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Associated vector-meson and bound-free electron-positron pair photoproduction
in ultraperipheral PbPb collisions

Celsina N. Azevedo *

Institute of Physics and Mathematics, Federal University of Pelotas, Postal Code 354, 96010-900, Pelotas, RS, Brazil

Victor P. Gonçalves †

Institute of Physics and Mathematics, Federal University of Pelotas, Postal Code 354, 96010-900, Pelotas, RS, Brazil
and Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China

Bruno D. Moreira‡

Departamento de Física, Universidade do Estado de Santa Catarina, 89219-710 Joinville, SC, Brazil

(Received 20 September 2023; accepted 4 December 2023; published 18 December 2023)

In this paper we analyze the associated production of a vector meson with the bound-free e+e− process in
ultraperipheral PbPb collisions through the double scattering mechanism for the energy of the CERN Large
Hadron Collider (LHC). Such process is characterized by the presence of a meson and a positron in the final state
and by a forward hydrogen-like ion with a distinct electric charge. Predictions for the total cross sections and
rapidity distributions considering the rapidity ranges covered by the ALICE, CMS, and LHCb detectors are
presented. The high values predicted for the cross sections (and event rates) indicate that an experimental analysis
of the φ + e+ and J/� + e+ final states may become feasible in the future.
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I. INTRODUCTION

Relativistic heavy-ion collisions at the CERN Large
Hadron Collider (LHC) induce strong electromagnetic fields,
which may lead to the particle production by photon-photon
and photon-hadron interactions. In particular, for ultraperiph-
eral collisions, characterized by an impact parameter larger
than the sum of the radii of the incident ions, the strong
interactions are suppressed, which allow us to consider the
LHC as a photon collider [1,2]. Over the last decades, a
large number of experimental and theoretical studies have
been performed, mainly focused on the dilepton production
by photon-photon (γ γ ) interactions and vector mesons by
photon-Pomeron (γ IP) interactions, mainly motivated by the
large cross sections associated with these processes and by
the perspective of probing the basic quantum electrodynam-
ics (QED) reactions (as, e.g., the light-by-light scattering)
and improving our understanding about the quantum chro-
modynamics (QCD) (for a recent review see, e.g., Ref. [2]).
Another electromagnetic process of interest for heavy-ion
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colliders is the bound-free electron-positron pair production
(BFPP), in which the electron produced in the γ γ → e+e−

subprocess is captured by one of the incident nuclei, creat-
ing a hydrogen-like ion [3]. The capture implies a change
in the magnetic rigidity that leads to the loss of the ion
from the beam, which will be lost in a well-defined spot
in the collider ring. As a consequence, the BFPP process
contributes to the intensity and luminosity decay of heavy-
ion colliders and such an aspect has motivated a series of
studies [4–18].

In recent years, several studies have demonstrated that
the high photon luminosity present in ultraperipheral heavy
ion collisions implies a non-negligible contribution of the
double particle production process in photon-induced interac-
tions, which can be considered as an alternative to improve
our understanding of the QCD as well as can be used for
testing the treatment of the double scattering mechanism in
ultraperipheral heavy-ion collisions (UPHICs) [14,15,19–26].
In particular, the detailed discussion presented in Ref. [15]
about the double lepton pair production with electron capture
in ultrarelativistic heavy-ion collisions indicated that the ob-
servation of this process may become feasible at the LHC.
Its experimental separation was discussed in Ref. [27] and
the measurement of the forward scattered Pb ion of different
charge was suggested as a way to tag the associated dilepton
production at midrapidity in the central detector. Moreover,
Ref. [27] has also pointed out the interesting possibility of
measuring the associated production of a meson pair and a
bound-free e+e− pair, but an estimate for the magnitude of
the corresponding cross section was not presented. Our goal
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FIG. 1. Associated exclusive vector meson and bound - free dielectron photoproduction in ultraperipheral PbPb collisions.

