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Diffractive vector meson photoproduction in oxygen-oxygen and neon-neon ultraperipheral
collisions at energies available at the CERN Large Hadron Collider
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The energy-dependent hotspot model is used to predict cross sections for vector-meson diffractive photonu-
clear production off oxygen (yO) and neon (yNe) that can be extracted from ultraperipheral O-O and Ne-Ne
collisions, recently recorded at the CERN Large Hadron Collider. In both cases, two models are used to describe
the nuclear shapes. Woods-Saxon prescriptions for O and Ne as well as an alpha-cluster description of O and
a bowling-pin-like shape for Ne, according to the projected generator coordinate method (PGCM) formalism.
Predictions are presented for the dependence on the center-of-mass energy of the photon-nucleus system, as
well as on Mandelstam #, of the cross sections for the coherent and the incoherent photonuclear production
of p° and J/y vector mesons. Furthermore, the rapidity dependence of the ultraperipheral cross section is
reported for all cases. It is found that the incoherent process provides a measurable signature for the approach
to the gluon-saturation regime, and that the simultaneous determination of p° and J/v coherent and incoherent
production provides a strong constraint on nuclear models for both O and Ne.
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I. INTRODUCTION

Recently, at the start of July 2025, the CERN Large
Hadron Collider (LHC) provided for the first time collisions of
oxygen-oxygen (O-0), and neon-neon (Ne-Ne) at a center-of-
mass energy per nucleon pair /syy = 5.36 TeV. These long
awaited data [1,2], sparked widespread interest, e.g., to study
their potential impact in cosmic-ray physics [3], nuclear struc-
ture [4—7]. and a series of applications to heavy-ion physics
regarding the understanding of the quark-gluon plasma and
its possible creation in so-called small systems [2,8—17]. The
behavior of QCD at high energies studied through the diffrac-
tive photoproduction of vector mesons in these collisions,
the topic of this article, has also been addressed [18-20].
In addition to their intrinsic interest, these collisions at the
LHC offer an early test bed for future studies of diffractive
photonuclear production of vector mesons to be realized with
the Electron-Ion Collider (EIC) currently under construction
[21,22].

Diffractive vector-meson photoproduction can be studied
at the LHC in ultraperipheral collisions (UPCs) where one of
the incoming ions emits a quasireal photon that fluctuates into
a vector meson or a quark-antiquark color dipole and interacts
through the exchange of at least two gluons [23] with the other
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incoming ion; for a review see, e.g., Refs. [24-26]. Within the
Good-Walker formalism [27-29], two characteristics of the
gluon field, its average and its fluctuations, can be studied,
respectively, via coherent and incoherent photoproduction of
vector mesons. In the former, the photon interacts with the full
color field of the nucleus, while in the latter the interaction
occurs with either a single nucleon or a hotspot within it [30].
Diffractive vector meson production at the LHC opens the
door to study the gluon field of nuclear targets at very large
energies, which allows for the search for gluon saturation, a
state of the color field of hadrons predicted to occur at small
Bjorken x [31,32], where gluon splitting and annihilation
reach a dynamical equilibrium. Although a large amount of
theoretical and experimental effort has been dedicated to the
search for saturation effects, up to now the existence of this
phenomenon, and at which energy it sets in, has not been
experimentally established [33].

In this context, a striking prediction of the energy-
dependent hotspot model [34-38] is that the energy de-
pendence of the incoherent cross section provides a clear
signature of saturation effects: at lower energies (large
Bjorken x) the cross section rises with energy, reaches a
maximum, and then decreases as the energy further increases
[34]. This is explained by the fact that, when saturation sets
in, all possible configurations of the color field of the target
start to resemble each other and thus their variance, i.e., the
incoherent cross section, decreases. The position of the max-
imum of the incoherent cross section depends on the mass
of the produced vector meson [35] and also on the mass
number of the target [36,37]. Recently, we also demonstrated
that there is a dependence on the Mandelstam-¢ variable, the
square of the momentum transferred in the hadronic vertex,
with the maximum appearing at |¢| values corresponding to
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the size of subnucleonic hotspots [38]. This model was re-
cently successfully compared to data from LHC, e.g., coherent
p° production in Pb-Pb and Xe-Xe UPCs [39,40] as well
as coherent and incoherent J/v production in Pb-Pb UPCs
[41-43].

