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Preface 
We are pleased to present the Proceedings of the First International Workshop on 

the Physics of Ultra-Peripheral Collisions (UPC 2023), held at the Iberostar 

Tucan/Quetzal Hotel in Playa del Carmen, Quintana Roo, Mexico, in the Riviera 

Maya, from December 10 to 15, 2023. This workshop marked the launch of an 

international conference series dedicated to ultra-peripheral collisions—an area of 

research at the forefront of photon-induced reactions in high-energy nuclear and 

particle physics. 

UPC 2023 brought together approximately 90 participants, including a vibrant group 

of early-career researchers, who represented more than one-third of the attendees—

a clear reflection of the community’s growing breadth and dynamism. Over five 

days, participants engaged in a wide-ranging scientific program that encompassed 

experimental breakthroughs from RHIC and the LHC, theoretical advances in 

exclusive and inelastic photonuclear interactions, investigations of vector-meson 

photoproduction, and efforts to explore gluon saturation and low-x parton dynamics. 

The conference began with a one-day student lecture event by Anna Stasto and 

Guillermo Contreras on December 10, 2023, offering early-career researchers the 

opportunity to discuss key topics in QCD and ultra-peripheral collisions processes. 

The main workshop opened on December 11, 2023, with a plenary talk by Carlos 

Bertulani. His lecture traced the historical development of the field and included a 

heartfelt tribute to Gerard Baur who carried out early theoretical studies of ultra-

peripheral nucleus-nucleus collisions. 

Scientific sessions featured discussions on open-charm photoproduction, the use of 

UPCs to probe the quark–gluon plasma, and searches for axion-like particles and 

light-by-light scattering events. Theoretical contributions addressed several 

emerging frontiers, including vector-meson photoproduction as a probe of gluon 

saturation, double-parton correlations and generalized parton distributions, and 

studies of quantum entanglement in UPCs. 

Looking to the future, the workshop also explored the potential of ultra-peripheral 

physics at the forthcoming Electron-Ion Collider (EIC) at Brookhaven National 



Laboratory, while also reflecting on the significant legacy of photon-induced 

processes from experiments at HERA. 

This volume compiles 25 contributions presented at UPC 2023. Together with 

additional presentation materials available on the conference’s Indico page, 

including those not included in this volume, these proceedings serve as a valuable 

resource for researchers and reflect the dynamic progress of this rapidly evolving 

field. 

We extend our sincere gratitude to all authors, session conveners, scientific 

secretaries, members of the local organizing committee, and the International 

Program Organizing Committee for their commitment and efforts in successfully 

launching this new conference series. We also gratefully acknowledge the support 

provided by the Inter-American Network of Networks of QCD Challenges, funded 

by the National Science Foundation AccelNet-Design program, as well as the 

University of Kansas for their partial financial support of the conference. 

We look forward to reconvening at the next edition, UPC 2025, scheduled for June 

9-13, 2025, in Saariselkä, Finland, and to witnessing the continued growth of this 

vibrant scientific community. 

Tuomas Lappi 

University of Jyväskylä  

Joakim Nystrand 

Bergen University  

Daniel Tapia Takaki 

The University of Kansas  
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Historical introduction to ultra peripheral collisions

C.A. Bertulani
Department of Physics and Astronomy, Texas A&M University-Commerce

Commerce, Texas, 75025, USA

This is a brief history of photons, both soft and hard, real and virtual. About 150-100 years
ago, Maxwell and Einstein discovered intriguing properties of electromagnetic fields and how
to understand them both macroscopically and microscopically. Decades later, physicists de-
veloped the theory of renormalized quantum electrodynamics (QED), an incredibly accurate
theory describing interactions of photons and other particles. Photons are used everywhere in
academia and technological devices, from supermarket lasers and doors to academic studies
in atomic, nuclear, and particle physics. In this article, I attempt to convey how the field of
relativistic heavy ions rediscovered ultra-peripheral collisions (UPC) as a source of intense,
almost real photons, and how it permits the study of a plethora of phenomena in the afore-
mentioned academic fields. These phenomena are not always accessible by other means.

DOI: https://doi.org/10.17161/e6epmx12

Keywords: Heavy-Ion Physics, Ultra-peripheral collisions

1 Phriends and Photons

German professors used to wield significant influence. Today some still maintain their power while most
lament its decline. Prior to 2002, most academic university departments operated under a hierarchical
structure, with a principal C4 professor at the apex, overseeing a pyramid of other C2 and C3 professors
(following the hierarchy C4 > C3 > C2). This was the landscape into which I stepped upon my arrival
at the University of Bonn and the KFA-Jülich laboratory in Germany in 1984. Upon my arrival, the
C4 professor instructed me to approach the offices of three C< professors and inquire if they had a PhD
project for me. So, I followed his directive. The first C< professor filled the blackboard with numerous
Feynman-like diagrams and equations for complex many-particle systems. Daunted by the complexity, I
was relieved when, after an hour, he explained that if we published three papers in Nuclear Physics A or
Physical Review C within the next four years, I could write my thesis.

The scenario repeated itself in the second office, leaving me in awe once more as the expectation
remained: three papers → thesis. Can you see the significance? Three or more published papers signified
both the achievement and the prestige of attaining a Doctorate in Philosophy. It was in the third office
that I met Professor Dr. Gerhard Baur, a C< professor. He candidly admitted that he didn’t have an
immediate plan for a PhD student but instead handed me a paper to peruse and discuss with him later.
Finding the paper intriguing, he proposed that we reach deeper into its concepts, suggesting that we
could expand upon its physics together. The topic seemed absurd to my fellow PhD student colleagues:
heavy ion collisions without actual collisions, C’mom are you kidding me?. Yet, over the course of the
next four years, Gerhard and I published 15 (fifteen) papers on the topic. This is equivalent to 5 PhD
theses, according to the reigning Jülich standards at that time.

Back in the mid-80s, the C4 Professor avidly followed the works of a Japanese physicist named T.
Suzuki, frequently publishing his works in the Physics Review Letters. Determined to bring him to Jülich
for a six-month period, the professor invested significant time and effort, only to discover that there were
three T. Suzukis, and he had invited the wrong one. By then, it was too late. Such mishaps were not
uncommon during that era. I vividly recall an encounter with the renowned T. Suzuki himself, who once
stopped by my office and inquired about my PhD thesis. After my earnest attempt to convey the interest
and significance of my research on ultra-peripheral heavy ion collisions (UPCs), he dismissed it as totally
unimportant and undeserving of a conversation and left the room without saying goodbye.

In another occasion, in 1986, during a workshop in Erice, Italy, Gerhard and I faced harsh criticism
from nuclear physics experts who loudly rebuked our proposal regarding a double giant resonance in
nuclei within UPCs. I can still recall my former colleague Eric Ormand likening the situation to “opening
a smelly can of worms.” In 1987, in a significant twist of fate, the late Gerry Brown, who served as the
editor of Physics Reports at the time, expressed interest in publishing my PhD thesis [1]. This time I
felt vindicated, knowing that Gerry was a visionary man.

Over the years, despite facing numerous embarrassing situations while attempting to promote UPCs
as a viable source of useful physics, we persevered in our work. Particularly, Gerhard’s dedication led to

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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Figure 1 – The photon wavefunction contains “hidden” quantum fluctuations into pair of particles, very much
like a Banksy drawing.

numerous contributions that extended beyond the 1990s. Gradually, UPCs emerged as a thriving field
within both nuclear and particle physics.

I offer here a partial glimpse into the evolution of UPCs since the publication of my PhD thesis in
1988 [1]. Despite the prevailing skepticism at the time (as Mark Strickman recalled during this meeting,
“in 1988, it looked like science fiction”), it’s truly satisfying to witness how the predictions we put forth
in works we published during the 1980s and 1990s have catalyzed a wealth of experimental findings and
theoretical advancements. The domain of UPC physics has emerged as a focal point of extensive global
research, playing a pivotal role in advancing our comprehension and consolidation of various phenomena
within both QED and QCD realms [2–14].

Please note that this account is not exhaustive, and I may inadvertently overlook many references.
Whenever feasible, I will include a selection of equations utilized to make estimates or even conduct
rigorous calculations for cross sections and probabilities in UPC processes.

2 The Equivalent Photon Method

As Gerhard and I digged deeper into the topic of UPC, we stumbled upon Enrico Fermi’s practical
method formulated back in 1924 [15, 16]. He explored atomic ionization induced by α-particles. Fermi’s
work was published in German at the Zeitschrift für Physik and in Italian at the Nuovo Cimento. It’s
conceivable that Nuovo Cimento, established in 1923, initially functioned primarily as a repository of
works by members of the Italian Physical Society (SIF) rather than adhering strictly to the norms of
a traditional journal. In this context, Fermi might not have been influenced by the “publish or perish”
philosophy as much as we do.

My first collaboration with Gerhard resulted in the publication of our work in 1985 [17]. Our objective
was to extend Fermi’s “equivalent photon method” using quantum mechanics and first-order perturbation
theory. We demonstrated that the electromagnetic fields of a highly energetic charge can induce excitation
processes in a nucleus and the matrix elements for the transition are equivalent to those induced by real
photons. The final cross section can be expressed as a sum over multipoles,

σ =
∑

E/M,L

∫
dω

ω
nE/M,L(ω)σ(E/M,L)

γ (ω), (1)

where σ
(E/M,L)
γ (ω) represents cross sections by (real) photons with energies ω. Electric (E) and magnetic

(M) “multipolarities” include components of the photon angular momentum L. The nE/M,L(ω) also
depend on the beam energy Ebeam and the photon energy ω. They are denoted by “equivalent (virtual)
photon numbers” (EPN) [17]. For projectile bombarding energies below a few GeV/nucleon, the EPNs
strongly depend on the E/M,L multipolarity, e.g., nE2 > nE1 > nM1, whereas at much larger energies
they are approximately equal, nE2 ∼ nE1 ∼ nM1, except for small excitation energies ω ≪ γ/b [17].
γ = (1 − v2)−1/2 is the Lorentz factor, v is the projectile velocity, and b signifies the collision the impact
parameter.

The UPC community primarily focuses on the high-energy limit, where the following relation holds:

σ ≃
∑

E/M,L

∫
dω

ω
n(ω)σ(E/M,L)

γ (ω) =

∫
dω

ω
n(ω)

∑
E/M,L

σ(E/M,L)
γ (ω) =

∫
dω

ω
n(ω)σγ(ω), (2)

2
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Figure 2 – Radiative capture reaction 7Be(p,γ)8B.
The dashed line is the no-core shell-model calcu-
lation of Ref. [21] and the dotted line is from the
resonant group method calculation of Ref. [23]. Ex-
perimental data are from Refs. [24–31].
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Figure 3 – Cross-section for EM dissociation of
238U. The excited nucleus decays by fissioning (di-
amonds) and multiple neutron emission (xn) [39–
42]. Theoretical calculations and their uncertainty
bands are also shown [37].

with σγ =
∑

E/M,L σ
(E/M,L)
γ representing the total cross section induced by a real photon. However,

Eq. 1 possesses a certain elegance as it delineates how heavy-ion collisions facilitate the differentiation of
various photon multipolarities E/M,L.

The prevalent belief that the EPN method, as described above for UPCs, is exclusively applicable to
relativistic heavy ion collisions is erroneous. Equation 1 remains valid whenever first-order perturbation
theory is accurately enough to describe the UPC process under examination. This validity stems from
the fact that in UPCs, because the charged particle does not penetrate the nucleus, conditions are such
that ∇×B = 0 and ∇ ·E = 0, with E and M being the fields generated by the moving charge.

Another common fallacy is the notion that it is impossible to separate pure electromagnetic processes
from those involving the strong interaction. Various methodologies have been employed to differentiate
between these processes including detailed studies of the cross sections dependencies on the projectile
bombarding energy, angular distributions, and on the nuclear excitation energies. Notably, employing
light nuclei (e.g., carbon) alongside heavy nuclei (e.g., lead) in measurements aids in isolating the contri-
butions of the two interactions.

However, there’s a caveat. Equations 1 and 2 hold true only to first order. The photon, unlike
electromagnetic waves with cute little fish-like patterns, resembles more of a “Banksy” art piece [18], an
intricate octopus-like entity (see Figure 1). It exhibits fluctuations into other particles through emission
and re-absorption processes, imprinting its wave function with their characteristics:

|γ⟩ = Cbare |γbare⟩ + Cee

∣∣e−e+〉 + · · · + Cqq |qq̄⟩ + Cω |ω⟩ + Cϕ |ϕ⟩ + Cρ |ρ⟩ + · · · (3)

Given the spin-parity JP = 1−, the photon can fluctuate into vector mesons (ρ, ω, ϕ, J/ψ) comprised of
quark-antiquark pairs (following the vector dominance model). Furthermore, the photon often manifests
as multiple energy components, some of which are invisible or virtual, akin to the enigmatic nature of
Banksy’s works [18]. Multistep processes involving photon splitting, emission of its “parts,” generation
of intermediate states, or recycling are prevalent and integral to its nature.

3 Applications in Low Energy Nuclear Physics

3.1 The Coulomb dissociation method

In our proposal to employ UPC for nuclear physics, we introduced the Coulomb dissociation method in
1986 [19]. The differential Coulomb breakup cross section in UPC, where a projectile nucleus a interacts
with a target nucleus A resulting in the reaction a+A −→ b+ c+A, is expressed as:

3
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Figure 5 – Production of lepton-antilepton in
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production of multiple pairs, might be impor-
tant.

dσ
E/M,L
C (ω)

dωdΩ
=
dnE/M,L(ω; θ;ϕ)

dωdΩ
· σE/M,L

γ+a→b+c(ω). (4)

Here, ω denotes the excitation energy provided by the relative motion, and σ
E/M,L
γ+a→b+c(ω) represents the

photonuclear cross section for the photon energy ω and multipolarity E/M,L. The function dnE/M,L/dωdΩ
denotes the equivalent photon number, dependent on the scattering angle Ω = (θ, ϕ) [19].

Time reversal symmetry enables the deduction of the radiative capture cross section for the reaction

b+c −→ a+γ from the experimentally obtained σ
E/M,L
γ+a→b+c(ω). This methodology has proven invaluable in

determining radiative capture cross sections for various reactions pertinent to astrophysics. An illustrative
example is the 7Be(p, γ)8B reaction, initially investigated in Ref. [20], followed by numerous subsequent
experiments. This is shown in Figure 2, where the red dots were obtained using the Coulomb dissociation
method and the experimental data are from Refs. [24–31]. Further discussions on the outcomes derived
through this method can be found in Refs. [32–34].

Equation 4 is rooted in first-order perturbation theory and assumes that the nuclear contribution
to the breakup is either negligible or separable under specific experimental conditions. The influence of
nuclear breakup has been scrutinized by several researchers (see, e.g., Ref. [35]). Weakly-bound nuclei,
such as “halo nuclei,” characterized by very small neutron separation energies, exhibit significant multiple-
step or higher-order effects, particularly through continuum-continuum transitions, as demonstrated in
Ref. [35].

3.2 Giant Resonances

Another application of UPCs in low-energy nuclear physics was in investigating giant resonances within
nuclei [36]. Typically, it decays by neutron emission, and for energies around 1 GeV/nucleon, such
as those achievable at the GSI laboratory in Germany, the excitation cross sections can reach several
barns [37, 38] (see Figure 3). At these energies, giant resonances can also be efficiently excited through
nuclear interactions. However, it was soon recognized that for nuclei with high atomic numbers (large-Z),
cross sections are significantly smaller compared to those induced by electromagnetic (EM) interactions [1,
39–42]. Presently, Coulomb excitation and decay of giant resonances serve as a valuable experimental
tool, including in studies related to nuclear fission [43–45]. Because of its substantial cross section, this
process has been proposed for use as a heavy-ion collider luminosity monitor [7, 46,47].

3.3 Multiphonon giant resonances

In 1986, Gerhard and I proposed the excitation of multiple giant resonances in UPCs through multiple
photon exchange [48,49]. The non-perturbative treatment of this process can be achieved using coupled-
channels equations. Additionally, Glauber methods offer a means to account for diffraction effects arising
from nuclear interactions. Predictions indicated significantly large excitation probabilities for double,

4
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Figure 6 – e+e− pairs produced in UPCs observed with the
CMS detector (from Ref. [66]).

Figure 7 – Pair production with electron cap-
ture leading to possible beam losses [7].

triple, and multi-phonon resonances in nuclei [48,49]. Two pioneering experiments conducted at the GSI
laboratory in Germany in 1993 provided empirical support for these predictions [50, 51]. One experi-
ment employed gamma-gamma coincidences to identify the decay of the double giant dipole resonance
(DGDR) [51], while the other observed predominantly neutron emission as a result of the decay of the
multi-phonon giant resonances [50] (see Figure 4). The study of DGDR is particularly noteworthy as
its strength and width offer valuable constraints for nuclear models regarding the absorption of multiple
photons. Comprehensive reviews on this topic are available in references [52–54].

4 Pair production

One of the processes that called our attention in 1986 was the abundant production of electron-positron
pairs in UPCs (Figure 5). The pioneering studies on the production of e+e− pairs in UPCs trace back
to the 1930s. Bethe, Racah, Bhabha, Tomonaga, Nishina, Furry, among others, developed techniques
to compute pair production employing the newly formulated Dirac equation. Dirac’s equation famously
predicted the existence of the positron, conceptualized as a void in the “vacuum sea” of electrons. Initially,
the exploration for this “void” (positron) was pursued via UPCs involving cosmic rays possessing high
kinetic energies E [55–60].

Under the assumption that the energy of produced pairs vastly exceeds the electron rest mass me,
almost all theoretical forecasts [55–60] yielded a production cross section equal to

σe+e− =
28

27π
(Z1Z2αre)

2
ln3

(γ
2

)
, (5)

where the Lorentz factor is γ ≃ E/M , with M the mass of the cosmic ray ion, and re = e2/me fm is
the classical electron radius (for a concise discussion, see Ref. [1]). The cross section reaches scandalous
values of 200 kbarn for PbPb at LHC. In 1986, we revisited these computations employing contemporary
methods in Quantum Electrodynamics (QED), beyond the scope of the physics known in the 1930s. We
developed a theory incorporating final state interactions (depicted as blobs in Figure 5) utilizing Bethe-
Maximon distorted waves [1]. Given the significantly large cross sections, on the order of kilobarns for
standard collider energies like those at the LHC, we demonstrated the pertinence of exploring higher-order
corrections [1, 61].

The simplest approximation we devised for multiple pair production assumed a Poisson distribution
for the production probability for n pairs at a given impact parameter so that

Pe+e−(b) =
[P0(b)]n

n!
exp [−P0(b)] , (6)

where P0(b) is the probability for a single pair production, which can be calculated analytically [1],

P0(b) =
14

9π2b2
(Z1Z2αre)

2
ln2

(
γ

2meb

)
, (7)

valid for γ/me > b > 1/me [1]. The effect of final state interactions in multiple pair production was
further investigated in numerous other publications and reviews [5, 6, 62–64].
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Figure 8 – Experimental setup employed in the
identification of anti-atoms at the LEAR/CERN
in 1996.

Figure 9 – The New York Times report on the first ever
production of an anti-atom in the laboratory (1996).
Gerhard Baur (a theorist) stands in the center of the
picture.

It is gratifying to witness current LHC experiments measuring the foundational pair-production cross
sections initially calculated in the 1930s and later studied in References [1, 61–63]. These processes are
now largely comprehended theoretically. Initial experiments validated predictions grounded in QED with
the STAR detector at the Relativistic Heavy Ion Collider (RHIC) [65] and later that with the CMS
detector at CERN (Figure 6). The generation of other particle-antiparticle pairs, such as (Figure 1),
γγ → µ+µ−, γγ → π+π−, γγ → W+W−, etc., is not insignificant, as calculations in Refs. [61, 67, 68]
have shown, and confirmed in subsequents works [1,7,67,68]. For the production of µ+µ− (π + π−) and
τ+τ− pairs we can use the equations above if γ ≫ 16 for muon-pair production, or γ ≫ 200 for tau-pair
production. If these conditions are not satisfied, significant corrections to these equations are necessary,
as shown in Ref. [1]. At the LHC, the Lorentz boost factor γ in the laboratory frame is about 7000 for
p-p, 3000 for Pb-Pb collisions and the conditions above apply.

5 Anti-atoms and Exotic Atoms

Arguably, one of the most aesthetically captivating applications of UPCs involves the generation of lepton
pair production, coupled with the capture of the negative lepton by one of the colliding ions [1, 69, 70]
(see Figure 7). The cross section for electron-pair production with capture of the electron in an atomic
K-shell orbit is [1]

σK =
33

20
Z5
1Z

5
2α

5r2e ln
(γ

2

)
. (8)

A factor
∑

n 1/n3 ≃ 1.202 increases the value of this cross section when capture is considered for all other
orbits. However, the effects of electron screening and distortions in heavy atoms modify the electron
capture cross sections appreciably [1].

A groundbreaking adaptation of this method was developed for anti-hydrogen production at the
LHC, initially proposed in Ref. [71], and later substantiated by a pioneering experiment conducted at
CERN and documented in 1996 [72] (see Figure 8). Operating within the Low Energy Antiproton Ring
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Figure 10 – Light-by-light scattering using
UPCs. Figure 11 – Number of light-by-light scattering events

observed with the ATLAS detector [101].

(LEAR), CERN’s venture saw antiprotons colliding with protons, resulting in the capture of positrons
into orbit around the antiproton. This landmark achievement marked the first terrestrial production of
anti-atoms, with the detection of 11 anti-hydrogen atoms, attracting widespread attention from global
media outlets including the New York Times [73] (see Figure 9). Gerhard used to say that it is not
difficult for scientists to publish in Nature, Science, or Physical Review Letters, but it is very difficult to
get their picture and achievements appearing in the New York Times. “I must have reached the apex of
my career”, he said.

Subsequently, a similar endeavor was undertaken at FERMILAB [74], yielding 57 identified events,
aligning with perturbative calculations performed prior to the experiment [69] (see also Ref. [75]). Ex-
panding horizons, investigations into the properties of anti-atoms are presently conducted utilizing ion
traps, aimed at scrutinizing fundamental symmetries [76, 77]. Furthermore, the ambit of UPCs extends
to the production of larger antimatter entities such as anti-deuterium, anti-tritium, and anti-helium [78].
Predictions made in Ref. [70] extend the potential of UPCs, envisioning the production of muonic, pionic,
and other exotic atoms through coherent photon exchange between ions at the LHC.

It’s noteworthy that as early as 1988, in Ref. [68], the process of electron-positron production, with
subsequent capture of the electron into an atomic orbit of one of the ions, was proposed as a source of
beam loss in relativistic colliders. Initial estimations indicated potential degradation of a high-Z ion beam
within 2 hours at the LHC. Subsequent theoretical scrutiny [79] and recent experimental validation at
the LHC [80] corroborate the earlier expectations [68]. Another intriguing facet lies in the production of
ortho- and para-positronium in UPCs. Ref. [81] furnishes a theoretical framework within quantum field
theory to compute positronium and other bound-states, such as mesons (bound qq̄), through γγ- and
γγγ-fusion in UPCs [82–84].

One expects the existence of six leptonic atoms: (a) the positronium (e+e−), (b) the muonium
(µ+e− ), (c) dimuonium (µ+µ− ), (d) tauonium (τ+e−), (e) tau-muonium (τ + µ−), and (f) ditauonium
(τ+τ−). Only positronium, muonium, and dipositron-positronium, and (e+e−)(e+e−) were observed
experimentally [85–87]. Dimuonium has a radius a few hundred times smaller than the positronium and
muonium. Because of its large mass, it is sensitive to physics beyond the standard model (BSM) [88]
and unexplored time-like regions of quantum electrodynamics (QED). Therefore, the discovery of the
dimuonium would be a significant one in physics [89]. The production of the dimuonium in UPC has
been calculated and shown to be feasible to be measured at the LHC [90–93]. It has also been shown that
the observation of the ditauonium at the LHC is possible [95]. In both cases, one expects the identification
to proceed via its displaced vertex with a rather good control of the combinatorial dimuon background.

6 Light-by-light Scattering

The phenomenon of elastic scattering of light by light, γ + γ → γ + γ, exclusively occurs through the
fluctuation of a photon into an particle-antiparticle pair (Figure 10). This process bears a relatively mi-
nuscule probability, rendering a direct study with real photons unattainable. In our pioneering work [68],
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Gerhard and I proposed the utilization of UPCs to probe Z1 + Z2 → Z1 + Z2 + γ + γ, whereby two
virtual photons scatter via a box diagram, producing two real photons. We underscored the theoretical
uncertainty inherent in calculations reliant on the Delbrück scattering formalism [68]. To leading order,
the cross section for γ∗γ∗ → γγ scattering events in UPCs leading to high energy photons is [68]

σD ∼ 2.54 × 10−2Z4α4r2e ln3

(
γ

meR

)
, (9)

where R is the radius of the colliding ions. For PbPb collisions at the LHC, one gets huge cross sections
about σD ∼ 50 b. But not all these photons can be detected as purely due to this process, due to
background by similar processes such as Bremsstrahlung. For Eγ > mµ and Pb + Pb collisions at the
LHC, the cross section is much smaller, of the order of σD ∼ 30 nb [94].

Light-by-light scattering was further studied in numerous other works where additional mechanisms
for photon-photon scattering such as VDM-Regge, two-gluon exchanges, and meson resonances were
considered (see, e.g., Refs. [96–100]). The ATLAS collaboration at the LHC achieved a breakthrough by
observing this process experimentally (Figure 11) [101]. Such a revelation not only validates theoretical
conjectures but also paves the path for exploring physics beyond the Standard Model (SM). An observed
cross-section exceeding that predicted by the SM model could potentially signify the existence of new
particles, such as axions [102–104]. This remarkable observation instigates a quest into realms of physics
yet unexplored [104].

7 Meson production in UPCs

Gerhard and I devised a simple way to extend the EPN method to compute the production of a bound-
particle denoted as X in UPCs (Figure 12) [68]. The cross-section for photon-photon fusion can be
expressed as

σX =

∫
dω1

ω1

dω2

ω2
nγ (ω1)nγ (ω2)σX

γγ (ω1ω2) , (10)

where nγ(ω) represents the EPNs for photon energies ω, and σX
γγ (ω1ω2) stands for the photon-photon

cross-section for producing particle X. It can be computed using Low’s expression [105], derived from
the detailed balance theorem, connecting the γγ-production with the γγ-decay,

σX
γγ (ω1ω2) = 8π2(2J + 1)

ΓmX→γγ

mX
δ
(
ω1ω2 −m2

X

)
. (11)

Here, mX , J , and ΓmX→γγ denote the mass, spin, and photon-photon γγ decay width of particle X,
respectively. The delta-function ensures energy conservation. In Ref. [106], the significance of various
meson models and exotic states is comprehensively discussed, encompassing states that were previously
overlooked.

To segue, it’s worth mentioning a proposal from 1989 aimed at detecting the Higgs particle using
UPCs at the LHC [107]. This proposal elucidates the production mechanism through equations (10,11)
while making appropriate assumptions regarding the Higgs properties. Our initial estimations in 1988
yielded a cross-section of 1 nb [68], closely aligning with the Higgs production cross sections at the
LHC via hadronic processes, albeit with the advantage of minimizing the production of a multitude of
other particles. However, it later became evident that the direct photon-photon production of bb̄ pairs
is significantly larger [108], although more optimistic scenarios for the Higgs production in UPCS have
emerged later [109,110]. Since the primary mechanism for Higgs decay involves bb̄ pairs, it can be inferred
that the Higgs production in UPCs would be overshadowed by a background of directly produced pairs.
The elusive Higgs was eventually observed at the LHC in hadronic interactions [111,112].

8 Production of Exotic Mesons in UPCs

Multiquark states, including multiquark molecules such as (qq)(qq), glueballs (gg), and hybrid mesons
(qqg), hold significant role in meson spectroscopy [113]. UPCs offer a potential avenue for probing
multiquark resonances by means of anomalous γγ couplings and multiquark energy spectra. They could
serve as a means to test predictions concerning “abnormal” states [81–83]. The γγ width serves as
a gauge of the charge of constituent quarks, facilitating differentiation between quark resonances and
gluon-dominated resonances (termed “glueballs”). The failure to verify meson production via γγ fusion
also serves as a significant indicator for the search for glueballs [81–83]. In UPCs, a glueball is formed by
the annihilation of a qq pair into gluon pairs. In contrast, normal qq mesons are created directly.
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J/!

ℓ-

ℓ-
r0, J/𝜓, 𝜓(2s), ... 

Figure 12 – Production of vector mesons in UPCs.
Figure 13 – Medium modification function display-
ing various effects as the momentum fraction x
varies.

9 Probing Parton Distribution Functions with UPCs

The exploration of vector meson production, like J/ψ and Υ(1s), can be pursued utilizing Eq. (1) and
first calculations and experiments on vector meson production we published in Ref. [114–119]. In 2001,
we proposed [120] to use vector meson production for constraining generalized partonic distributions in
nuclei, denoted as FA(x,Q2), corresponding to a momentum fraction x, based on a formalism developed
in Ref. [121]. For the mechanism induced by real photons, we employed the relation

dσγA→V A

dt

∣∣∣∣ t = 0 =
16πα2

s(Q2)Γee

3αM5
V

[
xFA(x,Q2)

]2
, (12)

where αs(Q
2) represents the strong interaction coupling evaluated at the perturbative Quantum Chro-

modynamics (pQCD) factorization scale Q2 = W 2
γg, MV denotes the vector meson mass, Γee signifies its

leptonic decay width, and x = M2
V /W

2
γp denotes the fraction of nucleon momentum carried by gluons.

The nuclear Parton Distribution Function (PDF), denoted as FA
a (r, x,Q2), can be expressed as a

folding of a medium modification function RA
a (r, x,Q2) with a nucleon PDF, represented as fa(x,Q2).

Here, the subscript a signifies a parton species, while the superscript A denotes a specific nucleus [122,123].
The variable r denotes the nucleon coordinate within the nucleus.

Nuclear modifications are encapsulated within RA
a (x,Q2). For values of x less than 0.04, experimental

observations reveal a shadowing effect, characterized by nuclear PDFs being smaller than the free nucleon
distributions, denoted as RA

a < 1 (Figure 13). In the range of 0.04 < x < 0.3, an antishadowing effect
is evident, with RA

a > 1. The EMC effect manifests in the domain of 0.3 < x < 0.8. Additionally, for
x > 0.8, an enhancement also occurs attributed to the nucleonic Fermi motion. These effects are governed
by distinct underlying physical principles.

In our previous works [122, 123], we investigated the influence of various gluon distributions on
the production of J/ψ and Υ(1s) vector mesons in UPCs. Notably, UPCs involving pPb and PbPb
collisions exhibit distinct production mechanisms termed “direct” and “resolved”. Direct production
entails the photon interacting directly with the nucleus, whereas the resolved mechanism entails the
photon fluctuating into a quark-antiquark pair, which subsequently interact with the nucleus. At the
leading order, direct production hinges on gluon distributions, that are particularly uncertain within
the nucleus, especially at low x values (Figure 15). Conversely, the resolved mechanism probes the
distributions of gluons and light quarks in both the photon and nucleus. The quadratic dependency of
vector meson production in UPCs heightens sensitivity to gluon distributions in both cross-sections and
rapidity distributions [120,122,123].

Our first computations for J/Ψ production, incorporating gluon distributions that account for nuclear
gluon shadowing [122,123], align well with experimental data from the ALICE [124–127] collaborations,
as illustrated in Figure 14. It’s evident that J/Ψ and Υ photoproduction in UPCs serves as a potent
means to investigate nuclear gluon shadowing in the x < 10−3 region.

In contrast to the claims of Refs. [122, 123], the currently most accepted hypothesis it that the
resolved components of the photon are the most important for the production of vector mesons in UPCs.
As mentioned in other works [128–134] many calculations illustrate the important role of hadronic fluc-
tuations of the photon in the photoproduction of light vector mesons and the large leading twist nuclear
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Figure 14 – Production of J/Ψ in UPCs at the LHC
as a function of the rapidity y. It serves as a probe
of different PDFs (adapted from Ref. [124]).

Figure 15 – Uncertainties in theoretical compila-
tions of gluon distribution functions as a function
of the momentum fraction x.

gluon shadowing in photoproduction of qq̄ pairs off nuclei.

10 A History of the Future

I have illustrated how seemingly straightforward concepts, originating in the 1980s and 1990s, have
blossomed into a fertile research domain at relativistic colliders. Experimentally verified unexpected
phenomena induced in UPCs encompass a spectrum of discoveries, including double giant resonances,
pioneering investigations with anti-atoms, beam loss attributed to capture of electrons, light-by-light
scattering, exploration of PDFs, and quests for physics transcending the standard model. Could phe-
nomena like γγ → graviton [135] or axion-like particles [102,103] be uncovered through this avenue? The
verdict remains uncertain, contingent upon further strides in accelerator technology, beam physics, and
novel detection methodologies.

But predicting is hard, especially if it is about the future! In my travels through numerous physics
departments worldwide, I have often encountered the assertion that nuclear physics lacks the fundamental
nature attributed to particle physics. Particle physicists often define “fundamental” as pertaining to
answers regarding interactions, particles, and fields – like the Higgs – that bridge the gaps in theories
concerning matter and forces in the Universe. To these critics, nuclear physics appears more akin to
engineering with nucleons. However, it’s evident that questions concerning the prediction of the Hoyle
state in 12C or the origin of elements and its implications for the existence of life must also be regarded
as fundamental.

It seems plausible that if supersymmetric particles remain elusive at CERN in the next decade,
particle physicists may need to focus on precision calculations and measurements or explore less “funda-
mental” avenues, such as the existence of exotic mesons or how medium modifications can modify parton
distributions. Traditional particle physicists might feel ashamed. But, this could lead to a diversification
of scientific endeavors in laboratory settings.

The future of big science may lie in what some still regard as “small science.” The light source
laboratories exemplify this trend, offering the potential to address some of the most pressing questions
in nuclear and particle physics. Light, both on-shell and off-shell, proves to be an invaluable tool. It
may be time for particle physicists to change their focus towards more practical pursuits and incorporate
light-based research into their endeavors.

In my humble opinion, nuclear physics poses challenges at a significantly higher level compared
to other physical sciences. This assertion stems from several factors: (a) The lack of comprehensive
understanding of nucleon interaction, (b) the composite nature of nucleons, and (c) the complexity of
the nuclear many-body problem arising from various aspects of the strong interaction. Perhaps due to
the formidable nature of nuclear physics, senior nuclear physicists often exhibit skepticism and lack of
support towards newcomers and new research endeavors.

Alan Bromley expressed in an essay that nuclear physicists are among the harshest referees, often
rejecting meritorious papers out of jealousy or excessive criticism and destructiveness [136]. Conversely,
colleagues in other physical disciplines tend to be more supportive of one another. This attitude must
evolve for the survival of their own legacy, the nurturing of a new generation of young and talented nuclear
physicists, and for the advancement of a science crucial for understanding the universe we inhabit.
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22. P. Navrátil, C.A. Bertulani, E. Caurier, Phys. Rev. C 73, 065801 (2006).
23. P. Descouvemont, D. Baye, Nuclear Phys. A 567, 341 (1994).
24. F.J. Vaughn, R.A. Chalmers, D. Kohler, L.F. Chase, Phys. Rev. C 2, 1657 (1970).
25. B.W. Filippone, A.J. Elwyn, C.N. Davids, D.D. Koetke, Phys. Rev. C 28, 2222 (1983).
26. L.T. Baby, et al., Phys. Rev. Lett. 90, 022501 (2003).
27. A.R. Junghans, et al., Phys. Rev. C 68, 065803 (2003).
28. N. Iwasa, et al., Phys. Rev. Lett. 83, 2910 (1999).
29. B.Davids, et al., Phys. Rev. Lett. 86, 2750 (2001).
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1 Introduction

Ultraperipheral heavy ion collisions (UPCs) at the Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC) provide access to photonuclear events at high energy. They allow the study of
processes that are otherwise only accessible by an electron- (or muon-) ion collider. While the kinematics
is less controlled and versatile, because we cannot measure the momentum of a scattered electron, and
the Q2 is constrained to values close to zero, UPCs have the advantage of being able to probe very small
momentum fractions x in the target. This is particularly useful for accessing the gluon saturation regime
and exploring features of non-linear Quantum Chromodynamics (QCD) in dense systems 1.

One interesting process that is sensitive to the spatial parton distributions in the target as well as
to saturation effects in the gluon distribution is the exclusive production of vector mesons. For coherent
diffractive vector meson production, in which the target remains intact, measurements differential in
the transverse momentum transfer squared |t| contain information on the transverse (to the beam line)
spatial structure of the target. In the case of incoherent production, for which the target breaks up, one
is sensitive to fluctuations of its geometry 2,3.

Both in e+A scattering and UPCs, part of the process can be understood as a virtual photon interact-
ing with the target. In UPCs, the photon is radiated from the moving projectile nucleus. Consequently,
it is almost real, as Q2 ∼ 1/R2

A with RA the nuclear radius. The fact that both nuclei can be either the
photon source or the target can complicate things and interference between the two scenarios must be
taken into account.

We will focus in detail on the coherent production of J/ψ vector mesons in UPCs of Pb nuclei at the
LHC and discuss a variety of models and how nuclear effects are taken into account. We will point out
some similarities and differences between the models, and present comparisons to experimental data. We
will further discuss calculations within the Color Glass Condensate (CGC) framework in some more detail
and highlight results for the energy dependence of nuclear suppression, azimuthal anisotropies caused by
interference effects, and the effects of nuclear structure on diffractive vector meson production.
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Figure 1 – Differential cross section of coherent diffractive J/ψ photoproduction in Pb+Pb UPC events. For the
ALICE data5,6, the error bars (boxes) show the statistical (systematic) uncertainties. The theoretical calculations
are discussed in the text. The purple band represents the uncertainties of the EPS09 LO calculation.

2 General considerations

The photon flux is given by 4

N(ω±) =

∫
|B|>Bmin

d2Bn(ω±,B) , (1)

where B is the impact parameter vector between the centers of the two nuclei, ω± = (MV /2)e±y, with
MV the vector meson mass, and

n(ω,B) =
Z2αemω

2

π2γ2
K2

1

(
ω|B|
γ

)
. (2)

Here, αem = 1/137 the fine-structure constant, Z is the ion charge and γ = A
√
s/(2MA), with MA the

mass of the nucleus. Bmin is the minimal impact parameter to not have a hadronic interaction. It has to
be on the order of 2RA, with RA the nuclear radius.

At midrapidity, the cross section for the process A1 +A2 → V +A1 +A2 is given by

dσA1+A2→V+A1+A2

d|t|dy

∣∣∣∣
y=0

= 2

∫
d2Bn(ω, |B|)dσγ+A→V+A

d|t|
[1 − cos(∆ ·B)] θ(|B| − 2RA) , (3)

where ∆2 = −t. This shows that at midrapidity interference leads to a vanishing differential cross section
at t = 0.

This simplified expression neglects photon k, which is a good approximation except around diffractive
minima in the coherent cross section, because k2 ≲ Q2 ∼ 1/R2

A. In coordinate space it is realized by
assuming |B| ≫ |b|, with b the impact parameter vector of the quasi-real photon relative to the center
of the target nucleus. Further neglecting interference one obtains for the rapidity-dependent result

dσA1+A2→V+A1+A2

dy
= N(ω+)σγ

∗+A→V+A
+ +N(ω−)σγ

∗+A→V+A
− . (4)

Here, σγ
∗+A→V+A

+ and σγ
∗+A→V+A

− refer to the photon-nucleus cross sections where the target
structure is probed at different longitudinal momentum fractions xP = (MV /

√
s)e∓y.

2
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3 Model comparisons

The difference between the theoretical models shown in Fig. 1 lies mainly in how the cross section

σγ
∗+A→V+A

± is determined. We separate the models into two classes, the leading order (LO) pQCD
description following Ryskin 7 and the dipole picture, first proposed in 8.

3.1 LO pQCD framework

In the LO pQCD framework, the cross section takes on the form 9

σγ
∗+A→V+A =

CA(µ2)

Cp(µ2)

dσγ
∗+p→V+p(Wγp, t = 0)

dt

[
xgA(x, µ2)

Axgp(x, µ2)

]2
ΦA(tmin) , (5)

where xgp and xgA are the gluon distributions in the proton and nucleus, respectively, and µ is a hard
scale on the order of the charm quark mass (for J/ψ production). The cross section at t = 0 for a proton
target is given by

dσγ
∗+p→V+p(Wγp, t = 0)

dt
=

1

16π
|Aγ

∗+p→V+p|2 , (6)

where

Aγ
∗+p→V+p = i4π2

√
M3
V Γee

48αµ8
αs(µ

2)xgp(x, µ
2)F (µ2)

√
1 + η2Rg . (7)

The function ΦA(tmin) =
∫ tmin

−∞ dt|FA(t)|2, with the nuclear form factor FA and tmin = −M4
Vm

2
N/W

4
γp

is the minimal squared momentum transfer to the nucleus. The function F (µ2), that lies between 0
and 1, contains effects that go beyond the leading order collinear factorization used, for example next-
to-leading order corrections, corrections associated with the charmonium wave function, and power-
suppressed corrections in the overlap of the photon and J/ψ wave functions. 9 The factor CA/Cp =
(1+η2A)R̄2

g,A/[(1+η2)R̄2
g]. Here, ηA and η are the ratios of the real to imaginary part of the γ+A→ V +A

and γ + p → V + p scattering amplitude, respectively, and Rg,A and Rg are “skewness factors” that
correct for the fact that we are not using generalized parton distributions (GPDs) but the usual ones.
One determines ηA and R̄g,A using the asymptotic small-x dependence of the nuclear gluon distribution.
9 This factor introduces some nuclear modification, as Rg,A differs from Rg, but the main shadowing
effect is governed by the ratio of gluon distributions

R =
xgA(x, µ2)

Axgp(x, µ2)
. (8)

The “impulse approximation” in Fig. 1 is obtained using Eq. (5) with R = 1 and CA/Cp = 1. 9 It
clearly overshoots the data at all rapidities. In the leading twist approximation (LTA), R is obtained
from the nuclear gluon distribution in leading twist shadowing (and so is CA/Cp ≈ 0.9) 10

gA(x, µ2) = Agp(x, µ
2) − 8πRe

[
(1 − iη)2

1 + η2

∫
d2b

∫ ∞

−∞
dz1

∫ ∞

−∞
dz2

∫ x0
P

x

dxP g
D
N (x/xP, xP, µ

2, tmin)

ρA(b, z1)ρA(b, z2)eixPmN (z1−z2)e
− 1

2σeff (x,µ
2)(1−iηA)

∫ z2
z1

dzρA(b,z)

]
, (9)

where gDN (x/xP, xP, µ
2, tmin) is the diffractive gluon density of the nucleon, xP is the pomeron momentum

fraction, and x0P = 0.03 a cutoff parameter. This includes the interaction with two nucleons at longitudinal
positions z1 and z2, and the interaction with three or more nucleons is absorbed into the attenuation
factor, the exponential including σeff , which is the effective cross section for the elastic rescattering of the
produced diffractive state. The uncertainty in σeff leads to the variation between ‘LTA weak shadowing’
and ‘LTA string shadowing’ in Fig. 1. The factor eixPmN (z1−z2) takes into account longitudinal momentum
transfer, or a finite coherence length. In the EPS09 LO curve, the factor R is obtained from the nuclear
PDFs obtained using global fits of available data on lepton-nucleus DIS and hard scattering with nuclei
at the Tevatron and LHC. 11

The STARLIGHT result shown in Fig. 1 includes Glauber-like rescattering. Here, we have similar to
the impulse approximation

σγ
∗+A→V+A =

dσγ
∗+A→V+A

d|t|

∣∣∣∣
t=0

ΦA(tmin) . (10)

3
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Using the optical theorem and vector meson dominance 12 one can write

dσγ
∗+A→V+A

d|t|

∣∣∣∣
t=0

=
4πα

f2v

dσV+A→V+A

d|t|

∣∣∣∣
t=0

=
ασ2

tot(V A)

4f2v
, (11)

where α is the electromagnetic coupling constant, e2/ℏc, and fv is the vector meson-photon coupling. 13

The total V +A→ V +A cross section follows from a Glauber calculation

σtot(V A) = 2

∫
d2b

(
1 − eσtot(V p)TA(b)/2

)
, (12)

where TA(b) =
∫

dzρA(b, z) is the nuclear thickness function.b Throughout this text we assume
∫

d2b TA(b) =
A, which may differ from some of the references below. Just like for nuclei above, we have

σ2
tot(V p) =

4f2v
α

dσγ
∗+p→V+p

d|t|

∣∣∣∣
t=0

, (13)

and dσγ+p→V+p/dt|t=0 is determined from experimental data. 13

3.2 Dipole models

Next, we move on to the various dipole models shown in Fig. 1. Here, the picture is that we are at high
energy and the virtual photon first splits into a quark anti-quark dipole, which subsequently interacts
with the target. A measure of whether the dipole picture is appropriate is the coherence time lc =
2ν/(Q2 + M2

qq̄), compared to the nuclear size scale (ν is photon energy in the target rest frame, and
M2
qq̄ = (m2

q + k2T )/z(1− z)). In the limit of very small x = Q2/2mNν the coherence length is longer than
the nuclear size and the “frozen” dipole picture is appropriate. If the coherence time is smaller than the
nuclear size scale one should correct for dipole size fluctuations during the propagation in the nucleus,
which corresponds to inclusion of the phase shifts between DIS amplitudes on different nucleons, as they
are included in Eq. (9). 15 For x ≤ 10−2, the factor ei(z1−z2)mNxP can be safely set to unity. 16

For the coherent process that we are discussing here, the cross section is given by 17

dσγ
∗+A→V+A

d|t|
=

1

16π
|A(x,Q2,∆)|2 , (14)

where the dipole amplitude is

A(x,Q2,∆) = i

∫
d2r

∫
d2b

∫
dz

4π
(ψ∗ψV )(Q2, r, z)e−i(b−(1/2−z)r)·∆ dσdip

d2b
(b, r, x) . (15)

Here, (ψ∗ψV )(Q2, r, z) represents the wave function overlap of the photon and vector meson wave func-

tions, and
dσdip

d2b (b, r, x) is the average dipole cross section (an average over configurations is performed
for models that include explicit fluctuations).

Considering the proton target, we note that the dipole model amplitude (15) can be brought into the
form Eq. (7) without the real part and skewness corrections, by taking the hard scattering (small r) and
non-relativistic (for which z = 0.5) limits. 15,18 In that case, one should take

dσdip
d2b

=
π2

Nc
r2αs(µ

2)xg(x, µ2)T (b) , (16)

essentially the small r limit of the BGK or IPSat model, which are discussed for nuclei below.
For the first dipole model shown in Fig. 1, IIM BG (GM) 19, the dipole cross section for a nuclear

target is
dσdip
d2b

= 2(1 − e−
1
2σ

IIMBG
dip (x,r)TA(b)) , (17)

and σIIMBG is a parametrization fit to HERA data from Iancu, Itakura, and Munier (IIM) 20,21

σIIMBG
dip (x, r) = σ0

0.7
(
τ̄2

4

)γeff (x,r)
, for τ̄ ≤ 2,

1 − exp
[
−a ln2(bτ̄)

]
, for τ̄ > 2 ,

(18)

bIn practice, STARLIGHT used the inelastic cross section σinel(V A) =
∫
d2b

(
1− eσtot(V p)TA(b)

)
instead of

(12).14

4
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where τ̄ = rQs(x), with the saturation scale Qs = (x0/x)λ/2, and σ0 = 2πR2
p, with Rp the proton radius.

Here, γeff(x, r) = γsat + ln(2/τ̄)/(κλy) with κ = 9.9. For the vector meson wave function a boosted
Gaussian (BG) is used. The structure of Eq. (17) for a nuclear target follows from the Glauber-Gribov
methodology proposed in 22 and is common to almost all dipole models discussed here, except the b-BK
model.

In the next dipole model, BGK-I (LS), Eq. (17) is replaced with an expression that takes the real
part of the dipole-nucleon amplitude into account and uses for the dipole cross section 23

σBGK−I
dip (x, r) = σ̃0

(
1 − exp

[
−π

2r2αs(µ
2)xg(x, µ2)

3σ̃0

])
, (19)

where xg(x, µ2) is obtained from DGLAP evolution of the initial condition xg(x, µ2
0) = Agx

−λg (1−x)Cg .
Here, the free parameters are σ̃0, µ2

0, Ag, λg, and Cg.
In the IPSat (LM) model 24 calculation shown, the authors assumed a large and smooth nucleus,

leading to an expression that corresponds to replacing σIIMBG
dip (x, r) in (17) by

σIPSat
dip = 4πBp[1 − exp

(
−r2F (x, r)

)
] , (20)

with

F (x, r) =
1

2πBp

π2

2Nc
αs

(
µ2
0 +

C

r2

)
xg

(
x, µ2

0 +
C

r2

)
. (21)

Here, C is chosen to be 4 and µ2
0 = 1.17 GeV2 is the result of a fit to HERA data. 25 The r dependence

of the gluon distribution is obtained from DGLAP evolution of the initial condition given by the same
xg(x, µ2

0) as in the BGK-I model above.
The next dipole model, GG-HS 26, has a similar structure as IPSat above, but is based on a Golec-

Biernat - Wüsthoff (GBW) dipole amplitude. 27

So, once again we start from Eq. (17) (hence the GG = Glauber-Gribov in the name of this model)
but this time replace σIIMBG

dip (x, r) by

σdip(x, r) = σ0[1 − exp
(
−r2Q2

s(x)/4
)
] , (22)

where Q2
s = Q2

s0(x0/x)λ. This model implements subnucleonic hot spots (HS), Nhs of them per nucleon,
each with a Gaussian density distribution of width Bhs. Hot spots have no direct effect on the coherent
cross section as that is sensitive to the average structure of the target. The incoherent cross section, in
particular at large |t| is sensitive to hot spots. 26,28

Finally, in the b-BK (BCCM) model 29 uses expression (15) with

dσdip
d2b

= 2N(r,b, x) , (23)

where N is evolved with impact parameter dependent Balitsky-Kovchegov (BK) evolution 30,31, starting
from an initial condition for the nucleus with the impact parameter dependence given by the Woods-
Saxon distribution for Pb. 32 An alternative approach that employs the BK evolved dipole cross section
for the proton embedded in a Glauber-Gribov expression as used above was also studied 29. It leads to
less suppression than the evolution of the nuclear dipole cross section, as the latter leads to stronger
saturation effects.

It is noteworthy that none of the models achieves a good simultaneous description of the experimental
data at forward and mid-rapidities.

3.3 Color Glass Condensate

The Color Glass Condensate (CGC) calculation is also based on the dipole picture, so we employ expres-
sion (15) with

dσdip
d2b

= ⟨N(r, b, x)⟩Ω = ⟨2N(x− y, (x + y)/2, x)⟩Ω = 1 − ⟨Tr(V (x)V †(y))/Nc⟩Ω , (24)

with the light-like Wilson line

V (x) = P−

{
exp

(
−ig

∫ ∞

−∞
dx−

ρa(x−,x)ta

∇2 −m2

)}
. (25)

5
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P− represents path ordering in the x− direction, and m regulates unphysical Coulomb tails. Color charges
ρa (with color index a) are sampled from a distribution whose width is given by the average squared color
charge density, which can be obtained from its relation to the local saturation scale extracted from the
IPSat amplitude above 33,34. This corresponds to employing a modified McLerran-Venugopalan (MV)
model 35,36 that includes the geometry of the target. Note that we included an explicit average over
configurations Ω.

As can be seen from Eq. (17) (along with (20) for σdip), in the IPsat model the local saturation scale
Q2
s(x) is proportional to the local transverse density Tp(x). For nuclei, one first samples nucleon positions

from a Woods-Saxon distribution, and then calculates the total density by summing the nucleon density
profiles 33. When constraining the geometry at an initial x0, the evolution to smaller x via the JIMWLK
equations 37 should be included 38. This is done for the CGC (MSS) curve shown in Fig. 1, which also
includes subnucleon fluctuations. The details of the implementation are described in the corresponding
publication 39.

Incoherent diffraction, which we have not discussed in detail so far, is the diffractive process in
which the target breaks up. Its cross section has the form of a variance of the scattering amplitude
and is thus sensitive to fluctuations. 2 As the CGC framework includes fluctuations of color charges and
nuclear geometry, including nucleon and subnucleon fluctuations, it is well suited to address incoherent
diffraction. The differential cross section for incoherent diffractive vector meson production is given by

dσγ
∗+A→V+A∗

dt
=

1

16π

(〈∣∣A (
x,Q2,∆

)∣∣2〉
Ω
−
∣∣〈A (

x,Q2,∆
)〉

Ω

∣∣2) , (26)

with A from Eq. (15) but with the modification that we do not include the averages ⟨·⟩Ω in (24). Instead,
we have included the averages over configurations in this expression, to allow for the computation of the
variance of A.

4 Nuclear suppression

To quantify the magnitude of saturation effects in J/ψ photoproduction, one can compute nuclear sup-
pression factors separately for the coherent and incoherent channels. We define the suppression factor
for the coherent production as

Scoh =
σγ+A→V+A

σIA
, (27)

where σIA is given by Eq. (10), the γ + p result scaled to the γ + Pb case by only taking into account the
nuclear form factor F (t) and neglecting all other potential nuclear effects. For LHC kinematics, one can
set tmin = 0. Note that in some studies Scoh is defined with a square root. 40,41

For the incoherent cross section, one can define the suppression factor: 42,43

Sincoh =
σγ+A→V+A∗

A(σγ+p→V+p∗ + σγ+p→V+p)
. (28)

We present results for the energy dependence of Scoh and Sincoh in Fig. 2, comparing to results from
ALICE and CMS for Scoh

40 41 and from STAR for Sincoh. 42,43

The LHC data for the coherent suppression factor seems to have a steeper W dependence than the
model calculation. A slower evolution in heavy nuclei compared to the proton reference could improve
agreement. One way to achieve this would be a Qs dependent running coupling in the evolution kernel.
We note, however, that in our current setup the JIMWLK evolution includes the running coupling which
depends on the daughter dipole sizes, and thus should indirectly depend on the saturation scale Qs. We
compare to STAR results for Au targets, where the kinematics leads to larger x than the validity range
of the framework. It will be interesting to compare to data for Sincoh at higher W to test the prediction
in Fig. 2.

5 Azimuthal Anisotropies from Interference

In UPCs there is interference between the contributions where one nucleus is the photon source and the
other is the target and the one where the roles are flipped. This can lead to interesting interference
patterns. In fact, because the emitted photon is linearly polarized, the interference leads to characteristic
azimuthal modulations in the angle between the decay products of a produced vector meson. This was
measured for example in diffractive ρ production and its decay into pions at STAR 44.
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Figure 2 – Suppression factors for coherent and incoherent production for Pb targets computed in the CGC
framework with nucleon shape fluctuations 38 and compared to the ALICE 40, CMS 41, and STAR 42 43 data
(STAR data for Au targets).

The cross section for this process can be computed in the CGC framework using a joint impact
parameter and transverse momentum-dependent formulation 45,46. Here, the differential cross-section for
the diffractive ρ (or ϕ) production, and the subsequent decay into pions or kaons, respectively, is given
by 47

dσρ→π+π−(ϕ→K+K−)

d2P⊥d2qdy1dy2
=

1

4(2π)3
P 2
⊥f

2

(Q2 −M2
V )2 +M2

V Γ2

{
C0(x1, x2, |q|) + C2(x1, x2, |q|) cos(2(ϕP⊥ − ϕq))

}
,

(29)

where P⊥ = (p1⊥ − p2⊥)/2 and q = p1⊥ + p2⊥ with p1⊥ and p2⊥ being the transverse momenta of the
measured decay particles. Further, Q is the invariant mass of the daughter particle system, and y1 and y2
are the daughter particles’ rapidities. The decay width is Γ and f are effective couplings. Here, we have
already separated the cross section into an isotropic piece and a cos(2ϕ) modulation. The coefficients of
the two components are

C0(x1, x2, |q|) =

〈∫
d2BMi(x1, x2,q,B)M†,i(x1, x2,q,B)Θ(|B| −Bmin)

〉
Ω

, and (30)

C2(x1, x2, |q|) =

(
2qiqj

q2
− δij

)〈∫
d2BMi(x1, x2,q,B)M†,j(x1, x2,q,B)Θ(|B| −Bmin)

〉
Ω

. (31)

The amplitudes Mi(x1, x2,q,B) are expressed as the convolution of the photon field F i
Ak

(xk,b) with the
vector meson production amplitude AAk(xk,b) in coordinate space 39

Mi(x1, x2,q,B) =

∫
d2be−iq·b

[
AA1

(x1,b)F i
A2

(x2,b−B) + AA2
(x2,b−B)F i

A1
(x1,b)

]
. (32)

The vector meson production amplitude is computed in the CGC framework using Eqs. (15) and (24),
and the photon field is given by

F j
A(x,B) =

1

2π

Zα
1/2
em ω

πγ

Bj

|B|
K1

(
ω|B|
γ

)
. (33)

Note that we recover the photon flux in Eq. (2) from

n(ω, |B|) = (2π)2 |FA(x, |B|)|2 . (34)
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Figure 3 – Left: The modulation in the azimuthal angle difference ∆Φ = ϕP⊥ − ϕq in J/ψ production in UPCs
at the LHC for different J/ψ rapidities y. Right: The elliptic anisotropy coefficient as a function of rapidity
extracted from the left plot.

For J/ψ production and its decay in to dileptons, the cross section takes the form 47,48

dσJ/ψ→l+l−

d2P⊥d2qdy1dy2
=

24α2
eme

2
q

(Q2 −M2
V )2 +M2

V Γ2

|ϕJ/ψ(0)|2

πMV

{[
1 − 2P2

⊥
M2
V

]
C0(x1, x2, |q|) −

2P2
⊥

M2
V

C2(x1, x2, |q|) cos(2(ϕP⊥ − ϕq))

}
,

(35)

where |ϕJ/ψ(0)|2 = 0.0447 GeV3 49 is the value of the modulus squared of the radial wave function of the

J/ψ at the origin. The J/ψ EM decay width into two leptons is related to this via Γ = 16πα2
eme

2
q
|ϕJ/ψ(0)|2

M2
V

49, with eq = 2/3 the charm quark charge in units of e.
Many results for azimuthal anisotropies computed in the CGC framework and compared to data from

the STAR Collaboration have been published. 45,46,48,47 Here we concentrate on the rapidity dependence
of the interference effect, presented in Fig. 3. The figure shows results for the azimuthal anisotropy in
ϕP⊥ −ϕq of the leptonic decay products in J/ψ production in

√
sNN = 5.02 TeV Pb+Pb UPCs. Plotting

counts as a funciton of ∆Φ = ϕP⊥ −ϕq for different J/ψ rapidities y, one can see that with increasing ra-
pidity the modulation becomes weaker, because the interference decreases as the two interfering processes
become increasingly distinguishable. The right panel shows the extracted elliptic anisotropy coefficient
2⟨cos(2∆Φ)⟩ as a function of rapidity. We note that especially in the case of light decay products such
as e+ and e−, corrections from soft photon radiation are expected. They were shown to predominantly
affect results at q⊥ > 0.12 GeV/c 48.

6 Nuclear structure effects

As diffractive vector meson production is sensitive to the geometry of the target, and via incoherent pro-
duction also its fluctuations, important information on nuclear deformation, clustering and subnucleonic
structure can be extracted by measuring the t-differential cross sections in γ +A collisions.

For example, the deformation of a nucleus can be incorporated via the Woods-Saxon parametrization

ρ(r, θ) =
ρ

1 + exp[(r −R′(θ))/aWS]
, (36)

with R′(θ) = RWS[1 + β2Y
0
2 (θ) + β3Y

0
3 (θ) + β4Y

0
4 (θ)], and ρ is the nuclear density at the center of the

nucleus. Here RWS is the radius parameter, aWS is the skin diffuseness, and θ is the polar angle. The
spherical harmonic functions Y ml (θ) and the parameters βi account for possible deformations.

Some effects of deformation and subnucleonic structure are summarized in Fig. 4, where the incoherent
cross section for J/ψ production at Q2 = 0 in γ+U collisions is shown. Including subnucleon fluctuations,
we show the result for the default quadrupole deformation β2 = 0.28 along with results for a fictional
uranium nucleus with β2 = 0 and β2 = 0.5. We also present the result for the default uranium target
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Figure 4 – Differential incoherent J/ψ photoproduction cross sections at x = 1.7 × 10−3 for different β2 values
and with or without subnucleonic fluctuations.

without subnucleonic fluctuations. The effects of varying β2 is significant at |t| < 2 × 10−2 GeV, while
subnucleon fluctuations affect the cross section at |t| > 0.2 GeV. It has been shown that varying βi for
increasing i affects the cross section at increasing |t|, showing that such measurement has sensitivity to
nuclear structure over a large range of length scales. 50 This could be explored at a future Electron Ion
Collider (EIC), but also in UPCs with a variety of nuclei.

Nuclear structure also affects the azimuthal modulations driven by interference that were discussed
in the previous section. Here, it was shown that in particular the modification of Bmin by nuclear radius
and deformation affects the amplitude of the modulation 47.

7 Conclusions and Outlook

Vector meson production in ultraperipheral heavy ion collisions is an excellent tool to study effects
of nuclear shadowing and saturation. It further provides important information on nuclear geometry,
including radii, deformations, and substructure. We compared many different models that have been
employed to describe experimental data on coherent vector meson production in UPCs, and laid out
some similarities and differences. We delved into some details of the Color Glass Condensate calculations
and highlighted the energy dependence of nuclear suppression from QCD evolution, azimuthal anisotropies
from interference effects in UPCs, and the effects of nuclear structure.

All results presented here are leading order (LO) calculations. The field is moving towards higher
precision with next-to-leading order (NLO) calculations, both in the perturbative QCD (pQCD) collinear
factorization framework 51, and the dipole picture 52,53,54. In the collinear factorization approach, an
interesting observation at NLO was that whike the LO and NLO gluon amplitudes dominate over the
NLO quark contribution, they cancel to a large degree, increasing the importance of the NLO quark
contribution.

