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• Motivation: why study photon-photon physics in heavy collisions?
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• How can we model        collisions in a heavy ion environment?

• What generators are available and how do they differ?
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Motivation
• A ‘standard’ heavy ion collisions looks like this:

• But not the only possibility…
3



• Candidate `light-by-light’ scattering event:
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1 Introduction
Elastic light-by-light (LbL) scattering, gg ! gg, is a pure quantum mechanical process that
proceeds, at leading order in the quantum electrodynamics (QED) coupling a, via virtual box
diagrams containing charged particles (Fig. 1, left). In the standard model (SM), the box di-
agram involves contributions from charged fermions (leptons and quarks) and the W± bo-
son. Although LbL scattering via an electron loop has been indirectly tested through the high-
precision measurements of the anomalous magnetic moment of the electron [1] and muon [2],
its direct observation in the laboratory remains elusive because of a very suppressed produc-
tion cross section proportional to a4 ⇡ 3 ⇥ 10�9. Out of the two closely-related processes—
photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon split-
ting in a strong magnetic field (“vacuum birefringence”) [4, 5]—only the former has been
clearly observed [6]. However, as demonstrated in Ref. [7], the LbL process can be experi-
mentally observed in ultraperipheral interactions of ions, with impact parameters larger than
twice the radius of the nuclei, exploiting the very large fluxes of quasireal photons emitted by
the nuclei accelerated at TeV energies [8]. Ions accelerated at high energies generate strong elec-
tromagnetic fields, which, in the equivalent photon approximation [9–11], can be considered
as g beams of virtuality Q

2 < 1/R
2, where R is the effective radius of the charge distribu-

tion. For lead (Pb) nuclei with radius R ⇡ 7 fm, the quasireal photon beams have virtuali-
ties Q

2 < 10�3 GeV2, but very large longitudinal energy (up to Eg = g/R ⇡ 80 GeV, where
g is the Lorentz relativistic factor), enabling the production of massive central systems with
very soft transverse momenta (pT . 0.1 GeV). Since each photon flux scales as the square of
the ion charge Z

2, gg scattering cross sections in PbPb collisions are enhanced by a factor of
Z

4 ' 5 ⇥ 107 compared to similar proton-proton or electron-positron interactions.
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Figure 1: Schematic diagrams of light-by-light scattering (gg ! gg, left), QED dielectron
(gg ! e+e�, centre), and central exclusive diphoton (gg ! gg, right) production in ultra-
peripheral PbPb collisions. The (⇤) superscript indicates a potential electromagnetic excitation
of the outgoing ions.

Many final states have been measured in photon-photon interactions in ultraperipheral colli-
sions of proton and/or lead beams at the CERN LHC, including gg ! e+e� [12–21], gg !
W+W� [22–24], and first evidence of gg ! gg reported by the ATLAS experiment [25] with a
signal significance of 4.4 standard deviations (3.8 standard deviations expected). The final-state
signature of interest in this analysis is the exclusive production of two photons, PbPb ! gg !
Pb(⇤)ggPb(⇤), where the diphoton final state is measured in the otherwise empty central part
of the detector, and the outgoing Pb ions (with a potential electromagnetic excitation denoted
by the (⇤) superscript) survive the interaction and escape undetected at very low q angles with
respect to the beam direction (Fig. 1, left). The dominant backgrounds are the QED production

• How does this come about?
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• In ‘standard’ heavy collision, large number of nucleons in initial state         
QCD particle production enhanced and multiplicity can be very high.
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• In ‘standard’ heavy collision, large number of nucleons in initial state         
QCD particle production enhanced and multiplicity can be very high.
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• In ‘standard’ heavy collision, large number of nucleons in initial state         
QCD particle production enhanced and multiplicity can be very high.

• However if colliding ions sufficiently separated in impact parameter 
(‘ultraperipheral’) does have to be the case:
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• Photon-initiated production naturally leads to this clean final-state:

★ Long range QED interaction.
★ Colour singlet exchange.

• Moreover heavy ions have large number (Z) of protons       cross section 
enhanced by        !

• Basic idea: effectively acts as a       collider, and with enhanced cross section 
due to large      of ions.
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Elastic light-by-light (LbL) scattering, gg ! gg, is a pure quantum mechanical process that
proceeds, at leading order in the quantum electrodynamics (QED) coupling a, via virtual box
diagrams containing charged particles (Fig. 1, left). In the standard model (SM), the box di-
agram involves contributions from charged fermions (leptons and quarks) and the W± bo-
son. Although LbL scattering via an electron loop has been indirectly tested through the high-
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its direct observation in the laboratory remains elusive because of a very suppressed produc-
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ting in a strong magnetic field (“vacuum birefringence”) [4, 5]—only the former has been
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mentally observed in ultraperipheral interactions of ions, with impact parameters larger than
twice the radius of the nuclei, exploiting the very large fluxes of quasireal photons emitted by
the nuclei accelerated at TeV energies [8]. Ions accelerated at high energies generate strong elec-
tromagnetic fields, which, in the equivalent photon approximation [9–11], can be considered
as g beams of virtuality Q
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2, where R is the effective radius of the charge distribu-

tion. For lead (Pb) nuclei with radius R ⇡ 7 fm, the quasireal photon beams have virtuali-
ties Q

2 < 10�3 GeV2, but very large longitudinal energy (up to Eg = g/R ⇡ 80 GeV, where
g is the Lorentz relativistic factor), enabling the production of massive central systems with
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Figure 1: Schematic diagrams of light-by-light scattering (gg ! gg, left), QED dielectron
(gg ! e+e�, centre), and central exclusive diphoton (gg ! gg, right) production in ultra-
peripheral PbPb collisions. The (⇤) superscript indicates a potential electromagnetic excitation
of the outgoing ions.

Many final states have been measured in photon-photon interactions in ultraperipheral colli-
sions of proton and/or lead beams at the CERN LHC, including gg ! e+e� [12–21], gg !
W+W� [22–24], and first evidence of gg ! gg reported by the ATLAS experiment [25] with a
signal significance of 4.4 standard deviations (3.8 standard deviations expected). The final-state
signature of interest in this analysis is the exclusive production of two photons, PbPb ! gg !
Pb(⇤)ggPb(⇤), where the diphoton final state is measured in the otherwise empty central part
of the detector, and the outgoing Pb ions (with a potential electromagnetic excitation denoted
by the (⇤) superscript) survive the interaction and escape undetected at very low q angles with
respect to the beam direction (Fig. 1, left). The dominant backgrounds are the QED production
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• Some examples…
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1 Introduction
Elastic light-by-light (LbL) scattering, gg ! gg, is a pure quantum mechanical process that
proceeds, at leading order in the quantum electrodynamics (QED) coupling a, via virtual box
diagrams containing charged particles (Fig. 1, left). In the standard model (SM), the box di-
agram involves contributions from charged fermions (leptons and quarks) and the W± bo-
son. Although LbL scattering via an electron loop has been indirectly tested through the high-
precision measurements of the anomalous magnetic moment of the electron [1] and muon [2],
its direct observation in the laboratory remains elusive because of a very suppressed produc-
tion cross section proportional to a4 ⇡ 3 ⇥ 10�9. Out of the two closely-related processes—
photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon split-
ting in a strong magnetic field (“vacuum birefringence”) [4, 5]—only the former has been
clearly observed [6]. However, as demonstrated in Ref. [7], the LbL process can be experi-
mentally observed in ultraperipheral interactions of ions, with impact parameters larger than
twice the radius of the nuclei, exploiting the very large fluxes of quasireal photons emitted by
the nuclei accelerated at TeV energies [8]. Ions accelerated at high energies generate strong elec-
tromagnetic fields, which, in the equivalent photon approximation [9–11], can be considered
as g beams of virtuality Q

2 < 1/R
2, where R is the effective radius of the charge distribu-

tion. For lead (Pb) nuclei with radius R ⇡ 7 fm, the quasireal photon beams have virtuali-
ties Q

2 < 10�3 GeV2, but very large longitudinal energy (up to Eg = g/R ⇡ 80 GeV, where
g is the Lorentz relativistic factor), enabling the production of massive central systems with
very soft transverse momenta (pT . 0.1 GeV). Since each photon flux scales as the square of
the ion charge Z

2, gg scattering cross sections in PbPb collisions are enhanced by a factor of
Z

4 ' 5 ⇥ 107 compared to similar proton-proton or electron-positron interactions.
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Figure 1: Schematic diagrams of light-by-light scattering (gg ! gg, left), QED dielectron
(gg ! e+e�, centre), and central exclusive diphoton (gg ! gg, right) production in ultra-
peripheral PbPb collisions. The (⇤) superscript indicates a potential electromagnetic excitation
of the outgoing ions.

