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We compute the inclusiveD0 production cross section in ultraperipheral Pb-Pb collisions at the LHC as a
function of the D0 transverse momentum and rapidity. These calculations are carried out within the new
generalized photon-nucleus FONLL (GγA-FONLL) framework, which can predict photonuclear cross
sections for charm and beauty hadrons in electron-proton, electron-nucleus, and ultraperipheral heavy-ion
collisions. The framework relies on fixed-order next-to-leading logarithm (FONLL) to model heavy-quark
production in photonuclear collisions and employs a photon-flux reweighting procedure to describe the
production cross sections in ultraperipheral heavy-ion collisions. The GγA calculations are first validated
against the photoproduction cross sections of D� in electron-proton collisions at HERA. The predictions
for the D0 production cross section in ultraperipheral Pb-Pb collisions at the LHC are then presented and
compared to the first experimental results obtained by CMS at

ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV. The predictions are
benchmarked against different choices of nuclear parton distribution functions, fragmentation functions,
and renormalization and factorization scales.
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I. INTRODUCTION

Ultraperipheral collisions (UPCs) of nuclei at very
high energies provide unique opportunity to characterize
the properties of nuclear structure, and perform tests of
perturbative quantum-chromo dynamics (QCD) in a clean
experimental environment [1–3]. In UPCs, two Lorentz-
contracted nuclei scatter at impact parameters that exceed
the sum of the radii of the two nuclei. As a result, UPCs are
dominated by electromagnetic processes, while hadronic
scatterings are suppressed. At high energies, the strong
electromagnetic fields surrounding the ultrarelativistic ions
can be viewed as a flux of quasireal photons, which is
calculable thanks to the use of the equivalent photon
approximation (EPA) method [4–7]. UPCs lead to large
cross sections for photonuclear interactions. For processes
involving heavy-quark production, the cross sections can
be calculated using standard collinear factorization theo-
rems in terms of perturbatively calculable partonic cross

sections and nuclear parton distribution functions (nPDF)
(see for example [8]).
Extensive experimental [9–13] and theoretical [14–24]

efforts have been devoted to the study of charmonium
production in UPCs. In particular, measurements of the
exclusive production of J=ψ mesons in coherent photon-Pb
scatterings [9–13] have provided experimental indications
of a strong suppression of the lead PDF for gluons at very
small values of x. Despite the unprecedented low-x cover-
age, the constraining power of these observables remains
limited by the complex theoretical description of coherent
J=ψ photoproduction and by the fact that these measure-
ments probe gluon density at scales restricted to the mass of
the vector meson.
The study of “open” heavy-flavor (charm and beauty)

production in UPCs offers an outstanding opportunity to
extend the experimental constraints into unexplored kine-
matic regimes. To date, theoretical calculations of heavy
quark production in ultraperipheral collisions (UPCs) have
been performed only at leading order, either within col-
linear factorization [23,25–27] or using the color glass
condensate framework [27,28]. Charmed hadrons such as
D0 and D�, produced in photonuclear reactions, can be
exploited as powerful probes of nuclear structure. Since
both the hard scale and the parton momentum fraction
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(Bjorken-x) can be inferred from the transverse momenta
and rapidity of the final-state charm quarks, measurements
of charmed-meson cross sections as a function of pT
and rapidity (y) provide unique constraints on the gluon
properties in the nucleus across various x and Q2 regimes.
While the photoproduction of D� mesons was extensively
measured in electron-proton collisions at HERA [29–31], it
is only recently that the feasibility of similar measurements
in UPCs has been demonstrated. The CMS Collaboration
presented the first analysis [32] of inclusive D0 production
in ultraperipheral PbPb collisions at

ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV.
The measurement, carried out as a function of pT and y
in the ranges 2 < pT < 12 GeV and −2 < y < 2, is
sensitive the gluon density in the nucleus for scales in
the region Q2 ≃ 30–200 GeV2 and for values of x down to
about 10−3 (see II B for more detail). These new exper-
imental opportunities underscore the need for accurate
theoretical calculations to describe open charm and beauty
production in UPCs and in high-energy electron-ion
collisions at the Electron-Ion Collider [33,34] as well as in
proposed facilities, such as Large Hadron electron Collider
(LHeC) [35,36].
In the present work, we compute the inclusive D0

production cross section in ultraperipheral PbPb colli-
sions at the LHC using the newly developed general-
ized-photon-nucleus fixed-order next-to-leading logarithm
(GγA-FONLL) framework. It generalizes the calculation
of photonuclear heavy-flavor production implemented in
FONLL for electron-proton and electron-nucleus to UPCs.
The fixed-order next-to-leading logarithm (FONLL) frame-
work [37,38] is used to compute the photoproduction of
charm in the fixed next-to-leading order (FO) and fixed
order plus next-to-leading logarithmic enhancements of
ln pT

m at high pT . Since the photoproduction of charm was
extensively measured at the HERA collider, we have vali-
dated our calculations against data from the H1 [29,31] and
ZEUS [30] experiments. As part of this validation, the
earlier FONLL calculations from [39] were updated with
the latest parton distribution functions for protons (PDFs).

The framework developed to reproduce charmed-meson
cross sections in electron-proton collisions was sub-
sequently adapted to describe the corresponding cross
sections measured in UPCs. Although photoproduction
processes in UPCs are in many ways analogous to those
in electron-proton and electron-ion collisions, important
differences remain (see Fig. 1). The most evident difference
is the photon flux in electron-nucleus versus electron-
proton collisions. Although the flux from the nucleus is
enhanced by square of the atomic number Z, its functional
dependence on the photon energy differs significantly,
producing a generally softer photon spectrum than in the
electron case. To account for this distinction, our calcu-
lations are modified to reflect the photon flux expected in
nuclear collisions. Additional differences arise from the
experimental strategy used to select clean photonuclear
events in UPCs. The event selection applied in UPCs
includes the condition that one of the two colliding nuclei
breaks up and the other remains intact (Xn0n) by using
the information provided by the zero-degree calorimeters
(ZDCs). The 0n requirement means that the event is not
fully inclusive unlike theoretical calculation of photopro-
duction. In addition, the presence of soft electromagnetic
interactions between the two colliding nuclei can lead to
breakup of the photon-emitting nucleus, leading to a
reduction the rate of selected Xn0n events. To allow for
a direct comparison with the data, a dedicated correction
was computed assuming the factorization of the soft-
electromagnetic interactions and the hard scattering.
The Xn0n selection further requires at least one neutron

in the opposite ZDC, which partially suppresses diffractive
production in the data. Since the nuclear diffractive compo-
nent is included in the theoretical calculation of inclusive
charm production, it is important to note that this compo-
nent is partially removed in the measurement. A rough
estimate based on nuclear diffractive parton distributions
from the Frankfurt-Guzey-Strikman model [40] suggests
that this effect amounts to about a 10% contribution in the
relevant kinematic range. However, a more detailed study

FIG. 1. Schematic description of the inclusiveDmeson production in electron-proton collisions (left) and in ultraperipheral heavy-ion
collisions (right). Here: fi=p and fi=A denotes PDF in the proton or nucleus, F fragmentation function and σ̂ hard scattering process.
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of the diffractive component goes beyond the scope of the
present analysis.
The paper is organized as follows: Section II describes

the main ingredients of the theoretical calculation of the
photoproduction cross section in electron-proton collisions
and its extension to ultraperipheral heavy-ion collisions
(UPCs). In Sec. III, the resulting predictions for photo-
production in electron-proton collisions at HERA are
presented and compared to H1 and ZEUS measurements.
Section IV provides the GγA-FONLL predictions for D0

production in UPCs, and these predictions are then con-
fronted with recent CMS measurements in Sec. V. Finally,
our conclusions are presented in Sec. VI, where prospects
for future theoretical and experimental efforts are also
discussed. In the Appendix we include additional plots with
calculations for UPCs.

