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We investigate the production of the fully - heavy tetraquark states T4Q in the γ γ interactions present 
in proton-proton, proton-nucleus and nucleus-nucleus collisions at the CERN Large Hadron Collider (LHC). 
We focus on the γ γ →QQ (Q = J/ψ, ϒ) subprocess, mediated by the T4Q resonance in the s - channel, 
and present predictions for the hadronic cross sections considering the kinematical ranges probed by the 
ALICE and LHCb Collaborations. Our results demonstrate that the experimental study of this process can 
be used to investigate the existence and properties of the T4Q states.
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Over the last years the existence of exotic hadrons, which are a 
class of hadrons that cannot be easily accommodated in the re-
maining unfilled qq̄ and qqq states, has been established and a 
large number of candidates have been proposed (for recent re-
views, see e.g. Refs. [1–3]). In particular, the LHCb Collaboration 
has recently observed [4] a sharp peak in the di - J/ψ channel 
at M = 6.9 GeV, which suggests the presence of a fully - charm 
tetraquark state. Such a result has motivated a series of studies 
about the description of the fully - heavy tetraquark states T4Q , 
composed by charm and bottom quarks, which propose the exis-
tence of a large number of new exotic states (see e.g. Refs. [5–22]). 
In order to improve our understanding of these resonances, it 
is fundamental to have theoretical control of the mechanism in 
which they are produced. In recent years, different authors have 
proposed distinct production mechanisms of the T4Q in hadronic 
colliders (see e.g. Refs. [23–33]). In particular, in Ref. [25], the 
authors have proposed a model for the fully - charm tetraquark 
production in which the double cc̄ pair is produced by the double 
scattering process and the cross section for T4c state is estimated 
within the framework of the color evaporation model [34]. Re-
cently, such an idea was elaborated in more detail in Ref. [29], 
which confirmed that this mechanism is one of the more promis-
ing ways to probe the T4c state. However, even this mechanism 
still has limitations due to the current theoretical uncertainties 
present in the description of the hadronization and double scat-
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tering processes. An important alternative to probe exotic hadrons, 
proposed and developed in recent years [35–41], is the study of 
photon induced interactions at the LHC, which became a reality in 
the last decade (for a recent review see e.g. Ref. [42]). Our goal in 
this letter is to extend these previous studies for the T4Q produc-
tion.

One has that for ultra-relativistic collisions, the incident charged 
hadrons are an intense source of photons and in a collision at 
large impact parameters (b > Rh1 + Rh2 , with Ri being the hadron 
radius), denoted hereafter ultra - peripheral collisions (UPCs), pho-
ton – photon and photon – hadron interactions become dominant 
over the strong hadron – hadron one [43]. In the particular case of 
the T4Q production by photon - photon interactions, represented 
in Fig. 1, the total cross section can be factorized in terms of the 
equivalent flux of photons of the incident hadrons and the photon-
photon production cross section, which can be expressed in terms 
the two-photon decay width �T4Q →γ γ . As the photon flux is well 
– known, one has that this process is sensitive to the description of 
annihilation process, T4Q → γ γ , i.e. to the description of the T4Q

wave function. Therefore, the study of the production in photon 
– induced interactions allows us to directly test the modeling of 
the fully - heavy tetraquark states. Another advantage of the T4Q

production by γ γ interactions in hadronic colliders, is that the ex-
perimental separation of the associated events is relatively easy. 
As photon emission is coherent over the hadron and the photon 
is colorless, the events will be characterized by two intact recoiled 
hadrons (tagged hadrons) and the presence of two rapidity gaps, 
i.e., empty regions in pseudo-rapidity that separate the intact very 
forward hadrons from the T4Q state, which we will assume to de-
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. Typical diagram for the production of a fully - heavy tetraquark T4Q state 
by γ γ interactions in a hadronic collision. The T4Q → QQ′ decay, where Q is a 
quarkonium state, is also represented.

cay into a pair of vector mesons. Such characteristics can be used 
to separate the events in a clean environment with a small back-
ground. In this letter we will perform an exploratory study, which 
will analyze the possibility of producing the exotic T4c and T4b
states by two-photon interactions in pp, p Pb and PbPb collisions 
at the LHC. As we will show the resulting cross sections are large, 
which implies that the study of this process can be used to con-
firm (or not) the existence of these states and to investigate its 
properties.

