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Abstract. This article presents a very brief review of the physics of Ultra-Peripheral Collisions
(UPC) at the Large Hadron Collider (LHC) and other nuclear facilities. I discuss several
processes of interest such as electron-position pair production, the anti-hydrogen atom, giant
resonances, exotic meson production and parton distribution functions.

1. Introduction
In 1985, my PhD adviser (Gerhard Baur, Jülich, Germany) and I came up with a paper on
relativistic Coulomb excitation [1]. We showed that when the electromagnetic fields of one
nucleus induces inelastic transitions in the other, the excitation process involves the same
transition matrix elements as those induced by real photons. These collisions are known as
Ultra-Peripheral Collisions (UPC). In first-order perturbation theory, a factorization can be
carried out leading to a sum over multipoles [1],

σ =
∑

E/M,L

∫
dω
nE/M,L(ω)

ω
σ(E/M,L)
γ (ω), (1)

where σ
(E/M,L)
γ (ω) are the cross sections induced by real photons with energy ω. The electric

(E) and magnetic (M) multipolarities contain the photon angular momentum L component.
The functions nE/M,L depend upon the projectile bombarding energy Ebeam and the excitation
energy ω. They are known as equivalent (virtual) photon numbers (EPN) [1]. At projectile
energies below a few GeV/nucleon, the EPNs are strongly dependent on the multipolarity,
e.g., nE2 > nE1 > nM1 whereas at much large energies they are approximately equal,
nE2 ∼ nE1 ∼ nM1, except for the very low excitation energies ω � γ/b [1]. Here, γ = (1−v2)−1/2
is the Lorentz factor, v the relative velocity between the nuclei and b the impact parameter in
the collision.

Enrico Fermi formulated a similar idea already in 1924 [2, 3] for the ionization of atoms by fast
α-particles. His analytical result looks like Eq. (1), but is only valid for the E1 multipolarity.
Fermi’s method is known as Weiszäcker-Williams (WW) method, who introduced relativistic
corrections in Fermi’s formalism in 1934 [4, 5]. Intriguingly, Fermi published the same paper in
two different journals in different languages (German in Z. Phys. and Italian in N. Cimento).
Nobody really knows why, but one guesses that the reason is that Fermi was a young physicist
looking for a faculty position in Italy and the version of his paper in Nuovo Cimento was intended
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to advertise his relatively unknown name in Italy at the time1.
At the Large Hadron Collider (LHC) at CERN, Switzerland, the γγ collisions induced by

the electromagnetic (EM) fields of the colliding ions occur at center of mass energies an order
of magnitude higher than were available at now defunct e+e− colliders, and γ-nucleus collisions
reach 30 times the energies available at fixed target accelerators. The Lorentz boost factor γ
in the laboratory frame is about 7000 for p-p, 3000 for Pb-Pb collisions. Because of the large
charge of Pb ions (Z = 82) and the short-interaction time, ∆t ' (10−20/γ) seconds, the EM are
stronger (∝ Z2) than the Schwinger critical field [6, 7] ESch = m2/h̄e = 1.3× 1016 V/cm. Light
particles such as e+e−-pairs are produced copiously by such fields [8].

This brief review provides an incomplete account of the development of UPCs since my PhD
thesis was published in 1988 [8]. It is rewarding to see that, despite the skepticism reigning when
my thesis was published, all the predictions we made in numerous works in the 1980s and 1990s
have motivated a flurry of experimental results and theoretical developments. The physics of
UPCs has become a subject of intensive studies worldwide and helps to consolidate numerous
phenomena in QED and QCD [9, 10, 11, 12, 13, 14, 15].

2. Misconceptions
Because of its popularity in dealing with high energy processes, it is often assumed that the
EPN formulated for UPCs is only valid in relativistic heavy ion collisions. That is wrong.
Eq. (1) always holds if first-order perturbation theory is accurately enough to describe a low
energy UPC process. This is a consequence of the assumption that during the excitation process
∇×B = 0, ∇ ·E = 0, where E and M are the EM fields generated by the source nucleus.

