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Abstract. Photons play a pivotal role in both theoretical and applied physics,

ranging from elementary particle studies to practical technologies. This article

explores how ultra-peripheral collisions of heavy ions act as sources of nearly

real photons, enabling the investigation of a wide range of photon-induced pro-

cesses. By applying the equivalent photon approximation, one can study nuclear

structure, QED phenomena, and potential new physics, all in a background-

suppressed environment.

1 Virtual and real photons

The study of electromagnetic processes in high-energy nuclear physics has benefited signifi-

cantly from the development of the Equivalent Photon Method (EPM), which originated from

an idea proposed by Enrico Fermi in 1924 [1]. His pioneering approach suggested that the

time-dependent electromagnetic field of a fast-moving charged particle could be represented

as a flux of quasi-real photons. This concept, though initially classical, has been refined

using the language of quantum electrodynamics (QED) and perturbation theory, making it

applicable to a wide range of processes involving nuclei and particles.

In the context of ultra-relativistic heavy ion collisions, such as those occurring at the

Relativistic Heavy Ion Collider (RHIC) or the Large Hadron Collider (LHC), the Lorentz-

contracted electromagnetic fields of the nuclei become extremely intense. These fields inter-

act at large impact parameters, allowing the nuclei to remain intact while exchanging energy

and momentum via virtual photon interactions. This regime, known as ultra-peripheral col-

lisions (UPCs), is ideal for applying the EPM because the electromagnetic interaction dom-

inates over hadronic contributions, which are suppressed by the large distance between the

colliding nuclei.

The central premise of the EPM is to replace the time-dependent electromagnetic field

with a distribution of equivalent photons. The interaction of these photons with a target can

then be treated as if the photons were real. For each electric or magnetic multipolarity of the

interaction, denoted by E or M, and characterized by angular momentum L, one defines an

equivalent photon number density nE/M,L(ω) as a function of the photon energy ω. The total

cross section for a process can then be expressed as [2, 3]:

σ =
∑

E/M,L

∫
dω

ω
nE/M,L(ω)σ(E/M,L)

γ (ω), (1)
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insights in studies of nuclear fission [28–30] and as a luminosity monitor in relativistic heavy-

ion colliders [31, 32, 39] (see Figure 2).

The IVGDR is particularly sensitive to the neutron-to-proton ratio and is a key observ-

able in determining the symmetry energy of nuclear matter. On the other hand, the GMR

provides direct insight into nuclear compressibility, a parameter relevant to both finite nuclei

and neutron star matter. Measurement of these modes requires detection of emitted gamma

rays or decay particles following resonance excitation. The excitation of the double IVGDR

in UPCs was proposed in Refs. [33, 34]. They were identified in experiments carried out at

the GSI/Darmstadt laboratory [35, 36] using gamma-gamma coincidences from the decay of

the decay of the double GDR (DGDR) [36], as well as by identifying neutron emission from

its decay [35] (see Figure 3). The DGDR strength and width provide additional constraints

of nuclear models for research on giant resonance [37, 38, 40]. This contributes significantly

to the ongoing effort to constrain the nuclear equation of state.

4 Lepton pair production

One of the fundamental processes accessible in ultra-peripheral collisions is the creation

of electron-positron pairs from the vacuum. This quantum electrodynamical (QED) phe-

nomenon occurs when two colliding nuclei generate sufficiently strong electromagnetic fields

to facilitate two-photon interactions. The process is described by lowest-order Feynman di-

agrams in QED and becomes increasingly probable with rising nuclear charge and beam

energy. In its simplest form, pair production involves two virtual photons fusing to create a

e+e− pair. The cross section scales approximately with the square of the nuclear charge and

logarithmically with the Lorentz factor of the colliding ions, in the form [41–46]

σe+e− =
28

27π
(Z1Z2αre)2 ln3

(

γ

2

)

. (5)

