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Abstract In this paper we analyze the associated ¢ and
J /W photoproduction in ultraperipheral PbPb collisions
through the double scattering mechanism for the energies of
the Large Hadron Collider (LHC) and Future Circular Col-
lider (FCC). Our results complement a previous analysis for
the pp, J/ W J /W and pJ /W production. We present our pre-
dictions for the total cross sections and rapidity distributions
considering the rapidity ranges covered by the ALICE and
LHCDb detectors, which indicate that a future experimental
analysis of ¢ J /W final state is feasible. These results point
out that the study of the double vector meson photoproduc-
tion in heavy ion collisions can be useful to constrain the
double scattering mechanism and improve our understand-
ing of the QCD dynamics at high energies.

1 Introduction

Over the last two decades, the study of photon — induced
interactions in hadronic colliders became a reality and cur-
rently the LHC is also considered a powerful photon —hadron
and photon — photon collider, which can be used to improve
our understanding of the standard model as well as to search-
ing for New Physics [1-9]. Since the pioneering works per-
formed in Refs. [10-12], several theoretical and experimental
groups have dedicated its efforts to improve the description of
the exclusive vector meson photoproduction and to measure
this process in proton - proton (pp), proton — nucleus (pA)
and nucleus — nucleus (A A) collisions (For a recent review
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see, e.g. Ref. [13]). In general, these studies focused on the
production of a single vector meson in the final state. How-
ever, the results presented in Ref. [10] for the vector meson
photoproduction in ultraperipheral heavy ion collisions also
has demonstrated that the simultaneous production of two
vector mesons is non —negligible. Such a conclusion has been
confirmed by the detailed studies performed in Refs. [14,15],
which have compared the predictions associated to the double
scattering mechanism (DSM), where two photon — hadron
interactions occur simultaneously, with those derived esti-
mating the double meson production in photon — photon
interactions. In particular, Ref. [15] have demonstrated that
the pp and J /W J /W production in Pb Pb collisions is dom-
inated by the double scattering mechanism, while the two —
photon mechanism dominates in pp collisions. Moreover,
the results presented in that reference have indicated that
the analysis of the pJ/W production at LHC can be useful
to constrain the double scattering mechanism. First experi-
mental results for the exclusive double J/W¥ production in
pp collisions were presented by the LHCb Collaboration in
Ref. [16], which has demonstrated that the analysis of this
process is feasible. Data for other combinations of vector
mesons in the final state and for heavy ion collisions are cur-
rently under analysis and its releasing is expected in the forth-
coming years [17]. In particular, the analysis of the associated
production of the ¢ and J/ W mesons is being considered, but
a theoretical prediction for the corresponding cross section
is still not available in the literature. Our goal in this paper
is to fill this gap and provide, for the first time, the predic-
tions for the ¢ J / W production through the double scattering
mechanism in heavy ion collisions. As a by —product, we will
complement the results presented in Ref. [ 15] by also provid-
ing predictions for the double ¢ production. We will consider
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PbPb collisions for the energies of the LHC (/s = 5.02 and
5.5 TeV) and FCC (/s = 39 TeV) and estimate the total
cross sections and rapidity distributions for the ¢ J /W pro-
duction assuming the rapidity ranges covered by the ALICE
(—2.5<Y <2.5)and LHCDb (2.0 < Y < 4.5) detectors. As
we will demonstrate below, a future experimental analysis
of this final state is, in principle, feasible and can be used to
improve our understanding of the vector meson production
and double scattering mechanism.

2 Formalism

A typical diagram that contributes for the associated ¢ and
J /W photoproduction in ultraperipheral PbPb collisions
through the double scattering mechanism is presented in
Fig. 1. One has that the number of photons emitted by the
incident ions is huge (~ Z 2y and that the cross section for the
exclusive vector meson photoproduction in a nuclear target is
appreciable, which implies that the probability of two simul-
taneous scatterings becomes non-negligible [10]. As the for-
malism to estimate this contribution has been discussed in
detail in Ref. [15], in what follows we will only present a
brief review of the main formulae and refer the interested
reader to that reference for more details. One has that the
double differential cross section for the production of a ¢
meson at rapidity ys and a J/ W meson at rapidity y;,y in
an ultraperipheral Pb Pb collision is given by [10, 14,15]

d*c [PbPb — Pb ¢ J/V Pb]
dyedy)w
/ do [PbPb — Pb® ¢ @ Pb]
bmin dzbdy¢
do [PbPb— Ph® J/¥ ® Pb] ,
X d“b
d2bdy; v