Many final states have been measured in photon-photon interactions in ultraperipheral colli-
sions of proton and/or lead beams at the CERN LHC, including gg ! e+e� [12–21], gg !
W+W� [22–24], and first evidence of gg ! gg reported by the ATLAS experiment [25] with a
signal significance of 4.4 standard deviations (3.8 standard deviations expected). The final-state
signature of interest in this analysis is the exclusive production of two photons, PbPb ! gg !
Pb(⇤)ggPb(⇤), where the diphoton final state is measured in the otherwise empty central part
of the detector, and the outgoing Pb ions (with a potential electromagnetic excitation denoted
by the (⇤) superscript) survive the interaction and escape undetected at very low q angles with
respect to the beam direction (Fig. 1, left). The dominant backgrounds are the QED production

★ ‘Light-by-light’ scattering                     . 

✦ Rare loop-induced process in the SM. First 
direct observation in LHC PbPb collisions!

✦ Sensitive to new particles in the loop and 
BSM `axion-like’ resonances.

JHEP 11 (2021) 050, JHEP 03 (2021) 243
Phys.Lett.B 797 (2019) 134826
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Figure 7: Exclusion limits at 95% CL in the ALP-photon coupling gag versus ALP mass
ma plane, for the operators aFeF/4L (left, assuming ALP coupling to photons only) and
aBeB/(4L cos2 qW) (right, including also the hypercharge coupling, thus processes involving
the Z boson) derived in Refs. [30, 56] from measurements at beam dumps [60], in e+ e� colli-
sions at LEP-I [56] and LEP-II [57], and in p p collisions at the LHC [13, 58, 59], and compared
to the present PbPb limits.

electron (gg ! e+e�) and gluon-induced central exclusive (gg ! gg) processes. The ob-
served (expected) significance of the LbL scattering signal over the background-only expecta-
tion is 3.7 (3.5) standard deviations. The ratio of the fiducial LbL scattering to the total QED
dielectron cross sections is R = (25.0 ± 9.6 (stat) ± 5.8 (syst)) ⇥ 10�6. From the theoretical
gg ! e+e� cross section prediction, we derive a fiducial light-by-light scattering cross sec-
tion, sfid(gg ! gg) = 120 ± 46 (stat) ± 28 (syst) ± 12 (theo) nb, consistent with the standard
model expectation. The measured exclusive diphoton invariant mass distribution is used to
set new exclusion limits on the production of pseudoscalar axion-like particles (ALPs), via the
process gg ! a ! gg, over the ma = 5–90 GeV mass range. For ALPs coupling to the elec-
tromagnetic (and electroweak) current, the derived exclusion limits are currently the best over
the ma = 5–50 GeV (5–10 GeV) mass range.
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Assuming a 100% ALP decay branching fraction into photons, the derived constraints on the ALP mass and
its coupling to photons are compared in Figure 10 with those obtained from various experiments [27, 69–72].
The exclusion limits from this analysis are the strongest so far for the mass range of 6 < <0 < 100 GeV.
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the WW ! 0 ! WW process as a function of ALP mass <0. The observed upper limit is shown as a solid black line
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★      lepton pair production and the      
lepton anomalous magnetic moment.

New physics and tau g � 2 using LHC heavy ion collisions

Lydia Beresford1, ⇤ and Jesse Liu1, 2, †

1Department of Physics, University of Oxford, Oxford OX1 3RH, UK
2Department of Physics, University of Chicago, Chicago IL 60637, USA

The anomalous magnetic moment of the tau lepton a⌧ = (g⌧ �2)/2 strikingly evades measurement,
but is highly sensitive to new physics such as compositeness or supersymmetry. We propose using
ultraperipheral heavy ion collisions at the LHC to probe modified magnetic �a⌧ and electric dipole
moments �d⌧ . We introduce a suite of one electron/muon plus track(s) analyses, leveraging the
exceptionally clean photon fusion �� ! ⌧⌧ events to reconstruct both leptonic and hadronic tau
decays sensitive to �a⌧ , �d⌧ . Assuming 10% systematic uncertainties, the current 2 nb�1 lead–lead
dataset could already provide constraints of �0.0080 < a⌧ < 0.0046 at 68% CL. This surpasses 15
year old lepton collider precision by a factor of three while opening novel avenues to new physics.

I. INTRODUCTION

Precision measurements of electromagnetic couplings
are foundational tests of quantum electrodynamics
(QED) and powerful probes of beyond the Standard
Model (BSM) physics. The electron anomalous mag-
netic moment ae = 1

2 (ge �2) is among the most precisely
known quantities in nature [1–5]. The muon counterpart
aµ is measured to 10�7 precision [6] and reports a 3� 4�

tension from SM predictions [7, 8]. This may indicate
new physics [9–12], to be clarified at Fermilab [13] and
J–PARC [14]. Measuring a` generically tests lepton com-
positeness [15], while supersymmetry at energy scales MS

induces radiative corrections �a` ⇠ m
2
`/M

2
S for leptons

with mass m` [9]. Thus the tau ⌧ can be m
2
⌧/m

2
µ ⇠ 280

times more sensitive to BSM physics than aµ.
However, a⌧ continues to evade measurement because

the short tau proper lifetime ⇠ 10�13 s precludes use
of spin precession methods [6]. The most precise single-
experiment measurement a

exp
⌧ is from DELPHI [16, 17]

at the Large Electron Positron Collider (LEP), but is re-
markably an order of magnitude away from the theoret-
ical central value a

pred
⌧, SM predicted to 10�5 precision [18]

a
exp
⌧ = �0.018 (17), a

pred
⌧, SM = 0.001 177 21 (5). (1)

The poor constraints on a⌧ present striking room for
BSM physics, especially given other lepton sector ten-
sions [19–26], and motivate new experimental strategies.

This Letter proposes a suite of analyses to probe a⌧

using heavy ion beams at the LHC. We leverage ultrape-
ripheral collisions (UPC) where only the electromagnetic
fields surrounding lead (Pb) ions interact. Tau pairs are
produced from photon fusion PbPb ! Pb(�� ! ⌧⌧)Pb,
illustrated in Fig. 1, whose sensitivity to a⌧ was sug-
gested in 1991 [27]. We introduce the strategy crucial
for experimental realization and importantly show that
the currently recorded dataset could already surpass LEP
precision. The LHC cross-section enjoys a Z

4 enhance-
ment (Z = 82 for Pb), with over one million �� ! ⌧⌧

events produced to date. Existing proposals using lep-
ton beams require future datasets (Belle-II) or proposed
facilities (CLIC, LHeC) [28–34], while LHC studies fo-
cus on high luminosity proton beams [35–40]. No LHC
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FIG. 1. Pair production of tau leptons ⌧ from ultraperipheral
lead ion (Pb) collisions in two of the most common decay
modes: ⇡

±
⇡

0
⌫⌧ and `⌫`⌫⌧ . New physics can modify tau–

photon couplings a↵ecting the magnetic moment by �a⌧ .

analysis of �� ! ⌧⌧ exists as the taus have insu�cient
momentum for ATLAS/CMS to record or reconstruct.

Our proposal overcomes these obstructions in the clean
UPC events [41], enabling selection of individual tracks
from tau decays with no other detector activity akin to
LEP [16]. We exploit recent advances in low momentum
electron/muon identification [42–44] to suppress hadronic
backgrounds. We then present a shape analysis sensitive
to interfering SM and BSM amplitudes to enhance a⌧

constraints. Our strategy also probes tau electric dipole
moments d⌧ induced by charge–parity (CP) violating new
physics. This opens key new directions in the heavy ion
program amid reviving interest in photon collisions [45–
47] for light-by-light scattering [48–51], standard candle
processes [52–56], and BSM dynamics [57–67].