in this paper is to analyze in more detail such a suggestion
and provide predictions for the rapidity distributions and total
cross sections. However, in contrast with Ref. [27], we will
consider the exclusive J/� and φ photoproduction by γ IP
interactions in association with the BFPP process, as repre-
sented in Fig. 1. Such changing is motivated by the following
aspects: (a) the magnitude of the cross section for the exclu-
sive vector meson photoproduction at high energies is larger
than that for the γ γ → MM̄ process, where M is a meson;
and (b) the experimental separation of a single vector meson
in the final state is easier than the measurement of the meson
pair. In this exploratory study, we will assume that the Pb81+

ion can be tagged by a forward detector and the vector meson
is measured in the central detector. Predictions for PbPb col-
lisions at the LHC energy will be presented considering the
rapidity ranges covered by the central and forward detectors.
It is important to emphasize that in this paper we will not
impose any cut on the transverse momentum and rapidity
of the positron. However, a very interesting possibility, that
deserves a more detailed study, is that the positron is also
observed in the central detector. In principle, in such a case,
the cross sections will be smaller than the values presented
in this paper, but the topology of the final state would be a
clear signature of the double scattering mechanism. Such an
alternative will be analyzed in a forthcoming study.

II. FORMALISM

Initially, let us present a brief review of the formal-
ism needed to describe the associated vector meson and
bound-free dielectron photoproduction via double scatter-
ing mechanism (DSM) in UPHICs (for details see, e.g.,
Refs. [19,21]). As in previous studies [14,15,19–26], we will
assume that possible correlations can be neglected. Such
approximation allow us to express the pair production proba-
bility in terms of the product of single production probabilities
for the exclusive vector meson photoproduction and for the
BFPP process. As we will not impose any restriction on the
rapidity of the positron, we will integrated over all possible
values for this quantity. As a consequence, the differential

cross section for the production of a vector meson V (=
J/�, φ) at rapidity YV in association with the BFPP process
will be given by [19–21]

dσ [Pb82+
Pb82+ → Pb82+

V e+ Pb81+
]

dYV

=
∫

bmin

dσ [Pb82+
Pb82+ → Pb82+ ⊗V ⊗ Pb82+

]

d2bdYV

× dσ [Pb82+
Pb82+ → Pb82+ ⊗e+ ⊗ Pb81+

]

d2b
d2b, (1)

where b is the impact parameter of the collision and ⊗ rep-
resents the presence of a rapidity gap in the final state. In
our analysis we will assume bmin = 2RPb, which is equiva-
lent to treat the nuclei as hard spheres and that excludes the
overlap between the colliding hadrons. Similar predictions are
obtained assuming bmin = 0 and including the survival factor
PNH(b) that describes the probability of no additional hadronic
interaction between the nuclei, which is usually estimated
using the Glauber formalism [19,28]. The differential cross
section for the exclusive vector meson photoproduction can
be expressed by

dσ [Pb82+
Pb82+ → Pb82+ ⊗V ⊗ Pb82+

]

d2bdYV

= ωN
Pb82+ (ω, b) σ

γ Pb82+→V ⊗Pb82+ (ω), (2)

where the rapidity YV of the vector meson in the final state
is determined by the photon energy ω in the collider frame
and by the mass MV of the vector meson [YV ∝ ln (ω/MV )].
Moreover, N

Pb82+ (ω, b) is the equivalent photon spectrum

associated with the Pb82+
ion, which can be expressed in

terms of the nuclear form factor. In our analysis, we will
estimate the photon flux assuming the realistic form factor,
which corresponds to the Woods-Saxon distribution and is
the Fourier transform of the charge density of the nucleus,
constrained by the experimental data. Moreover, the total
cross section for the exclusive vector meson photoproduction,

064907-2



ASSOCIATED VECTOR-MESON AND BOUND-FREE … PHYSICAL REVIEW C 108, 064907 (2023)

FIG. 2. Rapidity distribution of the vector mesons derived as-
suming that these are produced in association with the bound-free
e+e− process via DSM in ultraperipheral PbPb collisions at the LHC
energy. Results are derived integrating over the positron rapidity.

σ
γ Pb82+→V ⊗Pb82+ , will be estimated using the color dipole for-

malism, assuming the Gaus-LC model for the overlap function
and the Glauber-Gribov model for the nonforward scattering
amplitude (see Refs. [21,25] for details). As demonstrated,
e.g., in Ref. [29], such a formalism describes the current data
for the photoproduction of vector mesons in UPHICs. On the
other hand, the differential cross section for the bound-free
dielectron production will be estimated using the formalism
described in detail in Ref. [13]. The basic idea is that af-
ter the creation of the e+e− pair, the electron is captured
by one of the incident ions and then the positron becomes
free. The BFPP cross section will be calculated in lowest
= order QED using the semiclassical approximation and as-
suming the Sommerfeld-Maue and Darwin wave functions
for the positron and for the captured electron, respectively.
As demonstrated in Ref. [13], the resulting predictions are
similar to those derived in Refs. [4,5,7,8,11] using distinct
approaches.

