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We calculate diffractive DY photoproduction in ultraperipheral lead-lead (Pb-Pb) collisions at the Large
Hadron Collider (LHC) within the recently developed generalized photon-nucleus fixed-order next-to-
leading logarithm (GyA-FONLL) framework, where photon-lead diffraction is modeled using nuclear
diffractive parton distributions obtained in the leading-twist shadowing approach and the photon fluxes
include corrections for independent electromagnetic dissociation accompanying the hard photoproduction
process. We then use the predicted diffractive cross section to quantify the coherent diffractive
contribution rejected by the XnOn neutron-tagged event selection adopted in the first measurement
of DY photoproduction in Pb-Pb collisions at the LHC, which requires neutron emission from only one of
the two lead nuclei. In this work, we also extend the GyA-FONLL framework to proton-lead (p-Pb)
ultraperipheral collisions and present predictions for inclusive and diffractive D° photoproduction at the
LHC. In this case, the dominant configuration is photon emission from the lead ion followed by photon-
proton scattering, and the diffractive contribution is evaluated using proton diffractive parton distributions

constrained by HERA data.
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I. INTRODUCTION

In recent years, ultraperipheral collisions (UPCs) of
highly relativistic ions have become an important labora-
tory for studying QCD with photon-induced processes at
collider energies; for reviews, see, for example, Refs. [1-3].
In UPCs, the average impact parameter exceeds the sum of
the radii of the colliding projectiles, which strongly
suppresses hadronic interactions and makes electromag-
netic interactions dominant. As a result, nucleus-nucleus
and proton-nucleus collisions can be used as effective
photon-photon and photon-hadron colliders. In particular,
photonuclear interactions in high-energy UPCs provide
direct access to the gluon density in nuclei at very small
values of x [4], in a kinematic regime that is complementary
to and, at present, only partially covered by dedicated
electron-ion facilities.

A broad program of photonuclear measurements in
UPCs has been carried out at the Relativistic Heavy Ion
Collider (RHIC) and the Large Hadron Collider (LHC),
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with a benchmark channel being the exclusive photopro-
duction of vector mesons. When a hard scale is present, as in
the production of heavy vector mesons such as J/y, this
process becomes a sensitive probe of gluon dynamics in
nucleons and nuclei, while its exclusive final state provides a
particularly clean experimental signature. Measurements of
J/w photoproduction in UPCs have been performed at
RHIC [5-7] and at the LHC [8-13]. Another important hard
photonuclear process is dijet photoproduction, in which the
jet transverse momenta set the perturbative scale and
the measured jet kinematics provide differential access to
the nuclear partonic structure and to photon-parton scattering
dynamics. Dijet photoproduction in nuclear UPCs has been
studied extensively in theory [14—16] and has recently been
measured at the LHC [17].

Open charm photoproduction provides another impor-
tant hard photonuclear probe in UPCs. Since heavy-quark
pairs are produced predominantly through photon-gluon
fusion, D° production directly probes the nuclear gluon
density at small x. In contrast to exclusive J/y photo-
production, which probes a relatively narrow range of
scales, and dijet photoproduction, which is restricted to
sufficiently hard jets, open charm can be measured over a
broad range of transverse momenta and rapidities, allowing
one to scan both the gluon momentum fraction x and the
hard scale Q? ~m? + p2, where m, is the charm-quark
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mass and p; is the D° transverse momentum. The
experimental relevance of this channel has recently been
underscored by the first CMS measurement of D° photo-
production in ultraperipheral Pb-Pb collisions at /syy =
5.36 TeV in the neutron-tagged XnOn event class [18].

Open heavy-flavor photoproduction in UPCs was first
studied at leading order in Ref. [19]. More recently, inclusive
open charm photoproduction in Pb-Pb UPCs was revisited
within the generalized photon-nucleus fixed-order next-to-
leading logarithm (GyA-FONLL) framework [20], which
combines the FONLL description of heavy-flavor photo-
production with nuclear parton distributions, UPC photon
fluxes, and corrections for electromagnetic dissociation. The
neutron-tagged event selection used in measurements, how-
ever, introduces an additional complication. The analysis
requires no neutrons in one zero-degree calorimeter and at
least one neutron in the opposite one, so the measured sample
is not fully inclusive. This is particularly important for
coherent diffraction, where the target nucleus remains intact
at the hard-scattering level and therefore does not satisfy the
Xn requirement unless it undergoes an additional independent
electromagnetic breakup. Although Ref. [20] accounted for
electromagnetic dissociation accompanying the hard process,
it did not include a dedicated correction for the fraction of
diffractive events removed by the Xn condition. Quantifying
this bias requires a theoretical prediction for diffractive open
charm production in Pb-Pb UPCs and thus motivates the
present extension of the GyA-FONLL framework.

In this work, we present a detailed study of diffractive
open charm photoproduction in ultraperipheral Pb-Pb and
p-Pb collisions at the LHC. Diffractive open charm photo-
production is a particularly valuable channel because it
combines a perturbative hard scale, set by m, and py, with
a large-rapidity-gap final state. It is therefore directly
sensitive to the gluon content of the diffractive exchange
and, in nuclei, to the interplay between hard diffraction,
coherent multiple scattering, and nuclear shadowing. The
analogous process was studied experimentally in ep
collisions at HERA, where diffractive open charm produc-
tion was measured in both deep-inelastic scattering and
photoproduction [21-23]. By contrast, while inclusive
photonuclear D° production in Pb-Pb UPCs has now been
measured by CMS [18], a dedicated measurement of
diffractive open charm photoproduction in photon-nucleus
collisions is still missing. UPCs at the LHC therefore
provide a unique opportunity to access this channel and to
test nuclear diffractive parton distributions.

For Pb-Pb UPCs, we extend the GyA-FONLL frame-
work to include coherent diffraction using nuclear diffrac-
tive parton distributions from the leading-twist shadowing
approach (LTA) [24,25]. We compute the diffractive D°
cross section and the ratio of diffractive-to-inclusive pro-
duction as functions of rapidity and transverse momentum.
We then use this diffractive component to quantify how the
neutron-tagged XnOn event selection modifies the inclusive

prediction for the CMS D° measurement. We also improve
the treatment of the UPC photon flux by using a realistic
nuclear charge distribution. For p-Pb UPCs, where the
dominant contribution comes from yp scattering with the
photon emitted by the lead nucleus, we present predictions
for both inclusive and diffractive D° production using
proton diffractive parton distributions constrained by
HERA data.

The paper is organized as follows. Section II introduces
diffractive open charm photoproduction, the relevant dif-
fractive kinematics, and the proton and nuclear diffractive
parton distribution functions (PDFs) used in the calculation.
In Sec. IIl we review the main ingredients of the
GyA-FONLL framework and discuss the UPC photon
fluxes and electromagnetic-dissociation effects relevant
for Pb-Pb collisions. In Sec. IV we present predictions
for coherent diffractive D° photoproduction in Pb-Pb
UPCs, including outline of the experimental prospects at
the LHC. Section V quantifies the correction induced by
the neutron-tagged XnOn selection in the CMS D° meas-
urement. In Sec. VI we turn to p-Pb UPCs and present
predictions for inclusive and diffractive D° photoproduc-
tion. We summarize our conclusions in Sec. VIL. In the
Appendix we include additional plots on typical x probed in
the nuclear gluon density.

II. CHARM DIFFRACTION IN UPCs

Diffractive processes are characterized by the presence of
a large rapidity gap between the central hadronic system X,
known as the photon dissociative system, and the forward-
going hadronic system Y, which constitutes in coherent
diffraction an intact or coherently scattered proton or
nucleus. In charm photoproduction, the system X contains
at least a charm quark, possible hadronic remnants from the
diffractive exchange, usually modeled by the Pomeron IP
and, in the resolved-photon case, from the photon, when the
latter fluctuates into its partonic constituents before inter-
acting with the proton or nucleus.

In collinear factorization the hard subprocess for diffrac-
tive charm production is the same as in inclusive open charm
electroproduction or photoproduction: a virtual or quasireal
photon interacts with a parton to produce a heavy-quark pair,
one of whose members may subsequently fragment into the
observed charmed meson. The distinctive feature of the
diffractive process is the final state which includes a large
rapidity gap. For the gap to exist the exchange between the
system X and diffractively scattered target Y needs to be
mediated by the color singlet. In the collinear factorization
framework the hard diffractive process is described in terms
of the diffractive parton distributions.

For the photon-hadron interaction in UPCs, the diffrac-
tive process can be written as

r(q) + H(P) — X(px) + H(py). (1)
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FIG. 1.