Here, we present a detailed study within the energy-
dependent hotspot model [34-38] of the coherent and
incoherent photonuclear production of p° and J/1 in O-O and
Ne-Ne UPCs at a center-of-mass energy per nucleon pair of
5.36 TeV. For each nucleus, we explore two different nuclear
shapes. We use a traditional Woods-Saxon parametrization,
and for O an alpha-cluster model while for Ne a bowling-pin-
like shape. We find that the incoherent cross section provides
a measurable signature of the approach to saturation, and that
the simultaneous determination of p° and J/v coherent and
incoherent production provides a strong constraint on nuclear
models for both O and Ne.

The remainder of this article is organized as follows. The
next section presents a brief review of the model, including a
description of the two prescriptions to describe the O and Ne
nuclei, Sec. III reports and discusses our results, while Sec. IV
summarizes our main findings.

II. BRIEF REVIEW OF THE ENERGY-DEPENDENT
HOTSPOT MODEL

A. Diffractive vector meson photoproduction

The amplitude for the diffractive photoproduction of vec-
tor mesons off hadrons, At 1, has been described in detail
in Ref. [44] in the context of the dipole formalism. Here,
the subindices T and L denote the transverse and longitudi-
nal polarizations of the photon. The possibility of different
configurations of the color field of the hadron (H) can be
incorporated using the Good-Walker approach [27-29], where
the coherent (incoherent) cross section is related to the aver-
age (variance) of the different amplitudes resulting from each
potential configuration. Within this framework, the coherent
cross section is computed as

do,y*H—)VH
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while the incoherent cross section, with a vector meson V and
a dissociated state Y in the final state, is given by
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The amplitude describes the fluctuation of the photon into
a quark-antiquark dipole W,,- and the creation of the vector
meson Wy after the interaction of the dipole with the hadron
given by the cross section doﬁ‘p / db:
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Here Q7 is the virtuality of the photon, z the fraction of the
photon energy carried by the quark in the color dipole, 7 a
vector joining the positions of the quark and antiquark in the
plane transverse to the motion of the photon, b the impact pa-
rameter of the dipole-target interaction, and A the momentum
transferred in the interaction, i.e., (ﬁ)2 = —t. The skewedness
correction Ry'" [45] is calculated at = 0 using

22T (Al +5/2)
VT Tt +4)

where k;,r’L = dIn(Ar.)/9 In(1/x). The vector meson wave
function is modeled as a boosted Gaussian distribution
[46—48] with the numerical value of its parameters as listed
in Table I of Ref. [35].

Ryt (agh) = )

B. The nuclear dipole cross section in the energy-dependent
hotspot model

A brief description of the formalism is presented here. For
more details, the motivation behind the model, and the value
of the parameters, one can consult Refs. [34,38]. The energy-
dependent hotspot model provides a QCD-inspired framework
for the dipole cross section, which for the case of a nucleus
with mass number A is given by

doy"\ _ 201 - (1 NG T (E))A (5)
dl; - 2A 0 E) A 9

where the dipole scattering amplitude N(x,r) is given by
the Golec-Biernat—Wusthoff (GBW) model [49], and oy is a
parameter. The values of all parameters related to the dipole
cross section are the same as in our previous work, Ref. [38].

The nuclear profile TA(E) is modeled as a collection of
nucleons, each one described by Ny hotspots:

8 (5-5-5)

A
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The nucleons are placed randomly within the nucleus at posi-
tions b; (see Sec. I1C), and the hotspots are placed randomly
within the nucleons at positions b: Each hotspot represents a
region of high-density color field, which is modelled with a
Gaussian distribution of width By,. The distinguishing feature
of this model is that the number of hotspots grows with en-
ergy [34,38], reflecting the rise of the gluon distribution with
decreasing Bjorken x.