II. EFFECTIVE THEORY & PHOTON FLUX

The anomalous ⌧ magnetic moment a⌧ = (g⌧ � 2)/2 is
defined by the spin–magnetic Hamiltonian �µ⌧ · B =
�(g⌧e/2m⌧ )S · B. In the Lagrangian formulation of
QED, electromagnetic moments arise from the spinor
tensor �

µ⌫ = i[�µ
, �

⌫ ]/2 structure of the fermion current
interacting with the photon field strength Fµ⌫

L = 1
2 ⌧̄L�

µ⌫
⇣
a⌧

e
2m⌧

� id⌧�5

⌘
⌧RFµ⌫ . (2)
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Figure 2: Measurements of 0g from fits to individual signal regions (including the dimuon control region), and from
the combined fit. These are compared with existing measurements from the OPAL [29], L3 [30] and DELPHI [27]
experiments at LEP. A point denotes the best-fit 0g value for each measurement if available, while thick black (thin
magenta) lines show 68% CL (95% CL) intervals. The expected interval from the ATLAS combined fit is also shown.

dependence on 0g , caused by the interference of the SM and BSM amplitudes [29, 30, 46]. The expected
95% CL interval is �0.039 < 0g < 0.020. The impact of systematic uncertainties on the final results is small
relative to statistical uncertainties. Figure 2 shows the 0g 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.

In summary, g-lepton pair production in ultraperipheral heavy-ion collisions, Pb+Pb ! Pb(WW ! gg)Pb, is
observed by ATLAS with a significance exceeding 5f in 1.44 nb�1 of

p
BNN = 5.02 TeV data at the LHC.

The observed event yield is compatible with that expected from the SM prediction within uncertainties.
The events are used to set constraints on the g-lepton anomalous magnetic moment, corresponding to
0g 2 (�0.058, �0.012) [ (�0.006, 0.025) at 95% CL. The measurement precision is limited by statistical
uncertainties. This result introduces the use of hadron-collider data to test electromagnetic properties of the
g-lepton, and the results are competitive with existing lepton-collider constraints.
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Figure 3: The cross section, s(gg ! t+t�), measured in a fiducial phase space region atp
s

NN
= 5.02 TeV. The theoretical predictions [3, 4] are computed with leading-order accuracy

in QED and are represented by the vertical solid lines that can be compared with the vertical
dotted line representing this measurement. The outer blue (inner red) error bars surrounding
the data point indicate the total (statistical) uncertainties, whereas the green hatched bands
correspond to the uncertainty in the theoretical predictions as described in the main text. The
potential electromagnetic excitation of the outgoing Pb ions is denoted by (⇤).

the t lepton pT spectrum [3, 4]. We assume the correction factor of Ref. [3] to extrapolate the
fiducial cross section measurement (Table 1) to the full phase space region, after taking into
account an extra factor of 1/

p
4p for the electron charge in Heaviside-Lorentz units. We then

use variations of the total s(gg ! t+t�) as a function of at to extract a model-dependent
value of at at the LHC. The measured value is at = 0.001+0.055

�0.089 at a 68% confidence level,
which is consistent with the current best measurement [12]. The ATLAS Collaboration has also
recently reported a measurement of gg ! t+t� using a larger PbPb luminosity from 2018 [56].
With respect to this measurement, we cover a larger phase space with muon pT > 2.5 GeV while
Ref. [56] uses pT > 4 GeV, and we make no restrictions on neutron emission. We also make use
of a complementary approach of extracting at from s(gg ! t+t�), while Ref. [56] extracts at

from a shape analysis of the tµ pT. Because of the larger fiducial phase space region comprised
by this measurement, the attained precision in the studied final state is comparable to that in
Ref. [56].

In summary, an observation of t lepton pair production in ultraperipheral nucleus-nucleus col-
lisions is reported. Events with a final state of one muon and three charged hadrons assumed
to be pions are reconstructed from a lead-lead data sample with an integrated luminosity of
404 µb�1 collected by the CMS experiment at

p
s

NN
= 5.02 TeV in 2015. The statistical signif-

icance of the signal relative to the background-only expectation is above five standard devi-
ations. The cross section for the gg ! t+t� process, within a fiducial phase space region,
is s(gg ! t+t�) = 4.8 ± 0.6 (stat) ± 0.5 (syst) µb, in agreement with leading-order quantum
electrodynamics predictions. Using the measured cross section and its corresponding uncer-
tainties, we estimate a model-dependent value of the anomalous magnetic moment of the t
lepton of at = 0.001+0.055

�0.089 at a 68% confidence level. This measurement provides a novel exper-
imental probe of the t anomalous magnetic moment using heavy ion collisions at the LHC.

arXiv:2204.13478
arXiv:2206.05192

✦        enhanced rate       significant               
signal.

✦ High precision determination of             
cross section allows constraints on            
g-2 and hence BSM.
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• How do we model photon-initiated production in heavy ion collisions?

• Consider simpler case of lepton-lepton collisions:
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•  Applying standard QED Feynman rules, cross section given by:
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•  Applying standard QED Feynman rules, cross section given by:
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•  Applying standard QED Feynman rules, cross section given by:
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•  Applying standard QED Feynman rules, cross section given by:
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• Aside: what would happen for e.g. charged (spinless) pions?
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• Aside: what would happen for e.g. charged (spinless) pions?

• Second term due to 
magnetic (spin) 
interaction with photon.
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• Now: what happens if we replace the leptons with heavy ions?
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• Answer: cross section exactly as before, but 
with suitably modified                      vertex.

Needs modification!
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• For long enough photon wavelength (low enough      ) ion looks point-like:

• But as we decrease wavelength (increase        ) probe internal ion structure:
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Q2
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Q2

• This internal structure is encoded in ion EM form factor:

Ion charge density
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• What does ion charge density look like?

For the proton, we have mNi = mp and the form factors are given by
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in the dipole approximation, where GE and GM are the ‘Sachs’ form factors. For the heavy
ion case the magnetic form factor is only enhanced by Z, and so can be safely dropped. We
then have

FM(Q2
i ) = 0 FE(Q

2
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2
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2
i )G

2
E(Q

2
i ) , (7)

where Fp(Q2)2 is the squared charge form factor of the ion. Here, we have factored o↵
the G

2
E term, due to the form factor of the protons within the ion; numerically this has a

negligible impact, as the ion form factor falls much more steeply, however we include this for
completeness. The ion form factor is given in terms of the proton density in the ion, ⇢p(r),
which is well described by the Woods–Saxon distribution [2]

⇢p(r) =
⇢0

1 + exp (r �R)/d
, (8)

where the skin thickness d ⇠ 0.5�0.6 fm, depending on the ion, and the radius R ⇠ A
1/3. In

other words, we have to good approximation a constant density ⇢0, which is set by requiring
that Z

d3
r ⇢p(r) = Z , (9)

The charge form factor is then simply given by the Fourier transform

Fp(|~q|) =
Z

d3
r e

i~q·~r
⇢p(r) , (10)

in the rest frame of the ion; in this case we have ~q
2 = �Q

2, so that written covariantly this
corresponds to the F (Q2) which appears in (7). In impact parameter space, the coherent
amplitude is given by a convolution of the transverse proton density within the ion, and
the amplitude for photon emission from individual protons: hence in transverse momentum
space we simply multiply by the corresponding form factor. This is shown in Fig. 1 for the
case of Cu and 208Pb, for which we take [3]

R = (1.31A1/3 � 0.84) fm , d = 0.55 fm , (11)

for concreteness. The sharp fall o↵ with Q
2 is clear, with the form factors falling to roughly

zero by
p
Q2 ⇠ 3/R ⇠ 0.1 GeV; for the smaller Cu ion this extends to somewhat larger Q2

values.

2

• Common & accurate to use Woods-
Saxon parameterisation:

Charge radius

‘Skin thickness’

• Key point: the parameters of the charge density 
are determined with sub-percent level precision 
from wealth of e-A scattering data!
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for concreteness. The sharp fall o↵ with Q
2 is clear, with the form factors falling to roughly zero

by
p

Q2 ⇠ 3/R ⇠ 0.1 GeV; for the smaller Cu ion this extends to somewhat larger Q
2 values.

The above results, which are written at the cross section level, completely define the situation
in the absence of screening corrections. However for the purpose of future discussion we can also
write this in terms of the amplitude

T (q1?, q2?) = N1N2 q
µ
1?q

⌫
2?Vµ⌫ , (13)

where Vµ⌫ is the �� ! X vertex, and the normalization factors are given by
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Indeed, the derivation of the equivalent photon approximation at the amplitude level has pre-
cisely this Lorentz structure2. This then reduces to the usual cross section level result after
noting that we can write
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where M±± corresponds to the �(±)�(±) ! X helicity amplitude. We then have

Z
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after performing the azimuthal angular integration on the left hand side.
The cross section is then given by

�N1N2!N1XN2 =

Z
dx1dx2d

2
q1?d2

q2?PSi|T (q1?, q2?)|2 , (17)

1Correspondingly, we have s = A1A2snn, where snn is the squared c.m.s. energy per nucleon and Ai is the ion
mass number.