II. GENERALIZED γA FONLL FRAMEWORK FOR
PHOTONUCLEAR CHARM PRODUCTION

The results presented in this paper are obtained within
the new GγA-FONLL framework for photonuclear charm
photoproduction. This framework has been developed
to provide a comprehensive description of heavy-flavor
hadron production in photon-proton, photon-nucleus,
and ultraperipheral heavy-ion collisions. In particular, it
calculates photoproduction cross sections using standard
collinear factorization theorems in terms of perturbatively
calculable partonic cross sections, PDFs, and fragmentation
functions. To ensure consistency with UPC measurements,
the calculations are modified to incorporate the softer
photon flux expected in nuclear collisions and to account
for the experimental strategies used to select clean photo-
nuclear events at colliders. In this section, a detailed
description of each ingredient is provided, including a
separate subsection that covers the strategy adopted to
account for the bias introduced in UPCs by soft-photon
exchanges between the ultrarelativistic ions.

A. Photoproduction cross section for heavy quarks

For the calculation of the differential photoproduction
cross section for heavy quarks we use the code for the
FONLL calculation [38]. In that work a resummation
approach was developed which allows for the description
of the transverse momentum distribution of heavy quarks
produced in photoproduction on a proton or nuclear target.
The FONLL approach connects the region of small trans-
verse momenta where the fixed order approach is valid to
the region with large transverse momenta where the log-
arithmically enhanced terms are resummed. To be precise
the formalism includes terms up to NLO order, that is terms
αemαs and αemα

2
s . These terms are included exactly, with

mass effects. In addition, all logarithmically enhanced
terms αemαsðαs lnðpT=mÞÞk and αemα

2
sðαs lnðpT=mÞÞk are

included, with the possible exception of terms that are
suppressed by powers of m=pT . The matching resummed
FONLL cross section can be expressed as [38,39]

FONLL ¼ FOþ ðRS-FOM0Þ ×Gðm;pTÞ: ð1Þ

In this formula the FO is fixed order, that is exact NLO
calculation [41,42]. RS is the resummed result with all
the logarithmically enhanced contributions, up to terms
suppressed by powers ofm=pT . FOM0 is the massless limit
of fixed order FO without terms suppressed by powers of
m, while logarithms of the mass are retained. Finally,
Gðm;pTÞ is an arbitrary damping function, that must be
regular in pT , and must approach unity up to terms sup-
pressed by powers of m=pT at large transverse momenta.
The photoproduction cross section contains both direct

and resolved contributions. The direct (or pointlike) con-
tribution has the form

dσ
dydpT

����
dir

¼
X
j

Z
dxpfj=HðxpÞ

dσ̂jγ
dydpT

ðPγ; xpPHÞ; ð2Þ

where fj=HðxpÞ is the distribution of the parton j in the

hadron H and dσ̂jγ
dydpT

ðPγ; xpPHÞ is the partonic cross section
for scattering of parton j with photon γ producing a heavy
quark in the final state. The resolved (or hadronic)
component has the form

dσ
dydpT

����
res

¼
X
kj

Z
dxγdxpfk=γðxγÞfj=HðxpÞ

×
dσ̂kj
dydpT

�
xγPγ; xpPH

�
; ð3Þ

where fk=γ is the parton density in the photon and
dσ̂kj
dydpT

ðxγPγ; xpPHÞ is the partonic cross section for scatter-
ing of two partons kj resulting with a heavy quark in the
final state. In the above we have suppressed the dependence
on the factorization and renormalization scales. Both terms
given by Eqs. (2) and (3) have expansion as series of αemαks
if one takes into account that the parton density in the
photon carries a factor αem=αs. It is worth noting that only
the sum of direct and resolved contributions is an observ-
able quantity, as both these contributions are related beyond
the leading order, see [38].

B. Parametrization of the parton distribution functions
for protons and nuclei

For the calculation of the photoproduction cross sections
discussed in previous section, which are implemented
in the FONLL code, one needs to select the parton distri-
bution function (PDF) for nucleus or a proton. For the
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nuclear PDF we take the EPPS21 [43] set as well as the
nNNPDF3.0 [44] set. In addition we also perform and
compare the calculations with the EPPS21 proton baseline
PDF CT18ANLO [45], to estimate the role of the nuclear
effects in the kinematics for D0 production at CMS.
In the EPPS21 [43] set the nuclear modification factor

is parametrized and for the baseline proton PDF the
CT18ANLO [45] is used. The value of charm mass for
this PDF set is mc ¼ 1.3 GeV. The EPPS21 parametriza-
tion uses the same datasets as EPPS16 [46] and in addition
5 TeV double-differential CMS dijet and LHCb D-meson
data, as well as 8 TeV CMS W boson data from pPb
collisions. These new datasets lead to significantly better-
constrained gluon distributions at small and intermediate
values of the momentum fraction x. In addition new
electron-nucleus data from JLab were used in the fit, which
impact the large x and small virtualities in the nuclear
PDFs. Another improvement in the EPPS21 analysis is the
inclusion into the Hessian framework the errors of the base-
line proton PDFs and their propagation into the uncertain-
ties of the nuclear PDFs.
The nNNPDF3.0 [44] set extends the NNPDF method-

ology which uses machine learning methods in the global
analysis and extraction of PDFs. In particular the artificial
neural networks are used as universal interpolants to para-
metrize the x and A dependence of the nPDFs. This
methodology allows for the reduction of model paramet-
rization bias. The value of charm mass in nNNPDF3.0 is
mc ¼ 1.5 GeV. The nNNPDF3.0 set used all the data in the
nNNPDF2.0 [47] as well as the additional ones, from the
LHC pPb collisions. New datasets included: forward and
backward rapidity fiducial cross sections for the produc-
tion of W bosons at

ffiffiffi
s

p ¼ 5.02 TeV measured by ALICE
experiment; forward and backward rapidity fiducial cross
sections for the production of Z bosons measured by
ALICE and LHCb at 5.02 TeV and 8.16 TeV; the differ-
ential cross section for the production of Z bosons
measured by CMS at 8.16 TeV; CMS dijet at 5 TeV and
ATLAS prompt photon data at 8.16 TeVand also the LHCb
data on D0 production at 5 TeV. We note that, at present
the data on the exclusive J=ψ production in UPC are not
used in the global analysis of the nuclear PDFs. Both nPDF
sets exhibit very distinctive nuclear modifications of the
parton distribution functions. In particular they confirm the
presence of shadowing (suppression) of gluons at small x,
and antishadowing (enhancement) at large x. For the
purpose of benchmarking and comparison of charm pro-
duction in ep scattering at HERA, presented in Sec. III,
we also need to select proton PDFs. For calculation in
Sec. III we used CT18ANLO [45] and nNNPDF3.0p [44]
which are proton baselines for the EPPS21 and
nNNPDF3.0 nuclear PDF sets, respectively. In addition,
for the ep case we also performed comparisons using
HERAPDF2.0 [48] set.

1. Estimate of the x and Q2 coverage for D0

photoproduction measurements

A qualitative estimate of the ðx;Q2Þ coverage accessible
through open-charm observables in ultraperipheral collisions
(UPCs) can be obtained by approximating the transverse
momentum scaleQ2 with the squared transverse mass of the
charm quark m2

T ¼ p2
T þm2

c and the target’s longitudinal
momentum carried by the parton as x ≈mT=

ffiffiffiffiffiffiffi
sNN

p
e−yc ,

where mc is the charm quark mass,
ffiffiffiffiffiffiffi
sNN

p
is the center-

of-mass energy of the nucleon-nucleon system, and pT is the
transverse momentum of the charm quark. In Fig. 2, the
predicted ðx;Q2Þ region probed by open-charm measure-
ments in UPCs at

ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV is shown, correspond-
ing to charm-quark transverse momentum in the range
0 < pT;c < 12 GeV and rapidity −2.4 < yc < 2.4. This
kinematic region, which is accessible with existing LHC
detectors, enables the exploration of x values from approx-
imately 0.01 down to below 10−4, and Q2 values ranging
from m2

c up to around ∼100 GeV2.