The appearance of a triple logarithmic dependence originates from the interplay of sev-

eral quantum electrodynamical mechanisms: (1) The momentum integration over the ex-

changed virtual photon between one nucleus and the e+e− pair yields a logarithmic term, as
∫

dq2/q2
∼ ln (qmax/qmin) ∼ ln γ. (2) Since the produced pair tends to emerge at small angles

relative to the beam axis, the angular integration gives another factor,
∫

dθ/θ ∼ ln γ. (3) The

equivalent photon distribution from the opposing nucleus scales as dN/dω ∼ 1/ω, and the

corresponding energy integration
∫ ωmax

ωmin
dω/ω ∼ ln γ introduces the third logarithm. These

logarithmic contributions are characteristic features of QED in the ultra-relativistic domain,

where boosted fields and collinear emission dominate the dynamics. Higher-order correc-

tions include multiple pair production, Coulomb distortion effects, and screening phenomena

are also important [3, 47].

A straightforward model for evaluating multiple pair production was based on the as-

sumption that the number of produced pairs follows a Poisson distribution as a function of

impact parameter. In this approach, the probability of generating n e+e− pairs at a given b is

expressed as [3]

Pe+e− (b) =
[P0(b)]n

n!
exp [−P0(b)] , (6)

where P0(b) denotes the single-pair production probability [3], calculated by

P0(b) =
14

9π2b2
(Z1Z2αre)2 ln2

(

γ

2meb

)

, (7)

which applies within the interval 1/me < b < γ/me [3]. Several studies have extended this

analysis to account for final-state effects in processes involving multiple pairs [48–51].
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Measurements performed with the STAR detector at RHIC [52], and later by CMS at

CERN [53], provided empirical support for these quantum electrodynamics-based predic-

tions. The formation of other lepton or meson pairs via photon fusion, such as γγ → µ+µ−,

γγ → π+π−, and γγ → W+W−, is also relevant, as shown in theoretical results from

Refs. [3, 47, 54], and later corroborated [3, 3, 39, 54]. The formulas presented above are

applicable to µ+µ−, π+π−, and τ+τ− production under the condition that γ ≫ 16 for muons

and γ ≫ 200 for taus. For lower values of γ, modifications to the expressions become neces-

sary [3].

Beyond electrons, heavy lepton pair production and even bound-free pair creation, where

the electron is captured by one of the nuclei, have also been observed. These processes con-

tribute to beam losses in accelerators and are of practical relevance in beam lifetime studies.

5 Anti-hydrogen and other exotic atoms

A notable application of ultra-peripheral collisions (UPCs) involves lepton pair production

where the negatively charged lepton is subsequently captured by one of the colliding nu-

clei [3, 56, 57]. The cross section for such a process, specifically, when the electron is trapped

in a K-shell orbital, can be approximated by [3]

σK =
33

20
Z5

1Z5
2α

5r2
e ln

(

γ

2

)

. (8)

To account for electron capture into higher atomic shells, one must multiply this result by the

factor
∑

n 1/n3
≈ 1.202. For high-Z systems, electron screening and wavefunction distortions

alter these values significantly [3].

This mechanism was proposed as a pathway for producing antihydrogen at the LHC [58],

and its experimental verification came in a landmark CERN experiment in 1996 [59]. Con-

ducted at the Low Energy Antiproton Ring (LEAR), this effort involved collisions between

protons and antiprotons, with the latter capturing positrons to form neutral anti-atoms. This

represented the first successful production of antihydrogen in a laboratory setting, with 11

atoms recorded, an achievement widely covered in major news outlets including the New

York Times [60].

A similar experiment performed at Fermilab [61] identified 57 antihydrogen events,

which were consistent with earlier theoretical forecasts [56, 62]. Since then, anti-atom in-

vestigations have continued using ion trapping technologies to probe fundamental symme-

tries [63, 64]. The utility of UPCs extends beyond antihydrogen: processes leading to anti-

deuterium, anti-tritium, and even anti-helium nuclei have been proposed [65]. UPCs also

provide a potential source of exotic atoms, such as muonic or pionic atoms, formed via co-

herent photon exchange, as outlined in [57].