2Strictly speaking this is only true for the contribution proportional to the electric form factors, see [12] for
further discussion; however here we indeed take FM = 0.
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• What does this form factor look like?

★ Low        : constant (~ Z)
★ Higher      : falls off as substructure probed. 
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• So we have:
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• Becomes:

• With form factor given as before. Is that it?

N.B. no magnetic form factor 
as suppressed by Z
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• Answer: no! We must account for possibility of inelastic ion-ion 
interactions in addition to this.
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• Answer: no! We must account for possibility of inelastic ion-ion 
interactions in addition to this.

• Need to include survival factor: probability of no additional inelastic 
ion-ion interactions.

27



• How do we calculate survival factor? Simplest if we consider collision 
in terms of ion-ion impact parameter.

• Basic idea: if ions overlap then they will interact inelastically.
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• Mathematically, achieve this by going to impact parameter space, i.e. 
taking Fourier Transform.

• Writing schematically:
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taking Fourier Transform.

• Writing schematically:
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• Mathematically, achieve this by going to impact parameter space, i.e. 
taking Fourier Transform.

• Writing schematically:

• We can write this as integral over ion impact parameters:

• Where:
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• To first approximation, we then simply require:

• That is, only integrate over impact 
region where:

holds!
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• In more detail, condition is not discrete - some overlap can occur. 
Schematically:

                                  : survival factor - probability for no additional particle 
production at impact parameter                            . Roughly:

but not exact!

e�⌦A1A2 (
~b1?�~b2?)

b? = |~b1? �~b2?|
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Ion-ion survival factor
• In more 
detail, we have:

Figure 2: Elastic proton–proton cross section d�/dt at 5,02, 8.16, 39 and 63 TeV (from top to
bottom). The predictions calculated within the two–channel model [7] and the one channel
eikonal model described in the text are shown by the red and dashed black lines, respectively.
In both cases only the |ImAel|2 contribution to d�/dt is shown.

2.3 The ion–ion opacity

Having introduced the ion–ion opacity above, which encodes the probability for no additional
ion–ion rescattering at di↵erent impact parameters, we must describe how we calculate this.
The ion–ion opacity is given in terms of the opacity due to nucleon–nucleon interactions,
⌦nn, which is in turn given by a convolution of the nucleon–nucleon scattering amplitude
Ann and the transverse nucleon densities Tn. In particular we have
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for the A ! p replacement. The nucleon–nucleon scattering amplitude is given in terms of
the nucleon opacity ⌦(b?) via

Ann(b?) = 2(1� e
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is transverse nucleon density.

: nucleon-nucleon scattering amplitude.

i.e. schematically given in terms of integrating individual nucleon-nucleon 
scatterings over the overlap area of the ions.



p
s [TeV] �0 [mb] a [GeV2 ] b [GeV�2] c
5.02 146 0.180 20.8 0.414
8.16 159 0.190 26.3 0.402
39 228 0.144 23.3 0.397
63 245 0.150 28.0 0.390

Table 1: The parameters of the one channel eikonal description of proton–proton amplitude,
described in the text.
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Figure 3: Ion–ion opacity (left) and probability for no inelastic scattering (right) for lead–lead
collisions, as a function of the lead impact parameter b?.

For lower values of b? . 2R (⇠ Rp,n), where the colliding ions are overlapping in impact
parameter space, we can see that the probability is close to zero, while for larger b? & 2R this
approaches unity, as expected. However we can see that this transition is not discrete, with
the probability being small somewhat beyond 2R, due both to the non–zero skin thickness
of the ion densities and range of the QCD single–Pomeron exchange interaction. This will
be missed by the approach that is often taken in the literature, namely to simply to cuto↵
the cross in impact parameter space when b? < 2R. Comparing to (18), we can see that this
corresponds to taking instead

e
�⌦(b)/2 = ✓(b� 2R) . (33)

The value at which this would turn on is indicated in Fig. 3. As discussed above, the
more realistic results above turn on smoothly above 2R, and so will correspond to somewhat
suppressed exclusive cross sections (i.e. without secondary particle production) in comparison
to this. For ultra–peripheral photon-initiated interactions, where the dominant contribution
to the cross section comes from b? � 2R, this will have a fairly small impact, but as we will
see for QCD–initiated production this is no longer the case.

7

• Result for Pb-Pb:

     expect larger suppression vs. 
simple                              cut, as 
QCD has finite range.

)
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• How significant is the survival factor? How much does it reduce cross 
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• Key point: ion-photon form 
factor             steeply falling at 
higher       .
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where M±± corresponds to the �(±)�(±) ! X helicity amplitude. We then have
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after performing the azimuthal angular integration on the left hand side.
The cross section is then given by

�N1N2!N1XN2 =
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2
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1Correspondingly, we have s = A1A2snn, where snn is the squared c.m.s. energy per nucleon and Ai is the ion
mass number.

2Strictly speaking this is only true for the contribution proportional to the electric form factors, see [12] for
further discussion; however here we indeed take FM = 0.
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Figure 2: Normalized charge form factor due to lead and copper ions.

for concreteness. The sharp fall o↵ with Q
2 is clear, with the form factors falling to roughly zero
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Q2 ⇠ 3/R ⇠ 0.1 GeV; for the smaller Cu ion this extends to somewhat larger Q
2 values.
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• Have a look at ratio:

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50

RRR1
b?

d�EPA/
RRR1
0 d�EPA, PbPb

2RA b? [fm]

p
sNN = 5.02 TeV, mµµ > 10 GeV

Figure 4: The pure EPA predictions for the ATLAS pp [13,15] and PbPb [23] data as a function of a lower cut
on the hadron–hadron impact parameter b?, considered as a ratio to the full EPA result, i.e. integrated down
to zero b?. All results apply the corresponding experimental event selection. The values of twice the proton and
lead radii are indicated.

a similar value for the survival factor to the more complete two–channel approach. However,
for our purposes we do not pursue this interpretation further, but simply treat this as a free
parameter with which to investigate the impact of modifications to the description of proton–
proton interactions on the survival factor. We can in e↵ect interpret variations of C⇤ about this
value as corresponding variations in the input value of the �tot

pp , which is known experimentally
with percent level precision. Such an interpretation is not completely direct, as in reality a
more complete modelling is required than this single–channel approach, but it allows us to get
a handle on how quite extreme variations in this parameter give rather small e↵ects on the
survival factor.

In Table 4 we show results for 7 and 13 TeV as before, but using the above simplified model
of the survival factor, and consider a very extreme range of C⇤ = 1�2. We emphasise that such
a range is certainly incompatible with existing data on hadronic interactions, e.g. the upper
(lower) end will correspond to values of �tot

pp that are far too high (low). However, even taking
this extreme range we can see that the corresponding variation in the survival factor is relatively
small, with the lower end of the predictions (corresponding to C⇤ = 2) still overshooting the
ATLAS data. This result is indicative of a straightforward geometric fact about the elastic
photon–initiated cross section, namely that even taking an artificially large inelastic proton–
proton scattering cross section, there is a sizeable fraction of the cross section that in impact
parameter space is simply outside the range of such inelastic QCD interactions.

To demonstrate this, in Fig. 4 we show the pure EPA predictions for the ATLAS pp and
PbPb data as a function of a lower cut on the hadron–hadron impact parameter b?, considered
as a ratio to the full EPA result, i.e. integrated down to zero b?. This shows the fractional
contribution to the total cross sections, prior to including survival e↵ects, coming from the region
of impact parameter space greater than a given b?, and is therefore a measure of precisely how
peripheral the interaction is. We can see that in all cases a significant fraction of the cross
section comes from the region of rather high b? � 2rp, 2RA, which we can therefore expect to
be untouched by survival e↵ects, irrespective of the particular model applied. We note that
the di↵erence between the 7 and 13 TeV pp cases is driven primarily not by the c.m.s. energy
but rather the lower p? cut in the 13 measurement, which as discussed above leads to a more
peripheral interaction; this is clearly seen in the figure. Due to the larger ion radius, the PbPb
is as expected significantly more peripheral, though the impact of survival e↵ects will of course
extend out to much larger b? for the same reason.

13
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S2 ⇠ 0.7� 0.9

• Elastic photon-photon production is a special case: quasi-real photon             
corresponds to large average ion-ion impact parameter       outside range of 
QCD interactions between ions!

• Depending on precise process/
kinematics have:
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• What about uncertainties?