Diagram for the coherent diffractive charm production in AA and pA UPCs in the direct-photon (left) and resolved-photon

(right) cases, where X is the diffractively produced hadronic system, Y is the forward-going nucleus (proton) or its low-mass excitations,

and [P denotes the diffractive exchange (Pomeron).

Here, H(P) denotes the incoming hadron, proton, or
nucleus, with four-momentum P. In coherent diffraction,
the hadron scatters elastically and remains intact in the final
state, with four-momentum py. The diffractively produced
hadronic system X is characterized by the invariant mass
squared M% = p%. A large rapidity gap, characterized by
the absence of associated hadron production, separates the
hadronic system X from the elastically scattered hadron.
The coherent diffractive process in nucleus-nucleus and
proton-nucleus UPCs is illustrated in Fig. 1. In p-Pb case,
the dominant photonuclear configuration is the one in
which the lead ion emits the quasireal photon and the
proton acts as the hadronic target; the reverse configuration,
in which the proton emits the photon and the lead ion acts
as the target, is also possible, but is strongly suppressed.

In the above process, the hard partonic cross sections for
the y-parton scattering to produce the charm quark in the
final state is the same as in the inclusive open charm
photoproduction. The distinguishing difference of the proc-
ess stems from the presence of the rapidity gap due to the
colorless diffractive exchange, also known as Pomeron,
denoted by IP. In the case of the diffractive process one
introduces additional variables

t=(P—py) Xp = % (2)

The variable ¢ is the squared four-momentum transfer at the
target vertex. Physically, it characterizes the recoil of the
target hadron in the diffractive scattering: small |¢| corre-
sponds to a small deflection and is typical of coherent
diffraction, where the proton or nucleus remains intact.
The variable xp is the longitudinal momentum fraction of
the incoming hadron carried by the color-singlet diffractive
exchange, with smaller values of xp generally corresponding
to more forward scattered intact targets and, approximately,

to larger rapidity gaps. The invariant mass of the diffractively
produced system is M% = (¢ + P — py)?. In the literature
one can also find the following notation for the longitudinal
momentum fraction of the proton carried by the Pomeron:
& = xp. In the case of the photoproduction Q2 ~ 0, the xp
fraction can be written as

MR+ Q-1 Myt
p = W2ro2 = W2

; (3)

where W? = (q+ p)* is the center-of-mass energy
squared. For fixed photon-hadron energy W, larger values
of My imply larger values of x . Physically, this means that
the diffractively produced system extends closer in rapidity
to the outgoing target, and the rapidity gap is therefore
reduced. Although the rapidity-gap size is not introduced as
an independent variable in this formalism, it is approx-
imately related to the diffractive momentum fraction
through Ayg,, ~In(1/xp).

A. Diffractive PDFs for the proton

For diffractive hard scattering, collinear factorization
provides a framework in which the nonperturbative proton
structure is encoded in diffractive parton distributions
(PDFs) [26,27]. These distributions obey Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equa-
tions, analogously to ordinary PDFs (see also Ref. [28]). In
this framework, diffractive parton densities describe the
partonic content of the proton under the additional require-
ment that the final state satisfies a diffractive condition,
such as the presence of an elastically scattered forward
proton. Diffractive proton PDFs have been constrained
from QCD fits to diffractive structure-function measure-
ments at HERA [29,30]. In their most differential form,
they depend on four variables
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£ xp. ), (4)

where j denotes the parton species, i.e., gluon or quark
flavor, and the superscript D(4) indicates that the diffrac-
tive PDF is differential in four variables. In Eq. (4), z is the
longitudinal momentum fraction carried by the parton
entering the hard subprocess, measured with respect to
the diffractive exchange, p? is the factorization scale that
sets the resolution scale of the hard process, and t is the
squared momentum transfer at the proton vertex. If the
recoil momentum transfer ¢ is not measured, one integrates
over t, thereby summing over all allowed proton recoil
configurations consistent with diffraction. This defines the
corresponding D(3) diffractive PDFs

|I‘mBX
e = [ s ), 9
t

min

where |f] i, = xpm?%/(1 — xp) is constrained by kinemat-
ics. Indeed, for fixed xp, the minimum momentum transfer
is reached when the final-state proton is scattered with zero
transverse momentum. In the high-energy small-angle
limit, t = —(p} + xpm3)/(1 — xp), which gives |f],;, =
xpm3 /(1 —xp) for py = 0. The upper limit |z, is set by
the experimental acceptance for the recoil kinematics of
the diffractively scattered proton. In the HI [31] and
ZEUS [30] diffractive measurements at HERA, a typical
value was |f[,.x ~ 1 GeV2. The proton diffractive PDFs
were extracted from these data by fitting the measured
diffractive reduced cross sections, integrated over the
accepted proton-vertex phase space.

The H1 and ZEUS parametrizations rely on similar
assumptions. In particular, they use the following two-
component form

f?(3)(z’ :uz’-le)
= Op(xp)ff (2, 47) + Cr(xp)ff(z.0%),  (6)

where the two terms correspond to the Pomeron (/P) and
Reggeon exchange (IR), respectively. The first component,
the Pomeron, is a color-singlet exchange with vacuum
quantum numbers and dominates at low values of xp,
which are reached in high-energy collisions. The second
component, the Reggeon, is a subleading exchange. It
becomes important at larger values of xp, which are
explored in lower-energy collisions. In Eq. (6), the func-
tions ®p(xp) and @g(xp) are flux factors describing the
emission of the corresponding color-singlet exchange from
the proton. The functions ¥ (z, 4*) and f®(z, 4*) describe
the partonic structure of the Pomeron and Reggeon,
respectively. We note that the variable xp denotes the
fraction of the incoming proton longitudinal momentum

carried by the diffractive exchange, whether this exchange
is modeled as a Pomeron or as a Reggeon.

The separation of the (¢, xp) dependence from the (z, u?)
dependence is the Regge-factorization assumption used in
the HERA fits. Its validity is not guaranteed in QCD, and
possible limitations have recently been discussed in the
framework of soft-collinear effective theory [32].

The flux factors introduced above, @ p(xp) and Og(xp),
are t-integrated quantities, which are obtained by integrat-
ing the following #-dependent fluxes over the momentum
transfer ¢

oBrat
¢pr(xp.t) = Apr apr()=1" (7)
XP :

Only the product of the flux factors and the parton
distributions enters the diffractive PDFs, so their relative
normalization is conventional. The convention chosen in the
H1 and ZEUS fits [30,31] was such that xp®p(xp) = 1 at
xp = 0.003. The parameters Bp g, ap g(0), and ap p were
determined from fits to the data [30,31]. The Pomeron parton
densities ff) (z, %) were parametrized at the starting scale,
fitted to the HERA diffractive data, and then evolved with
DGLAP evolution [29,30]. By contrast, the Reggeon parton
densities ff(z, u?) were not fitted as an independent set of

PDFs. They were taken from the Gluck-Reya-Vogt (GRV)
parametrization of the pion structure function [33].

A recent study for the Electron-lon Collider (EIC)
showed that this facility could significantly improve the
existing constraints on the Reggeon contribution [34]. This
is due to its high luminosity, variable beam energies, and
forward proton instrumentation, which enable multidiffer-
ential diffractive measurements over a broad range of xp
and ¢, including the larger-xp region where the Reggeon
term is enhanced.

B. Diffractive nuclear PDFs in the LTA approximation

For the calculation of the diffractive contribution to
charm production in nucleus-nucleus UPCs, one needs
diffractive PDFs for a nucleus, generalizing those for the
proton discussed in Sec. Il A. In our analysis, we use the
LTA, which allows one to express nuclear diffractive PDFs
at small x as a Gribov-Glauber series of multiple coherent
interactions with i = 1,2, ..., A nucleons of the nuclear
target. Each term in this series can be written in terms of the
nucleon (proton) diffractive PDFs times the factor account-
ing for nuclear attenuation [24,25].