The concept of e+e− pair production accompanied by electron capture into atomic orbitals

has also been suggested as a source of beam loss in high-energy colliders [3]. Early estimates

predicted that beams of heavy ions could degrade within hours due to this effect at the LHC.

These predictions have been substantiated by further theoretical analyses [66] and recent

experimental confirmations [67].

Another compelling aspect of UPCs is the creation of bound e+e− states, positronium,

in either ortho or para configurations. Theoretical descriptions for positronium and related

bound states, including mesons viewed as qq̄ systems, have been developed within the frame-

work of quantum field theory [68]. Fusion of two or three photons in UPCs can give rise to

such bound states, as explored in Refs. [69–71]. In total, six leptonic atoms are theoretically

possible: (a) positronium (e+e−), (b) muonium (µ+e−), (c) dimuonium (µ+µ−), (d) tauonium
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Figure 3. Giant resonances in 136Xe observed

in UPCs as a function of the excitation energy.

A distinct peak at higher energy displays the

Giant Dipole Resonance (DGDR) [35].

Figure 4. Number of events of e+e− pairs created

in UPCs obtained with the CMS detector at the

LHC (from Ref. [53]).

(τ+e−), (e) tau-muonium (τ+µ−), and (f) ditauonium (τ+τ−). Of these, only positronium,

muonium, and the positronium molecule (dipositronium) have been observed so far [72–74].

Dimuonium is expected to be significantly more compact than either positronium or muo-

nium, due to the heavier mass of the muons. Its unique mass scale renders it sensitive to

potential phenomena beyond the Standard Model [75], particularly in time-like domains of

QED. Detecting dimuonium would represent a major milestone in fundamental physics [76].

Production rates for dimuonium in UPC environments at the LHC have been calculated and

found to be within measurable reach [77–80]. Moreover, recent work suggests that ditauo-

nium might also be observed under similar conditions [82], with detection strategies relying

on its displaced decay vertex and manageable background from dimuon events.

6 Photon-photon fusion

The process of elastic light-by-light scattering, γ + γ → γ + γ, is mediated through rare

quantum fluctuations, where a photon temporarily transforms into a particle-antiparticle

pair. Due to the extremely small likelihood of such fluctuations, direct measurements us-

ing real photons remain impractical. In Ref. [3], we suggested that ultra-peripheral collisions

(UPCs) could serve as an effective method for probing this phenomenon via the reaction

Z1 + Z2 → Z1 + Z2 + γ + γ. In this scenario, two virtual photons interact through a loop (box)

diagram, resulting in the emission of two real photons. These calculations, based on Del-

brück scattering formalism, involve considerable theoretical uncertainties [3]. The leading-

order cross section for γ∗γ∗ → γγ in UPCs, particularly for high-energy photon final states,

is given by [3]

σD ∼ 2.54 × 10−2Z4
α

4r2
e ln3

(

γ

meR

)

, (9)

where R denotes the radius of the heavy-ion nucleus. For Pb+Pb collisions at the LHC, the

resulting cross section can be quite large, on the order of σD ∼ 50 b. However, not all

outgoing photons can be attributed unambiguously to this channel, as backgrounds, such as

those from Bremsstrahlung, complicate the signal extraction. For photon energies Eγ > mµ,

the cross section becomes significantly smaller, approximately σD ∼ 30 nb [81].

Further theoretical studies expanded on these ideas, introducing alternative photon-

photon scattering mechanisms including the VDM-Regge framework, two-gluon exchange

models, and meson resonance contributions (see, for example, Refs. [83–87]). A major ex-

perimental milestone came with the ATLAS detector’s observation of this elusive process at
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the LHC (Figure 5) [88], lending credibility to prior theoretical models and opening the door

to probing scenarios beyond the Standard Model (SM). Any measured cross section that ex-

ceeds the SM expectation could hint at the presence of new fundamental particles, such as

axions [89–91].