• Naively might assume inelastic ion-ion interactions has large uncertainties - 
requires knowledge of non-perturbative QCD/nuclear physics.

p
s [TeV] �0 [mb] a [GeV2 ] b [GeV�2] c
5.02 146 0.180 20.8 0.414
8.16 159 0.190 26.3 0.402
39 228 0.144 23.3 0.397
63 245 0.150 28.0 0.390

Table 1: The parameters of the one channel eikonal description of proton–proton amplitude,
described in the text.
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Figure 3: Ion–ion opacity (left) and probability for no inelastic scattering (right) for lead–lead
collisions, as a function of the lead impact parameter b?.

For lower values of b? . 2R (⇠ Rp,n), where the colliding ions are overlapping in impact
parameter space, we can see that the probability is close to zero, while for larger b? & 2R this
approaches unity, as expected. However we can see that this transition is not discrete, with
the probability being small somewhat beyond 2R, due both to the non–zero skin thickness
of the ion densities and range of the QCD single–Pomeron exchange interaction. This will
be missed by the approach that is often taken in the literature, namely to simply to cuto↵
the cross in impact parameter space when b? < 2R. Comparing to (18), we can see that this
corresponds to taking instead

e
�⌦(b)/2 = ✓(b� 2R) . (33)

The value at which this would turn on is indicated in Fig. 3. As discussed above, the
more realistic results above turn on smoothly above 2R, and so will correspond to somewhat
suppressed exclusive cross sections (i.e. without secondary particle production) in comparison
to this. For ultra–peripheral photon-initiated interactions, where the dominant contribution
to the cross section comes from b? � 2R, this will have a fairly small impact, but as we will
see for QCD–initiated production this is no longer the case.

7

model dependent

model 
independent

• However, not the case: 
majority of interaction 
occurs for
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b? > RA1 +RA2

where                    
independent of 
QCD modelling.
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Uncertainty on       small, at % level.
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• Other effects?

• Survival factor not constant: depends on process/kinematics.
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Kinematics Process

• NB: this process dependence is often (incorrectly) omitted in literature
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• For example, consider 
dimuon production in PbPb.

• Survival factor ~ 0.7-0.8 at 
low mass, but lower at high 
mass.

• Some (mild) dependence on 
rapidity.
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Figure 1: Diagrams for the (a) leading-order PbPb(WW) ! `
+
`
� (PbPb) and (b) next-to-leading-order PbPb(WW) !

`
+
`
� + W(PbPb) (middle) Breit–Wheeler process in Pb+Pb collisions, and (c) the dissociative PbPb(WW¢) !

`
+
`
� + - (Pb¢Pb) process where one photon is emitted from the substructure of one of the nucleons, leading to

nucleon fragmentation in the far-forward direction.

example of which is shown in Figure 1(b), where the muons are accompanied by additional resolved soft
photons in the final state. Dissociative processes, where one photon is emitted by charged constituents of
a nucleon, as shown in Figure 1(c), are also neglected by most models, in part due to the fact that these
processes are not coherently enhanced.

The study of exclusive dimuon cross sections, conditional on observations of forward neutron production
in the direction of one or both incoming nuclei, provides an additional experimental handle on the impact
parameter range sampled in the observed events [12, 18–20]. In any particular collision, soft photons
emitted by one lead nucleus (Pb) can excite the other (Pb¢), typically through the giant dipole resonance
(GDR) [21], and induce the emission of one or more neutrons, each of which carry, on average, the full
per-nucleon beam energy. Since the probability of these excitations, as well as the overall hardness of the
photon spectrum, is correlated with the nucleus–nucleus impact parameter 1 [12], events with neutron
excitation are typically correlated with harder photon collisions. In STARlight, dilepton cross sections
associated with forward neutron production are calculated by convolving di�erential cross sections for
low-energy photonuclear neutron production with the expected photon fluxes, thus in principle providing
an essentially parameter-free prediction. Of course, the contribution from nucleonic dissociative processes
must be subtracted before comparisons with data.

Exclusive dimuon cross sections are usually presented as a function of the following quantities of the
dimuon final state:

• The dimuon invariant mass <``, which is equivalent to, , the center-of-mass energy of the colliding
WW system.

• The dimuon pair rapidity H``, which is the rapidity of the four-vector sum of the two muons.
Conservation of longitudinal momentum implies that H`` is equal to the rapidity of the WW system.

• The cosine of the dimuon scattering angle o
¢ in the WW center-of-mass frame, | cos o¢

``
|. This is

calculated from the rapidities of the two muons, H+ and H�, as tanh [(H+ � H�)/2].

• The acoplanarity U = 1 � |�q`` |/c which reflects, in part, the initial dimuon ?T,``.

While these are all final-state observables, the fact that the final state consists of only the two muons allows
the initial photon energies (:1 and :2) to be determined from the final-state muons. This is described in

4
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bi?

• Survival factor due to hadron-hadron 
interactions - expressed ~ as a cut on 
the hadron-hadron impact parameter:
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S2(b?) ⇡ ✓(b? � 2rA)

• However, in some MCs an additional cut on the dilepton-hadron impact 
parameter is imposed:

Figure 1: Comparison of q2?N (x, q?)
2 with and without the cut bi? > RA imposed, as described in the text.

The proton (lead) case is shown in the left (right) plots, and representative values of x = 10�3 (10�5) are taken,
corresponding to the production of ⇠ 10 GeV system at central rapidity for

p
s = 13 TeV (

p
sNN = 5.02 TeV).

that in our calculation we give a more complete treatment of the opacity, which accounts for the
matter distribution within the hadrons as well as the QCD interaction probability and range.
Nonetheless, to first approximation this therefore corresponds to simply limiting the bi? integral
in (14) so that |~b1?+~b2?| > 2RA. In addition to this, in various places in the literature a further
cut is placed on the individual impact parameters

b1,2? > RA , (16)

between the hadrons and the produced system X. See e.g. [5,27] in the context of pp collisions,
and in particular the STARlight MC generator [28]. The motivation for this cut is that the final
state itself may otherwise interact with the hadron, spoiling the exclusivity of the event. While
potentially relevant for the production of strongly interacting states, this is certainly not the
case for lepton pairs, see [1, 29–31] for discussion. In particular, such a cut e↵ectively assumes
the lepton pair can interact strongly with the hadrons, which is certainly not true. In principle
additional QED exchanges between the lepton pair and the ions can play a role, but the impact
of this higher order QED e↵ect should not be accounted for according to the above procedure,
as in particular this is a higher order QED e↵ect that will not be localised in the b1,2? < RA

region, given the long range nature of QED, and nor would it be expected to lead to inelastic
production with unity probability in this region, as such a cut implies. We discuss this further
in Section 4.2, but the impact of such higher order corrections is expected to be small.

To assess the impact of this cut, we can simply remove the corresponding bi? < RA region
from the hadron form factor, in impact parameter space. In more detail, we define

Fµ(xi, qi?) = qµi?Ni(xi, qi?) , (17)

where we explicitly include the q? and x arguments for clarity. We will in particular focus purely
on the dominant ⇠ FE component of the cross section, as this is su�cient to demonstrate the
impact of such a cut. In this way we have

T (q1?, q2?) = Fµ(x1, q1?)F
⌫(x2, q2?)Vµ⌫ , (18)

as in (10), and the cross section follows as before. We then define

F̃µ(xi, bi?) = bµi?Ñi(xi, bi?) , (19)

as the Fourier conjugate of (17), i.e. so that

Ñi(xi, bi?) =
1

|~bi? |2
1

(2⇡)2

Z
d2qi?

~bi? · ~qi?Ni(xi, qi?) e
i~bi? ·~qi? . (20)

6

• This is unphysical: no lepton-hadron QCD interaction. HO QED 
interactions small and not to be included in this way.

• Indeed recent ATLAS data on dimuon production in PbPb disfavours such a 
cut.
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• Assume interaction is peripheral - no QCD ion-ion interactions. Can still 
have inelastic photon-ion interaction.

• How to include this? Suitably modified form factor:

Ion Dissociation

• But for inelastic emission photon no longer 
feels coherent charge Z of ion      suppressed 
by factor of Z.

% level correction, and with broader     
distribution.
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• In fact this is not the dominant source of ion dissociation for ultra-peripheral 
ion-ion collisions. 

• This comes from addition ion-ion photon exchanges. Can in particular excite 
ion into higher energy state: ‘Giant Dipole Resonance’.
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• GDR excitation assumed to happen independently of  photon-photon cross 
section:

• Total probability sums to unity         if MC excludes this effect 
will get rate correct.