Initially, let’s present a brief review of the formalism needed 
to describe the T4Q tetraquark production by γ γ interactions 
in hadronic collisions. Using the equivalent photon approximation 
[43,44], one has that the cross section for the collision between 
two hadrons, h1 and h2, is given by

σ
(
h1h2 → h1 ⊗ T4Q ⊗ h2; s

)

=
∫

σ̂
(
γ γ → T4Q ; W

)
N (ω1,b1) N (ω2,b2) S2

abs(b)
W

2

× d2b1d2b2dW dY , (1)

where 
√

s is center-of-mass energy for the h1h2 collision (hi = p, 
Pb), ⊗ characterizes a rapidity gap in the final state, W = √

4ω1ω2

is the invariant mass of the γ γ system and ωi are the photon en-
ergies. Moreover, Y is the rapidity of the outgoing resonance T4Q , 
N(ωi, bi) is the equivalent photon spectrum generated by hadron 
(nucleus) i at a distance bi from hi and the factor S2

abs(b) is the 
absorption factor, which excludes the overlap between the collid-
ing hadrons and allows to take into account only ultraperipheral 
collisions, where the impact parameter b is larger than the sum 
of the hadron radius. Finally, σ̂γ γ →T4Q (ω1, ω2) is the cross section 
for the production of a state T4Q from two real photons with en-
ergies ω1 and ω2. Using the Low formula [45], the cross section 
for the production of the T4Q state due to the two-photon fusion 
can be written in terms of the two-photon decay width �T4Q →γ γ

as follows

σ̂γ γ →T4Q (ω1,ω2)

= 8π2(2 J + 1)
�T4Q →γ γ

MT4Q

δ(4ω1ω2 − M2
T4Q

) , (2)

where MT4Q and J are, respectively, the mass and spin of the 
produced state. As in Ref. [39], we will estimate the photon flux 
assuming that nucleus (proton) can be described by a monopole 
(dipole) form factor and that S2

abs(b) = 
 
(|b| − Rh1 − Rh2

) =

 

(|b1 − b2| − Rh1 − Rh2

)
, where Rhi is the radius of the hadron 

hi (i = 1, 2), with R p = 0.7 fm and R A = 1.2 A1/3 fm. A detailed 
discussion about the theoretical uncertainty associated to these 
choices is presented in Ref. [46].
2

One has that the cross section is directly dependent on the 
values for the decay width �T4Q →γ γ , mass and spin of the res-
onance. Such quantities can be taken from experiment or can be 
theoretically estimated. In our analysis we will consider that the 
resonance decays into a QQ′ final state, where Q is a quarkonium 
state. As a consequence, the cross section will be proportional 
to �T4Q →γ γ × B(T4Q → QQ′), where B(T4Q → QQ′) is the as-
sociated branching fraction. In principle, such a product can be 
measured precisely in future e+e− colliders, which will make the 
predictions for the LHC will be parameter free. However, as these 
quantities are currently unknown, we will assume some naive ap-
proximations in order to derive an estimate of the associated cross 
sections. We will focus on the case in that Q = Q′ and Q = J/ψ
or ϒ, which are expected to be present in the final state when the 
T4c and T4b are produced, respectively. Moreover, we will assume 
that the fully - charm tetraquark T4c is the X(6900) state, recently 
observed by the LHCb Collaboration [4]. On the other hand, for 
the T4b case, we will assume that it corresponds to the X(19000)