It is shown schematically in Fig. 2, which illustrates how
the nuclear gluon diffractive distribution is built as a series
of interactions with one [Fig. 2(a)], two [Fig. 2(b)], and
three [Fig. 2(c)] nucleons N of the nucleus A; the terms
with i > 4 are not shown. Each diagram contains diffractive
scattering on a target nucleon, y* + N - X + N,and i — 1
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() (b) ()

FIG. 2. Nuclear gluon diffractive PDF fp(j) represented as a Gribov-Glauber series of interactions with one (a), two (b), and three
(c) nucleons of the nuclear target A; higher-order terms are not shown. Diffractive exchanges with target nucleons N are factorized into
the Pomeron flux ®p and Pomeron PDFs ff) . The state X is diffractively produced and subsequently scatters elastically from the
remaining nucleons, as indicated by the dark shaded ovals. The lower blobs denote the nuclear wave function.

elastic scatterings of the diffractively produced state X on
the remaining nucleons. These rescatterings are represented
by the dark shaded ovals." The diffractive exchanges are
factorized into the product of the Pomeron flux ®p
(denoted by the vertical zigzag lines) and the Pomeron
PDFs ff . As explained in Ref. [25], the subleading

Reggeon contribution gives a negligibly small contribution

for ff/f). Figures 2(b) and 2(c) include interactions with
two and three target nucleons, respectively, and therefore
generate shadowing corrections to fj.)/(j) due to nuclear

absorption of the state X. In this treatment, the diffractively
produced state X is assumed to scatter elastically from the
target nucleons without transitions to other diffractive

to nuclear shadowing and is therefore neglected in LTA
calculations of nuclear diffractive PDFs. The lower shaded
blobs denote the ground-state nuclear wave function.
Figure 2(a) represents the interaction with a single target

states.
Summing the series illustrated in Fig. 2, including the
higher-order terms with 4 < i < A, one obtains the following

expression for the nuclear diffractive PDFs ff/(j) [24,35]:

nucleon and corresponds to the impulse approximation
|

D(3 D(4
fj/(A)<Z7,u2’xP) = 4”f]/(P)(Z’ ﬂz,XP, tmin) / dZS

+oo L, _(=in) j 2y [ g ) 2
/ dz'pa(s,2)e " e ol (k) [ pa(s:) | (8)

o]

In Eq. (8), f?/(;) is the nucleon (proton) diffractive PDF evaluated at 1 = #,;, = —xpm3 /(1 = xp) = 0; pa(s,2')
is the nuclear density [36], where s and 7’ are the transverse and longitudinal coordinates of the nucleons involved in the
interaction with a hard probe. Note that, since the # dependence of the nuclear form factor is much faster than that of the

_|t|min =

y*+ N — X + N amplitude, fj.)/? is evaluated at r~ 0 and all the active nucleons are located at the same transverse

distance s = |s|. Further, the effective cross section o (x,u*), where x = zxp, is a model-dependent parameter
controlling the strength of interaction of the state X with target nucleons (denoted by dark shaded ovals in Fig. 2). Finally,
n=mr/2(ap(0) —1) = 0.17 is the ratio of the real to imaginary parts of the y* + N - X + N amplitude, which is
estimated using the dispersion relation and the value of the Pomeron intercept determined from the QCD fits to HERA
data on inclusive diffraction in electron-proton deep-inelastic scattering (DIS), ap(0) = 1.111 [29].

It is instructive to consider the small-xp limit of Eq. (8), corresponding to diffractive masses that are not large compared

with the photon-nucleon energy W,

2

3. 2 DM, 167
FPO o oxp) = 12 ok X i) - / s
& " (117) (o (. 4%))°

b(3 1 Ui (VT (s
- j/(p>(z’/‘2’xp)m d’s o (0?) Ta(s)
el\"*»

1 — 520l (xa)Ta(s)

2

©)

1—6_2 S

'For a term involving i nucleons, one nucleon participates in the diffractive transition y* + N — X + N, while the diffractively produced
state X undergoes i — 1 elastic rescatterings on the remaining participating nucleons. Thus, Fig. 2(a) has no rescattering, Fig. 2(b) has one
rescattering, and Fig. 2(c) has two rescatterings.
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where T4(s) = [ dzps(s,z) is the nuclear density (pro-
file) in the transverse plane normalized to the number of
nucleons, f d*sT,(s) = A. In the second line, we used that

fj)/(p)(z 1 Xps Tnin) = Bdiffij/(?(Z’/"z’xP)v where B &
6 GeV~? is the slope parameter of the exponential ¢
dependence of the proton diffractive structure function
measured at HERA in diffractive DIS events with a leading
proton, i.e., events in which the final-state proton remains
intact and is detected in the forward proton spectro-
meter [31]. We also introduced the elastic cross section

o/, (x, u?) by relating it to the total cross section o/ (x)
through the optical theorem
. 2))2
o) = (14 ) G

1 67[ B diff

Equation (9) offers a straightforward physical interpretation
of Fig. 2 and the mechanism of nuclear shadowing in the
LTA model. It states that the ratio of nuclear and proton

diffractive PDFs, fﬁ(j) / ff/f), is shadowed in proportion to
the ratio of the nucleus and proton elastic cross sections,
which are calculated using the effective total nucleon cross

/(. u2), with larger values of 6/, (x, u2) corre-
sponding to stronger absorption of X as it propagates
through the nucleus.

The key observation of the LTA approach is that nuclear
shadowing is expressed in terms of diffraction on the
proton. To make this connection more transparent, one
notices that the cross section Jéoﬂ( ,,uz), which determines
the amount of nuclear absorption of state X and the
magnitude of nuclear shadowing, is proportional to prob-
ability of diffraction for a given parton flavor j. More

section ¢’

precisely, o{oﬁ(x, u?) is bounded from below by the cross

section o (x, u?),

ol (x,p2) = — OB / Ol dxp ,n()

(L)1 jyp (%) J Tipp (@1 5)
(11)

where f;/, is the usual proton PDF. In this equation, the
lower integration limit comes from the kinematic constraint
xp > x, and the upper integration limit is given by the
usual condition on the produced diffractive masses
M%/W? < 0.1, leading to xp < 0.1 [31].

The experimental observation of significant, leading-
twist diffraction in electron-proton DIS at HERA trans-
lates into relatively sizable diffractive PDFs of the proton,

Xp

resulting in large o (x, 4?) and o/ (x, u?). To estimate a
theoretical uncertainty of the LTA predictions, one can

vary o-sjoft(x,/,tz) in the range between the ¢g dipole-

nucleon cross section and the total pion-nucleon cross
section, which correspond to the “high shadowing” and

“low shadowing” scenarios, respectively [25]. This
gives o’

J w(x, 4?) 2 40-50 mb for x=10"*—107 at
> =4 GeV?, leading to f?/f)/[Af?/f)] ~0.5 both for
quark and gluon distributions.

Note that the terminology “high” and “low” shadowing
refers to LTA predictions for usual nuclear PDFs. In the
case of diffractive scattering, the trend is opposite: the

high shadowing scenario with a lower o, (x, 42) results in
a weaker nuclear suppression for nuclear dlffractive PDFs

f?/f), and low shadowing w1th larger o (x, 42) gives a

stronger suppression to f ; / A , see Eq. (9). Thus, the LTA

model naturally predicts a strong suppression of the
nuclear diffractive PDFs at small x due to nuclear
shadowing. To appreciate the size of this suppression, it
is useful to compare it with the impulse-approximation
estimate, ff/(j) /A fj.)/(;)} ~ 4 [35]. Since the LTA predic-
tion for this ratio is fﬁ(j)/[Afﬁ(;)]
relative to the impulse approximation is 4/0.5~8. In
summary, Eqgs. (8)—-(11) are used to calculate nuclear
diffractive PDFs at a certain initial scale, y> = Q3 =
4 GeV? [25,35]. Their subsequent x> dependence is given
by DGLAP scale evolution equations at fixed xp.

It is worth noting that, in the context of the future EIC,
the ratio of diffractive to total cross sections in electron-
nucleus and electron-proton DIS is a particularly sensitive
observable for discriminating among different mechanisms
of small-x QCD dynamics [37]. In this respect, the strong
suppression of nuclear diffractive PDFs predicted by LTA
should be contrasted with the enhancement predicted in
saturation-based frameworks [38,39].

~ 0.5, the suppression

III. OPEN CHARM PHOTOPRODUCTION IN AA
COLLISIONS WITH GyA-FONLL: OVERVIEW OF
THE FRAMEWORK AND RECENT UPDATES

In GyA-FONLL framework [20], the observed D°
spectrum in ultraperipheral collisions is built from four
ingredients: the effective UPC photon flux emitted by the
projectile ion, the parton distribution of the target nucleus,
the FONLL description of the short-distance heavy-quark
production cross section, and the fragmentation of the
charm quark into the observed meson. To ensure consis-
tency with UPC measurements, the photon flux is adapted
to the event selections used experimentally to isolate clean
photonuclear interactions, in particular the requirement of
no forward neutrons in the zero-degree calorimeter (ZDC)
on the photon-emitting side, which is sensitive to additional
electromagnetic dissociation of the emitting nucleus that
can lead to nuclear breakup.

