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Light-by-light (LbyL) scattering, γγ → γγ , is a very rare process allowed in Quantum Electro-
dynamics via a loop diagram. The precise measurement of this process is potentially sensitive
to contributions from Beyond the Standard Model. Despite the small cross-section, the LbyL
scattering can be observed in ultra-peripheral high energy heavy-ion collisions due to strong elec-
tromagnetic fields accompanying the lead beam. In this talk we discuss the first direct observation
of LbyL scattering established by the ATLAS Collaboration using 2018 Pb+Pb dataset. We also
summarize other new measurements done using ultra-peripheral events such as the measurement
of multi-particle correlations and measurement of di-muon production.
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1. Introduction

When ultra-relativistic beams of lead nuclei are brought into collision at the Large Hadron
Collider (LHC), the most common processes studied are those for which the nuclei have an im-
pact parameter less than twice their radius (b < 2R). At small or moderate b, such collisions are
understood to create quark-gluon plasma and result in a large number of particles in the final state.
However, the strong electromagnetic (EM) fields of the fully ionized nuclei can induce interactions
even when the nuclei have significantly larger impact parameters such that no hadronic interaction
occurs (b > 2R). In the equivalent photon approximation [1, 2], these strong EM fields correspond
to a flux of quasi-real, high-energy photons. These photons can be emitted coherently from the
entire nucleus, which enhances their flux by a factor of Z2 (Z = 82 for Pb). These ultra-peripheral
collisions (UPC) [3] have appreciable rates and include photon-photon and photo-nuclear interac-
tions.

2. Standard Model light-by-light scattering

Light-by-light (LbyL) scattering, γγ → γγ , process that is well predicted in quantum elec-
trodynamics but forbidden in the classical theory of electrodynamics [4]. In the Standard Model
(SM), the light-by-light scattering takes place at lowest order in the fine structure constant (αem)
via virtual one-loop box diagrams involving charged fermions (leptons and quarks) and the W±

boson. The box diagrams shown in Figure 1 can also have extra contribution from beyond standard
model particles likes axion-like particles.

The LbyL scattering is characterized by a very low cross section which makes its measurement
very inaccessible but it can be observed in ultra-peripheral high energy heavy-ion collisions due to
strong electromagnetic fields accompanying the lead beam . The first evidence of this process was
measured using data taken during 2015 by both ATLAS [5] and CMS [6] . In this proceeding we
present the observation of this process by the ATLAS experiment using the 2018 data.

The electromagnetic fields created by the colliding lead nuclei can be seen as a beam of quasi-
real photons with a small virtuality of Q2 < 1/R2, where R is the radius of the charge distribution
and so Q2 < 10−3 GeV2[1, 2]. Then, the cross section for the reaction Pb+Pb(γγ)→ Pb+Pbγγ can
be calculated by convolving the respective photon flux with the elementary cross section for the
process γγ→ γγ . Since the photon flux associated with each nucleus scales as Z2, the cross section
is extremely increased with respect to proton–proton (pp) collisions.

3. Experimental evidences and new ATLAS measurements

3.1 The first ATLAS measurement

The first evidence of light-by-light scattering was reported by the ATLAS collaboration [5]
after the analysis of data taken during 2015 lead-lead collisions at a center-of-mass energy per
nucleon pair of 5.02 TeV by the ATLAS detector [7], the amount of data was 0.48 nb−1. A total of
13 candidate events were observed with an expected background of 2.6± 0.7. Figure 2 shows the
invariant mass of the diphoton system for the resulting events. Similar results were late published
by the CMS collaboration [6] .
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Figure 1: Schematic diagram of light-by-light scattering in UPC PbPb collisions. A potential
electromagnetic excitation of the outgoing Pb ions is denotes by (∗).
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Figure 2: Invariant mass off the diphoton system after applying all the selections. Data (points) are
compared with the sum of signal and background expectations (histograms) [5].

