 ð3Þ

for
ffiffiffi
s

p
¼ 13 TeV and rapidity Y ¼ 4.5. Moreover, the

cross section is proportional to the square of the parton
density, so the uncertainty on the PDF is reduced.
However, as mentioned in the introduction, there appear

to be two disadvantages. First, the description of the
exclusive J=ψ process depends on GPDs, and, second,
there is a strong dependence on the choice of scale,

indicating a large theoretical uncertainty. Immediately
below, we note how the first disadvantage is overcome.
Then, in the next section, we discuss the removal of the
sensitivity to the scale dependence.
Though exclusive J=ψ production is described by GPDs,

at very low values of x and small momentum transfer t, the
GPD can be related to the conventional integrated PDF, via
the Shuvaev transform, with accuracy OðxÞ [16]. The key
observation is that the Gegenbauer (conformal) moments,
Gn,

4 of the GPDs evolve in the same manner as the Mellin
moments, Mn, of the PDFs. This fact allows one to restore
the full GPD function (at a given fixed scale) through
knowledge of its Gegenbauer moments. Owing to the
polynomial condition, see, e.g., [21]; even for ξ ≠ 0 the
Gegenbauer moments can be obtained from the Mellin
moments of the diagonal (nonskewed) PDFs to OðξÞ
accuracy at NLO. We emphasize that despite the values
of the Mellin (and the Gegenbauer) moments maintaining
sensitivity to the x behavior throughout the whole x interval
(including large x ∼ 1), the polynomiality provides the
accuracy of Gn ¼ Mn, which depends on the value of ξ
only. Thus, it is possible to obtain the full GPD function at
small ξ from its known moments. Based on this fact, we can
obtain an expression which transforms the low x PDF to the
corresponding GPD [16].
The GPD function (denoted by FaðX; ξÞ with a ¼ g, q in

Fig. 1) accounts for the fact that the momenta of the “left”
and “right” partons in the diagrams of Fig. 1 are different.
In particular, they carry proton momentum fractions X þ ξ
and X − ξ, respectively. The Shuvaev transform relates the
GPD FaðX; ξÞ to the PDF(X þ ξ). We systematically

FIG. 1. (a) LO contribution to γp → V þ p. (b) NLO quark contribution. For these graphs, all permutations of the parton lines and
couplings of the gluon lines to the heavy-quark pair are to be understood. Here the momentum P≡ ðpþ p0Þ=2 and l is the loop
momentum. Note that the momentum fractions of the left and right partons are x ¼ X þ ξ and x0 ¼ X − ξ, respectively; for the upper
gluons, we have x0 ≪ x and so x ≃ 2ξ.

3Note that this value corresponds to the lower limit of the x
interval felt by the process. In practice, the main contribution to
the amplitude comes from a slightly larger value of x, as
discussed in Sec. VI.

4Gegenbauer moments are the analog of Mellin moments
which diagonalize the Q2 evolution of PDFs. The corresponding
operator diagonalizes the Q2 evolution of the GPDs [20]. As
ξ → 0, the Gegenbauer moments become equal to the Mellin
moments.

HOW TO INCLUDE EXCLUSIVE J=ψ PRODUCTION … PHYS. REV. D 101, 094011 (2020)

094011-3

Flett et al., PRD 101 (2020) 094011
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Dijet photoproduction in UPCs has been
promoted as a probe of nuclear PDFs

ATLAS measurement now fully unfolded!

Triple differential in

HT =
∑

i∈jets

pT,i, zγ =
Mjets√
sNN

e+yjets ,

xA =
Mjets√
sNN

e−yjets

Previous NLO predictions have been performed
in a pointlike approximation of the photon flux

Guzey & Klasen, PRC 99 (2019) 065202

: Can/should we do better?