A schematic representation of the inclusive process is
shown in Fig. 3. One nucleus emits a quasireal photon,
which interacts with a parton from the other nucleus and
produces a charm quark that subsequently fragments into
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FIG. 3. Schematic description of the inclusive D meson
production in ultraperipheral heavy-ion collisions, where f;/4
denotes PDF in the nucleus, F fragmentation function, and &
hard-scattering process.

the observed meson. The hard partonic cross section is
denoted by 6, the fragmentation function by F, and the
parton distribution of parton i in nucleus A by f;,4. Because
the final state of the target nucleus is left unspecified, the
inclusive cross section is understood as summed over all
target final states compatible with the measured D° meson.
It therefore receives contributions from both nondiffractive
interactions, which involve color exchange and generally
lead to target dissociation, and diffractive interactions,
which proceed through color-singlet exchange and typi-
cally leave the target intact. Below we briefly review the
main ingredients of GyA-FONLL [20] used to describe
inclusive open charm photoproduction in ultraperipheral
collisions.

A. Charm-quark production and hadronization

GyA-FONLL uses the FONLL formalism for the short-
distance heavy-quark production cross section. FONLL
provides a perturbative QCD description of heavy-quark
production over a broad kinematic range, from transverse
momenta of the order of the heavy-quark mass to the
asymptotic high-p; regime. Originally developed for
heavy-quark production in hadron-hadron collisions [40]
and later extended to photoproduction in electron-proton
scattering [41], FONLL is based on collinear factorization
and includes the resummation of logarithmically enhanced
terms. This construction enables a smooth interpolation
between the low- and high-transverse-momentum regions
of heavy-quark production. The matching formula for the
resummed FONLL cross section can be schematically
expressed as [41,42]

FONLL = FO + (RS — FOMO) x G(m, py). (12)

In this formula, the FO represents the exact fixed next-
to-leading order calculation [43,44]. In this term the

contributions at order a.,a, and a.,a> are included
exactly, with mass effects. This term is dominant at low
transverse momenta py of the heavy quark. RS is the
resummed result, which includes logarithmically enhanced
(erms dem A (as ln(pT/m))k and aemag(as ln(pT/m))k’ up
to terms suppressed by powers of m/py. FOMO is the
massless limit of fixed-order FO without terms suppressed
by powers of m, while logarithms of the mass are retained.
Its subtraction removes the terms already common to FO
and RS, thereby avoiding double counting. Finally,
G(m, py) is an arbitrary interpolating function that must
be regular in p; and must approach unity up to terms
suppressed by powers of m/py at large transverse
momenta. The produced charm quark subsequently frag-
ments into the observed D° meson, therefore one needs to
include the corresponding fragmentation function. As a
baseline choice, we use the Braaten-Cheung-Fleming-Yuan
(BCFY) fragmentation function [45]. This fragmentation
function depends on a single nonperturbative parameter 7,
which can be interpreted as the ratio of the constituent mass
of the light quark to the meson mass. Following
Refs. [46,47], and consistently with the recent analysis
of Ref. [20], we take r = 0.1.

B. PDFs of the real photon

A further ingredient of the calculation is the partonic
structure of the incoming photon. Since the process under
consideration is a photoproduction cross section, one must
include both direct (or pointlike) and resolved
(or hadronic) contributions. In the direct contribution,
the photon directly enters the hard cross section, and this
contribution can be expressed in the form

do
dydpr

dir

dé;
- dx. f — (P, x, Py), (13
Zj:/ xpf]/H(xp)dyde( 4 xp H) ( )

where f;/(x,) is the distribution of parton j in the
hadron H, which can be either a proton or a nucleus,
ds;,(P,,x,Py)/(dydpr) is the partonic cross section for
the scattering of parton j with a photon y, producing a
heavy quark in the final state, P, and Py are the four-
momenta of the photon and hadron, respectively, and x,, is
the momentum fraction of the hadron H carried by parton j.
In the above notation, we suppress the dependence on the
renormalization and factorization scales.

However, it has long been known that the photon can
have a hadronic structure, see, for example, the reviews
in Refs. [48-50]. Therefore, in addition to the pointlike
component, one must also include the resolved, or
hadronic, contribution. The formula for the cross section
including the resolved photon is given in the following
collinearly factorized form
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do /
= dx,dx,fr/,(x,)fia(x
dyderes %: reep k/7(7 //H( p)
déy;
Py x,Pp). 14
dydpy P H) (14)

where f;,, is the parton density in the photon and
déy;(x,P,,x,Py)/(dydpr) is the partonic cross section
for the scattering of two partons, one from the hadron (j/
H) and the other from the photon (k/y), producing a heavy
quark in the final state. Here, x, denotes the fraction of the
momentum of the photon carried by parton labeled k. The
separation between the pointlike and resolved components
is clear at leading order, but at higher orders in perturba-
tion theory it is not well defined, and the two contributions
are related, see the discussion in Refs. [20,41]. In the
present calculation, GyA-FONLL adopts the GRV [51]
parametrizations for the photon PDFs.

C. Photon flux parametrization in AA UPCs

Using the Weizsidcker-Williams method of equivalent
photons, or equivalent photon approximation [52-55],
UPC cross sections are written as the convolution of the
underlying photoproduction cross section with a photon
flux. This flux is obtained by integrating the impact-
parameter-dependent photon density over the transverse
geometry of the collision, while excluding configurations
in which the nuclei overlap and therefore interact hadroni-
cally as well imposing conditions on the number of forward
neutrons from possible mutual electromagnetic dissociation
of the colliding ions [15,16,56,57].

Specifically, experimental measurements typically
impose neutron-tagging requirements using the ZDC. In
the existing photonuclear D° measurement, a On condition
is imposed on the photon-emitting side to suppress had-
ronic contamination. In addition, an X» condition is applied
on the target side to identify the direction of the incoming
photon and suppress photon-photon background. This
selection is also required by the online-triggering condi-
tions typically used by LHC experiments to increase the
rate of collected photonuclear events [18]. The presence of
a On requirement can lead to a suppression of the visible
photonuclear cross section as a result of the presence of
uncorrelated soft-photon exchanges, which can induce
electromagnetic dissociation of the photon-emitting
nucleus [58]. As a result, not all photonuclear events
contribute to the On-tagged sample.

A separate effect might arise from the X» requirement on
the photon-receiving nucleus since it also implies that the
measured cross section is not fully inclusive. The largest
potential bias is expected for coherent diffraction, where
the diffractively scattered lead nucleus remains intact at the
hard-scattering level. Such events contribute to the inclu-
sive photonuclear cross section, but can fail the Xn
selection unless the target nucleus is subsequently broken

up by an additional independent electromagnetic interac-
tion. Previous versions of GyA-FONLL did not explicitly
account for this condition. In particular, in the results
presented in Ref. [20] this effect was neglected, based on a
crude estimate using the leading-twist shadowing model for
nuclear diffraction [25], which suggested that the corre-
sponding correction would be small. In Sec. V, we will
revisit this assumption by explicitly evaluating the coherent
diffractive contribution and by constructing XnOn-cor-
rected cross sections that can be directly compared with
the neutron-tagged experimental measurement.

To enable an accurate comparison with data, theoretical
calculations must therefore be corrected to account for
these neutron-tagging criteria. Below we consider the
photon fluxes corresponding to the following three exper-
imental situations: no conditions are imposed on the final
states of the outgoing nuclei and the number of forward
neutrons (AnAn), zero forward neutrons in the ZDC on the
photon-emitting side and no conditional on the nuclear
target side (AnOn), and zero forward neutrons in the ZDC
on one side and at least one neutron in the ZDC on the other
side (XnOn).

In the AnAn channel, the photon flux f,/4(z) as a
function of the photon energy fraction z = k/E,, where E
is the nuclear beam energy, is given the following expres-
sion

Fuat () = / &bf (2 b)Caa(b).  (15)

where the integration runs over the transverse distance b
(impact parameter) between the centers of the two nuclei in
the transverse plane of the collision. One can in principle
refine Eq. (15) by taking into account details of the trans-
verse-plane geometry of UPC events and the spatial depend-
ence nuclear PDFs [16]. While it somewhat increases
f,/a(z) for large z, the photon flux is suppressed by several
orders of magnitude in this region.