Another common misconception is that one cannot separate pure EM processes from those
induced by the strong interaction. Numerous ways have been devised to separate the two
processes. One often utilizes angular distributions, excitation energies, laboratory energy and
target dependence of the cross sections, etc. In particular, measurements using light (e.g.,
carbon) concurrently with heavy (e.g., lead) nuclei helps to separate the contribution of the two
interactions.
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Figure 1. Excitation spectrum of
giant resonances in 136Xe in UPCs
with a large-Z target. The DGDR
was observed as a clear bump in the
spectrum [25].
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Figure 2. Lepton-
antilepton pair production
in UPCs. The blobs repre-
sent possible higher-order
processes.

Figure 3. Pair pro-
duction with electron
capture leading to pos-
sible beam losses [22].

1 Another possible explanation is that Nuovo Cimento, founded in 1923, in the beginning was not a real journal
but collected reports from members of the Italian Physical Society (SIF) - I am indebted to Angela Bonaccorso
for this clarification.
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3. Giant Resonances
One of our first applications of UPCs was in the study of giant resonances in nuclei [16]. The
excitation is most often followed by neutron emission and the cross sections are several barns
for heavy nuclei even at moderate energies of ∼ 1 GeV/nucleon such as those available at
the GSI laboratory in Germany [17, 18]. At these bombarding energies giant resonances can
also be excited with a large probability by means of nuclear interactions. But, it was soon
realized [8] that for large-Z nuclei the cross sections are much smaller than those induced by
the EM interaction. Nowadays, Coulomb excitation and decay of giant resonances is a useful
experimental probe, including nuclear fission studies [19, 20]. Due to its large cross section, the
excitation and decay of giant resonances has been proposed as a luminosity monitor in heavy-ion
colliders [21].

4. Double giant resonances
The large probabilities for excitation of giant resonances led to our proposal in 1986 [23, 24]
that multiple giant resonances could also be excited via higher-order processes, or multiple
photon exchange. When higher-order effects are of relevance, coupled-channels equations are
one possible way to treat the process non-perturbatively. One can use the set of coupled-channel
equations (h̄ = c = 1),

i
d

dz
An(b, z) =

∑
m

〈
Φn|OE/M,L(b, z)|Φm

〉
Am(b, z) eiωnmz, (2)

where An(b, z) is the excitation amplitude for a collision at the impact parameter b, z is the
longitudinal coordinate, v is the projectile velocity, OE/M,L is the appropriate electromagnetic
operator, and n,m denote nuclear states. Diffraction effects induced by nuclear interactions
can also be included with help of Glauber methods for nuclear absorption. We predicted large
cross sections for the excitation of double, triple, and multi-phonon resonances in nuclei and
proposed experimental measurements [23, 24], accomplished in two pioneer experiments at the
GSI laboratory in Germany in 1993 [25, 26]. One experiment used gamma-gamma coincidences
for the decay of the double giant dipole resonance (DGDR) [26] and another looked at its particle
(neutron emission) decay [25].

In the 1980s, nuclear structure experts told us that it would be impossible to identify the
DGDR in UPC experiments because it would be immersed in a large background of many-
particle-many-hole excitations. History proved once again that there is nothing better than
experimenting and observing. Figure 1 shows the results of the experiment reported in Ref. [25]
for the DGDR excitation in 135Xe projectiles in UPCs obtained at the GSI in 1993. Among
the many reasons why the DGDR is worth studying is because its strength and width are not
well understood and can be used to constrain nuclear models for the response to EM operators.
Extensive discussions of these models have been published in Refs. [27, 28, 29].