C. Photon flux parametrization in electron-proton,
electron-nucleus collisions, and PbPb UPCs

In order to compute the cross section in electron-proton
collisions at HERA or in UPCs at the LHC, the photo-
production cross section must be convoluted with the
photon flux from the electron or the nucleus, respectively.
For UPCs, an effective parametrization was developed to
account for the geometrical properties of the collisions. To
enable direct comparison with experimental measure-
ments, the impact of electromagnetic dissociation on the
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FIG. 2. x and Q2 coverage charm production in UPCs colli-
sions. In gray, the existing coverage from fixed-target deep-
inelastic photonuclear measurements is presented [49].
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photon-emitting nucleus is also taken into account. In this
section, a detailed description of the adopted parametriza-
tions in electron-proton, electron-ion and UPCs lead-lead
collisions is provided.

D. Photon flux in electron-proton and
electron-nucleus collisions

For the description of electron-proton and electron-ion
collisions, the original parametrization implemented in the
FONLL code was used. The photon flux from electrons
implemented in the FONLL code for the electroproduction
is given by the following formula

fγ=eðzÞ ¼
αem
2π

�
1þ ð1 − zÞ2

z
log

�
Q2

maxð1 − zÞ
ðmezÞ2

�

þ 2m2
ez

�
1

Q2
max

−
1 − z
ðzmeÞ2

�	
: ð4Þ

where z is the fraction of the energy of the electron carried
by the photon, me is the electron mass, Q2

max is the limit
on the (negative) photon virtuality, and αem is the electro-
magnetic coupling. The second term in the above expres-
sion is a subleading correction, see Ref. [50]. In Fig. 3,
the resulting parametrizations for the photon flux from
electrons at HERA are shown. The solid black curve
corresponds to Q2

max ¼ 0.01 GeV2, chosen to match the
experimental conditions of the ETAG33 H1 data sample
[29]. The dashed blue line uses Q2

max ¼ 2 GeV2, to enable
comparison with the 2012 H1 data [31]. The electron flux is
very flat over entire range of z, and has non-negligible
dependence on Q2

max. The difference in flux between
Q2

max ¼ 0.01 GeV2 and Q2
max ¼ 2 GeV2 is of the order

of 30 to 60% depending on the fraction of the energy z. We
have checked that the second term in Eq. (4) is a small
correction of about 3–7% to the leading logarithmic term.

1. Photon flux in ultraperipheral heavy-ion collisions

For the case of the UPCs, the photon flux from electrons
was replaced with the expected photon flux from the
nucleus. The parametrization considered is the analytic
expression presented in [51], obtained in the pointlike
approximation

fγ=AðzÞ ¼
Z

d2bf̃γ=Aðz;bÞθðjbj− bminÞ

¼ 2Z2αem
πz

�
ηK0ðηÞK1ðηÞ−

η2

2

�
K1ðηÞ2 −K0ðηÞ2

�	
;

ð5Þ

with the dimensionless variable η defined as

η ¼ zmpbmin

ℏc
: ð6Þ

In Eq. (5) f̃γ=Aðz;bÞ is the photon flux of the nucleus
evaluated at the transverse distance r ¼ bwhere b is vector
connecting the centers of the two nuclei in the transverse
plane of the collision. This is appropriate in the pointlike
approximation (see for example [52]). Here z is the fraction
of the energy of nucleus carried by the photon, mp is the
proton mass, Z atomic number (Z ¼ 82 for lead), bmin
distance between the nuclei, and K0, K1 are modified
Bessel functions. Following [52–54] we take the impact
parameter bmin ¼ 2R ¼ 14.2 fm, with R ¼ 7.1 fm being
the nuclear hard-sphere radius, to account for the finite size
of the colliding nuclei. The parametrization for the photon
flux from nuclei, presented in Eq. (5), is shown as a red
dotted line in Fig. 3, and compared to the fluxes from
electrons at HERA discussed previously. At small z, the
photon flux from nuclei is much larger than that from
electrons. At intermediate z, it exhibits a sharp cutoff due to
the presence of the Bessel functions K0 and K1. As a result,
the photon flux from nuclei becomes negligible for z≳ 0.1.
These differences between electron and nucleus fluxes are
important when comparing the kinematics of HERA and
UPCs at the LHC, as well as when comparing various
HERA datasets collected with different kinematic cuts on
photon virtuality and z ranges (see Table I in Sec. III).

2. Modeling of the no-break up probability in UPCs

Photonuclear events, in which one of the two colliding
nuclei breaks up and the other remains intact, are selected
in UPC measurements by requiring that there are no
forward neutrons in the zero-degree calorimeter (ZDC)
in one direction (0n) and at least one neutron (Xn) in the
opposite direction (see Fig. 4). This selection, coupled with
the requirement of a large rapidity gap in the photon-going
direction, allows for the suppression of the contamination
of hadronic events (XnXn) and of two-photon (0n0n)
processes.

10�4 0.001 0.010 0.100 1
z0.001

0.010

0.100

1

10

100

1000
z f (z)

FIG. 3. Photon flux scaled by z as a function of the fractional
photon energy z. The electron flux of Eq. (4) is shown forQ2

max ¼
0.01 GeV2 (solid black) and Q2

max ¼ 2 GeV2 (dashed blue),
while the lead-nucleus flux of Eq. (5) appears as a red dotted line.
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The presence of a 0nXn requirement, thus, poses some
additional difficulties for theoretical calculations. In UPCs,
indeed, the presence of soft electromagnetic interactions
between the two colliding nuclei (also known as electro-
magnetic dissociation or EMD) can lead to breakup of the
photon-emitting nucleus [32]. To facilitate the comparison
with UPCs data, therefore, one has to account for the
probability that a genuine photonuclear event, in which the
photon-emitting nucleus is initially left unbroken (0nXn),
could be rejected as a consequence of the presence of soft-
electromagnetic interactions that lead to the dissociation of
the photon-emitting nucleus. Under the hypothesis that the
soft-excitation probability factorizes from the hard inter-
action [55], the no-breakup (survival) probability can be
folded in the calculation of the effective photon flux. For
this study, we considered the calculation of the photon flux
in the presence of EM dissociation calculated in [52,56].
The validity of this theoretical approach, and its ability to
accurately capture the impact of EMD in ultraperipheral
collisions, has been demonstrated in a recent measurement
of jet photoproduction in Pb-Pb collisions at the LHC.
In that analysis, the no-breakup probability as a function
of the momentum fraction carried by the partons in the
emitted photon, as measured by ATLAS, is well described
by a calculation based on the same theoretical framework
adopted here. Within this approach, the photon flux in the
presence of EMD is modeled as

feffγ=AðzÞ ¼
Z

d2bPno-EMðbÞf̃γ=Aðz;bÞθðjbj − bminÞ; ð7Þ

where the factor Pno-EM is the probability that the electro-
magnetic breakup occurs in terms of the vector b. In the left
panel of Fig. 5, the no-breakup probability computed as the
ratio of the photon fluxes described in Eqs. (5) and (7),
is shown as a function of the photon energy fraction z.
For this study, we relied on the interpolated Chebyshev
parametrizations described in [52]. As expected, the
ratio between the two fluxes decreases significantly with
increasing photon energy, reflecting the enhanced proba-
bility of EM dissociation in small impact-parameter UPCs.
In the right panel of the same figure, we present the

ratio of the predicted double-differential cross section with
EMD effects to the one obtained without this correction.
The calculation uses EPPS21 nuclear PDFs, the BCFY
fragmentation function (see next section), and a charm-
quark mass of mc ¼ 1.3 GeV. The resulting no-break-up
probability, which we will employ throughout this manu-
script to rescale the D0 double-differential cross sections
in UPCs, ranges from 0.83 to 0.68 for D0 mesons with
0 < pT < 1 GeV and from 0.71 to 0.45 for those with
11 < pT < 12 GeV.

E. Fragmentation functions for heavy quarks

The charm-meson production cross section is computed
within the QCD factorization framework by combining the
partonic charm-quark production cross section with the
quark-to-hadron fragmentation function. The latter one is a
nonperturbative function which needs to be parametrized.
Fragmentation of the heavy quark differs from the light

TABLE I. Kinematic cuts in datasets for D� photoproduction. Data are from: H1 (ETAG33 and ETAG44
scenarios) [29], ZEUS [30] and H1 (2012 data) [31].