In Eq. (15), f,/a(z.b) is the photon flux emitted by an
ultrarelativistic charge distribution at the transverse dis-
tance b from its center [56]

fy/A(Z’b)
OemZ? 1| [ KL F, (K + 22m%) 2
=me - dk | =+ L N2 T (kb)) ,
][2 z A 1 ki‘i‘sz]Zv 1( J_| |)

(16)

where a, is the fine-structure constant, Z is the nucleus
electric charge, F,(¢) is the nucleus (charge) form factor
normalized to unity, F,(t =0) = 1, and J; is the Bessel
function of the first kind. One can see from Eq. (16) that the
maximal values of the photon transverse momentum k|
and the photon energy k = zE, are controlled by the
nuclear form factor F 4 (¢). Therefore, they can be estimated
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as k, ~1/R, and k ~y; /Ry, where R, is the nucleus
radius and y, = E4/my = \/syy/(2my) is the nucleus
Lorentz factor.

The factor of T'y4(b) in Eq. (15) suppresses hadronic
(non-UPC) interactions between the colliding ions and
represents the probability of the absence of strong nucleus-
nucleus interactions at the distance b. One commonly
calculates it using the optical limit of the Glauber model for
high-energy AA scattering

FAA(b) — e—O'NN fdzb/TA(‘b/‘)TA(‘b—b/D7 (17)

where oyy is the energy-dependent total nucleon-
nucleon cross section. At /syy = 5.36 TeV, we use
oyy =92 mb [59].

In the case, when one is interested in f, /4 (z) for small z,
the photon flux can be reliably estimated using the pointlike
(PL) approximation for the charge distribution in the
photon-emitting nucleus. Substituting F, (1) = FE-(7) = 1
in Eq. (16), one obtains

AemZ?
Tz b) ==

~ (omyKy D)2 (19

where K, is the modified Bessel function of the second
kind. Then, introducing the minimal impact parameter b,
[the expression in Eq. (18) logarithmically diverges in the
|[b| — 0 limit], one obtains the final expression for the
photon flux in the PL approximation

PL(AnAn
fy//g >(Z)

_ A Z? 1

—[C(K3(E) - K3(0) + 2K (DK (2)],  (19)

T Z

where { = zmyb,,;,. Following [15,16,57], we take
bmin = 2R = 14.2 fm, with R = 7.1 fm being the nuclear
hard-sphere radius, to account for the finite size of the
colliding nuclei.

As we discussed above, the photonuclear events in the
case of the D° production are selected by requiring that
there are no neutrons (Ozn) in a ZDC in one direction, and at
least one neutron (Xn) in the opposite ZDC. This is
interpreted as the UPC event in which the On-nucleus is
the photon-emitting one, and the Xn-nucleus is the parton-
emitting one, playing the role of a nuclear target.”

Assuming that the soft electromagnetic interactions
factorize from the hard interaction [58], one can introduce
the effective flux corresponding to the AnOn neutron class

*This is supplemented by the additional requirement of the
rapidity gap in the On-direction, suppressing the hadronic and
two-photon dominated processes.

102 S == Pb-Pb UPCs at 5.36 TeV
100 i —mm
E 100 i
<
'4~>
N
10—1,
—— AnAn
10724 ==- AnOn
—-= XnOn W\:
----- PL(AnAn) IA¢
10—3 . ; yl: ;
1074 103 1072 1071

z

FIG. 4. The photon fluxes for AnAn (red solid), AnOn (blue
dashed), and XnOn (green dot-dashed) neutron classes as a
function of the energy fraction z for Pb-Pb UPCs at 5.36 TeV.
The black dotted curve is the PL approximation.

P = [ @bfa D (B)Prven(B). (20)

where the factor of P,,gy is the probability for not having
the electromagnetic breakup of the photon-emitting
nucleus. It can be parametrized as

Pyorm(b) = exp(=S/[b|?). (21)

where the area parameter S has been taken to be
(17.4 fm)?, see [60].

Similarly, the effective flux for XnOn neutron class can
be evaluated using the following formula [compare with
Eq. (20)]:

fa" @)
= /dzbfy/A(Z, b)FAA (b)Pn(),EM(b)(l - Pno—EM(b))’
(22)

where the term 1 — P, gy corresponds to the probability of
at least one neutron emission.

Figure 4 shows the photon fluxes for different neutron
classes discussed in this section as a function of the energy
fraction z for Pb-Pb UPCs at 5.36 TeV. One can see from
the figure that, in the AnAn case, the PL approximation
(black dotted line) reproduces the exact calculation (red
solid line) very well for small z < 0.01, with the PL flux
being slightly higher and the largest differences for
z > 0.01, where both fluxes are suppressed by several
orders of magnitude. At the same time, the AnOn (blue
dashed) and XnOn (green dot-dashed) fluxes are suppressed
with respect to the AnAn case.
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FIG. 5. The ratio of the photon fluxes for different neutron
classes as function of z for Pb-Pb UPCs at 5.36 TeV: AnOn/AnAn
(red solid) and XnOn/AnAn (blue dot-dashed).

To better illustrate this suppression, it is also instructive
to compare the magnitudes of the two effective fluxes,
AnOn and XnOn, in more detail. This is presented in Fig. 5,
where both fluxes are shown as ratios to the AnAn flux.
One can see from the figure that, in the AnOn case (red solid
curve), the ratio is most suppressed in the large z region,
and thus it has the largest effect on suppression in the large
pr and y region of the produced D°. It was shown [20] that
in the CMS kinematics the suppression on the level of the
cross section can range between 0.8 [for low pr~12 GeV
and negative rapidity, y ~ (—2,—1)] and 0.4 [for higher
pr~12 GeV and high rapidity, y ~ (1,2)]. In the XnOn
case (blue dot-dashed curve), the ratio is strongly sup-
pressed for small values of z and then only comparable to
the AnOn case for large z, where the overall flux is in any
case negligible.

IV. DIFFRACTIVE D’ PHOTOPRODUCTION
IN Pb-Pb UPCs WITH GyA-FONLL

In this section we apply the diffractive framework to
predict coherent diffractive D° photoproduction in Pb-Pb
UPCs. In this case, the photon emitted by one lead ion
scatters diffractively from the other lead ion, which remains
intact. The corresponding cross section reads

dolih=P" A = (U0 @ goll A=) (23)
In Eq. (23), the short-distance charm-production and frag-
mentation ingredients are the same as in the inclusive
GyA-FONLL calculation. Following Ref. [46], where the
charm-quark mass and the BCFY fragmentation parameter
were simultaneously tuned to provide the best description of

charm-hadroproduction data, we use m, = 1.5 GeV together

(y+A—=D"+A)

with r = 0.1. For the calculation of do j , We use

nuclear diffractive PDFs obtained in the LTA [24,25]. The
calculation is performed for the two standard LTA scenarios,
conventionally referred to as low shadowing and high
shadowing, see Sec. II B.

The LTA calculation provides the diffractive-to-inclusive
ratio, while the inclusive D° cross section is taken from the
GyA-FONLL setup of Ref. [20], which uses modern
inclusive nuclear PDFs. We therefore obtain the absolute
diffractive cross section by multiplying the inclusive pre-
diction by the LTA diffractive-to-inclusive ratio. In Ref. [20],
the inclusive cross section was evaluated with both EPPS21
[61] and nNNPDF3.0 [62], which gave very similar results.
In the following, we use EPPS21 as the inclusive baseline for
this reweighting procedure. The resulting diffractive cross
sections, differential in the D°-meson rapidity y and shown
in representative pr bins, are presented in Fig. 6. The bands
indicate the factorization- and renormalization-scale varia-
tion, ug, pg € (0.519,2.0u0), with py = myp = /p% + m?
and 1/2 < up/pgr < 2. The LTA high shadowing scenario
gives a larger diffractive cross section than the LTA low
shadowing scenario. The diffractive cross section decreases
with rapidity from about y ~ —0.5 to y = 2. This behavior
mainly reflects the decrease of the photon flux with
increasing photon energy.