5. Electron-positron pair production
Electron-positron pairs (Fig. 2) are copiously produced in UPCs. The first papers for the
production of e+e− pairs in UPCs date back to the 1930s. Bethe, Racah, Bhabha, Tomonaga,
Nishina, Furry, and many others, developed methods to calculate pair production using the
newly born Dirac equation. Dirac predicted the existence of the positron when he formulated
his famous equation for the description of the dynamics of electrons. The positron would manifest
as a hole in the “vaccuum sea” of electrons. At the time the only way to look for this “hole”
(positron) would be in UPCs with cosmic rays with large kinetic energies E. Assuming that
the energy of the produced pairs are much larger than the electron rest mass, me, all the
theoretical predictions yield a production cross section to leading order equal to Z2

1Z2α
2 ln3 γ,
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where the Lorentz factor is γ ' E/me. In 1986, we revisited these calculations using Quantum
Electrodynamics (QED), a practical formalism outside the reach of theorists in the 1930s. We
have formulated a theory including final state interactions (the blobs in Fig. 2) using Bethe-
Maximon distorted waves [8]. Because the cross sections are very large, of the order of kilobarns
for a typical collider energy such as the LHC, we have shown that the role of higher-order
corrections was worth studying [8, 30].

It is delightful to see that current experiments at the LHC are measuring the very fundamental
pair-production cross sections first calculated in the 1930s. They are now almost fully understood
theoretically [32] (see Fig. 4). During the first experiments, the predictions based on QED were
confirmed (Fig. 4, adapted from Ref. [32])). The production of other particle-antiparticle pairs
such as lepton-antilepton pairs (Figure 2), γγ → µ+µ−, γγ → π+π−, γγ → W+W−, etc, with
such a mechanism is not negligible, as first found in Ref. [33, 8, 31, 22].

Figure 4. UPC production of e+e− pairs
as observed in the CMS detector at the
LHC (adapted from Ref. [32]).

Figure 5. Schematic view of the setup used to
identify anti-atoms at the LEAR/CERN in 1996
[35].

6. Anti-atoms
Arguably, the most beautiful application of UPCs is the production of anti-hydrogen via pair
creation with the capture of the corresponding lepton by one of the colliding nuclei (Fig. 3)
[8]. The application of this method to create anti-hydrogen atoms at the LHC was proposed
in Ref. [34] and first observed by an ingenious experiment performed at CERN and published
in 1996 [35]. At the Low Energy Antiproton Ring (LEAR) at CERN one used antiprotons
colliding with protons and looked for the positron being captured in an atomic orbit around the
antiproton. It was the first time anti-atoms were produced in a terrestrial laboratory with 11
anti-hydrogen atoms observed (see Fig. 5). The exciting news made headlines in newspapers
around the world and were reported for the general public, such as in the front cover of the New
York Times [36]. A few years later, a similar experiment was performed at the FERMILAB
[37] with 57 events identified, consistent with our perturbative calculations performed before
the experiment [38] (see also [39]). The properties of anti-atoms are now investigated using ion
traps with the purpose to study fundamental symmetries [42, 43]. Larger antimatter atoms such
as anti-deuterium, anti-tritium, and anti-helium can also be produced in UPCs [47]. Ref. [48]
has made further predictions for the UPC production of muonic, pionic, and other exotic atoms
by the coherent photon exchange between nuclei at the Large Hadron Collider (LHC). These
predictions have not yet been observed.

It is also worth noticing that the process of electron-positron production with the capture of
the electron in an atomic orbit of one of the nuclei was proposed as a source of beam loss in
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relativistic colliders already in 1988 in Ref. [31]. Our estimates at the time was a degradation of
a large-Z ion beam within 2 hours at the LHC. This process was further studied [40] and recent
experiments at the LHC [41] have confirmed our expectations [31]. Another process of interest
is the production of ortho- and para-positronium in UPCs. Ref. [44] has provided a theoretical
formalism based on quantum field theory to calculate positronium and other bound-states such
as mesons (bound qq̄) in γγ- and γγγ-fusion in UPCs [45, 46].