With increasingly precise calculations and more experimental data from RHIC and LHC, UPCs will
play a significant role in our endeavor to pin down gluon saturation and explore the regime of non-
linear QCD. This is not least due to the fact that in UPCs we can reach very low x values and study a
variety of nuclear targets. Besides exclusive dijet and more inclusive observables, diffractive vector meson
production is an excellent tool to address exciting physics questions already now, before the EIC will go
online.

Acknowledgments

We thank Vadim Guzey for helpful comments on the manuscript. We thank Dagmar Bendová, Michal
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Vector meson production using the Balitsky-Kovchegov
equation including the dipole orientation
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In this proceedings a solution of the target-rapidity Balitsky-Kovchegov (BK) equation is
presented considering the complete impact-parameter dependence, including the orientation of
the dipole with respect to the impact-parameter vector. The target-rapidity formulation of the
BK equation introduces non-locality in rapidity. Three different prescriptions are considered
to take into account the rapidities that precede the initial condition. The solutions are used to
compute the structure functions of the proton and the diffractive photo- and electro-production
of J/ψ off protons. The predictions agree well with HERA data, confirming that the target-
rapidity Balitsky-Kovchegov equation with the full impact parameter dependence is a viable
tool to study the small Bjorken-x limit of perturbative QCD at current facilities like RHIC
and LHC as well as in future colliders like the EIC.
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Keywords: Balitsky-Kovchegov equation, parton saturation, vector meson production, structure func-
tions

1 Introduction

The high-energy limit of perturbative quantum chromodynamics (pQCD) has been intensively studied
in the past years. This was possible due to precise measurements from HERA experiments 1 and LHC
experiments 2. This limit is equivalent to the low Bjorken-x behavior of the gluon density in the target.
Experimental data on the structure functions from DIS process 3 suggest that the gluon distribution
rises rapidly for gluons carrying a small Bjorken-x. The growth of the gluon distribution is driven by
splitting processes which increase the number of gluons in the proton. This mechanism was described
successfully by the BFKL evolution equation 4,5. However, when the gluon occupancy becomes large
enough, recombination processes activate 6,7 until a dynamical balance between both processes, called
gluon saturation, is reached.

One of the tools to describe the evolution of the proton structure at high energies within pQCD
including gluon saturation is the Balitsky-Kovchegov (BK) equation 8,9,10, which describes the evolution
in rapidity of the interaction between a color dipole and a hadronic target. It can be interpreted as a
dressing of the original color dipole under the evolution towards higher energies by emitting additional
gluons. In the limit of large number of colors the emitted gluon can be interpreted as a new dipole which
effectively splits the parent dipole into two daughter dipoles. However, the BK equation also introduces
a non-linear term that accounts for the possibility that two dipoles recombine.

The original BK equation used the projectile rapidity (Y ) as the evolution variable. Recently, it
was proposed to use the target rapidity (η = ln(x0/x)) as the evolution variable 11 in order to improve
the stability of the equation by ensuring the correct time ordering of gluon emissions. Here, x0 is the
Bjorken-x at which the BK evolution starts. However, this change of evolution variable also introduced
non-local terms in the equation.

The solution of the BK equation is the dipole scattering amplitude N(r⃗, b⃗, η) which depends on two
two-dimensional vectors defined in the transverse plane of the dipole. They can be decomposed into four
scalar variables: r = |r⃗| corresponding to the dipole size, b = |⃗b| corresponding to the distance between

the dipole and the target, θ corresponding to the angle between r⃗ and b⃗ and ϕ corresponding to the
angle between b⃗ and a fixed axis. Most of the solutions of the BK equation to date assumed a large and
homogeneous target and, hence, only a dependence on r was considered.

Later on, the inclusion of the impact-parameter dependence in the solutions of the BK equation
evolved with the projectile rapidity has been studied in 12, where large Coulomb-like tails at large b were
reported. However, it was shown that with some ad-hoc modifications to account for confinement, HERA
data could be described 13,14,15.

Soon thereafter, the kernel of the BK equation improved with resummation of some of the next-to-
leading order diagrams has been published 16,17,18 and, afterwards, it has been demonstrated, that this

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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version of the BK equation can be solved including the r and b dependence without the appearance of
Coulomb tails, at least for energies relevant for currently available data 19,20,21,22.

The suppression of Coulomb tails, which allowed for phenomenological applications of the impact-
parameter dependent BK equation, was mainly due to two factors: the collinearly improved kernel and
choosing an appropriate initial condition. However, the kernel of the BK equation formulated in target
rapidity is missing the part that supressed the Coulomb tails when evolving with the projectile rapidity.
This raises the question if the new version of the BK equation is usable for phenomenological applications.

Another natural step in the study of the solution of the BK equation is to include a non-trivial
dependence on θ and, hence, allow for inhomogeneous targets. This effect has been studied partially in
different frameworks, e.g. Refs. 23,24,25,26,27.

In these proceedings, a numerical solutions to the target-rapidity Balitsky-Kovchegov equation in-
cluding the impact-parameter dependence as well as the dependence on the angle between the dipole
size and the impact-parameter vectors is presented. The major observation is that the treatment of the
non-local term for rapidities earlier than the point where the BK evolution starts influences the behavior
of the Coulomb tails and offers a way to tame them.

2 Balitsky-Kovchegov equation in target rapidity

The BK equation in target rapidity has a form 11

dN(r⃗, b⃗, η)

dη
=

∫
dr⃗1K(r, r1, r2)

[
N(r⃗1, b⃗1, η1)+N(r⃗2, b⃗2, η2)−N(r⃗, b⃗, η)−N(r⃗1, b⃗1, η1)N(r⃗2, b⃗2, η2)

]
. (1)

The first three terms with N on the right-hand-side of the equation take into account the splitting of a
dipole at (r⃗, b⃗) into two dipoles at (r⃗1, b⃗1) and (r⃗2, b⃗2), while the last term represents the recombination
of two dipoles. The vectors introduced above are linked through the kinematic formulas

Figure 1 – Kinematics of the parent and daughter dipoles during the BK equation evolution considering non-trivial
dependence of the solution on the angle θ.

r⃗2 = r⃗ − r⃗1 b⃗1 = b⃗q1 −
r⃗1
2

b⃗q1 = b⃗+
r⃗

2
b⃗2 = b⃗q2 −

r⃗2
2

b⃗q2 = b⃗− r⃗

2
. (2)

The rapidities η1 and η2 introduce the non-local variables defined as

ηj = η −max{0, ln(r2/r2j )}. (3)

The collinearly improved kernel in the target rapidity is given by

K(r⃗, r⃗1, r⃗2) =
ᾱs

2π

r2

r21r
2
2

[
r2

min{r21, r22}

]±ᾱsA1

, (4)

where the constant A1 = 11
12 and ᾱs =

NC

π αs with the number of colorsNC = 3 and αs = αs(min{r, r1, r2})
being the running strong coupling constant

αs,nf
(r2) =

4π

βnf
ln

(
4C2

r2Λ2
nf

) , (5)

2
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where nf corresponds to the number of flavors, βnf
= (11NC − 2nf )/3, C

2 is an infrared regulator
adjusted to describe data and Λ2

nf
is a evaluated in the variable-number-of-flavors scheme 28. In this

work, the coupling is frozen at αsat
s = 1 as in 17.

The initial condition for the start of the evolution is given by

N(r⃗, b⃗, η = 0) = 1− exp

(
−1

4
(Q2

s0 r
2)γ T (b, r) {1 + c cos(2θ)}

)
, (6)

with

T (r, b) = exp

(
−b

2 + (r/2)2

2B

)
. (7)

The parameter Q2
s0 is related to the onset of the saturation, T (r, b) corresponds to the transverse profile of

the target, the parameter B is related to the size of the target and γ is the so-called anomalous dimension
(see Ref. 29). The parameter c controls the amount of the expected asymmetry on the θ dependence.

Three different variants how to deal with shifts η1, η2 being negative, see Eq. (3), were considered:

A: No extrapolation bellow η = 0, namely, N(r⃗, b⃗, η < 0) = 0.

B: Smooth suppression in the range η = ln(x0/1) and η = 0 according to the GBW model 30

N(r⃗, b⃗, η < 0) = 1− exp

(
−1

4

[
(x0/x)

λQ2
s0 r

2
]γ
T (b, r) {1 + c cos(2θ)}

)
, (8)

and then N(r⃗, b⃗, η < ln(x0/1)) = 0.

C: Flat extrapolation to initial conditions: N(r⃗, b⃗, η < 0) = N(r⃗, b⃗, 0).

The BK equation is solved numerically in a logarithmic grid in r and b and a linear grid in θ using
the Runge–Kutta method with the integrals performed with Simpson’s method. The step in rapidity
is 0.1. The parameter values that we have used for the solution of the BK equation are x0 = 0.01,
Q2

s0 = 0.496 GeV2, B = 3.8 GeV−2, γ = 1.25, λ = 0.288, c = 1 and C = 30. The masses of the light
quarks were taken to be 0.1 GeV/c2 and the mass of the charm quark was taken to be 1.3 GeV/c2.

3 Results

The solution of the collinearly improved BK equation in target rapidity dependent explicitly on the three
kinematic variables r, b, θ has been successfully found 31. It shows that only one of the approaches to
non-locality strongly suppresses Coulomb tails, see the left plot of Fig. 2. It means that only the solution
with option A is suitable for phenomenological predictions.
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Figure 2 – Left: Dependence of the dipole amplitude on b for fixed dipole of size r = 1 GeV−1 and fixed angle
θ = 0 for three different approaches to non-locality. Solid line corresponds to the approach A, dotted line to the
approach B and dashed line to the approach C. Right: Dependence of the dipole amplitude on θ for a dipole of
size r = 1 GeV−1 at impact parameter b = 1 GeV−1. Solutions are shown at different rapidities for the approach
A to non-locality.
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The dependence on θ, the angle between the dipole-size and the impact-parameter vectors, of the
solutions of the BK equation is shown in the right plot of Fig. 2 for different rapidities. The range of
rapidities roughly corresponds to the region that can be covered by existing experimental results or by
those expected in the near and medium term. The figure presents solutions obtained with approach A to
non-locality.

The r dependence of solutions of the BK equations are shown in the left plot of Fig. 3. The dipole
amplitudes are shown at different rapidities at one impact parameter for approach A. At large values of
r a wave front develops, in addition to the traditional wave front towards small values of r. However, the
large-r region is usually suppressed by the wave function of particular process and so the development of
tails at large r does not spoil the usability of the solution for phenomenology. Moreover, the emergence
of the tails is a direct consequence of having a target that is finite in the impact-parameter plane 31. The
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Figure 3 – Dependence of the dipole amplitude (left) on dipole size r at an impact parameter b = 1 GeV−1

and (right) on impact parameter b for a dipole size r = 1 GeV−1. The angle between the dipole-size and the
impact-parameter vectors is θ = 0. Solutions are shown at different rapidities for the approach A.

dependence on impact parameter b of the solutions of the BK equation at fixed θ = 0 is shown in the
right plot of Fig. 3 at different rapidities for the approach A. The figure shows a flat behavior at small
and medium impact parameters, while the dipole amplitude starts to decrease rapidly at large impact
parameters because the initial condition represents a finite target. The evolution increases the range in
impact parameter where the dipole amplitude is sizable, but it also changes the shape of the amplitude
at large impact parameters. However, the speed with which the dipole amplitude rises towards large b is
not so steep that it would result in unphysical predictions of e.g. structure functions of DIS towards low
Bjorken-x 31.

The new observation brought up by the non-locality present in the BK equation evolved in target
rapidity is that the shape and size of the large-r and of the large-b wavefront depend on the treatment of
the region of rapidities earlier than the initial rapidity of the evolution.

4 Inclusive and exclusive observables

The use of the solution to the collinearly improved BK equation in target rapidity is shown using the
inclusive DIS process and exclusive vector meson production. The structure function F2 calculated using
the dipole amplitude N can be written as 31

F2(x,Q
2) =

Q2

4π2αem

∑
f

[
σγ∗p
L,f

(
Q2, xf (x,Q

2)
)
+ σγ∗p

T,f

(
Q2, xf (x,Q

2)
)]
, (9)

where f denotes the flavour of a quark, Q2 is the virtuality of the exchanged photon, αem is the electro-
magnetic coupling constant,

xf =
x0e

−η

1 + 4
m2

f

Q2

(10)

and

σγ∗p
L,T,f (Q

2, xf ) = 4π

∫
drr

∫
dz|ψL,T,f (r, z,Q

2)|2
∫

dbb

π∫
0

dθ2N(r, b, θ, η(xf )), (11)
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with the longitudinal (L) and transverse (T ) light-cone wave functions∣∣ψL,f (r, z,Q
2)
∣∣2 =

NCαem

2π2
e2f4Q

2z2(1− z)2K2
0 (rϵ) (12)

and ∣∣ψT,f (r, z,Q
2)
∣∣2 =

NCαem

2π2
e2f

[
(z2 + (1− z)2)ϵ2K2

1 (rϵ) +m2
fK

2
0 (rϵ)

]
. (13)

where ϵ =
√
z(1− z)Q2 +m2

f , and K0,1 are Bessel functions.

Diffractive exclusive vector meson production calculated using the dipole amplitude N is given by
the sum of the transverse and longitudinal contributions:

dσT,L

d|t|
(t, Q2,W ) =

1

16π
(1 + β2

T,L)R
2
L,T |AT,L|2 , (14)

where

A(t, Q2,W ) = i2π

∫
drr

1∫
0

dz

4π

(
Ψ†

V Ψ
)
T,L

∫
d2⃗b e−i[⃗b−( 1

2−z)r⃗]∆⃗2N (r, b, θ, η)) (15)

with x = (Q2 + M2)/(W 2 + Q2), M the mass of the vector meson, W the center-of-mass energy of

the photon–proton system, ∆⃗2 = −t, and the wave function of the vector mesons given by the boosted
Gaussian model with the values of all parameters as in Ref. 32. The corrections to the real part of the
amplitude and to the skewedness effect are

βT,L = tan(πλT,L/2), RT,L =
22λT,L+3

√
π

Γ(λT,L + 5/2)

Γ(λT,L + 4)
, λT,L =

∂ lnAT,L(t = 0)

∂ ln(1/x)
. (16)

5 Predictions of observables

We have compared in31 the solutions to the collinearly improved BK equation evolved in target rapidity to
HERA measurements of structure functions obtained in deep-inelastic scattering33 and the t-distribution
of the diffractive exclusive J/ψ vector meson photo- and electro-production 34. The comparison of the
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Figure 4 – Predictions of inclusive and exclusive observables using the target rapidity BK equations solved with the
inclusion of angular correlations between the dipole orientation and the impact parameter. The three approaches
to deal with the non-localities for early rapidities are shown with solid (A), dotted (B) and dashed (C) lines. Left
plot shows the F2 structure function as measured at HERA and right plot shows the cross section for diffractive
exclusive J/ψ vector meson photo- and electro-production.

predictions of the three approaches to deal with the non-locality of the BK equation in target rapidity
for early rapidities with data from HERA is shown in Fig. 4. In all cases shown in the figure, approaches
B and C predict a larger cross section than approach A. The F2 data is reasonably well described by
approach A. The emergence of Coulomb tails for approaches B and C is not that fast to spoil the usability
of the BK equation solution for the description of current data for F2. However, at lower Bjorken-x the
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use of the approach B and C would be more and more problematic. The same can be said about the
comparison to the vector meson data. This demonstrates that the BK equation in target rapidity with
the A approach can be used for phenomenological applications without adding ad-hoc prescriptions to
deal with the influence of Coulomb tails.

6 Summary and outlook

In these proceedings a new solutions of the BK equation evolved in the target rapidity including the
dependence on the size of the dipole r, the magnitude of the impact-parameter b and the angle between
those two vectors θ is presented. A new form of initial conditions have been proposed that are inspired by
the GBW model in r-dependence and respects the b- and θ-dependence from recent models. The kernel
of the target rapidity BK equation lacks the Coulomb-tails suppressing term. However, we have shown
that the presence of non-local terms in the evolution together with the particular choice of the approach
to the contributions from terms evaluated at rapidities before the evolution starts effectively suppresses
the Coulomb tails. Also, the solutions have been used to obtain predictions for physical observables for
inclusive process, namely the F2 structure function of protons, and for exclusive process, namely the
cross section for diffractive exclusive photo- and electro-production of J/ψ vector mesons off protons.
Both sets of predictions are compared to existing data from HERA and a reasonable agreement is found
without any ad-hoc corrections. This opens the possibility to use solutions of this equation to explore
other observables that are to be measured at current facilities, like RHIC and the LHC, or those that
will enter operation in the near future, like the EIC.
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Recent measurements of J/ψ photoproduction based on data from ultra-peripheral Pb–Pb and
p–Pb collisions recorded by the ALICE experiment during Run 2 of the LHC are presented.
Photoproduction as a photon-induced process is sensitive to the structure of hadrons and
the results are of great importance for a better understanding of how gluon saturation and
nuclear shadowing work in high-energy quantum chromodynamics. The energy evolution of
coherent J/ψ photoproduction has been measured, indicating a strong suppression of nuclear
gluon densities at high energies. The energy dependence has also been measured for exclusive
and dissociative J/ψ production off the proton. The average distribution of the nuclear gluon
matter in transverse plane, and fluctuations thereof, have been studied for the first time using
the measurements of the dependence of coherent and incoherent J/ψ photoproduction on the
transferred momentum |t|. Lastly, the data from coherent photoproduction of J/ψ in Pb–Pb
ultra-peripheral collisions have been found to be compatible with a transverse polarization.

DOI: https://doi.org/10.17161/4s080j68
Keywords: ALICE experiment, heavy-ion collisions, ultra-peripheral collisions, J/ψ photoproduction

1 Introduction

When the hadronic structure is studied using a high-energy probe, corresponding to low values of Bjorken-
x of the colliding parton, the gluon density becomes so large that the regime of gluon saturation [1]—a
dynamic equilibrium between gluon splitting and recombination—is predicted to be reached. Additionally,
when nuclei at high energies are considered, the parton distribution functions of constituent nucleons are
modified with respect to free nucleons by the presence of the nuclear environment; this phenomenon
is referred to as nuclear shadowing [2]. Ultra-peripheral collisions (UPCs) allow to shed light on these
high-energy quantum chromodynamics (QCD) effects using photon-induced processes with large cross
sections that are sensitive to the gluon distribution in the target proton or nucleus.

In UPCs, the nuclei collide at an impact parameter b larger than the sum of their radii, b > R1+R2,
so that short-range hadronic interactions are suppressed. The interactions are thus induced by quasireal
photons (with low virtuality) emitted by one of the nuclei. The intensity of the photon flux scales with
the nuclear charge squared, Z2, while the photon energy increases with the beam energy (the Lorentz
boost). Lead nuclei collided at the LHC thus deliver very strong electromagnetic fields.

Diffractive production of vector mesons is one of the prominent UPC processes. The J/ψ is an ideal
candidate since it can be reconstructed with high precision using detectors of the ALICE experiment
and its mass allows for application of perturbative QCD. If one focuses on the decay of J/ψ into a
pair of electrons or muons, such photoproduction events have a very clear experimental signature –
only two lepton tracks are present in an otherwise empty detector, except for potential products of
electromagnetically dissociated nuclei in very forward rapidity regions.

The value of the momentum transferred in the interaction, the Mandelstam variable |t|, provides
further insight into aspects of the photon-hadron interaction and can be used to classify photoproduction
events. It approximately corresponds to the square of the transverse momentum of the vector meson,
|t| ≈ p2T; the relation is not exact due to the non-zero photon momentum in the laboratory frame. In
studies involving high-|t| events, the photon contribution can usually be neglected. For Pb–Pb UPCs,
the process is called either coherent if the photon couples coherently to all nucleons, which leads to
|t| ≲ 0.01 GeV2, or incoherent if the photon couples to a single nucleon. In the latter case, |t| is governed
by the size of the nucleon and its characteristic value corresponds to 0.1 GeV2. The incoherent interaction
leaves the target nucleus excited and is, in most cases, followed by a breakup. If the photon scatters from
smaller—subnucleon-sized—objects, which leads to nucleon dissociation, |t| can easily reach the order of
1 GeV2. In asymmetric p–Pb UPCs, the Pb nucleus is in most cases the photon emitter considering the
Z2 factor in the photon flux. If the photon interacts with the proton elastically, the average value of |t|
amounts to 0.1 GeV2; values of the order of 1 GeV2 are reached in the case of proton dissociation.

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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2 Ultra-peripheral collisions at ALICE

The ALICE experiment [3] at the LHC is well equipped to measure UPC processes. The detectors
crucial for UPC studies using data from Run 2 (2015–2018) of the LHC are briefly described here. The
central-barrel detectors, placed inside a large solenoid magnet creating a magnetic field of 0.5 T, cover
together the central pseudorapidity region of |η| < 0.9. The central-barrel detectors detailed here have
a cylindrical geometry and cover the full azimuth. The Silicon Pixel Detector (SPD) constitutes the
two innermost layers of the Inner Tracking System (ITS) and is used for tracking, vertex reconstruction,
and provides trigger inputs. Its inmost layer is located at a radius of only 3.9 cm from the beam axis.
Reconstruction of tracks further away from the IP and their identification by measuring ionization energy
losses is provided by the Time Projection Chamber (TPC), a large cylindrical gas chamber equipped with
multi-wire proportional chambers mounted on end caps. The Time-Of-Flight (TOF) detector consisting
of multi-gap resistive-plate chambers is placed outside the TPC. TOF is a fast detector and provides
topological trigger signals in UPC measurements based on the number of azimuthal sectors registering a
signal.

ALICE also uses a single-arm spectrometer detecting forward muons in the −4 < η < −2.5 pseudora-
pidity region. It is composed of an absorber with a thickness of 10 hadronic interaction lengths, followed
by five tracking stations, each consisting of two planes of cathode-pad chambers. The middle station is
housed in a dipole magnet providing an integrated magnetic field of 3 T·m. The muon trigger system is
located at the rear of the spectrometer, separated by another muon filter in the form of an iron wall with
a thickness of 7.2 hadronic interaction lengths.

The trigger configurations used for UPCs rely heavily on inputs from two forward systems of scin-
tillation counters, V0 and ALICE Diffractive (AD). These detectors have two components (A and C)
located near the beam pipe, one on each side of the IP, and operate as a veto. No activity above a certain
threshold is thus allowed at the time of the collision to ensure that UPC processes are not contaminated
by hadronic interactions or inelastic photonuclear processes. Additionally, the Zero Degree Calorimeters
(ZDCs) installed 113 m away from the IP along the beam in both directions are used to detect protons
and neutrons in very forward regions emitted from nuclear breakups.

3 Energy dependence of J/ψ photoproduction

Photoproduction of J/ψ in Pb–Pb UPCs is sensitive to the nuclear gluon density at Bjorken-x of x =
M2

J/ψ/W
2
γPb,n, where MJ/ψ is the J/ψ mass. The photon-nucleus center-of-mass energy per nucleon pair,

WγPb,n, is related to the J/ψ rapidity y through

W 2
γPb,n =

√
sNNMJ/ψe

−y , (1)

where
√
sNN is the center-of-mass energy of the collision system per nucleon pair. The rapidity is given

in the laboratory frame and is defined with respect to the direction of the target. Since it is not known
which ion emitted the photon and which was the target, a twofold ambiguity arises. The J/ψ produced
at a rapidity y thus probes the gluons at two values of x,

x1,2 =
MJ/ψ√
sNN

e±|y| . (2)

The cross section for J/ψ photoproduction also includes both contributions,

dσPbPb

dy
= nγ(y, {b})σγPb(y) + nγ(−y, {b})σγPb(−y) , (3)

where nγ is the photon flux, σγPb is the photonuclear cross section and {b} denotes the impact parameter
range taken into account in the measurement.

The ambiguity in the photon energy needs to be addressed in order to measure the energy (or x)
dependence of J/ψ photoproduction. The issue is not present in studies of Pb–Pb UPCs at y ≈ 0 since
the two contributions can be effectively added up. The same applies to p–Pb collisions, where the term
describing the photon emission from the proton can be neglected. For analyses of Pb–Pb UPC data in
forward rapidity regions, the general strategy is to combine several measurements at the same rapidity
but in different impact-parameter ranges, provided that the corresponding photon fluxes are calculated.
This allows to determine the values of the photonuclear cross section σγPb(y) and σγPb(−y) upon solving
a system of linear equations, given by Eq. (3) for the respective impact-parameter ranges.
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Figure 1 – The dependence of the cross section for coherent J/ψ photoproduction on photon-nucleus energy
per nucleon pair, WγPb,n, or x as measured by ALICE in Pb–Pb UPCs at

√
sNN = 5.02 TeV [7] (left). The

measured energy and x dependence of the nuclear suppression factor SPb [7] (right). The vertical lines represent
uncorrelated uncertainties, the empty boxes show the quadratic sum of the correlated systematic uncertainties
and those coming from migration across neutron classes. The gray boxes show the theoretical uncertainty arising
from the photon flux calculation. See the text for the description of the models.

Two possible implementations of this approach are based either on a combination of results from
UPC and peripheral collisions (b < R1 + R2, with a partial nuclear overlap) [4] or on tagging of events
using forward neutrons [5]. The latter method makes use of the fact that the electromagnetic fields of
the colliding nuclei are so strong that an independent photon exchange can lead to an electromagnetic
dissociation (EMD) of at least one of the nuclei, which can be accompanied by the emission of forward
neutrons registered in the ZDCs. Events are then classified as 0n0n (no neutrons on either side), 0nXn
or Xn0n (neutrons on one side only) or XnXn (forward neutrons on both sides). The photon spectra cor-
responding to these fragmentation scenarios can be calculated [6] and occupy different impact-parameter
ranges.

3.1 Coherent J/ψ production

Recently, ALICE has measured the energy dependence of coherent J/ψ photonuclear production based
on simultaneous analysis of Run-2 data from Pb–Pb UPCs at

√
sNN = 5.02 TeV at central and forward

rapidities [7]. Using the separation into neutron classes, the dependence of the cross section on WγPb,n,
the center-of-mass energy of the γPb system per nucleon pair, was determined in the unprecedented
interval of 17 to 920 GeV, corresponding to the x range spanning three orders of magnitude, from 10−2

down to 10−5. The CMS Collaboration has performed a similar measurement in a narrower energy
range [8].

The measured dependence is shown in the left panel of Figure 1 and is compared with predictions
of various models. The Impulse approximation (IA) [9] describes well the low-energy data but signif-
icantly overshoots all other points at higher energies, clearly marking the onset of nuclear shadowing.
STARlight [10], a hadronic model based on Glauber calculation, also describes properly only the low-
energy points, implying the importance of including dynamic QCD effects as in the other models. The
remaining models underestimate the cross section around 30 GeV, but provide a reasonably good descrip-
tion in other regions. The first model by the GSZ group [11] is based on EPS09 LO parametrization of
nuclear PDFs, the latter incorporates leading twist approximation (LTA) of gluon shadowing. The GG-hs
model [12] relies on a color-dipole approach and includes gluon saturation; the nucleons are pictured as a
sum of hot spots, positions of which fluctuate event-by-event and their number increases with energy. The
last model, b-BK-A [13], is based on a solution to the impact-parameter dependent Balitsky-Kovchegov
(BK) equation and is valid only at x smaller than 10−2. The new data are also compatible with Run-1
ALICE results, which were obtained by combining data from UPCs and peripheral collisions.

The results were used to calculate the nuclear suppression factor SPb, which gives a quantitative
estimate of nuclear shadowing. SPb can be calculated as a square root of the ratio between the measured
photonuclear cross section and the prediction given by IA, which ignores nuclear-environment effects. The
measured energy dependence of SPb is depicted in the right panel of Figure 1; while SPb is approximately
0.95 around 20–40 GeV (x of 10−2), it drops with increasing energy and levels off at about 0.5. Note
that the value of 0.65 measured in the center point (WγPb,n = 125 GeV) is compatible with the results
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Figure 2 – The energy dependence of exclusive (left) and dissociative (right) J/ψ photoproduction measured by
ALICE in p–Pb UPCs at

√
sNN = 8.16 TeV [15]. The vertical lines represent the quadratic sum of the statistical

and systematic uncertainties.

derived from the previous ALICE midrapidity study of coherent J/ψ production [14].

3.2 Exclusive and dissociative J/ψ production

The energy dependence of the cross section for J/ψ photoproduction off protons has been studied by
ALICE using p–Pb UPCs at

√
sNN = 8.16 TeV [15]. Events with J/ψ decaying into a pair of forward

muons were registered with the muon spectrometer. The beam configuration corresponded to a low-
energy photon emitted from the nucleus. Splitting the spectrometer acceptance into two rapidity bins,
the cross section was determined at two values of Wγp, 27 and 57 GeV. The measured dependence of the
exclusive J/ψ cross section is shown in the left panel of Figure 2; the new data are compatible with the
previous results from ALICE, LHCb, HERA and fixed-target experiments and, in addition, are consistent
with a power-law behavior, σ = N(Wγp/W0)

δ, where W0 = 90 GeV. The values of δ = 0.70 ± 0.04 and
N = 71.6± 3.7 nb were obtained by fitting the data.

The ALICE measurement of the energy dependence of J/ψ photoproduction off protons accompanied
by proton dissociation, shown in the right panel of Figure 2, is the first of its kind at a hadron collider.
The observed energy evolution is in good agreement with previous H1 measurements and also with the
CCT model [16], where the proton substructure is again represented as a superposition of hot spots with
fluctuating positions. The number of hot spots increases with the energy Wγp. Within the framework of
the CCT model, the dissociative cross section is sensitive to fluctuations of subnucleon structures inside
the proton [17]. The model expects the cross section to reach a maximum at Wγp ≈ 500 GeV, followed
by a decrease. This is due to the hot spots effectively saturating the transverse area of the proton.

4 Distribution of nuclear matter in the transverse plane

Important insights into the structure of nuclei at high energies can be obtained by measuring the gluon
distribution in the transverse plane. The dependence of the photonuclear cross section on Mandelstam |t|
is related through a two-dimensional Fourier transform to the transverse-plane distribution of the matter
in the target. In the Good-Walker approach [18], coherent and incoherent photoproduction can be used
to study the average and variance [17] (quantum fluctuations) of the nuclear structure, respectively. Note
that there may be caveats to the applicability of this approach, as discussed in Ref. [19]. Since the
value of |t| is inversely proportional to the size of the scattering center, gluon density fluctuations at the
subfemtometer scale can be probed at |t| ∼ 1 GeV2. Should such fluctuations be significant, they would
be reflected in an enhancement of the incoherent cross-section in the relevant region.

The ALICE Collaboration has recently performed the first measurement of the |t|-dependence of
incoherent J/ψ photoproduction in Pb–Pb UPCs at

√
sNN = 5.02 TeV [20], which complements the

earlier ALICE study dedicated to the |t|-dependence of coherent J/ψ production [21]. Together, three
orders of magnitude in |t| are covered by ALICE with an accuracy compatible with that at HERA. Both
analyses are based on the same midrapidity data sample, sensitive to the x interval of (0.3, 1.4)× 10−3.
The analysis of coherent production focuses on the J/ψ kinematic range of pT < 0.11 GeV/c and unfolding
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Figure 3 – The measured dependence of coherent (left) and incoherent (right) J/ψ photoproduction on the
transferred momentum |t| [21, 20] and the comparison with the models (see the text for details). The various
uncertainties are depicted as explained in the top panels. The left bottom panel shows the model-to-data ratio
in each measured point. The right bottom panel shows the ratio of the integral of the predicted to that of the
measured cross section in each interval of |t|.

is employed to account for pT migration and to correct for the photon transverse momentum. In the
study of incoherent production, events with 0.2 < pT < 1 GeV/c are selected, pT resolution effects are
negligible due to the widths of the considered intervals in |t|, and |t| = p2T owing to large transferred
momenta.

The left panel of Figure 3 displays the measured |t|-dependence of the coherent cross section and
the comparison with three phenomenological models. STARlight [10], where the pT spectrum is deter-
mined from the nuclear form factor, gives a too high cross section and a slope clearly deviating from
the measurement. Dynamic QCD effects are included in the two other models; either through a leading
twist approximation of nuclear shadowing [22], or via solving the b-dependent BK equation, where gluon
saturation effects are taken into consideration [13]. These two models describe the measurement reason-
ably well. With the new ALICE data from Run 3 and improved detector performance, it should soon be
possible to distinguish which of the perturbative QCD calculations provides the better picture.

The measured evolution of the cross section for incoherent J/ψ production with |t| is presented in
the right panel of Figure 3 and compared with the predictions of three groups, MS, MSS, and GSZ [23,
24, 25], each offering two scenarios. The slope of the incoherent cross section is sensitive to fluctuations
of the transverse profile of the target. The scenarios from the first group (MS-p, MSS, GSZ-el) consider
elastic scattering of the photon on a full nucleon; these models generally predict steeper slopes than
seen in the data. In the second scenario, subnucleon degrees of freedom are included. MS-hs includes
saturation through the IPsat model [26], the nucleon is depicted as the sum of three hot spots with
variable positions and fluctuations in the saturation scale are considered. The MSS-fl model incorporates
perturbative small-x evolution through the solution to the JIMWLK equation. GSZ-el+diss expresses
the total incoherent cross section as the sum of the elastic and dissociative parts; both are parameterized
based on HERA data and multiplied by a common factor representing nuclear gluon shadowing in the
LTA. At high |t|, the data favor the predictions from the second group, where the trend is softened
by the inclusion of subnucleon degrees of freedom. Note that the models generally fail to describe the
normalization of the cross section, which is mainly linked to scaling from proton to nuclear targets.

5 Polarization of coherently photoproduced J/ψ

The first measurement of the polarization of coherently photoproduced J/ψ has been performed by ALICE
using Pb–Pb UPCs at

√
sNN = 5.02 TeV [27]. J/ψ mesons decaying into muon pairs were detected using

the forward muon spectrometer and the polarization parameters λθ, λϕ, and λθϕ were extracted from
fits to polar and azimuthal angular distributions of J/ψ yields. The angular distributions were studied
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in the helicity frame, where the z axis is parallel with the J/ψ momentum in the Pb–Pb center-of-
mass frame. The results are compatible with the transverse polarization, (λθ, λϕ, λθϕ) = (1, 0, 0), and
constitute the first experimental evidence for the s-channel helicity conservation (SCHC) hypothesis
in J/ψ photoproduction off Pb nuclei. For comparison with previous measurements in electron-proton
collisions at HERA, elements of the spin density matrix were extracted; the results were found to be
consistent with those from H1 but lower than those from ZEUS, where an electroproduction sample
(with higher photon virtuality) was used.

6 Conclusion and outlook

This paper presents a summary of recent measurements performed by the ALICE Collaboration based
on data from Pb–Pb and p–Pb ultra-peripheral collisions obtained during Run 2 of the LHC, focusing
on J/ψ photoproduction. ALICE has successfully performed comprehensive studies that are crucial to
improve the current understanding of the structure of protons and nuclei at high energies. The structure
is characterized by the dominance of the gluon component, which is expected to saturate. For nucleons
bound in nuclei, the high-energy structure is further modified by the nuclear environment, leading to
nuclear shadowing. The new ALICE data provide an important benchmark for refining the predictions
of current phenomenological models. The study of the energy dependence of coherent photonuclear
production of J/ψ in Pb–Pb UPCs indicates a strong gluon depletion below x ∼ 10−2 due to nuclear
shadowing. The first analysis of the energy dependence of dissociative photoproduction of J/ψ off protons
at a hadron collider shows agreement with H1 results and represents the first experimental step in the
study of fluctuations of the proton substructure. In the first measurements of the dependence of coherent
and incoherent J/ψ photoproduction in Pb–Pb UPCs on Mandelstam |t|, the average and variation of
the nuclear gluon density have been investigated, respectively. The results of the latter study suggest
that quantum fluctuations of the gluon fields need to be taken into account in the available models in
order to describe the data.

In Run 3 (2022–2025) and 4 (2029–2032), ALICE shall be able to perform even more detailed UPC
studies and improve the accuracy of the current measurements thanks to the estimated size of data
samples [28] and the upgrades on the detectors. Since Run 3, most ALICE detectors operate in continuous
readout mode, which reduces the luminosity losses related to the limited efficiency of the trigger systems.
ALICE performance in Run 3 particularly benefits from the upgrade to the ITS system; the new design
fully relies on monolithic active pixel sensors (MAPS) with a spatial resolution of about 5 µm and
significantly reduces the material budget in the vicinity of the interaction point [29]. The tracking and
vertex resolution of the muon spectrometer were also considerably improved thanks to the installation of
the Muon Forward Tracker (MFT) based on the same MAPS technology. In Run 4, the scheduled Forward
Calorimeter (FoCal) upgrade [30] will allow to measure gluon distribution functions in the unprecedented
Bjorken-x range down to 10−6 [31].
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K+K− photoproduction in ultra-peripheral Pb–Pb collisions

Minjung Kim for the ALICE Collaboration

Department of Physics, University of California, Berkeley, CA, USA
Center for Frontiers in Nuclear Science, Stony Brook University, Stony Brook, NY, USA

In ultra-peripheral collisions (UPCs) of relativistic heavy ions, photoproduction occurs when
a photon emitted from one nucleus interacts with the other nucleus from the opposing beam,
producing particles in the final state. Measurements of K+K− photoproduction probe interac-
tions and couplings between the ϕ(1020) and charged kaons with photons and nuclear targets.
We report exclusive K+K− photoproduction cross section at midrapidity in Pb–Pb collisions
at

√
sNN = 5.02 TeV, which is measured for the first time in UPCs.
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1 Introduction

In ultra-relativistic heavy-ion collisions, the electromagnetic field of a fast-moving heavy ion acts as
a source of quasi-real photons [1, 2]. Those emitted photons can interact with the nucleus from the
opposing beam. Ultra-peripheral collisions (UPCs) are those in which the impact parameter between
the two colliding nuclei is greater than the sum of their nuclear radii. Photonuclear interactions can be
effectively studied in UPCs since there are no hadron-hadron interactions present.

One of the interesting processes of photonuclear interactions is exclusive production of a vector
meson. A virtual photon fluctuates into a quark-antiquark pair and elastically scatters off the nucleus,
emerging as a vector meson [3]. The exclusivity of the process necessitates that there be no net colour
charge transfer to the target, and therefore requires the exchange of at least two gluons with the target.
Experimentally, the process can be rather easily identified by a rapidity gap between the produced vector
meson and the target. Light vector mesons are typically reconstructed via their decay into oppositely
charged meson pair, e.g., ρ0(700) → π+π− or ϕ(1020) → K+K−.

However, oppositely charged meson pairs, π+π− or K+K−, can emerge from different photonuclear
interactions, where the photon fluctuates directly into a virtual meson pair [4]. One of the mesons can
then scatter elastically from the target, making the pair real. Both processes contribute to the cross
section measurements of π+π− or K+K− pairs, making their distinction impractical. In order to further
separate these two components, the production amplitude is described with two terms: the resonance
with amplitude Aϕ, and the continuum with amplitude BKK, giving [5]

dσ

dMKK
=

∣∣∣∣Aϕ

√
MKKMϕΓϕ

M2
KK −M2

ϕ + iMϕΓϕ
+BKK

∣∣∣∣2, (1)

where Mϕ = 1019.416 ± 0.016 MeV/c2 [6] and Γϕ are the ϕ(1020) mass and mass-dependent width,
respectively, with

Γϕ = Γ0
Mϕ

MKK

(
M2

KK − 4M2
K

M2
ϕ − 4M2

K

)3/2

. (2)

Here Γ0 = 4.249 ± 0.013 MeV/c2 is the native ϕ(1020) width [6]. MK = 493.677 ± 0.016 MeV/c2 is the
kaon mass [6]. By taking Aϕ to be real, the relative phase between ϕ(1020) → K+K− and direct K+K−

continuum is encoded in BKK.

This article describes the first cross section measurement of the final state K+K− in exclusive photo-
production in UPCs with the ALICE detector [7]. The measurement covers the invariant mass of K+K−

from 1.1 to 1.4 GeV/c2, above the ϕ(1020) meson peak, with the lower mass limit set at about Mϕ+18Γ0.
The results are presented as functions of MKK and the dikaon transverse momentum (pT,KK) in the ra-
pidity range |yKK| < 0.8. Additionally, studies regarding the significance of the resonance contribution
and its interference with the direct production are also reported.
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2 ALICE detector, data and analysis method

ALICE (A Large Ion Collider Experiment) is a general-purpose detector located at the LHC [8,9]. In the
central barrel of ALICE, the Time Projection Chamber (TPC) [10] is used for charged particles tracking,
as well as particle species identification based on the specific energy loss (dE/dx). The Inner Tracking
System (ITS) [11] consisting of 6 layers of silicon detectors close to the beam pipe complements the TPC
for tracking. In addition, the two innermost layers of the ITS are composed with silicon pixel detectors
(SPD), contributes to the trigger decision. The data for this analysis was collected by the ALICE detector
during the LHC Run 2 in 2015. The Time Of Flight (TOF) detector together with SPDs triggered events
having two back-to-back tracks in the transverse plane in central barrel. At the same time, the events
were vetoed by the V0 [12] and AD scintillators placed along the beam pipe, covering large pseudorapidity
range [13,14] to ensure exclusivity [15]. The integrated luminosity of the data sample used in this analysis
corresponds to 0.406 µb−1 with 2.6% uncertainty.

Two oppositely charged tracks form a pair candidate. Figure 1 shows the kinematic distributions
of dikaon pairs as functions of MKK and pT,KK for opposite and same-charge pairs. By comparing the
absolute yield of opposite-sign pairs to same-sign pairs, combinatorial background is found to be negligible
in this data set. A rise of candidate opposite-sign pair yield at low pT,KK, similar to previously observed
ρ0(700) → π+π− in ALICE [15], as well as in STAR [16], indicates that pair candidates mostly originate
from coherent photoproduction.

Figure 1 – Raw invariant mass (left) and transverse momentum (right) distributions for opposite-sign and same-
sign pairs of inclusive charged particles and identified kaons. Identified kaons refer to satisfying kaon selection
criteria based on measured TPC dE/dx described in the text.

In order to reject the background contributions from π+π− and dilepton pairs, stringent kaon selection
criteria are required based on TPC dE/dx information. The selection criteria are applied to the variable
nσi

, the deviation of the measured signal from the expected signal in units of the dE/dx measurement
uncertainty for each particle hypothesis i, where i are π, µ, e,K. The tracks compatible within 2nσπ,µ,e

are excluded for further analysis. The TPC dE/dx nσK correlation between the two kaon candidates is
presented in the left panel in Fig. 2. The remaining background is clustered around (-5,-5) while signal
kaon pair candidates are centered around (0,0). Possible misidentified pair candidates within |nσK

| < 3
are estimated using different nσK

boundaries shown as circular contours in the left panel in Fig. 2. The
corresponding yields of signal region, n2

σK
+ n2

σK
< 32, and background region, 42 < n2

σK
+ n2

σK
< 52, are

projected as a function of pair invariant mass in the right panel in Fig. 2. The yield in the background
region with respect to the one in the signal region is tiny in the range of 1.1 to 1.4 GeV/c2. Thus,
misidentified background is estimated to be negligible in the signal region |nσK

| < 3 in the range of 1.1
to 1.4 GeV/c2.

3 Cross section results

The cross section of exclusive K+K− photoproduction is obtained by the number of K+K− candidates,
corrected by acceptance and efficiency, and the integrated luminosity. The acceptance and efficiency
values are derived from Monte Carlo simulation with STARLight [17], and then complemented by a full
simulation of the ALICE detector using GEANT3 [18] to model a realistic detector response.
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Figure 2 – Left: TPC dE/dx correlation between positive and negative charged kaon candidates in each pair
represented as the deviation of the measured TPC dE/dx from the expected signal in units of the dE/dx mea-
surement uncertainty for kaon mass hypothesis. Signal region is defined as n2

σK
+ n2

σK
< 32 while the region used

for background estimation is 42 < n2
σK

+ n2
σK

< 52. Circular boundaries around (0,0) with different radii are
presented. Right: Raw number of kaon candidates in the signal region projected into pair invariant mass (MKK)
presented in green solid circle. The projection of the estimated background is shown in blue open square.

3.1 p2T-differential cross section for exclusive K+K− photoproduction

The p2T-differential cross section is shown in Fig. 3. The majority of the cross section is found below
p2
T,KK < 0.01 (GeV/c)2, consistently with coherent photoproduction. The cross section for the coherent

region are well described with an exponential shape d2σ/dydp2
T = aexp(−bp2

T), where the slope parameter
b is fixed to that measured for coherent ρ0 photoproduction on Pb nuclei, b = 428 ± 6 (stat.) ± 15 (syst.)
(GeV/c)−2 [19].

Figure 3 – p2T-differential cross section for exclusive K+K− photoproduction in |yKK| < 0.8 in Pb–Pb UPCs at√
sNN= 5.02 TeV with parameterized cross section d2σ/dydp2

T = aexp(−bp2
T), where the slope parameter b is fixed

to b = 428 ± 6 (stat.) ± 15 (syst.) (GeV/c)−2, taken from previously measured coherent ρ0 photoproduction [19].
Figure from Ref. [7].

3.2 Invariant mass distribution of coherent K+K− photoproduction

The left panel in Fig. 4 shows the invariant mass distribution for coherent K+K− photoproduction
as a function of dikaon mass while rejecting most of the incoherent photoproduction contribution by
requiring p2T >0.01 (GeV/c)2. The spectrum is shown together with the best fit using Eq. 1 and also
compared to various sets of relative fraction of direct K+K− contribution with respect to the amplitude of
ϕ(1020) → K+K− (|BKK/Aϕ|) and the relative phase angle between ϕ(1020) →K+K− and direct K+K−

(φ). Calculations using STARLight for K+K− production via reactions such as γγ → f2(1270)→ K+K−

3
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(pink dashed-dotted line) show that these contributions are negligible. The black dotted line and the
shaded region indicate the results under the assumption of no direct K+K− production. The calculations
underestimate the measured cross section by about 2.1 σ in the range 1.1 < MK+K− < 1.4 GeV/c2. The
blue dashed line represents the prediction based on fixed values for Bπ+π−/Aρ [16] and relative phase
angle φ [15], determined from the measurement of the final π+π− state system of ρ0 meson decay and
direct π+π− production. This prediction is in agreement with the measured data points, showing slightly
lower values yet still within the experimental uncertainties.

The right panel of Fig. 4 shows the confidence region for |BKK/Aϕ| and φ. A strong correlation
between the two parameters produces a horseshoe-shaped distribution in their phase space. The solid
green and dashed blue band indicate the 68% and 95% confidence level, respectively. The best-fit point
shows that the results of the K+K− measurement is fully compatible with the prediction from the π+π−

system.

Figure 4 – Left: Differential cross section of coherent K+K− photoproduction as a function MKK in Pb–Pb
UPCs at

√
sNN = 5.02 TeV in |yKK| < 0.8. The lines and boxes along the data points represent statistical and

systematic uncertainties, respectively. Best fit using Eq. 1 (green solid band), parameterized cross section based
on ρ0 and direct π+π− production (blue long-dashed line) and estimated cross section without direct K+K− (φ)
contribution (grey plaid band) are shown. γγ → f2(1270)→ K+K− (pink dashed-dotted line) is factored by 100 for
better visualization. Right: Confidence regions for the relative fraction of direct K+K− contribution with respect
to the amplitude of ϕ(1020) → K+K− (|BKK/Aϕ|) and the relative phase angle between ϕ(1020) →K+K− and
direct K+K− (φ). The green solid line and blue dashed line represent the boundary of 68% and 95% confidence
regions, respectively. Figure from Ref. [7].

4 Conclusion

We report the first study of coherent K+K− photoproduction in ultra-peripheral collisions at the centre-
of-mass energy per nucleon of the photon–nucleus15 (Pb) system WγPb,n from 33 to 188 GeV, in the
range 1.1 < MKK < 1.4 GeV/c2 and |yKK| < 0.8. The measured cross section is concentrated below p2T
< 0.01 (GeV/c)2 , consistent with coherent photoproduction. The measured cross section is about 2.1 σ
larger than what is expected only from ϕ(1020) production, but is consistent with a mixture of ϕ(1020)
and direct K+K− production. The fitted ratio of ϕ(1020) production to K+K− production is consistent
with that seen for the ρ0 and direct π+π− production.
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Quantum mechanical aspects of coherent photoproduction:
the limits of coherence, and multiple vector mesons

Spencer R. Klein
Nuclear Science Division, Lawrence Berkeley National Laboratory

Berkeley CA 94720 USA

Quantum mechanics is central to coherent photoproduction in ultra-peripheral collisions
(UPCs). This writeup will discuss some surprising aspects of UPCs that stem from these
quantum mechanical roots. The Good-Walker (GW) paradigm, which connects coherent pho-
toproduction with the target nucleus remaining in its ground state. This contrasts with a
semi-classical picture, where coherence depends on the positions of the individual nucleons
and the momentum transfer. Unlike the GW approach, the semiclassical picture is consistent
with the observed data on coherent photoproduction with nuclear breakup, and with coherent
photoproduction in peripheral collisions. The semiclassical approach allows for a wider variety
of coherent UPC reactions, such as coherent photoproduction of charged mesons, including
some non qq exotica. Quantum mechanics is also key to the coherent photoproduction of
multiple vector mesons by the interactions of a single ion pair. The vector mesons share a
common impact parameter, and so can exhibit richer interference patterns than single mesons.
At forward rapidities, the cross sections to produce multiple identical vector mesons are en-
hanced due to superradiance. With enough statistics, multi-meson events may provide an
opportunity to observe stimulated decays.

DOI: https://doi.org/10.17161/xdb61m86

Keywords: ultra-peripheral collisions; photoproduction; coherent interactions; interference

1 Introduction

Ultra-peripheral collisions (UPCs) are interactions where relativistic nuclei interact at impact parameters
b greater than twice the nuclear radius (RA), where there are no hadronic interactions 1,2,3,4. Instead the
ions can interact electromagnetically, via either two-photon processes or photonuclear interactions. UPCs
at CERN’s Large Hadron Collider (LHC) are the energy frontier for both of these classes of events. Two-
photon production of lepton pairs and photon pairs (light-by-light scattering) 5 have been intensively
studied, along with searches for beyond-standard-model physics 6,4. Photonuclear interactions are an
important probe of nuclear structure at low Bjorken−x, having been studied via photon-gluon fusion to
produce dijets, and via photon-Pomeron interactions which produce vector mesons.

Exclusive production of vector mesons is of particular interest, both theoretically and experimentally.
Experimentally, the final states are usually simple - two oppositely charged particles - which greatly
simplifies detection. Vector meson production involves the exchange of a colorless object. At leading
order, at least two gluons must be exchanged, but recent next-to-leading order calculations of J/ψ
photoproduction have shown that there are significant cancellations involving the gluonic contributions
to the cross sections, so the quark distributions play a large role 8. The same calculation also found that
the cross section was very sensitive to the assumed pQCD scale.

Despite these difficulties, much interest remains in using coherent vector meson production to probe
nuclei because it provides access to information on the transverse positions of partons, and of their fluc-
tuations, via the Good-Walker paradigm which links coherent production with the average nuclear con-
figuration and incoherent production to fluctuations in the nuclear configuration, including the presence

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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of gluonic hot spots 7. dσ/dt for coherent production can be Fourier transformed to find the transverse
distribution of targets (gluons) in the target.

2 Coherent and incoherent photoproduction

2.1 The Good-Walker paradigm

The total cross section for vector meson photoproduction may be written 9

dσtot
dt

=
1

16π
⟨|A(K,Ω)|2⟩ (1)

where A(K,Ω) is the amplitude for producing a vector meson, where K represents the kinematic factors
(vector meson momentum, momentum transfers, etc.) and Ω represents the configuration of the target,
including the positions of the target nucleons and the number and positions of the partons within those
nucleons. The amplitudes are squared, and then averaged over all of the possible Ω. In contrast, for
coherent production, the amplitudes are added (averaged) and then squared:

dσcoh
dt

=
1

16π
|⟨A(K,Ω)⟩|2. (2)

Mietenlin and Pumplin pointed out 10 that the difference between these is the incoherent cross section,
which is sensitive to event-by-event fluctuations in the cross section:

dσincoh
dt

=
1

16π

(
⟨|A(K,Ω)|2⟩ − |⟨A(K,Ω)⟩|2

)
. (3)

This is the sum of squares minus the square of sums, so is directly sensitive to event-by-event fluctuations
in the cross sections.

In UPCs, |t| ≈ pair p2T (neglecting the generally small tz). Since pT and impact parameter (b) are
conjugate variables, one can perform a 2-dimensional Fourier-Bessel transform of dσ/dpT to get F (b),
the amplitude for having an interaction at an impact parameter b 11,12:

F (b) ∝
∫ ∞

0

pT dpTJ0(bpT )

√
dσ

dt
∗ (4)

where J0(x) is a Bessel function. Several caveats are associated with this transformation 13. The aster-
isk is because is necessary to flip with sign of the square root when integrating across each diffractive
minimum. This is to properly track the phase of the amplitude across these zeros. This is theoretically
straightforward, but experimentally it can be difficult to pinpoint these zeros accurately enough. Second,
the integral goes from zero to infinity, but real data has a maximum pT . The presence of a pT cutoff is
equivalent to applying a square windowing function, and so introduces artifacts.

The STAR collaboration investigated this in a high-statistics study of ρ0 plus direct π+π− production12.
They found that varying the maximum pT cutoff affected F (b) at small b, but did not change the apparent
size of the target. In UPCs, the measured vector meson pT includes contributions from the experimental
resolution and from the photon pT , although these can be removed by deconvolution 14.

2.2 Problems with the Good-Walker approach

Unfortunately, there is a significant problem with the overall Good-Walker approach 15. Equation 2,
identifies coherent production with the nucleus remaining unexcited, in the ground state. However, there
is another definition of coherence - the addition of amplitudes in-phase, leading to a peak at small pT
(pT < h̄/RA). This low pT coherent peak has been observed in different types of reactions where the
nuclear targets do not remain in the ground state.

One such class is vector meson photoproduction accompanied by mutual excitation of both nuclei.
This has been seen by both STAR 16,17 and ALICE 18 collaboration. For STAR, the mutual breakup
requirement is intrinsic to most of their UPC triggers. The effect of mutual breakup is calculable by
assuming factorization for multi-photon exchange, whereby one photon produces the vector meson, and
two additional photons each excite one of the nuclei 19, as is shown in Fig. 1 (right). The photons are
emitted independently, save for their common impact parameter 20. Factorization does a good job of
predicting the cross sections for coherent production of vector mesons accompanied by neutron emission
19.
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Figure 1 – (left) dσ/dt for ρ photoproduction as measured by the STAR Collaboration. The data is well fit by two
exponentials, corresponding to coherent coupling to the entire nucleus (blue) and to individual nucleons (red).
This data required that both of the nuclei be excited, as evidenced by the observation of breakup neutrons in
both forward zero degree calorimeters, but a coherent peak is still clearly visible. From Ref. 17. (right) Schematic
diagram showing how mutual Coulomb dissociation factorizes (decouples) from ρ photoproduction; the processes
separated by the vertical red dotted lines share only a common impact parameter.

However, it does not fit into the Good-Walker approach, where the overall reaction is under scrutiny.
Further, in some pT range, incoherent photoproduction of vector mesons (one-photon exchange) and
coherent photoproduction of vector mesons accompanied by the exchange of an additional photon which
excites one of the nuclei will both contribute. These two channels can even interfere with each other.

One posited way out of this paradox uses time scales. Vector meson production occurs on time scales
that are short compared with the nuclear excitation, so the vector meson is effectively decoupled from the
nuclear breakup. However, the most common excitation, to a Giant Dipole Resonance (GDR) requires
an energy of 10-20 MeV in the target rest frame. But, for a high-energy photon converting to a vector
meson, the required momentum transfer from the target corresponds to considerably less energy, and
therefore a longer time scale.

It is worth noting that the idea of exclusive production is slightly simplistic, in that it neglects other
reactions that are likely to occur. For two ions with a relatively small b (but still with b > 2RA), the
probability of two-photon production of e+e− pairs is large - for collisions with lead nuclei at the LHC,
the average number of pairs produced when b ≈ 2RA is 3-4 21. These pairs are generally unobservable,
but they are still present. And, although the cross section for bremsstrahlung emission by the ion is
small, it is also infrared divergent, so some soft radiation is always expected. So, the idea of completely
exclusive interactions is an unattainable theoretical ideal.

The second problematic process is vector meson production in peripheral heavy-ion collisions, where
the low pT vector meson is accompanied by hadronic interactions which can produce hundreds of particles.
Coherent (again defined as exhibiting a peak at low pT , consistent with the in-phase addition of ampli-
tudes) photoproduction of J/ψ has been observed in gold-gold collisions by STAR 22, and in lead-lead
collisions by ALICE 23 and LHCb 24. The cross sections appear consistent with theoretical calculations
that largely decouple the photoproduction from the hadronic interactions 25,26, although the precision of
the data is still limited, and it is not possible to conclusively determine the size of the coherent target.
It is not currently possible to reconcile this data with the underpinnings of the Good-Walker approach.

2.3 A semi-classical approach

It is possible, however, to explain all of this data in a semi-classical approach, where the cross section for
vector meson production on a nucleus consisting of i nucleons at positions x⃗i is 15

σcoh = Σi

∣∣Ai exp(i⃗t · x⃗i)
∣∣2 (5)

Here Ai is the interaction amplitude for each nucleon, and t⃗ is the 3-momentum transfer from the target.
This approach is insensitive to what happens to the target, but it still reproduces the observed ppT
spectra for coherent and incoherent photoproduction. When |⃗t| is small, the exponential is close to one,
and the cross section is the square of the sum of the amplitudes; this leaves no room for incoherent
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production at small |t|. At large |t|, the exponential takes on random phases, and the cross section scales
as the sum of the square of the amplitudes. These regimes are visible in the STAR ρ0 photoproduction
data 17 shown in Fig. 1 (left). There, the incoherent cross section still decreases slowly with increasing
pT due to the form factor of the individual nucleons. One drawback of Eq. 5 is that it does not track the
outgoing nucleus, so one cannot separate coherent and incoherent production, except via the different pT
scales - an imperfect classification.

Although the semi-classical approach makes fairly similar predictions as Good-Walker for coherent
production, the interpretations for incoherent production are totally different. In Good-Walker, it depends
on fluctuations, while in the semi-classical approach, it depends only on the static properties of the target.

2.4 Gold vs. lead: similar, or not?

Another issue with the Good-Walker approach appears at low |t|15. It relates the incoherent cross section
to event-by-event fluctuations in nucleon positions and subnucleonic (parton level) fluctuations. From
these points of view, heavy nuclei are expected to be similar. For example, the density distributions of
gold-197 and lead-208 are both well described by a Woods-Saxon distribution and they have a similar
partonic structure, with similar nuclear shadowing. However, in the nuclear shell model, their structures
are very different, and this their incoherent interactions must be different at low |t|.

Lead-208 is doubly magic, with a lowest excited state at an energy of Eexc. = 2.6 MeV. No excitation
( is possible at lower energy transfers, so there can be no incoherent interactions. If one assumes that
the Pomeron |t| is transferred to a single nucleon (as indicated by the STAR data on incoherent ρ0

plus direct π+π− photoproduction, taken at larger |t| 12), then the energy threshold corresponds to a
minimum momentum transfer of p =

√
2mpEexc. = 71 MeV/c. In contrast, gold-197 has a lowest excited

state at an energy of 77 keV, corresponding to a minimum p of only 12 MeV/c. This indicates that
incoherent photoproduction in lead is impossible for pT < 71 MeV/c, while in gold the minimum is 12
MeV/c. Although Fermi motion and other factors may smooth out these cutoffs, but there should be
large differences in incoherent production at small |t|.

2.5 Additional possibilities from the semiclassical formulation

The semi-classical formulation allows for a wider range of coherent reactions than Good-Walker. It
allows for the coherent exchange of Reggeons that include non-zero quantum numbers such as spin, or
even electrical charge. This permits reactions such as

γ +A→ a+2 (1320) + (A− 1) (6)

γ +A→ a−2 (1320) + (A+ 1). (7)

The first reaction changes a proton into a neutron, while the other converts a nucleon in the other
direction. In the semiclassical approach, the first reaction could be coherent over the protons in the
target while the second could be coherent over the neutrons. This should lead to a well-determined
production cross section ratio, based on the cross sections on protons and on the nuclear composition of
the target. By measuring dσ/dt for the two reactions, it would also be possible to determine the proton
and neutron radii of the target nucleus, with a very small relative systematic error, allowing for a reliable
measurement of the thickness of any neutron skin.

UPC photoproduction of the a+2 (1320) has been considered for proton targets, using parameteriza-
tions of σ(γp → a+2 (1320)p 27. The photoproduction cross section is smaller than the ρ0 cross section,
but still large enough to be easily visible in pA UPCs. These reactions occur via Reggeon exchange,
with the bulk of the cross section near threshold. So, as can be seen in Fig. 2, production is peaked
near rapidity 2.5 at RHIC, and near 7 at the LHC. This is outside of the acceptance of most current
detectors. The STAR forward upgrade 28 covers the appropriate rapidity range., so might be used to
probe a+2 (1320) production if an appropriate trigger is available. UPC photoproduction in AA collisions
should have similar characteristics, although with a shift toward midrapidity because of the lower target
beam energy.

The a±2 (1320) is an example of a relatively standard ‘standard candle’ qq state, but other mesons
can be produced, including hadronic ‘exotica’ like 4-quark states and other hybrids. One example is the
Z+
c (4430), where the cross section is very roughly 1/400 of that of the a2(1320)+ 27. Because of the high

mass, production is somewhat shifted toward mid-rapidity.
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Figure 2 – Predicted dσ/dy for photoproduction of the a+
2 (1320) in pAu collisions at RHIC (red) and in pPb

collisions at the LHC. From Ref. 27.