tetraquark state, predicted by different phenomenological models 
(see e.g. Refs. [10,12,15–17,26,27]). The identification of the quan-
tum numbers of the narrow structure observed by LHCb at around 
6900 MeV is a theme of intense debate. While the study performed 
in Ref. [8] suggests that this structure has the quantum num-
bers J P C = 0−+ or 1−+ , it is dominated by the 0++(2S) state in 
Ref. [16] and corresponds to the ground 2++ state in the relativis-
tic diquark - antidiquark picture presented in Ref. [17]. Therefore, 
one has that the quantum numbers of the X(6900) and X(19000)

resonances are still unknown due to lack of deep understanding 
of the fully - heavy tetraquark states. In our analysis, we will es-
timate the cross sections assuming that J P C = 0++ or 2++ . More-
over, motivated by the LHCb results [4] and following Ref. [28], 
we will take B(T4Q → QQ) = 2% (for a recent calculation of the 
T4c branching ratio see, e.g., Ref. [8]). Another important ingre-
dient in our analysis is the decay width �T4Q →γ γ , which is cur-
rently unknown. As in our case the T4Q state is expected to have 
spin - parity identical to that from the χQ quarkonium family, we 
will assume that �T4Q →γ γ � �χQ →γ γ , which can be motivated if 
we consider a diquark - antidiquark picture for the fully - heavy 
tetraquark states [17]. Such strong assumption is model dependent 
and surely deserves more detailed studies in the future. However, 
as the final value for the product �T4Q →γ γ × B(T4Q → QQ) is 
similar to the values obtained by the Belle Collaboration [47,48]
for other exotic charmonium - like resonances produced in two-
photon interactions and that decay into two vector mesons, we 
believe that our assumption can be considered a reasonable first 
approximation. In what follows, our predictions for the X(6900)

production will be derived using the values for �χc→γ γ presented 
in the latest Particle Data Group [49]. On the other hand, as the 
two - photon width �χb→γ γ was not still measured, we will es-
timate the X(19000) production assuming the values derived in 
Ref. [50] using the covariant light - front framework. It is impor-
tant to emphasize that our results can be easily generalized to 
other values of the branching ratio and two - photon width by 
a simple rescaling of our predictions, since they are linearly de-
pendent on these quantities.

In Table 1 we present our predictions for the total cross sections 
for the X(6900) → J/ψ J/ψ production in pp/p Pb/PbPb colli-
sions at the LHC energies considering the full LHC rapidity range as 
well as the rapidity ranges covered by the ALICE and LHCb detec-
tors. We consider the two possible values for J P C and, following 
Ref. [16], we will assume that the mass of the resonance is equal 
to 6871.0 MeV for J = 0 and 6967.0 MeV for J = 2. Due to the 
Z 2 dependence of the photon spectra, we have that the follow-
ing hierarchy is approximately valid for the X(6900) production 
induced by γ γ interactions: σPbPb = Z 2 · σp Pb = Z 4 · σpp , with 
Z = 82. In Fig. 2 the corresponding rapidity distributions for the 
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Table 1
Total cross sections for the X(6900)[ J P ] → J/ψ J/ψ production by γ γ interactions in pp, p Pb and PbPb collisions for different center - of - mass energies considering the 
full LHC rapidity range as well as the rapidity ranges covered by the ALICE and LHCb detectors.

Collision Resonance LHC LHCb ALICE
Full rapidity range 2.0 ≤ Y ≤ 4.5 −1.0 ≤ Y ≤ 1.0

pp (
√

s = 13 TeV) X(6900), 0++ 26.3 fb 5.53 fb 6.34 fb
X(6900), 2++ 31.9 fb 6.71 fb 7.71 fb

p Pb (
√

s = 8.1 TeV) X(6900), 0++ 76.3 pb 21.6 pb 22.4 pb
X(6900), 2++ 92.4 pb 26.2 pb 27.2 pb

PbPb (
√

s = 5.02 TeV) X(6900), 0++ 171.0 nb 22.3 nb 70.0 nb
X(6900), 2++ 206.0 nb 26.7 nb 84.7 nb

Fig. 2. Rapidity distributions for the X(6900) → J/ψ J/ψ production by γ γ interactions in (a) pp (
√

s = 13 TeV), (b) p Pb (
√

s = 8.1 TeV) and (c) PbPb (
√

s = 5.02 TeV)

collisions at the LHC.

