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In this contribution we study the production of QED bound states in processes photo-induced
in hadronic colliders considering RHIC, LHC and FCC energies. We analyze the pp, pA and
AA collisions considering an accurate treatment of the nuclear form factor and the absorptive
corrections. We estimate the total cross section for photoproduction of singlet and triplet QED
bound states in ultraperipheral collisions. For singlet QED bound states, we predicted cross
section considering the rapidity ranges covered by frontal and forward detectors. In the analysis
of production of parapositronium we estimate the impact of the Coulomb corrections.
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Production of QED bound states in photon induced processes
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1. Hadronic collider as a photon collider

Singlet and triplet QED bound states, denoted by (𝑙 + 𝑙 − )𝑆 and (𝑙 + 𝑙 − )𝑇 respectively, at the Born
level can be produced by fusion of two and three photons. Thus, these states can be produced in
hadronic collisions with hadrons as sources of almost real photons. With the equivalent photon
approximation [2] we can write the total cross section of hadronic collisions for photoproduction of
singlet and triplet QED bound states as
∫
𝜎ℎ1 ℎ2 →ℎ1 (𝑙+ 𝑙− )𝑆 ℎ2 =

d2 r1 d2 r2 d𝜔1 d𝜔2 𝑁 (𝜔1 , r1 ) 𝑁 (𝜔2 , r2 ) 𝜎
ˆ 𝛾𝛾→(𝑙+ 𝑙− )𝑆 𝑆 2𝑎𝑏𝑠 (b) ,

(1)

and
∫
𝜎ℎ1 ℎ2 →ℎ1 (𝑙+ 𝑙− )𝑇 ℎ2 =

d2 r1 d𝜔1 𝑁1 (𝜔1 , r1 ) 𝜎
ˆ 𝛾ℎ2 →(𝑙+ 𝑙− )𝑇 ℎ2 𝑆 2𝑎𝑏𝑠 (b) + (1 ↔ 2) ,

(2)

respectively. Where 𝑁 (𝜔𝑖 , 𝑟 𝑖 ) is equivalent photon spectrum of hadron 𝑖 [2]. 𝜎
ˆ is the elementary
2
cross section which we factorize the total cross section and 𝑆 𝑎𝑏𝑠 (b) is the absorptive factor, which
exclude the overlap between the colliding hadrons and allows to disregard the frontal and peripheral
collisions. The equivalent photon spectrum dependent of transverse distance is essential to apply
the absorptive correction, and can be expressed as a function of the nuclear form factor [2]. For a
heavy ion as source of photons, we can obtain the realistic form factor with the Fourier transform
of the charge density of the ion, constrained by experimental parameterization of Wood - Saxon
distribution. Moreover, for proton as source of photon we consider the proton as a dipole. The
realistic and dipole form factors are expressed, respectively, by


Λ4
1
4𝜋𝜌0
2
[sin(𝑞𝑅)
−
𝑞𝑅
cos(𝑞𝑅)]
and
𝐹
(𝑞
)
=
,
𝐹 (𝑞 ) =
𝐴𝑞 3
1 + 𝑞2 𝑎2
(Λ2 + 𝑞 2 ) 2
2

(3)

with 𝑎 = 0.549 (0.535) fm, 𝑅 = 6.63 (6.38) fm and 𝐴 = 208 (197) for Pb (Au) [3], and Λ2 =
0.71 GeV2 [4].
Our interest in this work is the ultraperipheral collisions, thus, we need of an absorptive correction to disregard the overlap nuclear, hence, excludes the collisions that have strong interactions.
The absorptive correction that we are using is given by 𝑆 2𝑎𝑏𝑠 (b) = Θ(|b| − 𝑅 ℎ1 − 𝑅 ℎ2 ) [5], with 𝑅 ℎ𝑖
being the hadronic radius.
2
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Recent studies have pointed that the QED bound states are sensitive to beyond Standard Model
physics, given that they are purely electromagnetic systems. As the electromagnetic interaction
is very well known, any deviation of the expected results can help in the search of New Physics.
Currently, we can study of QED bound states in photon induced processes present in heavy ion
collisions at the Large Hadron Collider (LHC) and Relativistic Heavy Ion Collider (RHIC) [1]. The
advantage of these collisions are the strong electromagnetic field produced by heavy ions, which
are associated with photon fluxes proportional to 𝑍 2 , leading large production rates for QED bound
states [2].
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2. Photoproduction of QED bound states
At the Born level, the cross section for photoproduction of singlet QED bound states can be
estimated by two distinct ways: with the Low’s formula [6], given by
𝜎
ˆ 𝛾𝛾→(𝑙+ 𝑙− )𝑆 (𝜔1 , 𝜔2 ) = 8𝜋 2 (2𝐽 + 1)