3 Multiple vector meson production and interference

The cross section for multiple vector meson production can be calculated in impact-parameter space:
19,29:

σ(V1, V2) =

∫
d2bP (V1, b)P (V2, b) (8)

where P (V1, b) and P (V2, b) are the probabilities for producing the two vector mesons at impact parameter
b. It is easy to incorporate trigger conditions (such as single of mutual Coulomb dissociation) by adding a
third probability, accounting for the probability of additional photon exchange(s), leading to the desired
excitation(s). Similar techniques can be used to calculate the kinematic distributions, such as the joint
rapidity distribution 30,31.

Even for a single vector meson, interesting interference phenomena are observable, due to the destruc-
tive interference between photoproduction on the two ions 32,33,34. This interference reduces production
at small pT and a given rapidity y:

σ(y, pT ) =
∣∣A1(y, pT ) −A2(y, pT )ei(p⃗T ·⃗b)∣∣2 (9)

where A1(y, pT ) and A2(y, pT ) are the amplitudes for production on the two nuclei. The exponential is the
propagator between the two targets. The minus sign is because vector mesons have negative parity, and
swapping from production on one nucleus to production on the other is equivalent to a parity inversion.
At mid-rapidity, symmetry requires A1(0, pT ) = A2(0, pT ) and the interference is maximal; as pT → 0,
production disappears 35.

Another aspect of this interference comes from the photon polarization. The photons are linearly
polarized along b⃗. Since the plane formed by the decay products is preferentially oriented with respect to
the electric field vector (i. e. to b⃗), this interference introduces an azimuthal modulation to the meson
pT distribution 36,34.

3.1 Non-identical mesons

With two vector mesons, the interference phenomenology grows richer. We first consider two non-identical
mesons (e. g. ρϕ). Four diagrams, shown in the top row of Fig. 3, contribute to two–non-identical-
meson production. The joint probability (at a given b) for production of two mesons follow from these
diagrams:

P (b) =

∣∣∣∣AL(p⃗1, b)AL(p⃗2, b) −AL(p⃗1, b)AR(p⃗2, b)e
i(k⃗2 ·⃗b)

−AR(p⃗1, b)AL(p⃗2, b)e
i(k⃗1 ·⃗b) +AR(p⃗1, b)AR(p⃗2, b)e

i(k⃗2 ·⃗b)ei(k⃗1 ·⃗b)
∣∣∣∣2 (10)

where AL and AR are the amplitudes for production on the left-going and right-going nuclei respectively,
p⃗1 and p⃗2 are the vector meson momenta and k⃗1 and k⃗2 are the two momentum transfers from the
nucleus. Equation 10 can be factorized into the product of two independent interference terms for two
single mesons, and much of the phenomenology follows from that factorization: the cross section goes to
zero when either one of the mesons is at mid-rapidity and has small pT .
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Figure 3 – (top) The four diagrams that contribute to the photoproduction of two non-identical mesons. (bottom)
The four additional diagrams that contribute for the production of two identical mesons.

3.2 Identical mesons

For a pair of identical mesons, there are four additional diagrams to consider, shown on the bottom row of
Fig. 3, since there are two routes to create each meson - from photon 1 or photon 2. This leads to a more
complex phenomenology. One simple but interesting case involves the emission of light vector mesons at
relatively forward rapidities. Light vector mesons are notable because σ(γA→ V A) increases only slowly
with increasing photon energy, while the photon spectrum scales roughly as 1/k. So, photoproduction is
largest near threshold, corresponding to production at forward rapidity. In this region, the two leftmost
diagrams (or, for negative rapidity, the third column of Fig. 3) are the dominant contribution, and

P (b) =

∣∣∣∣ΣiΣjAL(p⃗1, b)AL(p⃗2, b) exp(i(k⃗1 · b⃗i + k⃗2 · b⃗j))

+AL(p⃗2, b)AL(p⃗2, a) exp(i(k⃗2 · b⃗i + k⃗1 · b⃗j))
∣∣∣∣2. (11)

The sums over i and j run over the target nucleons at positions b⃗i. They exhibit the conditions for
coherent emission from the nucleus. Essentially, these boil down to |⃗k1|, |⃗k2| < h̄/RA.

Within this low pT constraint, Eq. 11 of the two mesons leads to two identical terms for the amplitude.
If we neglect shadowing or other geometric effects then the production amplitudes are all identical. This
assumption is good for heavier mesons like the J/ψ, but less accurate for lighter mesons where shadowing
is large and a Glauber calculation is needed to find the total cross section. But, it simplifies the analysis,
while retaining the essential physics, so we will use that assumption here. With this, at low pT , the sums
over i and j can be replaced with N (the number of nucleons in the target nucleus) times the individual
amplitudes. If both vector mesons are produced at similar rapidities, so the amplitudes are similar, the
cross section is

P (b) = |2N2AL(p⃗1, b)
2|2 = 4N4AL(p⃗1, b)

4. (12)

The cross section is double what it would be without the additional identical-particle diagrams. This is
an example of superradiance.

The coherence conditions are tighter than they are for a single meson, because the exponentials in
Eq. 11 sum two products of momentum and impact parameter. So, the coherence condition becomes
|⃗k1|, |⃗k2| < h̄/2RA.

It is easy to generalize this to the emission of more than two mesons. For the emission of M mesons,
there are M ! independent diagrams. So, the amplitude for emission, subject to all of the mesons having
sufficiently low pT is

PM (b) = M !NM∗MAL(p⃗1, b)
M∗M = M !P1(b)M (13)

The production probability is M ! times the probability if superradiance is neglected. For large M , M !
increases faster than P1(b)M . For producing ρ mesons with lead beams at the LHC, P1(b = 2RA) ≈ 0.03
29; this might rise to ≈ 0.05 at a future higher-energy accelerator; it would also be somewhat higher with
uranium or other higher−Z beams.

Whatever P1(b) is, if enough vector mesons are produced, the system can reach the criteria to be
considered a laser. In optical terms, “the optical gain equals the cavity loss” 37. Here, the equivalent
condition is that P (M + 1) > P (M). This requires M to be quite large (M > 30 for lead at the LHC),
and it is likely that other limitations would come into play. First, the coherence conditions tighten as M
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rises and the number of terms in the exponential increases, to k⃗ < h̄/MRA. This has similarities with
optical systems, where the beam divergence drops as lasing sets in. Another limitation is energetic, since
the energy carried by the electromagnetic field is finite. Although the large−M limit may be beyond
current reach, it should be possible to observe superradiance from two or three vector mesons.

3.3 Decay correlations and stimulated decays

Correlations should also be visible in the particle decays. One effect is straightforward: the vector mesons
share the same linear polarization, so there will be correlations in decay angles. Another possibility is more
intriguing: if the two vector mesons are in the same quantum mechanical state, there is the possibility of
stimulated decays, where the probability for decays to the identical final state is enhanced.

Stimulated decays can occur for final states particles that have integer spin (i. e. bosons). If there
is already an identical particle in the same state that will result from the decay, the probability for that
decay can be enhanced. Stimulated decays have previously been studied in the context of transitions
between atomic states, especially the de-excitation of excited states 38. Stimulated decay of dark matter
axions has been recently considered 39. A field of photons can stimulate the decay of axions when one of
the decay photons has a momentum matching that of the field.

They are in the same state if their momentum is close enough together that they are still in-phase
when the first one decays; the field of final-state particles stimulates decay to that same final state40. The
possibility of stimulated meson decay inside nuclei (where final state mesons would already be present)
has also been proposed 41. In UPCs, stimulated decay could appear in decays like ρ → π+π−, where
the π± from multiple decays might cluster in phase space. In contrast, for decays like J/ψ → e+e−, the
fermionic statistics should preclude final state lepton clustering.

4 Conclusions

Coherence is an interesting and subtle topic, with important consequences. The Good-Walker paradigm
relates coherent and incoherent photoproduction to the average nuclear configuration and configuration
fluctuations respectively. In Good-Walker coherence means that the target remains in the ground state.
That disagrees with some experimental observations of coherent photoproduction. An alternate approach
to coherence adding amplitudes, can explain data where Good-Walker fails. The ’adding amplitudes’ ap-
proach allows some new coherent UPCs channels, including coherent photoproduction of charged mesons.

UPC production of multiple vector mesons introduces several new quantum mechanical observables.
When multiple mesons are produced in the forward direction, then superradiant emission may occur,
increasing the probability of multiple mesons. It may even be possible to observe the stimulated decay
of vector mesons.
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Measurement of the impact-parameter dependent azimuthal
anisotropy in coherent ρ0 photoproduction with ALICE

A. G. Riffero (for the ALICE Collaboration)
University and INFN Torino, Italy

Coherent vector meson photoproduction in ultraperipheral heavy-ion collisions is a well-
established tool to probe the gluon structure of the colliding nuclei. We will focus on the
observation of quantum interference effects in the ρ0 meson photoproduction, in the form of
angular anisotropy. Such an anisotropy appears due to two different factors: first, the photons
involved in the process are linearly polarized along the impact parameter, and, second, quan-
tum interference occurs between the two amplitudes that contribute to the ρ0 photoproduction
cross section. Furthermore, the interference effect strongly depends on the impact parameter
of the collision, which acts as the distance between the openings of a two-slit interferometer.
We present the first measurement of this anisotropy in coherent ρ0 photoproduction from
ultraperipheral Pb–Pb collisions at a center-of-mass energy of

√
sNN = 5.02 TeV per nucleon

pair, as a function of the impact parameter of the collision. The latter is estimated by clas-
sifying the events in nuclear-breakup classes defined by neutron emission. The ρ0 mesons
are detected by the ALICE experiment through their decay into a pion pair. The anisotropy
occurs as a function of ϕ, defined as the azimuth angle between the two vectors formed by the
sum, and the difference, of the transverse-momentum of the pions, respectively. It results in
a cos(2ϕ) modulation of the photoproduced ρ0; the amplitude of the modulation is found to
increase by about one order of magnitude from large to small impact parameters. This trend
is compatible with the available theoretical predictions.

DOI: https://doi.org/10.17161/p17qpn24

Keywords: coherent photoproduction, ρ0, azimuthal anisotropy, impact parameter

1 Introduction

Ultra-peripheral collisions (UPCs) occur when the impact parameter of the collision is greater than the
sum of the radii of the colliding nuclei. In UPCs, due to the short range of the strong force, purely
hadronic interactions are highly suppressed, allowing one to study photon-induced processes [1, 2, 3, 4].
In these interactions the electric charges of the colliding nuclei work coherently and produce an intense
electromagnetic field, that can be described in terms of a flux of quasi-real photons.

Of great interest is the photoproduction of a vector meson, that is a well established tool to probe
the gluon structure of the colliding nuclei. In this process one of the nuclei emits a photon that fluctuates
into a quark–antiquark color dipole, which interacts strongly with the other nucleus and appears as a
real vector meson. The photo-nuclear interaction can be either coherent, if the photon couples with the
whole nucleus, or incoherent if it couples with only one nucleon. These processes can be disentangled
using the transverse momentum of the produced vector meson, that is related to the size of the target in
the impact-parameter plane, and it is of the order of 60 (500) MeV/c in the coherent (incoherent) case.

In the coherent case, it is not known which of the nuclei emits the photon and which acts as the
target in the interaction, opening up the possibility to study, at femtometer scales, the fundamental
quantum mechanical interference between the amplitudes [5]. At the Large Hadron Collider (LHC), the
photoproduction process occurs through the exchange of a Pomeron, a color-neutral two-gluon state at
lowest order. This restricts the production site within one of the two nuclei, therefore this process can be
seen as a double slit experiment at fm scale, where the impact-parameter acts as the distance between the
openings of the interferometer. In Ref [5] it is also shown that the interference effect involved should be

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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stronger at mid-rapidity, where the two amplitudes are almost the same, and at small impact parameter.
The strong electromagnetic fields in UPCs of heavy ions can cause multiple photon exchanges in a

single collision. These additional photons usually lead to independent electromagnetic dissociation (EMD)
processes accompanying the coherent vector meson photoproduction. These EMD processes are useful
because they allow one to select different impact parameter ranges [6], always remaining ultra-peripheral,
by means of neutrons emitted at beam rapidities by the excited nuclei.

Experimentally, the emitted neutrons can be detected using two zero-degree calorimeters (ZDCs) each
of them covering the direction of one of the incoming colliding nuclei. UPCs can therefore be classified
as: (i) 0n0n, if no neutrons are detected in the ZDCs, (ii) Xn0n + 0nXn, if at least one neutron is
detected in only one of the ZDCs, and (iii) XnXn, if both ZDCs have neutron signal. For brevity, the
Xn0n + 0nXn class will be denoted as Xn0n in the following. The intensity of the electromagnetic field
decreases with increasing impact parameter. XnXn events, where at least three photons are exchanged,
are dominated by relatively small impact parameters. Xn0n events select a broader impact-parameter
range than XnXn, while 0n0n events cover all possible impact parameters. EMD is modeled in the
RELDIS [7, 8] and nO

On [9] models, while the coherent production of vector mesons accompanied by
electromagnetic dissociation is studied with nO

On and STARlight [10].
Since the electromagnetic fields of the colliding nuclei are highly Lorentz-contracted, the exchanged

photons are fully linearly polarized. In Ref. [11] it has been proposed that due to this polarization the
interference effect can give rise to an azimuthal anisotropy in the di-lepton production from photon-
photon fusion. This effect has also been studied as a function of the impact parameter in Ref. [12], and
measured, for XnXn events by the STAR Collaboration in Au–Au UPCs at

√
sNN = 200 GeV [13].

These studies were later extended to the photoproduction of a ρ0 vector meson, where the ρ0 inherits
the linear polarization of the photon. The interference correlates momentum and polarization, ensuring
that the anisotropy of the decay of a spin-1 particle into two spin-less products is preserved when averaging
over events with random impact parameters. The anisotropy here is predicted to manifest as a cos(2ϕ)
asymmetry [14, 15], where the angle ϕ is defined as the angle between the two vectors formed by the sum
and by the difference of the pT of the pions produced in the decay ρ0 → π+π−.

The predicted cos(2ϕ) asymmetry has been measured by the STAR Collaboration, for coherent ρ0

photoproduction in XnXn events, in Au–Au and U–U UPCs at
√
sNN = 200 GeV and

√
sNN = 193 GeV,

respectively [16]. This asymmetry has also been recently studied by the CMS Collaboration using exclu-
sive diffractive production of jets at the LHC [17].

Here, we report the first measurement of the impact-parameter dependence of the cos(2ϕ) asymmetry
in Pb–Pb UPCs at

√
sNN = 5.02 TeV using the coherent photoproduction of a ρ0 meson. The ρ0 meson

is detected through its decay into a pion pair at midrapidity. The strength of the anisotropy is measured
in three different EMD classes (0n0n, Xn0n, and XnXn) that select different impact parameter ranges.

2 Experimental set-up

A full description of the ALICE apparatus and its performance is given in Refs. [18, 19]. We present
in the following a brief description of the sub-detectors involved in the measurement presented in this
analysis. The pion tracks are reconstructed using the Inner Tracking System (ITS) [20], a six-layer silicon
tracker coaxial to the beam line, and the Time Projection Chamber (TPC) [21], a big gaseous detector
that surrounds the ITS. The two innermost layers of the ITS form the Silicon Pixel Detector (SPD), that
is also used for triggering. The TPC provides also particle identification, via the measurement of the
specific ionization energy loss.

The V0 [22] and ALICE Diffractive (AD) [23] detectors, located at forward rapidities, are formed by
scintillator arrays on both sides of the interaction point (IP) and provide a veto, suppressing hadronic
interactions.

The impact parameter ranges mentioned in Sec. 1 are selected by detecting the neutrons emitted at
forward rapidity, using the Zero Degree Calorimeters. There are two ZDC detectors for neutrons, one
per side of the IP, that have an energy resolution good enough to be sensitive to the emission of a single
neutron.

The analyzed data were collected by ALICE in 2015, during the Run 2 of the LHC, using Pb–Pb
collisions at

√
sNN = 5.02 TeV, and a dedicated UPC trigger. This trigger is formed by five different

signals: four of them veto any activity of the AD or V0 detector within the time window for nominal
beam–beam interactions, to suppress hadronic collisions. The fifth signal is a topological trigger that
selects events that have at least two track segments [24] in the SPD, with an opening angle in azimuth
greater than 153 degrees. This topology was chosen since the tracks of the pions are almost back-to-
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back in azimuth, due to the very small transverse momentum of coherently produced ρ0. The integrated
luminosity of the sample, determined using the V0 detectors as explained in Ref. [24], is about 485 mb−1.

3 Data analysis

3.1 Event and track selection

The events selected for the analysis were required to have good-quality tracks. A track is considered
good if (i) it has more than 50 associated TPC clusters, (ii) has been reconstructed in both ITS and
TPC and matches the track segments in the SPD that fired the trigger, and (iii) has a distance of closest
approach to the event primary vertex smaller than 0.0182 + 0.0350/(ptrkT )1.01 cm in the transverse plane
and smaller than 2 cm in the longitudinal direction, where ptrkT is the transverse momentum, in GeV/c,
associated to the track.

The passing event were required to fulfill additional selections: (i) have exactly two opposite-sign
tracks, (ii) have no offline reconstructed signal in neither the V0 nor AD detectors, and (iii) fulfill the
pion selection n2σ1 + n2σ2 < 52, where nσ1 (nσ2) is the difference, in units of the TPC ionization energy
loss resolution, between the measured energy loss for track 1 (track 2) and the expected value for a pion
with the same momentum.

Kinematic selections were also applied: (i) the pion pair rapidity must lie in the range |y| < 0.8
to avoid acceptance edge effects, (ii) the invariant mass of the pion pair must be inside the range
0.6 GeV/c2 < mππ < 0.95 GeV/c2, and (iii) the transverse momentum (pT) of the ρ0 candidate must
be less than 0.1 GeV/c to select coherent processes with high purity. Using these selection criteria, the
contamination from incoherent events is found to be lower than 4% [24]. More details about event and
track selections can be found in Ref. [24].

3.2 ϕ definition

The observable used to measure the azimuthal anisotropy described in Sec. 1 is the azimuth angle ϕ,
defined through the transverse momentum of the pions into which the ρ0 decays. The ϕ angle can be
defined in two different ways, indicated, respectively, as average and charge. In both cases ϕ is the angle
between the transverse components of p⃗+ and p⃗−, where p⃗± = π⃗1 ± π⃗2. Using the charge definition, π⃗1
and π⃗2 are, respectively, the momentum of the positive and of the negative track. Using the average
definition, π⃗1,2 are randomly associated to the positive or to the negative track. The average definition,
that by construction does not allow for a cos(ϕ) component, has been used as default, while the charge
definition has been used in the evaluation of systematic uncertainties.

3.3 Monte Carlo corrections

A Monte Carlo (MC) simulation, using the STARlight MC generator and a realistic description of the
ALICE detector has been used to estimate the correction for acceptance and efficiency (Acc× ϵ) to
detect the pion tracks. This simulation describes the raw data kinematics well, with the exception of
the transverse momentum distribution [25]. In order to improve the agreement between MC and data,
a re-weighting procedure has been applied to the generated p2T spectrum. The procedure consists of two
steps: the first is to fit the inclusive pion pair p2T distribution of the generated MC using the function:

dN

dp2T
= c | F (| t |, aPb, RPb) |2, (1)

where c is a normalization constant and F (| t |) is the form factor of the lead nucleus, obtained as a
numerical approximation of the Fourier transform of a Wood-Saxon function [26, 27], and RPb and aPb are
fit parameters. This is possible since for sufficiently high transverse momentum, p2T can be approximated
with the Mandelstam variable t. The second step is to obtain the weights using

w(pT) =
| F (| t |, aPb, RX) |2

| F (| t |, aPb, RPb) |2
, (2)

where aPb is fixed to the fit result and RX is chosen in such a way that, after applying the weights to
each event of a given generated pT, the reconstructed p2T spectrum in the MC best reproduces the one in
the data. This is achieved by minimizing the bin-by-bin difference between the pT distributions of data
and reconstructed MC as a function of RX, using a χ2-like variable. It was verified that the same RX can
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be used to reproduce the data in all ϕ bins, therefore the weights were computed using the integrated
data sample.

The Acc× ϵ correction was obtained using the STARlight MC simulations by computing the ratio of
reconstructed to generated number of pion pairs in each invariant mass and ϕ interval, after applying the
weights discussed above at the generation level. The raw invariant mass spectra of pion pairs, for each
invariant mass and ϕ interval, was then divided by Acc× ϵ, to obtain the corrected mass spectra.

3.4 Signal extraction

The corrected mass spectra, in each neutron class and in each ϕ bin, were fitted using a modified Söding
model [28] to extract the different contributions to the production of pion pairs. The fitting function is

dN

dmππ
=| A ·BWρ +B |2 +nµµ M(mππ), (3)

where mππ is the pion pair invariant mass, BWρ is the relativistic Breit-Wigner shape that describes
the ρ0, A is its amplitude and B is the amplitude of the continuum pion pair production. The last term
models the background originating from muons produced in the γγ → µ+µ− process that have been
misidentified as pions, with a shape M(mππ) estimated with a dedicated MC, based on the STARlight
generator, and the normalization constant nµµ as a parameter of the fit. As discussed in Ref. [24], it was
verified that the contribution from the ω decay is negligible since the ρ0 yield does not vary significantly
if it is not fixed to zero.
The relativistic Breit-Wigner function describing the ρ0 resonance is:

BWρ =

√
mππ ·mρ · Γρ(mππ)

m2
ππ −m2

ρ + i ·mρ · Γρ(mππ)
(4)

and its width is:

Γρ(mππ) = Γ(mρ) ·
mρ

mππ
·
(
m2

ππ − 4m2
π

m2
ρ − 4m2

π

)3/2

. (5)

The fits were performed by fixing the pole mass mρ and the pole width Γ(mρ) of the ρ0 to the val-
ues reported for a ρ0 formed in a photoproduction reaction, namely, mρ = 769.2 MeV/c2 and
Γ(mρ) = 151.5 MeV/c2 [29]. A default strategy was chosen to extract the central value of the asymmetry
parameter. In this strategy, the average definition of ϕ is used and the background contribution is fixed to
zero in the invariant mass fits. Different strategies were explored and are used for the systematic uncer-
tainty evaluation. To check the robustness of the fit procedure, the fit of the invariant mass distribution
were repeated 100 times, using each time a different binning and fit ranges; the lower limit of the fit range
was varied from 0.6 to 0.65 GeV/c2, and the upper limit from 0.9 to 0.95 GeV/c2. An example of the
mass fits, performed with the default strategy for a specific ϕ interval and for the 0n0n and XnXn classes,
is shown in Fig. 1. After the fit, the ρ0 yield is obtained by integrating the signal function |A BWρ|2 in
the mass range 0.6 < mππ (GeV/c2) < 0.95. Such a range was chosen to be consistent with the STAR
measurement [16] and with available theory calculations (see Sec. 4 for details).

3.5 Asymmetry extraction

The extraction of the amplitude of the modulation is affected by the migration of events between neutron
classes, due to detector efficiency and pile-up effects, as discussed in Ref. [24]. To take this into account, a
simultaneous fit to the ρ0 yield as a function of ϕ in all three classes (0n0n, Xn0n, XnXn) was performed,
using the following expression: nρ 0n0n(ϕ)

nρ Xn0n(ϕ)

nρ XnXn(ϕ)

 =

1
1
1

+

w 0n0n → 0n0n w Xn0n → 0n0n w XnXn → 0n0n

w 0n0n → Xn0n w Xn0n → Xn0n w XnXn → Xn0n

w 0n0n → XnXn w Xn0n → XnXn w XnXn → XnXn

 a2 0n0n

a2 Xn0n

a2 XnXn

 cos(2ϕ), (6)

where nρ 0n0n is the normalized ρ0 yield in a given ϕ range for the 0n0n class, and similarly for other classes,
and the fitting parameters a2 0n0n, a2 Xn0n and a2 XnXn are the amplitudes of the cos(2ϕ) modulation in
the three classes. The coefficients w Y → Z represent the contribution of the physical neutron class Y to
the yield in the experimental neutron class Z, computed using the measured cross sections and migration
probabilities as determined in Ref. [24]. The constant term is fixed to unity by normalization.
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ALI-PREL-550867

Figure 1 – Invariant-mass distribution of pion pairs, with a superimposed Söding fit, for the range 36◦ < ϕ < 60◦,
and for the default strategy discussed in the text, in the 0n0n (left) and XnXn (right) neutron classes. The
different components of the pion-pair production amplitude are shown: the Breit-Wigner shape that describes the
ρ0 (dotted line), the continuum process (dash-dotted line), and the interference between the ρ0 and the continuum
(dash-dot-dot-dot line).

This simultaneous fitting procedure is repeated 100 times, on the different distributions of the ρ0 as
a function of ϕ provided by the signal extraction procedure explained in Sec. 3.4. An example of this
simultaneous fit is shown in Fig. 2.

In each class, the central value of modulation has been taken as the mean value of the distribution of
the amplitude, and the statistical uncertainty has been evaluated as the mean value of the distribution
of the uncertainties from the fit.

3.6 Systematic uncertainties

The systematic uncertainties affecting the results presented here can be grouped in two categories: signal
extraction and Acc× ϵ.

The systematic uncertainty related to the signal extraction has three contributions. The first has
been evaluated as the standard deviation of the distribution of the cos(2ϕ) amplitudes over the 100
trials mentioned above. The second contribution comes from using an alternative model, by Ross and
Stodolsky [30], to fit the invariant mass distributions, and has been evaluated as the difference between
the amplitudes obtained using the two models. The third contribution was estimated using different
strategies for the measurement of the ρ0 yield as a function of ϕ. The considered strategies include using
the charge or average definition of ϕ, and setting or not the muon background to zero in the mass fits.
Note that, in charge mode, the ρ0 yield as a function of ϕ may have a cos(ϕ) component [31], which was
added to the fit function of Eq. 6. This may or may not be done for the average mode, resulting in six
different possible strategies (including the default one). The systematic uncertainty due to the choice of
a strategy has been evaluated as the difference between the result obtained with the default strategy and
the mean value of results obtained with the others.

The systematic uncertainty on the Acc× ϵ mainly arises from the re-weighting procedure described
in Sec. 3.3. It was obtained by using, instead of the RX value that minimizes the χ2, the two values of
RX for which the χ2 increases by one unit with respect to the minimum. The systematic uncertainty is
estimated as the larger difference, in each class and for the default strategy, between the results obtained
with the original and with the modified sets of weights. As a consistency check, it was also verified that,
when the analysis is performed in rapidity sub-ranges containing roughly half of the total number of
events, the extracted amplitudes are all compatible with each other within one standard deviation.
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ALI-PREL-550863

Figure 2 – Example of a simultaneous fit used to extract the amplitude of the cos(2ϕ) modulation in all neutron
classes. The contribution of each physical class to the yield in all experimental classes is shown.

4 Results

Figure 3 shows the extracted amplitude of the cos(2ϕ) modulation as a function of the neutron class.
The measured anisotropy shows a clear trend, with a significant increase, by approximately one order
of magnitude, from 0n0n to XnXn, which according to nO

On corresponds to a variation of the median
impact parameter between, approximately, 49 and 18 fm. Similar values can be obtained also using the
analytical model presented in Ref. [32]; similar values for XnXn are also reported in Ref. [6]. We quote
the median, instead of the mean, impact parameter because it is less sensitive to a tail of interactions
extending to very large impact parameters [32].

As discussed in Sec. 1, the cos(2ϕ) anisotropy in the model emerges from the presence of two elements:
(i) the photon is linearly polarized along the impact parameter and this polarization is transferred to the
produced vector meson, (ii) the two amplitudes that contribute to the cross section of the vector meson
photoproduction process interfere.

The results are compared with the models by H. Xing et al. [14] and by W. Zhao et al. [33]. In the
H. Xing et al. model, the quasi-real photon exchanged by the nuclei is treated as a color quark–antiquark
dipole, that recombines to produce a ρ0 after scattering off the color glass condensate state [34] inside
the nuclei. The model from W. Zhao et al. uses the same formalism of the H. Xing et al. model, with
two main differences: (i) the interaction of the quark–antiquark dipole with the target is implemented by
computing the corresponding Wilson lines, and (ii) the color charge density used to obtain the Wilson
lines is varied event-by-event to represent the different possible color configurations of the target.

The uncertainty of the model by H. Xing et al. [14] mostly comes from the probability of emitting
a neutron from the scattered nucleus at a given impact parameter, where this latter has been estimated
using three different parametrization from Refs. [35, 36, 37]. The model prediction is compatible with
data for all neutron classes. In the model by W. Zhao et al. [33] the quoted uncertainty originates from
the statistical precision from the finite number of sampled configurations. The predictions of this model
also give a reasonable description of data, with the possible exception of the 0n0n class.

For the XnXn class, the ALICE result is also compared with the ones from the STAR Collabo-
ration [16], for Au–Au and U–U collisions at a lower center-of-mass energy of

√
sNN = 200 GeV and√

sNN = 193 GeV, respectively. The amplitude measured by ALICE is compatible with both STAR
results. This is consistent with the models, which predict the cos(2ϕ) modulation amplitude to vary with
the colliding nuclei and the center-of-mass energy by less than the current experimental uncertainties.
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Figure 3 – Amplitudes of the cos(2ϕ) modulation of the ρ0 yield as a function of the neutron class, compared
with the Xing et al. [14] and W. Zhao et al. [33] model predictions and, for XnXn, with the STAR results [16].

5 Conclusions and outlook

The first measurement of the impact-parameter dependence of the modulation of the ρ0 yield with the
ϕ angle in coherent photoproduction processes from Pb–Pb ultraperipheral collisions at a center-of-mass
energy of

√
sNN = 5.02 TeV has been presented. The ρ0 was detected using the ALICE detector through

its decay into a pion pair and the observable ϕ is an azimuthal angle defined in Sec. 3.2. The impact
parameter is estimated considering neutron emission at forward rapidity. A significant impact-parameter
dependence of the anisotropy strength was observed, with the amplitude of the cos(2ϕ) modulation
increasing by about one order of magnitude from the 0n0n (no neutrons emitted, large impact parameter)
to the XnXn (neutrons emitted by both colliding nuclei, relatively small impact parameter) class. This
trend is well reproduced by the theoretical models [14, 33]. The results for the XnXn class are compatible
with those, by the STAR Collaboration, for Au–Au and U–U collisions at RHIC.

The current experimental uncertainties do not allow the measurement to constrain the models, but
this will become possible using the large data set that is being collected by ALICE during Run 3 and in
the future Run 4 of the LHC. This large amount of data will also enable a more detailed characterization
of the quantum interference effects, by means of more differential studies and the study of similar effects
in other processes, such as the coherent photoproduction of the J/ψ, where the model predictions are
expected to be more accurate.
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Coherent photoproduction of J/ψ mesons in ultraperipheral
PbPb collisions at CMS
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In this contribution we briefly describe the CMS results on J/ψ photoproduction in PbPb
collisions in which the coherent J/ψ photoproduction cross section as a function of the photon-
nucleus center-of-mass energy (WPb

γN) was measured up to 400 GeV. The cross section is

observed to plateau above WPb
γN ≈ 40 GeV and up to 400 GeV, accessing very small Bjorken-x

values of ≈ 6× 10−5.
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1 Introduction

The extreme limit of an off-center collision is one in which a nucleus miss each other, so that the im-
pact parameter is greater than sum of the nuclear radii. In these ultraperipheral collisions (UPCs),
the strong electromagnetic fields surrounding the relativistic nuclei enhance photon-photon and photon-
nucleus interactions over hadronic processes. Indeed these photo-induced processes dominate the total
nucleus-nucleus cross section.

The photoproduction of vector mesons, where the sub process is γA → VA with V = J/ψ,Υ(nS), ρ0

etc., represents a powerful probe of the nuclear structure, particularly at very small Bjorken-x region,
where the gluon saturation is expected to be found. These interactions are usually classified depending
on whether the projectile photon interacts with the target ion as a whole (coherent) or if it interacts with
a single nucleon inside the ion (incoherent). The coherent production is of particular interest since at LO
in pQCD, the photo-nuclear cross section is proportional to the square of the gluon distribution of the
target nucleus.

In symmetric collisions, such as PbPb, one of the main difficulties to access small Bjorken-x values
is the two-energy photon ambiguity which comes from the fact that either nucleus could serve as the
photon emitter or the target. A novel solution to this problem was proposed in 1,2 in which the main idea
is to control the collision impact parameter by detecting forward neutrons emitted via electromagnetic
dissociation and classifying events in forward neutron multiplicity categories.

The CMS Collaboration exploited the above mentioned strategy to access the small-x region in J//ψ
photoproduction in PbPb collisions at

√
sNN = 5.02 TeV 3. The zero-degree calorimeters (ZDCs) 4 were

used to tag forward neutrons and disentangle the low and high energy photon contributions.

2 Dataset and event selection

This analysis used PbPb UPCs collisions collected at the CMS experiment at the LHC in 2018. The data
correspond to an integrated luminosity of 1.52 nb−1. The event candidates are online selected with a
trigger that requires at least one muon candidate coincident with a Pb-Pb bunch crossing. For the off-line
analysis, events are required to have a primary vertex formed by using two or more tracks. In addition,
in order to suppress hadronic interactions, the selected events are required to have energy depositions
less than 7.3 and 7.6 GeV in forward calorimeters with positive and negative rapidities, respectively.

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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Figure 1 – Invariant mass (left) and transverse momentum distribution (right) of µ+µ− pairs in the 0n0n neutron
class.

Figure 2 – Differential coherent J/ψ photoproduction cross section as a function of rapidity in different forward
neutron multiplicity categories.

Pairs of high-quality muons of opposite sign within an invariant mass in the range 2.6 < mµµ < 4.2
GeV are selected as J/ψ and ψ(2S) candidates.

3 Signal extraction

The signal extraction strategy relies on studying the dimuon mass and transverse momentum distri-
butions. By looking at the invariant mass spectrum one can separate the raw number of J/ψ signal
events from the main background process coming from QED γγ → µµ events, as it is shown in Fig. 1
(left). These raw J/ψ yields are a combination of different physics processes, namely coherent, incoher-
ent (with and without nuclear breakup) and J/ψ mesons obtained from the decay of ψ(2S) (referred as
“feed-down”). In order to extract the coherent J/ψ yields, multiple template fits are performed to the
transverse momentum spectrum, as it is shown in Fig. 1 (right).

4 Coherent J/ψ cross section

The coherent J/ψ photoproduction differential cross section is obtained as

dσcoh
J/ψ

dy
=

NJ/ψ

ϵJ/ψBJ/ψ→µµLϵevtsel∆y
, (1)

where ϵJ/ψ and ϵevtsel are the reconstruction and event selection and reconstruction efficiencies, BJ/ψ→µµ

the J/ψ dimuon branching fraction, L the integrated luminosity and ∆y is the rapidity bin. This is
performed in different forward neutron multiplicity categories, namely, 0n0n (no neutron selection), 0nXn
(zero neutrons on one side and at least one neutron on the other side), and XnXn (at least one neutron
on both sides). Predictions from theoretical calculations are also shown for comparison. The results are
shown in Fig. 2.
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Figure 3 – Left: Coherent J/ψ photoproduction cross section as a function of WPb
γN . The prediction from several

theoretical models are also shown. Right: Nuclear suppression factor RPb
g as a function of Bjorken-x.

5 Energy dependence of the photo-nuclear cross section

The measured differential cross sections, shown in Fig. 2, for each neutron multiplicity class contains
contributions from both low and high energy photons, ω = MJ/ψ exp(±y). The separation of the cross
section in different neutron multiplicities classes allows us to disentangle both contributions and obtain
the coherent photo-nuclear J/ψ cross section as a function of the center-of-mass energy of the photon-lead
system (WPb

γN). This measurement, as it is shown in Fig. 3 (left), is obtained up to energies ofWPb
γN ≈ 400

GeV. At low WPb
γN values from 15 to 40 GeV, we observe a rapid growing energy dependence, consistent

with the picture of a fast-growing gluon density at small x. This trend vanishes for WPb
γN > 40 GeV, and

the cross section begins a slow linear increase. This could imply the onset of novel physics, for example
the gluon saturation of the Pb nucleus at the corresponding Bjorken-x value.

The nuclear gluon suppression factor RPb
g (x, µ2 = 2.4GeV2) as a function of x is also obtained. This

is defined as defined as RPb
g =

√
σMeas/σIA, where σMeas is the measured cross section and σIA is the

prediction from the impulse approximation model. As it is shown in Fig. 3 (right), the suppression in
the high-x (low WPb

γN) region is around 0.8-0.9. As we go to small-x values, the suppression factor starts

dropping rapidly to 0.4-0.5 for x ≈ 6× 10−5.

6 Summary

The coherent J/ψ photoproduction cross section in PbPb collisions has been presented in different forward
neutron multiplicity classes. This allowed us to solve the two-way ambiguity of high and low energy
photons, hence, to measure the photo-nuclear cross section as a function of the photon-nucleus center-
of-mass energy WPb

γN over a wide range from 40 up to 400 GeV. The data show a slow linear rising trend
above 40 GeV. This can be interpreted either as the first direct evidence of gluon saturation in Pb nucleus
or that the scattering cross section is near the black-disc limit.
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Impact parameter dependence of dilepton production: Wigner
function approach and the role of photon polarizations

Wolfgang Schäfer
Institute of Nuclear Physics, Polish Academy of Sciences,

ul. Radzikowskiego 152, PL-31-342 Kraków, Poland

We revisit the Wigner function approach to the impact parameter dependent dilepton pair pro-
duction developed in [M. Klusek-Gawenda, WS, A. Szczurek Phys.Lett.B 814 (2021) 136114].
We study the distribution of the angle between difference and sum of lepton transverse mo-
menta, and show how it relates to the orbital angular momentum of leptons. The dependence
on impact paramter is discussed, and we also present the different components of the Wigner
function in the t-channel. A brief comparison to similar angular distributions in diffractive
quark pair production will be presented.
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1 Introduction

The uses of Weizsäcker-Williams (WW) photons in ultraperipheral collisions of heavy ions 1,2,3,4 need no
introduction at this conference. Here, we will concentrate on the role of WW-photons in peripheral to
semi-central processes, where nuclei overlap in impact parameter space and interact strongly. This can
include the production of quark-gluon plasma in the nuclear overlap region. For our purposes the addi-
tional strong interactions create an “underlying event” to the γγ-process induced by the WW-photons.
The possibility of extending the WW approach to such inelastic collisions has been realized already in the
1990s5, but has become topical after the measurements by the STAR collaboration at RHIC of J/ψ 6 and
dielectrons 7 at very low transverse momenta of the produced system. Below, we concentrate on lepton
pair production. In fact it is straightforward to write the relevant cross section in impact parameter
space, involving a convolution of the b–dependent photon fluxes:

dσll
dξd2b

=

∫
d2b1d

2b2 δ
(2)(b− b1 − b2)N(ω1, b1)N(ω2, b2)

dσ(γγ → l+l−; ŝ)

d(−t̂) , (1)

where the phase space element is dξ = dy+dy−dp
2
T with y±, pT and ml the single-lepton rapidities,

transverse momentum and mass, respectively, and

ω1 =

√
p2T +m2

l

2
(ey+ + ey−) , ω2 =

√
p2T +m2

l

2
(e−y+ + e−y−) , ŝ = 4ω1ω2 . (2)

It is then straightforward to evaluate the cross sections/yields for different centrality classes C, which are
slices in impact parameter space [bmin, bmax] that contain a fraction fC of the total inelastic cross section
σin
AA. For example

dNll[C]

dM
=

1

fC · σin
AA

∫ bmax

bmin

db

∫
dξ δ(M − 2

√
ω1ω2)

dσll
dξdb

∣∣∣
cuts

. (3)

Up to now we have treated WW photons as purely collinear partons of the ions, in particular the dilepton
pair is produced back–to–back with a delta-function distribution of the pair transverse momentum. An
excellent agreement with the invariant mass distributions of dileptons with PT < 150 MeV for the most

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).

https://journals.ku.edu/upc/
https://doi.org/10.17161/werm5m52


Phys. Proc. Ultra-Peripheral Collisions 1, 009 (2024) 2-9

0 0.2 0.4 0.6 0.8 1

 (GeV)TP

11−10

10−
10

9−
10

8−
10

7−10

6−
10

5−
10

4−10

3−
10

2−10

1−10

1

10

210

3
10

 (
1
/G

e
V

)
T

/d
P

­
e

+
e

d
N

STAR­200GeV Au: 0.40­0.76 GeV

­2
 10×                0.76­1.2 GeV 

­4
 10×                1.20­2.6 GeV 

­
e+e→γγ

 + QGPρin­medium 

cocktail

0 0.05 0.1 0.15 0.2

TP

6−
10

5−
10

4−10

3−
10

2−10

)
­1

 (
G

e
V

T
d
N

/d
P

e
v

1
/N

ALICE prelim.

Wigner

from UPC

=5.02 TeV, c = (70­90)%NNs

|<0.8
e

η>0.2 GeV, |
t,e

<2.7 GeV, pee1.1<M

Figure 1 – Left panel: PT spectra of the individual contributions in 3 different mass bins for 60-80% central
Au+Au collisions (

√
sNN=200GeV), compared to STAR data 7. Right panel: PT distribution of the pair against

old preliminary ALICE data 8.

peripheral STAR data is achieved in such an approach9. For more central collisions also thermal emissions
and the cocktail of hadronic Dalitz as described in Ref.10 decays plays a role.

The proof for the presence of the photon fusion mechanism however lies in the pair-transverse mo-
mentum distribution. One can easily obtain the transverse momentum dependent WW-flux of photons,
which reads

dN(ω, q)

d2q
=
Z2αem

π2

q2

[q2 + ω2

γ2 ]2
F 2
em(q2 +

ω2

γ2
). (4)

Here the electromagnetic formfactor of the nucleus restricts transverse momenta to q2 ∼< 6/R2
A, while the

maximum of the distribution is at q2 ∼ ω2/γ2, which takes smaller values with increasing Lorentz factor
γ. The dilepton cross section is then written as

dσll
d2P

=

∫
dω1

ω1

dω2

ω2
d2q1d

2q2

dN(ω1, q
2
1)

d2q1

dN(ω2, q
2
2)

d2q2

δ(2)(q1 + q2 − P )σ̂(γγ → l+l−)
∣∣∣
cuts

, (5)

so that the transverse momentum distribution of the dilepton pair is essentially obtained by a convolution
of WW-fluxes. This of course closely reminds the TMD (transverse momentum dependent) factorization
formulas used in inclusive hadronic processes. The similarity would be even more obvious by using
momentum fractions xi = 2ωi/

√
sNN instead of photon energies. A similar procedure is taken in the

Monte-Carlo code Starlight 11. In the left panel of Fig.1 we show the comparison of a calculation based
on eq.5 with STAR data. Closer inspection shows, that the peak however is predicted at smaller PT

than what data show. This disagreement becomes rather dramatic at LHC energies, see the right panel
of Fig.1. Here the blue dashed line reflects the ever smaller transverse momenta of photons at higher
energies.

2 Wigner function approach

2.1 Wigner function & factorization

As it turns out it is crucial to include simultaneously the dependence on centrality/impact parameter of
the collision and the pair transverse momentum 12.

Nij(ω, b, q) =

∫
d2Q

(2π)2
exp[−ibQ]Ei

(
ω, q +

Q

2

)
E∗

j

(
ω, q − Q

2

)
. (6)
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sNN=200GeV ) Calculations from Ref.12.

Above, we introduced the electric field strength vector

E(ω, q) ∝
qFem(q2 + ω2

γ2 )

q2 + ω2

γ2

. (7)

The Wigner function depends at the same time on impact parameter and transverse momentum, and will
reproduce the above mention WW fluxes in impact parameter and transverse momentum space after being
integrated over the respective other set of variables. It is also a density matrix in photon polarizations
– above indices i, j correspond to cartesian (linear) polarizations of WW photons. The relation to the
operator matrix element definition is shown in Ref.13. For earlier approaches to the impact parameter
dependence, see e.g. Ref.14 (which does not discuss the pair PT -spectrum and photon polarizations)
and Ref.15, which is based on a numerical Fourier transform of Feynman-diagram amplitudes. For an
equivalent approach to ours and a discussion of soft-photon resummation 16, see the presentation by
Ya-Jin Zhou at this workshop. For the analogous QCD Wigner function of gluons with applications to
mainly exclusive processes we refer to the recent review 17. The factorization formula differs from the
standard expressions in several aspects, the most important being the fact that here it is not the hard
cross section averaged over incoming parton polarizations that enters, but rather a mixture of incoming

3

https://journals.ku.edu/upc/


Phys. Proc. Ultra-Peripheral Collisions 1, 009 (2024) 4-9

polarizations is prepared dependent on b.

dσ

d2bd2P
=

∫
d2b1d

2b2 δ
(2)(b− b1 + b2)

∫
dω1

ω1

dω2

ω2
d2q1d

2q2 δ
(2)(P − q1 − q2)

× Nij(ω1, b1, q1)Nkl(ω2, b2, q2)
1

2ŝ
MikM

†
jl dΦ(l+l−). (8)

For a diagrammatic representation, see Fig.2. For practical calculations it is useful to start from the more
explicit form

dσ

d2bd2P
=

∫
d2Q

(2π)2
exp[−ibQ]

∫
dω1

ω1

dω2

ω2

∫
d2q1

π

d2q2

π
δ(2)(P − q1 − q2)

× Ei

(
ω1, q1 +

Q

2

)
E∗

j

(
ω1, q1 −

Q

2

)
Ek

(
ω2, q2 −

Q

2

)
E∗

l

(
ω2, q2 +

Q

2

)
× 1

2ŝ

∑
λλ̄

Mλλ̄
ik M

λλ̄†
jl dΦ(l+l−).

with ∑
λλ̄

Mλλ̄
ik M

λλ̄†
jl = δikδjl

∑
λλ̄

∣∣∣M (0,+)

λλ̄

∣∣∣2 + ϵikϵjl
∑
λλ̄

∣∣∣M (0,−)

λλ̄

∣∣∣2
+ P

∥
ikP

∥
jl

∑
λλ̄

∣∣∣M (2,−)

λλ̄

∣∣∣2 + P⊥
ikP

⊥
jl

∑
λλ̄

∣∣∣M (2,+)

λλ̄

∣∣∣2 + interferences . (9)

Here, the mutually orthogonal O(2)-tensors

δik = x̂ix̂k + ŷiŷk, ϵik = x̂iŷk − ŷix̂k, P
∥
ik = x̂ix̂k − ŷiŷk, P

⊥
ik = x̂iŷk + ŷix̂k (10)

project the incoming (s-channel) photon polarization states into definite Jz = 0,±2 and parity. In Fig.3
we see that the inclusion of the impact parameter dependence within the Wigner function approach gives
an improved description of STAR data with no new parameters introduced. Other successes12 include a
good description of the evolution of azimuthal decaorrelation of dileptons with centrality, as measured
by the ATLAS Collaboration 18.

2.2 Positivity

The form of the cross section given in eq.9 also gives straightforward insight into positivity issues. Namely
the Wigner function is not necessarily a non-negative function. One may therefore doubt, whether our
cross section is manifestly positive, i.e. well-defined. To this end, we can introduce:

Gik(ω1, ω2,P ; b) ≡
∫
d2k

2π2
exp[−ibk]Ei(ω1,k)Ek(ω2,P − k) , (11)

so that our cross section takes the form

dσ

d2bd2P
=

∫
dω1

ω1

dω2

ω2
Gik(ω1, ω2,P ; b)G∗

jl(ω1, ω2,P ; b)
1

2ŝ

∑
λλ̄

Mλλ̄
ik M

λλ̄†
jl dΦ(l+l−) . (12)

from which we obtain the cross section as a sum of squares which is manifestly positive:

dσ

d2bd2P
=

∫
dω1

ω1

dω2

ω2

{
|Gxx +Gyy|2

∑
λλ̄

∣∣∣M (0,+)

λλ̄

∣∣∣2 + |Gxy −Gyx|2
∑
λλ̄

∣∣∣M (0,−)

λλ̄

∣∣∣2
+ |Gxx −Gyy|2

∑
λλ̄

∣∣∣M (2,+)

λλ̄

∣∣∣2 + |Gxy +Gyx|2
∑
λλ̄

∣∣∣M (2,−)

λλ̄

∣∣∣2}dΦ(l+l−)

2ŝ
. (13)

2.3 Fierz transformation & t-channel viewpoint

While positivity is easiest proven from the s-channel point of view, it is of interest to analyze which
components of the spin-density matrix of the beam/target nuclei are being probed by the “hard process”
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Figure 4 – Data from STAR 20,experimental cuts: 0.45 < M < 0.76 GeV, PT < 0.1 GeV.

under discussion. Here one often uses the generalized transverse momentum distribitions (GTMDs),
which are derived from the Wigner distributions by another Fourier transform (see the e.g. the review17):

Gij(x, q,Q) ∝
∫
d2b exp[ibQ]Nij(x, b, q) . (14)

While it would be perhaps most convenient to decompose the GTMD/density matrix in terms of the
orthogonal O(2) tensors given above, popular parametrizations (see e.g.19) use decompositions like

Gij(x, q,Q) = δijG1(x, q,Q) + (2qiqj − q2δij)G2(x, q,Q)

+ (2QiQj −Q2δij)G3(x, q,Q) + (qiQj −Qiqj)G4(x, q,Q), (15)

where in fact for small-x photons all the GTMDs are proportional to each other. In the forward limit
Q → 0, which corresponds to the integration over impact parameters in the Wigner function, we have the
TMD limits G1 → f1(x, q), G2 → h⊥1 (x, q), where f1 and h⊥1 are the TMD for unpolarized and linearly
polarized photons repsectively.. To convert the sums over polarizations in Eq.9, one may use a ”Fierz
transformation” which swaps contractions PikPjl to PijPkl:

I⊗ I
ε⊗ ε

P ∥ ⊗ P ∥

P⊥ ⊗ P⊥

∣∣∣s−channel

=
1

2


1 1 1 1
1 1 −1 −1
1 −1 1 −1
1 −1 −1 1




I⊗ I
ε⊗ ε

P ∥ ⊗ P ∥

P⊥ ⊗ P⊥

∣∣∣t−channel

(16)

2.4 Polarization structure & angular dependence

Before we come to the angular dependence of the cross section, let us briefly look at helicity amplitudes
of leptons in states of definite Jz and parity. As it turns out, all amplitudes with Jz = 0 vanish in the
limit of massless fermions. We work in terms of light-front momentum fractions z, 1 − z of one of the
photons carried by the (anti-)lepton and the relative transverse momentum

k = zp− − (1 − z)p+ . (17)

As the total angular momentum is decomposed into spin and orbital angular momentum Jz = Sz + Lz,
amplitudes will have dependences on the azimuthal angle ϕ of k which involve

exp(±iLzϕ) = exp(±i(Jz − Sz)ϕ). (18)

For example, the positive parity, Jz = 0, Sz = 1 amplitude has the form

M
(0,+)
↑↑ ∝ mk⊥e

−iϕ

k2⊥ +m2
, (19)

5

https://journals.ku.edu/upc/


Phys. Proc. Ultra-Peripheral Collisions 1, 009 (2024) 6-9

while for Jz = 2, Sz = 0, P = +1, we have

M
(2,+)
↑↓ ∝ −k2⊥(zei2ϕ − (1 − z)e−i2ϕ)

k2⊥ +m2
, (20)

which does not vanish as m→ 0. Indeed, in the massless case only amplitudes for Jz = ±2, Sz = 0 with
Lz = ±2 contribute. The amplitudes in this case enter the cross section as∑

λλ̄

Mλλ̄
ik M

λλ̄†
jl =⇒ P

∥
ikP

∥
jl

∑
λ=−λ̄

∣∣∣M (2,−)

λλ̄

∣∣∣2 + P⊥
ikP

⊥
jl

∑
λ=−λ̄

∣∣∣M (2,+)

λλ̄

∣∣∣2
=

2

k2⊥

{z2 + (1 − z)2

z(1 − z)

(
P

∥
ikP

∥
jl + P⊥

ikP
⊥
jl

)
+ 2 cos(4ϕ)

(
P

∥
ikP

∥
jl − P⊥

ikP
⊥
jl

)}
We observe, that at the cross section level, the Lz = ±2 amplitudes give rise to a cos(4ϕ) modulation. It
gives rise to a difference between ∥ and ⊥ linear polarizations of “s-channel” photons. As the cross section
is the absorptive part of a forward amplitude, which in turn can be related to an index of refraction, one
can indeed relate this to a “birefringence” of the vacuum, see the discussion in Ref. 21. Furthermore,
from the Fierz transformation(

P ∥ ⊗ P ∥ + P⊥ ⊗ P⊥)∣∣∣
s−channel

=
(
I⊗ I− ε⊗ ε

)∣∣∣
t−channel(

P ∥ ⊗ P ∥ − P⊥ ⊗ P⊥)∣∣∣
s−channel

=
(
P ∥ ⊗ P ∥ − P⊥ ⊗ P⊥

)∣∣∣
t−channel

, (21)

one can derive, that in the b-integrated cross section, the cos(4ϕ) modulation stems from the linearly
polarized TMD h⊥1 (x, q2⊥) as previously shown in Ref.22. In the massive case, relevant to invariant masses
close to the threshold, interferences between Jz = 0 and Jz = ±2 amplitudes of equal parity can induce
a cos(2ϕ) modulation.∑

λλ̄

Mλλ̄
ik M

λλ̄†
jl ⊃ δikP

∥
jl

∑
λλ̄

M
(0,+)

λλ̄
M

(2,+)†
λλ̄

+ P
∥
ikδjl

∑
λλ̄

M
(2,+)

λλ̄
M

(0,+)†
λλ̄

+ ϵikP
⊥
jl

∑
λλ̄

M
(0,−)

λλ̄
M

(2,−)†
λλ̄

+ P⊥
ikϵjl

∑
λλ̄

M
(2,−)

λλ̄
M

(0,−)†
λλ̄

(22)

We can expect a different dependence on centrality the cos 2ϕ and cos 4ϕ contributions. In the b–
integrated cross section the cos 2ϕ stems from the product of unpolarized & linearly polarized TMD’s:
f1(x1, q

2
1⊥)h⊥1 (x2, q

2
2⊥) + (x1, q1⊥ ↔ x2, q2⊥), in agreement with the analysis in Ref.22.

2.5 Comparison with STAR data

√
sNN = 200 GeV Wigner Wigner STAR STAR

centrality A4

√
⟨P 2

T ⟩ MeV |A4|
√

⟨P 2
T ⟩ MeV

60-80 % -0.39 47.7 0.27 ± 6 50.9 ± 2.5

40-60 % -0.49 51.0 − −
20-40 % -0.62 54.8 - -

0-20% -0.77 59.6 - -

Table 1: Centrality dependence of angular coefficient and mean PT of e+e−-pair.

Let us now go to the comparison with experimental data. Here we define, event by event, the x-axis
in the transverse plane to be along P = p+ +p−, so that the internal orbital angular momenta of leptons
reflect themselves in a modulation in the angle:

cosϕ =
P · (p− − p+)

|P ||p− − p+|
≈ P · k

|P ||k| , . (23)
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Figure 5 – Feynman diagrams for the diffractive photoproduction of qq̄ pairs in nucleus-proton collisions, discussed
in the present paper.
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Figure 6 – Distributions in the azimuthal angle ϕ between P⃗⊥ and ∆⃗⊥ normalised to the total cross section for
0.01 < P⊥ < 10.0GeV on the left and for 5.0 < P⊥ < 10.0GeV on the right.

A comparison with STAR20 data in the 60− 80% centrality class, which show a sizable, negative cos(4ϕ)
modulation, is seen in Fig.4. The angular modulation clearly reflects the orbital angular momentum
Lz = ±2 of leptons. The agreement with data is good, we stress that no new parameters enter the
calculation. In Table 1 we show the A4 correlation coefficient in

dN

dϕ
∝ 1 +A2 cos 2ϕ+A4 cos 4ϕ+ . . . . (24)

In particular we predict its evolution with centrality: an increasing in size, and negative azimuthal
correlation A4.

3 Diffractive photoproduction of cc̄ pairs

Finally, let us return to the gluon Wigner distribution/GTMD. Here, also ultraperipheral collisions have
been proposed as a means to gain access to the latter 23,24. We briefly summarize the main results of
our recent paper25 regarding the azimuthal correlations of diffractively produced cc̄-pairs. Here we have
in mind UPC in proton-nucleus collisions, where the nucleus provides the photon flux and the diffractive
photoproduction process proceeds on the proton (see Fig.5). The photoproduction amplitude in the
dipole picture is expresed as

dσ(γp→ QQ̄p; sγp)

dzd2P d2∆
=

∑
λγ ,λ,λ̄

∣∣∣ ∫ d2bd2r

(2π)2
e−i∆·be−iP ·rN(Y, r, b) Ψ

λγ

λλ̄
(z, r)

∣∣∣2 . (25)

Now, one is interested in the azimuthal correlation in the angle

cosϕ =
P ·∆
P⊥∆⊥

(26)
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Indeed, a possible correlation between dipole size r and impact parameter b reflects itself in an angular
correlation in the GTMD (the so-called “elliptic GTMD”.

f
(
Y,

q

2
+ κ,

q

2
− κ

)
= f0(Y, κ⊥, q⊥) + 2 cos(2ϕqκ) f2(Y, κ⊥, q⊥) . (27)

Here Y is the rapidity gap between diffractive system and proton, and the gluon GTMD relates to the
dipole amplitude as

N(Y, r, b) =

∫
d2qd2κ f

(
Y,

q

2
+ κ,

q

2
− κ

)
exp[iq⃗⊥ · b⃗⊥]

×
{

exp
[
i
1

2
q · r

]
+ exp

[
− i

1

2
q · r

]
− exp[iκ · r] − exp[−iκ · r]

}
. (28)

In this case, the dominant correlation turns out to be cos 2ϕ, and it inded stems from the “elliptic glue”.
The size of the effect shown in Fig.6 however is much smaller than the one in photon-photon fusion
production for the dilepton.

4 Summary

We have reviewed our studies of low-PT dilepton production in ultrarelativistic heavy-ion collisions. We
first performed a comparison of dilepton production via thermal radiation and photon-photon fusion
within the coherent fields of the incoming nuclei. Coherent emission dominates for the two peripheral
samples, and is comparable to the cocktail and thermal radiation yields in semi-central collisions. The
impact-parameter dependent dilepton PT distribution is described by a Wigner function density matrix
generalization of the Weizsäcker-Williams fluxes. Here the Jz = 0,±2 channels of the γγ-system enter
with different b-dependent weights. For e+e− pairs the Jz = ±2 channels dominate. Comparison to
recent STAR data shows a good description of low-PT dilepton data in Au-Au(

√
sNN=200 GeV) collisions

in three centrality classes, for invariant masses from threshold to ∼4 GeV. Proper account for the b-
dependence turns out to be crucial at LHC energies. We obtain a very good description of ATLAS
azimuthal decorrelations, our predictions agree well with recent ALICE data.

Also the azimuthal cos 4ϕ correlation measured by STAR is well reproduced, and can be traced to
orbital angular momentum of leptons. Here the linear photon polarizations play an important role. The
angular coefficient rises for more central collisions.

In contrast, in diffractive heavy quark production, the parton-level cos 2ϕ azimuthal correlations
induced by the elliptic Wigner function are much smaller than the ones in the QED process.
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Relativistic heavy-ion beams at the LHC are accompanied by a large flux of equivalent pho-
tons, leading to multiple photon-induced processes. This report presents a series of measure-
ments of dilepton production from photon fusion performed by the ATLAS Collaboration.
Recent measurements of exclusive dielectron production in ultra-peripheral collisions (UPC)
are presented. These processes provide strong constraints on the nuclear photon flux and its
dependence on the impact parameter and photon energy. Comparisons of the measured cross
sections to QED predictions from the STARlight and SuperChic models are also presented.
Tau-pair production measurements can constrain the tau lepton’s anomalous magnetic dipole
moment (g-2), and a recent ATLAS measurement using muonic decays of tau leptons in asso-
ciation with electrons and tracks provides one of the most stringent limits available to date.
Furthermore, measurements of muon pairs produced via two-photon scattering processes in
hadronic (i.e. non-UPC) Pb+Pb collisions are discussed. These non-UPC measurements pro-
vide a novel test of strong-field QED and may be a potentially sensitive electromagnetic probe
of the quark-gluon plasma. These measurements include the dependence of the cross section
and angular correlation on the mean-pT of the dimuon pair, the rapidity separation between
the muons, and the angle of the pair relative to the second-order event-plane, all measured
differentially as a function of the Pb+Pb collision centrality.

DOI: https://doi.org/10.17161/jyr73a92

Keywords: ultra-peripheral collisions, photon-induced processes, exclusive production of lepton pairs,
tau anomalous magnetic moment, non-UPC dimuons

1 Introduction

Heavy-ion collisions at ultra-relativistic energies are typically examined in processes in which nuclear
beams interact hadronically at impact parameters less than twice the nuclear radius. In the overlap
region of two colliding nuclei a dense quark–gluon plasma is expected to be produced. On the other
hand, the strong electromagnetic (EM) fields associated with the nuclei can also lead to interactions in
ultra-peripheral collisions (UPC), events with impact parameters well beyond twice the nuclear radius,
where any contributions from strong processes are suppressed.

At high energies of the Large Hadron Collider (LHC), UPC can induce a wide variety of exclusive
final states – dileptons, dijets, and diphotons being the most commonly studied – for which no other
activity in the detectors is observed, except for nucleons emitted at very small angles relative to the
beam direction. The photons are also characterized by small transverse momenta, such that high-energy
decay products in these exclusive final states are almost perfectly balanced in the transverse direction.
UPC processes have also been proposed to be utilized as a competitive tool to search for beyond Standard
Model (BSM) physics 1.

In this report the most recent results on photon-photon (γγ) induced processes in UPC physics
from the ATLAS experiment 2 are reviewed. Furthermore, a measurement of the γγ → µ+µ− process
occurring simultaneously to hadronic Pb+Pb collisions is studied. Prospects for the 2023 Pb+Pb data
are also discussed.

