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In this paper we investigate the exotic charmonium production in γγ interactions present in proton-
proton, proton-nucleus, and nucleus-nucleus collisions at the CERN Large Hadron Collider energies as
well as for the proposed energies of the Future Circular Collider. Our results demonstrate that the
experimental study of these processes is feasible and can be used to constrain the theoretical decay widths
and shed some light on the configuration of the considered multiquark states.
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I. INTRODUCTION

Over the last years the existence of exotic hadrons has
been firmly established [1–3] and now the next step is to
accurately determine their structure. Among the proposed
configurations, the meson molecule and the tetraquark are
the most often discussed. The main difference between a
tetraquark and a meson molecule is that the former is
compact and the interaction between the constituents
occurs through color exchange forces whereas the latter
is an extended object and the interaction between its
constituents happens through meson exchange forces. It
is also possible that the observed states are charmonium-
tetraquark, charmonium-molecule, or tetraquark-molecule
mixtures. Indeed this mixed approach has led to the best
description of the Xð3872Þ. In Ref. [4] the mass and strong
decay width were very well reproduced assuming that the
Xð3872Þ has a cc component with a weight of 97% and a
DD� component with 3% weight. As for the production in
proton-proton (pp) collisions, both at Fermilab and at the
LHC, in Ref. [5] it was shown that the best description can
be achieved with a charmonium-molecule combination,
i.e., χ0c1 −DD�, in which the cc component is of the order
of 28%–44%. Even if the best description is given by a
mixture it is still very important to understand the indi-
vidual role played by each component.
One of the reactions that was proposed as a tool to

discriminate between the two theoretical descriptions of the
exotic states (R) is the decay into two photons, i.e., R → γγ.
This process involves particle-antiparticle annihilation,
which is sensitive to the spatial configuration of the
decaying states and should be hindered if its constituents
are away from each other, as is the case in a molecular
configuration. In fact, for an S-wave nonrelativistic two-
body system R in a state described by a wave function ψðrÞ,
the width for annihilation into γγ is given by

ΓðR → γγÞ ¼ 2πα2

M2
R
jψð0Þj2: ð1Þ

We may expect that for a loosely bound meson molecule
jψð0Þj2 is much smaller than for a diquark-antidiquark
compact system.
The production of exotic particles in hadronic colliders is

one of the most promising testing grounds for our ideas
about the structure of the new states. It has been shown
[2,6,7] that it is difficult to produce molecules in pp
collisions. In a pure molecular approach the estimated
cross section for Xð3872Þ production is 2 orders of
magnitude smaller than the measured one. One might try
to explain these data with a pure tetraquark model. An
attempt to do this, using an extension of the color
evaporation model to the cases where we have double
parton scattering, was presented in [8]. An alternative is to
explore the fact that ultrarelativistic hadrons are an intense
source of photons (for a review see Ref. [9–14]) and
investigate resonance production in the γγ and γh (h ¼ p,
A) interactions present in pp/pA/AA collisions. At large
impact parameters (b > Rh1 þ Rh2), denoted hereafter
ultraperipheral collisions (UPCs), the photon-induced inter-
actions become dominant with the final state being char-
acterized by the state R and the presence of one intact
hadron, in the case of an inclusive γh interaction, or two
intact hadrons if the resonance was produced in a γγ or a
diffractive γh interaction. Recent experimental results at the
RHIC [15,16], Tevatron [17], and LHC [18–26] have
demonstrated that the study of photon-induced interactions
in hadronic collisions is feasible and can be used to improve
our understanding of the QCD dynamics as well as to probe
beyond standard model physics (see, e.g., Refs. [27–29]).
In this work we systematically explore the possibility of
producing exotic charmonium in two-photon interactions in
UPCs with ultrarelativistic protons and nuclei. We consider

PHYSICAL REVIEW D 94, 094024 (2016)

2470-0010=2016=94(9)=094024(6) 094024-1 © 2016 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.94.094024
http://dx.doi.org/10.1103/PhysRevD.94.094024
http://dx.doi.org/10.1103/PhysRevD.94.094024
http://dx.doi.org/10.1103/PhysRevD.94.094024


hadronic collisions at the LHC as well as in the proposed
Future Circular Collider (FCC) [30].
The idea of studying exotic meson production in UPCs