30ATLAS-CONF-2022-021 Quark Matter 2022, April 4-10, Kraków, Poland

Conclusions and Next Steps
• Photo-nuclear dijet production was measured by ATLAS in 5.02 TeV

Pb+Pb collisions with 2018 data.
• Particle-Flow jets allow the measurement to be extended even 

lower in jet 𝑝𝑇 while maintaining systematic control.
• This measurement has been fully unfolded for detector 

response for the first time.
• The overall normalization of the cross-section is well-predicted by 

theoretical comparisons.
• A theoretical model of nuclear breakup is necessary to 

understand the total cross-section.
• This study is currently sensitive to nuclear PDF effects with a 

precision of up to 10% in some bins.
• Once final studies of low-μ jet response in ATLAS can be 

completed, substantial gains in systematic control can be 
achieved.

• These results are connected to early physics goals for the EIC.

ATLAS-CONF-2022-021

V. GUZEY AND M. KLASEN PHYSICAL REVIEW C 99, 065202 (2019)
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FIG. 1. Typical leading-order Feynman graphs for dijet photo-
production in UPCs of hadrons A and B. Graphs (a) and (b) corre-
spond to the direct and resolved photon contributions, respectively.

the requirement that the target nucleus stays intact, one can
study diffractive dijet photoproduction in UPCs AA → A +
2 jets + X + A. Studies of this process may shed some light
on the mechanism of QCD factorization breaking in diffrac-
tive photoproduction and, for the first time, give access to
nuclear diffractive PDFs [40,41]. While further progress in
constraining nPDFs will benefit from studies of high-energy
hard processes with nuclei in proton-nucleus (pA) scattering
at the LHC [42] and lepton-nucleus (eA) scattering at a future
Electron-Ion Collider (EIC) [43] and Large Hadron Electron
Collider (LHeC) [44], UPCs at the LHC present an important
and complementary method of obtaining new constraints al-
ready now on nPDFs in a wide kinematic range.

In this work, we make predictions for the cross section of
inclusive dijet photoproduction in Pb-Pb UPCs at the LHC
using NLO perturbative QCD [45] and nCTEQ15 nPDFs.
We show that our approach provides a good description of
various cross section distributions measured by the ATLAS
Collaboration [38]. Our analysis also shows that the dijet
photoproduction cross section in the considered kinematics is
sensitive to nuclear modifications of the PDFs. As a function
of the momentum fraction xA, the ratio of the cross sections
calculated with nPDFs and in the impulse approximation
behaves similarly to Rg for a given µ and deviates from unity
by 10–20% for the central nCTEQ15 fit. The calculations
using EPPS16 nPDFs and predictions of the leading twist
nuclear shadowing model give similar results. This suggests
that inclusive dijet photoproduction on nuclei can be used to
reduce uncertainties in the determination of nPDFs, which are
currently significant and comparable in size to the magnitude
of the calculated nuclear modifications of the dijet photopro-
duction cross section.

The remainder of this paper is structured as follows. In
Sec. II, we outline the formalism of dijet photoproduction in
UPCs using NLO perturbative QCD. We present and discuss
our results for the LHC in Sec. III and draw conclusions in
Sec. IV.

II. PHOTOPRODUCTION OF DIJETS IN UPCS
IN NLO PERTURBATIVE QCD

Typical leading-order (LO) Feynman diagrams for dijet
photoproduction in UPCs of nuclei A and B are shown in
Fig. 1, where the graphs (a) and (b) correspond to the direct

and resolved photon contributions, respectively. Note that
beyond LO, the separation of the direct and resolved photon
contributions depends on the factorization scheme and scale
(see the discussion below).

Using the Weizsäcker-Williams method, which allows one
to treat the electromagnetic field of an ultrarelativistic ion as
a flux of equivalent quasireal photons [1,46], and the collinear
factorization framework for photon-nucleus scattering, the
cross section of the UPC process AB → A + 2 jets + X is
given by [45]

dσ (AB → A + 2 jets + X )