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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2 Exclusive dimuon and dielectron production

ATLAS measured exclusive γγ → µ+µ− production 3 in UPC Pb+Pb collisions at
√
sNN = 5.02 TeV col-

lisions in the data set with an integrated luminosity of 0.48 nb−1. The fiducial region of the measurement
is defined by single muon pT > 4 GeV and |η| < 2.4. Furthermore, requirements on invariant mass of the
dimuon system, mµµ > 10 GeV, and its transverse momentum, pµµT < 2 GeV, are imposed. The event
selection allows exactly two opposite-charge muons per event with no other activity in the detector. It
results in about 12k event candidates from the γγ → µ+µ− process. After the evaluation and subtraction
of dissociative background, which amounts to 3%, differential cross sections are measured in mµµ, dimuon
rapidity yµµ, scattering angle in the dimuon rest frame cos θ∗, initial-photon momenta kmin, kmax and
acoplanarity, α = 1−|∆ϕ|/π as well as the integrated cross section. The latter quantifies how two muons
are aligned in the azimuthal angle.

The left panel of Figure 1 presents differential cross sections for exclusive γγ → µ+µ− production as
a function of α. STARlight 4 fails in describing a tail of this differential cross section. For α > 5× 10−3
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Figure 1 – (Left) Differential cross section as a function of acoplanarity (right) for exclusive γγ → µ+µ− production
in UPC Pb+Pb collisions3. Data points are compared with predictions from STARlight or STARlight+Pythia
to account for the FSR contribution. (Right) Differential cross section as a function of |yee| for exclusive
γγ → e+e− production in UPC Pb+Pb collisions 6. In the bottom panel, data-to-prediction ratio is shown
for STARlight and SuperChic.

an expected contribution of signal events is suppressed and the excess of data is visible. It is caused
by a contribution from the final state radiation (FSR) which is not accounted for in the STARlight
calculation. A better description of the full α distribution is obtained by interfacing STARlight with
Pythia which accounts for the FSR contribution. This result demonstrates need for FSR modeling to
get a good description of the data by the calculation for exclusive dilepton production.

A measurement of exclusive γγ → e+e− production was performed 6 by ATLAS in the Pb+Pb
data set with an integrated luminosity of 1.72 nb−1. The fiducial region of the measurement is defined
by single electron pT > 2.5 GeV and |η| < 2.5. Furthermore, requirements on invariant mass of the
dielectron system, mee > 5 GeV, and its transverse momentum, peeT < 2 GeV, are imposed. The event
selection requires exactly two opposite-charge electrons per event and no other activity in the detector. In
comparison to the γγ → µ+µ− measurement, the dielectron analysis features three times larger statistics,
the extended fiducial coverage at low electron pT andmee, and advancement in the background evaluation
techniques.

The right panel of Figure 1 shows differential cross sections for exclusive γγ → e+e− production as a
function of |yee|, where yee stands for rapidity of the dielectron system. The data is corrected to the Born
level i.e. before the FSR. The measurement precision is dominated by systematic uncertainties. The data
is compared with two Monte Carlo (MC) predictions for the γγ → e+e− process: STARlight v3.13 and
SuperChic v3.05 5, which are systematically about 10% lower and higher than the data, respectively.
SuperChic tends to better describe the shape of the distribution.
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3 Forward neutron activity in γγ → ℓ+ℓ− events

An inclusive sample of γγ → ℓ+ℓ− events with ℓ± = µ±, e± can be inspected using information from
the Zero Degree Calorimeters (ZDC) which are located in the forward region ±140 m away from the
ATLAS interaction point (IP). The ZDC detectors are designed to detect neutral particles originating
from IP. In particular in hadronic Pb+Pb collisions they detect spectator neutrons. On the other hand, in
UPC events the probability of exchanging one or more photons between the two incoming ions is sizable.
These additional photons may dissociate one or both nuclei and cause emission of single neutrons in
ZDC. Because of the radial dependence of the photon flux 7, the presence of these additional photons can
preferentially select certain impact parameter ranges, and so can influence the photon spectrum of the
other photons.

ATLAS measured forward neutron activity in exclusive γγ → µ+µ− 3 and γγ → e+e− 6 processes.
In both cases, all γγ → ℓ+ℓ− event candidates are divided into three categories.
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Figure 2 – Correlation of energy deposited in each of the ZDC arms, normalized to the per-nucleon beam energy,
in a sample of γγ → e+e− events 6.

Figure 2 shows the correlation of energies normalized to the per-nucleon beam energy in both ZDC
sides. It illustrates the three primary topologies available for these events: 1) the most probable con-
figuration is no activity in either ZDC (“0n0n”), 2) the next mostly likely configuration is observing
one or more forward neutrons in one ZDC, and none in the other (“Xn0n”), and 3) finally, the rarest
configuration is observing one or more forward neutrons in both ZDC arms (“XnXn”).

After subtracting the dissociative background contribution and accounting for simultaneous EM
interactions in the same bunch crossing, fractions of events falling into each category are measured.

The left panel of Figure 3 shows corrected fractions of events in the 0n0n category measured in
γγ → e+e− data as a function of mee in three bins of |yee|. These fractions drop from about 80%
at low mee to 60% at high mee and |yee| < 0.8, and in general are larger for higher |yee| values. These
observations are consistent with the conclusions for forward neutron activity measured in the γγ → µ+µ−

process 3.

The right panel of Figure 3 presents the differential cross section as a function of |yee| for the 0n0n
category of the γγ → e+e− process. It is compared with the MC predictions from STARlight and
SuperChic. Both simulated samples were produced inclusively and reweighted to the 0n0n category
using the measured fractions. Each theory prediction is represented by two curves reflecting the systematic
variations of the measured 0n0n fractions. STARlight can also generate a prediction conditional on the
presence of neutron emission in one or both directions. These dedicated predictions from STARlight
for the 0n0n category are shown in the same plots. That prediction agrees well with the shape of the
inclusive STARlight calculation corrected for the measured 0n0n fractions, but is systematically lower
by 2%–3% for |yee| < 1.4. The general conclusions from this comparison between MC predictions and
data are consistent with the inclusive case presented in Section 2.
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Figure 3 – (Left) Fractions of events in the 0n0n category evaluated from γγ → e+e− data in three ranges of
the dielectron rapidity, |yee|, corrected for the presence of additional neutrons 6. Error bars represent statistical
uncertainties, while shaded boxes represent systematic uncertainties. Points for |yee| < 0.8 and 1.6 < |yee| < 2.4
are displaced horizontally for better visibility. (Right) Differential cross section measured for the 0n0n category
for exclusive dielectron production as a function of |yee|6. The cross section is compared with MC predictions from
STARlight (solid blue) and SuperChic v3.05 (dashed red), each represented by two lines reflecting systematic
variations. Also, a dedicated prediction from STARlight for the 0n0n category (dashed-dotted black) is shown.
The bottom panels show the ratios of data to predictions. The shaded area represents the total uncertainty of
the data, excluding the 2% luminosity uncertainty.

4 Exclusive γγ → τ+τ− production and tau anomalous magnetic moment

The ATLAS Collaboration made the observation of exclusive γγ → τ+τ− production 8 in 2018 Pb+Pb
collisions with an integrated luminosity of 1.44 nb−1. Selected events contain one muon from a τ -lepton
decay, an electron or charged-particle track(s) from the other τ -lepton decay, little additional central-
detector activity, and no forward neutrons (0n0n category). After applying the full event selection, a
total of 656 data events are observed in three signal regions (SR) in which the analysis is conducted.
Figure 4 presents pre-fit control plots for muon-track invariant mass in the SR with one muon and one
track (labeled µ1T-SR), three-track invariant mass in the SR with one muon and three tracks (labeled
µ3T-SR), and muon-electron invariant mass in the SR with one muon and one electron (labeled µe-SR).
A total of 532, 85, and 39 data events are observed in the µ1T-SR, µ3T-SR, and µe-SR, respectively.
The most dominant background contributions in the SRs originate from exclusive γγ → µ+µ− followed
by FSR and dissociative photo-nuclear processes. Overall background is expected to contribute 84± 19,
9± 3, and 2.8± 0.7 events in the µ1T-SR, µ3T-SR, and µe-SR, respectively.

The γγ → τ+τ− process is observed with a significance exceeding 5 standard deviations, and a signal
strength of µττ = 1.03+0.06

−0.05 assuming the Standard Model value for the anomalous magnetic moment of
the τ lepton, aτ . The left panel of Figure 5 shows µττ extracted from the fit, based on the individual SRs.
The combined µττ is also shown which is in agreement with the prediction from the Standard Model.

The measurement of γγ → τ+τ− production from ATLAS provides also constraints on aτ
8. To

measure aτ , a profile-likelihood fit to the muon pT distribution is performed in the three SRs with aτ
being the only free parameter. Also a control region with events from the γγ → µ+µ− process is used
in the fit to constrain initial-photon fluxes. The right panel of Figure 5 depicts the aτ measurement
alongside previous results obtained at LEP. The precision of this measurement is similar to the most
precise single-experiment measurement by the DELPHI Collaboration 9.

5 Non-UPC dimuon production

Dimuon production induced by γγ fusion was also measured by ATLAS using non-UPC Pb+Pb colli-
sions 10 spanning all centralities with an integrated luminosity of 1.94 nb−1. The γγ → µ+µ− pairs are
identified using selections on pair momentum asymmetry, A = (|pT,1 − pT,2|/(pT,1 + pT,2)), and acopla-
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Figure 4 – Pre-fit control plots for (top-left) muon-track invariant mass in the µ1T-SR, (top-right) 3-track invariant
mass in the µ3T-SR, (bottom) muon–electron invariant mass in the µe-SR 8. Statistical uncertainties on the
predictions are shown as hatched bands.

0.5 1 1.5 2 2.5

ττ
µ

Combined

3T-SRµ

e-SRµ

1T-SRµ  = 1.03
ττ

µ 0.06+
0.06−

0.05+
0.05−

 = 1.17
ττ

µ 0.24+
0.21−

0.21+
0.19−

 = 0.97
ττ

µ 0.14+
0.13−

0.12+
0.11−

 = 1.03
ττ

µ 0.06+
0.05−

0.05+
0.05−

  

tot. Combined fit

stat.
( tot ) ( stat )

1− = 5.02 TeV, 1.44 nbATLAS               Pb+Pb sNN

0.1− 0.05− 0 0.05 0.1
τa

OPAL 1998

L3 1998

DELPHI 2004

1T-SRµ

3T-SRµ

e-SRµ

Combined

Expected

ATLAS
-1=5.02 TeV, 1.44 nbNNsPb+Pb 

Best-fit value

68% CL

95% CL

Best-fit value

68% CL

95% CL

Figure 5 – (Left) Best-fit values of the signal strength parameter, µττ , under the Standard Model aτ value
assumption, extracted from the fit based on the individual SRs 8. (Right) Anomalous magnetic moment of tau aτ
from fits to individual SRs, and from the combined fit 8. These are compared with existing measurements from
the OPAL, L3 and DELPHI experiments at LEP.
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narity of the dimuon system, α. Backgrounds, dominated by heavy-flavor decays, are evaluated using
template fits to the distribution of muon-pair transverse impact parameter.

The STARlight model, which was recently augmented to allow evaluation of cross sections for γγ →
µ+µ− production within restricted impact parameter intervals, is found to substantially underestimate the
measured cross sections. Measurements of α and the associated transverse momentum scale, k⊥ = παp̄T,
distributions (p̄T stands for an average pT of the two muons) confirm a significant centrality dependence
in mean, RMS and standard deviations which are shown for α in Figure 6. The moments calculated for
the initial-state QED 11 and PWF 12 predictions are in excellent agreement with each other except for
the most central collisions where the QED results are slightly higher. Both calculations show systematic
differences from the data in all centrality intervals including more peripheral collisions. Especially in the
60–70% and 70–80% intervals they are significant.
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Figure 6 – Moments of the γγ → µ+µ− acoplanarity distributions as a function of centrality compared with the
QED and PWF predictions 10. The error bars on the data points indicate combined statistical and systematic
uncertainties.

With the improved statistical precision of this measurement, an additional depletion is observed in
the α and k⊥ distributions near zero values of the corresponding quantities. In more peripheral collisions,
both calculations show weaker suppression near α = 0 than is observed in the data. This is demonstrated
in Figure 7 which shows the evolution of the α distribution as a function of centrality.

Moreover, the predicted trends associated with effects of magnetic fields on the dimuons are not
observed in the ATLAS data.

6 Prospects for 2023 Pb+Pb measurements

In fall of 2023, a first high-luminosity data-taking campaign for heavy ions took place as part of Run-3
operations. Pb+Pb collisions were provided at the record center-of-mass energy of 5.36 TeV per nucleon
pair. In preparation to the data-taking new triggering techniques were developed and optimized to
provide better performance. Also the offline reconstruction for some objects was tuned. Last but not
least the ZDC detectors were refurbished what resulted in a new functionality.

The left panel of Figure 8 shows a comparison of the average pT for electrons from the γγ →
e+e− process between 2023 (markers) and 2018 (solid histogram) Pb+Pb data from UPC. The excess
of electrons in the region of 2 < pT < 5 GeV results from the dedicated electron/photon reconstruction
optimization for Run 3 and also dedicated trigger developments 14. This improvement will extend future
measurements involving electrons in UPC to cover this new kinematic regime. The reduction of systematic
uncertainties originating from the limited statistics of electron/photon candidates in the Run-2 data is
also anticipated. Improvements to photon reconstruction at low-pT will open an opportunity for a new
series of measurements involving photons from light-by-light scattering 16.

The right panel of Figure 8 depicts two-track invariant mass in the J/ψ window for events selected
online using a novel approach with the Transition Radiation Tracker (TRT) trigger 15. A clear excess of
J/ψ event candidates can be identified at m2trk = 3.1 GeV. Also large statistics of dimuon candidates
contributing to the continuum region is visible. This development paves a way for dimuon measurements
with low pT muons in UPC Pb+Pb by ATLAS for the first time.
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Figure 7 – Differential cross sections as a function of α for γγ → µ+µ− pairs 10. Each panel represents a different
centrality interval, with the last panel representing the UPC events. The error bars indicate combined statistical
and systematic uncertainties, excluding the background subtraction uncertainties, which are indicated by a shaded
band at dσ/dα = 0, and overall normalization uncertainties, which are quoted on each panel as “Scale”. Also
shown are the results of the QED and PWF theoretical calculations.
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7 Summary and outlook

In this report, the latest results for γγ fusion processes from the ATLAS Collaboration were discussed.
The UPC physics program focused on precise measurements of exclusive γγ → µ+µ− and γγ → e+e−

production including also forward neutron emission. Thanks to a large integrated luminosity of Pb+Pb
collisions collected by ATLAS, low-rate processes such as γγ → τ+τ− could be measured at the LHC for
the first time. Also UPC proved to be a competitive tool for BSM searches. In particular, they provided
constraints on τ anomalous magnetic moment with the precision comparable to the best world-limits
from the LEP experiments. The latest precision results for γγ → µ+µ− measured in non-UPC Pb+Pb
collisions in all centralities revealed new features and made progress on the interpretation using the latest
initial-state calculations. With a new sample of Pb+Pb data collected at the record center-of-mass energy
of 5.36 TeV with about 1.7 nb−1 at the end of 2023, the ATLAS UPC physics program has a bright future.

Acknowledgments

This work was partly supported by the National Science Center of Poland under grant number UMO-
2020/37/B/ST2/01043 and by PL-GRID infrastructure.
Copyright 2024 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license.

References

1. D. d’Enterria et al., J. Phys. G: Nucl. Part. Phys. 50, 050501 (2023), doi:10.1088/1361-6471/
2. ATLAS Collaboration, JINST 3, S08003 (2008), doi:10.1088/1748-0221/3/08/S08003
3. ATLAS Collaboration, Phys. Rev. C 104, 024906 (2021),

https://doi.org/10.1103/PhysRevC.104.024906
4. S.R. Klein et al., Comp. Phys. Comm. 212, 258 (2017),

https://doi.org/10.1016/j.cpc.2016.10.016
5. L. A. Harland-Lang et al., Eur. Phys. J. C 76, 1-9 (2016),

https://doi.org/10.1140/epjc/s10052-015-3832-8
6. ATLAS Collaboration, J. High Energy Phys. 06, 182 (2023),

https://doi.org/10.1007/JHEP06(2023)182
7. S.R. Klein, P. Steinberg, Ann. Rev. Nucl. Part. Sci. 70, 323-354 (2020),

https://doi.org/10.1146/annurev-nucl-030320-033923
8. ATLAS Collaboration, Phys. Rev. Lett. 131, 151802 (2023),

https://doi.org/10.1103/PhysRevLett.131.151802
9. DELPHI Collaboration, Eur. Phys. J. C 35, 159 (2004), doi:10.1140/epjc/s2004-01852-y

10. ATLAS Collaboration, Phys. Rev. C 107, 054907 (2023),
https://doi.org/10.1103/PhysRevC.107.054907

8

https://journals.ku.edu/upc/


Phys. Proc. Ultra-Peripheral Collisions 1, 010 (2024) 9-9

11. S. Klein, A. H. Mueller, B.-W. Xiao, and F. Yuan, Phys. Rev. D 102, 094013 (2020),
https://doi.org/10.1103/PhysRevD.102.094013

12. W. Zha, J. D. Brandenburg, Z. Tang, and Z. Xu, Phys. Lett. B 800, 135089 (2020),
https://doi.org/10.1016/j.physletb.2019.135089

13. ATLAS Collaboration,
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/HION-2023-001/

14. Karolina Domijan (for the ATLAS Collaboration), https://cds.cern.ch/record/2881824,
https://doi.org/10.22323/1.450.0265

15. Pawel Rybczynski (for the ATLAS Collaboration), https://cds.cern.ch/record/2891399
16. ATLAS Collaboration, J. High Energy Phys. 03, 243 (2021),

https://doi.org/10.1007/JHEP03(2021)243

9

https://journals.ku.edu/upc/


Phys. Proc. Ultra-Peripheral Collisions 1, 011 (2024) 1-8

Four-pion state in UPC
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The production of 2π+2π− in ultraperipheral heavy-ion collisions at RHIC and LHC energies
is studied. Preliminary H1 data is used to enhance the understanding of the poorly known
process. Predictions for photon-nucleus interactions are calculated for various excited states
of mesons. Agreement between theoretical predictions and available STAR data at RHIC is
presented. The comparison of the 2π+2π− invariant mass spectrum and nuclear total cross
section indicates that ρ(1570) plays a crucial role in accurately describing existing experimental
data. Nuclear predictions for LHC energy in the central region of rapidity are also provided.
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1 Motivation

The exclusive production of four charged pions is an area of growing interest within the field of particle
physics. This process, particularly in the context of ultraperipheral heavy-ion collisions and photopro-
duction, provides a unique opportunity to explore a variety of fundamental aspects of the underlying
physics. These include resonance production, and searches for exotic resonances. In recent studies, the
H1 collaboration at HERA 1 has presented preliminary data on exclusive four-pion production, marking
a significant step forward in our understanding of this complex process. This data, along with earlier
findings from the STAR Collaboration 2, highlights the potential of studying this decay mode to uncover
the characteristics of various resonances that contribute to the process. Furthermore, the exclusive pro-
duction of four charged pions at low photon virtualities (Q2 < 2 GeV2) and in ultraperipheral heavy-ion
collisions offers an opportunity to observe coherent photoproduction and the behavior of vector mesons
such as ρ(1450), ρ(1570), ρ0(1700). The invariant mass spectrum associated with this production often
reveals broad peaks, providing crucial insights into the properties of mesonic states.

The motivation for this study stems from findings presented by the H1 collaboration, which suggest
intriguing avenues for further investigation. By studying four charged pion photoproduction at LHC
energies, we aim to make predictions and contribute valuable insights to this evolving field 3.

2 Meson photonuclear production

Vector meson photoproduction is a key area of study in particle physics, particularly for understanding
the interactions between photons and protons. One commonly used theoretical framework for this process
is the vector meson dominance model (VDM) 4,5. The photon is treated as fluctuating into a hadronic
state that can interact with a proton through Pomeron or Reggeon exchange. The VDM provides a way
to describe the behavior of the photon in terms of vector mesons, which mediate the interaction with
the proton. This approach has been successful in explaining various aspects of photoproduction and
scattering processes. For instance, the proton, meson, or photon (X = p, V, γ respectively) cross sections
can be modeled using the Donnachie and Landshoff model 6, which accounts for exchanges through
Pomeron and Reggeon trajectories. Through VDM, the total cross section dependence can be analyzed,
allowing researchers to gain insights into the underlying dynamics of vector meson photoproduction. The

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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dependence of the total cross section on the two main trajectories can be expressed as follows

σtot(Xp) = α1W
−δ1
γp + α2W

δ2
γp . (1)

The component with a negative power corresponds to the Reggeon exchange, specifically involving
the exchange of mesons such as ρ, ω, f and a. The second term in Eq. 1 arises from the Pomeron
exchange, which becomes dominant at sufficiently high energies. By analogy with the Reggeon and
Pomeron exchange, the cross section for exclusive vector meson production can be determined. The CMS
Collaboration measured exclusive ρ0(770) meson photoproduction in ultraperipheral p− Pb collisions at
a center-of-mass energy of 5.02 TeV 7. Their measurements of δ1 and δ2 are utilized in this analysis.

10 210
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b
)

µ
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p
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(
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p
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CMS

(770)0ρ
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Figure 1 – Total cross section for the exclusive production of ρ0(770) vector meson (upper line) and 2π+2π−

production (lower line). The parametrization of low-energy 8,9,10,11 and high-energy ρ0(770) data 12,13,7 as well as
low-energy 14,15,16,17,18 and preliminary H1 four-charged-pion data 1 are presented.

Fig. 1 shows the total cross section for exclusive photoproduction of ρ0(770) vector meson and the
2π+2π− state. The low-energy data (blue circular points), with Wγp < 20 GeV, were obtained using
fixed-target experiments. The cross section for the σ(γp→ ρ0(770)p) process was measured at an average
energy of < Wγp >= 92.6 GeV by the CMS Collaboration and found to be 11.2±1.4 (stat) ±1.0 (syst.) µb.
The CMS measurement aligns with the previous data 8,9,10. The data show good agreement with our
calculations, particularly at HERA and LHC energies

Due to the limited experimental data on four-pion production, there is no consensus on which reso-
nance states play the most significant role. At low Wγp energies (less than 3 GeV), the non-resonant signal
dominates, while excited states of the ρ meson become important for Wγp > 4 GeV. Such resonances
should be considered in the context of π+π−π+π− production at HERA, RHIC, and LHC energies. A sim-
ple fit to H1 data 1 demonstrated that a combination of the Breit-Wigner ρ(1570) resonant, non-resonant
four-pion state, and complex phase (ρ(1570) − 4π interference) adequately describes the experimental
points. From the four-pion invariant mass distribution (M4π), it can be inferred that a single broad
ρ(1570) resonance is the most significant in the photoproduction of exclusive 2π+2π− final states. Addi-
tionally, data reveals a correlation in the four-pion invariant mass of oppositely charged pions, suggesting
an enhancement of the four-pion signal around M4π = 1450 and 1700 MeV. These correspond to the
ρ(1450) ≡ ρ′ and ρ(1700) ≡ ρ′′ states. Unfortunately, the branching rates of these resonances to four-
pion states remain uncertain, limiting our ability to accurately determine these factors. Similarly, the
branching ratio for ρ → e+e− is another value lacking precision. Table 1 shows the mass and width of
resonances 19 as well as estimated values of Γ(V → e+e−) used in this analysis.

In the VDM-Regge approach, the photon state |γ > is considered aquantum mechanical superposition
of the quantum electrodynamics photon state |γQED > and a hadronic state |h >:

|γ >= N|γQED > +|h > , where |h >=
∑
h

e

fV
|V > . (2)

The vector meson-photon coupling , represented by f2V = e2αemmV

3Γ(V→e+e−) , is derived from the e+e− decay

width of the vector meson with mV mass. The constant factor fV is independent of Q2 and represents

2
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Table 1: Characteristic of the ρ′, ρ(1570) and ρ′′ mesons.

Resonance m [GeV] Γ [GeV] Γe+e− [keV]

ρ(1450) 1.465 ± 0.025 0.4 ± 0.05 4.30 − 10
ρ(1570) 1.570 ± 0.070 0.144 ± 0.09 0.35 − 0.5
ρ(1700) 1.720 ± 0.020 0.25 ± 0.01 6.30 − 8.9

the probability of the photon transitioning into a vector meson. The normalization factor N in Eq. (2)
ensured the proper balance of the superposition. The hadronic state |h > is expected to have the same
additive quantum numbers as the photon, with JPC = 1−−, and Q = B = S = 0 for vector meson. The
QED component on its own does not interact with hadrons 20. Notably, the primary contributions to
the hadronic component |V > come from the light vector mesons (ρ0, ω and ϕ), which forms the central
hypothesis of the VDM approach. The straightforward VDM-Regge approach enables the description
of the photon-to-vector meson transition using the relation of the photon-proton cross section. Given
that H1 data does not provide differential cross sections in the square of the momentum transfer for
the γp → 2π+2π−p process, we have used σ(γp → 2π+2π−p) as the baseline for this analysis. In the
VMD-Regge model, the total cross section for V p photoproduction can be calculated through the optical
theorem considering the forward γp→ V p cross section:

σtot(V p) =
f2V
e2
σ(γp→ V p) . (3)

Our simple calculation effectively models the experimental data for σ(γp → 2π+2π−p) (see Fig. 1),
particularly at the energy levels relevant to H1.

Photoproduction of vector mesons on the nucleus can be considered by integrating the VDM-
Regge model with the Glauber theory of multiple scattering 21. The total cross section for light vector
meson–nucleus interaction is computed using the nuclear optical density normalized to unity (TA(⃗b) =∫ +∞
−∞ ρ(⃗b, z)dz) in the following equation 22:

σtot(V A) =

∫ [
1 − exp

(
−σtot (V p)TA(⃗b)

)]
d2b (4)

The two-parameter Fermi model is employed to represent the densities of gold and lead nuclei 23.
The charge distribution within the nucleus is adjusted to match the mass number using the relation:∫

d2bρ(b, z)dz = A. Eq. (4) is framed within the ”classical mechanics” context. It’s important to mention
that the ”quantum expression” is also frequently referenced in literature. Nonetheless, as detailed in
Ref. 26, for coherent J/ψ photoproduction in ultraperipheral collisions, there is approximately a 15%
deviation between these two different rescattering approaches. Additionally, the discrepancy between the
methods increases when considering ρ0(770) photoproduction 27. The formula for coherent vector meson
photoproduction on nuclei is as follows:

σ (γA→ V A) =
1

16π

e2

f2V
σ2
tot (V A)

∫
|F (t)|2 dt . (5)

The nuclear form factor is expressed through charge distribution in the nucleus. Here we use the so-called
realistic form factor. See e.g. Ref. 24 for more details.

Fig. 2(a) illustrates the cross section for the photoproduction of two- and four-pion state, particularly
for the lead nucleus. The highest cross section is observed when the ρ0(770) meson decays into the π+π−

channel. The theoretical model, which includes the classical approach of ρ0 photoproduction (Eq. (4)),
aligns well with the LHC experimental data. We present two datasets from the STAR collaboration at
RHIC. The first dataset (represented by green triangular points) has been utilized in numerous theoretical
and phenomenological studies on ρ0(770) photoproduction, such as Ref. 32. Our parametrization agrees
with these calculations, while Ref. 33 identifies a slight discrepancy with other approaches. The new data
points provide an estimation of STAR data for Au−Au collision energies of 62.4, 130, and 200 GeV. The
mid-rapidity cross section is as follows:

σ(γA→ V A; y = 0) =
1

NγA(y = 0)

dσ(AA→ AAV ; y = 0)

dy
. (6)

———————————–

3
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Figure 2 – (a) Cross section for the γPb → V Pb process. The upper black line shows the results for V = ρ0(770)
that decays into two charged pions. Lowers curves correspond to 2π+2π− production. Results for γPb → π+π−Pb
are compared with existing experimental data 28,35,30,31. (b) Ratio of four to two charged pions photoproduction.
The theoretical results are compared with the recent H1 preliminary data 1.

Results set has been calculated using so-called realistic form factor. The flux of equivalent photons is
heavily dependent on the charge distribution within the nucleus, especially at small impact parameters.
This subject requires further detailed investigation in subsequent studies.

The branching ratios of excited ρ states are not well established. The final result of the photonuclear
section depends on this limit. Fig. 2 shows band of uncertainty correspond to the decay of ρ′, ρ′′, ρ(1570)
into 4 charged pions. At low photon-nucleus energies, the combined contribution of ρ′ and ρ′′ surpasses
the impact of the ρ(1570) → 4π decay. The γPb → ρ(1570)Pb cross section starts to dominate over
other excited states only when Wγp is above 8 GeV. The lowest curve is associated with the ρ0(770)
meson, which decays into a four-charged-pion channel. The difference in distribution between two- and
four-pion states from ρ0 decay can vary by as much as two orders of magnitude. Fig. 2(b) illustrates
the ratio of π+π−π+π− to π+π− photoproduction. Theoretical results are compared with preliminary
H1 data, which is around 9% 1. The range of Wγp energy used for photoproduction at LHC energy is
approximately 10 GeV for y = −4 and 650 GeV for y = 4. For the decay of ρ(1570) → 2π+2π− at
mid-rapidity, the energy is around 90 GeV. While our results do not perfectly match the H1 value, they
are close to it. The results for ρ(1570) tend to overestimate the data, whereas the combined sum of ρ′

and ρ′′ is less than the preliminary H1 point in the energy range that aligns with LHC measurements

3 Cross sections for nuclear four-pion production

Nuclear photoproduction of a vector meson V can be expressed as the combination of the photonuclear
cross section Eq. (5) and equivalent photons fluxes:

dσ(AA→ AAV )

d2bdy
= ω1N(ω1, b)σ(γA2 → V A2) + ω2N(ω2, b)σ(γA1 → V A1) , (7)

In the equation, ωi = mV /2exp(±y) represents the energy of emitted photon, while b stands for the impact
parameter. We focus on ultraperipheral collisions, implying that transverse distance between the centers
of the nuclei is larger than the sum of the radii of nuclei 25. The photon flux depends on the form factor,
specially on the charge distribution within the nucleus. For a detailed analysis of the model for vector
meson photoproduction, refer to 26,34. Eq. (7) allows the calculation of both total and differentail cross
section as a function of the rapidity of outgoing photon or impact parameter. A comprehensive analysis
should also account for the kinematics of the decay products. In the study of four-pion production, the
rapidity of each outgoing pion must be considered, achieved by accounting for the smearing of ρ mesons.
The widths of ρ′, ρ′′, and ρ(1570) are knows, see Table 1. The primary part of the vector meson’s spectral
shape is derived from the Breit-Wigner formula:

A = ABW

√
mmV Γ(m)

m2 −m2
V + imV Γ(m)

+ Abkg . (8)

4
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The mass-dependent width is expressed using the following formula:

Γ(m) = ΓV
mV

m

(
m2 − 4m2

V

m2
V − 4m2

π

) 3
2

. (9)

A term Abkg is understood to represent the background contribution from π+π− production. This factor
accounts for the enhancement on the left side of the resonance term and some blurring on the right side.
Ideally, data including the rapidity of each decay particle would allow for a thorough kinematic study of
the 1 → 4 process. For simplicity, we consider the 1 → 4 state as a two-step process: 1 → 2 → 4:

σ(AA→ AAV → AAπ+π−π+π−, yV ) = C × (10)[
σ(AA→ AAV → AAπ+π−π+π−; yπ1

yπ2
)× (11)

σ(AA→ AAV → AAπ+π−π+π−; yπ3yπ4)
]
.

The normalization constant C varies for each excited state of the ρ meson and is computed as follows:

C = 2π
|A|2∫

|A|2dmV

dσ(AA→ AAV → AAπ+π−π+π−)

d2bdyV
dmV dyV db

/

[
dσ(AA→ AAV → AAπ+π−π+π−; yπ1

yπ2
)

dyV1
dmV1

(1 − z2π1
)dyV1

dmV1

]
/

[
dσ(AA→ AAV → AAπ+π−π+π−; yπ3

yπ4
)

dyV2
dmV2

(1 − z2π3
)dyV2

dmV2

]
. (12)

The normalization takes into account the so-called a weight, which depends on the angle of vertical
dispersion, sin2(θ). The normalization factor is equal to 1 for the case when pions are measured in full
range. Then the total cross section for the production of four pions is equal to the total cross section for
the production of a meson that decays into the four-pion state under study.
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Figure 3 – Differential cross section as a function of rapidity of vector meson that decays into two or four charged
pions. Results for π+π− production are compared to the STAR data 35 (a) and the ALICE data 36 (b).

Fig. 3 presents the results for ultraperipheral Au − Au collisions at
√
sNN = 200 GeV (a) and

Pb–Pb collisions at
√
sNN = 5.02 TeV (b). the photoproduction of the ρ(770) meson, which decays into

two charged pions (represented by the upper black line), as well as the photoproduction of other vector
meson (ρ(1570) - solid green line, ρ(1450) - dashed blue line, ρ(1700) - dashed purple line, ρ0(770) - solid
red line) are shown. As with the results in Fig. 2, uncertainties related to V − γ coupling constant are
indicated. The combined contribution from the ρ′ and ρ′′ is also highlighted (orange band). It is evident
that the contribution for ρ0(770) → π+π−π+π− state plays a significant role across a wide range of the
meson rapidity at STAR, but it becomes less prominent at forward rapidities. The cross section for the
production of four-charged-pion is largest in the case of ρ(1570) meson decay.

The STAR Collaboration reported on the photoproduction of four pions in ultraperipheral Au−Au
collisions at

√
sNN = 200 GeV 2, measuring pions at mid-rapidity, |yπ| < 1. Fig. 4 shows the four-

pion invariant mass distribution, comparing the STAR data with our calculation. It also illustrated the
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Figure 4 – Differential cross section as a function of four pion invariant mass.

contribution from the double-scattering ρ0 mechanism discussed in Ref. 34, which accounts for approxi-
mately 20% of the measured cross section. Four-pion production can be also attributed to the subprocess
γγ → ρ0ρ0, Ref. 37. However, the cross section for the reaction AuAu → AuAuρ0ρ0 → AuAu2π+2π− is
approximately two orders of magnitude smaller than the cross section measured by STAR. Fig. 4 also
shows distributions for ρ′, ρ′′, their combined sum, and ρ(1570). A correction for the acceptance function
described in 34 has been applied. We find good agreement with the experimental data, particularly in
terms of the decay of the ρ(1570) resonance, which closely matches the STAR data. The shape of the
four-pion invariant mass is strongly influenced by the Breit-Wigner description. In other words, the pro-
file of the resonance smearing depends on the background correction factor, although the normalization
of the smearing mass function remains consistent regardless of this factor. Although the H1 has also
reported the four-pion invariant mass distribution, additional data is needed for direct comparison with
our calculation. The sum of incoherent ρ

′
and ρ

′′
mesons results in a cross section range of 0.41−0.74 mb.

The coherent sum of the mesons includes two eiφ factors in the Breit-Wigner formula. The first phase
corresponds to the ρ′ resonance, while the second phase φ2 pertains to ρ′′. The shape of the invariant
mass is heavily dependent on the phase. The experimental cross section within |y| < 1 is measured at
σ = 2.4 ± 0.2 ± 0.8 mb. The theoretical result for the AuAu → AuAuρ(1570)(→ π+π−π+π−) process
gives a range between (2.16 − 2.31) mb.

Table 2: Ratio of the total cross section for the production of exclusive π+π−π+π− to exclusive π+π− in ultra-
peripheral heavy ion collisions at

√
sNN = 200 GeV and

√
sNN = 5.5 TeV.

Au−Au at
√
sNN = 200 GeV Pb− Pb at

√
sNN = 5.5 TeV

Resonance |yπ| < 10 |yπ| < 1 |yπ| < 10 |yπ| < 1

ρ(1450) (2.1 − 2.8)% (1.9 − 2.5)% 3.7% 3%
ρ(1570) (5.8 − 6.2)% 8.2% 11.6% 13%
ρ(1700) 1.2% 1.3% 2.3% 2.4%

experimental data (13.4 ± 4.5)% (16.4 ± 5.3)%

Given the strong agreement between the STAR data and our calculations, we now discuss predictions
for LHC energies. Table 2 shows the ratio of total cross sections for the photoproduction of exclusive four-
charged-pion to two-charged-pion states. The collision energies correspond to RHIC and LHC energies,
with results provided for two intervals of pion rapidity: mid-rapidity in the range (−1, 1) and (−10, 10).
Our predictions are compared with those from RHIC 2. The cross sections are calculated using the decay
width ranges specified in Table 1.

6

https://journals.ku.edu/upc/


Phys. Proc. Ultra-Peripheral Collisions 1, 011 (2024) 7-8

4 Summary and conclusions

We have presented the results from a simple model for the photoproduction of vector mesons that decay
into the pion states. By incorporating a parametrization of recent preliminary data from the H1 Col-
laboration, this work enhances our understanding of the role of the ρ′ and ρ′′ resonances, as well as the
ρ(1570) meson, in exclusive four-pion production. Our study reveals that the ρ(1570) → π+π−π+π−

process is dominant in the ultraperipheral heavy-ion collisions. A single ρ′ or ρ′′ resonances appears
sufficient to describe the data. This work also highlights the significance of the broad ρ(1570) resonance
into the AuAu → AuAuπ+π−π+π− process. The primary objective of this analysis was to offer specific
predictions for LHC energies.

Recently, the ALICE Collaboration measured the cross section of exclusive four-pion photoproduction
in ultraperipheral Pb−Pb collisions at

√
sNN = 5.02 TeV, Ref. 38. The integrated four-pion cross section

over the invariant mass range (0.8–2.5) GeV was found to be dσ/dy = 47.8± 2.3 (stat.) ±7.7 (syst.) mb
at midrapidity |y| < 0.5. The peak around the invariant mass 1.5 GeV aligns with results reported by
the STAR Collaboration. ALICE’s data showes a better agreement with the two-resonance scenario than
with the ρ(1570). However, the data diverged by 2.1σ from our calculations based on a single resonance,
as suggested by the H1 Collaboration. The ratio of the cross sections of ρ to ρ0 is lower than measured
by STAR in the events with mutual nuclear excitation.
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Two-body densities as a framework for dynamical imaging and
their connection to ultra-peripheral collisions

Zaki Panjsheeri, Joshua Bautista, and Simonetta Liuti
University of Virginia Physics Department,
382 McCormick Rd, Charlottesville, Virginia

We present results on two-parton densities in coordinate space which capture a fuller dynam-
ical picture of the proton’s internal structure, including information on the relative position
between quarks and gluons in the transverse plane. The connection of such two-body densities
to observables, proceeds in QCD, via the definition of double generalized parton distributions
(DGPDs) that can be accessed in the production of two vector mesons, or two dimuon systems
in ultraperipheral collisions (UPCs) through a double scattering process.

DOI: https://doi.org/10.17161/r71z8v22

Keywords: generalized parton distributions, GPD, ultra-peripheral collisions, UPC

1 Introduction

The exclusive process of deeply virtual Compton scattering (DVCS) allows us to access generalized parton
distributions (GPDs) 1,2,3 (We refer the reader to Refs.4,5,6 for reviews on the subject). In turn, GPDs,
through Fourier transformation, give spatial information on the charge and matter distributions of the
quarks and gluons inside the nucleon 7. The physical properties derived from the Fourier transforms of
GPDs include the spatial distributions of each partonic component of the nucleon in the transverse plane
with respect to the proton’s motion, as well as the orbital component of angular momentum. Notwith-
standing the wealth of information that one could obtain from these Fourier transformed quantities, to
capture a fuller dynamical picture of the proton’s internal structure, it is fundamental to be able to
determine the relative position between partons. In order to access information on the relative position
of quarks and gluons in a QCD-motivated picture, one needs to define the correlation functions yielding
the two-body density distribution in the transverse plane. Connecting the two-body densities to observ-
ables, we found that the latter can be defined in QCD through generalized double parton distributions
(GDPDs), namely generalized parton distibutions characterized by two hard parton scatterings occur-
ring during the electron-proton or electron-nucleus collision. Using GDPDs, we can define additional
observables to describe quark and gluon dynamics, including their overlap probabilities. Such quantities
can be extracted from experimental measurements of deeply virtual exclusive processes characterized by
multi-particle final states.

2 From one body to two body density

We focus our description on the unpolarized quark inside an unpolarized nucleon described by the GPD,
Hq(X, ζ = 0, t), where x is the quark longitudinal momentum fraction, t = ∆2 is the four-momentum
transfer squared between the initial and final proton, and ζ, the skewness parameter is set to zero.
Through Fourier transformation, one obtains the impact parameter-dependent parton distribution func-
tion (IPPDF) ρ(X,bT ), in terms of bT , the Fourier conjugate to the transverse momentum transfer, ∆T
7,8. The spatial variables relevant for this problem are described in the left diagram in Figure 1, giving
a partonic picture in coordinate space, as first observed using Light Cone (LC) kinematics in Ref.9.

From the figure, one can see that two relevant variables describe the spatial configuration in a
parton-spectator system, namely, b = bT , the relevant transverse distance of the parton from the Center

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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Figure 1 – Spatial coordinates in the transverse plane for one-body distributions (left) and two-body distributions
(right).

of Momentum (CoM), and R, the position of the nucleon’s CoM. To obtain such a picture through GPDs,
we take the correlation function represented in momentum space by Fig. 2,

WΓ
Λ,Λ′ =

∫
dz−in
(2π)

∫
dz−out
(2π)2

ei(kinzin) e−i(koutzout) ⟨p′,Λ′|ψ(zout) ΓU(zin, zout)ψ(zin)|p,Λ⟩
∣∣∣ z+

in(out)
=0

zT,in(out)=0

, (1)

We represent the four-vectors in LC notation, v ≡ (v+, v−,vT ), v
± = (vo± v3)/

√
2, d4z = dz−dz+d2zT ;

Figure 2 – Correlation function for the GPD in momentum space

we evaluate the fields at equal LC time, z+ = 0. ψ(zin), ψ̄out(z) are the quark fields; Γ is an operator
between quark fields, i.e. either a specific gamma matrix, or a combination of gamma matrices; finally,
U(zin, zout), is the link ensuring gauge invariance. In what follows we choose the LC gauge for which
U(zin, zout) can be taken equal to one. The field operators product in Eq.(1) is evaluated between an
incoming proton state, | p,Λ⟩, of definite momentum, p, and helicity, Λ, and an outgoing proton state,
| p′,Λ′⟩, with momentum, p′ = p − ∆, and helicity, Λ′. Taking Γ = γ+, and Fourier transforming, one
obtains a

W γ+

Λ,Λ′ =

∫
dz−

(2π)
ei(X−ζ/2)p+z−

⟨p′ = p−∆,Λ′|ψ (0) γ+ ψ
(
z−

)
|p,Λ⟩,

=
1

2P+

{
Hq(X, ζ, t)ū(p−∆,Λ′)γ+u(p,Λ) + Eq(X, ζ, t)ū(p−∆,Λ′)

σi+∆i

2M
u(p,Λ)

}
. (2)

Isolating the GPD H for an unpolarized quark inside an unpolarized proton at skewness ζ equal to 0, in
momentum space the Hq(X, 0, t) is off-diagonal in momentum,

Hq(X, 0, t) =

∫
d2kT,in ϕ

∗(X,kT,in −∆)ϕ(X,kT,in), (3)

and with Fourier transformations of the vertex functions,

ϕ(X,kin) =
1

(2π)2

∫
d2zin e

ikin·zin ϕ̃(X, zin), (4a)

ϕ∗(X,kout) =
1

(2π)2

∫
d2zout e

−ikout·zout ϕ̃∗(X, zout). (4b)

aThe correlation function’s parametrization in terms of GPDs also depends on the QCD evolution scale for
the process, and Q2, that is omitted in these formulae for ease of presentation.
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the relationship between the GPD and the IPPDF emerges:

Hq(X, 0, t) =

∫
d2b eib·∆ ϕ̃∗ (X,b) ϕ̃ (X,b) =

∫
d2b eib·∆ ρq(X,b) (5a)

ρq(X,b) =

∫
d2∆

(2π)2
e−ib·∆Hq(X, 0, t), (5b)

where we have defined the transverse space one-body diagonal density distribution. The index q refers
to the quark flavor. A similar distribution is ibtained for gluons.

In Figure 3 we show an example of a one-body density distribution, ρg(X, b), evaluated for the gluon
GPD parametrization from Refs.10,11, where Hg was constrained by its first moment in X evaluated in
lattice QCD 12,13. Notice that in this case, the gluon distribution depends rather strongly on the scale
for the process, Q2.

Figure 3 – The Fourier transform ρg(x, b) of the unpolarized gluon GPD Hg calculated as a function of x and Q2.

Figure 4 – Two-body correlation function

Although the one-body density distributions already give rich spatial information about the proton’s
internal structure, as we show in Section 3, in order to study the dynamics of the proton’s constituents,
we must move from a single-body to a two-body picture, studying now double-parton correlations. We
thus introduce the two-body correlation function, as in Figure 4, defined through the following bilinear
expression,

WΓ
Λ,Λ′ =

∫
dz−1,indz1,T,in

(2π)3
dz−2,indz2,T,in

(2π)3

∫
dz−1,outdz1,T,out

(2π)3
dz−2outdz2,T,out

(2π)3

× ei(k1,inz1,in+k2,inz2,in) e−i(k1,outz1,out+k2,outz2,out) (6)

× ⟨p′,Λ′|ψ(z1,out) Γψ(z1,in)ψ(z2,out) Γψ(z2,in)|p,Λ⟩
∣∣∣
z+
1 =z+

2 =0

3
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This definition involving quark fields is similar to the double parton distribution function (DPDF) intro-
duced in 14, but with the initial and final proton states being different, (p′ ̸= p). Proceeding similarly to

Figure 5 – Visualizing the two-body density as a function of b1 and b2 (Eq.9), for different values of x2, while
keeping x1 fixed.

the one-body case, we can now form the following combinations of the two different quark fields locations,
zi,in and zi,out, (i = 1, 2), respectively given by,

zi = zi,in − zi,out

bi =
1

2
(zi,in + zi,out)

⇒


zi,in = bi +

zi
2

zout = bi −
zi
2

, (7)

as well as the conjugate momenta to bi and zi,
∆i = ki,in − ki,out ↔ bi

ki =
1

2
(ki,in + ki,out) ↔ zi

(8)

Following a procedure similar to the one-body case, we derived a formulation for the Fourier trans-
form of the four-point correlation function (6), showing that it can be cast in a two-body density form,
ρqq2 (x1,b1;x2,b2), describing the probability of simultaneously finding quark 1 carrying a momentum
fraction x1 at location b1 and quark 2 carrying a momentum fraction x2 at location b2 with respect to
the center of momentum of the system. In the absence of correlations in the relative motion of the two
quarks, the two-body transverse spatial distribution is described by,

ρqq2 (X1,b1;X2,b2) = ρq(X1,b1)ρq(X2,b2) (9)

where ρ is the diagonal one-body density defined in Eq.(5). Distributions with parton configurations
other than qq, e.g. qg, or gg, can be written in a similar way, starting from the appropriate two-body
correlation function definition.

A visualization of the two-body density distribution, is provided in Fig. 5 where in the upper panel we
show a 2D rendition of the gluon-gluon distribution obtained by plotting the quantity, ρgg2 (X1,b1;X2,b2)
at the scale, Q2 = 5 GeV 2, for X1 = 10−3, and fixed b2, varying X2 and b1; in the lower panels, we
show 3D versions obtained at x1 = 0.01 (top) and X1 = 10−3, plotted in the b1, b2 for various values of
X2.
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3 Observables

The average radii described in the previous Section in terms of the Fourier transform of the GPD H for
zero skewness are described through the impact parameter dependent PDF (IPPDF), in Figure 6; on the
lhs we plotted the valence u and we d quark geometric radii compared to the gluon one, at Q2= 5 GeV2;
on the rhs the behavior of the gluon radius with Q2 is shown. All calculations were performed using
the parametrization from Refs.10,11. One can see that the gluon radius is much smaller than the quark
one, consistent with the geometric representation of baryon junctions, as proposed in Ref.15 and recently
investigated in, e.g ., Ref.16. Furthermore, we find that, while the radii for all q and g components show
a small variation with Q2 at larger values of X > 0.01, at small X, this dependence is substantial, and
it should, therefore be more easily detectable in experiment.

Figure 6 – The average radii for u, d (valence) and g (gluon) distributions (left) provide a quantitative method
for extracting spatial information through even the one-body density. We can also study the Q2-dependence of
these average radii through perturbative evolution, as shown for the gluons (right).

From the vectors locating the partons 1 and 2 positions in the transverse plane, b1 and b2, respec-
tively, we define the relative distance between them, r, and the distance of the center of mass of the two
partons from the origin, R12,

r = b1 − b2 (10)

R12 =
b1 + b2

2
(11)

Defining the root mean squared of their expectation values, one obtains the square average relative
distance and average center of mass of the two partons,

⟨r2⟩(X1, X2) =
1

N

∫ ∫
d2r d2R12

∣∣r2∣∣ ρ2 (X1,R12 +
r

2
;X2,R12 −

r

2

)
(12)

⟨R2
12⟩(X1, X2) =

1

N

∫ ∫
d2r r2R12

∣∣R2
12

∣∣ ρ2 (X1,R12 +
r

2
;X2,R12 −

r

2

)
(13)

N =

∫ ∫
d2r r2R12 ρ2

(
X1,R12 +

r

2
;X2,R12 −

r

2

)
(14)

The numerical results obtained using our parametrization for the average relative distance, given in Fig.
7, for the specific case of X1 = X2, correlate with the results for the single parton distributions, in that
the distance between a quark of flavor u, d and a gluon field is always larger than the distance of two
gluon fields, revealing that gluonic configurations tend to be more compact.

Through the two-body densities we can now address quantitatively the question of whether the u,
quarks and gluons will overlap forming localized “hot spots,” as suggested in an event-by-event analysis
in Refs. 17,18, or whether the gluon field surrounds uniformly the valence quarks.

The geometric average two-parton overlap probability in the transverse plane can be defined as,

⟨A(X1, X2)⟩ =
1

N

∫
d2b1d

2b2 ρ
ij
2 (X1,b1;X2,b2)A(| b1 − b2 |),
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Figure 7 – Average relative distance between the u quark and gluon, the d quark and gluon, and two gluon fields
inside the proton plotted vs. X = X1 = X2, at Q

2 = 10 GeV2.

where A(r =| b1 − b2 |) is taken as the geometric area overlap of the two azimuthally symmetric single
parton distributions measured in units of an average radius a = (⟨b1⟩2 + ⟨b2⟩2)1/2/

√
2,

A(r) = a2π − r − δ

2
(α1 + α2)− a21 arctan

r − δ

2α1
− a22 arctan

r − δ

2α2
(15)

with,

αi =

√
a2i −

(r − δ)2

4
, i = 1, 2 (16)

and δ = a1 − a2.
Performing a change of variables, the average two-parton overlap probability is given as,

⟨A(X1, X2)⟩ =
1

N

∫ ∫
d2r d2R12A(r) ρ

qg
2

(
X1,R12 +

r

2
;X2,R12 −

r

2

)
. (17)

Numerical results for the overlap probability are given in Figure 8 for the u quark and gluon case. The
figure shows A(X1, X2), Eq.(17), plotted vs. X, with X = X1 = X2, and Q2 = 10 GeV2, divided by
the maximum overlap surface. Putting together results from Figs.6, 7, and 8, we can see that while all
parton types tend to be more broadly distributed at low X (Fig.6), thus also spanning broadly distributed
relative distances, their overlap probability also increase (Fig.8).

Figure 8 – The overlap probability of the u quark and gluon distributions in the proton plotted vs X = X1 = X2

for Q2 = 10 GeV2.

This picture complements the recent BNL approach 19,17,18,20, describing geometrical fluctuations, or
event-by-event fluctuations in the proton wave function where the three constituent quarks emit small−x
gluons around them, which form “hot-spots” at random locations in the transverse plane.

As first pointed out in Ref.21 (See also Ref.22) in ultraperipheral collisions (UPCs) where, a proton
and a nucleus or a proton and a proton collide at impact parameters larger than the sum of the particles’

6
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radii, time-like Compton scattering (TCS), an exclusive process from which one can extract GPDs, may
be observed (Fig. 9). We seek to extract GDPDs in double TCS through UPC processes, proposing to
use, for example, double vector meson or double dimuon production.

Figure 9 – Connection between UPCs and GPDs

4 Conclusions

We presented results on our study of two-body parton distributions as a means of obtaining information
on the relative positions of quarks and gluons inside the proton. While one-body distributions are limited
to capturing average static properties of the proton’s internal structure, such as the radius covered by
various parton distributions, the proton is a complex, multi-body environment, and it is, therefore, more
properly imaged through multi-body distributions. As a first step towards the general problem of imaging
this multi-body system, and to provide tools to address multiparton correlations beyond the one-body
formalism, we studied the geometric correlations between the u and d quark distributions and gluons.

In Refs.17,18 a connection was provided between the two approaches, “GPDs” on one side, and
“geometrical fluctuations” on the other. In particular, the dipole-based description of coherent diffractive
J/ψ production off a proton was connected to the correlation functions for GPDs, within the collinear
framework of QCD. However, the more interesting channel of incoherent diffraction, described in terms
of double dipole diffraction and leading to small−x gluon fluctuations, or event-by-event, color density
geometry driven fluctuations has remained a puzzle in that it could not be rendered, so far, within
standard QCD approaches. By introducing two-body correlations functions, we provide a framework to
investigate these scenarios and to allow us to study relative spatial configurations of quarks and gluons
inside the proton and the atomic nuclei.
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The ratio of Ψ(2s) and J/Ψ exclusive photoproduction
cross-sections as a tool to detect non-linear QCD evolution
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We study the proposal that the rise with energy of the ratio of Ψ(2s) and J/Ψ exclusive
photoproduction cross-sections might serve as an indicator of the presence of non-linear QCD
evolution, related to the presence of high and potentially saturated gluon densities in both the
proton and a lead nucleus. Our study employs recent fits of the GBW and BGK dipole models
and provides predictions for both exclusive photoproduction on a proton and on a lead nucleus.
While the cross-sections for photoproduction on a proton depend only weakly on non-linear
low x corrections, we find an increased sensitivity for the cross-section ratio, which is directly
related to the node in the Ψ(2s) wave function. We further give a description of recent ALICE
data for exclusive J/Ψ photoproduction on a lead nucleus and provide predictions for Ψ(2s)
photoproduction on a lead nucleus as well as for the corresponding cross-section ratio.

DOI: https://doi.org/10.17161/8cyw5q54

Keywords: Diffractive production, QCD phenomenology, Quantum chromodynamics, Strong inter-
action

1 Introduction

Exclusive photoproduction of charmonium in ultra-peripheral collisions at the Large Hadron Collider
(LHC) provides a unique opportunity to examine Quantum Chromodynamics (QCD) at very low values
of x. With x =M2

V /W
2, where MV is the mass of the vector meson, and W the center-of-mass energy of

the photon-proton or photon-nucleus collision, this corresponds to the high-energy limit of perturbative
strong interactions. Examining this low x limit is of interest, since it allows us to investigate an important
open question in the exploration of strongly interacting matter: In the above-described interaction of a
photon with a proton (or an entire nucleus), we explore the gluon distribution of the proton (or nucleus),
if the reaction occurs in the presence of hard scale; the latter allows for the identification of partonic
degrees of freedom. Such a scenario is realized for charmonium production, where the mass of the charm
quark provides the hard mass scale. In the region of phase space where the variable x takes small values –
roughly speaking values smaller than 0.01 – BFKL evolution predicts for the inclusive gluon distribution
a powerlike rise with x. While such a rise has been clearly seen in data, there are strong theoretical
arguments that suggest that such a rise must at some value of x slow down and eventually come to
hold1,2. The growth of the gluon density will therefore saturate at some value of x. While there are
strong arguments for gluon saturation, the determination of the value of x, where this new phenomena
should manifest itself in data, is still an open task.

Reactions that involve charmed final states are in this context particularly interesting3,4, since they
sit on the boundary between perturbative and non-perturbative QCD dynamics. While the presence of a
hard scale is essential for a description based on microscopic degrees of freedom, a large hard scale will se-
lect regions of the phase space, where non-linear terms in QCD evolution equations are suppressed. These

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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non-linear terms occur in extensions of the BFKL evolution equation, such as the BK equation, where
they lead to a slowdown of the growth of the gluon distribution. Previously, a description of the energy
dependence of the photoproduction cross-sections of charmonium5,6,7,8,9,10,11 has been provided through
comparing fits of unintegrated gluon distributions subject to next-to-leading order (NLO) BFKL evolu-
tion 12,13,14 (Hentschinski-Salas-Sabio-Vera; HSS) and DGLAP-modified BK evolution 15 (Kutak-Sapeta;
KS). This approach allows for direct evaluation of linear and non-linear low-x frameworks and attempts
to search for features which distinguish between them, if compared to experimental data. Although un-
integrated gluon distributions subject to linear and non-linear QCD evolution start to diverge at values
of x < 10−4 − 10−5, uncertainties prevent drawing firm conclusions whether signs of non-linear QCD
dynamics are present in data. However, it was noted8,5 that the ratio of photoproduction cross-sections
of Ψ(2s) and J/Ψ vector mesons shows distinct energy dependence for linear (BFKL) and non-linear
(BK) evolution equations: The ratio rises with energy under full non-linear QCD evolution, while it stays
relatively constant with linear evolution. Although the rise in the ratio of Ψ(2s) and J/Ψ photoproduc-
tion cross-sections with energy has been previously documented for unitarized dipole models16 17, the
constant ratio with linear QCD evolution has not been thoroughly studied, to the best of our knowledge.

An interesting question in this context is whether the observed features are a coincidence related to
the specific form of the HSS and KS distributions or whether they constitute a general characteristic of
dipole cross-sections and/or gluon distributions with or without non-linear QCD dynamics. We therefore
repeat the previous analysis5, using two dipole models to represent the gluon density: the Golec-Biernat
Wusthoff18 (GBW) and the Bartels Golec-Biernat Kowalski? (BGK) model. While these are models
which themselves are not subject to low x QCD evolution equations, they allow for direct manipulation
of non-linear corrections and therefore for an exploration of their relevance for the photoproduction cross-
section. We work with both models in their linearized and complete exponentiated (unitarized) versions,
offering detailed definitions further down. While our primary focus is on the ratio of Ψ(2s) to J/Ψ
photoproduction in photon-proton collisions, we also discuss recent data from the ALICE experiment on
J/Ψ photoproduction in photon-lead collisions 19,20, using these models for our analysis. Additionally,
we provide predictions for Ψ(2s) photoproduction in photonuclear reactions and the ratio of Ψ(2s) to J/Ψ.

In this contribution, we summarize essential recent results21,22, to which refer the interested reader
for more details.

2 Photoproduction cross-sections

We study the process,

γ(q) +H(p) → V (q′) + p(p′), V = J/Ψ, ψ(2S) , (1)

where γ denotes a quasi-real photon with virtuality Q ≃ 0, which stems from an electron (HERA) or a
proton/lead nucleus in the case of LHC data; H is the proton or lead nucleus respectively. W 2 = (q+p)2

the squared center-of-mass energy of the γ(q) + H(p) reaction. With t = (q − q′)2, the differential
cross-section for the exclusive photo-production of a vector meson can be written as,

dσ

dt
(γp→ V p) =

1

16π

∣∣∣Aγp→V p
T (x, t)

∣∣∣2 , V = J/Ψ, ψ(2S) . (2)

Here AT (W
2, t) denotes the scattering amplitude for a transverse polarized real photon with color singlet

exchange in the t-channel, with an overall factor W 2 already extracted. x =M2
V /W

2 with MV the mass
of the vector meson7. We finally have for the photoproduction cross-section

σγp→V p(W 2) =
1

BD(W )

dσ

dt
(γp→ V p)

∣∣∣∣
t=0

, (3)

where BD is diffractive slope parameter21. For the proton, we use17

BD,p(W ) =

[
b0,p + 4α′

p ln
W

W0

]
GeV−2, (4)

with b
J/Ψ
0,p = 4.62, b

Ψ(2s)
0,p = 4.86, α

′J/Ψ
p = 0.171 and α

′Ψ(2s)
p = 0.151. For the lead nucleus we have

BD = (4.01±0.15) ·102/GeV2, which we determined from a fit to the |t| dependence of the coherent J/Ψ
photonuclear production by the ALICE collaboration23.
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2.1 Wavefunction overlap

Within high energy factorization, the imaginary part of the scattering amplitude at t = 0 is obtained
as a convolution of the light-front wave function – which describes the formation of a color dipole and
its subsequent transition into a vector meson – and the dipole cross-section. In the following, we use a
simple Gaussian model for the vector meson wave function,

ℑmAγp→V p
T (x, t = 0) =

∫
d2rΣ(r)σqq̄ (x, r) , (5)

where r = |r| denotes the transverse separation of the dipole and

Σ(r) =

∫ 1

0

dz

4π
(Ψ∗

VΨT ) (r, z)

=

∫ 1

0

dz

4π

êfeNc
πz(1− z)

{
m2
fK0(mcr)ϕT (r, z)−

[
z2 + (1− z)2

]
ϵK1(mcr)∂rϕT (r, z)

}
. (6)

Although previously5 a more refined description of the wave function overlap24,17 has been used, the effects
are minimal for our current study. Thus, we opted for the simpler boosted Gaussian model following the
Brodsky-Huang-Lepage prescription25,?,?:

ϕ1sT (r, z) = NT,1sz(1− z) exp

(
−

m2
fR2

1s

8z(1− z)
− 2z(1− z)r2

R2
1s

+
m2
fR2

1s

2

)
, (7)

ϕ2sT,L(r, z) = NT,2sz(1− z) exp

(
−

m2
fR2

2s

8z(1− z)
− 2z(1− z)r2

R2
2s

+
m2
fR2

2s

2

)

·

[
1 + α2s

(
2 +

m2
fR2

2s

4z(1− z)
− 4z(1− z)r2

R2
2s

−m2
fR2

2s

)]
. (8)

The free parameters of this parametrization have been determined in various studies from the normal-
ization and orthogonality of the wave functions as well as the decay width of the vector mesons. Here
we use26 NT,1s = 0.57,NT,2s = 0.67,mc = 1.4 GeV,R2

1s = 2.45 GeV−2,R2
2s = 3.72 GeV−2, α2s = −0.61

and mc = 1.4 GeV.