7. Light-by-light scattering
The elastic scattering of light by light, γ + γ → γ + γ, can only proceed via the fluctuation
of a photon into an e+e− pair (Fig. 6). It has a rather small probability and has never been
possible to study directly. In Ref. [49] we made the first proposal to use UPC to look for
Z1 + Z2 → Z1 + Z2 + γ + γ. The process would involve two virtual photons scattering via a
box-diagram yielding two real photons as a byproduct. We have shown that the calculations
based on the Delbrück scattering formalism was very uncertain theoretically [49]. This process
was recently observed (2017) in an experiment at the LHC by the ATLAS collaboration [50]
(Fig. 7). Such an observation opens the door for the search of physics beyond the Standard
Model (SM) because a measured cross section larger than that predicted by the SM model [51]
could be a signal of new particles such as axions [52, 53].

Figure 6. Feynman
diagram for light-by-light
scattering in UPCs.

Figure 7. Light-by-light scattering
events observed in UPCs at the
ATLAS detector at the LHC [50].

J/!

ℓ-

ℓ-
r0, J/𝜓, 𝜓(2s), ... 

Figure 8. Schematic diagram
for the production of vector
mesons in UPCs.

8. Meson production in UPC
In Ref. [49] the EPN method was generalized to calculate the production of a bound-particle X
in UPCs (Fig. 8). One can write the cross section for photon-photon fusion as [8],

σX =

∫
dω1

ω1

dω2

ω2
nγ (ω1)nγ (ω2)σ

X
γγ (ω1ω2) , (3)

where nγ(ω) are the EPNs for a photon with energy ω and σXγγ (ω1ω2) is the photon-photon
cross section to produce of particle X. The photon-photon cross section can be calculated using
Low’s expression [54] based on the detailed balance theorem,

σXγγ (ω1ω2) = 8π2(2J + 1)
ΓmX→γγ
mX

δ
(
ω1ω2 −m2

X

)
(4)
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where J , mX , and ΓmX→γγ are the respective spin, mass and photon-photon γγ decay width
of particle X. The delta-function enforces energy conservation. In Ref. [55] the relevance of
different meson models and of exotic states is discussed thoroughly, including states that have
not been considered before.

8.1. The Higgs
As an interlude, I’d like to mention that in 1989 a proposal emerged to search of the Higgs
particle using UPCs at the LHC [56]. The production process is explained by means of Eqs. (3,4)
with appropriate assumptions for the properties of the Higgs. We have made initial estimates
in 1988 and obtained a cross section of 1 nb [31]. This is about the same value as the cross
section for Higgs production at the LHC through hadronic processes with the advantage that the
production of other particles is minimized. However, it was later noticed that another process,
the direct photon-photon production of bb̄ pairs, has a much larger cross section. Since the main
mechanism of Higgs decay is through bb̄ pairs, one concludes that the photon-photon production
of the Higgs would be swamped in a background of directly produced pairs. The long sought
Higgs particle was finally observed at the LHC in hadronic interactions [44, 45, 46].

8.2. Exotic mesons
Multiquark states such as multiquark molecules of the type (qq)(qq), hybrid mesons (qqg) and
glueballs (gg) are of large interest in meson spectroscopy [57]. UPCs can contribute to the search
of multiquark resonances through anomalous γγ couplings and multiquark energy spectrum.
UPCs might help to test the predictions of such “abnormal” states [44, 45, 46]. The γγ width is
a measure of the charge of the constituent quarks. Therefore, the magnitude of the γγ coupling
is useful to distinguish quark resonances from gluon-dominated resonances (“glueballs”). The
absence of meson production via γγ fusion is also a useful signal for glueball search [44, 45, 46].
In UPCs a glueball can only be formed through annihilation of a qq pair into gluon pairs, whereas
normal qq mesons are created directly.