• However some distributions (e.g. dilepton acoplanarity) can be sensitive.
• In addition, can distinguish experimentally by measuring decay neutron in 

‘Zero Degree Calorimeters’ (ZDCs).
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Higher order QED effects
• Lepton pair production: the       enhancement of elastic photon-ion interaction 

implies that additional ion-lepton QED exchanges no necessarily negligible.

• Size of effect no settled matter: 
differing studies give differing results, 
from < 1% to ~ 10%.

• Additional lepton pair production also not neligible:

• Studies suggest ~ 50% events 
accompanied by additional           pairs.

• Strongly peak at v. low energy, so 
impact depends on detail of 
experimental veto.
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Figure 1: Left: E�ective ““ luminosity vs. photon-fusion mass in ultraperipheral PbPb and pp collisions at the
LHC. In the pp case, the actually “usable” ““ luminosity is also shown with proton tagging at 220 m (currently
installed) and 420 m (proposed). Right: Exclusion limits (95% confidence level) in the ALP-“ coupling (ga“) vs.
ALP mass (ma) plane [25, 26] currently set in pp and e+e≠ (shaded areas) compared to those from PbPb UPC
measurements (CMS result today [25, 26], orange curve; and projections for 20 nb≠1, bottom red curve).

3.1 Axion-like particles
Axion-like particles (ALPs) constitute a class of pseudoscalars with couplings to SM fermions or gauge
bosons through dimension-5 operators. In some cases, they may be Goldstone bosons of an approximate,
spontaneously broken, global symmetry. In this sense they are inspired by original axions arising from
the Peccei-Quinn mechanism to solve the absence of CP violation in QCD [33, 34], but in general they do
not have to solve the strong CP problem, and are therefore to be understood as purely phenomenological
extensions of the Standard Model. An ALP couples to photons through the operator L ∏

a
4f Fµ‹

ÂF µ‹ ,
where f is the decay constant of the ALP. They can be produced through photon-fusion ““ æ a or
associated ff̄ æ “a production, where the latter tends to be the strongest production mode at electron or
proton machines. In the mass range below about 100 GeV, photon fusion in ultraperipheral HI collisions
is competitive thanks to the huge Z4 enhancement in the photon luminosity [25] (Fig. 1, right).

A second key feature is that the only SM background is light-by-light (LbL) scattering, which is
notoriously tiny [35]. This means that it is crucial that the Lagrangian L above provides the dominant
coupling of the ALP to the SM: Any competing branching ratios to leptons or jets would degrade the
reach, as the backgrounds in those final states are unsuppressed. Evidence and/or observation for LbL
scattering in PbPb UPCs has been reported by ATLAS [36, 37] and CMS [26]. The latter one also provides
the best current limits on ALPs in the mass range from ma = 5 to 50 GeV for coupling to photons only
(Fig. 1 right), and ma = 5 to 10 GeV for a scenario with hypercharge coupling as well. For a recast of
the ATLAS data to a limit on ALPs, see [20, 38]. Given that the higher mass ALPs will be well covered
by the regular pp runs, PbPb collisions will likely remain the only choice when searching for ALPs up
to ma ¥ 100 GeV, though a comparison of the higher-mass reach for lighter ions would be interesting.
Going below ma < 5 GeV is not possible for ATLAS and CMS, due to trigger and noise limitations in the
calorimeters, but the range ma ¥ 0.5–5 GeV can be covered by UPC measurements in ALICE and LHCb,
complementing a mass range that Belle II is also expected to measure reasonably well [39]. Finally, as
more data are gathered, the LbL background will become a limitation. The limits would therefore benefit
substantially if the diphoton invariant mass resolution could be improved, possibly by making use of “
conversions.

3.2 Born-Infeld non-linear QED, non-commutative QED
The possibility of non-linear Born-Infeld extensions of QED has a long history, first proposed in the
1930s [40], they appear naturally in string-theory models [41]. Remarkably, however, the limit on the
mass scale of such extensions has until recently been at most at the level of 100 MeV [42]. The first LHC

5

What are heavy ion collisions good for?
• At lower masses,       enhancement wins: PbPb larger effective luminosity 

than pp.
• However PbPb rate sharply falling with          : larger               larger               

larger average photon        and ion will not remain intact.
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production.
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Aside: photoproduction

• Photon-photon collisions not the only process of interest: production of 
strongly interacting objects via photoproduction also possible.

• Involves QCD interaction       sensitive to nuclear structure, saturation 
effects…

• Photon emission on one side       ultraperipheral interaction still possible.
• Can also consider pA collisions.
• Will not discuss in detail here (time), but worth bearing in mind!
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• Principle MCs on the market: ★ SuperChic

• A MC event generator for CEP 
processes. Common platform for:

‣ QCD-induced CEP.

‣ Photoproduction.

‣ Photon-photon induced CEP.

• For pp, pA and AA collisions.  Weighted/unweighted events (LHE, 
HEPMC) available- can interface to Pythia/HERWIG etc as required.

https://superchic.hepforge.org

• In heavy ions, currently implemented 
of most relevance:

‣ Lepton pairs.

‣ Light-by-light scattering.

‣ ALPs.

‣ Monopoles.

‣ Vector meson photoproduction.

• Currently only elastic production implemented: no dissociation.
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★ Starlight •  Dedicated MC for heavy ion collisions.

• Range of two-photon processes 
implemented:

lepton pairs

vector 
mesons
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{

• As well as vector meson photoproduction.

• Nuclear breakup is included - both single and multiple neutron emission.

• But unphysical                  cut always applied.
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• Process dependence of survival factor not included.
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quartic gauge couplings (aQGC) [25, 26], axion-like-particles (ALPs) [27], Born–Infeld (BI) extensions of Quantum
Electrodynamics (QED) [28], or anomalous ⌧ electromagnetic (e.m.) moments [29–32] have thereby been performed,
and many more studies of the Standard Model (SM) and beyond (BSM) are open to study in the near future [33–35].
Multiple SM and BSM �� processes accessible in UPCs at hadron colliders are displayed in Fig. 1 and listed in Table I.

TABLE I: Gold-plated SM and BSM processes accessible via photon-photon collisions in UPCs at hadron colliders.

Process Physics motivation

�� ! e
+
e
�, µ+µ� “Standard candles” for proton/nucleus � fluxes, EPA calculations, and higher-order QED corrections

�� ! ⌧+⌧� Anomalous ⌧ lepton e.m. moments [29–32]

�� ! �� aQGC [25], ALPs [27], BI QED [28], noncommut. interactions [36], extra dims. [37],...

�� ! T0 Ditauonium properties (heaviest QED bound state) [38, 39]

�� ! (cc)0,2, (bb)0,2 Properties of scalar and tensor charmonia and bottomonia [40, 41]

�� ! XYZ Properties of spin-even XYZ heavy-quark exotic states [42]

�� ! VM VM (with VM = ⇢,!, �, J/ ,⌥): BFKL-Pomeron dynamics [43–46]

�� !W+W�, ZZ, Z�, · · · anomalous quartic gauge couplings [11, 26, 47, 48]

�� ! H Higgs-� coupling, total H width [49, 50]

�� ! HH Higgs potential [51], quartic ��HH coupling

�� ! tt anomalous top-quark e.m. couplings [11, 49]

�� ! ˜̀ ˜̀, �̃+�̃�, H++H�� SUSY pairs: slepton [11, 52, 53], chargino [11, 54], doubly-charged Higgs bosons [11, 55].

�� ! a, �,MM, G ALPs [27, 56], radions [57], monopoles [58–61], gravitons [62–64],...