2.2 Dipole cross-sections

Within collinear factorization, one finds to leading order for the dipole cross-section27 28

σcollinear
qq̄ (x, r) =

π2

3
r2αs(µ

2)xg(x, µ2). (9)

The renormalization scale µ is usually identified with the factorization scale and taken to depend on
the dipole size with µ2 ∼ 1/r2 for small dipole sizes; xg(x, µ2) denotes the collinear gluon distribution
subject to leading order DGLAP evolution. A simple way to estimate corrections that yield unitarization
of this dipole cross-section in the limit of large dipole separations r and/or large gluon densities is to
exponentiate the collinear cross-section, which yields the Bartels–Golec-Biernat–Kowalski (BGK) model,

σBGK
qq̄ (x, r) = σBGK

0

[
1− exp

(
−r

2π2αs(µ
2
r)xg(x, µ

2
r)

3σBGK
0

)]
. (10)

The above exponentation introduces a new parameter, σ0, which yields the value of the dipole cross-
section in the black disk limit, corresponding to the transverse size of the target. An even simpler model
is provided by the Golec-Biernat, Wüsthoff (GBW) model,

σGBW
qq̄ (x, r) = σGBW

0

[
1− exp

(
−r

2Q2
s(x)

4

)]
, Q2

s(x) = Q2
0

(x0
x

)λ
, (11)

where Qs denotes the saturation scale within the model and gathers various elements of the collinear
cross-section into a single factor. Both models have been recently refitted for dipole scattering on a
proton to combined HERA data in 29 where free parameters are obtained as σGBW

0 = (27.43± 0.35) mb,

3
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λ = 0.248±0.002, x0 = (0.40±0.04) ·10−4, while Q0 = 1 GeV for the GBW model. For the BGK model,
g(x, µ2) is subject to leading order DGLAP evolution equation without quarks,

d

dµ2
g(x, µ2) =

αs
2π

∫ 1

x

dz

z
Pgg(z)g(x/z, µ

2), xg(x,Q2
0) = Agx

−λg (1− x)5.6, (12)

where xg(x,Q2
0) denotes the gluon distribution at the initial scale Q0 = 1 GeV. Following the recent

fit29 of this model, we evaluate the gluon distribution and the QCD running coupling at the dipole size
dependent scale

µ2
r =

µ2
0

1− exp (−µ2
0r

2/C)
. (13)

The remaining parameters of the model have been obtained as σBGK
0 = (22.93±0.27) mb, Ag = 1.07±0.13,

λg = 0.11 ± 0.03, C = 0.27 ± 0.04, µ2
0 = (1.74 ± 0.16) GeV2. The exponentiated terms allow us within

these simple models to explore the relevance of non-linear QCD dynamics for the description of data.

2.3 Modified Dipole Cross-sections and nuclear effects

To explore the relevance of the exponentiated terms, which simulate non-linear QCD evolution, we will
compare for the following numerical study both complete and linearized models. In addition, we introduce
in the following a parameter ‘k’ which allows for a smooth transition between both scenarios, i.e., which
allows to vary the ‘density’ of gluons by hand. We introduce this parameter k through a rescaling
Q2
s(x) → k · Q2

s(x), while we keep the linearized dipole cross-sections fixed. For the GBW model, this
leads to

σGBW
qq̄ (x, r, k) = σGBW

0 Q2
s(x)

(
r2

4

)[
1 +

∞∑
n=1

1

(n+ 1)!

(
−k · r

2Q2
s(x)

4

)n]

=
σGBW
0

k

[
1− exp

(
−k · r

2Q2
s(x)

4

)]
. (14)

With this modification, k = 0 corresponds to the linear case, whereas k = 1 yields the current HERA fit
of the model; finally, k > 1 implies an additional enhancement of non-linear effects. Within this simple
approach, k can be understood as a parameter that controls the strength of the triple Pomeron vertex
and, therefore, the relevance of non-linear dynamics. We also apply an identical modification to the BGK
model,

σBGK
qq̄ (x, r, k) =

σBGK
0

k

[
1− exp

(
−k · r

2π2αs(µ
2
r)xg(x, µ

2
r)

3σBGK
0

)]
. (15)

If the color dipole scatters on a large nucleus instead of a single proton, one expects an increase in the
saturation scale due to the nuclear “oomph factor”,

Q2
s,A(x) ≃ A

1
3Q2

s(x), (16)

where A denotes the number of nucleons in the nucleus, and Q2
s,A(x) is the saturation scale for the nuclear

target, while Q2
s(x) denotes the saturation scale for a single proton, as obtained from the fit to HERA

data. With the transverse size of the dipole cross-section scaling as ∼ A2/3, we finally obtain

σqq̄,A(x, r) = A
2
3σqq̄(x, r, k = A

1
3 ). (17)

3 Non-linear corrections and the Ψ(2s) over J/Ψ ratio

Having set up the theoretical framework, we ask ourselves the question whether one can expect a mani-
festation of non-linear QCD dynamics in the photoproduction of J/Ψ and Ψ(2s) vector mesons. Taking
a first look at the predictions for the production cross-section, Fig. 1, we observe a clear difference be-
tween linearized and complete dipole models. Compared to the results based on BFKL/BK evolution5,
one observes that the difference between linear and non-linear cases is more pronounced in the case of
dipole models. This is not a surprise: while both HSS (linear) and KS (non-linear) gluon distributions

4
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Figure 1 – Energy dependence of the total cross-sections for exclusive photoproduction of J/Ψ (left) and
Ψ(2s)(right) as obtained within the dipole models discussed in the text. We further display photo-production data
measured at HERA by ZEUS30 and H131,32 collaborations as well as LHC data obtained from ALICE33,34,35 and
LHCb36,37 for J/Ψ production as well as H138,39 and LHCb data37 for the Ψ(2s) photoproduction cross-section.
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Figure 2 – Predictions of the photonuclear production of J/Ψ and Ψ(2s). We further show ALICE 19 and CMS
40 data.

have been fit to HERA data, for the dipole models such a fit has been only performed for the complete
(non-linear) models. This is also the reason why we require different K-factors for linearized and complete
models. Fig. 2 provides the corresponding predictions for the photonuclear reaction, where charmonium
is produced through the scattering of a photon on a lead nucleus. In comparison to the proton case,
the energy dependence of the complete dipole models shows now a clear saturation effect in the sense
that there is a clear difference between the powerlike rise with the energy of the linearized models and
the energy dependence of the complete models. We however note that the energy dependence of the
linearized model is identical to the energy dependence of the proton cross-section; nuclear shadowing
effects absent in this case. As discussed in 19, the data set can be described with a similar accuracy if one
employs a powerlike growth, with a reduced Pomeron intercept. We believe that a closer investigation of
this aspect would be a very interesting research task for the future.

3.1 Charmonium production and the scaling region

In the following, we would like to reinvestigate the potential relevance of non-linear corrections based
on general estimates of the size of such corrections for different regions of phase space of the dipole
cross-section. With

QGBW
s (x = 10−6) ≃ 1.58 GeV, (18)

the numerical value of the saturation scale in the proton is close to the hard scale of the charmonium
production cross-section, mc ≃ 1.4 GeV. One therefore does not enter a region of phase space where
Q2
s ≫ m2

c and where therefore an expansion of the cross-section in powers of Q2
s/m

2
c is clearly breaking

5
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Figure 3 – Left: Estimated geometric scaling region, based on the GBW saturation scale for both proton and
lead. Right: Integrated Gaussian wave function overlap for photo-production of vector mesons J/Ψ and Ψ(2s)

down. We are therefore not sensitive to the saturated region of the dipole cross-section, but at most to the
so-called (geometric) scaling region41. In this region of phase space, the dimensionless dipole cross-section
σqq̄(x, r)/σ0 is still weak, σqq̄(x, r)/σ0 ≪ 1, but the existence of a region of saturated dipole cross-section42

σqq̄(x, r)/σ0 ∼ 1 reflects itself already in the dynamics of the dipole cross-section. Seen from a different
perspective, the geometric scaling region can be defined as the range in dipole size r, where the dipole
cross-section σqq̄(x, r) turns into a function of a single variable, σqq̄(x, r) → σqq̄(r

2Q2
s(x)); the saturation

scale therefore turns in this region of phase space into the relevant mass scale of the dipole cross-section.
Note that such a dependence is generally assumed in the employed dipole models.

Using properties of solutions to the BK equations, this scaling region can be estimated using the
following inequality43,44,45:

1 <
∣∣ln (r2Q2

s(x)
)∣∣ ≤√αsχ′′

0(γ0), (19)

with χ0(γ) = 2Ψ(1) − Ψ(γ) − Ψ(1 − γ) the leading order BFKL eigenvalue and γ0 implicitly defined
through χ0(γ0)/γ0 = χ′

0(γ0) with γ0 ≃ 0.627549. The resulting scaling region is illustrated in Fig. 3 (left)
using the GBW saturation scale and αs(mc) ≃ 0.29, for both the proton and a lead nucleus. For the
proton, even at the lowest accessible values of x, one enters the scaling region only for r > 1/GeV; one is
therefore in a region of phase space which is dominated by non-perturbative dynamics. This is in general
one of the reasons why one searches for events on the boundary between perturbative and non-perburative
QCD dynamics, since it is this region of phase space where non-linear effects are enhanced. For a lead
nucleus, the scaling region starts already at r > 0.4/GeV, since the gluon density is enhanced through
the overlap of various nucleons. To compare the scaling region to the region in dipole sizes probed for
J/Ψ and Ψ(2s) production, we introduce the normalized wave function overlap

WV (r) =
r
∫ 1

0
dz(Ψ∗

VΨT )(r, z)∫
drr

∫ 1

0
dz(Ψ∗

VΨT )(r, z)
,

∫ ∞

0

drW (r) = 1, (20)

see Fig. 3, right; note that WΨ(2s)(r) < 0 for r > 2.59/GeV. To access the relevance of the different
regions in dipole size r for the complete cross-section, we further provide in Tab. 1 the integrated WV (r)
function for different regions. For the photonuclear production cross-section, the bulk of the dipole sizes
probed in the reaction – approximately three quarters – lies within the geometric scaling region; this

Table 1: Percentage of wV =
∫ rmax

rmin
drWJ/Ψ for different regions of dipole size r. Note that the WΨ(2s) < 0 for

r > 2.59/GeV.

0 < r < 0.4/GeV 0.4 < r < 1/GeV 1 < r < 3/GeV r > 3/GeV

wJ/Ψ(%) 23.6 40.8 34.9 0.7

wΨ(2s)(%) 26.7 45.7 30.0 - 1.4
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Figure 4 – Ratio of photoproduction cross-sections both for the proton (left) and lead (right). For the proton we
further depict ZEUS46 and H147 data

explains the clear imprint of a non-linear energy dependence in the photoproduction cross-section shown
in Fig. 2. For photoproduction on a proton, this contribution is however reduced to approximately a
third, which explains the relatively weak non-linear dynamics in Fig. 1.

3.2 The ratio of the photo-production cross-sections

To have access to the geometrical scaling region in the proton, it is necessary to probe observables that
are somehow sensitive to dipole sizes 1 < r < 3/GeV. In this region, both wave function overlaps are still
sizeable, while they differ significantly in shape due to the node of Wψ(2s) at r = 2.59/GeV. A possibility
to gain sensitivity to this region is given by observables which attempt to probe the difference in this wave
function shape. An obvious candidate is obviously the ratio of both photo-production cross-sections. To
understand the behavior of this ratio, it is best to study it first for the scenario where non-linear dynamics
are absent. For the linearized GBW model,

σGBW, lin.
qq̄ (x, r) = σGBW

0 r2Q2
s(x)/4, (21)

Eq. (5) turns into

ℑmAγp→V p
T (x) = Q2

s(x) · σGBW
0

∫
d2rΣ(r)r2/4, V = J/Ψ,Ψ(2s). (22)

For the ratio of both photoproduction cross-sections, the energy dependence therefore cancels and one
is left with a ratio constant with energy. This differs for the complete dipole model, where x and r-
dependence do not factorizae. For the BGK model, one finds a dipole size dependent saturation scale
or gluon distribution. The x-dependence does therefore not cancel in the ratio. Nevertheless, in the
region of interest corresponding to dipole sizes r > 1/GeV, the factorization scale approaches rapidly
µ0 ≃ 1.32 GeV and one deals again with a dipole size independent saturation scale. For r > 1/GeV,
the x-dependence of the collinear leading order dipole cross-section Eq. (9) turns r-independent and one
finds again a ratio which is approximately x independent, if one sticks to the linear dipole cross-section.
For r < 1/GeV, there is clearly a dependence on the dipole size, while in this region the shape of both
wave functions is very similar; the difference will therefore not manifest itself at the cross-section level.

4 Predictions for the ratio of photoproduction cross-sections

We finally present our numerical results at the level of cross-sections measured in experiment in Fig. 4. As
expected we find for the photoproduction on a proton an approximately linear growth of the cross-section
ratio, if non-linear effects are fully included; the regarding linearized versions lead on the other hand to
a cross-section ratio constant with energy W . The scenario is similar for photoproduction on a lead
nucleus, with the important difference that for the largest center of mass energies we can already observe
a slowdown of the growth of the ratio. This is in a certain sense a deviation from a possible growth of
the ratio within collinear factorization, which can accommodate, but not predict a growing ratio. In that
case, a growing or constant ratio is obtained due to different choices for the collinear factorization scale;
for a detailed discussion we refer to the paper21.
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5 Conclusions

We examined the proposal5, suggesting that an increasing ratio of photoproduction cross-sections for
Ψ(2s) and J/Ψ can be an indicater for non-linear low x dynamics in protons or nuclei. Our analysis
utilized dipole cross-sections from the GBW and BGK models, which essentially exponentiate linear cross-
sections to investigate the effects of non-linear low x dynamics. As an initial outcome, we confirmed that
the observation5 holds if gluon distributions under linear NLO BFKL and non-linear BK evolutions are
replaced by linearized and unitarized dipole models: without non-linear low x dynamics, the ratio of the
two cross-sections remains nearly constant, but it rises when using the fully exponentiated dipole model.
This behavior can be explained by the convolution of the dipole cross-section and the wave function
overlap: if the dipole cross-section’s shape changes with x in regions where wave function overlaps for
the transition from photon to Ψ(2s) and J/Ψ differ, the ratio increases. In linearized models, this
phenomenon is absent because only the normalization changes with x while the shape in dipole size
remains approximately constant, apart from minor adjustments from DGLAP evolution.
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We argue that measurements of forward neutrons from nuclear breakup in inclusive high energy
photon-nucleus (γA) scattering provide a novel complementary way to study small-x dynamics
of QCD in heavy-ion ultraperipheral collisions (UPCs). Using the leading twist approach to
nuclear shadowing, we calculate the distribution over the number of evaporation neutrons
produced in γPb collisions at the LHC. We demonstrate that it allows one to determine the
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mechanism of nuclear shadowing of nuclear parton distributions and gives an access to their
impact parameter dependence.
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1 Introduction

One of the main directions of modern high-energy nuclear physics is understanding of the dynamics
of strong interactions and the structure of nuclei and nucleons in terms of quantum chromodynamics
(QCD). Among many open questions, the limit of very high energies (small momentum fractions x)
is of particular interest since it is predicted that the linear Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) approximation for parton distributions (PDFs) will eventually break down 1,2 and a new, non-
linear regime of high parton densities characterized by their saturation will set it3,4. Experimental studies
of this and other open QCD questions are carried out at the Large Hadron Collider (LHC) 5,6 and the
Relativistic Heavy Ion Collider (RHIC) and are planned at the future Electron-Ion Collider (EIC) at
Brookhaven National Laboratory 7,8. Note that heavy-ion scattering at the LHC and electron-nucleus
collisions at the EIC present two complementary options for studying small-x QCD: while at the LHC
practically all data are collected for the nucleus of lead (Pb), and the large collision energy and detector
geometry allow one to probe down to x ∼ 10−5 − 10−4, the EIC will employ a wide array of light and
heavy nuclei and will reach x ∼ 10−3 for momentum transfers of a few GeV.

An important part of the heavy-ion program at the LHC is related to ultraperipheral collisions
(UPCs), where a photon emitted by one of the nuclei interacts with the other nucleus 9. The focus of
such measurements has so far been coherent and incoherent production of light and heavy vector mesons.
In particular, over the last decade the data discovered a significant nuclear suppression of coherent J/ψ
photoproduction in Pb-Pb UPCs compared to the impulse approximation prediction, see10 for references.
When interpreted in terms of the gluon distribution11, it amounts to strong gluon nuclear shadowing12,13,
Rg

Pb(x,Q
2) = gA(x,Q

2)/[AgN (x,Q2)] ≈ 0.6 at x = 10−3 and Rg
Pb(x,Q

2) ≈ 0.5 for x = 10−5 − 10−4 at
Q2 = 3 GeV2, where gA(x,Q

2) and gN (x,Q2) are the nucleus and nucleon gluon densities, respectively.
These values of Rg

Pb agree very well with the predictions of the leading twist approximation (LTA) for
nuclear shadowing made more than 10 years ago 14. The recent STAR data 15 indicate that the nuclear

©This work is an open access article under a Creative Commons Attribution 4.0 International License
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suppression persists also for larger x, Rg
Pb(x,Q

2) =
√

SAu
coh = 0.84± 0.05 at ⟨x⟩ = 0.015.

Note that this interpretation of the J/ψ UPC data in terms of the gluon nuclear shadowing is compli-
cated at the next-to-leading order (NLO) of the perturbative expansion in powers of logQ2 (perturbative
QCD) by large cancellations between the leading-order (LO) and NLO gluon coefficient functions, which
leaves a numerically important quark contribution 16,17. A method to stabilize the perturbation series
and restore the gluon dominance in this process on the proton target was suggested in 18,19.

Other hard UPC processes considered in the literature are inclusive20,21 and diffractive22,23 dijet pho-
toproduction (there is preliminary ATLAS data for this process24,25), timelike Compton scattering26,27,28,
and heavy quark photoproduction 29,30,31.

In this contribution, we would like to outline several new directions of future UPC studies, which
were not discussed in the review 9. We explore for the first time the possibility to probe small-x nuclear
shadowing by measuring the rates of forward neutron production from nuclear breakup in the zero
degree calorimeters (ZDCs) at the LHC. Our numerical studies demonstrate that the number of produced
neutrons is correlated with the number of wounded nucleons (inelastic photon-nucleon interactions),
which presents a complementary way to study the mechanism of nuclear shadowing of nuclear PDFs.
Importantly, it allows one to effectively access the centrality (impact parameter) dependence of nuclear
PDFs.

This contribution is organized as follows. In Sec. 2 we summarize expectations based on applications
of the Abramovski-Gribov-Kancheli (AGK) theorem to photon-nucleus scattering, model the distribution
over the number of wounded nucleons and estimate its average value in the current UPC kinematics.
Section 3 presents our predictions for the distributions over the number of emitted forward neutrons from
nuclear breakup in inelastic photon-nucleus scattering and its connection to parameters of the leading
twist approximation of nuclear shadowing. Our conclusions and outlook are given Sec. 4.

2 Abramovski-Gribov-Kancheli (AGK) cutting rules, nuclear shadowing and the number
of wounded nucleons in γA scattering

It was demonstrated by Abramovski, Gribov and Kancheli in 1973 32 that different unitary cuts of the
diagrams corresponding to multi-Pomeron (color singlet) exchanges result in different multiplicities of
produced particles in the central rapidity region and that the absorptive part of the amplitude can be
expressed in terms of a small number of cut diagrams, which are related by combinatorial factors; these
are the so-called Abramovski-Gribov-Kancheli (AGK) cutting rules or the AGK cancellation. For the
interpretation of the AGK rules in QCD and other effective field theories, see Refs. 33,34,35,36,37.

In our analysis, we employ the following two applications of the AGK cutting rules to real photon-
nucleus scattering. First, they allow one to express the nuclear shadowing correction to the total nuclear
cross section σγA

tot in terms of the diffractive cross section on individual nucleons. Further, using the QCD
factorization theorem for hard diffraction 38, the connection between nuclear shadowing and diffraction
can be established at the level of leading twist nuclear PDFs of individual flavors (quarks and gluons)14,39.

Second, defining the total photon-nucleus inelastic cross section σγA
inel as the difference between the

total and total elastic (coherent plus incoherent) cross sections, it can be presented in the following
form 40,41

σγA
inel =

A∑
ν=1

σν , (1)

where

σν =
A!

(A− ν)!ν!

∫
d2⃗b

∫
dσPγ(σ)(σinelTA(⃗b))

ν(1− σinelTA(⃗b))
A−ν . (2)

Equation (2) generalizes the expression for σν in hadron-nucleus scattering to the case of photon-nucleus
scattering, where the photon is represented by its hadronic fluctuations with the distribution Pγ(σ). In

Eq. (2), b⃗ is the impact parameter (transverse coordinate) of the interacting nucleon, TA(⃗b) =
∫
dzρA(⃗b, z),

where ρA(⃗b, z) is the nuclear density normalized to unity, and σinel = 0.85σ is the inelastic cross section
for the interaction of a hadronic fluctuation of the photon with a target nucleon, which is based on the
estimate that the ρ meson-nucleon elastic cross section constitutes approximately 15% of the total one.
The cross sections σν are positive and represent the physical process, where ν nucleons undergo inelastic
scattering, while the remaining A − ν nucleons provide absorption. In the literature, one uses the term
“wounded nucleons” 42 and the notation ν = Ncoll.

The distribution Pγ(σ) gives the probability density for hadronic fluctuations of the real photon to
interact with nucleons with the cross section σ 41,43. The shape of Pγ(σ) cannot be calculated from the
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Figure 1 – (a) The distribution Pγ(σ) as a function of σ at W = 100 GeV. (b) The distribution P (ν) for inelastic
photon-nucleus (Pb) scattering as a function of the number of wounded nucleons ν. The three curves correspond
to three models for Pγ(σ), see text for details. The insert emphasizes the region of large ν.

first principles, but one can model it using its first moments and the small-σ and large-σ limits. Indeed,
the total photon-proton cross section σγp(W ) and the cross section of photon diffractive dissociation on
the proton dσγp→Xp(W, t = 0)/dt constrain the first two moments of Pγ(σ),

σγp(W ) =

∫
dσPγ(σ)σ ,

dσγp(W, t = 0)

dt
=

1

16π

∫
dσPγ(σ)σ

2 , (3)

where W is the invariant photon-nucleon center-of-mass-energy. Further, in the small-σ limit, one can
express Pγ(σ) in terms of the quark-antiquark component of the photon light-cone wave function and
the color dipole cross section, which leads to Pγ(σ) ∝ 1/σ. In the opposite limit of large σ, the photon
behaves as a superposition of the ρ, ω and ϕ vector mesons in the spirit of the vector meson dominance
model and, hence, Pγ(σ) can be modeled using hadronic (cross section) fluctuations in ρ mesons, which in
turn are related to those for pions. Finally, the small-σ and large-σ limits can be smoothly interpolated.
Note that this matching is achieved best, when the light quark masses mq are taken to be those of the
constituent quarks, mq ∼ 300 MeV. For details, see 41,43.

The left panel of Fig. 1 presents the distribution Pγ(σ) as a function of σ at W = 100 GeV. Since the
W dependence of Pγ(σ) is weak, the presented distribution is applicable in a wide range of energies probed
in heavy-ion UPCs at the LHC. Note that the distribution Pγ(σ) parametrizes the so-called resolved
photon contribution to photon-induced scattering and does contain the direct photon contribution.

Using Eqs. (1) and (2), one can readily define the probability distribution over the number of wounded
nucleons ν in inelastic photon-nucleus scattering, P (ν), as follows 41,

P (ν) =
σν∑A
ν=1 σν

, (4)

where σν are given by Eq. (2).
In our numerical analysis of Eq. (4), we use the Monte Carlo generator for nucleon configurations

in complex nuclei 44, which also includes nucleon-nucleon correlations in the nucleus wave function 45,46.
The resulting distribution P (ν) as a function of ν for lead (208Pb) is shown by the curve labeled “Color
Fluctuations” in the right panel of Fig. 1.

The small-σ behavior of Pγ(σ) is derived using the quark-antiquark component of the photon wave
function, which does not capture the observed strong gluon nuclear shadowing discussed in Introduction.
To take it into account, we model the nuclear suppression of the dipoles with σ ≤ σ0 = 20 mb by the
factor of Rg

A, which leads to the modified distribution P̃γ(σ),

P̃γ(σ) =
[
Rg

A(x,Q
2)θ(σ0 − σ) + θ(σ − σ0)

]
Pγ(σ) , (5)

where x = Q2/W 2 and Q2 = 3 GeV2. The distribution P (ν) corresponding to σν , which is calculated
using P̃γ(σ), is given by the curve “Generalized CF” in the right panel of Fig. 1.

3
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Figure 2 – The LTA predictions for the average number of wounded nucleons ⟨Ncoll⟩ in inelastic photon-nucleus
(Pb) scattering as a function of x at Q2 = 3, 20, and 1000 GeV2.

Finally, to test the importance of cross section fluctuations in the real photon, we calculated P (ν)
neglecting these fluctuations and using

Pγ(σ) = δ(σ − 25mb) . (6)

The result is given by the curve “Glauber” in Fig. 1. One can see from this figure that cross section
(color) fluctuations in the real photon significantly increase the distribution P (ν) at small and large ν;
the latter is emphasized in the insert.

In the total inelastic photon-nucleus cross section σγA
inel, the AGK cancellations manifest themselves

as the observation that the average number of wounded nucleons ⟨Ncoll⟩ is inversely proportional to
the nuclear shadowing factor. Generalizing the result of 40 for hadron-nucleus scattering to the case of
photon-induced scattering, one obtains

⟨Ncoll⟩ ≡
A∑

ν=1

P (ν)ν =

∑A
ν=1 νσν∑A
ν=1 σν

=
AσγN

inel

σγA
inel

, (7)

where σγN
inel is the photon-nucleon inelastic cross section. Considering a particular hard process in inelastic

photon-nucleus scattering that probes the nuclear gluon distribution, e.g., inclusive charmonium (bot-
tomonium) production γ+A→ J/ψ(Υ)+X or inclusive heavy-quark dijet production γ+A→ QQ̄+X,
one obtains using Eq. (7),

⟨Ncoll⟩ ≈
1

Rg
Pb(x,Q

2)
≲ 2 . (8)

In this estimate we used the numerical values for Rg
Pb(x,Q

2) discussed in Introduction and the observation
that within LTA theoretical uncertainties, the effects of nuclear shadowing in the total and inelastic
photon-nucleus cross sections are approximately equal.

Figure 2 shows LTA predictions for the average number of wounded nucleons ⟨Ncoll⟩ = 1/Rg
Pb(x,Q

2)
in inelastic photon-nucleus (Pb) scattering as a function of x at Q2 = 3, 20, and 1000 GeV2. These values
of Q2 correspond to photoproduction of J/ψ, Υ, and high-pT dijets, respectively. One can see from the
figure that in the discussed kinematics, the average number of wounded nucleons is modest and the series
in Eq. (7) converges rather rapidly. In particular, we have checked that it is saturated by first six terms
with a 5% precision. Note, however, that the convergence slows down in the limit of small x.

Measurements of ⟨Ncoll⟩ present a new method to study nuclear shadowing in inelastic photon-nucleus
scattering. Unlike the observables used so far, the constraint of Eq. (8) indicates that one can perform
a “Pomeron surgery” of nuclear shadowing by cutting a small number of Pomeron exchanges controlling
the number of inelastic interactions with target nucleons. As a result, it gives an opportunity for an
experimental determination of a small number of parameters quantifying nuclear shadowing, which leads
to a systematic improvement of its theoretical description.

4
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3 The distributions over the number of wounded nucleons and forward neutrons from
nuclear breakup

While the average number of inelastic interactions ⟨Ncoll⟩ encodes information on the energy and scale
dependence of nuclear shadowing, its dependence on the impact parameter of the collision is averaged
over. To obtain a more microscopic description of nuclear shadowing and access the impact parameter
dependence of nuclear PDFs, one needs to determine not only ⟨Ncoll⟩, but also the entire distribution over
the number of wounded nucleons. This can be done using experimental data on the neutron emission
resulting from nucleus fragmentation in a given UPC process, e.g., in inclusive quarkonium or dijet
photoproduction in heavy-ion UPCs with an additional condition of Xn neutrons in the zero degree
calorimeter (ZDC) on the nuclear target side 24,25.

Experimental information on neutron emission in high energy scattering off heavy nuclei is sparse and
comes essentially from the following two sources. The ALICE collaboration measured the distribution
over ⟨Ncoll⟩ in proton-nucleus scattering, where it was determined by the energy release (ET ) at central
rapidities 47. It was observed that ⟨Ncoll(ET )⟩ is linearly proportional to the number of evaporation
neutrons ⟨Mn(ET )⟩ for the same ET bins at least up to ⟨Ncoll⟩ ∼ 10. Note that in our case, ⟨Ncoll⟩ is
much lower, see Eq. (8).

Another important observation is the E665 experiment at Fermilab on muon-nucleus deep inelastic
scattering (DIS) in coincidence with detection of slow neutrons, µ−+A→ n+X, which showed that the
average neutron multiplicity ⟨Mn⟩ for the lead target is 48

⟨Mn⟩ ≈ 5 . (9)

This result has been understood in the framework of cascade models of nuclear DIS 49,50, where soft neu-
trons are produced either directly in DIS on a bound nucleon or through statistical decay (de-excitation)
of the excited residual nucleus, leading to neutron evaporation. A similar conclusion was reached using
the BeAGLE Monte Carlo generator 51.

It suggests the following space-time picture of forward neutron production in high energy photon-
nucleus scattering. The incoming photon fluctuates into hadronic components, which pass through the
nucleus and interact inelastically with several nucleons. This leads to the creation of holes in the nucleus
(particle-hole excitations in terminology of a nuclear shell model), which de-excite and cool the nucleus by
evaporating neutrons. It also produces a number of soft particles with the momenta less than 1 GeV/c,
which in turn generate more neutrons.

The nucleon fragmentation weakly depends on the incident energy due to Feynman scaling and,
hence, the energy transfer used to heat the residual nuclear system is proportional to ⟨Ncoll⟩. Since the
Fermilab data48 corresponds to the average momentum fraction ⟨x⟩ = 0.015, where the nuclear shadowing
effect is small, one finds that ⟨Ncoll⟩ ≈ 1, see Eq. (7). Thus, every inelastic photon-nucleon interaction
results on average in 5 forward neutrons.

To test this hypothesis, we perform two numerical studies. First, we consider a simple model, which
assumes that the probability density of neutron emission is given by the Poisson distribution and that
each hole created in the target nucleus generates independently on average ⟨Mn⟩ neutrons. Therefore,
the neutron probability distribution for ν = ⟨Ncoll⟩ wounded nucleons is

PPoisson(N ;λ = ν⟨Mn⟩) =
(ν⟨Mn⟩)Ne−ν⟨Mn⟩

N !
, (10)

where N is the number of produced neutrons (neutron multiplicity).
The resulting probability density (frequency) for 208Pb as a function of N is shown in the left panel

of Fig. 3. In this estimate, we used ⟨Mn⟩ = 5, see Eq. (9), and ν = ⟨Ncoll⟩ = 1, 2, 3 independent neutron
emissions. One can see from the figure that since the distributions for different ν are peaked at different
values of N and do not significantly overlap, the measurement of the forward neutron multiplicity can be
used to reliably separate contributions of different ⟨Ncoll⟩. Our analysis also shows that this separation
becomes even cleaner with an increase of ⟨Mn⟩ (not shown here).

In the second study, we combine the distribution over the number of wounded nucleons P (ν) that
we discussed in Sec. 2 with the Poisson distribution of produced neutrons. The resulting probability
distribution of forward neutrons is given by the following convolution,

Pcomb(N) =

A∑
ν=1

P (ν)PPoisson(N ; ν⟨Mn⟩) . (11)
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Figure 3 – (a) The probability distribution (frequency) for 208Pb to produce N forward neutrons assuming their
Poisson distribution with ν = ⟨Ncoll⟩ = 1, 2, 3 independent emissions and the average multiplicity for a single
inelastic scattering ⟨Mn⟩ = 5. (b) The probability distribution of forward neutron emission Pcomb(N) (11) in the
model combining the distribution over the number of wounded nucleons, which is calculated using three models
for hadronic fluctuations in the photon (see Fig. 1), with the Poisson distribution of produced neutrons.

The right panel of Fig. 3 presents Pcomb(N) as a function of forward neutrons N for ⟨Mn⟩ = 5. The
three curves correspond to the three models for Pγ(σ), see the right panel of Fig. 1. One can see from
the figure that cross section fluctuations in the real photon noticeably affect the shape of the neutron
distribution: its maximum around N = 5− 7 becomes higher and narrower compared to the “Glauber”
result and is also somewhat suppressed by the leading twist shadowing in the “Generalized CF” case.

Our numerical studies suggest that one can examine details of the theoretical description of small-x
nuclear shadowing in QCD using the distribution of forward neutrons from nuclear breakup emitted in a
given hard UPC process, which is directly correlated with the number of inelastic interactions (wounded
nucleons). By studying the dispersion of this distribution, one can single out the individual contributions
of ν = 1, 2, 3, . . . wounded nucleons. In particular, using Eq. (2) in the approximation that the series
in Eq. (7) is saturated by first few terms, which corresponds to the limit of small-to-modest nuclear
shadowing, one obtains 41,52

σ2(x,Q
2) ≡ ⟨σ2

inel⟩
⟨σinel⟩

=
⟨Ncoll − 1⟩

(A−1)
2

∫
d2⃗b T 2

A(⃗b)
, (12)

and

σ3(x,Q
2) ≡ ⟨σ3

inel⟩
⟨σ2

inel⟩
=

⟨σ3
inel⟩

⟨σinel⟩
⟨σ2

inel⟩
⟨σ2

inel⟩
=

(⟨Ncoll − 2⟩)(⟨Ncoll − 1⟩)
⟨Ncoll − 1⟩

(A−1)
2

∫
d2⃗b T 2

A(⃗b)
(A−2)(A−1)

2

∫
d2⃗b T 3

A(⃗b)
, (13)

where ⟨σn
inel⟩ =

∫
dσPγ(σ)σ

n
inel. The cross sections σ2(x,Q

2) and σ3(x,Q
2) are essential ingredients of

the LTA approach 14. While σ2(x,Q
2) is determined using the HERA data on inclusive diffraction in

lepton-proton DIS, σ3(x,Q
2) is model-dependent and its variation leads to LTA theoretical uncertainties.

Thus, an independent determination σ2(x,Q
2) and σ3(x,Q

2) using UPCs with forward neutrons will
supply new constraints on these quantities.

Note that to reach a high accuracy in such an analysis, one needs to calibrate the theoretical descrip-
tion against the kinematics, where only one target nucleon is struck in γ+A→ 2 jets+X or quasi-elastic
J/ψ production for xA ≥ 0.01, where the effect of nuclear shadowing is small and ⟨Ncoll⟩ ≈ 1.

4 Conclusions and outlook

In this contribution, we advertise measurements of forward neutrons from nuclear breakup in inclusive
high energy photon-nucleus scattering in heavy-ion UPCs, e.g., charmonium (bottomonium) production
γ+A→ J/ψ(Υ)+X or heavy-quark dijet production γ+A→ QQ̄+X, as a novel way to study the QCD
dynamics at small x. The key quantity is the number of inelastic photon-nucleon interactions (the number
of wounded nucleons): its average value ⟨Ncoll⟩ is proportional to inverse of the gluon nuclear shadowing
factor and its first moments are sensitive to details of the leading twist mechanism of nuclear shadowing.
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Our numerical analysis has demonstrated that the number of forward neutrons from nuclear breakup
detected in the ZDC on the nuclear target side is rather unambiguously proportional to the number of
wounded nucleons, which provides a practical opportunity for novel studies of nuclear shadowing.

On top of providing stringent tests of the dynamics of leading twist shadowing of gluon PDFs, it
would be possible to explore effects related to proximity to the black disk limit of the strong interaction.
For example, one can study fragmentation of leading hadrons in γA scattering and look for suppression
of their multiplicity as a function of Feynman xF and W as well as for broadening of their transverse
momentum distribution 53. These effects should be more pronounced for central collisions characterized
by an enhanced activity in the ZDC. It should be possible to construct from the data an analog of the RCP

ratio, which would probe the density dependence of fragmentation. It would also be useful to construct
similar quantities for low pT charm production.

Another interesting application is for multiparton interactions in proton-nucleus (pA) scattering. It
was argued in 54 that the single and double scattering can be separated using their dependence on the
impact parameter: the former is proportional to A, while the latter ∝ A4/3. However, since both hard
interactions are typically detected in a limited range of rapidities |y| ≤ 3 − 4, centrality is difficult to
determine from the transverse energy ET signal because multiparton interactions also contribute to ET .
The use of forward neutrons in ZDCs would alleviate this problem.

One should point out that the neutrons detected in ZDCs can be a promising complementary way to
determine centrality of various photon-nucleus and proton-nucleus inelastic collisions expanding the use
of ZDCs beyond their current use in vector meson diffractive production and for determining of centrality
of the heavy-ion collisions. The main advantage of using forward neutrons rather than the transverse
energy ET for the determination of centrality is a much larger distance in rapidity between the rapidity
of the hard process and that of the process used for determination of the centrality.

One of the principal problems of using UPCs for studies of small-x phenomena is a lack of the nucleon
reference data at similar energies with the precision necessary to observe nuclear effects with a better
than 10% accuracy (J/ψ exclusive photoproduction is a notable exception). Here we outline a possible
strategy for overcoming this problem. Note that we are not aiming to optimize cuts or to account for the
energy resolution of ZDCs since this would require a dedicated Monte Carlo study.

One can separate events into two classes: peripheral events corresponding to ⟨Ncoll⟩ ≤ 2 (we call it
class “L”) and more central events corresponding to ⟨Ncoll⟩ ≥ 1.5 − 2 and ⟨Mn⟩ ∼ 7 − 10 (class “H”).
If statistics is sufficient, the lower limit for class “H” can be gradually increased, which will push up the
average number of wounded nucleons. Then, the ratio of the number of events in the two classes, R̂ =
Yield(H)/Yield(L), should quantify the effect of nuclear shadowing at small and large impact parameters,
which in principle probes the dependence of nuclear shadowing on the thickness of nuclear matter. The
promising channels for such an analysis include inclusive charm production with the transverse momentum
in the range pT = 5−20 GeV/c and production of soft particles with small pT < 0.5 GeV/c. A comparison
of the rates of these processes will allow one to study the transition between the soft and hard regimes
and will serve as a consistency check of the description of small-x dynamics in the current models.

The methods presented in this paper can be readily generalized to the case of virtual photons and
allow one to predict the distribution over the number of forward neutrons in inelastic (virtual) photon-
nucleus scattering at the EIC.
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Inclusive and Diffractive Dijet Photoproduction in
Ultraperipheral Pb-Pb Collisions at the LHC
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Finland and Helsinki Institute of Physics, P.O. Box 64, FI-00014 University of Helsinki, Finland

In this contribution, we summarize NLO pQCD predictions for inclusive and diffractive dijet
photoproduction in Pb-Pb UPCs at the LHC. We demonstrate that the theory describes
well the preliminary ATLAS data on the inclusive cross section, which probes nuclear parton
distributions (PDFs) down to xA ≈ 0.005 and which can reduce current uncertainties of the
small-x nuclear gluon distribution by approximately a factor of 2. Employing predictions of
the leading twist approach to nuclear shadowing for nuclear diffractive PDFs, we calculate the
cross section of diffractive dijet photoproduction and show that its xγ dependence is sensitive
to the effect of nuclear shadowing and the mechanism of QCD factorization breaking in hard
diffraction. We also find that due to large leading twist nuclear shadowing and restricted
kinematics, the diffractive contribution to the inclusive cross section of dijet photoproduction
does not exceed 5− 10%, which helps with an ambiguous interpretation of the ATLAS data.

DOI: https://doi.org/10.17161/w85e0h13

Keywords: Heavy-ion scattering, ultraperipheral collisions, dijet photoproduction, perturbative QCD,
nuclear parton distributions, diffraction, nuclear shadowing

1 Introduction

Jets are collimated sprays of hadrons (π, K, . . . ) produced in high-energy e+e−, lepton-hadron, and
hadron-hadron collisions. Jets have been instrumental in establishing quantum chromodynamics (QCD)
as the correct theory of the strong interactions and, in particular, its concepts of asymptotic freedom and
confinement 1,2,3. A classic example of it is 3-jet events observed in e+e− annihilation, which has proved
the existence of gluons. In perturbative QCD (pQCD), measurements of jets are commonly used to test
validity of the QCD collinear factorization theorem, determine the strong coupling constant αs

4,5, and
provide complementary information on parton distribution functions (PDFs) 6,7.

In particular, since in electron-proton (ep) deep-inelastic scattering (DIS) and hard hadron scatter-
ing, jet cross sections are sensitive to quark and gluon distributions of the target at the same order of
the perturbation series in powers of αs, jet data provide additional constraints on the gluon distribu-
tion, which complement those from the total DIS cross section. Global QCD fits of proton PDFs take
advantage of it by including data on jet production in ep DIS at HERA, proton-antiproton scattering at
Tevatron and proton-proton (pp) scattering at the Large Hadron Collider (LHC) 8,9,10. Extending this to
nuclear targets, essential constraints on the nuclear gluon distribution have been obtained by employing
data on dijet production in proton-nucleus scattering at the LHC 11. Similarly, HERA data on dijet
photoproduction on the proton enables one to determine the gluon distribution in the real photon more
reliably compared to the case, when one only uses the data on the F γ

2 (x,Q
2) structure function measured

in e+e− annihilation 12.
In addition, it has been discussed in the literature that measurements of forward dijet production

may aid in searching for small-x Balitsky-Fadin-Kuraev-Lipatov (BFKL) and saturation physics at the
LHC 13,14 and the planned Electron-Ion Collider (EIC) in USA 15. Finally, jets present a Standard Model
background for many new physics processes.

Focusing on production of jets by real photons, we notice that while all experimental information on
jet photoproduction comes from ep scattering at HERA 6,7,16, there is preliminary ATLAS data on dijet

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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Figure 1 – Typical LO pQCD diagrams for inclusive dijet photoproduction in AA UPCs: (a) direct and (b)
resolved photon contributions. The corresponding momentum fractions are given in parenthesis.

photoproduction in Pb-Pb ultraperipheral collisions (UPCs) at the LHC17,18. In UPCs, colliding ions pass
each other at large impact parameters and interact via emission of quasi-real photons, which effectively
makes the LHC a high-energy and high-intensity photon-nucleus collider 19. So far the emphasis of UPC
measurements has been coherent and incoherent production of light and heavy vector mesons. Notably,
it has been argued that exclusive photoproduction of charmonium J/ψ mesons in pp UPCs allows one
to probe and constrain the gluon density in the proton down to xp ≈ 3× 10−6 at the resolution scale of
the order of the charm quark mass 20. In the nucleus case, the data on coherent J/ψ photoproduction
in Pb-Pb UPCs have discovered a large nuclear suppression, which can be interpreted in terms of strong
gluon nuclear shadowing 21,22 at xA ≈ 10−3 and all the way down to xA ≈ 10−5. These findings have
nicely confirmed predictions of the leading twist approach (LTA) to nuclear shadowing 23.

Measurements of inclusive and diffractive dijet photoproduction in Pb-Pb UPCs at the LHC allow
one to expand the scope of the UPC physics program. Compared to J/ψ production, the theoretical de-
scription of the dijet cross section in perturbative QCD is cleaner since it does not involve the charmonium
wave function and complications associated with the kinematics of exclusive reactions and generalized
parton distributions. In the case of inclusive dijet production, A+A→ A+ 2jets +X, where X denotes
the hadronic final state resulting from nucleus dissociation, the dijet cross section probes nuclear and real
photon PDFs at large energy scales, which are determined by the jet transverse momentum and, thus, ex-
plores the kinematic region complementary to the one in vector meson photoproduction. Requiring that
the target nucleus is intact, one can study diffractive dijet photoproduction, A+A→ A+2jets+X ′+A,
which gives an access to novel nuclear diffractive PDFs and which may also shed new light on the mech-
anism of QCD factorization breaking in hard diffraction.

Pioneering leading-order (LO) pQCD calculations of photoproduction of heavy flavor (bottom) jets24

and heavy quarks 25 (see also 26,27) in UPCs have demonstrated feasibility and large rates of such mea-
surements in the LHC kinematics..

The rest of this contribution is organized as follows. Section 2 summarizes NLO pQCD predictions for
the cross section of inclusive dijet photoproduction in Pb-Pb UPCs at 5.02 TeV, their comparison to the
ATLAS data and the magnitude of nuclear modifications as well as the potential of this process to provide
additional constraints on nuclear PDFs at small x. In Sec. 3, we present NLO pQCD predictions for
diffractive dijet photoproduction in Pb-Pb UPCs at the LHC and discuss sensitivity of the xγ dependence
to the mechanism of the QCD factorization breaking in hard diffraction. We also quantify the diffractive
contribution to the cross section of inclusive dijet photoproduction in UPCs. We draw conclusions in
Sec. 4.

2 Inclusive dijet photoproduction in Pb-Pb UPCs at the LHC

In the framework of collinear factorization of pQCD, the formalism for calculation of the cross section of
inclusive dijet photoproduction is well-established, and results of calculations performed at next-to-leading
order (NLO) accuracy successfully describe the available HERA data28,29,30,31. Applying it to UPCs, one
can write the cross section of inclusive dijet photoproduction in Pb-Pb UPCs, A + A → A + 2jets +X,

2
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Figure 2 – The cross section of inclusive dijet photoproduction in Pb-Pb UPCs at
√
sNN = 5.02 TeV as a function

of HT = pT,1 + pT,2 in different bins of xA (left) and as a function of xA in bins of HT (right). The NLO pQCD
predictions with the nCTEQ15 nuclear PDFs are compared with the ATLAS preliminary data, see text for details.

as the following convolution 32,

dσ(AA→ A+ 2jets +X) =
∑
a,b

∫
dy

∫
dxγ

∫
dxAfγ/A(y)fa/γ(xγ , µ)fb/A(xA, µ)dσ̂ab→jets , (1)

where fγ/A(y) is the flux of equivalent photons, fa/γ(xγ , µ) are photon PDFs, fb/A(xA, µ) are nuclear
PDFs, and dσ̂ab→jets is the elementary cross section to produce jets in hard scattering of partons a and
b. The longitudinal momentum fractions are y for the photon, xγ for parton a in the photon, and xA for
parton b in a target nucleus. The PDFs are evaluated at the resolution scale µ, which is usually identified
with the jet transverse momentum pT .

Figure 1 illustrates Eq. (1) by showing typical LO pQCD diagrams for the direct contribution (graph
a), where the photon as a whole takes part in the hard reaction, and the resolved contribution (graph b),
where a parton of a hadronic fluctuation of the photon (photon PDFs) participates in the hard scattering
reaction. The corresponding momentum fractions are given in parenthesis. Separation of the direct and
resolved contributions is unambiguous only at LO, where fa/γ(xγ , µ) = δ(1 − xγ) for the direct term.
At NLO, due to renormalization of standard collinear divergences of pQCD, the definition of the direct
and resolved terms begins to depend on a choice of the factorization scheme and scale. Nevertheless, the
notion of the direct and resolved contributions remains useful.

The photon flux Nγ/A(y) is usually calculated using the Weizsäcker-Williams equivalent photon
approximation combined with the probability for the nuclei not to interact strongly at small impact
parameters. However, for purposes of the present analysis, the exact expression can be approximated by
the photon flux produced by a relativistic point-like charge Z passing a target at the minimum impact
parameter bmin,

Nγ/A(y) =
2αe.m.Z

2

π

1

y

[
ζK0(ζ)K1(ζ)−

ζ2

2
(K2

0 (ζ)−K2
1 (ζ))

]
, (2)

where αe.m. is the fine-structure constant, K0,1 are modified Bessel functions of the second kind, and
ζ = ympbmin with mp the proton mass and bmin = 14.2 fm for Pb-Pb UPCs 33.

The momentum fractions xγ and xA in Eq. (1) can be estimated using the measured jet rapidities
and transverse momenta. In particular, one can use the following relations

xγ =
mjets√
sNN

eyjets , xA =
mjets√
sNN

e−yjets , (3)

where mjets is the invariant mass of the jet system and yjets its rapidity
17.
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Figure 3 – (Left) NLO pQCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at 5.02 TeV
as a function of xA using the nCTEQ15 nuclear PDFs and ATLAS experimental cuts. The curves show separately
the direct (dashed) and resolved (dot-dashed) photon contributions as well as their sum (solid). (Right) Relative
uncertainties of the nCTEQ15 gluon distribution in 208Pb as a function of xA at Q2 = 400 GeV2 before (outer
pink shaded band) and after (inner blue band) the reweighting using pseudo-data on dijet photoproduction in
Pb-Pb UPCs at 5.02 TeV.

Note that Eq. (1) gives the cross section at the level of massless partons and for a comparison with
data needs to be supplemented with hadronization corrections. They are usually estimated using Monte
Carlo generators, which involve LO matrix elements and include the effects of parton showers 34,35.

Figure 2 presents a comparison of the NLO pQCD predictions 32 for the cross section of inclusive
dijet photoproduction in Pb-Pb UPCs at

√
sNN = 5.02 TeV with the preliminary ATLAS data 17. The

calculation used the nCTEQ15 nuclear PDFs 36, whose uncertainty propagation is shown by the shaded
bands, GRVHO photon PDFs 37, and the ATLAS experimental cuts, importantly, pT,1 > 20 GeV for the
leading jet and pT,2 > 15 GeV for other jets. The left panel shows the distribution in HT = pT,1 + pT,2

in different bins of xA; the right panel shows the distribution in xA in bins of HT . One can see from the
figure that the NLO pQCD results correctly reproduce the shape and normalization of the data, which
have not been corrected for detector response. Note that in the considered kinematics, the coverage in
xA extends down to xA ≈ 5 × 10−3 at µ2 = (HT /2)

2, which provides a certain sensitivity to nuclear
PDFs at small x and large µ, see the discussion below.

It is instructive to examine an interplay of the direct and resolved photon contributions to the dijet
cross section. The left panel of Fig. 3 shows separately the direct and resolved terms as well as their sum
as a function of xA. One can see from the figure that the resolved contribution dominates for xA > 0.01,
while the two contributions are compatible in size for xA < 0.01. This trend is generally expected because
the direct photon contribution increases in the xγ → 1 limit (the values of xγ and xA are anti-correlated,
see Eq. (3)) and agrees with the expectations based on PYTHIA 8 Monte Carlo framework 34,35.

The cross section of dijet photoproduction in Pb-Pb UPCs in Fig. 3 is sensitive to nuclear modifi-
cations of nuclear PDFs: its ≈ 10% suppression for xA < 0.01 compared to the impulse approximation
estimate is caused by nuclear shadowing and ≈ 20% enhancement around xA < 0.1 by antishadowing
of the gluon distribution; it is followed by a 5 − 10% suppression for xA > 0.05 due to the EMC effect,
which is built in most of nuclear PDFs.

One can turn this around and quantitatively investigate the potential of this process to further
constrain nuclear PDFs using the technique of Bayesian reweighting 38. In short, using Nrep = 10, 000
random replicas of nCTEQ15 error PDFs, fki/A(x,Q

2) with i the parton flavor, one can calculate the dijet
cross section for each replica k = 1, 2, . . . , Nrep and then determine the statistical weights ωk for replicas
to reproduce observables. The latter was taken to be the dijet cross section calculated using the central
nCTEQ15 PDFs, which was assigned a 5−15% uncertainty playing the role of experimental errors. After
this procedure, the new reweighted central values ⟨fi/A(x,Q2)⟩new and uncertainties δ⟨fi/A(x,Q2)⟩new of
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Figure 4 – Typical LO pQCD diagrams for diffractive dijet photoproduction in AA UPCs: (a) direct and (b) re-
solved photon contributions. The diffractive exchange is denoted by the Pomeron contribution. The corresponding
momentum fractions are given in parenthesis.

nuclear PDFs become

⟨fi/A(x,Q2)⟩new =
1

Nrep

Nrep∑
k=1

ωkf
k
i/A(x,Q

2) ,

δ⟨fi/A(x,Q2)⟩new =

√√√√ 1

Nrep

Nrep∑
k=1

ωk

(
fki/A(x,Q

2)− ⟨fi/A(x,Q2)⟩new
)2

. (4)

The right panel of Fig. 3 illustrates the result of the Bayesian reweighting of the nCTEQ15 gluon
distribution in 208Pb at Q2 = 400 GeV2 using the procedure outlined above. It presents the relative
uncertainty of the gluon nPDF, 1 + δgA(xA, Q

2)/gA(xA, Q
2), as a function of xA before (outer pink

shaded band) and after (inner blue band) the reweighting. One can see from the figure that assigning
a 5% uncertainty to the pseudo-data leads to a reduction of uncertainties in the gluon distribution for
xA < 0.005 by approximately a factor of 2.

3 Diffractive dijet photoproduction in Pb-Pb UPCs at the LHC

The considerations of the previous section can be extended to diffractive jet photoproduction in heavy-
ion UPCs, where one imposes the additional condition that the target nucleus remains intact and recoils
elastically. Figure 4 shows typical LO pQCD diagrams for the direct (graph a) and resolved (graph
b) photon contributions, where the vertical double lines denote the diffractive exchange (Pomeron flux)
labeled “IP”.

Unlike the inclusive case, UPC cross sections corresponding to coherent underlying photon-nucleus
scattering receive contributions from both left-moving and right-moving colliding ions, which introduces
a well-known two-fold ambiguity between the photon energy and rapidity of the final dijet system. Gen-
eralizing Eq. (1), the contribution of the right-moving photon source to the cross section of diffractive
dijet photoproduction in Pb-Pb UPCs, A+A→ A+ 2jets +X ′ +A, where X ′ includes hadronic debris
of the “Pomeron” and photon, can be written in the following form 39

dσ(AA→ A+ 2jets +X ′ +A)(+) =
∑
a,b

∫
dt

∫
dxIP

∫
dzIP

∫
dy

∫
dxγ

× fγ/A(y)fa/γ(xγ , µ)f
D(4)
b/A (xIP , zIP , t, µ)dσ̂ab→jets . (5)

The contribution of the left-moving photon source is obtained from Eq. (5) by inverting signs of the

jet rapidities. In Eq. (5), f
D(4)
b/A (xIP , zIP , t, µ) denote the nuclear diffractive PDFs, which represent the

conditional probability to find parton b with the momentum fraction zIP with respect to the diffractive
exchange (Pomeron) carrying the momentum fraction xIP , provided that the nucleus remains intact and

5
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Figure 5 – NLO pQCD predictions for the cross section of diffractive dijet photoproduction in Pb-Pb UPCs at
5.1 TeV as a function of xγ . The results are obtained using LTA predictions for nuclear diffractive PDFs (“high
shadowing” and “low shadowing” versions) and assuming either no QCD factorization breaking in hard diffraction
(left) or two scenarios of it realized through the suppression factors Rglob and Rres (right), see text for details.

recoils elastically with the momentum transfer t. The momentum fractions involved in Eq. (5) are shown
in parenthesis in Fig. 4.

Similarly to usual nuclear PDFs, nuclear diffractive PDFs are subject to nuclear modifications, no-
tably, due to nuclear shadowing. The leading twist approach to nuclear shadowing 23 makes definite

predictions for f
D(4)
b/A , which are characterized by their strong suppression at small x. It can be quantified

by introducing the suppression factor Rb with respect to f
D(4)
b/A evaluated in the impulse approximation,

f
D(4)
b/A (xIP , zIP , t, µ) = Rb(xIP , zIP , µ)A

2F 2
A(t)f

D(4)
b/p (xIP , zIP , t = 0, µ) , (6)

where FA(t) is the nucleus form factor and f
D(4)
b/p is the diffractive PDFs of the proton. An examination

of Rb shows that it rather weakly depends on flavor b, the light-cone momentum fractions xIP and zIP
(provided that xIP is sufficiently small), and the resolution scale µ. Hence, for the purpose of estimating
yields of this process, one can approximate Rb by a single number 39,40

Rb(xIP , zIP , µ) ≈ 0.08− 0.16 , (7)

where the upper and lower values correspond to the “high shadowing” and “low shadowing” scenar-
ios, respectively. This spread in the values for Rb reflects a significant theoretical uncertainty of LTA
predictions for nuclear diffractive PDFs, for a detailed discussion, see 40.

The left panel of Fig. 5 presents NLO pQCD predictions for the cross section of diffractive dijet
photoproduction in Pb-Pb UPCs at 5.1 TeV as a function of xγ using the LTA results for nuclear
diffractive PDFs, see Eqs. (6) and (7), pT,1 > 20 GeV for the leading jet and pT,2 > 18 GeV for sub-
leading jets and other otherwise generic cuts specified in 39. The upper and lower curves corresponds
to the “high shadowing” and “low shadowing” LTA predictions, respectively. The horizontal lines show
the width of bins in xγ , and the vertical bars quantify the effect of the variation of the hard scale of
the process in the pT,1/2 < µ < 2pT,1 interval. One can see from the figure that the uncertainty due to
the scale variation is smaller than the uncertainty in the value of Rb. Overall, the figure shows that the
predicted yields are significant demonstrating feasibility of such measurements.

Analyses of diffractive dijet photoproduction in ep scattering at HERA have shown that the QCD
factorization theorem for hard diffraction 41 is violated and NLO pQCD calculations overestimate the
cross sections measured by the ZEUS and H1 collaborations at HERA by a approximately a factor of
2, see details in 42. The pattern of this factorization breaking is yet unknown since a good description
of the data can be achieved by introducing a global suppression factor Rglob = 0.5 or the suppression
factor Rres = 0.34 for the resolved photon contribution only, or the flavor-dependent and xγ-dependent
suppression factor interpolating between Rglob and Rres, see

43.
As a consequence, one of the most sensitive observables to various scenarios of factorization breaking

is the distribution in the momentum fraction xγ . Thus, it has been argued in 39 that measurements of
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Figure 6 – NLO pQCD predictions for the ratio of the cross sections of diffractive to inclusive dijet photoproduction
in Pb-Pb UPCs at 5.02 TeV as a function of xA. The calculation uses LTA predictions for nuclear diffractive
PDFs (the shaded bands represent the theoretical uncertainty), the nCTEQ15 nuclear PDFs, and two scenarios
of the QCD factorization breaking in hard diffraction realized through the global suppression factor Rglob = 0.5
(left panel) and the direct photon suppression factor Rres = 0.04 (right panel).

the xγ dependence of the cross section of diffractive dijet photoproduction in UPCs at the LHC may help
to shed new light on this phenomenon.

The right panel of Fig. 5 illustrates the effect of the QCD factorization breaking for hard diffraction
on NLO pQCD predictions for the cross section of diffractive dijet photoproduction in Pb-Pb UPCs at
5.1 TeV as a function of xγ . These predictions are obtained by rescaling the result of Eq. (5) either by
the global suppression factor of Rglob = 0.5 or by suppressing only the resolved photon term by the factor
of Rres = 0.04. The latter value is estimated using the Glauber model for ρ meson-nucleus scattering, see
details in 43. One can see from the figure that the two prescriptions for factorization breaking result in
rather distinct shapes of the xγ distribution, which supports its potential to discriminate between these
two scenarios.

The ATLAS measurement of inclusive dijet photoproduction in Pb-Pb UPCs was performed in the
so-called “0nXn” event topology, which required a particular number of forward neutrons in zero degree
calorimeters (ZDCs), namely, no neutrons in one direction and one or more neutrons in the opposite
direction. This condition has totally eliminated the contribution of coherent nuclear diffraction, which is
part of nuclear PDFs. It raises the practical question of the magnitude of the diffractive contribution to
inclusive dijet photoproduction in UPCs.

The analysis 44 has shown that the diffractive contribution to inclusive dijet photoproduction in Pb-
Pb UPCs in the ATLAS kinematics does not exceed 5 − 10% at small xA. It is illustrated in Fig. 6
showing the ratio of the cross sections of diffractive to inclusive dijet photoproduction in Pb-Pb UPCs at
5.02 TeV, (dσdiff/dxA)/(dσinc/dxA), as a a function of xA. The calculation uses the LTA predictions for
nuclear diffractive PDFs entering the diffractive cross section (the shaded bands quantity the theoretical
uncertainty, see Fig. 5) and the nCTEQ15 nuclear PDFs for the inclusive cross section. The effect of
the QCD factorization breaking for hard diffraction (see the discussion above) is included through either
the global suppression factor Rglob = 0.5 (left panel) or the direct photon suppression factor Rres = 0.04
(right panel). The two scenarios of the factorization breaking lead to different magnitudes and shapes of
the dependence of (dσdiff/dxA)/(dσinc/dxA) on xA.

The small value of the (dσdiff/dxA)/(dσinc/dxA) ratio is predominantly an effect of the restricted
kinematics with large pT,1 > 20 GeV and not-sufficiently small xA > 0.001 and large relative suppression
of nuclear diffractive PDFs by leading twist nuclear shadowing 40. Thus, the diffractive contribution and
the ensuing ambiguity in the determination of the photon-emitting nucleus (ambiguity in the invariant
photon-nucleon energy Wγp) can be safely neglected in the kinematics of the ATLAS measurement.

To enhance the diffractive signal, one needs to expand the kinematic coverage by primarily lowering pT
of jets. For instance, using pT,1 > 10 GeV and pT,2 > 5−7 GeV, one can reach (dσdiff/dxA)/(dσinc/dxA)) =
10− 20% at xA ≈ 5× 10−4. In the case of pp UPCs at 13 TeV, where the collision energy is larger and
there is no nuclear suppression of diffractive PDFs by nuclear shadowing, the ratio of the diffractive and
inclusive cross sections of dijet production is sizable, (dσdiff/dxp)/(dσinc/dxp) ≈ 10−15% at xp ≈ 5×10−4.
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4 Summary and outlook

Photoproduction of jets is a standard tool of perturbative QCD, which provides important information
on parton distributions of the proton, the real photon, and nuclei. Within the framework of collinear
factorization of pQCD, NLO calculations describe well the available data on dijet photoproduction in ep
scattering at HERA. Application of this framework to photon-nucleus scattering in heavy-ion UPCs at
the LHC can be used to obtain complementary constraints on nuclear PDFs, measure for the first time
nuclear diffractive PDFs and shed new light on the mechanism of QCD factorization breaking in hard
diffraction.