was pioneered in [31], where the production cross section
of several light and heavy well-known mesons (and also
exotic mesons and glueballs candidates) in nucleus-nucleus
collisions was computed. Later, in Ref. [32], the same
formalism was applied to the production of mesons and
exotic states in proton-proton collisions. Special attention
was given to the exotic charmonium states Xð3940Þ and
Xð4140Þ. More recently, in Ref. [33], the authors calculated
the cross sections of the processes pp → pnX, where X
are the exotic charmonium states Zcð3900Þ, Zð4430Þ,
Xð3940Þ, and Xð3915Þ. In these reactions one proton emits
one photon and the other emits a pion or a pomeron.
In this work we revisit and update the calculations

performed in [31] and [32], extending them to pp, pA,
and AA collisions at LHC and FCC energies. We focus on
photon-photon production of the exotic charmonium states
and include Xð3915Þ, Zð3930Þ, and Xð4160Þ. As it will be
seen, all the ingredients of the calculation are fixed with
the exception of the two-photon decay width of the exotic
state (1). In principle, tetraquark and molecular configu-
rations would yield quite different numbers for the decay
widths, which would yield quite different production cross
sections. The two-photon decay width of the exotic states
has been calculated in the molecular approach in several
works [34–37]. Unfortunately, the theoretical predictions of
the tetraquark model are not yet available. We present
production cross sections of meson molecules keeping in
mind that, if the states in question were tetraquarks, the
corresponding cross sections would be much larger.
This paper is organized as follows. In Sec. II we present a

short description of the formalism used for particle produc-
tion in γγ interactions at hadronic colliders. In Sec. III we
present our predictions for the exotic charmonium produc-
tion in pp/pA/AA collisions at LHC and FCC energies.
Finally, in Sec. IV we summarize our main conclusions.

II. FORMALISM

Since the theoretical treatment of UPCs in relativistic
heavy ion collisions has been extensively discussed in the
literature [9–14], in what follows we only review the main
formulas needed to make predictions for exotic meson
production in γγ interactions. In the equivalent photon
approximation, the cross section for the production of a
generic exotic charmonium state, X, in UPCs between two
hadrons, h1 and h2, is given by (see, e.g., [9,13])

σðh1h2 → h1 ⊗ R ⊗ h2; sÞ

¼
Z

σ̂ðγγ → R;WÞNðω1;b1Þ

× Nðω2;b1ÞS2absðbÞd2b1d2b2dω1dω2; ð2Þ

where
ffiffiffi
s

p
is the center-of-mass energy for the h1h2

collision (hi ¼ p, A), ⊗ characterizes a rapidity gap in
the final state, and W ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

4ω1ω2

p
is the invariant mass of

the γγ system. Moreover, Nðωi; biÞ is the equivalent photon
spectrum generated by hadron (nucleus) i, and
σγγ→Rðω1;ω2Þ is the cross section for the production of
a state R from two real photons with energies ω1 and ω2.
Moreover, in Eq. (2), ωi is the energy of the photon emitted
by the hadron (nucleus) hi at an impact parameter, or
distance, bi from hi. The photons, and their corresponding
electric fields, interact at the point shown in Fig. 1. The
factor S2absðbÞ is the absorption factor, given in what
follows by [38]

S2absðbÞ ¼ Θðjbj − Rh1 − Rh2Þ
¼ Θðjb1 − b2j − Rh1 − Rh2Þ; ð3Þ

where Rhi is the radius of the hadron hi (i ¼ 1, 2). The
presence of this factor in Eq. (2) excludes the overlap
between the colliding hadrons and allows us to take into
account only ultraperipheral collisions. Remembering that
the photon energies ω1 and ω2 are related to W, and the
rapidity Y of the outgoing resonance R is related by

ω1 ¼
W
2
eY and ω2 ¼

W
2
e−Y; ð4Þ

the total cross section can be expressed by (for details see,
e.g., Ref. [39])

σðh1h2 → h1 ⊗ R ⊗ h2; sÞ

¼
Z

σ̂ðγγ → R;WÞNðω1;b1ÞNðω2;b2Þ

× S2absðbÞ
W
2
d2b1d2b2dWdY: ð5Þ

The equivalent photon flux can be expressed as follows,

Nðω; bÞ ¼ Z2αem
π2

1

b2ω

"Z
u2J1ðuÞF

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðbω=γÞ2 þ u2

b2

s !