=
∑

a,b

∫ ymax

ymin

dy
∫ 1

0
dxγ

∫ xA,max

xA,min

dxA fγ /A(y) fa/γ (xγ , µ2) fb/B

× (xA, µ2)d σ̂ (ab → jets), (1)

where a, b are parton flavors; fγ /A(y) is the flux of equivalent
photons emitted by ion A, which depends on the photon
light-cone momentum fraction y; fa/γ (xγ , µ2) is the PDF of
the photon, which depends on the momentum fraction xγ and
the factorization scale µ; fb/B(xA, µ2) is the nuclear PDF with
xA being the corresponding parton momentum fraction; and
d σ̂ (ab → jets) is the elementary cross section for production
of two- and three-parton final states emerging as jets in hard
scattering of partons a and b. The sum over a involves quarks
and gluons for the resolved photon contribution and the pho-
ton for the direct photon contribution dominating at xγ ≈ 1.
At LO, the direct photon contribution has support exactly
only at xγ = 1, i.e., fa/γ = δ(1 − xγ ). At NLO, the virtual
and real corrections are calculated with massless quarks in
dimensional regularization, ultraviolet (UV) divergences are
renormalized in the MS scheme, and infrared (IR) divergences
are canceled and factorized into the proton and photon PDFs,
respectively. For the latter, this implies a transformation from
the DISγ into the MS scheme. The integration limits are
determined by the rapidities and transverse momenta of the
produced jets; see Sec. III. Note that Eq. (1) is based on
the clear separation of scales, which characterize the long-
distance electromagnetic interaction and the short-distance
strong interaction. It generalizes the NLO perturbative QCD
formalism of collinear factorization for jet photoproduction
in lepton-proton scattering developed in Refs. [45,47–49],
which successfully described HERA ep data on dijet pho-
toproduction [50]. Hence, Eq. (1) involves universal nuclear
PDFs fb/B(xA, µ2), which can be accessed in a variety of hard
processes involving nuclear targets [33–35], and the universal
photon PDFs fa/γ (xγ , µ2), which are determined by e+e−

data; for a review, see [45]. Hence, the interplay between the
direct and resolved photon contributions in Eq. (1) is also uni-
versal and controlled by the standard µ2 evolution equations
of photon PDFs and the choice of the factorization scheme.

In our analysis, we used the following input for Eq. (1). For
photon PDFs fa/γ (xγ , µ2), we used the GRV HO parametriza-
tion [51], which we transformed from the DISγ to the MS fac-
torization scheme. These photon PDFs have been profoundly
tested at HERA and the Large Electron-Positron (LEP) col-
lider at CERN and are very robust, in particular at high xγ

(dominated by the pQCD photon-quark splitting), which is
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Work in progress!

Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

dσAB→A+dijet+X =
∑

i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)

⊗
∫

d2s fj/B(x,Q2, s)⊗ dσ̂ij→dijet+X′
δ(r−s−b)

A Bb

s
r
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

dσAB→A+dijet+X =
∑

i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)

⊗
∫

d2s fj/B(x,Q2, s)⊗ dσ̂ij→dijet+X′
δ(r−s−b)

A Bb

s
r

A

r |r| ∼ |b| � |s| ‘jogo de fora’

A

r |r| ∼ |b| ∼ |s| ‘jogo de dentro’

non-UPC UPC
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

dσAB→A+dijet+X =
∑

i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)

⊗
∫

d2s fj/B(x,Q2, s)⊗ dσ̂ij→dijet+X′
δ(r−s−b)

A Bb

s
r

Now, if fj/B(x,Q2, s) = 1
B TB(s) · fj/B(x,Q2), we can write

dσAB→A+dijet+X =
∑

i,j,X′

f eff
γ/A(y)⊗ fi/γ(xγ , Q

2)⊗ fj/B(x,Q2)⊗ dσ̂ij→dijet+X′

where the effective photon flux reads

f eff
γ/A(y) =

1

B

∫
d2r

∫
d2s fγ/A(y, r)TB(s) ΓAB(r−s) as in ATLAS-CONF-2022-021 (see Appendix A)!
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Work in progress!
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Pointlike (PL) approximation: TB(s) = Bδ(s), ΓAB(b) = θ(|b| − bmin), bmin = 2RPL = 14 fm