Using NLO pQCD, we calculate the cross section of inclusive dijet photoproduction in Pb-Pb UPCs
at 5.02 TeV at the LHC and demonstrate that it describes well the preliminary ATLAS data. We show
that this cross section probes nuclear PDFs down to xA ≈ 0.005 and, when used in the form of pseudo-
data in a Bayesian analysis, can reduce the current small-x uncertainties of the state-of-art nuclear PDFs
by approximately a factor of 2.

Considering coherent nuclear scattering and using predictions of the leading twist approach (LTA)
to nuclear shadowing for nuclear diffractive PDFs, we make NLO pQCD predictions for the cross section
of diffractive dijet photoproduction in Pb-Pb UPCs at 5.1 TeV. We show that its distribution in the
photon momentum fraction xγ is sensitive to both the effect of nuclear shadowing in nuclear diffractive
PDFs and the mechanism of QCD factorization breaking in hard diffraction. In particular, it allows one
to discriminate between the two scenarios of factorization breaking, where its effect is introducing either
through the global suppression factor Rglob = 0.5 or the resolved photon suppression factor Rres = 0.04.
We also show that due to large leading twist nuclear shadowing and restricted ATLAS kinematics (large
jet transverse momentum pT and not sufficiently small xA), the diffractive contribution to the inclusive
cross section of dijet photoproduction does not exceed 5 − 10%. It means that one can expect only
small corrections of the ATLAS (and other similar) data for the excluded diffractive contribution, which
simplifies their interpretation in terms of usual nuclear PDFs.

Both inclusive and diffractive dijet photoproduction in Pb-Pb UPCs at the LHC can be viewed as
precursors of analogous measurement in photon-nucleus scattering at the planned Electron-Ion Collider
(EIC) 45,46.
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27. V. P. Gonçalves, G. Sampaio dos Santos and C. R. Sena, Nucl. Phys. A 976, 33-45 (2018)

[arXiv:1711.04497 [hep-ph]].
28. S. Frixione and G. Ridolfi, Nucl. Phys. B 507, 315-333 (1997) [arXiv:hep-ph/9707345 [hep-ph]].
29. M. Klasen and G. Kramer, Z. Phys. C 76, 67-74 (1997) [arXiv:hep-ph/9611450 [hep-ph]].
30. P. Aurenche, L. Bourhis, M. Fontannaz and J. P. Guillet, Eur. Phys. J. C 17, 413-421 (2000)

[arXiv:hep-ph/0006011 [hep-ph]].
31. M. Klasen, Rev. Mod. Phys. 74, 1221-1282 (2002) [arXiv:hep-ph/0206169 [hep-ph]].
32. V. Guzey and M. Klasen, Phys. Rev. C 99, no.6, 065202 (2019) [arXiv:1811.10236 [hep-ph]].
33. J. Nystrand, Nucl. Phys. A 752, 470-479 (2005) [arXiv:hep-ph/0412096 [hep-ph]].
34. I. Helenius, PoS HardProbes2018, 118 (2018) [arXiv:1811.10931 [hep-ph]].
35. I. Helenius and C. O. Rasmussen, Eur. Phys. J. C 79, no.5, 413 (2019) [arXiv:1901.05261 [hep-ph]].
36. K. Kovarik, A. Kusina, T. Jezo, D. B. Clark, C. Keppel, F. Lyonnet, J. G. Morfin, F. I. Olness,

J. F. Owens and I. Schienbein, et al. Phys. Rev. D 93, no.8, 085037 (2016) [arXiv:1509.00792
[hep-ph]].

37. M. Gluck, E. Reya and A. Vogt, Phys. Rev. D 46, 1973-1979 (1992)
38. V. Guzey and M. Klasen, Eur. Phys. J. C 79, no.5, 396 (2019) [arXiv:1902.05126 [hep-ph]].
39. V. Guzey and M. Klasen, JHEP 04, 158 (2016) [arXiv:1603.06055 [hep-ph]].
40. V. Guzey and M. Strikman, [arXiv:2403.08342 [hep-ph]].
41. J. C. Collins, Phys. Rev. D 57, 3051-3056 (1998) [erratum: Phys. Rev. D 61, 019902 (2000)]

[arXiv:hep-ph/9709499 [hep-ph]].
42. M. Klasen and G. Kramer, Eur. Phys. J. C 70, 91-106 (2010) [arXiv:1006.4964 [hep-ph]].
43. V. Guzey and M. Klasen, Eur. Phys. J. C 76, no.8, 467 (2016) [arXiv:1606.01350 [hep-ph]].
44. V. Guzey and M. Klasen, Phys. Rev. D 104, no.11, 114013 (2021) [arXiv:2012.13277 [hep-ph]].
45. V. Guzey and M. Klasen, Phys. Rev. C 102, no.6, 065201 (2020) [arXiv:2003.09129 [hep-ph]].
46. V. Guzey and M. Klasen, JHEP 05, 074 (2020) [arXiv:2004.06972 [hep-ph]].

9

https://journals.ku.edu/upc/


Phys. Proc. Ultra-Peripheral Collisions 1, 016 (2024) 1-8

Collision geometry in UPC dijet production
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We present a comprehensive NLO pQCD study on inclusive dijet photoproduction in ultra-
peripheral nucleus-nucleus collisions (UPCs). Our analysis takes into account the finite size
of both the photon-emitting and the target nucleus, estimated using the Wood-Saxon nuclear
density profile. We show that a significant part of the measured dijets at large zγ in UPC
Pb+Pb collisions at 5.02 TeV come from events with relatively small impact parameters of
the order of a few nuclear radii, and the cross section predictions thus become sensitive to the
modelling of the collision geometry and photon flux near the source nucleus. In addition, we
include the modelling of electromagnetic breakup survival factor needed for a direct compari-
son with the experimental data and study the resolution power of this process in terms of the
impact-parameter dependent nuclear parton distribution functions.

DOI: https://doi.org/10.17161/qcs5kh43

Keywords: inclusive photonuclear processes, jet photoproduction, perturbative QCD, impact-parameter
dependence, neutron-class event selection

1 Introduction

In ultraperipheral nucleus-nucleus collisions (UPCs), inclusive dijet photoproduction has been proposed
as a valuable probe for studying nuclear parton distribution functions (nPDFs).1,2,3 Compared to e.g. jet
production in proton-nucleus collisions this offers an arguably cleaner probe with considerably smaller
underlying event activity. However, the unique condition of UPCs—specifically, the absence of nuclear
overlap—imposes restrictions on the impact parameter space. This limitation becomes particularly rel-
evant in dijet production, where the requirement for high-transverse-momentum jets necessitates an
energetic photon in the initial state. Such photons are more likely to originate from close to the source
nucleus, and, consequently, the cross section predictions for dijet production become sensitive to the
modeling of nuclear geometry and the photon flux near the source nucleus.

Here, we present a study on the inclusive UPC dijet photoproduction using next-to-leading order
(NLO) perturbative QCD (pQCD) and the impact-parameter dependent equivalent photon approxima-
tion (EPA).4,5,6 The study considers the finite size of both the photon-emitting and the target nucleus,
revealing a sensitivity to the transverse-plane geometry of the UPC events.7 We discuss also the role of the
forward-neutron event-class selection in isolating the photonuclear cross section and include the associ-
ated probability for no electromagnetic (e.m.) breakup of the photon-emitting nucleus in the predictions.
We show that the geometrical effects survive even after including this additional suppression factor. Full
details of this work can be found in Ref. 7.

2 Dijet production in impact-parameter dependent EPA

We work here in terms of the impact-parameter dependent EPA,4,5,6 where the UPC dijet cross section
may be written as

dσAB→A+dijet+X =
∑
i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)⊗
∫

d2s fj/B(x,Q
2, s)

⊗ dσ̂ij→dijet+X′
(xγypA, xpB , Q

2)× δ(2)(r− s− b). (1)

Here, fγ/A(y, r) is the flux of photons from a source A carrying a fraction y of the per nucleon beam
momentum pA, evaluated at a transverse distance |r| from the center of A. A photon represented by
this flux interacts with a parton j from the target B at a distance |s| from its center, with the as-
sociated impact-parameter dependent nPDF denoted as fj/B(x,Q

2, s) for a parton with a fraction x
of the per nucleon beam momentum pB . This interaction, characterised by the partonic cross sec-
tion σ̂ij→dijet+X′

(xγypA, xpB , Q
2) with a hard scale Q2, can happen either directly, where i = γ and

fγ/γ(xγ , Q
2) = δ(1 − xγ), or through a resolved contribution, with i = q, q̄, g and fi/γ(xγ , Q

2) being

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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Figure 1 – (a) An illustration of the transverse-plane vectors r, b and s. (b) A ‘far-passing’, large |r| scenario.
(c) A ‘near-encounter’, small |r| scenario. Figure from Ref. 7.

the corresponding photon parton distribution for a parton carrying a fraction xγ of the photon energy.
Finally, the survival probability ΓAB(b) requires that there is no hadronic interaction between the nuclei
A and B at the impact parameter b = r− s.

The collision geometry is illustrated in Fig. 1, panel (a). The phase space can be split into two regions,
cf. the discussion in the following section: For large |r| ∼ |b| ≫ |s|, Fig. 1, panel (b), the two nuclei never
overlap, and thus any value of |s| < RB is allowed in this ‘far-passing’ region and the spatial dependence
effectively integrates out. For |r| ∼ |b| ∼ |s| instead, Fig. 1, panel (c), some configurations lead to
nuclear overlap and are thus excluded from the UPC cross section. As we will show, this restriction in
the transverse phase space for these ‘near-encounter’ events leads to a sensitivity on the transverse-space
geometry of the colliding nuclei in the UPC dijet cross section.

3 Effective photon flux

Using a simple assumption that the transverse and longitudinal degrees of freedom factorize for the
impact-parameter dependent nPDFs, fj/B(x,Q

2, s) = 1
B TB(s)× fj/B(x,Q

2), where TB(s) is the nuclear
thickness function, B =

∫
d2sTB(s) is the number of nucleons in the target nucleus and fj/B(x,Q

2) the
ordinary (spatially averaged) nPDF, one can reorganise Eq. (1) to the form

dσAB→A+dijet+X =
∑
i,j,X′

f eff
γ/A(y)⊗ fi/γ(xγ , Q

2)⊗ fj/B(x,Q
2)⊗ dσ̂ij→dijet+X′

(xγypA, xpB , Q
2) (2)

where

f eff
γ/A(y) =

1

B

∫
d2r

∫
d2s fγ/A(y, r)TB(s) ΓAB(r−s) (3)

is an effective photon flux encoding all the spatial dependence. Various approximations can be used
for calculating this effective flux. We consider here the following options in order to demonstrate the
importance of the geometrical effects:

PL refers to the pointlike approximation, where the finite size of the colliding nuclei is accounted for
only in requiring the impact parameter to be larger than twice the nuclear hard-sphere radius,
RPL = 7.1 fm for a lead nucleus of A = 208, i.e. ΓPL

AB(b) = θ(|b| − 2RPL). Other than that, the
nuclei are treated as pointlike objects with

fPL
γ/A(y, r) =

Z2αe.m.

π2
m2

py[K
2
1 (ξ) +

1

γL
K2

0 (ξ)], ξ = ymp|r|, (4)

as the bare photon flux,8 where Z is the nuclear charge, αe.m. the fine-structure constant, mp the
proton mass, γL the nucleus Lorentz factor and K0,1 are modified Bessel functions of the second
kind, and the target parton spatial distribution is taken as TPL

B (s) = Bδ(2)(s).

WSδ(s) refers to the approximation where the survival factor is obtained through the optical Glauber-
model ΓWS

AB(b) = exp[−σNNT
WS
AB (b)] with the nuclear overlap function TWS

AB calculated from the
Woods-Saxon distribution and σNN taken as the total (elastic+inelastic) nucleon-nucleon cross

2
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Figure 2 – (a) A comparison of the bare flux from the pointlike, Eq. (4), and Woods-Saxon, Eq. (5), sources.
(b) The effective |r|-dependent flux calculated through Eq. (6). (c) The effective |b|-dependent flux calculated
through Eq. (7). Figure from Ref. 7.

section. Likewise, the bare photon flux is taken as the one of an extended charge distribution6

fWS
γ/A(y, r) =

Z2αe.m.

π2

1

y

∣∣∣∣∫ ∞

0

dk⊥k
2
⊥

k2⊥ + (ymp)2
FWS
A (k2⊥ + (ymp)

2)J1(|r|k⊥)
∣∣∣∣2 , (5)

where the form factor FWS
A is again obtained from the Woods-Saxon distribution and J1 is the

cylindrical modified Bessel function of the first kind. For this intermediate result, we still keep
TPL
B (s) = Bδ(2)(s), thus neglecting the spatial distribution of partons in the target nucleus.

WS is finally the full Woods-Saxon approximation, where in addition to the survival factor and the bare
flux as in the previous case, also the nuclear thickness function for the target parton distribution
is calculated from the Woods-Saxon distribution, TWS

B (s) =
∫∞
−∞ dz ρWS

B

(√
z2 + s2

)
.

In Fig. 2, panel (a), we compare the bare fluxes from the pointlike, Eq. (4), and Woods-Saxon,
Eq. (5), sources. As expected, differences appear only for small values of |r|. Panels (b) and (c) then
show the effective flux as a function of |r| and |b|, respectively, with

f eff
γ/A(y, r) = fγ/A(y, r)×

1

B

∫
d2sTB(s) ΓAB(r−s) (6)

f eff
γ/A(y,b) = ΓAB(b)×

1

B

∫
d2s fγ/A(y,b+s)TB(s) (7)

satisfying f eff
γ/A(y) =

∫
d2r f eff

γ/A(y, r) =
∫
d2b f eff

γ/A(y,b). For the |r|-dependent effective flux, we see that

when |r| > 3RPL, i.e. for ‘far-passing’ nuclei, the three approximations described above yield an identical
flux. That is, viewed from afar, any source appears as pointlike, and since in this region the probability
for hadronic interaction between the nuclei is practically zero (i.e. ΓAB ≈ 1), the dependence on the
target spatial distribution also integrates out in Eq. (6). For |r| < 3RPL, i.e. ‘near-encounter’ events,
the three approximations differ due to a finite probability for nuclear overlap, and the full WS effective
flux has a non-negligible contribution in the region |r| < 2RPL due to the integration over the full target
width that is not taken into account by the other approximations. This becomes particularly important
for high-energy photons, where the flux drops very fast as a function of |r|. Note that if considered as a
function of |b|, Eq. (7), the integration over the target width causes always an enhancement in the WS
flux over the WSδ(s) approximation and one cannot easily find a limit where the different fluxes would
resolve to the PL approximation. See Ref. 7 for more details.

3
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Figure 3 – Comparison of the effective photon flux (left) and UPC dijet cross section (right) in Pb+Pb collisions
at

√
sNN = 5.02 TeV. (a) Absolute quantities. (b) Ratios of the different flux approximations with respect to the

pointlike one. (c) Fraction of |r| < 3RPL ‘near-encounter’ versus total number of events. Figures from Ref. 7.

4 UPC dijets in Pb+Pb at 5.02 TeV

We compare the effective flux f eff
γ/A(y) and the inclusive UPC dijet cross section for Pb+Pb collisions

at
√
sNN = 5.02 TeV in Fig. 3. For the latter, we show the single-differential distribution as a function

of zγ = Mjets exp(yjets)/
√
sNN, where Mjets, yjets are the invariant mass and rapidity of the anti-kT

(R = 0.4) jets passing the kinematical cuts. For these cuts we use the ones from the ATLAS analysis,9

where the jets are required to be confined in rapidity to |ηjet| < 4.4 and have a transverse momentum of
at least pT,jet > 15 GeV with Mjets > 35 GeV. At leading order, one would have zγ = xγy and thus this
observable can be used as an experimental proxy for the cross section dependence on the photon flux.
Here, we perform the calculations in NLO with the Frixione & Ridolfi jet photoproduction code.10

As can be seen from the figure, the effective photon flux as a function of y (Fig. 3, left) and the
UPC dijet cross section as a function of zγ (Fig. 3, right) exhibit rather common behaviour due to their
intertwined nature. For low photon energies (i.e. small y or zγ), the three approximations discussed in
the previous section agree nicely. This is due to the fact that only a small fraction of events in these
kinematics come from the near-encounter configurations where the geometrical effects become significant.
As the photon energy is increased, so does the fraction of events from the near-encounter configurations,
and eventually the predictions from the three predictions begin to diverge. In the bin of highest zγ this
results in a 20% enhancement in the WS compared to the PL approximation and, quite strikingly, a
factor of two difference between the WS and WSδ(s) approximations. The latter clearly indicates that
taking into account the spatial extent of the target nucleus is truly needed for an accurate interpretation
of this observable.

4
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Figure 4 – Left: (a) The survival factor in pointlike and Wood-Saxon approximations, without and with the
e.m. breakup factor. (b) Same, but for the effective |r|-dependent survival factor. Right: The impact of the
e.m. breakup correction on the dijet production. (a) Absolute cross section. (b) The size of the e.m. breakup
correction. (c) The ratio between the predictions in pointlike and Wood-Saxon approximations, without and with
the e.m. breakup factor. Figures from Ref. 7.

5 Modelling the e.m. breakup for the neutron-class selection

Our treatment of the UPC dijet production in the previous section was fully inclusive, apart from requiring
no direct hadronic interaction between the incoming nuclei. The experimental measurement however uses
a 0nXn forward-neutron event-class selection and associated rapidity cuts for isolating the photonuclear
events from generic nucleus-nucleus collisions.9 To account for the requirement of zero neutrons in the
photon-going direction, we employ the Poissonian probability for no electromagnetic breakup of nucleus
A through Coulomb excitations 11

Γe.m.
AB (b) = exp

[
−
∫ 1

0

dyfγ/B(y,b)σγA→A∗(
√
y sNN)

]
(8)

which we take from the Starlight event generator.12 The total (hadr.+e.m.) survival probability then
reads

Γhadr.+e.m.
AB (b) = Γe.m.

AB (b)Γhadr.
AB (b), Γhadr.+e.m.

AB,eff (r) =
1

B

∫
d2sTB(s) Γ

hadr.+e.m.
AB (r−s), (9)

where the latter form is the effective suppression factor multiplying the bare flux in Eq. (6). These are
presented in Fig. 4 left, panels (a) and (b), respectively, without and with the e.m. breakup factor, for
the PL and WS approximations. Requiring no e.m. breakup causes a clear, impact-parameter dependent
reduction in the survival probability.

The impact on the dijet production is shown in Fig. 4 right, panels (a) and (b), where we see that
taking into account the e.m. breakup yields a substantial suppression in the cross section. The impact-
parameter dependence manifests itself here as a dependence in zγ , and the suppression varies from 20%
at the lowest to 60% at the highest zγ . Noteworthily, this additional suppression does not reduce the

5
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Figure 5 – Left: (a) The s-dependent effective flux. (b) The nuclear thickness function. Right: (a) The UPC
dijet cross section with predictions using either no nuclear modifications (IS only), spatially independent nuclear
modifications (EPS09) or spatially dependent nuclear modifications (EPS09s). (b) Ratios to the IS only prediction.
Figures from Ref. 7.

difference between the PL and WS approximations of the effective flux, but rather enhances it and
results in a 40% difference in the highest zγ bin, as shown in Fig. 4 right, panel (c). Note that in order
to match with the X ≥ 1 neutron condition in the target-going direction, we should still subtract a
diffractive contribution from our inclusive results, but we expect this to be a small correction in most of
the phase-space.7,13

6 Spatial dependence in the nuclear modifications

In above, we have treated the nPDFs under the factorization assumption fj/B(x,Q
2, s) = 1

B TB(s) ×
fj/B(x,Q

2). This is of course just a simplification, and one should use proper impact-parameter dependent
nPDFs instead.14,15 To study this, we begin by rewriting Eq. (1) as

dσAB→A+dijet+X =
∑
i,j,X′

∫
d2s f eff

γ/A(y, s)⊗ fi/γ(xγ , Q
2)⊗ fj/B(x,Q

2, s)⊗dσ̂ij→dijet+X′
(xγypA, xpB , Q

2),

(10)
thus making no assumption on the form of fj/B(x,Q

2, s), and where

f eff
γ/A(y, s) =

∫
d2rΓAB(r−s) fγ/A(y, r) (11)

is an s-dependent effective photon flux. Should the spatial dependence integrate out, as happens in the
far-passing region, this function would be constant in |s|, whereas any sensitivity to the spatial dependence
of the target nPDF would appear as a non-constant behaviour. This function is shown in Fig. 5 left,
panel (a), and compared with the target thickness function shown in Fig. 5 left, panel (b). We see that,
as could be expected from the discussion above, the s-dependent effective flux is almost constant for
low-energy photons where most of the contribution come from far-passing events, but for high-energy
photons an enhancement towards the edge of the target appears due to an increasing contribution from
the near-encounter region.

To test whether this |s|-dependence of the flux at high photon energies can be used to probe the
spatial dependence of nuclear modification, we employ the phenomenological EPS09s parametrization.15
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The cross section can then be written as

dσAB→A+dijet+X =
∑
i,j,X′

4∑
m=0

f eff,m
γ/A (y)⊗fi/γ(xγ , Q

2)⊗fm
j/B(x,Q

2)⊗dσ̂ij→dijet+X′
(xγypA, xpB , Q

2),

(12)

where

f eff,m
γ/A (y) =

1

B

∫
d2s f eff

γ/A(y, s) [TB(s)]
m, fm

j/B(x,Q
2) =

∑
N

cj/Nm (x,Q2)fj/N (x,Q2) (13)

are a generalised effective flux for different powers of the nuclear thickness function and the nuclear

PDFs with EPS09s nuclear modification coefficients c
j/N
m (where the sum goes over the nucleons N in

the nucleus B), respectively. The resulting dijet cross section is shown in Fig. 5 right, panels (a) and (b),
comparing the prediction with spatially dependent nuclear modifications (EPS09s) to a version of the
same nPDFs with no spatial dependence in the nuclear modifications (EPS09)16 and a prediction with
no nuclear modifications in the PDFs but taking into account the trivial isospin dependence (IS only).
As we can see, the nuclear modifications result in an order of 10% effect in the cross section (EPS09 vs.
IS only), while the spatial dependence in them gives only a small correction to that (EPS09s vs. EPS09).
Hence, even though the spatial resolution at high zγ caused by the dominance of near-encounter events
was able to distinguish the overall shape of the target nucleus (cf. the large difference between WS and
WSδ(s) predictions), it is not strong enough to probe the spatial dependence of the nuclear modifications
in impact-parameter dependent nPDFs.

7 Conclusions

In summary, the inclusive dijet photoproduction in UPCs provides valuable insights into nPDFs, but
a careful consideration of the collision geometry and photon flux is essential for robust predictions and
meaningful constraints. Even though we found that the spatial dependence in the nuclear modifications
as encoded in the EPS09s nPDFs gave only a very small correction compared to the spatially independent
EPS09 nuclear modifications, one should note that there is still a significant 40% correction at large zγ
from using a full WS calculation for the effective photon flux compared to the simple PL approximation,
in the case when the e.m. breakup probability is properly taken into account. This e.m. survival factor
was needed in order to match with the experimental 0nXn event selection.9 We also note that further
measurements in the XnXn and 0n0n event classes will be helpful for experimentally quantifying the size
of this e.m. survival factor and the diffractive contribution, and guide the reader to Ref. 7 for further
discussion.
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In this work, we revisited the light-by-light scattering physics in ultraperipheral collisions.
Furthermore, an extension model with axion-like particles is also studied. We used Mad-
Graph5 aMC@NLO+gamma-UPC event generator for our analysis and the proposed kine-
matic cuts for the ALICE 3 experiment were considered. Different distribution functions for
both light-by-light and axion-like particles are analyzed and we find that the transverse mo-
mentum is a good channel to observe the production of axions in ultraperipheral collisions.
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1 Introduction

A novel way to study BSM theories is with ultraperipheral collisions (UPC) of PbPb, which relies on
EPA (Equivalent Photon Approximation) [1,2,3,4], a method that considers the electromagnetic fields
generated by a moving charged particle as a flow of virtual photons with small virtuality, given by
Q2 < 1/R2, and proportional to Z4. This results is an enormous improvement, which can be used to
search for new physics that couples to photons.

Light-by-light (LbyL) scattering γγ → γγ, is a rare Standard Model (SM) process and it is not
allowed by classical electrodynamics, therefore the reaction γγ → γγ arise at the one-loop level, where
the Feynman diagrams involve fermions and W bosons running into the loop. The LbyL was first
discussed in Ref. [5]. Recently, the detection of this interaction through UPC of heavy ions at the LHC
has been pointed out [6,7,8,9,10], whereas both ATLAS and CMS experiments measured this process
[11,12,13]. The data obtained can be explained with theoretical and simulation studies, considering only
box diagrams with fermions in the loop, since the W boson contributions are relevant energies of the
order of Mγγ > MW .

Experimental and theoretical observations indicate that the SM is an incomplete theory, as it not
explain the neutrino mass, hierarchy problem, or CP violation. This has motivated multiple physics
communities to propose solutions by introducing new particles or sectors that go beyond the SM (BSM),
such as the Axion-Like Particles (ALP), which are pseudoscalar bosons with independent couplings and
masses and can have masses up to the TeV scale [14].

In this work, we analyze the SM and Axion-Like Particles phenomenological implications under
the context of the physics of the ALICE 3 experiment [15]. MonteCarlo studies are presented using
MadGraph5 aMC@NLO+gamma-UPC [16,17] generators to model di-photon invariant mass distributions
of two different scenarios, LbyL scattering and ALP-γγ, the latter we consider different couplings and
ALP masses.

2 Light by Light Scattering

In the SM, the γγ → γγ scattering is induced through one-loop level diagrams with charged particles
(fermions and W boson) running into the loop. For this study, the Feynman-’t Hooft gauge is used, hence

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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scalar particles related to the W boson appear in the loop. The corresponding Feynman diagrams are
shown in Fig. 1.

γ(p1)

γ(p2)

γ(p4)

γ(p3)

γ(p1)

γ(p2)

γ(p4)

γ(p3)

γ(p1)

γ(p2)

γ(p4)

γ(p3)

Figure 1: Contributing Feynman diagrams to the LbyL scattering process. The fermions only appear in box
diagrams, while the W boson and its associated particles (charged scalars φ± and ghosts u±) contribute in the
remaining diagrams.

In order to test gamma-UPC library, we reproduce some results obtained for LbyL in [7,9,10]. The
MonteCarlo event simulations were performed in MadGraph5 aMC@NLO using the gamma-UPC library
that calculates the photon flux for unique γγ processes in PbPb UPC, such a formalism is discussed in
Ref. [17]. The event selection is according to the proposed ALICE 3 experiment upgrade [15]. We also
consider the ECal detector. The kinematic cuts are pT > 50 MeV and −4 < η < 4. The distribution of
the differential cross section with respect to the invariant mass obtained from our simulation is shown
in Fig. 2 for 3 cases: only fermions, only W bosons and the total SM. We observe that the fermions
contribution dominates at low values in the invariant mass, whereas the W boson contribution becomes
relevant at high values Mγγ and its maximum values are reached at Mγγ > 2MW . The Fig. 2 is consistent
with the reported one in Ref. [18], where proton beams are considered.
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Figure 2: Differential cross section with respect to the invariant mass of di-photons in PbPb UPC at 5.02
TeV. The blue dotted and green line lines corresponds to the diagrams including only fermions and W bosons,
respectively, whereas the red line corresponds to the total SM contribution considering all diagrams.

Now, since the experimental measurement obtained by ATLAS and CMS was on a scale of pT > 2
GeV, ALICE 3 will provide the opportunity to perform measurements for low pT , which implies more
precision at low invariant masses. In this sense, it is possible to study LbyL scattering with fermion
box and background generated at these scales. In Fig. 3, we show the differential cross section of LbyL
scattering with respect to three kinematic variables: invariant mass, rapidity and transverse momentum,
where only the contribution with fermions in the loop are considered. Our results agree with those
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reported in Ref. [9,10].
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Figure 3: Differential cross section with respect to: (a) the invariant mass of di-photons, (b) the rapidity of
di-photons and (c) the transverse momentum of a photon generated with MadGraph5 aMC@NLO+gamma-UPC
in PbPb at 5.02 TeV.

3 Axion-Like Particles

Axions were proposed by Pecci-Quinn in 1977 to solve a strong CP Problem in QCD [19,20]. They are
Nambu-Goldstone pseudo-bosons related to the spontaneous breaking of a new global symmetry U(1)PQ.

In particular, Axion-Like Particles (ALP) are pseudoscalar bosons with independent couplings and
masses, which can be the TeVs [14]. These particles are coupled to the electromagnetic sector via the
Lagrangian:

Laγγ =
1

2
(∂a)

2 − 1

2
M2

aa
2 − 1

4

k

Λ
aFµν F̃µν , (1)

where a is the ALP, Ma its mass, k
Λ the coupling constant, Fµν the electromagnetic field tensor, and the

dual tenso F̃µν is defined as F̃µν ≡ 1
2ϵµναβF

αβ . One can rewrite the ALP-γγ coupling in terms of the
electric E and magnetic B fields as:

Lint =
k

Λ
aE ·B, (2)

which implies that photons can mix with ALP in the presence of electromagnetic fields. The LbyL
scattering is a clean channel for the search of ALPs as they can be considered as a background to the
γγ → γγ process. The ALP physics has been revisited in Refs.[14,21,22,23,24,25,26].

The ALPs can be produced in LbyL sacttering through s-channel, as in Fig. 4. For this study, a
model with a ALP-γγ coupling in the Eq. (1) was generated in the UFO format [27] with the help of
the FeynRules package [28]. Then, the model was loaded into MadGraph5 aMC@NLO+gamma-UPC.
To observe the ALP resonances, PbPb UPC events at 5.02 TeV were simulated following the same event
selection as LbyL, setting Λ = 1 TeV and varying k. Results are shown for two different ALP masses in
Fig. 5 for masses Ma = 7 GeV and Ma = 12 GeV. We have considered Mγγ larger than 5 GeV to avoid
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Figure 4: Feynman diagram of the ALP-γγ coupling for the s-channel.

the pion background [10] and the light meson resonances [9]. It is observed that the ALP resonances
dominate as the value of k increases, whereas for k < 1.5 the LbyL signal is the relevant one.
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Figure 5: Differential cross section with respect to the di-photon invariant mass in UPC of PbPb at 5.02 TeV
with Λ = 1 TeV for (a) k = 1.5 (b) k = 8 and (c) k = 25. The green histogram for Ma = 7 GeV and the pink
histogram for Ma = 12 GeV. The histogram for LbyL is included.

Now, to confirm the behavior of the resonances according to the values of k, three other cases are
presented with the same ALP masses in Fig. 6 and k = 0.1, 50, 100. We note that for k = 0.1 the signal
dominance correspond to LbyL. On the other hand, for large values of k (50 and 100) the ALP resonances
dominate over the LbyL signal. Moreover, an overlap between ALP distributions for the different Ma,
which is more visible at k = 100.

The differential cross section as function of the rapidity and transverse momentum are shown in Fig.
7 and 8, respectively. We have considered k = 8 for different values of ALP masses. In Fig. 7, a similar
behavior to the observed in the LbyL case is found. Nevertheless, the differential cross section decreases
for large ALP masses.

In contrast, for the distribution functions of the transverse momentum (Fig. 8) the behavior with
respect to the LbyL scattering totally different. For the ALP-γγ model the signal grows until it reaches
its maximum and then it decreases, whereas in the LbyL case the signal is always decreasing until
it disappears. This result is interesting as the ALP signal can be distinguished from the LbyL one.
Therefore, the transverse momentum is a good channel to observe new physics from ALP. A similar
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Figure 6: Differential cross section with respect to the di-photon invariant mass in UPC of PbPb at 5.02 TeV
with Λ = 1 TeV for (a) k = 0.1 (b) k = 50 and (c) k = 100. The green histogram for Ma = 7 GeV and the pink
histogram for Ma = 12 GeV. The histogram for LbyL is included.
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Figure 7: Differential cross section as a function of rapidity with k = 8 and different values of Ma setting Λ = 1
GeV in UPC of PbPb at 5.02 TeV. The LbyL distribution is included.

distribution has been reported in Ref. [25], however, the ALPs arise from eγ collisions.
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Figure 8: Differential cross section as a function of transverse momentum with k = 8 and different values of Ma

setting Λ = 1 GeV in UPC of PbPb at 5.02 TeV. The LbyL distribution is included.

4 Conclusions

In this work, we have presented MonteCarlo simulations, which were performed at the partonic level
for the γγ → γγ scattering at the one-loop level in the SM. The MadGraph5 aMC@NLO+gamma-UPC
MonteCarlo generator was used. Furthermore, the ALP-γγ model (BSM) was also implemented. The
simulations were carried out in PbPb UPC at 5.02 TeV with a selection of events similar to the proposed
for the ALICE 3 experiment.

For LbyL, differential cross section distributions were obtained. They agree with results previously
reported in the literature. On the other hand, for the ALP-γγ model it was observed that in the inavariant
mass distributions functions the ALP resonances dominates for k > 25. In the case of rapidity, the ALP
distributions are almost indentical to the LbyL signal.

Finally, for the differential cross section with respect to the transverse momentum in the ALP-
γγ model, we find that the distribution functions are distinguishable from the LbyL case. Thus, this
kinematic variable is a good channel for observing ALP production.
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Photoproduction of J/ψ and dileptons in Pb–Pb collisions with
nuclear overlap
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Photon-photon reactions and the production of J/ψ meson through photonuclear reactions
have been extensively studied in ultra-peripheral heavy-ion collisions, in which the impact pa-
rameter is larger than twice the nuclear radius. In recent years, coherently photoproduced J/ψ
and dilepton production via photon-photon interactions have also been observed in nucleus-
nucleus (A–A) collisions with nuclear overlap. The former can help to constrain the nuclear
gluon distributions at low Bjorken-x and high energy, while the latter could be used to further
map the electromagnetic fields produced in heavy-ion collisions. In addition, these measure-
ments can shed light on the theory behind photon-induced reactions in A–A collisions with
nuclear overlap, including possible interactions of the measured probes with the formed and
fast expanding quark-gluon plasma. Since the produced quarkonium is expected to keep the
polarization of the incoming photon due to s-channel helicity conservation, the photoproduc-
tion origin of the J/ψ yield excess at very low transverse momentum, pT, can be confirmed by
the measurement of the J/ψ polarization. The ALICE detector can perform quarkonium pro-
duction measurements at both mid (|y| < 0.9) and forward (2.5 < y < 4) rapidities down to
pT = 0. In the following, the new ALICE measurements of the J/ψ y-differential cross section
and the first polarization results of coherently photoproduced J/ψ via the dimuon decay chan-
nel at forward rapidity in Pb–Pb collisions at

√
sNN = 5.02 TeV are reported. Additionally,

the measurement of an excess with respect to expectations from hadronic production in the
dielectron yield, at low mass and pT, at midrapidity in Pb–Pb collisions at

√
sNN = 5.02 TeV,

is presented. The results are compared with available theoretical models.

DOI: https://doi.org/10.17161/8vtpsj90

Keywords: vector mesons, dileptons, photoproduction, nuclear overlap

1 Introduction

Strong electromagnetic fields are generated in ultra-peripheral collisions (UPC), where the impact pa-
rameter is larger than the sum of the radii of the two colliding nucleus. In such collisions, hadronic
interactions are strongly suppressed. UPC provide therefore a clean environment to study vector meson
and dilepton photoproduction and extensive measurements have been carried out. Recently, the afore-
mentioned probes have also been studied in events with nuclear overlap, where hadronic interactions
become dominant. In such events, the vector meson photoproduction can help to probe the gluon dis-
tribution in the nuclei for different Bjorken-x regions. In addition, it allows to test the survival of the
coherence process while the nuclei are broken during the hadronic collision. The dilepton photoproduc-
tion can provide constraints on the mapping of the electromagnetic fields that are generated by the fast
moving charges around the nuclei. Both processes could be useful to look for possible final-state medium
effects. Previous measurements of dielectron photoproduction with nuclear overlap have been performed
at STAR [1] and ATLAS [2], including an excess found at low pT with respect to expectations from
known hadronic sources. Furthermore, a J/ψ yield excess has been observed at very low pT, for pT <
0.3 GeV/c and forward rapidity in peripheral Pb–Pb collisions at

√
sNN = 2.76 TeV [3] and 5.02 TeV [4].

The coherently photoproduced J/ψ cross section as a function of centrality in this pT region has been
measured in Pb–Pb collisions with nuclear overlap [4]. The theoretical models [5] predict a strong ra-

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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pidity dependence of the vector meson cross section, in particular at forward rapidity. Finally, previous
measurements in UPC [6] indicate a transverse polarization of the coherently photoproduced J/ψ. While
the latter is expected to keep the polarization of the incoming photon due to s-channel helicity conser-
vation, such measurement in events with nuclear overlap is important to confirm the photoproduction
origin of the very low-pT J/ψ excess. In the following, new ALICE measurements of the y–differential
cross section of the coherently photoproduced J/ψ and the inclusive J/ψ polarization at forward rapidity
in Pb–Pb collisions at

√
sNN = 5.02 TeV with nuclear overlap are presented. In addition, an excess of

the photoproduced dielectron yield with respect to the expectations from the hadronic production, at
low mass and pT, at midrapidity in Pb–Pb collisions at

√
sNN = 5.02 TeV, is reported.

2 Experimental apparatus

A detailed description of the ALICE experiment can be found in [7]. In the following results, dielectron
measurements are performed at midrapidity (|y| < 0.9) with the ALICE central barrel. The main
detectors used for tracking and electron identification are the Inner Tracking System (ITS), the Time
Projection Chamber (TPC) and the Time-Of-Flight (TOF) system. All three detectors cover at least the
pseudorapidity acceptance |η| < 0.9. The ITS is composed of six concentric cylindrical layers of silicon
detectors. It is designed to locate the primary collision vertex with a spatial resolution of the order of 100
µm. In addition, it allows tracking and particle identification (PID) for very low pT, pT < 0.2 GeV/c.
The TPC is a cylindrical detector filled with a gas mixture (Ne/CO2/N2) containing a central cathode
and two end plates each composed of 18 Multiple Wired Proportional Chambers (MWPC). The primary
electrons drift into the gas mixture on either side of the cathode to the end plates. TPC is used for
PID by measuring specific energy loss dE/dx, tracking and vertex reconstruction in a large pT interval
ranging from 0.1 to 100 GeV/c. The TOF is a cylindrical detector composed of Multiple Resistive Plate
Chambers (MRPCs). The use of MRPCs technology allows one to reach the required time resolution of
less than 100 ps to identify particles using their time-of-flight for pT < 2.5 GeV/c. The J/ψ is studied via
the dimuon decay channel at forward rapidity (2.5 < y < 4) with the ALICE muon spectrometer. The
latter is composed of a tracking system, the Muon Chambers (MCH) and a trigger system, the Muon
Trigger (MTR). MCH is made of five tracking stations, each one formed of two chambers based on the
technology of the MWPCs. The detector is designed to reach a spatial resolution of the order of 100 µm
to obtain the required invariant mass resolution for quarkonium analysis (∼ 100 MeV/c2 for the Υ). MTR
is composed of four Resistive Plate Chambers (RPCs), which are allocated in two stations. The purpose
of this trigger system is to reduce the probability to keep an event containing only muons coming from
π or K. It is performed by applying a configurable pT–threshold ranging from 0.5 to 4.2 GeV/c. A front
absorber is placed upstream from MCH to suppress the background coming from hadrons and secondary
muons. An iron wall is installed between MCH and MTR to filter out the muons originating from the
remaining hadrons while a rear absorber is placed downstream from MTR to protect the spectrometer
from beam-background interactions.

3 Results

3.1 Dielectron photoproduction measurement at midrapidity

ALICE measured dielectron photoproduction with nuclear overlap at midrapidity within the ALICE
central barrel acceptance (|ηe| < 0.8). The details of the analysis can be found in [8]. The efficiency-
corrected e+e− invariant mass spectra at low pT, pT,ee < 0.1 GeV/c in peripheral (70–90% centrality
class) and semi-peripheral (50–70% centrality class) Pb–Pb collisions at

√
sNN = 5.02 TeV is shown in

Fig. 1. Data are compared to the expected dielectron yield from known hadron decays produced in Pb–
Pb collisions, called the hadronic cocktail. It is calculated with a fast simulation of the ALICE central
barrel. An excess compared to known hadronic expectation is observed for both centrality classes. A
larger significance is found for the most peripheral Pb–Pb collisions (70–90%) with a factor of about 20.

The e+e− invariant mass distributions where the hadronic cocktail contribution is subtracted to the
data are shown in Fig. 2 for pT,ee < 0.1 GeV/c. The excess yield is compared with different calculations
for dielectron photoproduction which are lowest-order QED calculations [9, 10], Wigner formalism [11]
and the STARlight MC generator using the equivalent photon approach [12, 13]. On one hand, the
STARlight model uses the kT-factorisation method, where the single-photon distribution is integrated
over all transverse distances to obtain the shape of the kT–distribution. On the other hand the models
based on QED calculations and Wigner formalism include the impact parameter dependence of the photon
kT–distribution. The expected contributions from the thermal dielectrons, estimated with an expanding
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Figure 1: e+e− invariant mass spectra in peripheral (70–90%) and semi-peripheral (50–70%) Pb–Pb
collisions at

√
sNN = 5.02 TeV. Data are compared with the expected e+e− from known hadronic contri-

butions. Vertical bars and boxes represent the data statistic and systematic uncertainties, respectively.
Bands show the uncertainties of the hadronic cocktail. Arrows indicate upper limits at 90% confidence
level.

fireball model including in-medium broadened ρ spectral function [14–16] are also shown. The latter is
expected to be at least one order of magnitude smaller than the measured excess.

The inclusive dielectron pT,ee spectra are shown for three different mass ranges in peripheral Pb–Pb
collisions at

√
sNN = 5.02 TeV in Fig. 3. While the data are well described by the hadronic cocktail

for higher pT,ee ≥ 0.1 GeV/c, a clear peak is observed for pT,ee < 0.1 GeV/c in all mee ranges. The
latter is reproduced by the lowest-order QED calculations and the Wigner formalism, where both models
include the impact parameter dependence of the photon kT–distribution. However, the STARlight model
is rising down to pT,ee = 0 and fails to reproduce the excess.
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Figure 2: e+e− invariant mass spectra of excess yield after subtraction of the hadronic cocktail to the
data in semi-peripheral (left panel) and peripheral (right panel) Pb–Pb collisions at

√
sNN = 5.02 TeV.

The excess is compared with several calculations for photoproduction of electron pairs. Vertical bars
and boxes represent the data statistic and systematic uncertainties, respectively. Arrows indicate upper
limits at 90% confidence level.
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Figure 3: e+e− pT spectra. The data are compared with a cocktail of e+e− coming from known hadronic
contributions and with several calculations for photoproduction of electron pairs. Vertical bars and boxes
represent the data statistic and systematic uncertainties, respectively. Arrows indicate upper limits at
90% confidence level.
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3.2 J/ψ photoproduction measurements at forward rapidity

The first measurement of the coherently photoproduced J/ψ y–differential cross section in the dimuon
decay channel is now described. The J/ψ raw yield is extracted at forward rapidity in Pb–Pb collisions
at

√
sNN = 5.02 TeV in the centrality class 70–90 % in six different rapidity intervals within the muon

spectrometer acceptance 2.5 < y < 4 as shown in the left panel of Fig. 4. An excess is observed for
pT < 0.3 GeV/c in all the rapidity intervals. The nuclear modification factor (RAA), used to quantify
nuclear effects in heavy-ion collisions with respect to pp collisions, is defined as

R
J/ψ
AA =

Y
J/ψ
AA

⟨TAA⟩ · σJ/ψ
pp

, (1)

where Y
J/ψ
AA is the measured yield of J/ψ in A–A collisions, ⟨TAA⟩ the average nuclear overlap function

and σ
J/ψ
pp the J/ψ cross section in pp collisions. On the right panel of Fig. 4 the RAA of the J/ψ is

displayed. For all rapidity intervals, a strong increase of the RAA for pT < 0.3 GeV/c is observed.

The excess yield is estimated by subtracting the hadronic J/ψ yield to the raw J/ψ yield. The
estimation of the hadronic yield is data driven and is performed using the J/ψ RAA, the J/ψ cross section
in pp collisions at the same center-of-mass energy and the hadronic J/ψ Acceptance-Efficiency (A × E)
in Pb–Pb collisions. The coherent J/ψ yield is then obtained by correcting the excess from the fraction
of incoherently photoproduced J/ψ (fI) and the fraction of coherent J/ψ from coherently photoproduced
ψ(2S) feed-down (fD). Both fI and fD are taken from UPC measurements [17]. The cross section of the
coherently photoproduced J/ψ is described as

dσ
J/ψ
coh

dy
=

Y
J/ψ
coh

BR(J/ψ → µ+µ−) × (A× E)
cohJ/ψ
AA × Lint × ∆y

, (2)

where Y
J/ψ
coh is the obtained coherently photoproduced J/ψ yield, BR(J/ψ → µ+µ−) is the branching ratio

for the J/ψ to dimuon decay with BR = 5.961 ± 0.033 %, (A× E)
cohJ/ψ
AA is the Acceptance-Efficiency of

the coherently photoproduced J/ψ in Pb–Pb collisions and Lint = 755.7 ± 18.9 µb−1 is the integrated
luminosity on the Pb–Pb data sample used.

The coherently photoproduced J/ψ y-differential cross section is shown in Fig. 5. The measurement
shows a strong rapidity dependence and is compared to several models of J/ψ photoproduction in UPC,
adapted to take into account the nuclear overlap. The hot-spot model (GG-hs) [18] proposes that the
photon flux is constrained by the impact parameter range for a given class of centrality. In the model
suggested by Zha [19], an emitted photon from one nucleus interacts with a pomeron emitted from the
spectator region of the other one. The GBW/IIM [5] models offer three scenarios. The first scenario has
no relevant modifications with respect to UPC calculations. In the second one, only the photon reaching
the spectator nucleon region is considered and the photonuclear cross section remains unmodified. The
third scenario includes the same effective photon flux as the second one but the nuclear overlap region is
excluded from the calculation of the photonuclear cross section. The three scenarios are displayed on the
right panel of Fig. 5. They are all able to qualitatively describe the cross section.

The last ALICE measurement reported in these proceedings is the inclusive J/ψ polarization measured
at forward rapidity, 2.5 < y < 4, in Pb–Pb collisions at

√
sNN = 5.02 TeV in the 70–90% centrality class.

The J/ψ signal is extracted in the dimuon decay channel in six different cos θ intervals at low pT, pT < 0.3
GeV/c as shown in the left panel of Fig. 6. θ is the angle between the muon direction in the J/ψ rest
frame and the flight direction of the J/ψ in the Pb–Pb center-of-mass frame. The cos θ distribution is
fitted with the dimuon angular distribution expressed as

W (cos θ, ϕ) ∝ 1

3 + λθ

[
1 + λθ cos2 θ + λϕ sin2 θ cos 2ϕ+ λθϕ sin 2θ cosϕ

]
, (3)

where λϕ and λθϕ are set to zero. The polarization of the J/ψ is transverse when λθ = 1 and longitudinal
when λθ = -1. A λθ value equal to zero indicates no polarization. The measured angular distribution
suggests a transverse polarization of the inclusive J/ψ for pT < 0.3 GeV/c as expected for photoproduced
J/ψ and from s–channel helicity conservation. As shown on the right panel of Fig. 6, the λθ value obtained
with the present measurement is close to unity and compatible with the one obtained for coherently
photoproduced J/ψ as described in [6].
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Figure 4: pT–differential raw J/ψ yield (left panel) and J/ψ RAA (right panel) in six different rapidity
intervals in Pb–Pb collisions at

√
sNN = 5.02 TeV in the centrality class 70–90 %. Vertical bars and boxes

represent the data statistic and systematic uncertainties, respectively.
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Figure 5: Coherently photoproduced J/ψ cross section as a function of rapidity in Pb–Pb collisions at√
sNN = 5.02 TeV in the centrality class 70–90 %. Data are compared to several UPC models adapted for

Pb–Pb collisions with nuclear overlap. Vertical bars and boxes represent the data statistic and systematic
uncertainties, respectively.
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4 Conclusion

An excess of dielectron photoproduction measurement at low pT in the 50–70% and 70–90% centrality
classes in Pb–Pb collisions at

√
sNN = 5.02 TeV was presented. The two-photons models that include

the impact parameter dependence of the photon kT–distribution are able to describe the data. In ad-
dition, the first y–differential cross section of the coherent J/ψ photoproduction and the first inclusive
J/ψ polarization measurements for pT < 0.3 GeV/c in the 70–90% centrality class in Pb–Pb collisions
at

√
sNN = 5.02 TeV have been discussed. Several models developed for UPC and adapted to consider

the nuclear overlap are able to qualitatively reproduce the y–differential cross section. The inclusive J/ψ
polarization measurement is consistent with a transverse polarization as expected for photoproduced J/ψ
and from the s-channel helicity conservation. The measured polarization is in agreement with previous
measurements in UPC. The ALICE Run 3 and Run 4 will provide a larger Pb–Pb data sample. The
increased statistics will allow one to study the dileptons and J/ψ photoproduction in more central events
both at mid and forward rapidities. A better precision on the cross section and the polarization measure-
ments is also expected. Such improvement will be useful to provide further constraints on the theoretical
models. Finally, this will help to access other coherently photoproduced excited states like the ψ(2S) and
to look for possible final-state medium effects on the photoproduced vector mesons.
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One of the hot topics in hadron physics is the study of the new exotic charmonium states
and the determination of their internal struture. Another important topic is the study of
the magnetic field produced in relativistic heavy ion collisions and its effects on observables.
In this note we show that we can use ultra-peripheral collisions to address both topics. We
compute the cross section for the production of the D+D− molecular bound state in photon-
photon collisions and also the cross section for π0 production in the target induced by the
magnetic field of the projectile. Both cross sections are sizeable and their measurement would
be very useful to elucidate the above mentioned questions.

DOI: https://doi.org/10.17161/d02wbn61

Keywords: ultra-peripheral collisions,exotic charmonium,strong magnetic field

1 Introduction

In ultra-peripheral collisions (UPCs) target and projectile do not overlap and stay intact. As a con-
sequence only few particles are produced, the background is reduced and we can study more carefully
specific particle production processes, such as those addressed here. These features have been explored at
the large hadron collider (LHC) at CERN and at the relativistic heavy ion collider (RHIC) at Brookhaven.
In UPCs the elementary processes which contribute to particle production are photon-photon, photon-
Pomeron and Pomeron-Pomeron fusion. They are a good environment to search for particles which are
more difficult to identify in central collisions 1.

In this work we discuss two processes of particle production, which may be studied in UPCs: produc-
tion of D+D− meson molecules and production of forward pions. In the first we can gain some insight
on the nature of these exotic charmonium states and in the second we can measure the magnetic field
produced by relativistic heavy ions. In the next section we briefly describe the formalism employed to
study the production of charm molecules, in the following section we address forward pion production
and at the end we present some conclusions.

2 Production of charm meson molecules

One important research topic in modern hadron physics is the study of the exotic charmonium states
2. These new mesonic states are not conventional cc̄ configurations and their minimum quark content
is cc̄qq̄. The main question in the field is: are these multiquark states compact tetraquarks or are they
large and loosely bound meson molecules? Perhaps the largest fraction of the community tends to believe
that they are molecules. One of the frequently invoked arguments is that the masses of almost all these
states are very close to thresholds, i.e. to the sum of the masses of two well known meson states 2,3,4. A
genuine tetraquark state could in principle have any mass, including masses far from thresholds. Besides,
some problems have been detected in the calculation of tetraquark masses with QCD sum rules 5,6.
Nevertheless, so far there is no conclusive answer.

The production of hadron molecules has been discussed in the context of B decays3, in e+e− collisions,
in proton-proton 4,7,8, in proton-nucleus, in central nucleus-nucleus collisions 9 and also in UPCs 10. In

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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Figure 1 – a) Feynman diagrams for the process γγ → D+D−. b) Cross sections of the process e+e− → e+e−cc̄
as a function of the energy

√
s. Points are a compilation of LEP data published in arXiv:hep-ex/0010060 [hep-ex].

Lines represent the results obtained with Eq.(15) adapted to e+e− → e+e−D+D−.

this section we focus on the D+D− molecule production in UPCs, but the method employed here is
applicable to all molecular states.

The D+D− pair is produced from two photons. This process can be described by well known
hadronic effective Lagrangians, from which we obtain the pair production amplitude. This amplitude
is subsequently projected onto the amplitude for bound state formation. If the properties of the bound
state are known, the only unknown in this formalism is the form factor, which must be attached to the
vertices to account for the finite size of the hadrons.

We will study the process γγ → D+D− with the Lagrangian densities 11

L = (Dµϕ)
∗(Dµϕ)−m2

Dϕ
∗ϕ− 1

4
FµνF

µν , (1)

and

L = −igγD+D∗−Fµνϵ
µναβ(D∗−

α ∂βD
+ − ∂βD

∗−
α D+ +D−∂βD

∗+
α − ∂βD

−D∗+
α ) , (2)

where

Dµϕ = ∂µϕ+ ieAµϕ , Fµν = ∂µAν − ∂νAµ , (3)

and ϕ, D∗ and Aµ represent the pseudoscalar charm meson (with mass mD), the vector charm meson
(with massm∗

D) and the photon field, respectively. The Feynman rules can be derived from the interaction
terms and they yield the Feynman diagrams for the process γγ → D+D− shown in Fig. 1a. In the figure
we also show the quadrimomenta of the incoming photons kµ = (Ep, 0, 0,k), k

′µ = (Ek′ , 0, 0,k′) and of
the outgoing mesons pµ = (Ep, 0, 0,p), p

′µ = (Ep′ , 0, 0,p′). The scattering amplitude can be derived
from the Feynman rules.

As usual, we include form factors, F (q), in the vertices of the amplitudes. We shall follow 12 and use
the monopole form factor given by

F (q2) =
Λ2 −m2

D(∗)

Λ2 − q2
, (4)

where q is the 4-momentum of the exchanged meson and Λ is a cut-off parameter. This choice has the
advantage of yielding automatically F (m2

D) = 1 and F (m2
D∗) = 1 when the exchanged meson is on-shell.

The above form is arbitrary but there is hope to improve this ingredient of the calculation using QCD
sum rules to calculate the form factor, as done in 13, thereby reducing the uncertainties. Taking the
square of the amplitude and the average over the photon polarizations it is straigthforward to calculate
the cross section:

σ =
1

64π2

1

ŝ

√
1−

4m2
D

ŝ

∫
|M(γγ → D+D−)|2dΩ . (5)

where ŝ = (k+k′)2. We emphasize that the only unknown in our calculation is the cut-off parameter Λ. In
what follows, we will determine it fitting our cross section to the LEP data on the process e+e− → e+e−cc̄.
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From the D+D− pair we can construct a bound state (denoted B). As in 4, we impose phase space
constraints on the mesons, forcing them to be “close together”. Here we do this through the prescription
discussed in 14. The bound state |B⟩ is defined as

|B⟩√
2EB

≡
∫

d3q

(2π)3
ψ̃∗(q)

1√
2Eq

1√
2E−q

|q,−q⟩, (6)

where EB is the bound state energy, q is the relative three momentum between D+ and D− in the state
B, E±q are the energies of D+ and D− and ψ̃(q) is the bound state wave function in momentum space.
From Eq. (6), we can write the following relation between the amplitudes:

M(γγ → B)√
2EB

=

∫
d3q

(2π)3
ψ̃∗(q)

1√
2ED+

1√
2ED−

M(γγ → D+D−), (7)

We assume that the p ≃ p′ and hence ED+ ≃ ED− = ED. Consequently, the relative momentum
q = p − p′ is close to zero. Therefore the energy ED and the amplitude M(γγ → D+D−) depend only
weakly on q and can be taken out of the integral. Moreover, since the binding energy is small we have
EB ≃ 2ED and hence

M(γγ → B) = ψ∗(0)

√
2

EB
M(γγ → D+D−) . (8)

With the amplitude above we calculate the cross section for bound state production:

dσ =
1

H

d3pB
(2π)3

1

2EB
(2π)4δ(4)(k + k′ − pB)|M(γγ → B)|2, (9)

where pB is the momentum of the produced bound state and H is the flux factor. In the center of mass
frame of the AA→ AAB collision, we have

k = (ω1, 0, 0, ω1) , k′ = (ω2, 0, 0,−ω2) , pB ≡ p+ p′ = (EB , 0, 0, ω1 − ω2) , (10)

where EB =
√
(ω1 − ω2)2 +m2

B and ω1 and ω2 are the energies of the colliding photons. The flux factor
is then given by H = 8ω1ω2. The integrated cross section reads:

σ(ω1, ω2) =
2π

2(4ω1ω2)

∫
d3pB
2EB

δ(ECM − EB)δ
(3)(k+ k′ − pB)

[
2

EB
|ψ(0)|2|M(γγ → D+D−)|2

]
(11)

where E2
CM = 4ω1ω2. To complete the calculation we need the bound state wave function at the origin

|ψ(0)|2. In 15 a similar bound state of open charm mesons was studied with the Bethe-Salpeter equation
and an expression for the wave function was derived. Here we will just quote the final expression needed
to calculate ψ(0), which is given by:

ψ(0) =
−8µπg

(2π)3/2

(
Λ0 −

√
2µEb arctan

(
Λ0√
2µEb

))
, g2 =

√
2µEb

8πµ2(arctan( Λ0√
2µEb

)−
√
2µEbΛ0

2µEb+Λ2
0
)
. (12)

In the above expressions µ is the reduced mass (µ = mD/2), Λ0 is a cut-off parameter and Eb is the
binding energy. We shall follow 16 and assume that Λ0 = 1 GeV. From 16 we see that one can compute
the (dynamically generated) mass of a bound state and then determine its binding energy. Knowing µ,
Eb and fixing Λ0, we can use (12) to calculate ψ(0). In what follows our reference value will be obtained
using mD = 1870 MeV and the mass of the bound state equal to MB = 3723 MeV, as found in 16. With
these numbers we get Eb = 17 MeV and |ψ(0)|2 = 0.008 GeV3.

The equivalent photon approximation is well known and it is described in several papers 17. In
general, when the photon source is a nucleus one has to use form factors and the calculation becomes
somewhat complicated. Here we will follow 18 and define an UPC in momentum space. The distribution
of equivalent photons generated by a moving particle with the charge Ze is 18:

n(q)d3q =
Z2α

π2

(q⊥)
2

ω q4
d3q =

Z2α

π2ω

(q⊥)
2

((q⊥)2 + (ω/γ)2)
2 d

3q (13)

where q is the photon 4-momentum, q⊥ is its transverse component, ω is the photon energy and γ is the
Lorentz factor of the photon source (γ =

√
s/2mp where mp is the proton mass). To obtain the equivalent

3
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Figure 2 – Cross sections for D+D− bound state production as a function of the energy
√
s. a) Dependence on q̂

for fixed Λ. b) Dependence on Λ for fixed q̂.

photon spectrum, one has to integrate this expression over the transverse momentum up to some value
q̂. The value of q̂ is given by q̂ = ℏc/2R, where R is the radius of the projetile. For Pb, R ≈ 7 fm and
hence q̂ ≈ 0.014 GeV. After the integration over the photon transverse momentum the equivalent photon
energy spectrum is given by:

n(ω)dω =
2Z2α

π
ln

(
q̂γ

ω

)
dω

ω
, (14)

Because of the approximations 18 the above distribution is valid when the condition ω ≪ q̂γ is fullfiled.
Using Eq. (14) we can compute the cross sections of free pair production, σP , and of bound state
production, σB . They are given by:

σP (AA→ AAD+D−) =

q̂γ∫
m2

D/q̂γ

dω1

q̂γ∫
m2

D/ω1

dω2 σP (ω1, ω2)n(ω1)n(ω2), (15)

σB(AA→ AAB) =

q̂γ∫
m2

D/q̂γ

dω1

q̂γ∫
m2

D/ω1

dω2 σB(ω1, ω2)n(ω1)n(ω2), (16)

where σP (ω1, ω2) and σB(ω1, ω2) are given by Eqs. (5) (with ŝ = 4ω1ω2) and (11) respectively.
In Fig. 1b we show the cross sections for free pair production and compare it to the existing experi-

mental data from LEP 19. In fact, the LEP data are for e+ e− → e+ e− c c̄, i.e., the measured final states
are D+D− and D0D̄0. We assume that these two final states have the same cross section and, in order to
compare with the data, we multiply our cross section σ(e+ e− → e+ e−D+D−) by a factor two. In order
to fit these data we will adapt expression (15) to electron-positron collisions. The γγ → D+D− cross
section is the same but the photon flux from the electron (and also from the positron) and the integration
limits are different 1,17,18. Comparing our formula with these data, we determine the only parameter in
the calculation, which is the cut-off Λ. In the figure, the curves are obtained substituting Eqs. (5) and
(14) into (15). In the latter q̂ = me. The band is defined by the choice of two limiting values of Λ. In
what follows we will use these values to estimate the uncertainty of our results.