, ey

where b,,i, = 2R pp, which is equivalent to treat the nuclei as
hard spheres and that excludes the overlap between the col-
liding hadrons, allowing us to take into account only ultrape-
ripheral collisions. It is important to emphasize that Eq. (1)
can also be estimated assuming b,,;, = 0 and including the
survival factor Py g (b) that describes the probability of no
additional hadronic interaction between the nuclei, which
is usually estimated using the Glauber formalism [10,18].
Such distinct approaches imply different behaviours of the
photon spectrum for large photon energies, with the Glauber
approach predicting a harder photon spectrum. One has ver-
ified that if the Glauber approach is used in our calculations,
the impact on our predictions is smaller than 5% in the kine-
matical region of interest (For a more detailed discussion
see, e.g., Ref. [19]). From Eq. (1) one has that the double
vector meson production can be estimated in terms of the
cross sections for the single vector meson production. Such
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quantity is determined by the equivalent photon spectrum
associated to the ion, Npy(w, b), and by the cross section for
the y Pb — V Pb process, as follows
do [PbPb — Pb®V ® Pb)
dzbdyv
= wNpp(®, b) oy pp—>vers () , (2)

where the rapidity yy of the vector meson in the final state
is determined by the photon energy o in the collider frame
and by mass My of the vector meson [yy o In(w/My)].
Moreover, the symbol ® represents the presence of a rapidity
gap in the final state. The photon spectrum can be expressed
in terms in terms of the charge form factor F(g) as follows
[1-9]

Z%a 1
Neb =
b 2 ’
G ee)
2 YL
/u Ji(w)F 2 Z du | ,
bw 2
(VL) tu
(3)

where « is the electromagnetic coupling constant, y;, is the
Lorentz factor and v is the nucleus velocity. As in previous
studies [14, 15], we will estimate the equivalent photon spec-
tra for A = Pb assuming the nucleus as a point-like object,
i.e. F(g®) =1.

For the calculations of the single vector meson photopro-
duction, we will take into account that both incident ions
can be a source of the photons that interact with the other
ion. Consequently, our predictions for the associated ¢ and
J /W photoproduction in Pb Pb collisions using Eq. (1) will
include the contribution of four terms, one of them repre-
sented in Fig. 1. As in our previous study [15], we will esti-
mate oy pp— vepp Using the color dipole formalism, which
predicts that this cross section can be expressed as follows

0

d
o(yPb — VPb) =/ 99 ar
oo dt
1
= e JAVPPZ VP (AP dr )
—00

with the scattering amplitude being given by
b
A);Pb—)VP (x’ A)
=i/dzd2r dsze_i[bA_(l_Z)’]‘A (\IJV*\II)T
2Npp(x,r,ba) , 5)

where (W"*W)7 denotes the overlap of the transverse pho-
ton and vector meson wave functions and z (1 — z) is the
longitudinal momentum fractions of the quark (antiquark).
As in Ref. [15], the overlap function will be described by
the Gaus-LC model, which assumes that the vector meson
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Fig. 1 One of the four
diagrams that contribute for the

associated ¢ and J /W Pb
photoproduction in
ultraperipheral heavy ion v
collisions
Pb

is predominantly a quark-antiquark state and that the spin
and polarization structure is the same as in the photon [20-
23], with the parameters presented in Ref. [24]. Moreover, A
denotes the transverse momentum lost by the outgoing ion
(t = —A?) and b, is the transverse distance from the cen-
ter of the ion to the center of mass of the gg dipole. Finally,
Npp(x, r, ba) denotes the non-forward scattering amplitude
of a dipole of size r on the lead ion, which is directly related
to the QCD dynamics. Following Ref. [15], we will estimate
Npp assuming the Glauber-Gribov (GG) formalism [25-29],
which predicts that

1
Na(x,r,bs) =1 —exp [—5 odp(x, %) TA(bA)] . (0

where the nuclear profile function 74 (b4) is described by a
Woods—Saxon distribution. The dipole-proton cross section,
Odp, is expressed in terms of the dipole-proton scattering
amplitude as follows

oap(x, r?) = 2/d2bp/\/p(x,r,bp), (7

with b, being the impact — parameter for the dipole-proton
interaction. In our analysis, the b-CGC model for a proton
target [30] will be used as input to estimate N (x, r, b ). We
will assume the parameters for the b-CGC model obtained in
Ref. [31] considering the high precision combined HERA
data, where the authors have demonstrated that this model
provides a very good description of the ep HERA data for
inclusive and exclusive processes. One has verified that sim-
ilar predictions are obtained assuming other phenomenolog-
ical models for \V,,.