8.3. Vector mesons and PDFs.
The production of vector mesons such as J/ψ and Υ(1s) can also be studied with Eq. (1)
using the appropriate EPN. In 2001 [58] we were the first to propose this process to constrain
generalized partonic distribution in nuclei, FA(x,Q2), for a given momentum fraction x. For the
real photon induced mechanism we used

dσγA→V A

dt

∣∣∣∣∣
t=0

=
16πα2

s(Q
2)Γee

3αM5
V

[
xFA(x,Q2)

]2
, (5)

where αs(Q
2) is the strong interaction coupling evaluated at the perturbative Quantum

Chromodynamics (pQCD) factorization scale Q2 = W 2
γg, MV is the vector meson mass, Γee

is its leptonic decay width and x = M2
V /W

2
γp is the fraction of the nucleon momentum carried

by the gluons. The nuclear Parton Distribution Function (PDF), FAa (r, x,Q2), can be written as
a convolution of a medium modification function RAa (r, x,Q2) with the nucleon PDF, fa(x,Q

2),
with the subscript a denoting a parton species and the superscript A denoting a particular
nucleus [59, 60], and r is the nucleon position within the nucleus. Nuclear modifications are
included in RAa (x,Q2). For x < 0.04, one observes experimentally a shadowing effect, where the
nuclear PDFs are smaller compared to the free nucleon distributions, RAa < 1 (Fig .9). In the
region 0.04 < x < 0.3 one observes an anti-shadowing effect, where RAa > 1. The EMC effect
occurs in the range 0.3 < x < 0.8. Another enhancement occurs for x > 0.8, due to the Fermi
motion of nucleons. The physical principles governing these effects are quite different.
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Figure 9. Medium modification function
displaying numerous effects as a function of
the momentum fraction x.

Figure 10. Uncertainties in theoretical
compilations of gluon distribution functions
(Courtesy of Fred Olness [61]).

Figure 11. UPC production of J/Ψ at the
LHC as a function of the rapidity y, compared
to various PDFs (from Ref. [64]).

Figure 12. Compilation of cross sections for
UPC production of J/Ψ in different nuclear
facilities (from Ref. [65]).

In Refs. [59, 60] we have studied the impact of different gluon distributions in J/ψ and Υ(1s))
production in UPCs. It is worthwhile noticing that UPCs with pPb and PbPb collisions lead
to different production mechanisms called direct and resolved. The direct production implies
that the photon interacts directly with the nucleus, while the resolved mechanism implies that
the photon fluctuates into a quark-antiquark pair followed by a hadronic interaction with the
nucleus. At leading order the direct production depends on the gluon distributions which are
largely uncertain within the nucleus, specially at small x (Fig. 10 [61]). The resolved mechanism
involves the distributions of light quarks and gluons in both photon and nucleus. The quadratic
dependence of vector meson production in UPCs increases the sensitivity on gluon distributions
of both cross sections and rapidity distributions [58, 59, 60].

Our calculations for J/Ψ production with gluon distributions that incorporate nuclear gluon
shadowing [59, 60] is in good agreement with the ALICE experimental data [62, 63, 64], as
shown in Fig. 11. It is now clear that J/Ψ and Υ photoproduction at the LHC are a powerful
tool to study nuclear gluon shadowing in the region x < 10−3. A compilation of cross sections
at different facilities is shown in Fig. 12 showing a beautiful power law (see Ref. [65] for more
details).
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9. Physics beyond the Standard Model
In this brief review I have shown how genuinely simple ideas developed in the 1980s and 1990s
have become a fruitful research area at the relativistic hadron colliders. Unexpected phenomena
induced in UPCs have been verified experimentally such as double giant resonances, the dawn of
studies with anti-atoms, light-by-light scattering, beam losses due to bound-electrons, probing
parton distribution functions, and search for physics beyond the standard model. Could
γγ → graviton [67], multi-quark systems [66], or axion-like particles [32, 52, 53] be found in this
way? The jury is out on whether this will be possible with further advances in new accelerators,
beam physics and new detection techniques.
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