Table 2
Total cross sections for the X(19000)[ J P ] → ϒϒ production by γ γ interactions in pp, p Pb and PbPb collisions for different center - of - mass energies considering the full 
LHC rapidity range as well as the rapidity ranges covered by the ALICE and LHCb detectors.

Collision Resonance LHC LHCb ALICE
Full rapidity range 2.0 ≤ Y ≤ 4.5 −1.0 ≤ Y ≤ 1.0

pp (
√

s = 13 TeV) X(19000), 0++ 2.40 × 10−3 fb 4.90 × 10−4 fb 6.88 × 10−4 fb
X(19000), 2++ 5.91 × 10−3 fb 1.21 × 10−3 fb 1.70 × 10−3 fb

p Pb (
√

s = 8.1 TeV) X(19000), 0++ 5.60 fb 1.62 fb 1.96 fb
X(19000), 2++ 13.80 fb 3.99 fb 4.83 fb

PbPb (
√

s = 5.02 TeV) X(19000), 0++ 8.33 pb 0.564 pb 4.32 pb
X(19000), 2++ 20.5 pb 1.38 pb 10.6 pb
X(6900) → J/ψ J/ψ production are presented. One has that the 
predictions for the J = 2 resonance are larger than those for the 
J = 0 one, as expected from the Low formula. Due to the asym-
metry in the proton and nuclear photon fluxes present in the ini-
tial state, we predict an asymmetric rapidity distribution in the 
case of p Pb collisions. In Fig. 2 we also indicate the kinemati-
cal rapidity ranges probed by the ALICE (−1 ≤ Y ≤ +1) and LHCb 
(+2 ≤ Y ≤ +4.5) detectors. The resulting predictions for the total 
cross sections in the ALICE and LHCb rapidity ranges are also pre-
sented in Table 1. In comparison with the results for the full LHC 
rapidity range, one has that the predictions are reduced by a factor 
between 3.0 and 8.0 depending on the initial state and the rapid-
ity range covered by the detector, with the larger reduction being 
for PbPb collisions at the LHCb. Although this reduction is non-
negligible, the final values are still large and imply a significant 
number of events if we consider that the expected integrated lu-
minosity for the high luminosity run of the LHC is 50/fb (10/nb) 
for pp (PbPb) collisions [51]. In particular, we predict that the 
number of events per year in pp (PbPb) collisions will be ≈ 276 
(335) at LHCb and 385 (840) at ALICE. On the other hand, for 
PbPb collisions at 

√
s = 39 TeV and an integrated luminosity of 

110/nb, which are the values expected for these collisions in the 
Future Circular Collider (FCC) [52], one has verified that the cross 
sections are increased by a factor ≈ 4 and the associated num-
3

ber of events becomes of order of 14000 (40000) for a forward 
(central) detector. One important aspect to be emphasized is that 
although these numbers are large, the experimental separation of 
these events will still be a challenge if the J/� is reconstructed by 
the μ+μ− pair generated in its decay, since that in this case our 
predictions should be multiplied by a factor (0.06)2.

The analysis performed above can be directly extended for the 
production of fully - bottom tetraquark states. In particular, we will 
provide predictions for the X(19000) production, assuming that 
M = 19434.0 MeV for J = 0 and M = 19481.0 MeV for J = 2 as 
predicted in Ref. [16]. Our results for the cross sections are pre-
sented in Table 2. In comparison to the results for the X(6900), the 
cross sections for the X(19000)[ J P ] → ϒϒ production are smaller 
by a factor � 103. As a consequence, the associated number of 
events per year will be very small, making the experimental anal-
ysis of this exotic state in the next run of the LHC a hard task. For 
PbPb collisions at the FCC, one has verified that the number of 
events is increased by a factor ≈ 30, but its experimental separa-
tion will still be difficult using the dimuon final state.