⇒ f eff,PL
γ/A (y) =

∫
d2r fPL

γ/A(y, r)
︸ ︷︷ ︸

=Z2αe.m.
π2

m2
py[K2

1 (ζ)+ 1
γL
K2

0 (ζ)]ζ=ymp|r|

θ(|r|−bmin) = 2Z2αe.m.
πy

[
ζK0(ζ)K1(ζ)− ζ2

2 [K2
1 (ζ)−K2

0 (ζ)]
]
ζ=ympbmin

: Coincides with Guzey & Klasen, PRC 99 (2019) 065202
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Work in progress!
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⇒ f
eff,WSδ(s)
γ/A (y) =

∫
d2r fWS

γ/A(y, r)
︸ ︷︷ ︸

= Z2αe.m.
π2yE2

beam

∣∣∣∣∫∞0 dk⊥
k2⊥F (k2⊥+k2/γ2L)

k2⊥+k2/γ2
L

J1(|r|k⊥)
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k=yEbeam

ΓAB(r)

: cf. Eskola et al., PRC 106 (2022) 035202; Zha et al., PLB 781 (2018) 182
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Work in progress!
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⇒ f eff,WS
γ/A (y) =

∫
d2r fWS

γ/A(y, r)
︸ ︷︷ ︸

= Z2αe.m.
π2yE2

beam

∣∣∣∣∫∞0 dk⊥
k2⊥F (k2⊥+k2/γ2L)
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∣∣∣∣2
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AB(r), where Γeff

AB(r) =

∫
d2sTB(s) ΓAB(r−s)

: Accounting for the s dependence important at small |r|!
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Work in progress!
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Work in progress!
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Questions for further investigation:
All of this assumed that we can factorize fj/B(x,Q2, s) = 1

B TB(s) · fj/B(x,Q2), but we know this
might not be valid. Are we then actually probing impact-parameter dependent nPDFs?
If so, are these objects we probe here in a (more or less) inclusive process related the GPDs
extracted in exclusive processes?
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NEXT-TO-LEADING ORDER QCD PREDICTIONS FOR … PHYSICAL REVIEW C 102, 065201 (2020)

FIG. 2. NLO QCD predictions for the ratio of the cross sections of dijet photoproduction on nuclei and the proton as a function of p̄T , η̄,
xobs

A , and xobs
γ in the EIC kinematics. The calculation uses central values of nCTEQ15 nPDFs (solid lines) and 32 sets of error PDFs (shaded

band).

photon contribution has the support exactly at xγ = 1 and
fγ /γ (xγ , µ2) = δ(1 − xγ ). At NLO, the separation between
the resolved and direct photon contributions depends on the
factorization scheme and scale µ. Indeed, by calculating the
virtual and real corrections to the matrix elements of interest
using massless quarks in dimensional regularization, one can
explicitly show that ultraviolet (UV) divergences are renor-
malized in the MS scheme and infrared (IR) divergences are
canceled and factorized into the nucleus (proton) and photon
PDFs, respectively; see Ref. [25]. For the latter, this can imply
a transformation from the DISγ to the MS scheme. As a result,
the direct photon contribution becomes sizable and in practice
dominates the cross section at xγ ≈ 1 even at NLO.

In our analysis, we used for the photon flux of the electron
the improved expression derived in the Weizsäcker-Williams
approximation [26]

fγ /e(y) = α

2π

[
1 + (1 − y)2

y
ln

Q2
max(1 − y)

m2
ey2

+ 2m2
e y

(
1

Q2
max

− 1 − y
m2

ey2

)]
, (2)

where α is the fine-structure constant; me is the electron
mass; and Q2

max is the maximal photon virtuality. Motivated

by studies of jet photoproduction at HERA, we take Q2
max =

0.1 GeV2 and assume that the inelasticity spans the range of
0 < y < 1.

For the photon PDFs, we used the GRV HO parametriza-
tion [27], which we transformed as explained above. These
photon PDFs have been tested thoroughly at HERA and the
Large Electron Positron (LEP) collider at CERN and are very
robust, especially at high xγ (dominated by the pQCD photon-
quark splitting), which is correlated with the low-xA region
that is of particular interest for this work. For the nuclear PDFs
fb/B(xA, µ2), we employed the nCTEQ15 [18] and EPPS16
[19] parametrizations including both central and error PDFs.
The latter are used to evaluate the theoretical uncertainty
bands of our predictions.