Dataset Q2
max zmin zmax pT (pseudo)rapidity

H1 ETAG44 0.009 0.02 0.32 pT > 2 GeV jyj < 1.5
H1 ETAG33 0.01 0.29 0.62 pT > 2 GeV jyj < 1.5
ZEUS 1 0.187 0.869 pT > 2 GeV jηj < 1.5
H1 2012 2 0.09 0.8 pT > 1.8 GeV jηj < 1.5

incoming

Nucleus A 
-emitting

incoming

Nucleus B

(before scattering) 

A

B

outgoing

Nucleus B 
broken (Xn)

A

outgoing

Nucleus A 
Unbroken (0n)

(after scattering) 

B

FIG. 4. Sketch of an ultraperipheral heavy-ion collision before (left) and after (right) the hard scattering.
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quarks in that the heavy flavored meson should retain
large fraction of the momentum of the original heavy
quark. Therefore the fragmentation function for heavy
quark should be peaked at large longitudinal momentum
fraction z. One approach is to constrain such parametriza-
tion using the electron-positron data from LEP and then
assume that they are universal and can be used for the other
collision systems, including hadrons. Whether this pro-
cedure is applicable for hadronic collisions is still an open
question, since the hadronization can be affected by the
interactions with hadronic beam remnants, especially at low
pT and high rapidity. In the present analysis, we assess the
impact of fragmentation by evaluating the cross section
with two different parametrizations: the Peterson-Schlatter-
Schmitt-Zerwas (PSSZ) [57] and Braaten-Cheung-
Fleming-Yuan (BCFY) [58] fragmentation functions. To
describe the HERA D� photoproduction data, we employ
the PSSZ fragmentation function [57]

DðzÞ ¼ N
1

z

�
1 −

1

z
−

ε

1 − z

�
−2
; ð8Þ

where N is a normalization constant. The parameter ε
originally has the interpretation of being proportional to the
ratio of squares of light to heavy quark masses, see [57].
In practice, however, it is commonly treated as a free
parameter to obtain the best description of the data. We
perform calculations with two choices of ε parameter: 0.02
and 0.035. These two values have been used in Ref. [39] for
FONLL case and in Ref. [31] for fixed order NLO (FMNR
calculation) respectively. The PSSZ function is normalized
to unity, and then the fragmentation fraction is taken to
include the fragmentation into the specific type of meson.
The Braaten-Cheung-Fleming-Yuan (BCFY) fragmenta-

tion function [58] was employed in Ref. [59] to model

charm-meson production in hadronic collisions. In the
latter study, the D0 fragmentation function was constructed
as a linear combination of two contributions: the compo-
nent arising from D� to D0 decays and the so-called
“primary” D0 mesons produced directly in the hadroniza-
tion of the charm quark. Schematically, one can write

Fðc → D0Þ ¼ Fpðc → D0Þ þ Fðc → D�þÞFðD�þ → D0Þ
þ Fðc → D�0ÞFðD�0 → D0Þ: ð9Þ

The relation above contains contributions from the direct
c → D0 hadronization and indirect c → D� → D0 channel.
Fp is the fragmentation function for the primary D0

production, Fðc → D�þÞ and Fðc → D�0Þ are fragmenta-
tion functions for production of D� states, and functions
FðD�þ → D0Þ and FðD�0 → D0Þ describe a decay of D�

states into D0. The branching fractions for charm quarks
fragmenting into D0 and D� are taken respectively [59]

BRðc → D0
pÞ ¼ 0.168; BRðc → D�Þ ¼ 0.235: ð10Þ

Taking into account that the branching fractions of D�0 and
D�þ into D0 meson are

BRðD�0 →D0Þ ¼ 1.0; BRðD�þ →D0Þ ¼ 0.677; ð11Þ

one can write Eq. (9) as (see [59])

Dc→D0ðz; rÞ ¼ 0.168DPðz; rÞ þ 0.39D̃Vðz; rÞ; ð12Þ

where

D̃Vðz; rÞ ¼ Θ
�
mD

mD�
− z

�
DðVÞ

�
mD�

mD
z; r

�
mD�

mD
: ð13Þ
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FIG. 5. Left: no-breakup probability (EMD) as a function of the photon energy fraction z. Right: no-breakup probability (EMD) as a
function of the D0pT , in different intervals of the D0 y. The interpolated Chebyshev parametrizations of the photon fluxes used to
compute these ratios are taken from [52].
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Functions DPðz; rÞ (for pseudoscalar state) and D̃Vðz; rÞ
(for vector state) are given explicitly in [58]. They depend
on a single nonperturbative parameter r, which is the same
for both functions. In the original model [58] this parameter
can be interpreted as the ratio of the constituent mass of the
light quark to the mass of the meson. Following [59,60], we
take the value of parameter r ¼ 0.1. For the case of D�
production the fragmentation function is

Dc→D� ðz; rÞ ¼ BRðc → D�ÞDVðz; rÞ: ð14Þ

We also use this fragmentation function for the D�
production at HERA and compare the results with the
ones obtained using PSSZ fragmentation function.

III. BENCHMARK WITH HERA DATA ON
INCLUSIVE D� PRODUCTION

Comprehensive study aimed on comparison of FONLL
calculation with the HERA data on charm photoproduction
[29,30] was performed in [39]. Later data from H1 [31]
were also compared with several theoretical calculations.
Among them was the fixed order NLO calculation in
the massive scheme by Frixione-Mangano-Nason-Ridolfi
(FMNR) [61,62] and the generalized-mass-variable-
flavor-number-scheme (GMVFNS) calculation [63,64].
In the latter approach, which unifies fixed flavor massive
scheme with zero-mass variable flavor scheme, large log-
arithmic corrections are resummed in universal parton
distribution and fragmentation functions and finite mass
terms were taken into account. It was found that both NLO
calculations reproduced well the pT and rapidity depend-
ence of the experimental data from H1 experiment [31],
within their uncertainties.
To ensure the consistency of calculation between HERA

and UPC at LHC, we shall first revisit FONLL predictions
[39] for HERA kinematics with more up-to-date proton
PDFs which serve as proton benchmarks for the nuclear
PDFs used for calculations at UPC LHC, and two different
fragmentation functions. We use FONLL code [38,65] for
calculations which provides both resummed (FONLL) and
fixed order (FO) options. We perform the comparison with
four sets of HERA data onD� photoproduction [29–31]. In
Table I we list the kinematic cuts on photon virtualityQ2

max,
range for photon energy fraction of the electron energy
ðzmin; zmaxÞ, transverse momentum pT and rapidity y or
pseudorapidity η for these different datasets. Earlier data
from H1 [29] and ZEUS [30] were taken at Ee × Ep ¼
27.5 GeV × 820 GeV, while 2012 data from H1 [31] were
taken at Ee × Ep ¼ 27.6 GeV × 920 GeV energy combi-
nation. The two data samples from [29] labeled ETAG33
and ETAG44 were taken for two case when the electron is
in the electron tagger at 33 m and 44 m, respectively. The
average γp center-of-mass energy for the selected data

was hWi ¼ 194 GeV for ETAG33 and hWi ¼ 83 GeV
for ETAG44.
For the photon PDF we tested two distributions AFG