Some comments are in order. As discussed before, the T4Q pro-
duction by γ γ interactions in pp/p Pb/PbPb collisions will be 
characterized by two intact hadrons that can be detected by for-
ward detectors and two rapidity gaps in the final state. This final 
state is also generated by the single and double scattering mecha-
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nisms discussed in Refs. [53–56]. The comparison of our results for 
the X(6900) → J/ψ J/ψ case with those derived in Refs. [55,56]
for the double J/ψ production indicates that both processes have 
similar cross sections before the inclusion of additional kinemati-
cal cuts. Such a result strongly motivates a more detailed analysis, 
including the cuts usually considered by the experimental collab-
orations. Another important comment is that during the develop-
ment of this analysis we were aware that a similar study of the 
X(6900) production in UPHICs is being independently performed 
by Y. Xie and collaborators [57]. These authors have estimated the 
decay width of X(6900) to two photons using the effective La-
grangian method and derived slightly smaller values for the cross 
sections. Such result indicates that the naive assumptions assumed 
in our analysis are a good first approximation to estimate the fully 
- heavy tetraquark production by γ γ interactions in hadronic col-
lisions.

Finally, let’s summarize our main results and conclusions. Mo-
tivated by the observation of a sharp peak in the di - J/ψ channel 
at M = 6.9 GeV by the LHCb Collaboration, which suggest the pres-
ence of a fully - charm tetraquark state, we have developed in 
this letter the treatment of the fully - heavy tetraquark produc-
tion by γ γ interactions in hadronic collisions. We have focused 
on the X(6900) and X(19000) states, and estimated the cross sec-
tions assuming that they decay into a J/ψ J/ψ and ϒϒ final state, 
respectively. Predictions for the kinematical ranges probed by the 
ALICE and LHCb detectors were presented, which indicate that the 
experimental analysis of the X(6900) production is, in principle, 
feasible at the LHC and FCC. Such conclusion strongly motivates 
a more detailed analysis, taking into account of the experimental 
cuts assumed by the distinct experimental collaborations, which 
we intend to perform in a near future.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

One of the authors (VPG) acknowledges useful discussions 
about the subject with Ya-Ping Xie. This work was partially fi-
nanced by the Brazilian funding agencies CNPq, FAPERGS and INCT-
FNA (process number 464898/2014-5).

References

[1] M. Karliner, J.L. Rosner, T. Skwarnicki, Annu. Rev. Nucl. Part. Sci. 68 (2018) 
17–44.

[2] S.L. Olsen, T. Skwarnicki, D. Zieminska, Rev. Mod. Phys. 90 (1) (2018) 015003.
[3] Y.R. Liu, H.X. Chen, W. Chen, X. Liu, S.L. Zhu, Prog. Part. Nucl. Phys. 107 (2019) 

237.
[4] R. Aaij, et al., LHCb, Sci. Bull. 65 (2020) 1983–1993.
[5] V.R. Debastiani, F.S. Navarra, Chin. Phys. C 43 (1) (2019) 013105.
[6] M.A. Bedolla, J. Ferretti, C.D. Roberts, E. Santopinto, Eur. Phys. J. C 80 (11) 

(2020) 1004.
[7] J.F. Giron, R.F. Lebed, Phys. Rev. D 102 (7) (2020) 074003.
[8] H.X. Chen, W. Chen, X. Liu, S.L. Zhu, Sci. Bull. 65 (2020) 1994–2000.