III. PREDICTIONS FOR DIJET PHOTOPRODUCTION
CROSS SECTIONS AT FUTURE
ELECTRON-ION COLLIDERS

We performed perturbative NLO QCD calculations of
the dijet photoproduction cross section using Eq. (1), which
was numerically implemented in an NLO parton-level Monte
Carlo [21–25]. This framework has been successfully tested

065201-3

Guzey & Klasen, PRC 102 (2020) 065201

The experimental condition for photoproduction at EIC is
much simpler - depends only on electron scattering angle!

fγ/e(y) =
αe.m.

2π

[
1 + (1− y)2

y
log

Q2
max(1− y)

m2
ey

2

+ 2m2
ey

(
1

Q2
max

− 1− y
m2
ey

2

)]
,

where Q2
max is the maximal photon virtuality

Probe nPDFs down to x ∼ 10−2

Klasen & Kovarik, PRD 97 (2018) 114013
Guzey & Klasen, PRC 102 (2020) 065201

Complementary to pA dijets and other EIC observables
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2

of high-energy nuclear physics.
Analogously to the free proton case, `+A scatter-

ing has a huge potential to o↵er information on the
nPDFs [19]. Despite some considerable e↵ort [20, 21], the
HERA collider was never operated with nuclear beams
and thus the kinematic reach of currently available cross-
section measurements in `+A DIS is much more re-
stricted than in the case of protons — the existing fixed-
target measurements do not reach x much below 10�2 in
the perturbative region. As a consequence, the nPDFs
are significantly less constrained than the proton PDFs.

Recently, the first global analysis of nPDFs to include
LHC p+Pb Run-I data, EPPS16 [22], appeared. From
the LHC data available at the time of the EPPS16 fit,
the CMS dijet measurements [23] had clearly the largest
impact providing additional constraints on the large-x
gluons. Also data from electroweak boson production
in p+Pb collisions were used, but their inclusion did
not lead to significant improvements due to their limited
statistical precision. The Run-II data with significantly
higher luminosities are expected to provide much better
constraints in the near future. However, theoretically ro-
bust LHC observables are limited to rather high Q2 (e.g.
in the case of W and Z bosons production the typical
interaction scale is Q2 ⇠ 104 GeV2) and it is particularly
challenging to obtain reliable constraints at the low-x ,
low-Q2 domain. As already mentioned, this is the im-
portant region when it comes to di↵erentiating linear vs.
non-linear scale evolution and, in general, particularly
significant for bulk observables in heavy-ion collisions, as
around 90% of the particles produced at mid rapidity at
both RHIC (0.002 . x . 0.4) and the LHC (x . 10�3)
come from low-Q2 processes.

To obtain gluon constraints at small x and low Q2

from p+A collisions at the LHC or RHIC, one has to,
in general, rely on observables at low transverse momen-
tum (e.g. open charm) for which theoretical uncertainties
are significant. In order to have a cleaner probe of the
partonic structure of nuclei and to extend the current
measurements down to smaller x, a next-generation DIS
experiment is called for. To this end, two possibilities
have been entertained: the LHeC collider at CERN [24]
and an EIC in the United States [25]. In the present pa-
per, we will focus on the EIC project and its potential
to improve the precision of nuclear PDFs. This work is
organized as follows: in Sec. II we present some techni-
cal details of an EIC, relevant for the present analysis.
Secs. III and IV are dedicated to discuss the quanti-
ties that can be used to further the knowledge on nPDFs
and showing simulation results for these, respectively. In
Sec. V the impact of these measurements on the nPDFs is
presented, finally in Sec. VI our findings are summarized.