In Fig. 7, we present the ratio of the diffractive-to-
inclusive contributions, shown as a contour plot in the
plane of the D°-meson rapidity y and transverse momentum
pr- In the diffractive calculation, the nuclear diffractive
PDFs are integrated over xp up to 0.1. For consistency, both
the diffractive and inclusive calculations are evaluated using
nuclear PDFs obtained in the leading-twist shadowing
model. The left panel of Fig. 7 corresponds to the LTA
low shadowing scenario, while the right panel corresponds
to the LTA high shadowing scenario [25]. The diffractive
contribution in both scenarios is largest at low p; and large
rapidity y, which correspond to the smallest values of the
gluon momentum fraction x, in the nucleus. The largest
diffractive contributions are obtained at the highest rapidities
of the D° meson. The diffractive fraction decreases rapidly
with transverse momentum, reaching only a few percent at
pr = 8 GeV. For pr = 2 GeV, the diffractive cross section
amounts to about 5% of the inclusive cross section in the low
shadowing scenario and about 10%-15% in the high
shadowing scenario. At large negative rapidity, the diffrac-
tive contribution is also suppressed. This can be understood
from the approximate relation x, ~ (mz/\/syy) exp(=y.),
discussed in Ref. [20], which shows that negative rapidities
probe larger gluon momentum fractions in the nucleus. The
exact relation between x, and rapidity is more involved, as
shown in the Appendix. Nevertheless, the suppression at
large negative rapidity is connected to the larger values of
x4, for which the available rapidity gap becomes small and
the diffractive contribution is reduced. In summary, both
Figs. 6 and 7 show a significant dependence on the choice
of the LTA shadowing scenario, with the high shadowing
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FIG. 6. Diffractive cross section for the D° photoproduction in AA UPCs in bins of py as a function of rapidity y of the produced
charmed meson. Bands indicate renormalization- and factorization-scale variation. Red bands correspond to the low shadowing scenario
and the blue bands to the high shadowing scenario within the LTA shadowing model. Value of xp has been integrated up to 0.1, charm
mass has been set to m, = 1.5 GeV, and BCFY fragmentation function was used with parameter r = 0.1.

predicting a diffractive cross section typically about a factor
of 2 larger than in the low shadowing case.

Additionally, we have also evaluated the diffractive
fraction in AA UPCs using the following rather simple
estimate. We use the impulse approximation, with the
diffractive proton PDFs taken from the ZEUS SJ para-
metrization [30], and include nuclear shadowing in these

PDFs by rescaling them by a factor R?/ 4 Here, Rjjq =
fisa/(Afip) is the nuclear ratio for the inclusive PDFs,
taken from the EPPS21 parametrization. The modification
by the square of this ratio stems from the fact that diffraction
is a quasielastic contribution, and therefore the shadowing
factor enters at the amplitude level and must be squared in
the cross section. Using this prescription, we find that the
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Contour plots of the diffractive-to-inclusive ratio for the UPC D° photoproduction cross section in p7 and y plane. Value of xp

has been integrated up to 0.1 in the nuclear diffractive PDFs. Both inclusive and diffractive cross sections have been evaluated using LTA
diffractive and inclusive nuclear PDFs, respectively. Left: LTA low shadowing. Right: LTA high shadowing.

diffractive ratio calculated in this way is much larger than in
the LTA model. More precisely, the diffractive contribution
in this model reaches about 30% along a contour extending
fromy~ —1.5and pyr~2 GeVtoy~?2and pr =7 GeV. It
can even reach 50% for py < 2 GeV and y > 0.5. Given the
oversimplified nature of this model, the resulting estimate
should therefore be treated only as an upper bound on the
diffractive cross section.

A. Experimental considerations for future
measurements of diffractive production of D°
in PbPb collisions at the LHC

Future measurements of coherent diffractive open charm
photoproduction in Pb-Pb UPCs would provide a direct test
of the nuclear diffractive gluon distribution in a kinematic
region that is not accessible in existing lepton-nucleus data.
In this subsection, we discuss experimental considerations
for such a measurement in the kinematic region accessible
by a general-purpose large-acceptance detector, such as
CMS at the LHC, taking advantage of the detector
capabilities expected after the HL-LHC upgrades [63].

The experimental strategy for measuring photon-induced
diffractive D° production in AnOn Pb-Pb UPCs would rely
on some of the selections developed for the semi-inclusive
DY measurement of Ref. [18], with a few substantial
differences. For events in which the incoming photon
propagates toward positive pseudorapidity, the signal would
be identified by the presence of a D° candidate reconstructed
with the tracker detectors, the absence of forward neutrons in
the ZDC at positive rapidity, and the presence of a rapidity
gap in the same direction. As previously discussed, this
rapidity gap is typically implemented by requiring the
absence of energy deposits above a given threshold in the
corresponding forward hadronic calorimeters, in the pseu-
dorapidity region 3 < < 5. This requirement allows one to

select a high-purity UPC sample and reject contamination
from hadronic interactions. In contrast to the selection used
in Ref. [18], which focused on semi-inclusive D° produc-
tion in the XnOn neutron class, no requirement on the
presence of at least one neutron in nucleus-going direction
should be imposed for this measurement. Dedicated effort
should instead be devoted to designing an experimental
strategy to enhance or isolate diffractive events within the
inclusive photoproduction sample, exploiting their charac-
teristic large rapidity gap and intact, or coherently scattered,
target nucleus while suppressing nondiffractive photonu-
clear production. The contribution from photon-photon
processes should be also quantified with dedicated phe-
nomenological studies and, where possible, constrained
with data-driven experimental methods. Isolating the dif-
fractive component from the inclusive photonuclear sample
would there require nontrivial experimental techniques,
such as template fits to forward-activity or rapidity-gap
observables, and would likely introduce sizable experi-
mental uncertainties. Such an effort could also strongly
benefit from extended forward-rapidity instrumentation,
such as forward shower counters (FSCs), which can extend
the rapidity-gap veto beyond the standard calorimeter
acceptance by detecting showers from very forward par-
ticles [64,65]. FSCs were installed for the heavy-ion data-
taking period in Run 3 and are being considered as a
dedicated upgrade of the forward CMS instrumentation for
Runs 4 and 5.

While a detailed assessment of the experimental tech-
niques required for future measurements is beyond the
scope of this work, we provide here a simple estimate of the
expected yields of diffractive D° signal candidates for a
representative Pb-Pb UPC sample with £, = 5 nb~! at
V/Snv = 5.36 TeV. This estimate does not include detector
acceptance, trigger efficiencies, or reconstruction efficien-
cies and should therefore be interpreted only as a guide to
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Expected yields of D® — K~z+ (and charge conjugates) for coherent diffractive D° photoproduction in Pb-Pb UPCs at

/Syy = 5.36 TeV in the AnOn neutron class. The yields are obtained from the GyA-FONLL calculation with m, = 1.5 GeV, GRV

photon PDFs, EPPS21 PDFs, BCFY fragmentation with r = 0.1, and the EMD-corrected AnOn photon flux, assuming L, = 5 nb™!
and BR(D? - K~z) = 0.0395. Detector acceptance, trigger efficiency, and reconstruction efficiency are not included. The blue and
red bands show the scale-variation envelopes for the LTA-high and LTA-low nuclear diffractive shadowing scenarios, respectively.

the available signal statistics rather than as a full exper-
imental projection.

Figure 8 translates the diffractive cross sections pre-
sented in Fig. 6 into expected yields of D° — K¥z*
candidates (and charge conjugates) for Pb-Pb UPCs at
VSyv = 5.36 TeV in the AnOn neutron class. The
GyA-FONLL calculation uses m, = 1.5 GeV, GRV pho-
ton PDFs, EPPS21 nuclear PDFs, BCFY fragmentation
with r = 0.1, and the electromagnetic dissociation (EMD)-
corrected AnOn photon flux discussed in Sec. IV. The
plotted yields include the yields of both D4 DO, the

charm-to-D® fragmentation fraction used in the cross
section calculation, and BR(D? — K~z*) = 0.0395.

The six panels show the rapidity dependence of the
expected yields in intervals of transverse momentum for
AnOn events. The expected yields span a wide range
across the measured phase space. In the lowest-pr bins,
they reach O(10%)-O(10°) signal candidates, depending
on rapidity and on the LTA shadowing scenario. The
yields then fall rapidly with increasing transverse momen-
tum, reaching O(10*) events in the 3 < p; < 4 GeV bin
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and O(10)-O(10?) events in the 10 < p; < 11 GeV bin,
depending on rapidity. These first estimates suggest that
high-statistics measurements of diffractive production at
low and intermediate py, differential in rapidity, are likely
to be feasible, provided that the main experimental
challenges can be addressed. These include, in particular,
the extraction of the diffractive fraction and the develop-
ment of realistic trigger strategies capable of sampling the
full delivered luminosity.