×
1

ðbω=γÞ2 þ u2
du

#
2

; ð6Þ

where F is the nuclear form factor of the equivalent photon
source. In the nuclear case, it is often used in the literature
as a monopole form factor given by [39]

FðqÞ ¼ Λ2

Λ2 þ q2
; ð7Þ

with Λ ¼ 0.088 GeV. For proton projectiles, the form
factor is in general assumed to be [40,41]
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FðqÞ ¼ 1=½1þ q2=ð0.71 GeV2Þ�2: ð8Þ

In what follows we assume these form factors to estimate
the cross sections. However, as discussed in detail in
Ref. [39], distinct models for F imply that the resulting
cross sections can differ significantly. In order to estimate
the theoretical uncertainty associated to the model used for
F, in what follows we also present the predictions obtained
assuming FðqÞ ¼ 1, i.e., that the proton and nucleus are
pointlike particles. In this case, we need to integrate from a
minimum distance bi ¼ Ri (∼0.7 fm for protons and
1.2A1=3 fm for nuclei) in Eq. (2), because the flux is
divergent for b ¼ 0 [31,42]. Additionally, in the case of
PbPb collisions, we also consider a more realistic form
factor, obtained as a Fourier transform of the Woods-Saxon
distribution for the nuclear density. As demonstrated in
Ref. [39], this form factor coincides with the monopole one
only in a very limited range of values of the photon
virtuality, with the difference between them becoming
larger at large values of q.
In order to estimate the h1h2 → h1 ⊗ R ⊗ h2 cross

section we need the γγ → R interaction cross section as
input. In what follows we use the Low formula [43], where
the cross section for the production of the R state due to the
two-photon fusion can be written in terms of the two-
photon decay width of the corresponding state as

σγγ→Rðω1;ω2Þ ¼ 8π2ð2J þ 1ÞΓR→γγ

MR
δð4ω1ω2 −M2

RÞ; ð9Þ

where the decay width ΓR→γγ can in some cases be taken
from experiment or can be theoretically estimated.
Furthermore, MR and J are, respectively, the mass and
spin of the produced state. Finally, it is important to
emphasize that due to the Z2 dependence of the photon
spectra, we have that for the same W the following
hierarchy is expected to be valid for the resonance

production induced by γγ interactions: σAA ¼ Z2 · σpA ¼
Z4 · σpp.

III. RESULTS

In this section we present our predictions for the
production of exotic mesons due to photon-photon fusion
in UPCs at energies available at the LHC and proposed for
the FCC. We have considered all the charmonium states for
which either a measurement or a theoretical estimate of
the decay width is available. For the sake of comparison
with the results found in [33] we consider the two possible
assignments, 0þþ and 2þþ, for the states Xð3940Þ and
Xð4140Þ. In fact, in the last edition of the PDG [44] these
states still appear with undefined assignments. The masses
and decay widths were inferred from Refs. [34–36]. We use
the following notation: σbmin

denotes cross sections evalu-
ated with F ¼ 1, and σF denotes cross sections evaluated
with the form factors from Eqs. (7) and (8) for nuclei and
protons, respectively. In the particular case of PbPb
collisions we also present the predictions obtained using
the realistic form factor [39], which we denote by σR. The
precise form of the form factor is the main source of
uncertainties in our calculations and the use of the two
cases mentioned above gives us an estimate of the theo-
retical error.
Initially let us consider the energy dependence of the

total cross sections and the rapidity distributions of the
resonances produced in γγ interactions in UPCs. These
observables were shown to be the most useful ones to be
compared with theoretical predictions. This expectation has
been confirmed by recent experimental results (obtained at
the RHIC and also at the LHC) on vector meson production
(ρ, J=Ψ, and ϒ) [15–26]. Here we propose extending these
measurements beyond the production of well-established
mesons, such as the J=Ψ, and use UPCs in hadronic
colliders to assess new information on exotic mesons
and constrain theoretical predictions. In Fig. 2(a), we
present our predictions for the energy dependence of the
production cross section in Pb-Pb collisions with

ffiffiffi
s

p
from

100 GeV to 100 TeV obtained using the monopole form
factors and the widths presented in Table I. Similar energy
dependences are predicted for p-Pb and p-p collisions, with
the normalization scaled by a factor ≈1=Z2 and ≈1=Z4,
respectively. The predicted cross sections for the LHC
kinematical range are of the order of 1–100 μb. Moreover,
this result shows us that the cross sections are 1 order of
magnitude larger for the energies expected to be covered by
the FCC in Pb-Pb collisions (

ffiffiffi
s

p ¼ 39 TeV). In Fig. 2(b),
we show the rapidity distribution of the exotic charmonium
production in Pb-Pb collisions at

ffiffiffi
s

p ¼ 5.5 TeV. We have
that the maximum of the distribution occurs at central
rapidities, strongly decreasing at forward and backward
rapidities. In particular, for the Xð4140Þ production, the
two predictions differ by a factor 3 at Y ¼ 0.