Γ (𝑙+ 𝑙− )𝑆 →𝛾𝛾
𝛿(4𝜔1 𝜔2 − 𝑀 2 ) ,
𝑀

(4)

and with the Breit - Wigner’s formula, expressed by

.

(5)

𝑆 →𝛾𝛾

Both equations are written in terms of the two-photon decay width Γ (𝑙+ 𝑙− )𝑆 →𝛾𝛾 and lead to the same
result. The equivalence between Equations (4) and (5) can be shown integrating both equations in
the spectrum of the invariant mass (𝑊 = 4𝜔1 𝜔2 ), and is valid in the limit where 𝑀  Γ (𝑙+ 𝑙− )𝑆 →𝛾𝛾 ,
with 𝑀 = 2𝑚 𝑙 . An estimate for decay of singlet QED bound state is obtained in the non - relativistic
limit, where Γ(𝑛1 𝑆0 ) = 𝛼5 𝑚 𝑙 /2𝑛3 .
The cross section for the production of triplet QED bound state in nuclei (𝜎
ˆ 𝛾ℎ ) was obtained
by [7] in the limit of high energy of incident photon, and can be expressed by
√
2
𝜎
ˆ 𝛾ℎ→(𝑙+ 𝑙− )𝑇 ℎ (𝑊𝛾ℎ
= 2𝜔 𝑠 𝑁 𝑁 ) = 4𝜈 2 𝜎0 𝜁 (3)𝐵(𝜈) ,

(6)

where 𝜈 = 𝑍𝛼, 𝜎0 = 𝜋𝜈 2 𝛼4 /𝑚 𝑙2 and the function 𝐵(𝜈) is a constant dependent on target nuclei.

3. Results
With the Equations (1) and (2) we estimate the total cross section at the Born level for
photoproduction of singlet and triplet QED bound states. We analyze considering RHIC, LHC,
HE-LHC and FCC energies in heavy ion collisions. The results of the total cross section are
shown in Table 1. We predicted a large number of events (in parentheses) assuming the integrated
luminosity per year in RHIC/LHC being 10 nb−1 and 110 nb−1 in the FCC. We shown that the
production of singlet QED bound state is greater than the triplet QED bound state by factor of
14/14/2080 for positronium/muonium/tauonium in LHC energies. Thus, we have a motivate for an
analysis more detailed of singlet states. With the change variables (𝜔1 , 𝜔2 ) → (𝑌 , 𝑊𝛾𝛾 ) obtained
in reference [8], we obtain a rapidity distribution for production of singlet QED bound states at the
Born level, expressed by
∫