3 Results

Lets start our analysis presenting in Fig. 2 the predictions
for the energy dependence of the total cross section for the
associated ¢ and J/W photoproduction in ultraperipheral
PbPb collisions through the double scattering mechanism.
For comparison we also show the predictions for other combi-

I/

P v

Pb

—

nations of vector mesons in the final state derived in Ref. [15].
For completeness of our analysis, we present, for the first
time, the predictions for the double ¢ production. One has
that the predictions for the ¢J /W production are approxi-
mately one order of magnitude smaller that the results for
the pJ /W case, which is expected due to the larger mass of
the ¢ meson. These results indicate that the ideal processes
to investigate the double scattering mechanism are the pp,
¢¢ and pJ /W final states. The pp and pJ /W final states
can, in principle, be measured by the ALICE Collaboration,
which is able to precisely reconstruct the p meson. In con-
trast, for the LHCb Collaboration, such measurement is still
a hard task. Another important aspect is that the exclusive
p photoproduction is dominated by large dipole sizes [24],
where nonperturbative contributions are expected to deter-
mine the behaviour of the cross section. It implies that the
predictions for the pp and pJ /W final states are sensitive to
the soft regime of the QCD dynamics. In contrast, the photo-
production of ¢ and J/W mesons are dominated by smaller
dipoles and, consequently, the production of the ¢¢, ¢pJ /¥
and J /W J/ W final states probes a distinct regime of the QCD
dynamics. Therefore, a future measurement of these distinct
final states will be very useful to constrain the description of
the double scattering mechanism and to improve our under-
standing of the QCD dynamics. In what follows, we will
focus on the ¢ J /W final state, which could be measured by
both ALICE and LHCb Collaborations. Although the cross
section for this final state is smaller than for the double ¢
production, the presence of the J/ W makes its experimental
separation more simple to be performed. Our predictions for
the total cross sections are presented in Table 1 considering
the LHC and FCC energies as well as different rapidity ranges
for the mesons in the final state. For the LHC energies, one
has that the total cross section is reduced by a factor ~ 2 (30)
when we impose that the mesons are produced in rapidity
range covered by the ALICE (LHCb) detector. At the FCC
and central rapidities, such suppression becomes larger since
the rapidity distribution becomes wider with the increasing
of the energy (see below). Considering the integrated lumi-
nosity expected for future runs of heavy ion collisions at the
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Fig. 2 Energy dependence of
total cross section for the
associated ¢ and J /W
photoproduction in
ultraperipheral PbPb collisions
(solid line). The predictions for
other combinations of vector
mesons in the final state are also
presented for comparison

o(mb)

s"z(GeV)

Table 1 Total cross sections in ub for the associated ¢ and J/W production in ultraperipheral PbPb collisions at the LHC and FCC energies

considering distinct rapidity ranges for the mesons in the final state

LHC (/s = 5.02 TeV)

LHC (/s =5.5TeV) FCC (/s =39 TeV)

Full rapidity range 65.60
-25< Yo, 1w = 2.5 33.60
20 < Vo, /v = 4.5 2.30

72.00 365.00
35.50 80.30
2.70 18.70

LHC, £ ~ 7 nb~ !, the associated number of events will be
> 107 (10*) considering the central (forward) rapidity range.
Assuming a similar integrated luminosity for the FCC, our
predictions for the number of events increase by one order of
magnitude. Such results indicate that a future experimental
analysis of this final state is, in principle, feasible.