V. DIFFRACTION CORRECTION FOR THE Xn0On
Pb-Pb D° MEASUREMENT IN PbPb UPCs

In this section, we use the coherent diffractive D° cross
section presented in Sec. IV to build a prediction for the
double-differential D° cross section in Pb-Pb UPCs in the
presence of the XnOn selection used in the recent CMS
measurement [18]. We quantify how this neutron-tagged
event selection modifies the inclusive photonuclear predic-
tion for D° production. As discussed above, the predictions

8
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for inclusive D production in Pb-Pb UPCs reported in
Ref. [20] explicitly accounted for the On condition on the
photon-emitting side, which reduces the visible cross section
through electromagnetic-dissociation effects. However, no
correction was applied for the requirement of neutron
emission in the opposite ZDC, associated with nuclear
breakup of the photon-receiving target. This requirement
can preferentially remove the coherent diffractive component
of the inclusive cross section, since in coherent diffraction
the target nucleus remains intact at the hard-scattering level.
The absence of a dedicated correction was motivated by a
qualitative estimate based on the leading-twist shadowing
model for nuclear diffraction [25], which suggested that the
diffractive contribution would be small [20]. Using the
diffractive GyA-FONLL predictions obtained in Sec. IV,
we now provide a quantitative estimate of this correction and
construct a prediction that accounts for the XnOn selection
applied in the measurement.

The corresponding cross section accounting for the
XnOn selection can be written schematically as

8 v
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FIG. 9. Rapidity distribution for the D° production in UPC Pb-Pb collisions at /Snyy = 5.36 TeV with EPPS21 nuclear PDF in p;
bins (2-5), (5-8), (8-12) GeV. Light-blue band: FONLL calculation with factorization- and renormalization-scale variation for
m.= 1.5 GeV; dark-blue and magenta bands: calculations including subtraction of the diffractive contribution using the LTA low
(LTAL) and high (LTAH) shadowing scenarios, according to Eq. (24). The data are from CMS [18].
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FIG. 10. Rapidity distribution for the D° production in UPC Pb-Pb collisions at V/Syy = 5.36 TeV with the EPPS21 nuclear PDF in
pr bins (2-5), (5-8), (8-12) GeV. Light-blue band: FONLL calculation with factorization- and renormalization-scale variation for
m.= 1.5 GeV; dark-blue and magenta bands: calculations including subtraction of the diffractive contribution using the LTAL and
LTAH shadowing predictions, respectively, according to formula (24) but without the XnOn term. The data are from CMS [18].

d6§+A—>D°+X _ f(An()n) ® do(rtA=D"+X) _ f(AnOH)

nOn y/A /A
A—=DO+A XnOn A—D+A
® dof i 7P 4 f @ do TP,
(24)
(AnOn

The first term, f, ) ® dor+A=D"+X) ig the inclusive

photonuclear D° cross section folded with the effective
photon flux for events with zero neutrons on the photon-
emitting side and no requirement on the photon-receiving
side. This corresponds to the baseline inclusive prediction

with the Orn condition applied to the photon-emitting

AnOn (y+A—D"+A)

nucleus. The second term, — fi /A '® do g , sub-

tracts the coherent diffractive contribution included in the
inclusive cross section, because in this contribution the
photon-receiving nucleus remains intact at the hard-scatter-

ing level and therefore does not satisfy the Xn requirement.

The third term, /7" ® dolf""""", adds back the

subset of coherent diffractive events that pass the Xn
selection due to an additional independent electromagnetic
breakup of the diffractively scattered nucleus.

Equation (24) relies on the parametrization of the photon
fluxes corresponding to the different neutron-emission
classes presented in Sec. III C. The inclusive charm-meson

photoproduction cross section do7t4=2"+X) is calculated

using the EPPS21 nuclear PDFs, and for the diffractive

. 0
charm-meson cross section do7t4=D"+4) we used the

nuclear diffractive PDFs calculated in the LTA shadowing
model [24,25]. The unsubtracted inclusive calculation is
shown in Figs. 9 and 10 by the light-blue bands, which
indicate the usual renormalization- and factorization-scale
variation. The unsubtracted results correspond to the
calculations previously presented in Ref. [20], apart from
the treatment of the photon flux. While Ref. [20] used the
pointlike approximation with a sharp impact-parameter
cutoff, the present calculation uses the impact-parameter-
dependent photon flux of Eq. (16). The dark-blue and
magenta bands in Fig. 9 show the inclusive calculation with
the diffractive subtraction of Eq. (24), using the coherent
diffractive component evaluated in the LTA low and high
shadowing scenarios, respectively. Overall, the difference
between the unsubtracted and diffractive-corrected inclu-
sive calculation is very small. In addition in Fig. 10,
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we show the same diffractive subtraction but without the
add-back term proportional to the XnOn flux in Eq. (24). In
other words, the coherent diffractive component is sub-
tracted from the inclusive prediction using the AnOn flux,
but no diffractive contribution is restored through the XnOn
flux. This comparison isolates the numerical impact of the
last term in Eq. (24). Comparing Figs. 9 and 10, we see that
the impact of the XnOn add-back term is very small, as
expected from the strong suppression of the XnOn flux
shown in Fig. 5.

VI. CHARM PRODUCTION IN PROTON-NUCLEUS
UPC WITH GyA-FONLL

In p-Pb UPCs, the dominant photonuclear configuration
is the one in which the lead ion emits the quasireal photon
and the proton acts as the hadronic target. The reverse
configuration, in which the proton emits the photon and the
lead ion is the target, is also possible, but it is strongly
suppressed by the Z> enhancement of the photon flux from
the lead ion. We therefore focus on the photon-proton
contribution. Future measurements of charm production in
p-Pb UPCs would provide sensitivity to the gluon density
in the proton, complementing and extending the constraints
obtained from open charm photoproduction measurements
in electron-proton collisions at HERA [21-23].

We now extend the GyA-FONLL calculation of inclusive
and diffractive open charm photoproduction to ultraper-
ipheral proton-lead collisions. For these results, we con-
sider p-Pb collisions at ,/syy = 8.16 TeV. This energy
corresponds to the highest-energy p-Pb dataset collected at
the LHC and has substantially larger luminosity than the
earlier p-Pb run at |/syy = 5.02 TeV. We use the same
ingredients described in Sec. III: the heavy-quark produc-
tion cross section is evaluated in FONLL, the produced
charm-quark fragments into a D° meson, and both direct-
and resolved-photon contributions are included. As in the
AA case, the photon PDF is taken from the GRV para-
metrization, the fragmentation function is BCFY with
parameter r = 0.1, and the charm-quark mass is set to
m, = 1.5 GeV. The main differences with respect to the
Pb-Pb calculation are the photon flux appropriate to the pA
collision geometry and the replacement of nuclear target
PDFs with proton PDFs. For the inclusive calculation, we
use the CT18ANLO proton PDF set [66]. For calculation of
the diffractive cross section we used ZEUS SJ [30] para-
metrization of the diffractive PDFs. A detailed description
of the effective photon flux parametrization is provided in
the following subsection.

A. Photon flux for pA UPCs

In the case of pA UPCs, the photon flux emitted by an
ultrarelativistic nucleus is given by [67]

102 4 p-Pb UPCs at 8.16 TeV

101 4

100,

zfya(2)

10—1,

10—2,
—— AnAn
----- PL(AnAn)

1073 : : ,
107 1073 1072 107!
z

FIG. 11. Photon flux from the lead ion in pA UPCs at
/Syy = 8.16 TeV, shown as a function of the photon energy
fraction z. The solid curve shows the default calculation using the
Woods-Saxon charge distribution and the pA hadronic survival
factor I' 4, while the dashed curve shows the pointlike approxi-
mation with b;, = 1.1Ry.

1@ = [ @bfuemrab). @3)

where I', 4 is the factor suppressing hadronic interactions at
small impact parameters. It can be calculated using the
optical limit of the Glauber model for high-energy pA
scattering,

[pa(b) = emomTa®), (26)

where oyy 1s the total nucleon-nucleon cross section.
For /syy = 8.16 TeV, we take oyy = 99 mb [59]. Our
default calculation uses the photon flux of Eq. (29),
evaluated with the Woods-Saxon charge distribution.
This provides the realistic flux used in the numerical
predictions below. For reference, we also show the analytic
pointlike approximation of Eq. (19), in which the suppres-
sion of hadronic pA interactions at small impact parameters
is implemented through a sharp cutoff b,,;,. We use b;, =
1.1R4 for this comparison.