[9] K.T. Chao, S.L. Zhu, Sci. Bull. 65 (23) (2020) 1952–1953.
[10] Q.F. Lü, D.Y. Chen, Y.B. Dong, Phys. Rev. D 102 (7) (2020) 074021.
[11] M.S. Liu, F.X. Liu, X.H. Zhong, Q. Zhao, arXiv:2006 .11952 [hep -ph].
[12] Q.F. Lü, D.Y. Chen, Y.B. Dong, Eur. Phys. J. C 80 (9) (2020) 871.
[13] Z.G. Wang, Chin. Phys. C 44 (11) (2020) 113106.
[14] C. Becchi, J. Ferretti, A. Giachino, L. Maiani, E. Santopinto, Phys. Lett. B 811 

(2020) 135952.
[15] C. Becchi, A. Giachino, L. Maiani, E. Santopinto, Phys. Lett. B 806 (2020) 135495.
[16] M. Karliner, J.L. Rosner, Phys. Rev. D 102 (11) (2020) 114039.
[17] R.N. Faustov, V.O. Galkin, E.M. Savchenko, Phys. Rev. D 102 (2020) 114030.
[18] G. Yang, J. Ping, L. He, Q. Wang, arXiv:2006 .13756 [hep -ph].
[19] X.Z. Weng, X.L. Chen, W.Z. Deng, S.L. Zhu, arXiv:2010 .05163 [hep -ph].
[20] Q.F. Cao, H. Chen, H.R. Qi, H.Q. Zheng, arXiv:2011.04347 [hep -ph].
[21] B.C. Yang, L. Tang, C.F. Qiao, arXiv:2012 .04463 [hep -ph].
[22] J.Z. Wang, X. Liu, T. Matsuki, arXiv:2012 .03281 [hep -ph].
[23] M. Karliner, S. Nussinov, J.L. Rosner, Phys. Rev. D 95 (3) (2017) 034011.
[24] A.V. Berezhnoy, A.K. Likhoded, A.V. Luchinsky, A.A. Novoselov, Phys. Rev. D 84 

(2011) 094023.
[25] F. Carvalho, E.R. Cazaroto, V.P. Gonçalves, F.S. Navarra, Phys. Rev. D 93 (3) (2016) 

034004.
[26] A. Esposito, A.D. Polosa, Eur. Phys. J. C 78 (9) (2018) 782.
[27] Y. Bai, S. Lu, J. Osborne, Phys. Lett. B 798 (2019) 134930.
[28] X.Y. Wang, Q.Y. Lin, H. Xu, Y.P. Xie, Y. Huang, X. Chen, Phys. Rev. D 102 (2020) 

116014.
[29] R. Maciuła, W. Schäfer, A. Szczurek, Phys. Lett. B 812 (2021) 136010.
[30] F. Feng, Y. Huang, Y. Jia, W.L. Sang, X. Xiong, J.Y. Zhang, arXiv:2009 .08450 [hep -

ph].
[31] Y.Q. Ma, H.F. Zhang, arXiv:2009 .08376 [hep -ph].
[32] R. Zhu, arXiv:2010 .09082 [hep -ph].
[33] F. Feng, Y. Huang, Y. Jia, W.L. Sang, J.Y. Zhang, arXiv:2011.03039 [hep -ph].
[34] Y.Q. Ma, R. Vogt, Phys. Rev. D 94 (11) (2016) 114029.
[35] V.P. Goncalves, D.T. Da Silva, W.K. Sauter, Phys. Rev. C 87 (2013) 028201.
[36] V.P. Goncalves, M.L.L. da Silva, Phys. Rev. D 89 (2014) 114005.
[37] B.D. Moreira, C.A. Bertulani, V.P. Goncalves, F.S. Navarra, Phys. Rev. D 94 (9) 

(2016) 094024.
[38] S.R. Klein, Y.P. Xie, Phys. Rev. C 100 (2) (2019) 024620.
[39] V.P. Goncalves, B.D. Moreira, Eur. Phys. J. C 79 (1) (2019) 7.
[40] V.P. Gonçalves, M.M. Jaime, Phys. Lett. B 805 (2020) 135447.
[41] Y.P. Xie, V.P. Goncalves, arXiv:2012 .07501 [hep -ph].
[42] S. Klein, P. Steinberg, arXiv:2005 .01872 [nucl -ex].
[43] C.A. Bertulani, G. Baur, Phys. Rep. 163 (1988) 299;