b

bb

E
E

1 2

1
2

+

FIG. 1. Electromagnetic field interaction in ultraperipheral
hadron-hadron (or nucleus-nucleus) collisions. The particle on
the left moves into the page and the particle on the right moves
out of the page. They are separated by the impact parameter b.
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In Tables I–III we present our predictions for the exotic
charmonium production in Pb-Pb, p-Pb, and p-p colli-
sions, respectively, using the form factors mentioned in
the previous section. Owing to the form of the cross
section of Eq. (2) and its dependence on the equivalent
photon spectrum (6), the Pb-Pb cross sections are
enhanced by a factor Z4ðZ2Þ in comparison to p-p
(p-Pb) collisions. This is reflected in our calculations,
with the cross sections ranging from a few hundred nb up
to hundreds of μb.
In Table I we present our predictions for the cross

sections for the production of several exotic mesons in Pb-
Pb collisions at

ffiffiffi
s

p ¼ 2.76 TeV,
ffiffiffi
s

p ¼ 5.5 TeV, andffiffiffi
s

p ¼ 39 TeV. Comparing the cross sections for different
form factors we observe that σF ≈ 1.5σbmin

. This happens
because σbmin

does not take into account meson production
in the region bi < Ri, while σF allows for this, as long as
the constraint b > R1 þ R2 is respected. Since the masses
of the exotic states are nearly the same (within 5%), the
main sources of changes in the cross sections are the
magnitude of the decay width and the spin of the produced

particle. The predicted cross sections are of the order of μb,
and increase with the energy, as expected from Fig. 2. We
can see that the predictions for the Xð3940Þ differ by a
factor 4, depending on the spin assumed for the particle.
Similar differences are predicted in the case of Xð4140Þ
production. An important aspect is that the predictions for
the production of the Xð3915Þ and Ypð3912Þ differ by a
factor 20. Currently, it is not clear if these states are the
same or not. Consequently, our results indicate that the
study of their production in UPCs can be useful to constrain
their main characteristics.
In Table II, we present our results for the production of

exotic mesons in p-Pb collisions at
ffiffiffi
s

p ¼ 5, 8.8, and
63 TeV. In this case we can observe that the differences
between the predictions obtained with σbmin

and σF are
smaller than in the Pb-Pb case. This occurs because the
effects of meson production in the region bi < Ri, calcu-
lated with Eq. (8) are attenuated by the fact that the proton
has a smaller radius than the Pb. Furthermore, in this case,
the cross section is enhanced by a factor Z2 in comparison
to the p-p one, leading to cross sections that can only reach
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FIG. 2. (a) Cross section of the process PbPb → Pb ⊗ R ⊗ Pb as a function of the energy
ffiffiffi
s

p
. (b) Rapidity distribution of the

resonance produced in γγ interactions in Pb-Pb collisions at
ffiffiffi
s

p ¼ 5.5 TeV.

TABLE I. Cross sections for exotic meson production in Pb-Pb collisions using the theoretical decay rates presented in Refs. [34–36].

σbmin
(μb) σF (μb) σR (μb)

State Mass Γtheor
γγ (keV) 2.76 TeV 5.5 TeV 39 TeV 2.76 TeV 5.5 TeV 39 TeV 2.76 TeV 5.5 TeV 39 TeV

Xð3940Þ, 0þþ 3943 0.33 4.2 8.2 31.6 6.5 11.8 40.9 5.7 10.8 39.6
Xð3940Þ, 2þþ 3943 0.27 17.2 33.6 129.2 26.5 48.4 167.4 23.4 44.2 162.0
Xð4140Þ, 0þþ 4143 0.63 6.5 12.9 51.2 10.2 18.7 65.7 9.0 17.1 63.6
Xð4140Þ, 2þþ 4143 0.50 26.0 51.2 201.0 40.3 74.3 260.6 35.5 67.7 252.3
Zð3930Þ, 2þþ 3922 0.083 5.4 10.5 40.9 8.3 15.2 52.4 7.4 13.9 50.5
Xð4160Þ, 2þþ 4169 0.363 18.4 36.4 144.2 28.6 52.7 185.3 25.2 48.1 178.7
Ypð3912Þ, 2þþ 3919 0.774 50.5 98.6 382.4 77.9 142.2 490.1 68.9 129.9 473.7
Xð3915Þ, 0þþ 3919 0.20 2.6 5.1 19.8 4.0 7.3 25.3 3.6 6.7 24.5
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a few tens of nb. The differences between the different
predictions, observed in the A − A case, also are present in
p-Pb collisions.
In Table III we present our results for the production of