The photons coherently emitted from a charged hadron must have a wavelength larger than the size of the latter,
such that they do not resolve the individual hadron constituents (partons or nucleons in the case of protons or nuclei,
respectively) but see the coherent action of them. Such coherence emission condition forces the photons to be almost
on-mass shell, limiting their virtuality Q

2 = �q
2 to very low values1

Q
2 < 1/R2, where R is the charge radius:

Q
2
⇡ 0.08 GeV2 for protons with R ⇡ 0.7 fm, and Q

2 < 4·10�3 GeV2 for nuclei with RA ⇡ 1.2 A
1/3 fm, for mass

number A > 16. With the hadrons interacting only electromagnetically at large impact parameters without hadronic
overlap, and surviving the emission of the quasireal photon, the �� production processes are called exclusive or
elastic (when only one hadron survives the UPC, the processes are called semiexclusive or semielastic). The photon
spectra in the longitudinal direction have a typical E

�1
� bremsstrahlung-like spectrum up to energies of the order of

E
max
� ⇡ �L/R, where �L = Ebeam/mp,N is the Lorentz relativistic factor of the proton (mass mp = 0.9383 GeV) or ion

(nucleon mass mN = 0.9315 GeV), beyond which the � flux is further exponentially suppressed. The photon energies
determine the rapidity of the produced system, y = 0.5 ln(E�1/E�2 ), and the c.m. energy W�� = m�� =

p
4E�1 E�2

which, for symmetric systems, is maximal at y = 0 when E
max
�1
= E

max
�2
⇡ �/bmin with bmin the minimum impact

parameter between the two charges of radius RA,B. Table II summarizes the typical parameters for p-p, p-A, and
A-A UPCs at the LHC and Future Circular Collider (FCC) energies, illustrating the impressive range of maximum
photon-photon c.m. energies ps� � ⇡ 0.2–30 TeV covered. The HL-LHC integrated luminosities for light-ion runs are
taken from [33, 35], although there are intriguing proposals to significantly enhance them for Ca-Ca collisions [65].
Compared to the e

+
e
� and p-p cases, the main advantage of studies of photon-fusion processes via A-A UPCs is the

lack of pileup collisions and the huge Z
2 photon-flux boost that leads to �� cross sections comparatively enhanced

by factors of up to Z
4
⇡ 50 · 106 for Pb-Pb. On the other hand, proton beams at the LHC feature O(108) larger Lint,

have forward proton detectors available to tag such collisions at high masses [66, 67], and have harder � spectra
compared to the heavy-ion case. All such p-p di↵erences eventually compensate for the Pb-Pb advantages above
W�� ⌘

p
s� � ⇡ 100–300 GeV (depending on single- or double-proton tagging) [33, 66]. Adding forward downstream

proton spectrometers at 400 m in the LHC tunnel would cover collisions down to W�� ⇡ 50 GeV [68].

Studies of photon-photon physics in UPCs with hadron beams at RHIC, LHC, and FCC have been so far carried
out mostly employing dedicated Monte Carlo (MC) event generators such as Starlight [71], Superchic [72], or
fpmc (for p-p UPCs only) [73], where a subset of selectable physical processes has been previously coded at
leading-order (LO) QED accuracy. There is an increasing experimental and phenomenological need to have at

1 Natural units, ~ = c = 1, are used throughout the paper.

★ gamma-UPC • New MC for photon-photon production in 
heavy ion ultra-peripheral collisions (UPCs).

• Makes use of MadGraph: in principle any 
arbitrary                    process can be simulated, e.g.:

• Currently only elastic production implemented: no dissociation.

• Process dependence of survival factor not included.
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d2b1?d

2b2? |M̃(~b1? ,~b2? ...)|2e�⌦A1A2 (
~b1?�~b2? )

but with (important) differences in implementation/processes generated.

★ Full treatment of survival factor.

★ Unphysical                 cut.

★ Ion dissociation.

★ Automated process generation.

★...
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Where do we stand?
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Figure 1: Diagrams for the (a) leading-order PbPb(WW) ! `
+
`
� (PbPb) and (b) next-to-leading-order PbPb(WW) !

`
+
`
� + W(PbPb) (middle) Breit–Wheeler process in Pb+Pb collisions, and (c) the dissociative PbPb(WW¢) !

`
+
`
� + - (Pb¢Pb) process where one photon is emitted from the substructure of one of the nucleons, leading to

nucleon fragmentation in the far-forward direction.

example of which is shown in Figure 1(b), where the muons are accompanied by additional resolved soft
photons in the final state. Dissociative processes, where one photon is emitted by charged constituents of
a nucleon, as shown in Figure 1(c), are also neglected by most models, in part due to the fact that these
processes are not coherently enhanced.

The study of exclusive dimuon cross sections, conditional on observations of forward neutron production
in the direction of one or both incoming nuclei, provides an additional experimental handle on the impact
parameter range sampled in the observed events [12, 18–20]. In any particular collision, soft photons
emitted by one lead nucleus (Pb) can excite the other (Pb¢), typically through the giant dipole resonance
(GDR) [21], and induce the emission of one or more neutrons, each of which carry, on average, the full
per-nucleon beam energy. Since the probability of these excitations, as well as the overall hardness of the
photon spectrum, is correlated with the nucleus–nucleus impact parameter 1 [12], events with neutron
excitation are typically correlated with harder photon collisions. In STARlight, dilepton cross sections
associated with forward neutron production are calculated by convolving di�erential cross sections for
low-energy photonuclear neutron production with the expected photon fluxes, thus in principle providing
an essentially parameter-free prediction. Of course, the contribution from nucleonic dissociative processes
must be subtracted before comparisons with data.

Exclusive dimuon cross sections are usually presented as a function of the following quantities of the
dimuon final state:

• The dimuon invariant mass <``, which is equivalent to, , the center-of-mass energy of the colliding
WW system.

• The dimuon pair rapidity H``, which is the rapidity of the four-vector sum of the two muons.
Conservation of longitudinal momentum implies that H`` is equal to the rapidity of the WW system.

• The cosine of the dimuon scattering angle o
¢ in the WW center-of-mass frame, | cos o¢

``
|. This is

calculated from the rapidities of the two muons, H+ and H�, as tanh [(H+ � H�)/2].

• The acoplanarity U = 1 � |�q`` |/c which reflects, in part, the initial dimuon ?T,``.

While these are all final-state observables, the fact that the final state consists of only the two muons allows
the initial photon energies (:1 and :2) to be determined from the final-state muons. This is described in

4

• Measurements of lepton pair production broadly agree with Superchic/
Starlight predictions, but not entirely:

★ Unphysical                   cut  
disfavoured by differential data.

more than two photons in the initial state) are relevant and would tend to reduce the predicted cross-sections
by the observed discrepancies [46].
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Figure 6: Fully corrected di�erential cross-sections measured inclusively in ZDC categories for exclusive dielectron
production, WW ! 4

+
4
�, as a function of <44, h?4Ti, |H44 | and | cos \⇤ | for data (dots) and MC predictions from

S�������� (solid blue) and S����C��� (dashed red). Bottom panels present the ratios of data to MC predictions.
The shaded area represents the total uncertainty of the data, excluding the 2% luminosity uncertainty.

The di�erential cross-sections as a function of <44, h?4Ti, |H44 | and | cos \⇤ | for the 0n0n category
are presented in Figure 7. They are compared with the MC predictions from S�������� v3.13 and
S����C��� v3.05. Both simulated samples were produced inclusively and reweighted to the 0n0n category
using the measured fractions in the inclusive data sample. Each theory prediction is represented by two
curves reflecting the systematic variations of the measured 0n0n fractions. S�������� can also generate a
prediction conditional on the presence of neutron emission in one or both directions. These dedicated
predictions from S�������� for the 0n0n category are shown in the same plots. That prediction agrees well
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b? > RA

ATLAS data [24] Pure EPA bi? > RA bi? > RA, inc. S2 inc. S2 inc. S2 + FSR
� [µb] 34.1 ± 0.8 52.2 37.1 29.9 38.9 37.3

Table 1: Comparison of predictions for exclusive dimuon production in ultraperipheral PbPb collisions, with the

ATLAS data [24] at
p
sNN = 5.02 TeV. The muons are required to have pµ? > 4 GeV, |⌘µ| < 2.4, mµµ > 10 GeV,

pµµ? < 2 GeV. The data uncertainties correspond to the sum in quadrature of the statistical and systematic.

from the leptons the prediction drops further to 30.8 µb; given such FSR e↵ects are certainly
present this is therefore the more appropriate number for comparison.

We recall from the discussion above, that STARlight imposes precisely the bi? > RA cut
described in Section 2.2. It is therefore interesting to investigate the impact of this cut on
the predicted cross section. In Table 1 we show results for this, as given by SuperChic 4 [1],
suitably modified to include the bi? > RA cut when required. Excluding survival e↵ects, we
can see that the impact of this cut is rather significant, reducing the cross section by ⇠ 30%.
A further reduction of a little over ⇠ 10% is then introduced by including the physical e↵ect
of the survival factor. The final result of 29.9 µb is a little lower than, but comparable to, the
STARlight prediction of 32.1 µb. We note that we do not expect the results to coincide precisely,
as e.g. our treatment of survival e↵ects is more complete. In particular, as discussed above we
fully account for the impact parameter dependence of the �� ! µ+µ� amplitude, which is not
included in [39]. Nonetheless, we can see that the agreement is significantly improved once the
bi? > RA cut is imposed in the SuperChic results.