𝑊𝛾𝛾
𝑑𝜎𝑆
=
d2 r1 d2 r2 d𝑊𝛾𝛾
𝜎
ˆ 𝛾𝛾 → (𝑙 + 𝑙 − )𝑆 ; 𝑊𝛾𝛾 𝑁 (𝜔1 , r1 ) 𝑁 (𝜔2 , r2 ) 𝑆 2𝑎𝑏𝑠 (b) . (7)
𝑑𝑌
2
With the Equation (7), we estimate the rapidity distribution for production of singlet QED
bound states at the Born level in heavy ion collisions, shown in Figure 1. Moreover, the Equation
(7) allows obtain rapidity cuts for cross section considering frontal (-2.5 ≤ 𝑌 ≤ 2.5) and forward
(2.0 ≤ 𝑌 ≤ 4.5) ranges. The cross section with rapidity cuts is shown in Table 2 for pp, pA and AA
collisions for production of singlet states.
3
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Γ2(𝑙+ 𝑙− )𝑆 →𝛾𝛾
8𝜋 2
𝜎
ˆ 𝛾𝛾→(𝑙+ 𝑙− )𝑆 (𝜔1 , 𝜔2 ) = 2
𝑀 4(𝑀 − 4𝜔1 𝜔2 ) 2 + Γ2(𝑙+ 𝑙− )
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Parapositronium
√
AuAu ( 𝑠 𝑁 𝑁 = 0.2 TeV)
√
PbPb ( 𝑠 𝑁 𝑁 = 5.02 TeV)
√
PbPb ( 𝑠 𝑁 𝑁 = 10.6 TeV)
√
PbPb ( 𝑠 𝑁 𝑁 = 39.0 TeV)

112.1×1012

Paramuonium

333.2×1012 (33.3×108 )
400.3×1012 (40.0×108 )
537.6×1012 (59.1×109 )

1297.0×106 (12.9×103 )
1796.0×106 (17.9×103 )
2945.0×106 (32.4×104 )

Orthopositronium

Orthomuonium

Orthotauonium

6.7×1012

150.0×106

Paratauonium
3.8×103 (0.04)
832.7×103 (8.3)
1450.0 ×103 (14.5)
3142.0×103 (345.6)

(0.67×108 )

21.2×106

23.3×1012 (2.3×108 )
27.9×1012 (2.8×108 )
37.0×1012 (4.0×108 )

(1.5×103 )

0.02×103 (0.19×10−3 )
0.40×103 (4.1×10−3 )
0.56×103 (5.6×10−3 )
0.89×103 (98.3×10−3 )

(0.22×103 )

90.8×106 (0.91×103 )
110.5×106 (1.1×103 )
150.9×106 (1.6×103 )

Table 1: Total cross sections in fb (Event rates per year) for the production of singlet and triplet QED bound
states in heavy ion collisions.
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Figure 1: Rapidity distributions for the photoproduction of singlet QED bound states in AA collisions.

√
pp ( 𝑠 𝑁 𝑁 = 0.5 TeV)
√
pp ( 𝑠 𝑁 𝑁 = 14 TeV)
√
pp ( 𝑠 𝑁 𝑁 = 27 TeV)
√
pp ( 𝑠 𝑁 𝑁 = 100 TeV)
√
pPb ( 𝑠 𝑁 𝑁 = 8.8 TeV)
√
pPb ( 𝑠 𝑁 𝑁 = 18.8 TeV)
√
pPb ( 𝑠 𝑁 𝑁 = 63 TeV)
√
AuAu ( 𝑠 𝑁 𝑁 = 0.2 TeV)
√
PbPb ( 𝑠 𝑁 𝑁 = 5.02 TeV)
√
PbPb ( 𝑠 𝑁 𝑁 = 10.6 TeV)
√
PbPb ( 𝑠 𝑁 𝑁 = 39.0 TeV)

Parapositronium
−2.5 ≤ 𝑌 ≤ 2.5 2.0 ≤ 𝑌 ≤ 4.5
2.2×106
1.0×106
3.6×106
1.7×106
6
3.9×10
1.9×106
6
4.6×10
2.2×106

Paramuonium
−2.5 ≤ 𝑌 ≤ 2.5 2.0 ≤ 𝑌 ≤ 4.5
13.7
5.2
34.0
15.3
39.0
17.8
50.0
23.3

Paratauonium
−2.5 ≤ 𝑌 ≤ 2.5 2.0 ≤ 𝑌 ≤ 4.5
11.9 ×10−3
2.0 ×10−3
57.7 ×10−3
22.8 ×10−3
70.4 ×10−3
29.1 ×10−3
−3
99.1 ×10
43.5 ×10−3