7 Production of Mesons

To extend the Equivalent Photon Number (EPN) framework to include the formation of bound

states in ultra-peripheral collisions, we proposed a method for calculating the production

cross section of a generic particle X [3]. The photon-photon fusion cross section can be

written as

σX =

∫

dω1

ω1

dω2

ω2

nγ (ω1) nγ (ω2)σX
γγ (ω1ω2) , (10)

where nγ(ω) represents the equivalent photon flux, and σX
γγ(ω1ω2) is the cross section for

producing particle X via two-photon interactions. The latter can be determined through a

result due to Low [92], which connects the formation cross section with the particle’s two-

photon decay width:

σX
γγ (ω1ω2) = 8π2(2J + 1)

ΓmX→γγ

mX

δ
(

ω1ω2 − m2
X

)

. (11)

Here, mX and J represent the mass and spin of the final state, while ΓmX→γγ denotes its two-

photon decay width. A more comprehensive analysis of mesonic and exotic candidates for

such processes, including states often omitted from standard treatments, was presented in

Ref. [93].

A worthy application of this formalism was proposed in 1989, aimed at identifying the

Higgs boson in ultra-peripheral LHC collisions [94]. Using Equations (10, 11) and assum-

ing plausible Higgs parameters, we estimated a production cross section of approximately 1

nb [3]. This value is on par with Higgs production in hadronic processes but with signifi-

cantly reduced background particle production. Later studies pointed out that direct γγ → bb̄

processes exhibit substantially larger cross sections [95], presenting a serious challenge for

isolating the Higgs signal. A more favorable scenarios for Higgs detection in UPCs have

been discussed in subsequent works [96, 97]. Since the Higgs predominantly decays into

bb̄ pairs, distinguishing it from this background remains a major challenge. Ultimately, the

Higgs boson was confirmed via hadronic channels at the LHC by the ATLAS and CMS col-

laborations [98, 99].

Exotic hadronic configurations such as multiquark states, including molecular structures

like (qq)(qq), glueballs composed of gluons (gg), and hybrid mesons involving a gluon (qqg),

play a pivotal role in understanding meson spectroscopy [100]. Ultra-peripheral collisions

(UPCs) provide a promising experimental setting to explore these unconventional resonances

via their unusual γγ couplings and characteristic energy levels. Such investigations can test

theoretical expectations regarding non-standard states [68–70].

The decay width for γγ interactions is particularly informative, as it reflects the net elec-

tric charge of the quark constituents. This property can help distinguish between quark-based

resonances and glueball candidates, which lack valence quarks. Therefore, the absence of

certain meson states in γγ fusion experiments may serve as strong evidence for their gluonic

origin [68–70]. In UPC scenarios, glueballs are typically produced through quark-antiquark

annihilation into gluon pairs, whereas conventional mesons with qq structure are generated

through direct photon-photon interactions.
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Figure 5. Light-by-light events obtained at the

ATLAS detector [88].

Figure 6. Medium effect dependence with the

momentum fraction x.

8 Parton distribution functions

The study of vector meson production, such as for J/ψ and Υ(1s), can be addressed using

Eq. (1), and early theoretical and experimental investigations were reported in Refs. [101–

106]. In 2001, it was proposed [107] that coherent photoproduction of vector mesons could

be utilized to probe the generalized parton distributions (GPDs) in nuclei, denoted FA(x,Q2).

This approach builds upon the formalism developed in Ref. [108], with the production cross

section near zero momentum transfer given by

dσγA→VA

dt

∣

∣

∣

∣

∣

∣

t=0

=
16πα2

s(Q2)Γee

3αM5
V

[

xFA(x,Q2)
]2
, (12)

where αs(Q
2) is the strong coupling constant evaluated at a pQCD scale Q2

= W2
γg. Here,

MV is the mass of the produced vector meson, Γee is its partial width for decay into e+e−, and

x = M2
V
/W2
γp corresponds to the gluon momentum fraction.