[66] and GRV [67], originally implemented in FONLL
code. For the proton PDFs we used CT18ANLO [45],
which is a proton baseline for nuclear PDF set EPPS21
[43]. We also compared it with calculations based on
nNNPDF3.0p proton baseline set [44] and HERAPDF2.0
[48] set. Following [39] we used μF ¼ μR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þm2

c

p
¼

μ0 as a central choice of factorization and renormalization
scale. We performed variation of factorization scale
μF=μ0 ¼ 0.5, 1.0, 2 as well as variation of renormalization
scale μR=μ0 ¼ 0.5, 1.0, 2.0, to obtain the uncertainty
bands. We used charm mass mc ¼ 1.3 GeV, as this is the
value used in CT18ANLO PDF set, but we also performed
calculations withmc ¼ 1.5 GeV, the value for nNNPDF3.0
set. As discussed in previous section, we used PSSZ (8) and
BCFY (14) fragmentation functions. In PSSZ function
parameter was set to ε ¼ 0.02 (used in [39] for FONLL
calculation) and ε ¼ 0.035 (used in FMNR calculation
in [31]). For BCFY fragmentation function we used
r ¼ 0.1. The calculation is then multiplied by 0.47 which
stems from the fragmentation fraction of c → D� to be
23.5% and the fact that experiment measures D�þ þD�−
contributions, see [39]. The presented cross sections are
for electroproduction (σep→D�X), therefore we multiplied
the data by the factor coming from the photon flux from
electron, integrated over given range of energies, (see
discussion in [29,39]).
In Fig. 6 all four datasets from HERA are compared with

the theoretical calculations based on the FONLLwith PSSZ
fragmentation function. The plots show transverse momen-
tum distribution, while the rapidity (or pseudorapidity) is
integrated out in the kinematic regions defined in Table I,
corresponding to each dataset. The proton PDF used in all
cases is CT18ANLO. The blue solid curve corresponds to
FONLL and blue bands indicate the renormalization scale
dependence while the factorization scale is fixed. There
are also two cases shown, which indicate the factorization
scale dependence (dotted and dashed magenta). As dem-
onstrated in [39], and observed also here, the renormaliza-
tion scale dependence is the dominant one, except for lower
values of transverse momenta (pT ≲ 2 GeV) where fac-
torization scale variation is sizeable. For some choices
of renormalization and factorization scale the results
become unreliable at low transverse momentum (see [39]).
Thus for one of such scenario we only show the curve
down to about 2 GeV. The charm quark mass is set to
mc ¼ 1.3 GeV. The description of older H1 data is very
good, for the ZEUS and later H1 data the FONLL
prediction is somewhat too soft, the description is very
good in the low pT region and underestimates the data at
higher pT. Also the calculation based on newer PDFs is
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consistent with the original FONLL calculations [39] based
on CTEQ5M PDF set1 For comparison we also show the
calculation based on the fixed order (FO) NLO calculation,
black solid with gray bands. As mentioned above, for this
calculation we take ε ¼ 0.035, consistently with parame-
ters used in FMNR calculation in [31]. The distribution is
harder in that case, and the description of the data is slightly
better, especially at higher pT and this is particularly visible
for ZEUS [30] and H1 2012 [31] data.
In Fig. 7 we compare the transverse-momentum distri-

butions of D0 mesons obtained with the PSSZ (blue band
and curve) and BCFY (red band and curve) fragmentation
functions. Relative to PSSZ, the BCFY parametrization
yields a slightly harder pT spectrum and provides a better
description of the HERA data, particularly at high pT .

In Figs. 8–10, we show FONLL rapidity and pseudor-
apidity distributions for various pT cuts across multiple
datasets. The rapidity convention matches that of HERA,
with the proton beam taken as the positive direction. The
blue bands represent the renormalization-scale uncertainty
for the calculation employing the PSSZ fragmentation
function, whereas the red bands correspond to the compu-
tation using BCFY. The solid blue and dashed red curves
denote the respective central predictions. The factorization
scale is fixed at μF=μ0 ¼ 1. Overall, the shape of the
distributions are very well reproduced by both calculations.
The calculation with BFCY fragmentation seems to be
closer in normalization to data in majority of pT bins.
Detailed comparison between FONLL-based calcula-

tions and predictions obtained using fixed-order calcula-
tions are shown in Appendix A.
We also studied the impact of changes in the photon and

proton PDFs on the calculation. We checked that using
AFG photon PDF [66] has negligible impact on the cross
sections in the HERA kinematics. Similarly, we have

(a) (b)

(c) (d)

FIG. 6. Transverse momentum distribution D� mesons in photoproduction in electron-proton collisions. FONLL calculation [39]
μF ¼ μR ¼ 1 (blue solid). Shaded blue indicates variation of 0.5 < μR < 2 while μF ¼ 1 is fixed; magenta-dashed μF ¼ 2.0; μR ¼ 0.5,
magenta-dotted μF ¼ 0.5; μR ¼ 2.0. FO calculation [39] μF ¼ μR ¼ 1 (black solid), and gray band corresponds to the variation of the
renormalization scale. PSSZ fragmentation function is used with ε ¼ 0.02 for FONLL and ε ¼ 0.035 for FO. Compared with data from
H1 [29] ETAG33 (a) and ETAG44 (b), ZEUS [30] (c) and H1 2012 [31] (d).

1For consistency check, we also used CTEQ5M PDF set in
FONLL code and reproduced the calculations of [39].
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(a) (b)

(c) (d)

FIG. 7. Transverse momentum distribution D� mesons in photoproduction in electron-proton collisions obtained from FONLL [39].
Bands indicate the variation of 0.5 < μR < 2 while μF ¼ 1 is fixed. Blue band: PSSZ fragmentation function with ε ¼ 0.02, red band:
BCFY fragmentation function with r ¼ 0.1. Compared with data from H1 [29] ETAG33 (a) and ETAG44 (b), ZEUS [30] (c) and
H1 2012 [31] (d).
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FIG. 8. Rapidity distribution of D� mesons in photoproduction in electron-proton collisions at HERA from FONLL calculation [39].
Bands denote renormalization scale variation 0.5 < μR < 2 while μF ¼ 1 is fixed. Blue band: PSSZ fragmentation function with
ε ¼ 0.02, red band BCFY fragmentation function with r ¼ 0.1. Compared with data from H1 [29], for different pT bins. Note different
vertical scales. Positive rapidity is proton going direction.

INCLUSIVE OPEN CHARM PHOTOPRODUCTION IN … PHYS. REV. D 112, 094029 (2025)

094029-11



FIG. 9. Pseudorapidity distribution of D� mesons in photoproduction in electron-proton collisions at HERA from FONLL calcula-
tion [39]. Bands denote renormalization scale variation 0.5 < μR < 2 while μF ¼ 1 is fixed. Blue band: PSSZ fragmentation function
with ε ¼ 0.02, red band BCFY fragmentation function with r ¼ 0.1. Compared with data from ZEUS [30], for different minimum pT
cuts: 2,3,4,6 GeV. Note different vertical scales. Positive pseudorapidity is proton direction.
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checked that the differences between the calculations using
CT18ANLO, HERAPDF2.0 and nNNPDF3.0_p are of the
order of few percent for pT > 2 GeV, and only in the very
low pT region (< 1 GeV) the differences become larger.
We have also tested the sensitivity of the calculation to the
different value of charm mass. Increasing mass of the heavy
quark leads to the harder pT spectrum. At low values of pT
the calculation with higher mass is suppressed, while
at higher values of pT it is enhanced since the effect of
the logarithmic resummation is smaller for this case (see
discussion in [39]).
Summarizing, we have updated FONLL calculations

with newer proton PDFs and compared with the HERA
data on D� photoproduction. The change due to the proton
PDF is small with respect to the original calculations
presented in [39]. Overall the data are well described by
the FONLL calculation with BCFY fragmentation func-
tion. The calculation with PSSZ fragmentation function
describes older H1 [29] data reasonably well, while it leads
to softer pT spectrum than the ZEUS [30] and H1 data from
2012 [48]. The calculation with BCFY fragmentation
function leads to a better description of the HERA data,
especially at high values of transverse momenta.

IV. PREDICTIONS FOR D0 PRODUCTION IN PbPb
ULTRAPERIPHERAL COLLISIONS AT THE LHC

Having validated the FONLL calculations against theD�
photoproduction data at HERA, we now address the
calculations of the D0 inclusive production in ultraperiph-
eral collisions at the LHC. Since the nucleus, which is the
source of the photons, is not detected, one should in
principle integrate the flux over the entire range of photon
energies. In practice, we assume that the fractional energy
of the photon is limited by

z∈ ½zmin; zmax�: ð15Þ

We take zmax ¼ 0.1 based on the fact that the photon flux
from the nucleus is negligible beyond there, as evident from
Fig. 3. The minimal value zmin is given by

zmin ¼
M2

cc̄

s
; ð16Þ

where the invariant mass of the charm pair is M2
cc̄ ¼

2m2
Tð1þ coshðy1 − y2ÞÞ. In practice we take the lower

FIG. 10. Pseudorapidity distribution of D� mesons in photoproduction in electron-proton collisions at HERA from FONLL
calculation [39]. Bands denote renormalization scale variation 0.5 < μR < 2 while μF ¼ 1 is fixed. Blue band: PSSZ fragmentation
function with ε ¼ 0.02, red band BCFY fragmentation function with r ¼ 0.1. Compared with data from H1 [31], for different pT bins.
Note that data and results in three pT bins (1.8,2.5), (2.5,4.5), (4.5,12.5) are presented as double differential cross sections. Positive
pseudorapidity is proton direction.