F. Krauss, M. Greiner, G. Soff, Prog. Part. Nucl. Phys. 39 (1997) 503;
G. Baur, K. Hencken, D. Trautmann, J. Phys. G 24 (1998) 1657;
G. Baur, K. Hencken, D. Trautmann, S. Sadovsky, Y. Kharlov, Phys. Rep. 364 
(2002) 359;
C.A. Bertulani, S.R. Klein, J. Nystrand, Annu. Rev. Nucl. Part. Sci. 55 (2005) 271;
V.P. Goncalves, M.V.T. Machado, J. Phys. G 32 (2006) 295;
A.J. Baltz, et al., Phys. Rep. 458 (2008) 1;
J.G. Contreras, J.D. Tapia Takaki, Int. J. Mod. Phys. A 30 (2015) 1542012;
K. Akiba, et al., LHC Forward Physics Working Group Collaboration, J. Phys. G 
43 (2016) 110201.

[44] V.M. Budnev, I.F. Ginzburg, G.V. Meledin, V.G. Serbo, Phys. Rep. 15 (1975) 181.
[45] F.E. Low, Phys. Rev. 120 (1960) 582.
[46] C. Azevedo, V.P. Gonçalves, B.D. Moreira, Eur. Phys. J. C 79 (5) (2019) 432.
[47] S. Uehara, et al., Belle, Phys. Rev. Lett. 104 (2010) 092001.
[48] C.P. Shen, et al., Belle, Phys. Rev. Lett. 104 (2010) 112004.
[49] P.A. Zyla, et al., Particle Data Group, PTEP 2020 (8) (2020) 083C01.
[50] C.W. Hwang, R.S. Guo, Phys. Rev. D 82 (2010) 034021.
[51] A. Abada, et al., FCC, Eur. Phys. J. Spec. Top. 228 (4) (2019) 755–1107.
[52] A. Abada, et al., FCC, Eur. Phys. J. C 79 (6) (2019) 474.
[53] V.P. Goncalves, M.V.T. Machado, Eur. Phys. J. C 28 (2003) 71–77.
[54] S. Baranov, A. Cisek, M. Klusek-Gawenda, W. Schafer, A. Szczurek, Eur. Phys. J. 

C 73 (2) (2013) 2335.
[55] V.P. Goncalves, B.D. Moreira, F.S. Navarra, Eur. Phys. J. C 76 (3) (2016) 103.
[56] V.P. Goncalves, B.D. Moreira, F.S. Navarra, Eur. Phys. J. C 76 (7) (2016) 388.
[57] Ya-Ping Xie, Yin Huang, Xiao-Yun Wang, Qian Wang, Xurong Chen, in prepara-