The nuclear parton distribution function (PDF), FA
a (r, x,Q2), describes the spatial and

momentum distribution of a parton species a within a nucleus A, and can be represented as a

convolution:

FA
a (r, x,Q2) = RA

a (r, x,Q2) · fa(x,Q2),

where RA
a encodes the nuclear modification, and fa(x,Q2) denotes the parton distribution in

a free nucleon [109]. The spatial coordinate r identifies the nucleon’s position inside the

nucleus. Different regions of Bjorken-x exhibit distinct nuclear effects. At small values

(x < 0.04), parton densities are reduced relative to the nucleon baseline, a phenomenon

known as shadowing, where RA
a < 1 (see Figure 6). In the intermediate range 0.04 < x < 0.3,

the opposite behavior—antishadowing—occurs with RA
a > 1. Between 0.3 < x < 0.8, the

EMC effect is dominant, and at large x > 0.8, enhancement arises due to nucleon Fermi

motion. Each of these modifications reflects different physical mechanisms affecting parton

distributions in the nuclear environment. In Ref. [109], we analyzed how different gluon

parton distribution functions (PDFs) affect the production of vector mesons such as J/ψ and

Υ(1s) in ultra-peripheral collisions. In particular, we distinguished between two dominant

mechanisms in UPCs involving pPb and PbPb systems: the "direct" and "resolved" channels.

The direct mechanism involves a photon interacting coherently with the nucleus, while the

resolved process involves the photon fluctuating into a partonic configuration, typically a qq̄

pair, which subsequently scatters off the nucleus.

At leading order, the direct channel is controlled by the gluon content of the nucleus,

which is poorly constrained at small momentum fractions x (see Figure 8). In contrast, the
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Figure 7. Rapidity y distribution of J/Ψ pro-

duction in UPCs at the LHC. Different Parton

Distribution Functions (PDFs) are tested [110].

Figure 8. Compilation of gluon distribution

functions depending on the momentum frac-

tion x. Large error bands are evident.

resolved channel is sensitive to parton distributions in both the nucleus and the photon, in-

cluding light quarks and gluons. Since vector meson production in UPCs depends quadrat-

ically on the gluon density, these processes provide enhanced sensitivity to the underlying

nuclear gluon distributions, impacting both total and differential observables such as rapidity

spectra [107, 109]. Our earliest predictions for J/ψ production, using nuclear gluon PDFs

that incorporate shadowing effects [109], were found to be in excellent agreement with mea-

surements performed by the ALICE collaboration [110–113], as shown in Figure 7. These

findings support the use of J/ψ and Υ photoproduction in UPCs as a sensitive tool for probing

gluon shadowing at very small x values, specifically in the regime x < 10−3.

Currently, a widely supported view is that the resolved photon components play a crucial

role in vector meson photoproduction within UPCs. Multiple studies [114–118] have empha-

sized the significant impact of hadronic fluctuations of the photon, especially in light meson

production, and the relevance of leading-twist nuclear shadowing in qq̄ photoproduction off

heavy nuclei.

9 Perspectives

Ideas that first emerged during the 1980s and 1990s have since matured into a rich area of ex-

ploration at modern relativistic colliders. Ultra-peripheral collisions (UPCs) have revealed an

array of surprising phenomena, such as the excitation of double giant resonances, production

and investigation of anti-atoms, beam losses resulting from electron capture, light-by-light

scattering, constraints on parton distribution functions (PDFs), and opportunities to probe

physics beyond the Standard Model. These collisions could, in principle, enable the detec-

tion of processes like γγ → graviton [119] or the production of axion-like particles [89, 90].

Whether such discoveries are feasible remains an open question, dependent on advancements

in beam dynamics, accelerator performance, and innovative detector technologies.

Should searches at CERN continue to yield no evidence for supersymmetric particles, the

focus may shift toward alternative strategies. These include refining precision calculations

and experimental measurements, probing unconventional mesonic states, or further investi-

gating how the nuclear medium influences parton distributions within hadrons.
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