II. THE ELECTRON-ION COLLIDER PROJECT

Currently, there are two proposals to construct an EIC
in the United States. One option would involve the addi-

Measurements with A ≥ 56 (Fe):
eA/μA DIS (E-139, E-665, EMC, NMC) 
JLAB-12
νA DIS (CCFR, CDHSW, CHORUS, NuTeV)
DY (E772, E866)
DY (E906)
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 15 − 40 GeV, 0.01 ≤ y ≤

 0.95   
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non-perturbative

FIG. 1. The kinematic acceptance in x and Q2 of an EIC
compared to completed fixed target `+A DIS and Drell-Yan
(DY) experiments.

tion of a hadron-accelerator complex to the existing CE-
BAF electron facility at the Thomas Je↵erson National
Laboratory (JLAB), the so-called JLEIC project [26].
The other option would be to add an electron accel-
erator to the existing RHIC facility at BNL, a project
know as eRHIC [27]. Despite the two proposals and
strategies for an EIC, the overriding goal is the same:
to build a high-luminosity collider, which is flexible in
terms of ion species (proton to uranium) and center-of-
mass (c.o.m.) energies. Both proposals plan for a fi-
nal per-nucleon c.o.m. energies ranging from 20 GeV to
90 GeV for large nuclei with an even larger range (up
to 145 GeV) for polarized electron+proton (e�+p) col-
lisions. The wide kinematic coverage of an EIC, shown
in Figure 1 in the (x, Q2)-plane, is very important to ef-
fectively constrain nuclear PDFs. Only the eRHIC pro-
posal for an EIC could eventually be capable of reaching
top c.o.m. energy at “day 1”, whereas the JLEIC ver-
sion would require a significant upgrade to reach the full
c.o.m. energy. Therefore, JLEIC would stage its mea-
surements in c.o.m. energies, starting with scanning the
high and mid x region up to high Q2 values. Both of
the proposed accelerators would also be capable to reach
peak luminosities larger than 1034 cm�2 s�1, three orders
of magnitude higher than what was achieved at HERA.
Only the JLEIC version of an EIC would be capable of
reaching the peak luminosity at “day 1”, whereas eRHIC
would build up its luminosity over time after upgrading
the facility with hadron beam cooling. While a very large
instantaneous luminosity may be required for other EIC
key physics programs, this is not equally crucial for mea-
suring structure functions. As will be described later,
our study proves that, assuming collected integrated lu-
minosity of 10 fb�1, these measurements are - for the
most part - not statistically limited, but rather by the
associated systematic uncertainties. Therefore, a crucial
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FIG. 12. Results for the nuclear modifications of Pb at Q2 = 1.69 GeV2. The hatched bands correspond to the baseline fit,
the blue bands are the results from fits with no charm data included, and the black error bands denote the full analysis with
inclusive and charm data.
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FIG. 12. Results for the nuclear modifications of Pb at Q2 = 1.69 GeV2. The hatched bands correspond to the baseline fit,
the blue bands are the results from fits with no charm data included, and the black error bands denote the full analysis with
inclusive and charm data.

Aschenauer et al., PRD 96 (2017) 114005

EIC will significantly widen the kinematic range of DIS constraints for nPDFs

Comparing with LHC measurements will put collinear factorization with nuclei to a stringent test

With the FL extraction capability, EIC provides a clean probe to study small-x gluons

Good constraining power to well down to x ∼ 10−2

Charm-tagged cross-section measurement can vastly reduce high-x gluon uncertainty
see also: Kelsey et al., PRD 104 (2021) 054002
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He-3 He-4 Li Be C O Al Ca Fe Cu Ag Sn W Pt Au Pb
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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!

A lot of room for improvement from EIC with inclusive DIS and heavy quarks & jets!
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A lot of progress in constraining nPDFs with the LHC pA data, but methodological choices and
data selection cause differences in the extracted gluon distributions

Photoproduction in UPCs offer novel probes, but theoretical uncertainties may prevent their use as
actual nPDF constraints

EIC is going to be essential in providing clean probes and ensuring complementary view from
multiple observables on the nuclear structure

Having measurements with different nuclei is key. We want to understand the onset of nuclear
effects from the lightest all the way to the heaviest nuclei
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