In Fig. 2 we present the cross section for bound state production and study its dependence on q̂
(Fig. 2a)) and on Λ (Fig. 2b)). It is encouraging to see that at

√
sNN ≈ 5.02 TeV we have:

σ(PbPb→ PbPbB) = 3.0+0.8
−1.2 µb (17)

This number should be compared with results found in 10 and in 20. In those papers, the production cross
section of scalar states X(3940) and X(3915) in Pb Pb ultra-peripheral collisions at

√
sNN = 5.02 TeV

were calculated and the results were in the range

5 ≤ σ(PbPb→ PbPbR) ≤ 11 µb (18)

where R stands for X(3940) or X(3915). These states are heavier than the one considered here but in
both papers the X states were treated as meson molecules, as in the present work. It is reassuring to see
that, in spite of the differences, the obtained cross sections are of the same order of magnitude.
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3 Production of very forward pions

The magnetic field produced in relativistic heavy ion collisions is extremely strong 21,22. A natural place
to study the effects of this field is in ultra-peripheral relativistic heavy ion collisions 1. Since there is no
superposition of hadronic matter, the collision becomes essentially a very clean electromagnetic process.

In 23 it was argued that forward pions are very likely to be produced by magnetic excitation (ME) of
the nucleons in the nuclei. The strong classical magnetic field produced by one nucleus induces magnetic
transitions, such as N → ∆ (where N is a proton or a neutron), in the nucleons of the other nucleus.
The produced ∆ keeps moving together with the nucleus (or very close to it) and then decays almost
exclusively through the reaction ∆ → N+π. The produced pion has a very large longitudinal momentum
and very large rapidity. Since there is no other competing mechanism for forward pion production in
UPCs, the observation of these pions would be a signature of the magnetic excitation of the nucleons
and also an indirect measurement of the magnetic field. In 23 it was shown that ME has a very large
cross section. In 24 we proposed a way to test the classical approximation for the magnetic field. The
process discussed in 23, N → ∆ → N ′ π, was recalculated. In the quantum formalism the transition
was induced by photons and not by the classical magnetic field. We computed the same process using a
different formalism where the quanta of the field play the important role. We then compared the results
obtained with the two formalisms. In this contribution we review the content of 23 and 24 and expand the
discussion.

(a) (b)

Figure 3 – a) Classical magnetic transition: a moving projectile creates a magnetic field B⃗ which acts on the
target at rest (at the origin of coordinates) flipping its spin. b) Quantum version of the same transition.

A strong magnetic field can convert a hadron into another one with a different spin, by “flipping
the constituent quark spins”. Let us consider an ultra-peripheral Pb − p collision, where the proton is
at rest, as shown in Fig. 3a. Under the influence of the strong magnetic field generated by the moving
nucleus, the nucleon is converted into a ∆. For the sake of definiteness let us consider the transition
|p ↑⟩ → |∆+ ↑⟩. The amplitude for this process is given by 23:

afi = −i
∫ ∞

−∞
eiEfit

′
⟨∆+ ↑ |Hint(t

′)|p ↑⟩ dt′ (19)

where ℏ = 1 and Efi = (m2
∆ −m2

n)/2mn, where m∆ and mn are the ∆ and nucleon masses respectively.
The interaction Hamiltonian is given by:

Hint(t) = −µ⃗.B⃗(t) with µ⃗ =
∑
i=u,d

µ⃗i =
∑
i=u,d

qi
mi

S⃗i (20)

The magnetic dipole moment of the nucleon is given by the sum of the magnetic dipole moments of the
corresponding constituent quarks, qi and mi are the charge and constituent mass of the quark of type i
and S⃗i is the spin operator acting on the spin state of this quark.

In Fig. 3a we show the system of coordinates, the moving projectile nucleus and target proton at
the origin of the coordinates. We assume that the projectile-generated field is the same produced by a
point charge. The field is given by 23:

Bz(t) =
1

4π

qvγ(b− y)

((γ(x− vt))2 + (y − b)2 + z2)3/2
(21)

5
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In the above expression γ is the Lorentz factor, b is the impact parameter along the y direction, v ≃ 1 is
the projectile velocity and the projectile electric charge is q = Ze. The interaction Hamiltonian acts on
spin states. The relevant ones are:

|p ↑⟩ = 1

3
√
2
[udu(↓↑↑ + ↑↑↓ −2 ↑↓↑) + duu(↑↓↑ + ↑↑↓ −2 ↓↑↑) + uud(↑↓↑ + ↓↑↑ −2 ↑↑↓)] (22)

|∆+ ↑⟩ = 1

3
(uud+ udu+ duu)(↑↑↓ + ↑↓↑ + ↓↑↑) (23)

With these ingredients we can compute the matrix element ⟨∆+ ↑ |Hint|p ↑⟩. It can be obtained by
substituting Eq. (21) into Eq. (20) and then calculating the sandwiches of Hint with the spin states
given above. The cross section for a single N → ∆ transition is given by:

σ =

∫
|afi|2 d2b = 2π

∫
|afi|2 b db (24)

Inserting the matrix elements into (19) and using it in the above expression we find:

σ =
Z2e4

9πm2

(
Efi

vγ

)2 ∫ ∞

R

[
K1

(Efib

vγ

)]2
b db (25)

where K1 is the modified Bessel function. This is the result obtained with the semi-classical approach.
For the purpose of comparison it is enough to consider a nucleon as a target. In 23 we computed the cross
section for a nucleus-nucleus collision.

In the quantum formalism, the electromagnetic field produced by an ultra-relativistic electric charge
is replaced by a flux of photons Now, in a high energy UPC, the projectile becomes a source of almost
real photons and we replace the classical field by a collection of quanta. Thus, the cross section of the
process shown in Fig. 3b can be written in a factorized form in terms of the photon flux produced by the
projectile and the photon-nucleon cross section 1:

σ =

∫
dω

ω
n(ω)σγN→Nπ(ω) (26)

In the above expression n(ω) represents the photon spectrum generated by the source 1:

n(ω) =
Z2α

π

[
2ξK0(ξ)K1(ξ)− ξ2[K2

1 (ξ)−K2
0 (ξ)]

]
, ξ =

ω(R1 +R2)

γ
(27)

where ω is the photon energy, R1 and R2 are the radii of the projectile and the target, parametrized as
RA = 1.2A1/3fm, and γ the Lorentz boost in the target frame. From the above expression it is clear that
the average energy carried by an emitted photon increases with γ and hence with the collision energy√
s. In the LHC energy region γ ≃ 1000 and the photon average energy ω̄ may reach large values, such

as ω̄ ≃ 10 GeV.
In order to perform the calculation of the total cross section, it is necessary to know the cross section

of the process γN → Nπ. In a first approximation σγN→Nπ can be calculated evaluating the Feynman
diagram shown in Fig. 3b. We need a formula which correctly reproduces the behavior of the cross section
in the ∆ resonance region and which can be extrapolated to higher energies. This is the most important
source of uncertainty in the evaluation of (26). A simple parametrization of the π0 photoproduction cross
section can be taken from Jones and Scadron 24. Knowing σγN→Nπ, we insert it into (26) and evaluate
the cross section of the quantum process. The results are then compared with the results obtained with
the semi-classical approach (given by (25)) and presented in Fig. 4. The cross sections are plotted as a
function of the energy per nucleon (of the projectile) in the laboratory frame ELab = γ mn. We compare
the curves obtained with (25) (dashed line) and with (26) (solid lines). The band in the lower curve
represents the different choices of the decay width Γ. The difference between the curves obtained with
(25) and with (26) is small and reaches 9 % at the highest energies. These results suggest that the classical
approximation of the magnetic field reproduces most of the photon interaction in photoproduction in high
energies.

The produced charged pions will be deviated by the dipole magnets which bend the colliding beams
into the two separate beam pipes. However the neutral pions will not be bended by the magnetic field
and will fly away following a tangent trajectory and reaching the zero degree calorimeters (ZDC’s) which
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Figure 4 – Cross sections for pion production obtained with the semi-classical formalism, Eq.(25), dashed line,
and with the quantum formalism, Eq. (26), solid line.

are part of both the ALICE and the ATLAS set up. They will be measured exactly in the same way as
the ultra-forward neutrons produced in the electromagnetic dissociation processes already measured by
the ALICE collaboration 25. In fact, ultra-forward neutral pions have already been measured in proton-
proton collisions at

√
s = 7 TeV and in p-Pb collisions at

√
s = 5.02 TeV by the LHCf collaboration

26 but no attempt was made to separate central from peripheral collisions. This might be done in the
future.

4 Conclusion

We have calculated the cross section for the production of a D+D− molecule in ultra-peripheral collisions.
It is σB(AA → AAB) = 3.0+0.8

−1.2 µb for
√
sNN = 5.02 TeV. This number is consistent with the results

obtained for other scalar exotic charmonium molecules in Ref. 10 and in Ref. 20. The parameters of
the calculation are the hadronic form factor cut-off, the maximum transverse momentum of an emitted
photon and the binding energy. All these parameters can be constrained by experimental information
and/or by calculations and hence the precision of our calculation can be increased. The method used
here can be easily applied to other exotic states.

We have also calculated the cross section for the production of very forward pions. We have used two
methods, one with a classical magnetic field and the other with equivalent photons. Both methods yield a
similar result: a quite large cross section for forward pion production. The neutral pions can in principle
be measured. This would improve our knowledge about the validity of the classical approximation and
about the strength of the magnetic field created in these collisions.
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Azimuthal angular correlations in lepton pair production in
ultra-peripheral heavy ion collisions
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The coherent photons induced by relativistic heavy ions are highly linearly polarized, in close
analogy to the linear polarization of gluons in a large nucleus. We proposed to measure the
photon polarization through azimuthal asymmetries in dilepton production in ultra-peripheral
collisions. Our prediction for the asymmetries were soon confirmed by the STAR experiment
with high precision. We refined our analysis recently by including the final state soft photon
radiation effect beyond the double leading logarithm approximation. The azimuthal asymme-
tries and acoplanarity at relatively high transverse momentum provide unique opportunities
to test the resummation formalism thanks to the extremely high photon flux in UPCs. Our
results clearly show the feasibility to access the sub-leading resummation effects in UPCs at
the RHIC and LHC.
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Keywords: linearly polarized photon, resummation, ultra-peripheral collisions

1 Linearly polarized gluons and photons

In high-energy hadron colliders, the partons carry longitudinal momenta as well as transverse momenta,
as shown in the left panel of Fig.1, which made it necessary to describe the parton distributions in
the framework of transverse momentum dependent (TMD) factorization. Take the gluon TMD as an

TMD
Z e

photon

� �

��

TMD
hadron

parton

� �

��

Figure 1 – Illustration diagrams of the longitudinal and transverse momenta of a parton from a hadron (left) and
a photon from a heavy ion (right).

example, the leading twist gluon correlator of an unpolarzied hadron can be defined and be parametrized
in terms of leading twist TMDs 1:∫

2dy−d2y⊥
xP+(2π)3

eik·y⟨P |F i
+(0)U[0,y]F

j
+(y)U ′

[y,0]|P ⟩
∣∣
y+=0

= δij⊥f1(x,k2
⊥) +

(
2ki⊥k

j
⊥

k2
⊥

− δij⊥

)
h⊥
1 (x,k2

⊥), (1)

where f1(x,k2
⊥) and h⊥

1 (x,k2
⊥) are the unpolarized and linearly polarized gluon TMDs, respectively, and

the Wilson lines U[0,y] and U ′
[y,0] guarantee color gauge invariance. For a hadron moves relativistically

along P+ direction, A+ component dominant the gauge potential components due to the Lorentz boost
effect, so the field tensor reads F i

+ = ∂+A
i − ∂iA+. For a gluon with momentum k, the field tensor

F i
+ ∝ k+A

i − kiA+. Usually the transverse momentum of the photon k⊥ is much smaller than its
longitudinal momentum k+ = xP+, so it’s hard to tell which component is more important in the field

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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tensor. But at small-x limit ki⊥A
+ is obviously dominant, so F i

+ ∝ ki⊥A
+ approximately. Compare both

sides of Eq.(1), one can conclude that f1(x,k2
⊥) = h⊥

1 (x,k2
⊥), which means that the gluons are totally

linearly polarized 2.

On the other hand, it’s well known that relativistically moving ions will introduce electromagnetic
field, which can be described by equivalent photon approximation (EPA) developed by Fermi3, Weizäscker
and Williams 4,5. These EPA photons will also carry transverse momenta, as shown in the right panel
of Fig.1, and analogy to gluons, they can also be formulated in the context of TMD factorization using
Eq.(1). The only difference is that the Wilson lines guaranteeing gauge invariance in the QCD case
are not necessary here, since photons carry no charge and are gauge invariant by themselves. In the
typical kinematic region of the heavy-ion colliders, e.g., RHIC and LHC, the EPA photons carry small
longitudinal momentum fraction x, so based on the analysis in the previous paragraph, it is natural to
conclude that the EPA photons are also highly linearly polarized 6.

Linearly polarized gluons can be probed through azimuthal asymmetry effects, so as the linearly
polarized photons. Due to the huge QCD background in the central collision area on heavy ion colliders,
ultra-peripheral collision (UPC) physics where two heavy ions pass by each other has attracted great
interest in recent years. One of the most interesting QED processes in UPCs is γγ → l+l−, which has
been extensively studied for unpolarized photons theoretically and experimentally, and is also an ideal
process to probe linearly polarized photon through cos 4ϕ or cos 2ϕ azimuthal asymmetries 6,7, as well as
a unique way to test the resummation formalism through the all-order resummation of the soft photon
radiation effect 8,9.

2 Probing the linear polarization of photons

The di-lepton production process via photon-photon fusion at the lowest order QED can be written as

γ1(x1P + k̃1⊥) + γ2(x2P̄ + k̃2⊥) → l+(p1) + l−(p2), (2)

where P , P̄ , p1 and p2 represent the four momenta of the two nucleons and the leptons in the final
state, respectively. The transverse momenta of the photons are represented by k1⊥ and k2⊥, with
k̃1⊥ = (0, 0,k1⊥) and k̃2⊥ = (0, 0,k2⊥). The leptons are produced in a nearly back-to-back configuration
in azimuth with q⊥ = |q⊥| ≪ P⊥ = |P⊥|, with the total transverse momentum q⊥ ≡ p1⊥ + p2⊥ =
k1⊥ + k2⊥ and P⊥ = (p1⊥ − p2⊥)/2.

The impact-parameter-integrated cross section is written as

dσ

d2p1⊥d2p2⊥dy1dy2
=

2α2
e

Q4
[A + B cos 2ϕ + C cos 4ϕ] (3)

where ϕ is the angle between transverse momenta q⊥ and P⊥, as shown in the left panel of Fig.2. y1 and

!"#
!$#%#

& !"#
!$#

∆&

(

)

Figure 2 – Azimuthal angle definitions in the transverse plane.

y2 are lepton rapidities, respectively. Q is the invariant mass of the lepton pair. The coefficients A, B

2
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and C contain convolutions of photon TMDs,

A =
(Q2 − 2m2)m2 + (Q2 − 2P 2

⊥)P 2
⊥

(m2 + P 2
⊥)2

x1x2

∫
d2k1⊥d

2k2⊥δ
2(q⊥ − k1⊥ − k2⊥)fγ

1 (x1,k
2
1⊥)fγ

1 (x2,k
2
2⊥)

+
m4

(m2 + P 2
⊥)2

x1x2

∫
d2k1⊥d

2k2⊥δ
2(q⊥− k1⊥− k2⊥)

[
2(k̂1⊥ · k̂2⊥)2− 1

]
h⊥γ
1 (x1,k

2
1⊥)h⊥γ

1 (x2,k
2
2⊥),

(4)

B =
4m2P 2

⊥
(m2 + P 2

⊥)2
x1x2

∫
d2k1⊥d

2k2⊥δ
2(q⊥− k1⊥− k2⊥)

×
{[

2(k̂2⊥ · q̂⊥)2− 1
]
fγ
1(x1,k

2
1⊥)h⊥γ

1 (x2,k
2
2⊥) +

[
2(k̂1⊥ · q̂⊥)2− 1

]
h⊥γ
1 (x1,k

2
1⊥)fγ

1(x2,k
2
2⊥)
}
, (5)

C =
−2P 4

⊥
(m2 + P 2

⊥)2
x1x2

∫
d2k1⊥d

2k2⊥δ
2(q⊥− k1⊥− k2⊥)

×
[
2
(
2(k̂2⊥ · q̂⊥)(k̂1⊥ · q̂⊥) − k̂1⊥ ·k̂2⊥

)2
− 1

]
h⊥γ
1 (x1,k

2
1⊥)h⊥γ

1 (x2,k
2
2⊥), (6)

where a vector with a hat on it means a unit vector, and fγ
1 (x,k2

⊥) and h⊥γ
1 (x,k2

⊥) represent the unpolar-
ized and linearly polarized photon TMDs, respectively. One can clearly see that the process has unique
angular correlations induced by linearly polarized photons. The longitudinal momentum fractions of the
leptons are fixed according to x1 ≃

√
(P 2

⊥ + m2)/s (ey1 + ey2), x2 ≃
√

(P 2
⊥ + m2)/s (e−y1 + e−y2), with

s, m being the center of mass energy and the lepton mass, respectively.
To sort out the UPC events, we must include the dependence of the impact parameters in the cross-

section, and then integrate b⊥ from 2RWS to ∞, where b⊥ is the impact parameter between the two
colliding nuclei and RWS is the nuclear radius. Once b⊥ is introduced, the incident coherent photon is no
longer in the eigenstate of the transverse momentum, and accordingly the photon transverse momenta
appearing in the amplitude and conjugate amplitude are no longer the same. We use k1⊥, k2⊥ and
k′
1⊥, k′

2⊥ to denote the transverse momenta in the amplitude and in the conjugate amplitude with the
constraint k′

1⊥ + k′
2⊥ ≡ q⊥. The calculation of the impact parameter dependent cross-section was first

developed in Ref. 10, and we extended this calculation to the azimuthally dependent situation 7. The
joint b⊥ and q⊥ dependent di-lepton production cross section at the lowest order of QED can be written
as,

dσ0

d2p1⊥p2⊥dy1dy2d2b⊥
=

2α2
e

(2π)2Q4
[A + B cos 2ϕ + C cos 4ϕ] (7)

with

A =

∫
[dK⊥]

1

(P 2
⊥ + m2)

2

[
−2m4 cos

(
ϕk1⊥ + ϕk′

1⊥
− ϕk2⊥ − ϕk′

2⊥

)
+ m2

(
Q2 − 2m2

)
× cos

(
ϕk1⊥ − ϕk′

1⊥
− ϕk2⊥ + ϕk′

2⊥

)
+ P 2

⊥
(
Q2 − 2P 2

⊥
)

cos
(
ϕk1⊥ − ϕk′

1⊥
+ ϕk2⊥ − ϕk′

2⊥

)]
, (8)

B =

∫
[dK⊥]

8m2P 2
⊥

(P 2
⊥ + m2)

2 cos (ϕk1⊥ − ϕk2⊥) cos
(
ϕk′

1⊥
+ ϕk′

2⊥
− 2ϕ

)
, (9)

C =

∫
[dK⊥]

−2P 4
⊥

(P 2
⊥ + m2)

2 cos
(
ϕk1⊥ + ϕk′

1⊥
+ ϕk2⊥ + ϕk′

2⊥
− 4ϕ

)
, (10)

where ϕki
is the azimuthal angle between P⊥ and ki, and the shorthand notation represent∫

[dK⊥] ≡
∫

d2k1⊥d
2k2⊥d

2k′
1⊥d

2k′
2⊥e

i(k1⊥−k′
1⊥)·b⊥δ2(k1⊥ + k2⊥ − q⊥)δ2(k′

1⊥ + k′
2⊥ − q⊥)

×F(x1,k
2
1⊥)F(x2,k

2
2⊥)F(x1,k

′2
1⊥)F(x2,k

′2
2⊥). (11)

One notices that the b⊥ dependence enters the cross section via the phase ei(k1⊥−k′
1⊥)·b⊥ . The function

F(x1,k
2
⊥) describes the probability amplitude for a photon carrying a given momentum. It can be related

to the normal photon TMD:

|F(x1,k
2
⊥)|2 = x1f

γ
1 (x1,k

2
⊥) =

Z2αe

π2
k2
⊥

[
F (k2

⊥ + x2M2
p )

(k2
⊥ + x2M2

p )

]2
, (12)
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where F is the Woods-Saxon form factor

F (k2) =

∫
d3reik·r

ρ0

1 + exp [(r −RWS)/d]
. (13)

Considering higher-order QED contributions, the lepton pair will acquire a recoil transverse mo-
mentum through the final state soft photon radiation effect, which will cause large logarithmic terms

αn
e ln2n Q2

m2 . These large logarithms can be resumed by using the Collins-Soper formalism 11 and result in
Sudakov factor in the exponential in the impact parameter space. At the one-loop order the Sudakov
factor reads 12,13,

Sud(µr, r⊥) =
αe

π
ln
Q2

m2
ln
P 2
⊥

µ2
r

, (14)

with µr = 2e−γE/r⊥. The cross section is then expressed as

dσ

d2p1⊥d2p2⊥dy1dy2d2b⊥
=

∫
d2r⊥
(2π)2

eir⊥·q⊥e−Sud(r⊥)

∫
d2q′

⊥e
−ir⊥·q′

⊥
dσ

0
(q′

⊥)

dP.S.
, (15)

where dP.S. = d2p1⊥d
2p2⊥dy1dy2d

2b⊥ being the phase space factor. The azimuthal asymmetries, i.e.,
the average value of the cos(nϕ), is defined as

⟨cos(nϕ)⟩ =

∫
dσ

dP.S. cos(nϕ) dP.S.∫
dσ

dP.S.dP.S.
. (16)

Numerical results for ⟨cos(4ϕ)⟩ of the di-electron and di-muon production in UPCs at RHIC and
LHC energy regions have been calculated in Refs. 6 and 7, where we predicted significant ⟨cos(4ϕ)⟩
asymmetries as shown in Fig.3. This effect was promotely verified by RHIC STAR collaboration 14. As

Au+Au 200GeV

Centrality:60-80%

Centrality:80%-99.9%

tagged UPC

UPC

0.00 0.02 0.04 0.06 0.08 0.10

-0.1

0.0

0.1

0.2

q⊥ [GeV]

-
C
o
s(
4ϕ

)_
e

Figure 3 – Estimates of the cos 4ϕ asymmetry as the function of q⊥ for different centralities at
√
s = 200 GeV.

The electron and positron rapidities and transverse momenta are integrated over the regions [-1, 1] and [0.2, 0.4]
GeV, respectively.

demonstrated in Table 1, the measured ⟨cos(4ϕ)⟩ for the process γγ → e+e− aligns excellently with the
theoretical predictions. A similar theoretical outcome for the centrality of 60%-80% was obtained based
on the Wigner distributions of photons 15.

3 Toward the precision test of the resummation formalism

Besides directly measuring the q⊥ distribution, the azimuthal angular decorrelation of the lepton pair
is often experimentally studied as well. When the lepton pair acquires finite transverse momentum,
they will deviate from the exact back-to-back configuration in the transverse momentum space, and the
deviation degree is measured by the so called acoplanarity with the definition being α = |∆ϕ|/π. The
azimuthal angle ∆ϕ is defined as ∆ϕ = π− (ϕ1 −ϕ2) where ϕ1 and ϕ2 represent the azimuthal angles for
the lepton and the anti-lepton, respectively, as shown in the right panel of Fig.2. We fix the direction of

4
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Measured |2⟨cos(4ϕ)⟩| QED calculated 2⟨cos(4ϕ)⟩
UPC 16.8%±2.5% −16.5%

60%-80% 27%±6% −34.5%

Table 1: Theoretical and experimental results for cos(4ϕ) asymmetry in di-electron UPC production in Au+Au
collisions at RHIC with

√
s = 200 GeV. The invariant mass Q is integrated over [0.45, 0.76] GeV, the electron

and positron rapidities y1,2 are integrated over [-1, 1], and the total transverse momentum of the dielectron q⊥ is
integrated over [0, 0.1] GeV. The individual electron transverse momentum is restricted to P⊥ > 0.2 GeV.

the electron transverse momentum p1⊥ to be Y-axis. The acoplanarity can then be easily reconstructed
by the ratio of qx (the component of q⊥ aligned with X-axis) and P⊥.

In this section we discuss the soft photon radiation effect on both the azimuthal asymmetries and
the acoplanarity. In the previous studies the soft photon contributions were resummed within double
leading logarithm approximation 12,16. In Ref. 9, we extended the resummation formalism to the next
to leading logarithm accuracy and investigate its phenomenological consequence as well. We will briefly
demonstrate the steps and results later.

3.1 The calculation of the azimuthal asymmetries

First we discuss the azimuthal asymmetry. It’s already known that the final state soft photon radiation
effect introduces modifications to the cross sections, as discussed in the preceding section, thereby influ-
encing the magnitude of azimuthal asymmetries. While on the other hand, the photon that is emitted
also induce a recoil effect on the lepton that emit it. Given that the lepton pair are nearly back-to-back
in the transverse plane, the recoil effect will also cause azimuthal asymmetry 17,13. The cross section with
soft photon radiation can be written as 18,19,17,13

dσ(q⊥)

dP.S.
=

∫
d2q′⊥

dσ0(q′⊥)

dP.S.
S(q⊥ − q′⊥) (17)

and the soft factor is expanded at the leading order as 13,

S(l⊥)=δ(l⊥) +
αe

π2l2⊥
{c0 + 2 c2 cos 2ϕ + 2 c4 cos 4ϕ + ...} , (18)

with c0 ≈ ln Q2

m2
π

, c2 ≈ ln Q2

m2
π

+ δy sinh δy − 2 cosh2 δy
2 ln[2(1 + cosh δy)]... when the final-state particle

mass is much smaller than P⊥. δy = y1 − y2 is the difference between the two rapidities of the leptons.
The final state soft photon radiation mainly occurs in regions where the lepton transverse momentum

q⊥ is relatively large, for instance, when q⊥ is larger than about 100 MeV. The previous section mainly
focused on the small transverse momentum area, so we ignore the azimuthal asymmetry effect induced by
the recoiled lepton there. In this section we will cover the [0, 200] MeV region for q⊥, where both coherent
photons and final state radiations can play their important roles. Considering an all-order resummation
of the large logarithmic terms, the cross section is also expressed as Eq.(15) in the transverse position
space, except that here we will include the subleading logarithm contributions.

We used the soft collinear effective theory (SCET) 20,21,22,23,24 and the standard Renormaliza-
tion Group (RG) methods to derive the resummation formula that includes the effects of lepton mass
resummation to all orders. We re-factorize the massive hard and soft functions in the small mass
limit (Q ≫ q⊥ ≳ m), where the massive hard function H(Q,m, µ) is factorized as the product of
the massless hard function H(Q,µ) and collinear jet functions J(m,µ), and the massive soft function
S(l⊥,∆y,m, µ) is factorized as the product of the massless soft function S(l⊥,∆y, µ) and collinear-soft
functions Ci(ki,⊥, pT ,m, µ). The resulting differential cross section is given by

dσ(q⊥)

dP.S.
=H(Q,µ)J2(m,µ)

∫
d2l⊥d

2k1⊥d
2k2⊥

dσ0(q⊥ − l⊥ − k1⊥ − k2⊥)

dP.S.
× S(l⊥,∆y, µ)C1(k1⊥, P⊥, y1,m, µ)C2(k2⊥, P⊥, y2,m, µ), (19)

where the hard function H(Q,µ) comes from the matching from QED to the low energy effective theory,
and the corresponding anomalous dimension is written as

ΓH =
αe

4π

(
8 ln

Q2

µ2
− 12

)
. (20)

5
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One can calculate the next-to-leading order contributions to the collinear jet function, the massive soft
function, and the collinear-soft function, respectively, and obtain the corresponding anomalous dimensions
which satisfying the consistency relations for the RG evolutions. The results are:

ΓS =
αe

4π

(
8 ln

µ2r2⊥
b20

+ 8 ln cos2 ϕr − 8 ln
1 + cosh ∆y

2

)
, (21)

ΓJ =
αe

4π

(
4 ln

µ2

m2
+ 2

)
, (22)

ΓC1,2
=

αe

4π

(
−4 ln

4P 2
⊥µ

2r2⊥
b20m

2
+ 4 − 4 ln cos2 ϕr ± 4iπ

)
. (23)

Then the Sudakov factor is given by

Sud(r⊥) =

∫ Q

µr

dµ

µ
ΓH + 2

∫ m

µr

dµ

µ
ΓJ +

∫ µrm/(2P⊥)

µr

dµ

µ
ΓC1

+

∫ µrm/(2P⊥)

µr

dµ

µ
ΓC2

. (24)

In the numerical calculation we compute both the azimuthal independent cross sections and the cos 2ϕ
and cos 4ϕ asymmetries for the unrestricted UPC case, where the impact parameter is simply integrated
over [2RWS,∞). The nucleus radius RWS is taken as 6.4 fm for Au and 6.68 fm for Pb. We show the
azimuthal independent cross section, ⟨(cos 2ϕ)⟩ and ⟨(cos 4ϕ)⟩ as a function of q⊥ at RHIC energy in Fig.4
and at LHC energy in Fig.5. In these curves the blue solid lines stand for the fully resummed results
from Eq.(24), and the purple dashed lines represent the results with the azimuthal dependent part being
treated at the one-loop order. The results without soft photon radiation effect are shown with the dotted
orange lines. It is evident that the perturbative tail, which is a result of soft photon radiation, takes
precedence over the lepton pair transverse momentum spectrum, which is determined by the coherent
photon primordial k⊥ distribution, at relatively high q⊥ values. The most remarkable contrast is the
cos 2ϕ asymmetry, which is ignorable at the lowest order due to the negligible mass of electron, exhibit
large values at high q⊥. In the current study, we resum both the azimuthally independent and dependent
leading logarithms into an exponential form. In the previous works 17,13, the azimuthally independent
logarithm was resummed to all orders and the azimuthally dependent component was treated at the fixed
order. We make a numerical comparison of the results derived from these two resummation schemes.
The difference between these two approaches becomes apparent in the large q⊥ region, especially for
the cos 4ϕ azimuthal asymmetry. It would be intriguing to examine such a resummation effect in future
experiments.

Figure 4 – Di-electron production in unrestricted UPCs in Au+Au collisions at the RHIC energy. The following
kinematic cuts are imposed: the rapidities |y1,2| < 1, transverse momentum P⊥ > 200 MeV, and the invariant
mass of the electron pair 450 MeV < Q < 760 MeV. Left panel: azimuthal averaged differential cross sections;
middle panel: ⟨cos(2ϕ)⟩ azimuthal asymmetry; right panel: ⟨cos(4ϕ)⟩ azimuthal asymmetry.

3.2 The calculation of the acoplanarity

In the coordinate frame that we established at the beginning of this section, the acoplanarity can be
constructed as α = qx/P⊥. Integrate Eq.(15) over qy one obtain the qx dependent cross section,

dσ

dqxd2P⊥dy1dy2d2b⊥
=

∫
dqy

drydrx
(2π)2

ei(rxqx+ryqy)e−Suda(rx,ry)

∫
dq′xdq

′
y e−i(rxq

′
x+ryq

′
y)
dσ

0
(q′⊥)

dP.S.

=

∫
drx
2π

eirxqxe−Suda(rx,ry=0)

∫
dq′xdq

′
y e−irxq

′
x
dσ

0
(q′⊥)

dP.S.
, (25)
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Figure 5 – Di-electron production in unrestricted UPCs in Pb+Pb collisions at the LHC energy. The following
kinematic cuts are imposed: the rapidities |y1,2| < 0.8 and the invariant mass of the di-electron 10 GeV < Q <
20 GeV. Left panel: azimuthal averaged differential cross sections; middle panel: ⟨cos(2ϕ)⟩ azimuthal asymmetry;
right panel: ⟨cos(4ϕ)⟩ azimuthal asymmetry.

where the leading logarithm contribution to the Sudakov factor Suda(rx) is given by,

Suda(rx) =
αe

2π

[
ln2 Q2

µ2
rx

− ln2 m2

µ2
rx

θ(m− µrx)

]
, (26)

with µrx = 2e−γE/rx.
A one-dimensional Fourier transform is made in Eq.(25) since the acoplanarity is a one-dimensional

observable, apart from the two-dimensional q⊥ distribution situation. When deriving the momentum
space expression of the Sudakov factor Suda(lx), the Y-component of the soft photon transverse momen-
tum has to be integrated over the whole available phase-space region. Given this we need to re-derive a
factorization formula instead of integrating out qy from the resummed q⊥ distribution. At the small α
limit, the factorization formula is written as,

dσ(α)

dP.S.
=2P⊥H(Q,µ)J2(m,µ)

∫
dlxdk1,xdk2,x

dσ0(qx − lx − k1x − k2x)

dP.S.
× S(lx,∆y, µ, ν)C1(k1x, P⊥, y1,m, µ, ν)C2(k2x, P⊥, y2,m, µ, ν), (27)

where the hard and jet functions are the same with those in Eq.(19) since they are independent of specific
observables. Implementing the one-dimensional Fourier transformation, one can define the rx dependent
soft and soft-collinear functions, calculate them to the next-to-leading order, and finally resummed to all
orders as exponential form. The Sudakov factor is expressed as

Suda(rx) =

∫ Q

µrx

dµ

µ
ΓH + 2

∫ m

µrx

dµ

µ
ΓJθ(m− µrx)

=
αe

2π

[(
ln2 Q2

µ2
rx

− 3 ln
Q2

µ2
rx

)
−
(

ln2 m2

µ2
rx

− ln
m2

µ2
rx

)
θ(m− µrx)

]
. (28)

We numerically calculated the acoplanarity distributions for di-muon production at CMS and di-
electron production at ATLAS to compare with their measurements25,26, as shown in Fig.6. We only made
estimations for the 0n0n events in which no neutron emission from the excited nuclei in the forward region
to avoid possible contributions from incoherent photons. In this case the impact parameter dependence
of the cross section is weighted with a b⊥ distribution (see the review article 27 and references therein),

2π

∫ ∞

2R

b⊥db⊥P
2(b⊥)dσ(b⊥, ...), (29)

where the probability P (b⊥) for the 0n event for Pb can be parameterized as 28,

P (b⊥) = exp

[
− (17.4 fm)2

b2⊥

]
. (30)

The theoretical results align with both ATLAS and CMS low α data. Yet, in the region of rela-
tively high α, our numerical estimations noticeably exceed the experimental data. Compared with the
results with double logarithm resummation, the inclusion of the leading single logarithm contribution
into the resummation formalism somewhat reduces the discrepancy between the experimental data and
the theoretical estimation, although the deviations are still apparent. The potential reason for this needs
further investigation. We also reconstruct the acoplanarity using the resummed q⊥ distribution as given
in Eq. (15). The observed α distribution evidently does not support this approach as shown with the
yellow dotted lines in Fig. 6.
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Figure 6 – The normalized cross sections of di-lepton production as a function of α. Left panel: di-muon production
at CMS for the 0n0n case, with the kinematic cutoff: |y1,2| < 2.4, P⊥ > 3.5 GeV and 8 GeV < Q < 60 GeV.
Right panel: di-electron production at ATLAS for the 0n0n case, with the kinematic cutoff: |y1,2| < 0.8 and
10 GeV < Q < 20 GeV. The blue solid lines stand for the fully resummed results from Eq.(28), and the purple
dashed lines represent the leading double logarithm resummed results obtained using Eq.(26). The acoplanarity
distribution reconstructed from the resummed q⊥ distribution given by Eq. (15) and Eq. (14) is shown with the
dotted orange lines. The CMS data displayed in the figure is taken from Ref. 25 and the ATLAS data is taken
from Ref. 26.

4 Summary

In heavy ion ultra-peripheral collisions, the photons induced by the relativistically moving ions carry
small transverse momenta. In TMD physics, it’s known that gluons carrying small transverse momenta
in an unpolarized hadron are linearly polarized. Through the analogy of QED to QCD, we derived that
coherent photons are highly linearly polarized, and further predicted that this effect can be measured
through the cos 2ϕ and cos 4ϕ azimuthal asymmetries in di-lepton production in UPCs. We calculated
the azimuthal asymmetries in the RHIC energy region, and consistent data for the cos 4ϕ asymmetry in
di-electron production process was soon obtained by the STAR collaboration, confirming that coherent
photons are linearly polarized.

During the calculation, the contribution from high-order QED corrections cannot be ignored, espe-
cially when q⊥ is relatively large. These contributions not only change the size of the cross sections so
that change the magnitude of the azimuthal asymmetries, but also will induce azimuthal asymmetries by
themselves due to the recoil effect. We revisited the di-lepton production process in UPCs, focusing on
the final state soft photon radiation resummation effect on two observables: azimuthal asymmetry and
acoplanarity. The results show that at relatively high q⊥, the soft photon radiation effect is dominant,
and will significantly change the shapes of azimuthal asymmetries, particularly, it will induce large cos 2ϕ
asymmetry which is absent at leading order due to the negligible electron mass. It is worth mentioning
that the resummation of soft photon radiation has different formulas for the q⊥ distribution and acopla-
narity, because Fourier transforms were performed in different dimensions. Within the SCET framework,
we carry out the resummation for these two observables to all orders, including the contribution of single
logarithm. Our results show that the q⊥-dependent azimuthal asymmetry is not very sensitive to the sub-
leading resummation effect, while the all order one-dimensional resummation is necessary to describe the
acoplanarity data of ATLAS and CMS. Although our calculation still has some deviation from the exper-
imental data, the result after including the single logarithm is much closer to the experiment. Therefore,
the di-lepton production process in UPCs provides a good opportunity to test the resummation formula
through the measurement of angular correlation.
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I present possible future studies of light-by-light scattering using FoCal@ALICE and ALICE 3
detectors. Different mechanisms are discussed. The PbPb→PbPbγγ cross section is calculated
within equivalent photon approximation in the impact parameter space. Several differential
distributions are presented and discussed. We predict cross section in the (mb-b) range for
typical ALICE 3 cuts, a few orders of magnitude larger than for the current ATLAS or CMS
experiments. We also consider the two-π0 background which can, in principle, be eliminated
at the new kinematical range for the ALICE 3 measurements by imposing dedicated cuts on
diphoton transverse momentum and/or so-called vector asymmetry.
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Keywords: photon-photon scattering, ultrarelativistic heavy-ion processes, equivalent photon approx-
imation, ALICE-3

1 Introduction

Photon-photon scattering is purely quantal effect (does not happen in classical physics). It was studied
experimentally only recently in ultrarelativistic heavy ion collisions by the ATLAS1 and CMS2 collabora-
tions. The ATLAS and CMS kinematics implies that box diagrams are the dominant reaction mechanism
and other mechanisms are practically negligible. In 3 we studied whether this process could be sudied at
lower photon-photon energies using ALICE and LHCb infrastructures. The experimental analysis using
ALICE data is in progress. At the lower energies one should worry about background due to γγ → π0π0

process. We have worked out there techniques how to reduce the unwanted background 3.
The γγ → γγ is also interesting in the context of searching for effects beyond Standard Model 7.
Recently we explored what future FoCal 8 and ALICE 3 9 detectors could do in this respect 4. A

forward electromagnetic calorimeter is planned as an upgrade to the ALICE experiment for data-taking
in 2027-2029 at the LHC. The FoCal will cover pseudorapidities range of 3.4 < η < 5.8. Runs 5 and 6 will
measure more than five times the present Pb-Pb luminosity. This increase of luminosity, in combination
with improved detector capabilities, will enable the success of the physical program planned for ALICE
3. A significant feature of FoCal and ALICE 3 programs is the ability to measure photons in relatively
low transverse momenta.

In our recent paper we have taken into account different mechanisms for photon-photon scattering:
boxes, VDM-Regge, two-gluon exchanges, meson (resonance) contributions, see Fig.1.

(a)

γ

γ

γ

γ

(b)

γ

γ

γ

γ

IP, IR

V

V (c)

γ

γ

γ

γ

gg

(d) (e)

Figure 1 – Feynman diagrams representing different mechanisms: a) fermionic loops, b) VDM-Regge, c) 2-gluon
exchange, d) low mass resonances in s-channel, e) π0-exchange in t-channel.
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Here, in this presentation, I will present the main results from 4.

2 Sketch of the formalism

Here we briefly discuss only some selected problems discussed in detail in 4.

2.1 Double-photon hadronic fluctuations

This component was calculated for the first time in6 assuming vector dominance model. In this approach,
the amplitude for the process is given as:

M = Σi,jC
2
i C

2
j

(
CIP

(
s

s0

)αIP(t)−1

F (t) + CIR

(
s

s0

)αIR(t)−1

F (t)

)
,

+ Σi,jC
2
i C

2
j

(
CIP

(
s

s0

)αIP(u)−1

F (u) + CIR

(
s

s0

)αIR(u)−1

F (u)

)
. (1)

In the simplest version of the model i, j = ρ0, ω, ϕ (only light vector mesons are included). The couplings
Ci, Cj describe the γ → Vi/j transitions that are calculated based on vector meson dilepton width. CIP

and CIR are extracted from the Regge factorization hypothesis.
It was shown in 6 that the component is concentrated mainly at small photon transverse momenta

which at not too small subsystem energies corresponds to z ≈ ± 1. The Regge trajectories are usually
written in a linear form:

αIP(t/u) = αIP(0) + α′
IPt/u ,

αIR(t/u) = αIR(0) + α′
IRt/u . (2)

These linear forms are valid at not too large |t| or |u|. At large |t| or |u| the energy dependent factors
are artificially small. In 4 we proposed to smoothly switch off the t/u dependent terms in (2) at t, u ∼
-0.5 GeV2. The actual place where it should be done is not known precisely. Another option would be
to use

√
t/u trajectories 11,10.

We also analyzed in4 whether more heavy vector mesons such as J/ψ can give a sizeable contribution.
For the double J/ψ fluctuations (both photons fluctuate into virtual J/ψ mesons) we took the

following Ansatz for the helicity conserving amplitude:

MJ/ψJ/ψ
V DM = g2J/ψC

J/ψ
IP

(
s

s0

)αJ/ψJ/ψ
IP

(t)−1

FHJ/ψJ/ψIP(t)F
H
J/ψJ/ψIP(t)

+ g2J/ψC
J/ψ
IP

(
s

s0

)αJ/ψJ/ψ
IP

(u)−1

FHJ/ψJ/ψIP(u)F
H
J/ψJ/ψIP(u) . (3)

In this case (double J/ψ fluctuations) only pomeron can be exchanged (no subleading reggeons are possible
due to the pure cc̄ structure of J/ψ ). In this case, for simplicity, we took the simplified trajectories as

α
J/ψJ/ψ
IP (t) = α

J/ψJ/ψ
IP (u) = α

J/ψJ/ψ
IP (0) . (4)

Here the t/u dependencies of the trajectories are totally ignored. In numerical calculations we take

α
J/ψJ/ψ
IP (0) = 1.3 − 1.4 (typical hard pomeron). Since the J/ψ mesons are far off-mass-shell and more

compact than light vector mesons the form factors are different than those for light vector mesons. In 4

we took them in the following form:

FHJ/ψJ/ψIP(t) = exp

(
t−m2

J/ψ

Λ2
J/ψ

)
, (5)

FHJ/ψJ/ΨIP(u) = exp

(
u−m2

J/ψ

Λ2
J/ψ

)
. (6)

These form factors are normalized to 1 on the meson (J/ψ) mass shell. One could also use monopole form
factors in this context. The form factors reduce the J/ψJ/ψ component of the amplitude in comparison
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to light vector meson components. However, due to compactness of J/ψ we expect ΛJ/ψ to be large. In
4we took ΛJ/ψ = 2 GeV for illustration, the actual value is not precisely known. Also, the normalization

parameter C
J/ψ
IP is not well known. It is expected to be smaller than for light vector mesons.

In a similar fashion, one could include one J/ψ fluctuation and one light vector meson fluctuation.
However, there the choice of trajectories is not clear. We will leave the discussion of these components
for future studies.

In4 we assumed the following helicity structure of the double photon hadronic fluctuation amplitude:

M(t)
λ1λ2→λ3λ4

= A(t) δλ1λ3
δλ2λ4

, (7)

M(u)
λ1λ2→λ3λ4

= A(u) δλ1λ4
δλ2λ3

. (8)

A(t) and A(u) are given explicitly in (1). Then the total double VDM amplitude, including t and u
processes, reads:

MV DM
λ1λ2→λ3λ4

=
1√
2

(
MV DM,(t)

λ1λ2→λ3λ4
+MV DM,(u)

λ1λ2→λ3λ4

)
. (9)

Now we can add amplitudes for different mechanisms:

Mλ1λ2→λ3λ4 = Mboxes
λ1λ2→λ3λ4

+MV DM
λ1λ2→λ3λ4

+Mπ0

λ1λ2→λ3λ4
+ ... . (10)

In the following, we shall discuss the sum of the larger two components (boxes and VDM) and quantify
their interference effects.

2.2 Cross section for nuclear UPC

In 4 the nuclear cross section is calculated using equivalent photon approximation (EPA) in the b-space.
In this approach, the diphoton cross section can be written as (see 6):

dσ(PbPb→ PbPbγγ)

dyγ1dyγ2dpt,γ
=

∫
dσγγ→γγ(Wγγ)

dz
N(ω1, b1)N(ω2, b2)S

2
abs(b)

× d2bdb̄xdb̄y
Wγγ

2

dWγγdYγγ
dyγ1dyγ2dpt,γ

dz , (11)

where b̄x = (b1x + b2x) /2 and b̄y = (b1y + b2y) /2. The relation between b⃗1, b⃗2 and impact parameter:

b = |⃗b| =
√

|⃗b1|2 + |⃗b2|2 − 2|⃗b1||⃗b2| cosϕ. Absorption factor S2
abs(b) in

4was calculated as:

S2
abs(b) = Θ(b− bmax) (12)

or

S2
abs(b) = exp (−σNNTAA(b)) , (13)

where σNN is the energy-dependent nucleon-nucleon interaction cross section, and TAA(b) is related to
the so-called nuclear thickness, TA(b),

TAA

(
|⃗b|
)
=

∫
d2ρTA

(
ρ⃗− b⃗

)
TA (ρ) , (14)

and the nuclear thickness is obtained by integrating the nuclear density

TA (ρ⃗) =

∫
ρA (r⃗) dz, r⃗ = (ρ⃗, z) , (15)

where ρA is the nuclear charge distribution. The nuclear photon fluxes N(ω1, b1) and N(ω2, b2) are
calculated using realistic charge distribution.

Very often the UPC results are shown only with a sharp cut on the impact parameter, usually taken
as a sum of two radii of the nuclei, i.e. b > RA + RB ≈ 14 fm for Pb+Pb collisions. Due to the no
homogeneous nuclear charge distribution, it seems to be more reasonable to use the absorption factor
given by Eq. (13).
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2.3 Background contribution

As shown in 3 the γγ → π0(→ 2γ)π0(→ 2γ) reaction constitutes a background for the measurement of
γγ → γγ process at intermediate Mγγ .

In our approach the calculation of the background proceeds in three steps. First, the cross section
for γγ → π0π0 is calculated (for details, see 12). Next the cross section for AA→ AAπ0π0 is computed in
the equivalent photon approximation in an analogous way as described in the subsection above. In the
last step the simulation of both π0 decays is performed and joint distributions of one photon from the
first π0 and one photon from the second π0 are constructed.

3 Selected results

3.1 Elementary cross section

In Fig. 2 we show dσ/dz for γγ → γγ for (a) boxes, (b) double hadronic fluctuation calculated within
the VDM-Regge approach and (c) the π0-exchange calculated as in Ref. 5. Results are presented for five
energies in the range of (1− 50) GeV. At larger energies, the VDM-Regge contribution peaks at z = ±1.
On the other hand, the π0 exchange contribution has minima at z = ±1 which is due to the structure
of corresponding vertices. The latter contribution is relatively small. In general, the box contributions
dominate, especially for low photon-photon scattering energies. At larger scattering energies (Wγγ > 2
GeV) the VDM-Regge contribution competes with the box contributions only at z ∼ ±1. Can one expect
sizeable interference effects of both mechanisms?
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Figure 2 – cos(θ) distributions for (a) boxes, (b) double hadronic fluctuations and (c) π0 exchange for different
photon-photon collision energies W = 1, 2, 5, 10, 20, 50 GeV.

Now we wish to discuss briefly the second biggest contribution: double photon fluctuations. The
results are shown in Fig.2. In 4 we includeed both light vector mesons ρ0, ω, ϕ) as well as J/ψ (one or
two) as described in the theoretical section. Our results, for two collision energies (W = 2, 5 GeV), are
shown in Fig.3. The dotted line includes only light vector meson fluctuations, the dashed line in addition
double J/ψ fluctuations and the solid line all combinations of photon fluctuations. The inclusion of J/ψ
meson fluctuations leads to an enhancement of the cross section at -0.5 < z < 0.5. The enhancement
is more spectacular for larger collision energy. The corresponding cross section there is, however, much
smaller than the box contribution (see Fig.2).

Now we wish to concentrate on how the elementary cross section changes when adding the box and
VDM-Regge contributions. This is shown in Fig.4. The red line represents the incoherent sum, while
the blue line includes also interference effects. In this calculation, the so-called “sqrt” trajectories 10,11

were used. one observes a negative interference effect. Adding the remaining contributions would lead to
additional deviations.
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3.2 Heavy ion UPC

To summarize the present status of γγ → γγ scattering in Fig.3.2 we confront results of our calculation
with current ATLAS data 13. We discuss also how the results depend on the treatment of absorption
corrections. The results of the two different approximations (as described in the figure caption) almost
coincide. For comparison, we show also results obtained with the SuperChic generator14. In general, there
is reasonable agreement of the Standard Model predictions with the ATLAS data. Similar agreement is
achieved for the CMS data.

Many light vector mesons have large coupling to two photons. In 5 for a first time the role of
resonances was discussed, for elementary cross section only. In Fig.6 we show the contributions of light
mesonic photon-photon resonances for heavy ion UPC. The results shown are for a broad range of photon
rapidities and transverse momenta. We show distribution in diphoton inariant mass (left) and photon
transverse momentum (right). It is obvious that elimination of the resonance contributions may be
difficult. But perhaps it is not necessary as the mesonic resonance contributions are a part of photon-
photon scattering. The cuts used by ATLAS or CMS allowed to eliminate the contributions of light
mesons. The contribution of heavy mesons is expected to be small.

The FoCal detector planned for Run 4 was described in 8. It is a general purpose detector. It can
also measure photons. We start our presentation from the results when both photons are measured by
FoCal. In Fig.7 (a) we show results when both photons have energies bigger than 200 MeV. In addition,
we show the contribution of the π0π0 background. In this case, only two photons are measured. Without
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Figure 6 – Box versus resonance contributions for diphoton invariant mass (left) and photon transverse momentum
(right).

additional cuts, the background is clearly bigger than the signal. However, by imposing extra conditions
on vector asymmetry, we can lower the background contribution.

In Fig.8 we show similar distributions but for pt > 0.2 GeV and combined ALICE and FoCal rapidity
region. Here in some regions of the phase space, the VDM-Regge contribution could be seen as 10%
modification of the cross section with respect to the calculations with only boxes. Here the separated
VDM-Regge component is even bigger. We conclude that already at Run 4 one could indirectly observe
a signature of mechanisms other than fermionic boxes.

Now we will show distributions relevant for the ALICE 3 detector.

In Fig. 9 we show distributions in diphoton invariant mass for photons −4 < y1, y2 < 4 and
Eγ > 50 MeV (see Ref. 9). We show the light-by-light box contribution (solid line) as well as the
π0π0 background contribution (red lines). At diphoton invariant masses, 0.5 GeV < Mγγ < 1 GeV, the
background contribution is almost as big as the signal contribution. As discussed in 3 it can be to some
extent reduced. Although the background is smaller than fermionic boxes in the full range of diphoton
invariant mass, it can be further reduced by imposing the cut on |p⃗1t + p⃗2t| < 0.1 GeV and vector asym-
metry AV < 0.02. Imposing a cut on the background causes that the background in the whole diphoton
invariant mass range is much smaller than the signal.

In Fig. 10 we show distribution in ydiff = y1−y2. Again different contributions are shown separately.
The results for the double-π0 background contribution are particularly interesting. It has a maximal
contribution at ydiff = 0 and drops quickly for larger |ydiff |. An extra cut on ydiff could therefore
considerably reduce the unwanted double-π0 contribution. In Fig. 10 we show what happens when
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Figure 8 – Prediction for the FoCal detector in association with mid-rapidity ALICE detector for photons: pt >
200 MeV, diphoton mass Mγγ > 400 MeV and photon rapidities |y1| < 0.9 and y2 ∈ (3.4, 5.8). The blue line
corresponds to fermionic loops and the green lines to the VDM-Regge contribution. (a) Diphoton invariant mass
distribution, (b) photon transverse momentum distribution, (c) ratio of the VDM-Regge (Wγγ > 1 GeV) and box
contributions as a function of di-photon invariant mass. No interference effects were included here.

imposing the cut on ydiff . The effect of such a cut on box contribution is relatively small but leads to a
huge reduction of the π0π0 background. The effect of the cut is much larger for small Mγγ and therefore
could be avoided if one is interested in this region of energies.

In Fig.11 we show distribution inMγγ (a) and pt (b) for a planned special photon detector in forward
direction 3 < yγ < 5. Here pt > 5 MeV was imposed as described in Ref. 9. We show that at low Mγγ

and low pt the LbL signal by far exceeds the π0π0 background, even without including any suppression
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Figure 10 – Differential cross section as a function of ydiff = y1−y2 for extended ALICE 3 kinematics: |y1/2| < 4
and Eγ > 50 MeV. Results are presented for boxes, resonances, VDM-Regge and double-π0 background.

condition for the background. Here we assumed 2 π azimuthal coverage of the planned special photon
detector. The special detector having the planned very small transverse momentum coverage should allow
to measure completely new, low energy, regime of photon-photon scattering. Here both background and
mesonic resonance contributions should be absent.

4 Conclusions

Recently we discussed different mechanisms of γγ → γγ scattering such as leptonic/quarkish boxes,
double hadronic fluctuations, neutral t/u-channel pion exchanges and two-gluon exchanges. Possible
effects of the searched for subleading mechanisms have been discussed. The latter contributions turned
out difficult to be identified in ATLAS and CMS measurements. We have discussed possible interference
effect of box and double-hadronic fluctuations for γγ → γγ scattering for future measurements.

In the literature only the box contributions were discussed before. We have tried to identify the
region where the other contributions could appear. In addition we discussed how to reduce the unwanted
γγ → π0π0 background.

The FoCal project does not seem to allow for breakthroughs for LbL scattering. but may be used to
supplement the ALICE, not yet officially presented, experimental studies.

We have also made predictions for the ALICE 3 (−4 < yγ < 4) and for a planned special soft
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Figure 11 – Prediction for the ALICE 3 experiment for soft photons: pt = (5 − 50) MeV and photon rapidities
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diphoton invariant mass distribution, (b) photon transverse momentum distribution.

photon detector (3 < yγ < 5). We have shown that by imposing a cut on ydiff = y1 − y2 one can
efficiently eliminate the unwanted π0π0 background. The soft photon detector can be used to measure
the γγ → γγ scattering at extremely small energies, Wγγ < 0.05 GeV. Therefore we conclude that the
ALICE 3 infrastructure will be extremely useful to study the γγ → γγ scattering in a new, not yet
explored, domain of energies and transverse momenta. In this domain the π0π0 background can to large
extent be eliminated.

In our recent calculations we used EPA in the impact parameter space. In the future one can try
to use also so-called Wigner function approach used for e+e− production in semi-peripheral lead-lead
collisions (never used for the di-photon production). This goes, however, beyond the scope of the first
exploratory study.
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The ALICE experiment has undergone a major detector upgrade for Run 3, expanding its
detection capabilities for a wide variety of studies. The new continuous readout has signifi-
cantly enhanced the physics potential for ultra-peripheral collision analyses. In this talk, we
discussed some of the physics analyses that can be carried out in ultra-peripheral collisions
using the Run 3 data and presented some of the first physics performance plots in both proton-
proton and heavy-ion collisions.
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Keywords: UPC, ALICE, Run 3, continuous readout

1 Introduction

An ultra-peripheral collision (UPC) occurs when two relativistic heavy ions interact at very high energies
with an impact parameter larger than the sum of the radii of the colliding nuclei. In a UPC, the two ions
approach each other closely, but due to their high electric charge, they can interact electromagnetically
without colliding nucleons. This leads to phenomena such as photonuclear interactions, where one or
both ions emit photons that interact with the other. The hadronic process is suppressed in UPC due to
the large impact parameter interaction. Either ion can emit a quasi-real photon, that can interact with a
Pomeron and produce, for example, only a vector meson in the final state. This class of UPC interactions
is known as the exclusive process (left Fig. 1). The exclusive process can be divided into two sub-classes:
coherent process (photon interacts with whole nucleus) and incoherent (photon interacts with some of
the nucleons). In the exclusive process, both the projectile and target remain intact. The photon can
also break up the target as shown in the right Fig. 1.

UPCs provide a great tool to probe the nucleus and nucleons. LHC can produce UPCs at luminosities
and energies beyond what is achievable in any other collider. For example, the LHC can reach γp (photon-
proton) energies ten times higher than those achieved at the Hadron-Electron Ring Accelerator (HERA).
Consequently, in UPCs it is possible to probe lower Bjorken −x values down to 10−6 for the study of
nuclear shadowing (and possibly gluon saturation) region of gluon distribution in the target nucleus [1].
ALICE has provided a rich variety of UPC physics studies with the data collected in the LHC Run 1
and Run 2 [2]. In the Run 3 program, ALICE continuous readout offers unique advantages for studying
UPCs, including its good acceptance for both charged particles at low transverse momentum (pT) and
excellent particle identification at midrapidity, which allows for precise characterization of the particles
produced in UPCs [3].

Figure 1 – Typical exclusive vector meson production in UPC (left). The photon can also break up the target
(right).

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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2 The ALICE experiment in Run 3

In ALICE, one can study UPC physics at mid-, forward, and semi-forward (one track in the central
barrel and one track in the muon arm) rapidity (see Fig. 4). At midrapidity, the track reconstruction
and particle identification are done using data from the detectors: Inner Tracking System (ITS) [4], Time
Projection Chamber (TPC) [5], Time of Flight (TOF) [6] and Transition Radiation Detector (TRD) [7].
At forward rapidity ALICE reconstructs muons using a muon spectrometer [8]. The interaction rate was
8 kHz for Pb–Pb and 100 kHz for pp collisions in Run 2. The ALICE experiment underwent a major
upgrade to cope with an increased interaction rate of up to 50 kHz for Pb-Pb, 500 kHz for p-Pb and 1
MHz for pp collisions in continuous readout mode. A new Forward Interaction Trigger (FIT) replaced
the V0 and T0 detectors and AD (used for trigger purposes in Run 2) [9]. The FIT detectors are placed
on either side (A and C) of the interaction point, namely FT0A, FT0C, FV0A, FDDA, and FDDC. FIT
provides veto on forward rapidity activity for UPC and diffractive physics studies and is also important
for measuring the collision time and determining global collision parameters [9].

The upgraded ITS detector (ITS2) is a full silicon pixel detector and consists of 7 layers with an
extended acceptance of pseudo-rapidity coverage |η| < 1.22. ITS2 provides improved tracking efficiency,
particle detection, and pT resolution down to low pT at 500 MeV/c. ITS2 is capable of providing a
standalone reconstruction of tracks along with improved reconstruction of the primary and secondary
vertices (originating from heavy-flavour hadrons) [10]. TPC has been upgraded with a GEM-based
readout to cope with the high interaction rate and also retains excellent particle identification [13]. Both
ITS2 and upgraded TPC are very important for UPC measurements of lower momentum particles at
midrapidity (|η| < 0.9). The readout for TOF, the Zero Degree Calorimeter (ZDC), and the muon arm
have been improved. In particular, TOF has now an excellent time resolution of 56 ps and improved
particle identification which can be useful for UPC measurements for particles with relatively higher
momentum [14].

The MCH has been upgraded, and the muon trigger system has been replaced with the Muon Identifier
(MID) [11]. A new addition to the muon arm is the Muon Forward Tracker (MFT) [12]. Especially, MFT
extends tracking for charged particles to |η| ∼ 3.6 and also enables secondary vertexing for heavy-flavour
measurements. Not only UPC quarkonia but also open heavy-flavour measurements are possible with
MFT. The upgraded muon spectrometer with MFT can also be used to measure UPC low-mass vector
mesons at forward rapidity thanks to reduced combinatorial background and improved mass resolution.
The ZDC is used for UPC studies associated with neutron and proton emissions [15].

2.1 New common online-offline computing system

ALICE now has a whole new software framework to process data samples more than 1000 times in pp
and about 100 times in Pb-Pb collisions than the combined Run 1 and Run 2 samples at midrapidity.
This software integrates online data taking using a new central trigger processor (CTP) and Data Quality
Acquisition (DAQ)/Offline architecture as well as the analysis framework known as Online-Offline (O2)
software [16].

The ALICE Central Trigger Processor (CTP) was used in Run 2. The Local Trigger Unit (LTU)
board for each detector has provided the detector readout using the Trigger-Timing-Control (TTC). In
Run 3, the ALICE detectors are self-triggered. The new CTP provides time stamps to synchronize data
from different detectors, meaning no discrete events but a continuous data stream [17]. Software trigger
is applied on the analysis level. The lack of any hardware trigger is referred to as ’trigger-less mode’.
The data flow in the current Run 3 setup is shown in Fig. 2.

Figure 2 – Schematic view of data-taking procedure.
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3 Progress on UPCs at ALICE

ALICE has come a long way with UPC physics from Run 1 to Run 2 [2]. If we take the example of
coherent ρ0 meson photoproduction, yield statistics had increased 10-fold during Run 2 at midrapidity
(see Fig. 3). The collected integrated luminosity in Run 2 was 1 nb−1, and the expected luminosity to
reach during Run 3 and Run 4 is 13 nb−1 in total. A significant increase in statistics in Run 3 is possible
with continuous readout [18].

Figure 3 – a) Run 1 : ∼ 7k events [19]. b) Run 2 : ∼ 60k events [20].