INCLUSIVE OPEN CHARM PHOTOPRODUCTION IN … PHYS. REV. D 112, 094029 (2025)

094029-13



limit zmin ¼ 4m2
c

s (we checked that moving the cutoff to
zmin ¼ 10−5 does not affect the calculation within the
rapidity range of ½−2; 2�).
As discussed in Sec. II B, for the nuclear PDF we used

the EPPS21 [43] set as well as the nNNPDF3.0 [44] set. In
addition, we also perform the calculations with the EPPS21
proton baseline PDF CT18ANLO [45]. This allows to
quantify the size of the nuclear effects in the kinematics for
D0 production at CMS.
For the fragmentation, we adopt the BCFY parametriza-

tion, as described in Eq. (12), with r ¼ 0.1 [58]. For
comparison we also used PSSZ function with ε ¼ 0.2 and
ε ¼ 0.035 [57]. Finally, the results have been corrected by
the EMD factor, described in Sec. II D 2 and shown in the
right plot of Fig. 5, to account for the survival probability of
the nucleus due to the photon interactions.
We first present the results of theoretical calculations in

the finer bins in pT , studying the sensitivity due to the
variation of different parameters. In the following section
we show the comparison of calculations in the bins used by
CMS in their measurement [32].

In Fig. 11 distributions in rapidity for D0 production
are shown as a function of pT and rapidity in four bins of
pT : (0–1), (3–4), (6–7), (10–11) GeV and rapidity range
−2 < y < 2. The convention in these plots is such that the
positive rapidity is the photon going direction, thus it is
reverse with respect to HERA. FONLL calculation is
shown (blue band) for the BCFY choice of the frag-
mentation function with parameter r ¼ 0.1, and EPPS21
nPDF is used. The bands correspond to the variation of
the factorization μF=μ0 ¼ 0.5, 1.0, 2.0 and renormaliza-
tion scales μR=μ0 ¼ 0.5, 1.0, 2.0, (with constraint 1=2 ≤
μF=μR ≤ 2) where μ0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þm2

c

p
and charm mass was

set to mc ¼ 1.3 GeV (consistent with the charm mass
value used in the EPPS21 PDF set). The inner, dark blue
band in FONLL calculation is the EPPS21 PDF uncer-
tainty. We see that, for moderate and high pT , the PDF
uncertainty is much smaller than the variation of the
renormalization and factorization scales. It is in the lowest
pT bin, that the nPDF uncertainty is quite large and
comparable to the scale uncertainty. It is understood,
since the PDF uncertainty will also directly influence

FIG. 11. Rapidity distribution for the D0 production in UPC PbPb collisions at
ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV. Four panels correspond to pT bins
(0–1), (3–4), (6–7), (10–11) GeV. Light blue band: FONLL calculation with factorization and renormalization scale variation, gray
band: FO calculation with factorization and renormalization scale variation, dark blue band: FONLL EPPS21 [43] PDF uncertainty.
Both FONLL and FO calculation done with BCFY fragmentation function [58,59] with parameter r ¼ 0.1. Photon-emitting nucleus is
moving in the positive rapidity direction.
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the magnitude of the scale uncertainty. For comparison we
also show FO calculation (gray bands) in Fig. 11.
As observed for the HERA case, the FO is higher than
FONLL at large pT .
In Fig. 12 the FONLL results are plotted, but using two

different mass choices for the charm quark mc ¼ 1.3 and
mc ¼ 1.5 GeV for the EPPS21 nuclear PDF. Similar to the
case of the HERA data, the higher value of the charm mass
leads to slightly lower results for low pT but higher values
for highest pT bins. The high pT trend is related to the
FONLL resummation. The scale and PDF uncertainties are
slightly smaller for mc ¼ 1.5 GeV.
In Fig. 13 a similar study on the charm mass dependence

is shown, but the nuclear PDF is taken to be equal to A
(mass number) times the proton PDF. For the proton PDF
CT18ANLO is selected. Therefore this calculation is
without any effects of nuclear modification. We observe
that the calculations are comparable to the ones with
nuclear PDFs for two higher pT bins. For the lowest pT

bin the theoretical calculations are slightly higher than for
EPPS21 case, as expected due to the increased role of the
shadowing at small x and pT . More precisely, at the largest
values of rapidity, which corresponds to smallest values of
x, the nuclear shadowing leads to a reduction of cross
section at the level of about 30%–40% at pT < 2 GeV,
15%–20% at 3 < pT < 7 GeV, and less than 10%
for pT > 9 GeV.
In Fig. 14 the same distributions in rapidity are shown for

FONLL and FO but for the case of the AFG photon PDF
[66], with just variation in renormalization and factoriza-
tion scale, using nuclear EPPS21 PDF set. Comparing with
Fig. 11 we see that the differences between GRVand AFG
photon PDFs are completely negligible in the kinematics
studied.
In Fig. 15 the same distributions in rapidity are shown

but for different choices of the fragmentation function
(nuclear PDF is still EPPS21). Here we show the FONLL
with PSSZ function and parameter ε ¼ 0.02 and FO

FIG. 12. Rapidity distribution for the D0 production in UPC PbPb collisions at
ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV with EPPS21 nuclear PDF. Four
panels correspond to pT bins (0–1), (3–4), (6–7), (10–11) GeV. Light blue band: FONLL calculation with factorization and
renormalization scale variation formc ¼ 1.3 GeV, magenta lines band: FONLL calculation with factorization and renormalization scale
variation and mc ¼ 1.5 GeV, dark blue band: FONLL EPPS21 [43] PDF uncertainty, mc ¼ 1.3 GeV. Magenta band: FONLL EPPS21
[43] PDF uncertainty, mc ¼ 1.5 GeV. BCFY fragmentation function [58,59] with parameter r ¼ 0.1. Photon-emitting nucleus is
moving in the positive rapidity direction.
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FIG. 13. Rapidity distribution for theD0 production in UPC PbPb collisions at
ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV with CT18ANLO proton PDF. Four
panels correspond to pT bins (0–1), (3–4), (6–7), (10–11) GeV. Yellow band: FONLL calculation with factorization and renormalization
scale variation for mc ¼ 1.3 GeV, red lines band: FONLL calculation with factorization and renormalization scale variation and
mc ¼ 1.5 GeV, orange band: FONLL CT18ANLO [43] PDF uncertainty, mc ¼ 1.3 GeV. Red band: FONLL CT18ANLO [43] PDF
uncertainty, mc ¼ 1.5 GeV. BCFY fragmentation function [58,59] with parameter r ¼ 0.1. Photon-emitting nucleus is moving in the
positive rapidity direction.
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FIG. 14. Rapidity distribution for the D0 production in UPC PbPb collisions at
ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV. Calculations with AFG photon
PDF. Four panels correspond to pT bins (0–1), (3–4), (6–7), (10–11) GeV. Red band: FONLL calculation with factorization and
renormalization scale variation, green band: FO calculation with factorization and renormalization scale variation. FONLL and FO
calculation done with BCFY fragmentation function with parameter r ¼ 0.1. Photon-emitting nucleus is moving in the positive rapidity
direction.
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calculation with PSSZ function and parameter ε ¼ 0.035.
This is the same setup as presented in Fig. 6 for the HERA
data. We see that the FONLL and FO are somewhat closer
for the highest pT bin, than in the case of the BCFY
fragmentation function. This is understandable, since the
fragmentation with ε ¼ 0.035 leads to a softer spectrum
than with ε ¼ 0.02. Overall, the differences between the
two fragmentation schemes BCFYand PSSZ are very small
in the studied range of pT and y, with BCFY fragmentation
function resulting in slightly higher cross section at large
values of pT as was found for ep case in Sec. III.
For the sake of completeness, and despite the two

separate contributions being unphysical (e.g., [38,64])
and dependent on what theoretical approach and parame-
ters are used, we have also explored the relative sizes of
the direct and resolved cross sections. Within the approach
that we have chosen (FONLL, with a massive NLO
calculation matched to a massless NLL-resummed one,
with the introduction of a damping function Gðm;pTÞ (see
Eq. (1), with its free parameter c set to 5, for suppressing
spurious higher orders terms), we observe that the direct
contribution tends to dominate at positive rapidities and

medium transverse momentum values (pT < 10 GeV),
whereas the resolved contribution can reach up to about
50% in two kinematical regions, namely a small region of
negative rapidities (y < 1) and small transverse momentum
(pT < 1 GeV), and a broader region of transverse momen-
tum larger than about 10 GeV.
Appendix B presents supplementary plots of the calcu-

lations versus transverse momentum, binned in rapidity, for
the EPPS21, nNNPDF3.0, and CT18ANLO PDF sets.