Figure 11 shows the photon flux emitted by the lead ion in
pA UPCs. The solid curve is the default Woods-Saxon result
from Eq. (25), while the dashed black curve shows the
pointlike sharp-cutoff approximation with b, = 1.1Ry,.
The two flux calculations are numerically very close.
Note that no additional electromagnetic-dissociation factor
is applied for pA UPCs, since the probability of independent
electromagnetic breakup accompanying the hard photopro-
duction process is expected to be much smaller than in AA
collisions.
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04
o FONLL, CT18ANLO

0.35 o me=1.5 GeV, BCFY r=0.1 [}
03 = 1<p <2GeV
S = .
[ - u_, p_ uncertainty
9 025 B v
Fe] - E
E Ok ;
o 02 -
° -
> -
R4 -
® 0.15 =
© ]

0.1 :
0,05 Jrmrereressssss s 0 _:

ob v b L1 A
-3 -2 -1 0 1 2 3
y
0.04
= FONLL, CT18ANLO
0.035 e m.=1.5 GeV, BCFY r=0.1 H
_ 0_03: 3<pT<4GeV
S F )
© F - K, p_ uncertainty
O 0.025 F . 0
e}
E o ]
o 0.02 =
e} -
> -
E -
5 0.015 =
o
© ]
0.01 : ..................... _:
005 g
obm v b
-3 -2 -1 0 1 2 3
y
3
0.4 219
= FONLL, CT18ANLO
035 m,=1.5 GeV, BCFY r=0.1 |
0.3 : 10<pT<11GeV
E - Hp Hg uncertainty
0.25 |-
Y —

dPo/dydp_ (mb/GeV)

0.05 F —

|

-
n
w

/Syn = 8.16 TeV, plotted as a function of rapidity.

Six panels correspond to following py bins: (0-1), (1,2), (2, 3), (3-4), (6-7). (10-11) GeV. Light-blue band: FONLL calculation with
factorization- and renormalization-scale variation. Charm mass in FONLL is set to m.= 1.5 GeV. Proton PDF is CT18ANLO,
fragmentation function is BCFY [45,46] with parameter » = 0.1. Photon-emitting nucleus is moving in the positive-rapidity direction,

the proton is moving in the negative-rapidity direction.

B. Predictions for inclusive D° photoproduction
in pA UPCs
Figure 12 shows the double-differential cross section for
D° photoproduction in pA UPCs as a function of rapidity in
the interval —2 < y < 2, for six representative p; bins of
the D° meson: (0, 1), (1, 2), (2, 3), (3, 4), (6, 7), and
(10, 11) GeV. The bands indicate the renormalization- and

factorization-scale dependence, with the constraint
1/2 < pr/ur < 2. The convention is such that the nucleus
moves in the positive-rapidity direction and the proton in
the negative-rapidity direction. Thus, the smallest values of
x in the proton are probed at the largest rapidities. The
features of the double-differential cross section in pA are
very similar to those in the AA case, with a decreasing cross
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section as a function of rapidity due to the steeply falling
photon flux, as well as a strong pr dependence. The
PA cross section, when rescaled by the mass number A, is
comparable to the AA cross section, although some
differences remain due to the larger photon flux in pA
than in AA, since smaller impact parameters are involved,
the slightly higher collision energy, and the lack of nuclear
shadowing.
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FIG. 13. Double-differential cross section for diffractive D° production in pPb UPCs at

C. Diffractive D° photoproduction and diffractive
fractions in pA UPCs

Next, we calculate the diffractive component of heavy
charm-meson photoproduction in proton-nucleus UPCs. For
this calculation, we use the ZEUS SJ diffractive proton
PDFs [30]. This set was extracted from fits to diffractive
structure-function data, with diffractive dijet data also
included to better constrain the gluon density. The diffractive
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syy = 8.16 TeV, shown as a function of

rapidity. The six panels correspond to the following p7 bins: (0, 1), (1, 2), (2, 3), (3,4), (6, 7), and (10, 11) GeV. The blue bands correspond
to xp < 0.1, and the red bands to xp < 0.04. The bands show the FONLL factorization- and renormalization-scale variation. The charm
mass is set to m, = 1.5 GeV. The proton PDF is CT18ANLO, and the fragmentation function is BCFY [45,46] with » = 0.1. The photon-
emitting nucleus moves in the positive-rapidity direction, and the proton moves in the negative-rapidity direction.
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FIG. 14. Ratio of the diffractive-to-inclusive D photoproduction cross sections in pPb UPCs in the (y, p7) plane. The diffractive
component is integrated over xp up to 0.1 in the left panel and up to 0.04 in the right panel.

component is integrated over the longitudinal momentum
fraction xp carried by the diffractive exchange. For this
calculation, we present results for two benchmark choices,
xp < 0.1 and xp < 0.04, motivated by the cuts used in
HERA measurements of diffractive charm photopro-
duction; see, for example, Ref. [68]. In an LHC UPC
measurement, the effective xp range would depend on the
experimental conditions. Without proton tagging, it would
be determined indirectly by the rapidity-gap requirement
and detector acceptance. With proton tagging, it would
instead be set by the kinematic acceptance of the forward
proton spectrometer.

Figure 13 shows the predicted double-differential dif-
fractive cross section for D° production as a function of
rapidity, in the same six p7 bins used in Fig. 12. The bands
show the renormalization- and factorization-scale variation,
with the constraint 1/2 < ug/ur <2. The blue bands
correspond to xp < 0.1, while the red bands correspond
to xp < 0.04. The prediction shows a sizable dependence
on the upper limit of the xp integration, with the larger-xp
range giving the larger cross section. The cross section also
shows a significant reduction in the most negative rapidity
bin, where the available phase space for diffractive pro-
duction is limited.

To quantify the size of the diffractive contribution,
Fig. 14 shows the ratio of the diffractive-to-inclusive cross
section in the (y, py) plane. The left panel corresponds to
xp < 0.1, while the right panel corresponds to xp < 0.04.
The diffractive fraction is largest at low pr and forward
rapidity and decreases rapidly with increasing py. For
xp < 0.1, it reaches about 20% at the largest rapidities and
pr~2 GeV. At py ~4 GeV, the fraction is about 10%
at y~2.

VII. CONCLUSIONS

In this work we have presented calculations for the
diffractive photoproduction of charm D° mesons in AA and

pA UPCs at the LHC. For the UPC AA case, we have
extended the GyA-FONLL framework set up in the pre-
vious work [20] to the case of diffraction. The diffractive
cross section was computed in bins of the D° rapidity y and
the transverse momentum py using the nuclear diffractive
parton distributions obtained within the leading-twist
shadowing model. We found that the LTA model leads
to the modest diffractive fraction in AA UPCs of up to
about 7%-15% for py ~2 GeV and forward rapidities
y ~ 1-2, corresponding to the small values of x in the
Pomeron-emitting target nucleus. The diffractive fraction
decreases for negative rapidities, as well as for increasing
values of the transverse momenta.

Next, we have used the calculation of diffraction within
the LTA model to correct the nondiffractive, inclusive
calculation to reflect the XnOn selection used in the
experiment. To this aim, we have subtracted the diffractive
component convoluted with the AnOn photon flux and
added back the diffractive part convoluted with the XnOn
photon flux. We find that the modification of the inclusive
calculation due to this subtraction is very small, much
smaller as compared to uncertainties due to the factoriza-
tion- and renormalization-scale variations. We also used an
improved photon flux, as opposed to the pointlike flux used
in the previous calculations, and found that the differences
and impact on the calculation is also very small.

In the second part of this work, we have performed
calculations and made predictions for the inclusive and
diffractive D° photoproduction in the case of the proton-
nucleus UPC at 1/Syy= 8.16 TeV, which is one possible
future running scenario at the LHC. We assumed that the
dominant source of the photons is the nucleus in pA
collisions, and thus such process effectively becomes a
photoproduction of inclusive charm on the proton. We
computed distributions in the D° transverse momentum and
rapidity, evaluating the diffractive contribution using the
ZEUS SJ parametrization of the proton diffractive PDFs.
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APPENDIX: TYPICAL x IN GLUON DENSITY

In this appendix we show the distributions in longi-
tudinal momentum fraction x of the gluon density that are
in different bins of p; and rapidity y of the meson for the
UPC AA. That is, Fig. 15 presents the quantity

o

— A Al
dydprdx * (A1)

as histograms, which when summed over the bins give
cross sections shown in Fig. 9. We observe that the lowest
values of x are of course probed for highest values of
rapidities and lowest values of transverse momenta. We
observe, however, that the distributions are quite wide.
For example, for the 2 < py <5 GeV and 1 <y < 2 the
typical values of x ~ 107 — 103, about 30% of the cross
section in this bin comes from larger values of x > 0.01.
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