C. Modeling of oxygen and neon nuclei

Two different models of '°0Q are considered: (a) Woods-
Saxon three-parameter Fermi distribution with a radius of
2.608 fm, a skin depth of 0.513 fm, and a deformation w =
—0.051 [50]; and (b) a cluster model. (For an extensive dis-
cussion of other models, see Ref. [17].) For the Woods-Saxon
parametrization, the same approach as in our previous studies
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FIG. 1. A hotspot configuration for the cluster model of '°0 (left) and the PGCM model of *°Ne (right) is shown. Both configurations were

obtained at a Bjorken x of 107>,

[38] is followed, namely the hotspot positions are randomly
sampled from the corresponding nuclear thickness. For the
case of the cluster model, the procedure to obtain the hotspot
positions starts by randomly orienting a tetrahedron of side
3.42 fm—shown previously to reproduce the measured rms
radius of 2.699 fm—whose four vertices represent the o clus-
ters [51,52]. To avoid an unrealistically rigid geometry, each
vertex is independently smeared in three dimensions follow-
ing a Gaussian distribution of width o = 0.1 fm. The smeared
vertices are then projected onto the transverse plane to give the
two-dimensional positions of the clusters, whose individual
densities are described by the empirical helium charge-density
parametrisation extracted from elastic electron-scattering data
[50]. The resulting density is integrated over the longitu-
dinal coordinate to yield the transverse density profile of
the oxygen nucleus used as a sampling probability for the
placement of the hotspots. Each « cluster contains a num-
ber of hotspots given by four independent nucleon-hotspot
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[ 160 (a-clustered)
0.8
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re) I
= |
= L
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0.2
0.0-....|....|....|....|.. | I
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populations. An example of one hotspot configuration for the
cluster model, evaluated at a Bjorken x of 1073, is shown in
Fig. 1.

Two different models of *°Ne are considered: (a) Woods-
Saxon three-parameter Fermi distribution with a radius of
2.791 fm, a skin depth of 0.698 fm, and a deformation w =
—0.168 [50]; and (b) a second one utilizing the established
projected generator coordinate method (PGCM) formalism
[15,53-55]. The placement of hotspots for the former case is
as described for the Woods-Saxon case of Q. The PGCM
distribution of the 2°Ne nuclei is randomly rotated and used
as a sampling probability for the placement of the individual
hotspots. The total number of hotspots in a neon nucleus is
then obtained by adding 20 independent nucleonic hotspot
populations. Hotspots placed in a three-dimensional nuclear
density profile are then projected onto the transverse plane,
and their individual densities are summed as for the case of
oxygen nuclei. An example of one hotspot configuration for
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= |
= |
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FIG. 2. Nuclear thickness functions, normalized to 1 at zero impact parameter, for the four models discussed in the text.

025202-3



CEPILA, CONTRERAS, MATAS, AND RIDZIKOVA

PHYSICAL REVIEW C 113, 025202 (2026)

2
10 I§r — Tetrahedron of a-clusters
C === \Woods-Saxon

. 101 Coherent
N> Incoherent
3 0
O 10
Q
£
= 107!
ke
2
S 10-2
ho]

It] (GeV?)

6
10 E - Tetrahedron of a-clusters
C === \Woods-Saxon
5 i ——— Coherent
{,>‘ 10 E Incoherent
@ -
S 10%F Jy
= E
= B ,/”‘ ~q
2 10° N
Q. 3
o} C
o B
102 &
F W=120Gev PN
IIIIIIII 1 L1 1 11 II \I IIIIIIII
1072 101 10°
It] (GeV?)

FIG. 3. Predictions of the energy-dependent hotspot model for the Mandelstam-¢ dependence, at a fixed W, of coherent and incoherent y O
production of p° (left) and J/v (right) vector mesons for two nuclear models: Woods-Saxon and a tetrahedron of alpha nuclei.

this model, evaluated at a Bjorken x of 1073, is shown in
Fig. 1.

Figure 2 shows the four different nuclear profiles obtained
with the models described above.

III. RESULTS

Using the formalism described above, photonuclear cross
sections are presented for the cases of coherent and incoher-
ent photonuclear production of p° and J/v. Two nuclei are
studied, oxygen and neon, and for each one two models of the
nuclear structure are explored. Predictions for the UPC cross
section, directly comparable to the measurements performed
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at the LHC, are also provided. The predictions are shown as
a function of the energy of the yA center-of-mass system W
that is related, in the photoproduction regime, to Bjorken x
through

)

where m is the mass of the vector meson.