V. COMPARISON WITH CMS MEASUREMENT

In this section, the GγA-FONLL predictions are com-
pared to the first measurement of photonuclear D0 meson
production in ultraperipheral heavy-ion collisions, recently
performed by the CMS Collaboration at the LHC [32]. The
measurement uses 1.38 nb−1 of lead-lead data collected atffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV. Photonuclear events were selected
by requiring that at least one of the two colliding nuclei
breaks (0nXn), using the zero degree calorimeters, and by
imposing the presence of a large rapidity gap in the
direction of the photon-emitting nucleus. The measurement

FIG. 15. Rapidity distribution for the D0 production in UPC PbPb collisions at
ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV. Four panels correspond to pT bins
(0–1), (3–4), (6–7), (10–11) GeV. Light blue band: FONLL calculation with factorization and renormalization scale variation, gray
band: FO calculation with factorization and renormalization scale variation. FONLL and FO calculation done with PSSZ fragmentation
function with parameter ε ¼ 0.02 and 0.035 respectively. Photon-emitting nucleus is moving in the positive rapidity direction.
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was performed as a function of the transverse momentum
and rapidity of the D0 meson, in the ranges 2 < pT <
12 GeV and −2 < y < 2. Specifically, the 2<pT < 5 GeV
interval was measured in one rapidity bin, jyj < 1, while
the 5 < pT < 8 GeV and 8 < pT < 12 GeV intervals
were measured in four equal-size rapidity bins span-
ning −2 < y < 2.
In Fig. 16, the GγA-FONLL predictions obtained with

EPPS21 nuclear PDFs are compared to the CMS data. Two
calculations are shown: one with mc ¼ 1.3 GeV, which is
the charm quark mass used in the extraction of the EPPS21
set, and another with mc ¼ 1.5 GeV to test the sensitivity
of the prediction to the charm mass. Figure 17 shows
analogous predictions obtained using the nNNPDF3.0
set (mc ¼ 1.5 GeV).
Within the still sizeable experimental uncertainties, the

data are well described by the GγA-FONLL predictions
obtained using both EPPS21 and nNNPDF3.0 across all pT
and rapidity bins. The central values of the data appear to
favor calculations with a larger charm quark mass.

In Fig. 18, the experimental data are compared to the
GγA-FONLL predictions obtained using the CT18ANLO
proton PDF for two values of the charm quark mass,
mc ¼ 1.3 and 1.5 GeV. In the two lower pT intervals of
Fig. 18, the calculations using proton PDFs systematically
overshoot the data. The nuclear modifications in the
2 < pT < 5 GeV interval amount to approximately 20%,
while in the intermediate 5 < pT < 8 GeV range they lie
between 5% and 15%, with stronger suppression observed
at higher rapidities. The comparison with predictions
using proton PDFs suggests that the absence of nuclear
modifications significantly reduces the agreement with the
experimental data. The need for sizable nuclear effects is
particularly evident for low-pT D0 mesons at forward
rapidity, where low-x effects play a more prominent role.
This effect certainly deserves a further detailed analysis.
We only tested here the parton densities obtained using
standard linear Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
evolution but it is well known [68] that it is precisely the
low pT, low x regime where gluon recombination effects

FIG. 16. Rapidity distribution for the D0 production in UPC PbPb collisions at
ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV with EPPS21 nuclear PDF in pT
bins (2–5), (5–8), (8–12) GeV. Light blue band: FONLL calculation with factorization and renormalization scale variation for
mc ¼ 1.3 GeV, magenta lines band: FONLL calculation with factorization and renormalization scale variation andmc ¼ 1.5 GeV, dark
blue band: FONLL EPPS21 [43] PDF uncertainty, mc ¼ 1.3 GeV. Magenta band: FONLL EPPS21 [43] PDF uncertainty,
mc ¼ 1.5 GeV. BCFY fragmentation function [58,59] with parameter r ¼ 0.1. Data are from CMS [32].
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FIG. 17. Rapidity distribution for the D0 production in UPC PbPb collisions at
ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV with nNNPDF3.0 nuclear PDF in
pT bins (2–5), (5–8), (8–12) GeV. Light magenta band: FONLL calculation with factorization and renormalization scale variation for
mc ¼ 1.3 GeV, darker magenta band PDF uncertainty, mc ¼ 1.5 GeV. BCFY fragmentation function [58,59] with parameter r ¼ 0.1.
Data are from CMS [32].
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are expected to be important and can lead to saturation.
They can be accounted for by including in the evolution the
nonlinear terms in parton density. One can then potentially
expect sizeable modifications to the cross section, as
demonstrated in work on nuclear PDFs and nonlinear
GLR-MQ equation [69]. The impact of nonlinear evolution
for parton densities used in the charm photoproduction
process, while being beyond the scope of the present work,
certainly deserves to be investigated further, and we post-
pone it for the future study.
Finally, we note that in the highest pT bin, where nuclear

effects are expected to be negligible, the central FONLL
predictions, obtained with both proton and nuclear PDFs,
lie slightly below the data. Interestingly, a similar trend
was observed at HERA, where the FONLL prediction
yielded a slightly softer pT spectrum than the experimental
data (see Sec. III).

VI. CONCLUSIONS

In this paper we presented calculations of charm photo-
production in electron-proton collisions at HERA and in

ultraperipheral heavy-ion collisions (UPCs) at the LHC
with the new GγA-FONLL framework.
We performed detailed comparison with HERA mea-

surements of D� production in electron-proton collisions,
employing resummed FONLL calculations as functions of
the D� transverse momentum and rapidity. We examined
how the predictions vary with different photon and proton
PDF parametrizations and assessed the impact of alter-
native fragmentation functions. The calculations agree
with earlier FONLL predictions and with the ep measure-
ments at HERA. As previously observed in earlier FONLL
studies, the predictions tend to be marginally softer than the
measurements at higher transverse momentum. Among the
fragmentation models, the BCFY parametrization provides
a better description of the experimental data than the PSSZ
one, thanks to its harder spectrum at large pT . Theoretical
uncertainties remain sizable, with variations in the renorm-
alization scale constituting the dominant contribution.
After validating the framework with HERA data, we

generated predictions for D0-meson production in UPCs at
the LHC. The effect of electromagnetic dissociation is