III. RESULTS AND DISCUSSIONS

In Fig. 2 we present our predictions for the rapidity dis-
tribution of the vector mesons derived assuming that these
are produced in association with the BFPP process via DSM
in ultraperipheral PbPb collisions at the LHC energy (

√
s =

5.5 TeV). One has that predictions involving a J/� meson
have a smaller normalization and are narrower in rapidity

than those with a φ meson. In general, the normalization
for midrapidities is a factor �50 smaller. In comparison
to the predictions presented, e.g., in Ref. [29] for the ex-
clusive vector meson photoproduction via single scattering
mechanism, i.e., without the presence of the BFPP pro-
cess, one has that the DSM predictions are a factor �200
smaller.

The total cross sections for the associated vector meson
and bound-free dielectron photoproduction via DSM in ultra-
peripheral PbPb collisions are presented in Table I considering
the LHC energy as well as different ranges for the rapidity of
the vector meson. We present predictions for the full rapidity
range of LHC, as well as assuming that the vector meson is de-
tected by a central (−0.9 � YV � 0.9 and −2.5 � YV � 2.5)
or a forward (2.0 � YV � 4.5) detector, as, e.g., the ALICE,
CMS, and LHCb detectors, respectively. One has that the
prediction for the φ + BFPP process is almost two orders of
magnitude larger than those obtained for the J/� + BFPP
case. In comparison with the results presented in Ref. [26],
where the cross section for the associated production of a
vector meson with a free dielectron pair was estimated, our
predictions for the V + BFPP case are smaller by a factor
�20. Assuming that the integrated luminosity expected for
future runs of heavy-ion collisions at the LHC will be L ≈
7 nb−1 [18], the number of φ + BFPP events by year will be
� 105 (104) considering the central (forward) rapidity range.
On the other hand, for the J/� + BFPP case, our predictions
are smaller by approximately two orders of magnitude. The
large values for the total cross sections (and event rates)
motivate a more detailed analysis, including the typical cuts
used by the distinct LHC Collaborations, in order to verify
if the experimental analysis of the exclusive vector meson
photoproduction with the BFPP process may become feasible
in the future.

As a summary, over the last decades, several studies have
demonstrated that the cross sections for photon-induced in-
teractions in ultraperipheral heavy-ion collisions are huge and
can be used to improve our understanding of the QCD dy-
namics at high energies, to probing the basic QED processes
and searching for new physics. In particular, recent studies
indicated that the double particle production via the double
scattering mechanism in ultraperipheral heavy ion collisions
is non-negligible and can be considered an alternative to study
photon-induced processes. Such results have motivated the
analysis performed in this paper, where we have estimated
the associated production of a vector meson with a bound-
free dielectron process in ultraperipheral PbPb collisions for
the LHC energy and presented predictions for the total cross
sections and rapidity distributions considering the phase space

TABLE I. Total cross sections (in nb) for the associated production of J/� and φ with bound-free e+e− pairs in ultraperipheral PbPb
collisions (with

√
s = 5.5 TeV) considering distinct rapidity ranges for the vector meson.

Full rapidity range −0.9 � YV � 0.9 −2.5 � YV � 2.5 2.0 � YV � 4.5

Pb82+ + Pb82+ → Pb81+ + e+ + J/� + Pb82+
5.74 × 103 1.91 × 103 4.53 × 103 8.92 × 102

Pb82+ + Pb82+ → Pb81+ + e+ + φ + Pb82+
2.85 × 105 6.75 × 104 1.72 × 105 5.53 × 104
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covered by the ALICE, CMS, and LHCb Collaborations. We
predict large values for the total cross sections and for the
number of events in future runs of the LHC, which indicate
that the study of these final states may become feasible in
the future. The results presented in this exploratory study
strongly motivate a more detailed analysis taking into account
experimental cuts in the transverse momentum and rapidity
of positron as well as the tagging of the forward Pb81+

ion.
Currently, we are analyzing how to implement the double
particle production via DSM in one of the Monte Carlo used
to simulate UPHICs, which is the first step to derive more

realistic predictions for the processes discussed in this paper
and in Refs. [21,25,26].
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