A. Photonuclear production off oxygen

Figure 3, shows the predicted Mandelstam-¢ distribu-
tion for the two vector mesons, the two processes, and
the two models of the nuclear structure. The energy W is

1
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FIG. 4. Predictions of the energy-dependent hotspot model for the energy dependence of coherent and incoherent yO production of p°
(left) and J/ (right) vector mesons for two nuclear models: Woods-Saxon and a tetrahedron of alpha nuclei.
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FIG. 5. Predictions of the energy-dependent hotspot model for the energy dependence at fixed values of Mandelstam ¢ of incoherent y O
production of p° (left) and J/v (right) vector mesons for two nuclear models: Woods-Saxon and a tetrahedron of alpha nuclei.

chosen to correspond to midrapidity at the LHC. The pre-
diction for coherent production is quite similar for both
nuclear models before the first diffraction dip, where fu-
ture measurements would be more precise. On the other
hand, incoherent production seems to offer a window to
distinguish between both approaches to model the nucleus,
due to the predicted distinct shapes in the measurable
Mandelstam-f range 0.1-2 GeV?. The predictions for J/v
are similar in shape and magnitude with the findings of
Ref. [20].

Figure 4, shows the predicted energy dependence for the
two vector mesons, the two processes, and the two models of
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the nuclear structure. In this case, the different nuclear models
predict a different normalization. It is interesting that the pre-
diction for the coherent case using the Woods-Saxon model is
below the prediction using the alpha-cluster model, while the
opposite is true for the case of incoherent production, where
the Woods-Saxon shape predicts a larger cross section than
the alpha-cluster model. This observation applies to the pho-
tonuclear production of both vector mesons. The difference in
the predictions for the coherent cross section comes naturally
from different normalization of thickness function for both
nuclear models (see also, e.g., Ref. [17] for the case of the
total cross section). The difference in the predictions for the
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FIG. 6. Predictions of the energy-dependent hotspot model for the Mandelstam-# dependence of coherent and incoherent y Ne production
of p° (left) and J/v (right) vector mesons for two nuclear models: Woods-Saxon and PGCM.
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FIG. 7. Predictions of the energy-dependent hotspot model for the energy dependence of coherent and incoherent y Ne production of p°
(left) and J/ (right) vector mesons for two nuclear models: Woods-Saxon and PGCM.

incoherent cross sections can be traced back to the fact that, in
the Woods-Saxon model, nucleons and hotspots can occupy
a wider range of positions throughout the nucleus, leading
to a large number of distinct configurations. In contrast, in
the tetrahedral model, nucleons are grouped into relatively
fixed clusters, which limits the number of possible config-
urations. This explanation also applies for the predictions
using the Woods-Saxon and PGCM models of neon presented
below. The alpha-cluster model not only produces a smaller
incoherent cross section, but also predicts that the incoher-
ent photonuclear production of p° decreases with energy, as
observed for proton targets [38,56], while the Woods-Saxon
approach yields a flat or even slowly increasing cross section.

10!
[ —— 00:p
[ —— 00: J/y
> 100
C
1071

Figure 5 explores this behavior in more detail. This fig-
ure shows the predicted energy dependence of the incoherent
process at different fixed values of Mandelstam ¢ for the two
vector mesons and the two models of the nuclear structure.
At small Mandelstam ¢, which corresponds to sampling large
areas of the transverse distribution of gluons in the target,
the incoherent cross section grows with energy for both vec-
tor mesons and both models. In this kinematic range, the
Woods-Saxon model predicts a larger cross section than the
alpha-cluster model. The opposite happens at large Mandel-
stam ¢, which corresponds to small areas of the transverse
distribution of gluons in the target. Furthermore, for the case
of pY, the cross section decreases with energy in this kinematic

10! -
- —— NeNe: p
[ —— NeNe: J/y
> 100
c
1071

FIG. 8. Fluxes, computed with the Woods-Saxon nuclear densities to estimate the nuclear overlap, for the two collision systems and the

two vector mesons.
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FIG. 9. Predictions of the energy-dependent hotspot model for the rapidity dependence of coherent and incoherent production of p° (left)
and J/y (right) vector mesons in O-O (upper) and Ne-Ne (lower) UPCs for two nuclear models.

region, while for the J/y a clear flattening of the cross sec-
tion growth with energy is observed. These behaviors suggest
that multidifferential measurements of the energy dependence
at different Mandelstam-¢ ranges could be used to constrain
the models of the nuclear shape of oxygen, and eventually also
observe the saturation-induced decrease of the cross section at
large energies and large Mandelstam ¢.