FIG. 18. Rapidity distribution for theD0 production in UPC PbPb collisions at
ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV with CT18ANLO proton PDF in pT
bins (2–5), (5–8), (8–12) GeV. Yellow band: FONLL calculation with factorization and renormalization scale variation for
mc ¼ 1.3 GeV, red lines band: FONLL calculation with factorization and renormalization scale variation and mc ¼ 1.5 GeV, orange
band: FONLL CT18ANLO [43] PDF uncertainty, mc ¼ 1.3 GeV. Red band: FONLL CT18ANLO [43] PDF uncertainty,
mc ¼ 1.5 GeV. BCFY fragmentation function [58,59] with parameter r ¼ 0.1. Data are from CMS [32].
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incorporated in GγA-FONLL to model the survival prob-
ability of the photon-emitting nucleus and enable direct
comparison with the UPC data. Various predictions for D0

photoproduction in UPCs at the LHC, performed using
the latest proton and nuclear PDF parametrizations and
adopting different charm-quark mass hypotheses and frag-
mentation functions, were presented and discussed. The
GγA-FONLL predictions obtained with both EPPS21 and
nNNPDF3.0 nuclear PDFs provide a good description of
the recent CMS measurement of the D0 photonuclear cross
section in UPCs across all pT and rapidity intervals. In
contrast, calculations based on the CT18ANLO proton
PDF systematically overshoot the data, underscoring the
importance of nuclear modifications. These effects are most
pronounced for low-pT D0 mesons at forward rapidity,
where low-x effects are expected to become more relevant.
At high pT , where nuclear effects are expected to be
negligible, the GγA-FONLL predictions appear slightly
softer than the data. The predictions presented in this paper
also highlights the sensitivity of the predictions to the
assumed charm-quark mass. While confirming the strong
experimental and theoretical constraining power of charm
production in UPCs, this study also underscores the need for
further work to quantify competing effects, namely electro-
magnetic dissociation, possible modifications to charm-
meson fragmentation, and uncertainties in the charm-quark
mass. If left unaccounted for, these factors could bias the
interpretation of low-x nuclear modifications.
In summary, the GγA-FONLL framework introduced

here establishes a unified theoretical baseline for high-
accuracy charm-photoproduction studies in both UPCs
at the LHC, and in electron-ion collisions at the future
Electron-Ion Collider. High-precision measurements
across complementary regions of x and Q2, together with

comparisons to saturation-based approaches such as the
color glass condensate [28,70], promise unprecedented
insight into low-x gluon dynamics and the onset of gluon
saturation.
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APPENDIX A: FIXED-ORDER CALCULATIONS
FOR HERA

In Figs. 19–21 the fixed-order (FO) predictions for the
rapidity and pseudorapidity distributions of D�þ mesons in
electron-proton collisions at HERA are compared to the
GγA-FONLL predictions and to the experimental data. The
blue bands represent the renormalization-scale uncertainty
of the FONLL calculation, whereas the gray bands corre-
spond to the fixed-order (FO) result; the solid blue and
dashed black curves denote their respective central pre-
dictions. The factorization scale is fixed at μF=μ0 ¼ 1. The
PSSZ fragmentation parameter is set to ε ¼ 0.02 for
FONLL and ε ¼ 0.35 for the FO calculation.
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FIG. 19. Rapidity distribution of D� mesons in photoproduction in electron-proton collisions at HERA. FONLL calculation [39]
μF ¼ μR ¼ 1 (blue solid), FO calculation (black dashed). Shaded blue indicates variation of 0.5 < μR < 2 while μF ¼ 1 is fixed; shaded
gray indicates renormalization scale variation for FO. PSSZ fragmentation function is used with ε ¼ 0.02 for FONLL and ε ¼ 0.035 for
FO. Compared with data from H1 [29], for different pT bins. Note different vertical scales. Positive rapidity is proton going direction.
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FIG. 20. Pseudorapidity distribution of D� mesons in photoproduction in electron-proton collisions at HERA. FONLL calculation
[39] μF ¼ μR ¼ 1 (blue solid), FO calculation (black dashed). Shaded blue indicates variation of 0.5 < μR < 2 while μF ¼ 1 is fixed;
shaded gray indicates renormalization scale variation for FO. PSSZ fragmentation function is used with ε ¼ 0.02 for FONLL and
ε ¼ 0.035 for FO. Compared with data from ZEUS [30], for different minimum pT cuts: 2,3,4,6 GeV. Note different vertical scales.
Positive pseudorapidity is proton direction.
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APPENDIX B: SUPPLEMENTARY
PREDICTIONS FOR UPC WITH
NUCLEAR AND PROTON PDF

In Figs. 22 and 23 we present GγA-FONLL predic-
tions for UPCs obtained with the EPPS21 (Fig. 22) and
nNNPDF3.0 (Fig. 23) nuclear PDFs, shown as functions
of the D0 transverse momentum in several rapidity inter-
vals. Figure 22 also includes the corresponding fixed-
order (FO) calculation. Shaded bands represent systematic
uncertainties from independent variations of the renorm-
alization and factorization scales; for the FONLL curves
the PDF uncertainty is displayed as well. The distributions
are extended down to very low pT, where both the
scale-variation and PDF uncertainties become large. This
sizable scale dependence is correlated with the PDF
uncertainty, because at low pT the calculation probes
parton densities at low factorization scales, where the
PDFs carry their largest intrinsic uncertainties. In Fig. 23,
which shows the predictions obtained with the nNNPDF3.0
set, the uncertainty band at low pT is slightly narrower
than in the EPPS21 case, likely because the calculation
employs a larger charm-quark mass and thus probes a

FIG. 21. Pseudorapidity distribution of D� mesons in photoproduction in electron-proton collisions at HERA. FONLL calculation
[39] μF ¼ μR ¼ 1 (blue solid), FO calculation (black dashed). Shaded blue indicates variation of 0.5 < μR < 2 while μF ¼ 1 is fixed;
shaded gray indicates renormalization scale variation for FO. PSSZ fragmentation function is used with ε ¼ 0.02 for FONLL and
ε ¼ 0.035 for FO. Compared with data from H1 [31], for different pT bins. Note that data and results in three pT bins (1.8,2.5), (2.5,4.5),
(4.5,12.5) are presented as double differential cross sections. Positive pseudorapidity is proton direction.

FIG. 22. Transverse momentum distribution for the D0 pro-
duction in UPC collisions at

ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV in four bins of
rapidity: ð−2;−1Þ; ð−1; 0Þ; ð0; 1Þ; ð1; 2Þ. FONLL and FO calcu-
lation with EPPS21 nuclear PDF, charm mass mc ¼ 1.3 GeV
with BCFY fragmentation function. Wider bands: factorization
and renormalization scale variation, smaller (darker) bands:
FONLL with PDF uncertainty.
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FIG. 24. Transverse momentum distribution for the D0 pro-
duction in UPC collisions at

ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV in four bins of
rapidity: ð−2;−1Þ; ð−1; 0Þ; ð0; 1Þ; ð1; 2Þ. FONLL calculation
with CT18ANLO proton PDF (scaled by A ¼ 208), charm mass
mc ¼ 1.3 GeV with BCFY fragmentation function. Wider bands:
factorization and renormalization scale variation, smaller (darker)
bands: PDF uncertainty.

FIG. 25. Rapidity distribution for the D0 production in UPC PbPb collisions at
ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV in pT bins (2–5), (5–8),
(8–12) GeV. Light blue band: FONLL calculation with factorization and renormalization scale variation, gray band: FONLL calculation
with factorization and renormalization scale variation, dark blue band: FONLL EPPS21 [43] PDF uncertainty. Both FONLL and FO
calculation done with BCFY fragmentation function [58,59] with parameter r ¼ 0.1. Data are from CMS [32].

FIG. 23. Transverse momentum distribution for the D0 pro-
duction in UPC collisions at

ffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV in four bins of
rapidity: ð−2;−1Þ; ð−1; 0Þ; ð0; 1Þ; ð1; 2Þ. FONLL calculation
with nNNPDF3.0 nuclear PDF, charm mass mc ¼ 1.5 GeV with
BCFY fragmentation function. Wider bands: factorization and
renormalization scale variation, smaller (darker) bands: PDF
uncertainty.
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correspondingly higher renormalization and factoriza-
tion scale.
In Fig. 24 we show the same distribution, this time

evaluated with the proton CT18ANLO PDF and scaled by
the mass number A, therefore without nuclear-shadowing
effects. Scale-variation uncertainties at low pT remain
sizeble but are smaller than in the EPPS21 case, reflecting
the tighter constraints on the proton PDFs. Figure 25

displays the rapidity distributions obtained with
GγA-FONLL and fixed-order (FO) calculations based on
EPPS21 and using the BCFY fragmentation function.
The predictions are evaluated in the same pT and y intervals
as the CMS measurement to permit direct comparison with
the data. Consistent with the pattern observed at HERA,
the FO prediction lies slightly above the FONLL result at
large pT .
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