In Fig. 3 we present our predictions for the rapidity distri-
butions considering the ¢J /W production through the dou-
ble scattering mechanism in ultraperipheral Pb Pb collisions
and assuming different center — of — mass energies. We will
assume a fixed rapidity for one of the vector mesons and ana-
lyze the dependence on the rapidity of the other meson. In the
upper (lower) panels we present the results for the rapidity
range covered by the ALICE (LHCb) detector. As demon-
strated in Ref. [15], the rapidity distribution for a final state
composed by different mesons is asymmetric, being wider
for a lighter meson. Such conclusion is also verified in the
results presented in Fig. 3 when we compare the left and
right panels. As expected, the distributions become wider
and increase in normalization with the center — of — mass
energy.

@ Springer

Two comments are in order before summarizing our
main results and conclusions. First, as discussed in detail
in Ref. [24], the predictions for the single vector meson
photoproduction in UPHIC are dependent on the models
assumed for the dipole - proton scattering amplitude N,
and for the overlap function (W"*W)7, with the uncertainty
on the predictions being non-negligible. Such uncertainties
have a direct impact on our predictions for the double vec-
tor meson photoproduction. In particular, one has verified
that our predictions for central (forward) rapidities are mod-
ified by &~ 30% (17 %), if the alternative models discussed
in Ref. [24] are considered as input in our calculations.
Another important comment is that, in recent years, several
groups have improved the treatment of exclusive processes in
the dipole approach, by estimating higher order corrections
for the evolution of the forward dipole - target scattering
amplitude and photon impact factor, as well as by improv-
ing the description of the vector meson wave function (See,
e.g. Refs. [32-36]). Such results indicate that the NLO cor-
rections are numerically important, but their effect can be
partially captured when the initial condition for the small-
x evolution of the dipole amplitude is fitted to the structure
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Fig. 3 Rapidity distributions for the ¢ J /¥ production in ultraperiph-
eral PbPb collisions at the LHC and FCC energies considering the
rapidity ranges covered by the ALICE (upper panels) and LHCb (lower

function data. Moreover, the NLO predictions for the vec-
tor meson production at HERA are similar to those obtained
using the phenomenological dipole models, in particular to
those derived using the b-CGC model considered in this
paper. Therefore, in principle, we do not expect a large mod-
ification of our predictions if the NLO corrections are taken
into account. Surely, a more detailed comparison between
our results and those derived at NLO is an important next
step, which we plan to perform in a future study.

4 Summary

As a summary, one has that in recent years, several studies
have demonstrated that the analysis of the exclusive vector
meson photoproduction in hadronic colliders is a promising
way to constrain the QCD dynamics at high energies. In addi-
tion, some groups have pointed out that for ultraperipheral
heavy ion collisions, where the cross sections for the single

41 T T ——
5.02 TeV
Y, =0 — —— 55TeV
----- 39 TeV

d’oidy,, dy,(ub)
8]
I
|

—_——

= L N i
€] ~.
> ~N
'U} 2 —
= 5.02 TeV

S 1 R 5.5 TeV

aw —-— 39TeV | A

Yoy

panels) detectors. In the left (right) panels, the rapidity of the J /W (¢)
meson is assumed constant and the dependence on the rapidity of the ¢
(J /W) meson is analyzed

production are large, the probability of having multiple inter-
actions in a same event is non - negligible, and can also be
used to improve our understanding of the process. In partic-
ular, in Ref. [15], we have presented a detailed analysis of
the J/WJ /W, pp and pJ /W productionin PbPb/pPb/pp
collisions through the double scattering mechanism. In that
reference, we have demonstrated that the DSM contribution
is dominant in PbPb collisions in comparison to the dou-
ble vector meson production through y y interactions. In this
paper, we have extended the analysis for the associated pro-
duction of ¢ and J/W¥ mesons in PbPb collisions for the
LHC and FCC energies and presented, for the first time, the
predictions for the total cross sections and rapidity distri-
butions considering the phase space covered by the ALICE
and LHCb Collaborations. As a by-product, we also have
presented the results for the double ¢ production. Our study
has been strongly motivated by the analysis of the ¢J/ W
final state that is being performed by the LHCb Collabora-
tion, which should be released in the forthcoming years. We
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predict large values for the total cross sections and for the
number of events in future runs of the LHC and FCC, which
indicate that the study of this final state is, in principle, feasi-
ble. Considering the results presented in this paper and those
in Ref. [15], we strongly motivate a future investigation of
the double vector meson production in ultraperipheral heavy
ion collisions in order to probe the double scattering mecha-
nism and improve our understanding of the QCD dynamics
at high energies.
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