B. Photonuclear production off neon

A set of studies similar to those just described for oxygen
targets was performed for the case of Ne-Ne collisions. Fig-
ure 6 shows the predicted Mandelstam-¢ distribution for the
two vector mesons, the two processes, and the two models of
the nuclear structure. The energy W is chosen to correspond
to midrapidity at the LHC. Both nuclear models give nearly
identical predictions for coherent production up to the first
diffraction dip. For the incoherent cross section, the PGCM
model predicts smaller values than the Woods-Saxon model
up to |t| ~ 0.5 GeV?; beyond this point, the trend reverses
and PGCM overestimates the Woods-Saxon results. The pre-
dictions for J/y coherent production are similar in shape
and magnitude with the findings of Ref. [20] before the first

diffractive dip. On the other hand, the predictions for inco-
herent production presented here show a richer structure than
those presented in Ref. [20].

Figure 7 shows the predicted energy dependence for the
two vector mesons, the two processes, and the two models
of the nuclear structure. As in the case of yO interaction,
the different nuclear models predict a different normalization,
where the Woods-Saxon model is below (above) the predic-
tion of PGCM for coherent (incoherent) production. One can
also observe that the incoherent cross section for p° inco-
herent production according to the PGCM model decreases
with increasing energies. Even for the case of J/v, the cross
section seems to reach a maximum. This behavior is char-
acteristic of what one expects when the saturation region is
approached.

C. Predictions for UPCs at the LHC

The LHC experiments do not measure directly the
photonuclear cross section, but the UPC one, which is
defined as

do

O =nyA(Y)oya(y) + nya(=y)oya(=y), (8)
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where y, the rapidity of the vector mesons measured with
respect to the direction of the target in the LHC frame, is
related to the energy W through

W2 = m/sny exp (—y). )

The flux is computed using the prescription detailed in
Ref. [57], which follows the proposal in Ref. [58]. It was
checked that the variation of the Woods-Saxon parameters
within their uncertainties produces negligible changes in the
computed flux. The fluxes for ,/syy = 5.36 TeV are shown
in Fig. 8. As expected from the Z? dependence of the fluxes
(with Z the proton number of nucleus A), the oxygen and neon
fluxes are smaller than for the well-studied Pb case by a large
factor. At large negative rapidities, corresponding to large
photon energies, the drop due to the finite available energy
of the O and Ne incoming beams is clearly seen.

Figure 9 shows the predictions of the energy-dependent
hotspot model for the rapidity dependence of coherent and
incoherent production of p° and J/y vector mesons in O-O
and Ne-Ne UPCs for the Woods-Saxon nuclear model of both
nuclei, the alpha-cluster model of O, and the PGCM model
of Ne.

For the case of O-O UPCs, the predicted cross sections for
the coherent process are a bit smaller (larger) for o’ (J /)
than the results presented in Ref. [18], which uses a sim-
ilar approach based on color-dipole ideas. An interesting
pattern is observed for diffractive J/v photoproduction: the
Woods-Saxon model predicts very similar cross section for
the coherent and incoherent processes, while the alpha-cluster
model predicts that they differ by around 40%. This difference
between both sets of predictions suggests that such a mea-
surement would help to constrain the models of the nuclear
structure of oxygen. It is worthwhile to note that measure-
ments at HERA by H1 show a similar cross section for the
coherent and incoherent J/1-production processes; see Fig. 8
in Ref. [59].

The results shown in Fig. 9 for vector-meson photonuclear
production in Ne-Ne UPCs show a behavior similar to the one

observed in O-O UPCs, with the diffractive production of J/y
providing a strong test of nuclear models.

IV. SUMMARY

We have presented predictions of the energy-dependent
hotspot model for the diffractive production of vector mesons
in O-O and Ne-Ne ultraperipheral collisions at the LHC.
Coherent and incoherent production have been studied for
two different nuclear models of oxygen, Woods-Saxon and
alpha-cluster models, and also for two different models of Ne,
Woods-Saxon and PGCM. Results for the production of both
0" and of J/ vector mesons are reported.

We found that (i) the energy and |7| dependence of inco-
herent production of these vector mesons can help to search
for the onset of gluon saturation, and (ii) that the simultaneous
measurement of coherent and incoherent production of p° and
J/ ¥ provides a strong test of the nuclear structure of both O
and Ne nuclei.

The LHC Collaborations have demonstrated that they are
able to perform these types of studies, so it is feasible for them
to measure these processes with the data that they recently
recorded during the special 2025 LHC runs.
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