3.1 Datasets available for UPC in Run 3

First Pb-Pb data taking with 2 kHz hadronic interaction rate was recorded on 26th September 2023. Data
are taken successfully with 45 kHz Hadronic Interaction Rate. The total collected integrated luminosity
in 2023 is about 1.5 nb−1 for UPC events. The data sample for minimum bias events collected in Run
3 at the end of 2023 is 40 times larger than Run 1 and Run 2 combined. The value 1.5 nb−1 is 3000
times larger than integrated luminosity used in ρ0 analysis of Run 2 data. About 29 pb−1 of integrated
luminosity was recorded in pp collisions at

√
s = 13.6 TeV in 2022 and 2023. The collected luminosity of

total triggered events was ∼ 8 pb−1 in Run 2 for pp collisions. The data in pp collisions are important for
studying Central Exclusive Production (CEP), which is discussed in Section 5. In Run 2, the study of CEP
events was not possible since the collected data with high multiplicity in V0 and MUON, Electromagnetic
Calorimeter and TRD triggers were most likely to exclude all CEP events in pp collisions.

3.2 UPC event selection

As in Run 2, selecting an exclusive vector meson requires two opposite sign tracks with no signal in the
FIT detectors (see Fig. 4). The coherent (pVM

T ∼ 1/RPb = 50 MeV) and incoherent (pVM
T ∼ 1/Rp =

400 MeV) can be separated by selecting the pT scale of the system. Further, a veto can be applied on
the ZDC signal for truly exclusive events or associated neutron emission processes can be studied using
the ZDC signal. The ALICE trigger-less readout offers the possibility to veto signals coming from the
individual A-side and C-side FIT subdetectors and performing a selection of inclusive and semi-inclusive
UPC events.

3.3 Ongoing UPC activity in Run 3

At present, among the ongoing photoproduction analyses using Run 3 data are the coherent ρ0 at midra-
pidity and coherent J/ψ at forward rapidity worth mentioning. These are chosen as Run 2 reference
analyses to evaluate the performance of the ALICE reconstruction software in Run 3. The performance
examples of these two analyses are shown in Fig. 5. Clear resonance peak of coherent ρ0 in Pb-Pb UPCs
at

√
sNN = 5.36 TeV is observed. The transverse momentum distribution of the photoproduced J/ψ in

Fig. 5 shows both coherent and incoherent processes.
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Figure 4 – UPC event in Run 2 at forward rapidity (left) and UPC event in Run 3 at midrapidity (right).
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Figure 5 – Coherent ρ0 invariant mass distribution (left) and pT distribution of exclusive J/ψ (right).

4 UPC physics prospects in Run 3 and beyond

4.1 Exclusive vector meson photoproduction

As discussed in Section 3, a significant increase in integrated luminosity allows the precision study of
vector meson photoproduction in UPCs with Run 3 data. For example, experimental uncertainties for
nuclear suppression factor for γ+Pb→ J/ψ+Pb processes are expected to be at the level of 4% [18] while
in Run 2 measurements these were of the order of ∼ 10 % [21]. It is also possible to analyse double vector
meson photoproduction of higher quarkonium states such as ψ(2S) and Υ(ns) with abundant exclusive
UPC events [22]. In addition, the Run 3 data opens the possibility of measuring strangeness in UPC in
particular ϕ(1020) → K+ +K−. Photo-production of K+K− pairs has been measured with Run 2 data
in ALICE [23]. It will be possible to measure the exclusive photoproduction of a much wider range of
particles, including excited vector mesons and searches for exotica, e.g. X(3872).

4.2 Exclusive vector meson photoproduction with FoCal

The Forward Calorimeter (FoCal) is part of the ALICE upgrade for Run 4 (starting from 2029). It
will be positioned 7 m from the interaction point on the A-side, covering 3.4 < η < 5.8. As shown in
Ref. [24], the FoCal will provide access to the kinematic region where the gluon saturation phenomena
dominate. The future measurements of the energy dependence of J/ψ photoproduction will provide a
direct model-independent probe for gluon saturation with large statistics and more forward acceptance
in p-Pb and Pb-Pb UPC collisions. The ratio of exclusive ψ(2S) to J/ψ photoproduction cross section
as a function of the energy (Wγp) using the muon arm data in Run 3 alone shows sensitivity to the gluon
saturation as shown in Fig. 6. FoCal will enable a comprehensive study at the highest energy point (see
Fig. 6). The projections are also shown for dissociative J/ψ in Run 3 with FOCAL acceptance in Run 4,
which is sensitive to the gluon saturation [24].
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Figure 6 – Projection of ALICE Run 3 with Focal acceptance in Run 4 ratio of energy dependence: Exclusive
ψ(2S) to J/ψ photoproduction cross section (left) and dissociative J/ψ to exclusive J/ψ photoproduction cross
sections (right).

4.3 Search for new particles and inclusive UPCs

The trigger-less data taking enables ALICE to study inclusive, inelastic photonuclear processes, e.g.
inclusive J/ψ, jets in UPCs. The inclusive processes have never been studied at LHC so far; only results
from HERA are available in the field of inelastic photonuclear interactions. This opens the possibility for
studying open heavy flavours like D0 in UPCs. Unlike vector meson photoproductions, a single gluon is
involved, resulting in a 5 to 10 times larger cross section than for charmonia [25,26].

The continuous readout also may enable the possibility to measure the rare fundamental QED pro-
cess γγ → γγ interactions with ALICE, known as light-by-light scattering. The search for Axion Like
Particles (ALPs) is done while measuring light-by-light scattering in Pb-Pb and looking for resonances in
the invariant mass distributions as ALPs can couple to photons in the initial or final state of γγ → γγ.
Previously measured by ATLAS [27] and CMS [28] in Run 2. As discussed here [29], ALICE can po-
tentially go down to 1 GeV to study elastic γγ → γγ scattering, focusing on low diphoton invariant
masses below 5 GeV/c2 (see Fig. 7). However, the considered backgrounds (e.g. direct ηc production) are
underestimated as the calculation does not include soft photons coming from radiative decays of vector
mesons such as γ+Pomeron− > J/ψ− > ηc +γ [30]. Measuring ALPs is very challenging with the Run 3
setup as ALICE calorimeters can not measure low momenta neutral particles with high resolutions which
will be possible in the Run 5 ALICE 3 program [31].

Figure 7 – The light-by-light scattering process (left) and contributions from resonances decays into two photons
as a function of the invariant mass (right) [29].
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Another potential scenario is the direct measurement of τ anomalous magnetic moment (aτ = (g −
2)/2) in Run 3 with UPCs by studying γγ → τ+τ+ channel. The results from ATLAS [32] and CMS [33]
using muon and one track (e, µ, hadron), three tracks ( 3 hadrons) and electron topologies show precision
similar to that achieved by DELPHI. This value is sensitive to many beyond-standard models (BSM)
such as supersymmetry (δaτ = m2

τ/M
2). Run 3 provides luminosity to perform such studies in ALICE.

The ALICE acceptance can allow us to perform these measurements down to low pT tracks and possibly
constrains the uncertainty limits twice than is measured by ATLAS (Fig. 8).

Figure 8 – The value of aτ measured by ATLAS (left) and ALICE simulation with Run 3 acceptance for aτ
(right) [32].

In γγ interactions, it is also possible to study heavy tetra quark states γγ → T4Q → 4l in UPC Pb-Pb
collisions. Prediction for X(6900) → J/ψJ/ψ and X(19000) → ΥΥ within the ALICE kinematic range
are discussed in Ref. [34]. An estimate of 100 events of charm tetra quark is expected before acceptance
efficiency correction.

5 Central exclusive production in pp collisions

Run 3 has opened the possibility to explore Central Exclusive Production (CEP) events in pp collisions
to a new extent, which was not possible during Run 1 or Run 2. CEP events are studied using double-
gap topology in the ALICE central barrel at mid-rapidity. Tracks are selected within the central barrel,
having no signal on the FIT detectors. Several such diffraction processes are of interest, as shown in
Fig. 9.

Figure 9 – Schematic diagram of various CEP events.
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As mentioned in Section 3, the minimum bias data collected in pp collisions in Run 3 in 2022 and
2023 is more than 3 times than Run 2. After using the double gap topology, the events are selected with
two opposite charge tracks. Then, the particle identification is carried out by TPC down to low pT based
on specific energy loss (pion, kaon hypothesis). Such analyses show visible resonances in raw invariant
mass distributions of opposite-sign pions and kaons (see Fig. 10). It will be possible to study strangeness
in double gap events with ϕ1020 and f2(1525) states.

Figure 10 – Raw invariant mass distributions of two pions and two kaons candidates of CEP events in pp collisions.

6 Summary

The field of UPCs in Run 3 and Run 4 is of great scientific interest. ALICE has already collected intriguing
data from both Pb-Pb and pp collisions, with upcoming prospects for p-Pb data collection. These
endeavours promise precision measurements of non-linear QCD effects such as saturation, the discovery
of new resonances, and the exploration of new physics phenomena such as ALPs and Tetraquarks. UPCs
also offer avenues for investigating strangeness, heavy-quarkonia like Upsilon states, and open charm.
The new analysis framework is equipped to manage the anticipated event rates throughout Run 3 and
beyond.
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a Institute of Nuclear Physics, Polish Academy of Sciences,
ul. Radzikowskiego 152, PL-31-342 Kraków, Poland

b Physics and Mathematics Institute, Federal University of Pelotas,
Postal Code 354, 96010-900, Pelotas, RS, Brazil

c College of Mathematics and Natural Sciences, University of Rzeszów,
ul. Pigonia 1, PL-35-310 Rzeszów, Poland

One of the main goals of future electron-ion colliders is to improve our understanding of
the structure of hadrons. We study the exclusive ηc production by γγ∗ interactions in eA
collisions and demonstrate that future experimental analysis of this process can be used to
improve the description of the transition form factor. The rapidity, transverse momentum and
photon virtuality distributions are estimated considering the energy and target configurations
expected to be present at the EIC, EicC and LHeC and assuming different predictions for the
light-front wave function of the meson. Our results indicate that the electron-ion colliders can
be considered an alternative for providing supplementary data to those obtained in colliders.
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1 Introduction

Studies of transition form factors in various processes can provide complementary information on quarko-
nium structure and exotic state compositions. We shortly remind the clue of the light front wave function
approach (LFWF) to the photon-photon transition form factor. In Fig. 1, we depict an example of photon-
photon fusion in e+e− collision. We consider the space-like region, where both photons are off-shell. In
the LFWF approach, we assume that the dominant contribution in the light front Fock state expansion
is the QQ̄ component:

|ηc;P+, P⃗⊥⟩ =
∑

i,j,λ,λ̄

δij√
Nc

∫
dzd2k⃗⊥

z(1− z)16π3
Ψλλ̄(z, k⃗⊥)

∣∣Qiλ(zP+, p⃗⊥c)Q̄
j

λ̄
((1− z)P+, p⃗⊥c̄)

〉
+ . . . . (1)

Thus we consider the QQ̄ bound system in colour-singlet configuration. Here Ψλλ̄(z, k⃗⊥) is the correspond-
ing light front wave function. In ref.1,2, we describe in detail the procedure to construct the spin-orbit
part of the rest frame cc̄ wave function and the transformation to light-front via Melosh spin-rotation
matrix. The radial part is the solution of the Schrödinger equation for five potential models from the
literature, mapped to light-front representation. In the current analysis, we also employ a wave function
obtained from the Basis Light Front Quantisation (BLFQ) approach 3,4,5.

We can define transition form factor via covariant amplitude Mµν of the photon-photon to quark-
antiquark:

Mµν(γ
∗(q1)γ

∗(q2) → ηc) = 4παem (−i)εµναβqα1 qβ2 F (Q2
1, Q

2
2) . (2)

Above we denote photons four momenta as q1, q2, and εµναβ is the antisymmetric tensor. Remaining
indices µν refer to photon’s helicties eµ1 (λ1), e

ν
2(λ2), which depend on the chosen frame. In Refs. 1,6, we

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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Ψ(z, ~k⊥)

e−

e+

γ∗(Q2
1 = −q21)

γ∗(Q2
2 = −q22)

~k⊥ + z ~P⊥

−~k⊥ + (1 − z)~P⊥ ~P⊥ = ~q1⊥ + ~q2⊥

ηc(1S)

Figure 1 – The sketch of the photon-photon interaction in e+e− collision. Here photons are space-like, their
virtualities: Q2

1;2 > 0. Quark Q, and antiquark Q̄ carry the fraction of the meson P+ momenta z and (1 − z),

respectively, k⃗⊥ is relative momentum between quark and antiquark.

put into evidence that in the limit for Q2
2 → 0, transition form factor takes the form:

F (Q2, 0) = e2c
√
Nc 4

∫
dzd2k⃗⊥√

z(1− z)16π3

{
ψ̃↑↓(z, k⊥)

k⃗⊥ 2 + µ2
+

k⃗⊥ 2

[⃗k⊥ 2 + µ2]2

(
ψ̃↑↓(z, k⊥) +

mc

k⊥
ψ̃↑↑(z, k⊥)

)}
, (3)

with µ2 = z(1 − z)Q2 +m2
c , and the helicity components ψ̃↑↓(z, k⊥), ψ̃↑↑(z, k⊥) are related to the same

radial wave function ψ(z, k⊥) as:

ψ̃↑↓(z, k⊥) →
mc√
z(1− z)

ψ(z, k⊥) , and ψ̃↑↑(z, k⊥) →
−|⃗k⊥|√
z(1− z)

ψ(z, k⊥) , (4)

so that there appears cancellation of the terms in the round brackets in Eq. (3) 1. Other approaches,
such as the BLFQ approach of 3,4 do not guarantee this cancellation. In particular, at the on-shell point,
where two photons are real, the transition form factor is related to radiative decay width:

Γγγ→ηc
=
π

4
α2
emM

3
ηc
|F (0, 0)|2 , (5)

with αem being fine-structure constant.

2 Cross-section for one virtual photon in eA collision

The contribution of ηc production associated with photon-photon interactions is similar to a proton
target. It dominates when an ion is present, which is directly associated with nuclear charge squared
(Z2) enhancement present in the nuclear photon flux. This point is the main motivation for exclusive
analysis of ηc production, which can occur via photon-photon fusion in an electron-ion collision.

e−
e−

γ∗(Q2)

γ

c

c̄

ηc(y, p⊥)

A A

Figure 2 – Example illustration of an electron-ion collision involving one virtual photon. In particular we consider
ions: 197Au or 208Pb.
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Here we are interested in the process, where one of the photons has virtuality Q2, and the second
emitted by the ion is quasi-real, see Fig. 2. In order to describe exclusive production we can take advantage
of the factorisation formula

σ(eA→ eηcA) =

∫
dωedQ

2 d2Ne

dωedQ2
σ(γ∗A→ ηcA) , (6)

where the electron flux factor is given by 7

d2Ne

dωedQ2
=

αem

πωeQ2

[(
1− ωe

Ee

)(
1− Q2

min

Q2

)
+

ω2
e

2E2
e

]
. (7)

Here we denote ωe as the energy of the photon emitted by the electron with energy Ee. Constrains by the
maximum of the electron energy loss imply that Q2

min = m2
eω

2
e/[Ee(Ee−ωe)] and Q

2
max = 4Ee(Ee−ωe).

If we assume that the production of ηc is dominated by the subprocess γ∗γ → ηc, we can apply the
equivalent photon approximation in the form:

σ(γ∗A→ ηcA) =

∫
dωA

dN

dωA
σTT(γ

∗γ → ηc;Wγγ , Q
2, 0) , (8)

here the nucleus photon fluxes for a photon with energy ωA are found to be 8,9,10,11,12

dN

dωA
=

2Z2αem

πωA

[
ξK0(ξ)K1(ξ)−

ξ2

2
(K2

1 (ξ)−K2
0 (ξ))

]
. (9)

Here ξ = RAωA/γL, with RA = r0A
1/3, and r0 = 1.1 fm is the nuclear radius, γL is the Lorentz factor.

The modified Bessel functions are K0 and K1. We can express the photon-photon center of mass energy
Wγ∗γ by transverse momentum of the meson in the final state p⊥:

Wγγ =
√

4ωeωA − p2⊥ , (10)

where p2⊥ =
(
1− ωe

Ee

)
Q2 . Moreover, in an electron-ion cm frame we can find the energies of the photon

in terms of the rapidity of the final state:

ωe =

√
M2

ηc
+ p2⊥

2
e+y and ωA =

√
M2

ηc
+ p2⊥

2
e−y . (11)

This brings us to the main ingredient of calculation of the exclusive production, mainly the cross-section
of the subprocess γ∗γ → ηc. The standard formulation of the cross-section in case of two virtual photons
reads 7,13:

σTT(Wγγ , Q
2
1, Q

2
2) =

1

4
√
X

Mηc
Γtot

(W 2
γγ −M2

ηc
)2 +M2

ηc
Γ2
tot

M∗(++)M(++) , (12)

with the kinematic factor X = (q1 · q2)2 − q21q
2
2 , and the photon virtualities being defined by Q2

i = −q2i .
We can use Eq. (5) and the narrow width approximation in Eq. 12, thus we obtain:

σTT(Wγγ , Q
2, 0) ≈ 8π2 δ(W 2

γγ −M2
ηc
)
Γγγ

Mηc

(
1 +

Q2

M2
ηc

)(F (Q2, 0)

F (0, 0)

)2

, (13)

Wrapping up the formulas above, we can write the total cross-section as follows:

σ(γ∗A→ ηcA) =
dN

dωA

∣∣∣∣∣
ωA=(M2

ηc
+p2

⊥)/(4ωe)

8π2 1

4ωe

Γγγ

Mηc

(
1 +

Q2

M2
ηc

)(F (Q2, 0)

F (0, 0)

)2

. (14)

3 Numerical analysis and conclusions

In the numerical analysis, we consider energy and target configurations expected to be available at the
EIC (BNL)14,15,16,17,18,19, EicC (China) 20 and LHeC (CERN) 21. As the future electron-ion collider at
BNL will reach luminosities in the 1033 − 1034 cm−2s−1 range, in our analysis, we assume two ranges to
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Figure 3 – Differential distribution in photon virtuality multiplied by Q2 for four energy ranges: lower energy
range EIC (LE-EIC), higher energy range (HE-EIC), electron-ion collider in China (EicC) and a large hadron-
electron collider (LHeC).

be for the electron and Au - ion energies: (a) (Ee, EAu) = (2.5, 41) GeV and (b) (Ee, EAu) = (18, 100)
GeV. In Fig. 3 6, we labelled these two setups as LE - EIC, and HE - EIC, respectively. In the case of
EicC predictions, we are concerned with: Ee = 3.5 GeV, EAu = 10 GeV and L = 1033 cm−2s−1), and
for LHeC: Ee = 50 GeV, EPb = 2760 GeV and L = 1032 cm−2s−1. The electron tagging in the final
state could provide Q2 dependence on the differential distribution Q2dσ/dQ2, see Fig.3 6. Our model
for the Cornell wave function gives generally larger values. The predictions obtained from the harmonic
oscillator and power-like model of the wave function are rather similar to each other in the same manner
as results for the BLFQ, Buchmüller-Tye and logarithmic models. The difference between the predictions
increases with the center-of-mass energies. The results show that the distribution analysis considered
in this letter can be useful for constraining the transition factor6. The numerical results for the total
cross-section in the range of 50GeV2 > Q2 > 0.5GeV2 gives approximately 0.1-60 nb.

Our results strongly encourage a more detailed study, which includes realistic experimental limitations
for the detectors proposed for installation in the BNL EIC, which we plan to perform in future studies.
In principle, analysis can be extended to other final states that the γ∗γ interaction can produce.
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Photo-nuclear collisions in Pythia 8
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We present a new extension in Pythia Monte Carlo event generator that allows to simulate
the leading contribution in collisions of a real photon and a heavy ion. The model is based on
a vector meson dominance (VMD) where a real photon is modelled as a linear combination
of different vector-meson states, and an extension of Angantyr, the heavy-ion model in
Pythia, that allow simulations of a generic hadron colliding with an ion target. We first
verify the VMD implementation by comparing simulations to HERA photoproduction data.
Then we present simulated results corresponding to event selection criteria applied in a recent
ATLAS analysis for ultra-peripheral Pb-Pb collisions at the LHC. We find that the simulated
results are in line with the ATLAS data when accounting for the limited detector efficiency for
charged-particle reconstruction. We also consider two-particle correlations and study whether
the simulated events reproduce the collective behaviour seen in the ATLAS γ-Pb data.

DOI: https://doi.org/10.17161/9279nk67

Keywords: Monte Carlo event generation, Ultra-peripheral collisions, photoproduction, charged-
particle production, collectivity

1 Introduction

Ultraperipheral heavy ion collisions (UPCs)1,2 provide the first opportunity to study photo-nuclear in-
teractions at collider energies. In addition to exclusive processes, the photon projectile emitted by the
other beam nucleus may also break up the target nucleon in the interaction. Such collisions result as a
complex hadronic final state. Monte Carlo event generators provide the necessary modelling to describe
the collision process from the primary scattering to the long-lived hadrons measured in the detectors.
The highly-virtual partons created in the hard scattering are evolved with DGLAP evolution equations
to generate QCD radiation in the collinear approximation3 and after reaching non-perturbative scales,
the partons form colour-neutral hadronic states that decay into stable ones. In case of hadronic collisions
additional particle production takes place from multiparton interactions (MPIs) and beam remnants4.

In this work we present the necessary extensions to the Pythia Monte Carlo event generator5 that
allows to simulate UPCs. We model the flux of photons from heavy nuclei using equivalent photon
approximation (EPA)6. Unlike in the case of point-like leptons, the virtuality of photons emitted by
charged hadrons and nuclei are limited and thus these can be assumed as real photons. Such photons can
fluctuate into a hadronic state and simulations for these events will require all the same components as
any other hadronic collision including beam remnants and MPIs. Furthermore, in case of nuclear target
also subsequent collisions with multiple nucleons needs to be accounted for.

The main motivation for the present extensions is provided by the recent ATLAS analysis7 which
studies the charged-particle production in UPCs at the LHC. An interesting observation in the analysis
was the finite values for Fourier coefficients fitted to two-particle azimuthal correlations using a template
fitting procedure. Such effects are typically connected to hydrodynamic flow in heavy-ion collisions. In
this study we compare the simulated results to the measurement including multiplicity and pseudorapidity
distributions and perform a similar template fitting to two-particle correlations. Such a setup is not only
relevant for the UPCs at the LHC but similar γ-A processes can be studied also in future Electron-Ion
Collider (EIC)8.

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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2 Theoretical background

2.1 Structure of a real photon

For hard-process generation that initiates the simulation chain we apply collinear factorization. In this
framework the long-distance physics describing the structure of the incoming beams can be factorized
from the short-distance interactions that can be calcuated with perturbative QCD (pQCD). The structure
of hadrons can be encoded into parton distribution functions (PDFs), f A

i (xA, µ
2), which describe the

number distribution of parton i at the momentum fraction xA inside a particle A when probed at scale
µ2. In this framework the differential cross section to produce two partons, k and l, in a photo-initiated
process can be computed from

dσAB→kl+X = f B
γ (x)⊗ f γ

j (xγ , µ
2)⊗ f A

i (xA, µ
2)⊗ dσij→kl, (1)

where f B
γ (x) is the photon flux from beam particle B and x the momentum fraction of the photon wrt.

the beam particle. The PDFs of the photon, f γ
j (xγ , µ

2) can be written as a sum of different components:
direct, anomalous and hadron-like

f γ
i (xγ , µ

2) = f γ,dir
i (xγ , µ

2) + f γ,anom
i (xγ , µ

2) + f γ,hl
i (xγ , µ

2). (2)

In case of direct contribution the incoming photon is simply the initiator of the hard process and we
can replace f γ,dir

i (xγ , µ
2) = δiγδ(1 − xγ). For the anomalous component, where the photon splits into

quark-antiquark pair perturbatively, the PDF can be directly calculated. For the hadron-like part the
scale evolution can still be derived from DGLAP equations but a non-perturbative input is needed. This
can either be fitted to data or it can be modelled with a vector-meson dominance (VMD) model where
this state is given by a linear combination of vector-meson states9. In this study we will consider both
approaches for the hadron-like part. Together with the anomalous part this form the resolved-photon
contribution. In case of VMD the cross section for the collision between a hadron-like photon and a
nucleon n is given by

σVMD−n =
∑
V

4παem

f2
V

σV−n, (3)

where the couplings fV can be obtained from data10.
When we apply the DGLAP-evolved PDFs for resolved photons with anomalous component, we need

to include a term describing the γ → qq̄ splitting into the parton-shower algorithm. Such a term is
included into the default parton shower in Pythia. Sampling such splitting during the evolution will
collapse the photon back to an unresolved state where no MPIs or beam remnants are needed.

2.2 Photon fluxes

The photon fluxes for different beam configurations can be calculated from EPA. In case of electron-proton
collisions the photon flux becomes

f e
γ (x,Q

2) =
αem

2π

1

Q2

1 + (1− x)2

x
, (4)

where the upper limit for the virtuality is obtained from the experimental setup and the lower limit
follows from kinematical consideration giving Q2

min ≈ m2
ex

2/(1 − x). Having the flux differential also in
Q2 allows for sampling of the virtuality and deriving complete kinematics of the event, including transverse
momentum of the outgoing lepton and the intermediate photon. Also photon flux from protons has been
implemented in Pythia where a form factor has to be included in the calculation to account for the finite
size of the emitting particle and to keep it intact.

In case of heavy ions it is more convenient to work out the flux in impact-parameter space as this
allows for a straightforward rejection of events where the beam particles would interact hadronically via
short-range strong interaction. Assuming a point-like flux and a sharp cut-off for the allowed impact
parameter values we have

f A
γ (x) =

2αemZ
2

xπ

[
ξ K1(ξ)K0(ξ)−

ξ2

2

(
K2

1 (ξ)−K2
0 (ξ)

)]
, (5)

where ξ = bmin xm, m is the per-nucleon mass for nucleus A and Ki modified Bessel functions of the
first kind. We select bmin = 2RA, where RA is the radius of the colliding nuclei to reject the nuclear
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Figure 1 – Multiplicity distribution in photoproduction in electron-proton collisions corresponding to event selec-
tion criteria in the ZEUS analysis from complete simulations (red) and from resolved (blue) and direct (green)
components separately.

overlap. This approximation works well in the kinematic region relevant for this study but break down
for final states which require a large energy for the intermediate photons11. In addition to hadronic
break-up probability factor it has been shown that to match the experimental event selection criteria also
a rejection for subsequent electro-magnetic interactions could be significant12.

3 Photoproduction in electron-proton collisions

Due to the low virtuality of photons emitted by charged hadrons and heavy ions, the UPC events are
similar to photoproduction that has been extensively studied with proton target in HERA collider. We
can therefore use these data to validate our implementation of photon structure and compare the VMD
approach to the full description of quasi-real photons. Here we will apply a recent ZEUS analysis13 which
focuses on high-multiplicity events where the resolved photons are expected to dominate the cross section.
As a validation for the previous statement we show the multiplicity distribution of charged particles from
our simulations in figure 1. In addition to the total multiplicity also the direct and resolved contributions
are shown separately. The direct contribution is at most 10% for events with around 10 charged particles.
Furthermore, in the region where Nch > 20, direct photons contribution well below 1% and can be safely
neglected in the following studies. We note that the definition of Nch does not include all particles in the
event but mathces the acceptance and particle-selection criteria applied in the ZEUS analysis.

We present comparisons with the simulated results and the data in figure 2 for charged-particle mul-
tiplicity, Nch, and pseudorapidity, η distribution. In case of simulation, we show results using the full
photoproduction setup as implemented in Pythia (gm-p) and by using only the VMD model (vmd-p).
Furthermore, we vary the parameter prefT,0, that controls the probability for MPIs, for both setups within

values prefT,0 = 3, 4 GeV. In case of Nch distribution we notice that the probability of large multiplicity

events are sensitive to the parameter value applied for prefT,0. Especially in case of full photoprodution
implementation we find a factor of five difference between the two applied values at the highest multplic-
ities. With the VMD-only calculation, with the two parameter values lead somewhat reduced variation.
More importantly we notice that the two applied approaches are in a good agreement with each other and
the data and that these data could provide further constraints for MPI modelling in photon-hadron col-
lisions. For the η distribution we again notice that the calculated results from both models are in a good
agreement with each other and the experimental data. As a large fraction of events passing the selection
criteria are from the low end of multiplicity distribution, the sensitivity to prefT,0 parameter is significantly
reduced compared to Nch distribution. We can thus conclude that, while there are some underlying the-
oretical uncertainty, both applied approaches, the full photoproduction model with the resolved-photon
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Figure 2 – Charged-particle multiplicity and rapidity distributions in photoproduction in electron-proton collisions
from a ZEUS analaysis compared with the simulations from full photoproduction (gm-p) model and VMD-based
implementation (vmd-p) for resolved photons with two different values for parameter prefT,0.

PDFs and the VMD-based model, are adequate to describe the minimum bias photon-proton collisions
especially in case of the high-multiplicity events.

4 Ultraperipheral collisions at the LHC

4.1 Photon-ion collisions

As a first step for full model for interactions between a real photon and a heavy nucleus in ultraperipheral
heavy-ion collisions we have extended recent work that enable generation of collisions with generic hadron
beams with varying energy on a proton target14 in Pythia 8 to handle also collisions with a nuclear target.
The nuclear effects are modelled with the existing Angantyr model15 where the heavy ion collisions are
generated by deriving the nucleon-nucleon collisions from a Monte Carlo Glauber model. The interaction
probabilities include cross section fluctuations and sampling for the type of the primary interaction
which can be non-diffractive, single diffractive, double diffractive or elastic. The secondary interactions
are modelled using diffractive excitations which account for the reduced energy which the projectile
particle has lost in the primary interaction. The Angatyr model builds up the nuclear collisions from
a collection of nucleon-nucleon events generated with Pythia, which we have extended to handle also a
generic handron as a beam particle. In particular the cross section fluctuations in the Angantyr model
has been adjusted to handle also such beam configurations.

Comparison between different projectiles for the charged-particle multiplicity and rapidity distributi-
nos in a hadron-lead nucleus collision at

√
snn = 5.02 TeV are shown in figure 3. The considered projectile

particles include proton as a baseline and ρ, ϕ and J/Ψ to demonstrate the components of the VMD
model. The multiplicity distribution has two distinct components, a peak at low multiplicity which arises
from diffractive and elastic events and an another peak around 150-350 particles from non-diffractive
events. The multiplicity distribution from the non-diffractive events becomes more narrow when switch-
ing the projectile from protons to vector mesons. This is due to having less secondary collisions in case of
vector mesons due to lower non-diffractive cross section that determines the effective size of the projectile
in the Glauber model. In the rapidity distribution we notice that the distribution of generated particles
are more symmetric in case of collisions with vector-meson projectiles. This mainly follows from the
same reason as above since the particles produced in the primary interactions are symmetric in rapidity
and the asymmetry is mainly generated by the secondary interactions that are less frequent in case of
vector mesons. Also the shape of the PDFs play some role here especially in case of J/Ψ where the heavy
valence quarks carry a large fraction of the momenta of the particle that results as an almost symmetric
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Figure 4 – Multiplicity (left) and rapidity (right) distributions for VMD-Pb simulations (red) compared to simu-
lations with proton target applying VMD model (green) and full photoproduction (blue) at

√
sNN = 5.02 TeV.

rapidity distribution even with a nuclear target.

To account for the varying collisions energy from photon-flux sampling, the model parameters are
fitted at a few fixed values in the specified energy range and then interpolated to obtain the values corre-
sponding to the collision energy sampled according to the photon flux. Enabling this allows simulations
for UPC events at the LHC with the VMD-nucleus setup based on the extended Angatyr model. We can
compare these results then to the ATLAS data7 for different observables. The main caveat with this data
is, however, that the relevant distributions for charged-particle multiplicity and rapidity distributions
with a multiplicity cut have not been corrected for limited particle-detection efficiency and therefore are
not available for direct comparisons. Thus we only show results of our simulations with VMD model
using proton and nucleus targets and compare these with the full photoproduction with proton target
that was included in ATLAS results. This allows to estimate the agreement with the data by compar-
ing the relative difference between this baseline simulation and the VMD-Pb setup to the experimental
one. Again, we consider charged-particle multiplicity and pseudorapidity distributions in figure 4. We
apply the same event-selection criteria as in the ATLAS study including a cut for the sum-of-rapidity-
gaps measure Σγ∆ϕ. We also adjust the multiplicity cut applied for the η distribution with an effiency
correction estimated by comparing the Nch from the gm-p setup in figure 4 to the one presented the
ATLAS study giving an efficieny of 80% which is in line with previous ATLAS studies in different beam
configurations16. With this corrections in place, we find that the simulated distributions are well in line
with the experimental data.
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Figure 5 – An example of the template fitting procedure to the simulated data.

4.2 Correlations

Having a framework to succesfully describe the single-particle properties in high-multiplicity γ-Pb events,
we can study such collisions with multiparton correlations. A particularly interesting observation in
the ATLAS study was the observation of finite values for v2 and v3 that are typically considered as a
signature of collective behaviour. While the template fitting procedure applied in the ATLAS analysis
should remove the “non-flow” contribution such as jet-like correlations, it is still interesting to check
whether any similar effects would arise from the MC simulations without any explicit final-state effects.
The reason for this is that the binning to low- and high-multiplicity events will also bias the underlying
energy distributions since higher collisions energy for the γ-Pb system will lead to higher average event
multiplicity. Therefore the low-multiplicity event sample needed for the template fit might not capture
all the jet-like correlations present in the high-multiplicity events at higher collision energy.

The template fitting procedure involves a simultaneous fit of two-particle correlation function Y (∆ϕ)
for low- (LM) and high-multiplicity (HM) event samples which are obtained by integrating over relative
pseudorapidity separation, ∆η, with limits 2.0 < |∆η| < 5.0 to focus on long-range η correlations. In
case of low-multiplicity events, the following truncated Fourier series is applied

Y LM(∆ϕ) = c0 + 2 ·
4∑

n=1

cn cos(n∆ϕ), (6)

where cn are free parameters that can be related to flow harmonics vn. In case of HM event sample the
Y (∆ϕ) is fitted with

Y HM(∆ϕ) = F · Y LM(∆ϕ) +G

[
1 + 2 ·

4∑
n=2

vn,n cos(n∆ϕ)

]
, (7)

where now a scaled Y LM(∆ϕ) is used as a baseline and vn,n allow for additional modulation for the HM
sample. The scaling factors F and G are connected so in total there are 8 free parameters in the fit.
An example of the fitting procedure is shown in figure 5 where Y LM(∆ϕ) and Y HM(∆ϕ) are fitted to
the simulated data simultaneously. We have also performed independent Fourier fits with 4 parameters
corresponding to equation (6) to both LM and HM samples. In case of the former event class this allows
to check that the full template fitting does not bias the LM sample fitting and in case of latter this provide
the Fourier harmonics without the “non-flow” subtraction for comparison. For the example configuration
in figure 5 we have taken 15 < N rec

ch < 20 for the LM sample and 20 < N rec
ch < 30 for the HM sample.

Both particles, the trigger and the associated, had a transverse momentum of 0.4 < pT < 2.0 GeV.
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Figure 6 – Fitted values for v2,2 (red) and v3,3 (blue) from a direct Fourier fit, equation (6), (open markers) and a
full template fit, equation (7), (closed markers) as a function of charged-particle multiplicity. Error bars quantify
the fit uncertainty due to finite simulation statistics.

Similarly as in the ATLAS analysis, we have performed the fit with varying HM selection and plot
the resulting vn,n values in figure 6. We notice that while the resulting values for v2,2 and v3,3 in case of a
direct Fourier fit are in line with the measured ones, the values from a full template fit are consistent with
zero in all considered multiplicity bins. This implies that our simulations do not reproduce the observed
finite values of vn,n seen in the ATLAS γ-Pb data when the template fitting is applied. This confirms
that the positive values for vn in the ATLAS analysis are a result from a final-state (or initial-state)
collectivity and not due to biased collision energy due to multiplicity sampling and that the template
method work as expected also when applied to data with multiplicity binning in γ-Pb.

5 Summary and Outlook

We have presented a new model to simulate collisions between real photons and heavy ions based on a
vector-meson dominance model within Pythia Monte Carlo event generator. In this model the photon
is described as a linear combination of different vector-mesons states, ρ, ω, ϕ and J/Ψ. While this
model does only account for the hadron-like part of the photon structure, such events are expected to
dominate the total cross section and especially the high-multiplicity events. Unlike the direct-photon
component, these resolved photons may interact with other nucleons inside a nucleus and give rise to
events with large multiplicity. We have demonstarted that this contribution is indeed the dominant one
in high multiplicity events and that the model is in line with the multiplicity distributions measured at
HERA for γ-p collisions. Furthermore, we notice that when accounting for the limited efficiency, the
model provides a good description of the charged-particle multiplicity and rapidity distributions in γ-Pb
measured by ATLAS in ultra-peripheral Pb-Pb collisions.

We have also considered two-particle correlations and derived Fourier coefficients from the simulated
events using a similar template fitting procedure as in the ATLAS analysis. Here the low- and high-
multiplicity event samples are simultaenously fitted with truncated Fourier series which is supposed to
remove possible “non-flow” jet-like contributions. While it is non-trivial that this procedure should work
also in case of varying photon-energy spectrum which can lead to biased collision energy distribution
when multiplicity binning is applied, we find that the resulting vn,n coefficients are consistent with zero.
Thus we conclude that the observed collectivity in γ-Pb events is not reproduced with the default Pythia
hadronization model. There have been recent studies, however, where including string interactions, such
rope hadronization and string shoving, in the hadronization model have given rise to similar collective
effects when applied to high-multiplicity proton-proton and proton-lead collisions. We plan to study these
effects in case of γ-Pb in a future study. Also, the presented framework will serve as a starting for a more
complete simulations of photon-ion collisions relevant also for the EIC.
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15. C. Bierlich, G. Gustafson, L. Lönnblad and H. Shah, JHEP 10 (2018), 134

doi:10.1007/JHEP10(2018)134 [arXiv:1806.10820 [hep-ph]].
16. M. Aaboud et al. [ATLAS collaboration], Phys. Rev. C 96 (2017) no.2, 024908

doi:10.1103/PhysRevC.96.024908 [arXiv:1609.06213 [nucl-ex]].

8

https://journals.ku.edu/upc/


Phys. Proc. Ultra-Peripheral Collisions 1, 025 (2024) 1-8
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Relativistic heavy-ion beams at the LHC are accompanied by a large flux of equivalent photons,
leading to multiple photon-induced processes. This report presents a series of measurements of
such processes performed by the ATLAS Collaboration. Measurements of exclusive dilepton
production (electron, muon, and tau pairs) are discussed. These processes provide strong
constraints on the nuclear photon flux and its dependence on the impact parameter and
photon energy. In particular, measurements of the cross-sections in the presence of forward
neutrons provide an additional experimental handle on the impact parameter range sampled
in the observed events. Furthermore, the tau-pair production measurements can constrain
the anomalous magnetic dipole moment of the tau lepton. High statistics measurements
of light-by-light scattering shown in this talk provide a precise and unique opportunity to
investigate extensions of the Standard Model, such as the presence of axion-like particles.
The measurement of charged hadron in photonuclear collisions using 5.02 TeV Pb+Pb data
collected in 2018 by ATLAS is also discussed. The charged hadron particle yields are presented
as a functions of pseudorapidity and transverse momentum in different categories of event
multiplicity. Measurement of jet production in ultra-peripheral collisions performed with the
ATLAS detector using high-statistics 2018 Pb+Pb data is presented.
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Keywords: ultra-peripheral collisions, photon-induced processes, exclusive dilepton production, anoma-
lous magnetic moment, photonuclear dijet production, charged hadron, QGP

1 Introduction

The ATLAS experiment 1 at the Large Hadron Collider (LHC) dedicates part of its annual operational
time to the heavy-ion (HI) physics including ultra-peripheral collisions (UPC). The UPC are a unique
category of HI collisions, which occur when the distance separating the interacting nuclei exceeds the
sum of their radii. The large electromagnetic fields generated by relativistic ions can be considered as
fluxes of photons - as described in the Equivalent Photon Approximation formalism 2,3. Photon-induced
interactions occur in both proton-proton, pp, and HI collisions. However, in the latter, the cross-sections
for a specific process experience a significant increase due to the Z2 scaling of the photon fluxes (where
Z is the atomic number). Furthermore, HI collisions exhibit minimal hadronic pile-up, allowing the iden-
tification of exclusive events and triggering on low-pT particles. This exceptional characteristics make
UPC an excellent tool for studying rare processes and searching for beyond Standard Model (BSM)
phenomena, like axion-like particles in light-by-light (γγ → γγ) scattering or setting constraints on the
anomalous magnetic moment for the tau lepton using exclusive ditau production (γγ → τ+τ−). In the
UPC events, photons provide a clean, energetic probe of the partonic structure of the nucleus, analogous
to deep inelastic scattering. The photonuclear measurements are important for constraining the photon
energy distribution and particle production in Monte Carlo (MC) models such as DPMJET-III5. Finally,
the photon-induced processes offer a unique opportunity to probe the dynamics of Quantum Chromo-
dynamics (QCD) in extremely asymmetric colliding systems, with energies between those available at
RHIC and the LHC. Previous studies by the ATLAS experiment have revealed significant elliptic and
triangular flow coefficients in the photonuclear events, indicating the presence of a quark-gluon plasma
(QGP). Therefore, it becomes imperative to investigate these events for other potential QGP signatures,
including radial flow, strangeness enhancement, and enhanced baryon/meson production.

This review presents the latest findings on ultra-peripheral Pb+Pb collisions from the ATLAS Collab-
oration. It examines photon-photon induced processes and jet production in UPCs using high-statistics
2018 Pb+Pb data. Additionally, it provides detailed insights into the properties of photonuclear collisions.

©This work is an open access article under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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Figure 1: (Left) Differential cross-section as a function of acoplanarity for exclusive γγ → µ+µ−

production in UPC Pb+Pb collisions 6. Data points are compared with predictions from
STARlight and STARlight+PYTHIA8 to account for the FSR contribution. (Right) Differential
cross-section measured as a function of mee for exclusive dielectron production 9, γγ → e+e−.
The bottom panel shows the ratio of the data and the predictions from STARlight and Super-
Chic.

.

2 Exclusive γγ → µ+µ− and γγ → e+e− production

ATLAS performed a measurement of exclusive γγ → µ+µ− production 6 in UPC Pb+Pb collisions at√
sNN = 5.02 TeV with an integrated luminosity of 0.48 nb−1. The fiducial region of the measurement is

defined with the final-state muons that are produced in azimuthal angle alignment and have low transverse
momenta, pT > 4 GeV, and |η| < 2.4. Moreover, the dimuon mass, mµµ, has to be larger than 10 GeV,
as well as, the pT for the dimuon system, pµµT , has to be below 2 GeV, to ensure a back-to-back topology.
The event selection criteria ensure that each event contains exactly two oppositely charged muons with
no additional activity in the detector. Dissociative background from nuclear break up is evaluated to be
at the level of 3%.

The integrated fiducial cross-section for the exclusive dimuon production is measured to be: σ = 34.1±
0.3 (stat.) ± 0.7 (syst.) µb. The prediction from the STARlight 7 MC and STARlight+PYTHIA8 8 MC
are 32.1 µb and 30.8 µb, respectively, in agreement with the measurement. Differential cross-sections are
measured as functions of several dimuon variables in the inclusive sample: mµµ, dimuon rapidity yµµ,
scattering angle in the dimuon rest frame cosΘ∗, initial-photon momenta kmin, kmax and acoplanarity,

α = 1 − |∆ϕ|
π . Figure 1 shows the differential cross section for exclusive γγ → µ+µ− production as a

function of α. The predictions from STARlight and STARlight+PYTHIA8 are compared to the data. In
general, a good agrement is found for both MC for α < 5 × 10−3. For larger values of α, the STARlight
predictions underestimate the data. This discrepancy arises from the final state radiation (FSR), which is
not included in the STARlight calculation. A more accurate representation of the complete α distribution
is achieved by integrating STARlight with PYTHIA, which incorporates the FSR contribution.

Exclusive γγ → e+e− production was measured 9 by the ATLAS experiment using 1.72 nb−1 of
Pb+Pb collision data at

√
sNN = 5.02 TeV collected in 2018. The evens exhibit characteristics similar

to exclusive dimuon production, where two opposite-sign electrons with low transverse momentum are
observed in a back-to-back configuration in the final state. The fiducial region, broader than that of the
dimuon measurement, is defined by the following criteria: the electron pT > 2.5 GeV, |η| < 2.5, the
dilectron mass (mee) must be above 5 GeV, and the transverse momentum of the dielectron system (peeT )
has to be below 2 GeV. A background contribution from dissociative production is estimated using the
SuperChic 10 simulation normalised to the α data distribution.

The measured integrated fiducial cross-section for exclusive dielectron production is σ = 215 ±
1 (stat.)+23

−20 (syst.) ± 4 (lumi.) µb. The predictions from STARlight and SuperChic are 196.9 µb and
235.1 µb, respectively, in agreement with the measurement. Differential cross-sections are determined
as functions of multiple variables: mee, absolute dielectron rapidity, |yee|, average electron pT, ⟨pT⟩
and |cosΘ∗|. The latter is presented in the right panel of Figure 1. The precision of the measurement
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Figure 2: Muon pT distributions in the (left) µ1T-SR and (right) 2µ-CR11. Post-fit distributions
are shown with the signal contribution corresponding to the best-fit aτ value (aτ=-0.042). For
comparison, signal contributions with alternative aτ values are shown.

is dominated by the systematic uncertainties. The MC predictions for the γγ → e+e− process from
STARlight and SuperChic are compared to the data. Both predictions underestimate or overestimate the
data by about 10%. However, SuperChic tends to describe more accurately the shape of the distribution.

3 Exclusive γγ → τ+τ− production and constraints on aτ

ATLAS provides the exclusive observation of γγ → τ+τ− process 11 using data from 2018 Pb+Pb
collisions at

√
sNN= 5.02 TeV with an integrated luminosity of 1.44 nb−1. The measurement of the

exclusive production of τ -leptons is used to set new constraints on the anomalous magnetic moment of
the τ -lepton, aτ . The theoretical SM prediction is: aSMτ = 0.00117721(5) 12, which is remarkably smaller
than the currently available experimental bounds. Various BSM theories, such as lepton compositeness,
supersymmetry, and TeV-scale leptoquarks, etc., predicted modifications to the SM value of aτ . The most
stringent limits on aτ are currently provided by the DELPHI experiment: −0.052 < aτ < 0.013 (95%
CL) 13.

The identification techniques commonly employed in ATLAS cannot be used for signal τ -leptons due
to its very low pT values. Instead, it is required that events considered in the analysis contain one muon
from the decay of one of the τ -leptons, and an electron or charged-particle track(s) from the decay of the
other τ -lepton. Three distinct signal regions (SR) are defined: muon and electron (µe-SR), muon and one
track (µ1T-SR), and muon and three tracks (µ3T-SR). Candidate events are selected with a single muon
trigger requiring muon pT above 4 GeV. To ensure the exclusivity of the selected events, a veto on forward
neutron activity in the Zero Degree Calorimeter (ZDC) is imposed. Muons selected for the analysis are
required to have pT > 4 GeV and |η| < 2.4, selected electrons have pT > 4 GeV and |η| < 2.47 and
selected tracks should have pT > 100 MeV and |η| < 2.5. Events containing additional low-pT tracks are
rejected. Since different background processes contribute to each signal category, further requirements are
introduced in the µ1T-SR (muon and track system pT > 1 GeV) and the µ3T-SR (mass of the three-track
system below 1.7 GeV). The main sources of background contributions arise from the exclusive dimuon
production with the final-state radiation (FSR) and diffractive photonuclear interactions. The γγ → µµ
background is constrained with a dimuon control region, 2µ-CR. It requires exactly two opposite-charge
muons with invariant mass above 11 GeV to suppress quarkonia backgrounds and no additional tracks
separated from the muons by ∆Rµ,trk > 0.1.

After applying the event selection, a total of 656 data events were observed in the three signal regions
in which the analysis was performed. To measure aτ , a fit to the muon pT distribution is performed in
the three SRs with aτ being the parameter of interest. Also a control region with events from the
γγ → µ+µ− process is used in the fit to constrain initial-photon fluxes. The fitted muon pT distributions
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for the µ1T-SR and 2µ-CR are shown in Figure 2. A very good data-to-prediction agreement is seen
for the best-fit value of the aτ . The γγ → τ+τ− process was observed with a significance exceeding 5
standard deviations, and a signal strength of µττ = 1.03+0.06

−0.05 assuming the SM value of aτ . Figure 3
presents a comparison of the ATLAS measurement of the anomalous magnetic moment of the τ -lepton
and previous results obtained at the LEP experiments. The precision of this measurement is similar to
the most precise single-experiment measurement by the DELPHI Collaboration 13.
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Figure 3: Measurements of aτ from fits to individual signal regions (including the 2µ-CR), and
from the combined fit 11. Measurements from the OPAL 14, L3 15 and DELPHI 13 experiments
at LEP are also included for comparison.

4 Light-by-light scattering and search for axion-like particles

The light-by-light (γγ → γγ, LbyL) scattering is a rare phenomenon which proceed via quantum elec-
trodynamics (QED) at the lowest order via a loop of virtual charged fermions or W± bosons. LbyL
production can be altered by various BSM phenomena: new particles entering the loop, Born-Infeld ex-
tensions of QED, space-time non-commutativity in QED, extra spatial dimensions, etc. Furthermore, the
diphoton mass spectrum obtained from the LbyL process can be explored to search for potential neutral
axion-like particles, ALP. ALP may contribute to the distribution as a narrow diphoton resonance 16.

LbyL scattering was also measured17 by ATLAS in UPC Pb+Pb collisions at
√
sNN = 5.02 TeV using

a combined 2015+2018 data sample with an integrated luminosity of 2.2 nb−1. The signature of interest
is the exclusive production of two photons, each with transverse energy Eγ

T > 2.5 GeV, pseudorapidity
|ηγ | < 2.4 and diphoton invariant mass mγγ > 5 GeV with transverse momentum pγγT < 1 GeV. Any
extra activity in the detector is vetoed, in particular no reconstructed tracks originating from the nominal
interaction point with pT > 100 MeV are accepted. The final state photons are aligned in the azimuthal

angle ϕ. Back-to-back topology is studied using diphoton acoplanarity, defined as Aϕ = 1 − |∆ϕ|
π .

Event candidates are expected to have Aϕ < 0.01. The main background contribution originates from
exclusive production of the electron–positron pairs (γγ → e+e−). In the measurement, the γγ → e+e−

background is suppressed with the requirement of no tracks and pixel-tracks reconstructed in the Inner
Detector. A remaining dielectron contribution is evaluated using a data-driven method. The second
significant background source is gluon-induced central exclusive production (CEP) of photon pairs. The
CEP background is evaluated using a dedicated control region in data (Aϕ > 0.01) and then extrapolated
to the LbyL signal region.

ATLAS established the observation of the LbyL process with 97 events observed in data, while the
signal and background expectations are 45 events and 27 ± 5 events, respectively. The integrated cross-
section measured in the fiducial phase space, defined by requirements reflecting the event selection, is
σfid = 120 ± 17 (stat.) ± 13 (syst.) ± 4 (lumi) nb. The predictions from the SuperChic v3.0 18 and from
Ref.19 are 78± 8 and 80 ± 8 nb, respectively. In addition to the integrated fiducial cross-section, ATLAS
measured γγ → γγ differential cross-sections involving four kinematic variables of the final-state photons.
In general, a good agreement between the measurement and SM predictions is found.

ALP may be produced in the photon–photon fusion, γγ → a → γγ, followed by the decay to the
diphoton pair, where a denotes the ALP field. Thus, a diphoton invariant mass distribution, mγγ ,
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Figure 5: The charged-hadron yields as a function of η extrapolated to pT > 0 GeV for Pb+Pb
UPC and p+Pb collisions 23.

presented in the left panel of Figure 4, can be used for ALP searches. The ALP production would
result in a resonance peak with diphoton mass equal to the mass of a. The diphoton mass distribution
was examined for a mass range between 6 and 100 GeV. No significant excess of events over expected
background was found in the analysis. The 95% CL limit was derived for ALP production cross-section
and ALP coupling to photons 1

Λa
as a function of ALP mass. A summary of the exclusion limits from

different experiments together with the new ATLAS constraints is shown in the right panel of Figure 4.

5 Charged hadrons yield measurements in photonuclear events

QGP matter is typically discussed in terms of head-on heavy-ion collisions. However, QGP-like signals
have been also observed in smaller systems such as p+Pb, pp, or d+Au. Photons associated with nuclei
can break apart the other colliding nuclei, resulting in photon-nucleus or photon-photon interactions.
ATLAS measured two-particle azimuthal correlations in the photonuclear events, revealing significant
non-zero elliptic (v2) and triangular (v3) flow coefficients 20. The results can be interpreted as indication
of a hydrodynamically flowing medium. In Ref. 21, the authors predict that radial flow 22, a signature for
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ch in Pb+Pb UPC collisions and

p+Pb collisions 23 for −1.6 < η < −0.8 (left) and 0.8 < η < 1.6 (right). The charged-hadron
yields are extrapolated to pT > 0 GeV.

QGP, should be essentially the same in UPC and p+Pb collisions. This can be measured via the mean
transverse momentum ⟨pT⟩ of charged and identified particles. To test this prediction, ATLAS performed
measurement 23 of inclusive yields of primary charged hadrons as functions of η, pT and in selections of
charge particle multiplicity N rec

ch in Pb+Pb UPC and p+Pb collisions.
The charged-hadron yields in Pb+Pb UPC and p+Pb collisions integrated over pT as a function of

η are shown in Figure 5. Negative η corresponds to the direction of the lead nucleus (Pb-going), while
positive η corresponds to the direction of the photon (photon-going) and the proton (proton-going) in
Pb+Pb and p+Pb collisions, respectively. The distribution in Pb+Pb UPC is highly asymmetric due to
the lower energy of the photon compared to the energy per nucleon in the opposing lead nucleus.

Figure 6 shows ⟨pT⟩ for pT > 0 GeV as a function of Nrec
ch in two η regions, [-1.6,-0.8] and [0.8,1.6], in

Pb+Pb UPC and p+Pb collisions. At negative η, ⟨pT⟩ between the two collision systems is comparable. In
contrast, on the photon-going side (η > 0), there is a large difference in the ⟨pT⟩ between the two collision
systems for all Nrec

ch . The substantially larger Nrec
ch at negative η in Pb+Pb UPC and its comparable

magnitude in p+Pb may suggest a contribution from radial flow. Further tests measuring the ⟨pT⟩ of
identified hadrons are needed to confirm this hypothesis.

6 Photonuclear jet production

ATLAS also performed the measurement of di-jet photoproduction in ultra-peripheral Pb+Pb collisions24.
The measurement uses data recorded in 2018 with an integrated luminosity of 1.72 nb−1. Photonuclear
events are selected using a combination of ZDC and rapidity gap requirements. In particular, events
are required to satisfy only a 0nXn condition that requires no neutrons in the photon-going direction
and one or more neutrons in the other direction. The jets are reconstructed from particle-flow inputs
using the anti-kt algorithm 25 with R = 0.4. Figure 7 shows the triple-differential cross-sections as a
function of the photon parton momentum fraction, zγ (left), the nuclear parton momentum fraction, xA,
(right) both cross-sections are presented in different regions of the jet transverse momenta, HT. The zγ
dependence over a narrow xA interval should be determined, primarily, by the photon flux. Thus, results
like these should provide an important constraint on theoretical calculations of both the flux and the
breakup probability for the photon-emitting nucleus.

7 Summary

This report presents the latest findings on ultra-peripheral Pb+Pb collisions from the ATLAS Collabora-
tion, focusing on photon-photon induced processes and jet production using high-statistics 2018 Pb+Pb
data. It also provides detailed insights into the properties of photonuclear collisions. The exclusive
e+e− and µ+µ− productions were measured by the ATLAS experiment using UPC data at

√
sNN = 5.02
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Figure 7: (Left) Triple-differential cross-sections 24, d3σ/dHTdxAdzγ , as functions of zγ for
different bins of HT for events with struck parton energies in the kinematic range 0.015 < xA <
0.2. (Right) The same cross-sections as a functions of xA for different bins of HT for events with
emitted photon energies in the kinematic range 0.015 < zγ < 0.027.

TeV. The theory predictions from STARlight and SuperChic were compared to the measured fiducial
cross-sections and show discrepancies at the level of several percent, with STARlight (SuperChic) un-
derestimating (overestimating) the data. The results of the differential cross-sections provide a reference
for other photon-induced processes and for various theoretical approaches to model the photon fluxes.
The γγ → τ+τ− process has been observed in Pb+Pb UPC by the ATLAS experiment, surpassing a 5σ
significance. The signal strength is consistent with the Standard Model expectations. The new constraints
on the aτ have been set, and are competitive to the best limits obtained during the LEP era. With the
upcoming Run-3 data, an improvement in precision is anticipated. Additionally, the ATLAS experiment
has established the presence of γγ → γγ scattering, with the results consistent with the Standard Model
prediction. The measured invariant mass of the diphoton system was used to set new exclusion limits on
axion-like particles. Charged-hadron yields were quantified in UPC photonuclear interactions by ATLAS.
Also the mean pT value of yields measured in η intervals, were measured within selections of Nrec

ch . Poten-
tial signatures of collectivity including radial expansion were tested via the ⟨pT⟩ comparison in Pb+Pb
UPC and p+Pb collisions. The larger ⟨pT⟩ at backward compared to forward rapidity in Pb+Pb UPC
may suggest the presence of hydrodynamic radial flow. Finally the measurement of the triple-differential
cross-section for photonnuclear events were discussed. These results provide an important step towards
the goal of a precise limit on nuclear PDFs in this region by quantifying theoretical components, such as
the electromagnetic breakup fraction, which are necessary for a precise comparison to theory.
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Ultra-peripheral conference debuts in Mexico
4 May 2024

Ultra-peripheral collisions (UPCs) involving heavy ions and protons represent the energy

frontier for photon-induced reactions. These high-energy photons can be used to study unique

features of quarks and gluons inside nuclei, and can probe electromagnetic and electroweak

interactions without the usual backgrounds associated with quantum-chromodynamic

processes. The first edition of the international workshop on this subject took place from 10 to

15 December 2023 in Playa del Carmen, Mexico, bringing together about 90 participants, more

than a third of whom were early-career researchers. This is the first time that the international

UPC community has gathered together, establishing a new international conference series on

this active and expanding area of research.

The conference highlighted the impressive progress and diversity of UPC physics, which goes

far beyond the initial studies of exclusive pro-cesses. UPC23 covered the latest results from

STRONG INTERACTIONS | MEETING REPORT

Ultra peripheral The UPC23 conference took place in Playa del Carmen, Mexico. Credit: M Rennells
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experiments at RHIC and the LHC, and prospects for the future Electron-Ion Collider (EIC) at

Brookhaven National Laboratory. Discussions delved into the intricacies of inelastic photo-

nuclear events, including the exciting programme of open charm that is yet to be explored,

and examined how UPCs serve as a novel lens for investigating the quark–gluon plasma and

other final-state nuclear effects. Lots of attention was devoted to the physics of low-x parton

densities – a fundamental aspect of protons and nuclei that photons can probe in a unique

way.

Enriched understanding
Among the conference’s theoretical highlights, Farid Salazar (UCLA) showed how vector–

meson photoproduction could be a powerful method to detect gluon saturation across

different collision systems, from proton–nucleus to electron–nucleus to UPCs. Zaki Panjsheeri

(Virginia) put forth innovative ideas to study double-parton correlations, linking UPC vector–

meson studies to generalised parton distributions, enhancing our understanding of the

proton’s structure. Ashik Ikbal (Kent State), meanwhile, introduced exciting proposals to

investigate quantum entanglement through exclusive J/ψ photoproduction at RHIC.

The conference also provided a platform for discussing the active exploration of light-by-light

scattering and two-photon processes for probing fundamental physics and searches for axion-

like particles, and for putting constraints on the anomalous magnetic moment of the tau

lepton (see CMS closes in on tau g–2).

Energy exploration
Physicists at the LHC have effectively repurposed the world’s most powerful particle

accelerator into a high-energy photon collider. This innovative approach, traditionally the

domain of electron beams in colliders like LEP and HERA, and anticipated at the EIC, allows

the LHC to explore photon-induced interactions at energies never before achieved. David

Grund (Czech Technical University in Prague), Georgios Krintiras (Kansas) and Cesar Luiz Da

Silva (Los Alamos) shared the latest LHC findings on the energy dependence of UPC J/ψ

events. These results are crucial for understanding the onset of gluon saturation – a state

where gluons become so dense reaching saturation, the dynamical equilibrium where the

emission and recombination occurs. However, the data also align with the nuclear

phenomenon known as gluon shadowing, which arises from multiple-scattering processes.

https://preview-courier.web.cern.ch/a/cms-closes-in-on-tau-g-2/
https://preview-courier.web.cern.ch/a/cms-closes-in-on-tau-g-2/
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David Tlusty (Creighton) presented the latest findings from the STAR Collaboration, which has

recently expanded its UPC programme, complementing the energy exploration at the LHC.

Klaudia Maj (AGH University of Krakow) presented the latest results on two-photon

interactions and photonuclear jets from the ATLAS collaboration, including measurements

that may be probing the quark-gluon plasma. 

Carlos Bertulani (Texas A&M) paid tribute to Gerhard Baur, who passed away on June 16 last

year. Bertulani and Baur co-authored “Electromagnetic processes in relativistic heavy ion

collisions” – a seminal paper with more than 1000 citations. Bertulani invited delegates to

consider the untapped potential of UPCs in the study of anti-atoms and exotic atoms.

Delegates also discussed the future opportunities for UPC physics with the large integrated

luminosity expected for Run 3 and Run 4 at the LHC, with the planned detector upgrades for

Run 4 such as FoCal, the recent upgrades by STAR, the sPHENIX programme and at the EIC.

Delegates are expecting event selection and instrumentation close to the beam line, for

example using “zero degree” calorimeters, to offer the greatest experimental opportunities in

the coming years.

The next edition of the UPC conference will take place in Saariselka, Finland in June 2025.

Delegates discussed the future opportunities for
UPC physics with the large integrated luminosity
expected for Runs 3 and 4 at the LHC

Daniel Tapia Takaki The University of Kansas.
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