If we exclude this cut, then the survival factor reduces the cross section by ⇠ 25%, and the
resulting cross section is 38.9 µb, i.e. is as expected higher. Thus, we can indeed confirm the
fact that it is only by including this unphysical cut that consistency with STARlight is found.
Now, our baseline prediction of 38.9 µb lies above the data, though we should bear in mind that
the impact of QED FSR is found in the analysis to reduce the STARlight prediction by ⇠ 4%,
and so will be expected to reduce our prediction to ⇠ 37.3 µb; this is given in the last column
of Table 1 for comparison. This is still in rather poor agreement with the data, lying above it,
though the STARlight predictions undershoot the data by a similar amount.

We now consider the impact on the di↵erential predictions. It was in particular observed
in [24] that the STARlight predictions tend to undershoot the data as the dimuon rapidity, |yµµ|,
is increased. Given the discussion above, it is interesting to examine whether the imposition
of the bi? > RA cut, as well as modifying the total cross section, might modify the resulting
rapidity distribution in such a way as to explain this discrepancy. We therefore plot in Fig. 2
(top left) the ratio of the normalized distribution using our default (‘full’) prediction to that
found by imposing the bi? > RA cut. We consider the normalized case in order to isolate the
impact on the shape alone. We can clearly see that the e↵ect is rather large, with the cut leading
to a decrease in the normalized distribution at higher rapidities by ⇠ 15%. Crucially, we can see
from Fig. 6 of [24] that the shape and magnitude of the trend closely follows that observed when
plotting the ratio of the data to the STARlight prediction. That is, this is undershooting the
data by precisely the level we would expect from Fig. 2 (top left), given that the bi? > RA cut
is being imposed. Removing this artificial cut will therefore clearly lead to a better description
of the rapidity distribution.

In [24] a related e↵ect is also seen with respect to the minimum and maximum photon
energies, defined via the minimum/maximum value of k1,2 =

p
sx1,2/2, where x1,2 are the

photon momentum fractions. Here, the STARlight predictions are observed to undershoot the
data at both lower and higher values of kmin and kmax. In Fig. 2 (top right) we plot the same
ratio of normalized distributions as before, but now with respect to these variables. Remarkably,
comparing with Fig. 10 of [24] we can see that precisely this trend is reproduced by our results,

8

• But tendency for SuperChic 
predictions to undershoot dimuon 
data (better for electrons).
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Light-by-Light Scattering
• MC prediction compared with ATLAS data on LbyL scattering:
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Figure 8: Measured di�erential fiducial cross sections of WW ! WW production in Pb+Pb collisions at
p
BNN = 5.02 TeV

for four observables (from left to right and top to bottom): diphoton invariant mass, diphoton absolute rapidity,
average photon transverse momentum and diphoton | cos(\⇤) |. The measured cross-section values are shown as
points with error bars giving the statistical uncertainty and grey bands indicating the size of the total uncertainty. The
results are compared with the prediction from the SuperChic v3.0 MC generator (solid line) with bands denoting the
theoretical uncertainty.

shape of | cos(\⇤) | distribution. The <WW di�erential fiducial distribution is measured up to <WW = 30 GeV.
For <WW > 30 GeV, no events are observed in data versus a total expectation of 0.8 events.

The cross sections for all distributions shown in this paper, including normalised di�erential fiducial cross
sections, are available in HepData [62].

8.4 Search for ALP production

Any particle coupling directly to photons could be produced in an B-channel process in photon–photon
collisions, leading to a resonance peak in the invariant mass spectrum. One popular candidate for producing
a narrow diphoton resonance is an axion-like particle (ALP) [12]. The measured diphoton invariant mass
spectrum, as shown in Figure 7, is used to search for WW ! 0 ! WW process, where 0 denotes the ALP.
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9 Conclusions

This paper presents a measurement of the light-by-light scattering process in quasi-real photon interactions
from ultra-peripheral Pb+Pb collisions at

p
BNN = 5.02 TeV by the ATLAS experiment at the LHC. The

measurement is based on the full Run 2 data set corresponding to an integrated luminosity of 2.2 nb�1.
After the selection criteria, 97 events are selected in the data while 27 ± 5 background events are expected.
The dominant background processes are estimated using data-driven methods.

After background subtraction and corrections for detector e�ects are applied, the integrated fiducial cross
section of the WW ! WW process is measured to be ffid = 120 ± 17 (stat.) ± 13 (syst.) ± 4 (lumi.) nb.
The data-to-theory ratios are 1.50 ± 0.32 and 1.54 ± 0.32 for predictions from Ref. [37] and from the
SuperChic v3.0 MC generator, respectively. Di�erential fiducial cross sections are measured as a function
of several properties of the final-state photons and are compared with Standard Model theory predictions for
light-by-light scattering. All measured cross sections are consistent within 2 standard deviations with the
predictions. The measurement precision is limited in all kinematic regions by statistical uncertainties.

The measured diphoton invariant mass distribution is used to search for axion-like particles and set new
exclusion limits on their production in the Pb+Pb (WW) ! Pb(⇤)+Pb(⇤)

WW reaction. Integrated cross
sections above 2 to 70 nb are excluded at the 95% CL, depending on the diphoton invariant mass in the
range 6–100 GeV. These results provide, to this date and within the aforementioned mass range, the most
stringent constraints in the search for ALP signals.
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• SuperChic central prediction: 78 nb, i.e. now below the data. Differentially:
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1 Introduction
Elastic light-by-light (LbL) scattering, gg ! gg, is a pure quantum mechanical process that
proceeds, at leading order in the quantum electrodynamics (QED) coupling a, via virtual box
diagrams containing charged particles (Fig. 1, left). In the standard model (SM), the box di-
agram involves contributions from charged fermions (leptons and quarks) and the W± bo-
son. Although LbL scattering via an electron loop has been indirectly tested through the high-
precision measurements of the anomalous magnetic moment of the electron [1] and muon [2],
its direct observation in the laboratory remains elusive because of a very suppressed produc-
tion cross section proportional to a4 ⇡ 3 ⇥ 10�9. Out of the two closely-related processes—
photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon split-
ting in a strong magnetic field (“vacuum birefringence”) [4, 5]—only the former has been
clearly observed [6]. However, as demonstrated in Ref. [7], the LbL process can be experi-
mentally observed in ultraperipheral interactions of ions, with impact parameters larger than
twice the radius of the nuclei, exploiting the very large fluxes of quasireal photons emitted by
the nuclei accelerated at TeV energies [8]. Ions accelerated at high energies generate strong elec-
tromagnetic fields, which, in the equivalent photon approximation [9–11], can be considered
as g beams of virtuality Q

2 < 1/R
2, where R is the effective radius of the charge distribu-

tion. For lead (Pb) nuclei with radius R ⇡ 7 fm, the quasireal photon beams have virtuali-
ties Q

2 < 10�3 GeV2, but very large longitudinal energy (up to Eg = g/R ⇡ 80 GeV, where
g is the Lorentz relativistic factor), enabling the production of massive central systems with
very soft transverse momenta (pT . 0.1 GeV). Since each photon flux scales as the square of
the ion charge Z

2, gg scattering cross sections in PbPb collisions are enhanced by a factor of
Z

4 ' 5 ⇥ 107 compared to similar proton-proton or electron-positron interactions.
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Figure 1: Schematic diagrams of light-by-light scattering (gg ! gg, left), QED dielectron
(gg ! e+e�, centre), and central exclusive diphoton (gg ! gg, right) production in ultra-
peripheral PbPb collisions. The (⇤) superscript indicates a potential electromagnetic excitation
of the outgoing ions.

Many final states have been measured in photon-photon interactions in ultraperipheral colli-
sions of proton and/or lead beams at the CERN LHC, including gg ! e+e� [12–21], gg !
W+W� [22–24], and first evidence of gg ! gg reported by the ATLAS experiment [25] with a
signal significance of 4.4 standard deviations (3.8 standard deviations expected). The final-state
signature of interest in this analysis is the exclusive production of two photons, PbPb ! gg !
Pb(⇤)ggPb(⇤), where the diphoton final state is measured in the otherwise empty central part
of the detector, and the outgoing Pb ions (with a potential electromagnetic excitation denoted
by the (⇤) superscript) survive the interaction and escape undetected at very low q angles with
respect to the beam direction (Fig. 1, left). The dominant backgrounds are the QED production



Outlook
• Basic theory for modelling two-photon interactions in heavy ion collisions 
well established.

• Range of MCs on the market that implement this.

• But none so far are complete:

★ Full treatment of survival factor.
★ Inclusion of ion dissociation.
★ Higher order QED effects.

• To do high precision physics in heavy ion collisions including all of this well 
be key: more work to do!

Thank you for listening
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