tion.
4

http://refhub.elsevier.com/S0370-2693(21)00189-1/bib1E55FE999DFE6189ED195C2484746352s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib1E55FE999DFE6189ED195C2484746352s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibB28DC2ACD0D30B9F4366204C5B8E3A68s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib9FA73E3FFAEA3486F4FAC25552FD2E42s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib9FA73E3FFAEA3486F4FAC25552FD2E42s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib7F0BEC2E4699D329649F7DA7B38CC707s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib4DE0D4DCD402CCB995373909CBD402BFs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib7D137EF6646DE2E0ED00C960107CE9DBs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib7D137EF6646DE2E0ED00C960107CE9DBs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibEB30E8DFB0B165F2B575ADD8F5A97CB6s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibDA5252D0C4EC0D26D0E131819F91E271s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibCBCC6CE0E43E7CAEF95AC6405DE5CE0As1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibE9D4950CDD59AE37EE69CD0499B58E55s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibDFAA26664C9A079D6BCB0C2FA75B563Fs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib937B618505E60AF0581E4AAA45928A93s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib092A173D894B7C7F06032426C3CCBB49s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib0AF5D76FA011BC7B1BD1F6C25E5B832Ds1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib0AF5D76FA011BC7B1BD1F6C25E5B832Ds1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2FE24AAF1CB6B9AB52C1B69ABD7A6841s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib4BF2E1F67556A93FC6334591060E56D8s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib871DA7430FA51F6EC21285B5A5DECD18s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib26D484901F9FBE6CD0D0D00DB8E30D3Fs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib45B4064436C1F79C63994E178ACC88BAs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib9C23522B2C2D6F87CC92808E1B2EC417s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib47FF99682E63A70C15FC139C809546F8s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibAF0A125EE06D3FCCE04C93F5BA3AA59Cs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib96F7350BEF9F805A32FA6B2BCEAF450Bs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib185BB6AD3A3D11C2CF17F6250CE5BCF7s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib185BB6AD3A3D11C2CF17F6250CE5BCF7s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibC0E61456012C1553E9B27B58AEF92C2As1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibC0E61456012C1553E9B27B58AEF92C2As1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib83072B3BAB0C626E3D3CCA10B20B5520s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2DC023597AEDF06E3AE6EE934C3C4A71s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib7F5C8F66E640A256AE0D0EC342506867s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib7F5C8F66E640A256AE0D0EC342506867s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib931C06C0AF8415C77B80A171430ED83Bs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib897CAE35A8734845C8AACCE5B7E4878Fs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib897CAE35A8734845C8AACCE5B7E4878Fs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibE5355154AB7254B6FF49F836B4744A63s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibA80C629272DB84CAAEE9C3A0975BAB4As1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibE896EEC0E28C47538817758C608AF639s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib67E34ED173DCF2B555855F3408D5E664s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibBFF22EE98C451B31BB6B3FDEB0070690s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib49CC7126E25344C256F13FCB080BF3E3s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib0919BE51C62AB253C6C672E9E4AA1C47s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib0919BE51C62AB253C6C672E9E4AA1C47s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib82E6D7989C597E054048CA9FED53F508s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibB8C6487744B9F00B32EEDBB8C4E7E477s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib52DC0BFB558F3BBB953DE52108665EFAs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib3FFC076BAD33885D3C9E7814B2EC38FCs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib89A114BEF2A7DDB400826F3683CA2BF8s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs2
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs3
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs4
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs4
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs5
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs6
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs7
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs8
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs9
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib2F9E567EFB6A38663162F65EAAC2D73Bs9
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibCE78245903FB761004056961DDA3D017s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib28D0EDD045E05CF5AF64E35AE0C4C6EFs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibA113E82BDEC8F881CE6A021B8CB68A90s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib6092F0D8BC88A9FF4063CD3858EA3C9Cs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibB37E00D8653BDFC2280FAFF720112A3Es1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibCDA028F5152B80C486A3BADAF25A9AEEs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib51B9B26CCFA728C4D5A31829F1D7B0AAs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib911D2AF583CF4793C37DF61F2601FF45s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bibBFCA5F5929B01A5119351BC0B1A391AEs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib684FE89CA15CD6EBF3F1676513FF2E2Es1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib3720F54E919B22CCE392B05DE57102DDs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib3720F54E919B22CCE392B05DE57102DDs1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib863D6A2CD11B2E5B418A7DE917109AE1s1
http://refhub.elsevier.com/S0370-2693(21)00189-1/bib28C06B6D4E8B0643D8EF7676A6045ED4s1

	Fully - heavy tetraquark production by γγ interactions in hadronic collisions at the LHC
	Declaration of competing interest
	Acknowledgements
	References