exotic mesons in p-p collisions at
ffiffiffi
s

p ¼ 7, 14, and 100 TeV.
Here we observe a smaller difference between the two
choices of form factor when compared with the previous
cases. Moreover, in this case (Z ¼ 1) we do not have any
enhancement of the cross section compared with the other
cases, leading to much smaller cross sections. Even so,
these are non-negligible cross sections, of the order of a few
pb, well within the reach of present experimental detection
techniques, considering the high luminosity present in pp
collisions.
Before concluding, let us compare our predictions for the

production of the Xð3915Þ and Xð3940Þ states in γγ
interactions with those obtained in Ref. [33], where the
contribution associated to γh interactions in pp collisionswas
estimated. We observe that the cross sections obtained in
Ref. [33] are of the order of nb, while our predictions,
presented in Table III, are of the order of pb. Therefore, the
dominant channel for the production of these states is γh
interactions. However, as demonstrated in Ref. [33], they are
produced in thevery forward region,with a large background
associated to the Pomeron exchange, which makes the
experimental separation of these states a hard task. In
contrast, in γγ interactions, they produced essentially at

central rapidities as shown inFig. 2(b), i.e., in the kinematical
range covered by the current LHC detectors.

IV. CONCLUSIONS

In this work we have studied the production of exotic
mesons in UPCs at LHC and FCC energies due to two-
photon fusion. This is a clean process where the particles of
the initial state are intact at the final state and can be detected
at the forward direction as featured by the presence of two
rapidity gaps between the projectiles and the produced
particle. Moreover, we have predicted large values for the
cross sections in PbPb and pPb collisions and non-negligible
values in pp collisions. Our predictions for the rapidity
distributions can also be of relevance for testing the theo-
retical models used in the calculations. Therefore, we
conclude that the experimental study is worth pursuing, that
it can be useful to constrain decay widths evaluated theo-
retically and, ultimately, it can help in determining the
configuration of the considered multiquark states.
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TABLE II. Cross sections for exotic meson production in p-Pb collisions using the theoretical decay rates presented in Refs. [34–36].

σbmin
(nb) σF (nb)

State Mass Γtheor
γγ (keV) 5 TeV 8.8 TeV 63 TeV 5 TeV 8.8 TeV 63 TeV

Xð3940Þ, 0þþ 3943 0.33 2.8 4.0 10.6 3.3 4.5 11.3
Xð3940Þ, 2þþ 3943 0.27 11.4 16.3 43.4 12.9 18.3 46.3
Xð4140Þ, 0þþ 4143 0.63 4.4 6.3 16.6 5.0 7.1 18.3
Xð4140Þ, 2þþ 4143 0.50 17.6 25.2 65.9 20.0 28.4 72.5
Zð3930Þ, 2þþ 3922 0.083 3.6 5.1 13.2 4.0 5.7 14.5
Xð4160Þ, 2þþ 4169 0.363 12.5 17.9 46.9 14.2 20.1 63.3
Ypð3912Þ, 2þþ 3919 0.774 33.5 47.7 123.3 37.9 53.6 132.0
Xð3915Þ, 0þþ 3919 0.20 1.7 2.5 6.4 2.0 2.8 7.0

TABLE III. Cross sections for exotic meson production in pp collisions using the theoretical decay rates presented in Refs. [34–36].

σbmin
(pb) σF (pb)

State Mass Γtheor
γγ (keV) 7 TeV 14 TeV 100 TeV 7 TeV 14 TeV 100 TeV

Xð3940Þ, 0þþ 3943 0.33 0.98 1.3 2.8 1.0 1.5 2.8
Xð3940Þ, 2þþ 3943 0.27 4.0 5.6 11.4 4.1 5.7 11.6
Xð4140Þ, 0þþ 4143 0.63 1.6 2.2 4.5 1.6 2.2 4.6
Xð4140Þ, 2þþ 4143 0.50 6.2 8.7 18.0 6.4 8.9 18.3
Zð3930Þ, 2þþ 3922 0.083 1.2 1.7 3.6 1.3 1.8 3.6
Xð4160Þ, 2þþ 4169 0.363 4.4 6.1 12.8 4.5 6.3 13.0
Ypð3912Þ, 2þþ 3919 0.774 11.7 16.3 33.4 12.0 16.7 34.0
Xð3915Þ, 0þþ 3919 0.20 0.60 0.84 1.7 0.62 0.86 1.8
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