19.4×109
21.4×109
25.7×109

9.7×109
10.7×109
12.9×109

157.0×103
184.7×103
248.4×103

78.6×103
92.9×103
124.8×103

206.3
273.4
431.1

105.6
139.0
217.8

46.6×1012
103.1×1012
116.7×1012
142.5×1012

20.4×1012
48.2×1012
55.0×1012
67.9×1012

125.5 ×106
693.9 ×106
874.5 ×106
1236.0 ×106

19.7 ×106
269.3 ×106
359.4 ×106
539.9 ×106

3.8 ×103
671.0 ×103
1044.0 ×103
1867.0 ×103

3.6
130.2 ×103
280.0 ×103
663.1 ×103

Table 2: Cross sections (in fb) for the photoproduction of singlet QED bound states in pp, pA and AA
collisions considering the central and forward rapidity ranges.

The Equation (1) allows analyze the cross section at Born level. Here we estimate higher
orders corrections of parameter 𝜈 = 𝛼𝑍, which is ≈ 1 for gold and lead. One estimate for Coulomb
corrections for production of parapositronium is developed in references [7, 9]. The rapidity
distributions with an estimate for Coulomb corrections is presented in Figure 2 for pA and AA
collisions.
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√
AuAu ( 𝑠 𝑁 𝑁 = 0.2 TeV)
√
PbPb ( 𝑠 𝑁 𝑁 = 5.02 TeV)
√
PbPb ( 𝑠 𝑁 𝑁 = 10.6 TeV)
√
PbPb ( 𝑠 𝑁 𝑁 = 39.0 TeV)

(11.2×108 )
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4. Conclusion
In this work we analyze the photoproduction of QED bound states in pp, pA and AA high
energy collisions. We shown that the production rates are of the order of 109 /104 /100 per year for
(𝑒 + 𝑒 − )𝑆 /(𝜇+ 𝜇− )𝑆 /(𝜏 + 𝜏 − )𝑆 in heavy ion collisions at LHC, being possible a future experimental
analysis for (𝑒 + 𝑒 − )𝑆 and (𝜇+ 𝜇− )𝑆 . We also presented that the Coulomb corrections for photoproduction of parapositronium is very important, being responsible by decrease the total cross section
in ≈ 22% (13%) in heavy ion collisions at RHIC (FCC) energies, and ≈ 7% (5%) in pPb collisions
at LHC (FCC) energies. The future experimental analysis can be useful to valid this model for
Coulomb corrections, and observe the muonium for the first time.

Acknowledgments
This work was partially financed by the Brazilian funding agencies CNPq, CAPES, FAPERGS,
FAPESC and INCT-FNA (process number 464898/2014-5).

References
[1] C. Azevedo, V. P. Gonçalves and B. D. Moreira, Phys. Rev. C 101 (2020) no.2, 024914.
[2] C. A. Bertulani and G. Baur, Phys. Rep. 163 (1988) 299.
[3] C. A. Bertulani and F. Navarra, Nucl. Phys. A 703 (2002) 861.
[4] M. Drees and D. Zeppenfeld, Phys. Rev. D 39 (1989) 2536.
[5] G. Baur and L. G. Ferreira Filho, Nucl. Phys. A 518 (1990) 786.
[6] F. E. Low, Phys. Rev. 120 (1960) 582.
[7] S. R. Gevorkian, E. A. Kuraev, A. Schiller, V. G. Serbo and A. V. Tarasov, Phys. Rev. A 58
(1998) 4556.
[8] M. Klusek-Gawenda and A. Szczurek, Phys. Rev. C 82 (2010) 014904.
[9] G. L. Kotkin, E. A. Kuraev, A. Schiller and V. G. Serbo, Phys. Rev. C 59 (1999) 2734-2743.
5

PoS(XVHadronPhysics)052

Figure 2: Rapidity distributions for the photoproduction of parapositronium in pPb (left) and heavy ion
(right) collisions calculated at the Born level and including the Coulomb corrections.