3.2 The new measurement

3.2.1 Event selection

The final-state signature of interest is the exclusive production of two photons, Pb+Pb(γγ)→
Pb(∗)+Pb(∗) γγ , where the diphoton final-state is measured in the central detector, and the incoming
Pb ions survive the EM interaction, with a possible EM excitation [8], denoted by (∗). Hence, the
final state consists of two low-energy photons and no further activity in the detector, and in partic-
ular no reconstructed charged-particle tracks originating from the interaction point. The analysis
follows the same approach of the initial ATLAS measurement, which was originally proposed in
Ref. [9].

3.2.2 Backgrounds

The exclusive diphoton final state can also be produced via the strong interaction through a
quark loop in the exchange of two gluons in a color-singlet state as shown in Figure 3(a). This
central exclusive production (CEP) process, gg→ γγ , was simulated using SuperChic v3.0. This
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process has a large theoretical uncertainty, of O(100%) [10], hence the absolute normalization of
this background is determined using data driven method.
The γγ → e+e− process as shown in Figure 3(b) is a potential background when both leptons are
reconstructed as photons, but is also used for calibration studies in the analysis. The process was
modeled with the Starlight 2.0 generator. Its production cross section is computed by combining
the Pb+Pb photon flux with the leading-order formula for γγ → e+e−. Two-photon production
of quark–antiquark pairs, with their subsequent decay into multiple hadrons, was modeled using
HERWIG++ 2.7.1 [11], where the initial photon fluxes from pp collisions are implemented. The
sample was then normalized to cover the differences in the photon fluxes between PbPb and pp
collisions. All simulated events make use of a detector simulation [12] based on GEANT4 [13]
and are reconstructed with the standard ATLAS reconstruction software.

(a) (b)

Figure 3: Feynman diagrams for central exclusive production gg→ γγ (a) and γγ → e+e− process
(b) in lead lead collisions .

3.2.3 Photon Performance studies

Photons reconstruction is done using EM clusters in the calorimeter [14] and tracking infor-
mation from the Inner Detector, which allows to identify photon conversions [15]. An energy
calibration specifically optimized for photons [16] is applied to account for energy loss before
the calorimeter and both lateral and longitudinal shower leakage. Photons in MC samples are cor-
rected [15] for known mismodeling of quantities that describe the properties (“shapes”) of the asso-
ciated EM showers. The photon reconstruction efficiency is extracted from data using γγ → e+e−

events, where one of the electrons emits a hard bremsstrahlung photon due to interaction with the
material of the detector. The analysis is performed for events with exactly one identified electron
and exactly two reconstructed charged-particle tracks, and a tag-and-probe method is used as de-
scribed in Ref. [5]. The resulting photon reconstruction efficiency is shown in Figure 4(a). It rises
from about 60% at ET = 2.5 GeV to 90% at ET = 6 GeV and is used to derive simulation-to-data
correction factors. Based on these studies, MC events are corrected using photon ET-dependent
simulation-to-data correction factors. The systematic uncertainty on the photon reconstruction and
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particle identification (PID) efficiencies is estimated by parameterizing the correction factors as a
function of the photon η instead of the photon ET.

The photon PID in this analysis is based on a selection of these shower-shape variables, op-
timized for the signal events. Only photons with ET > 3GeV and |η | < 2.37, excluding the
calorimeter transition region 1.37 < |η | < 1.52, are considered. This allows for good separation
between prompt photons and fake signatures due to calorimeter noise, cosmic-ray muons, or non-
prompt photons originating from the decay of neutral hadrons. The photon PID is based on a neural
network trained on background photons extracted from data and on photons from the signal MC
sample. The selection of background photons follows the procedure established in Ref. [5].

High-pT exclusive dilepton production (γγ → `+`−, where ` = e, µ) with final-state radia-
tion (FSR) is used to measure the photon PID efficiency, defined as the probability for a recon-
structed photon to satisfy the identification criteria. Events with exactly two oppositely charged
tracks with pT > 0.5GeV are selected from UPC triggered events. In addition, a requirement to
reconstruct a photon candidate with ET > 2.5GeV and |η | < 1.37 or 1.52 < |η | < 2.37 is im-
posed. A photon candidate is required to be separated from each track by fulfilling ∆R > 0.3 [17]
to avoid leakage between the photon and the electron clusters. The FSR event candidates are re-
quired to have p``γT < 1GeV requirement, where p``γT is the transverse momentum of the three-body
system consisting of the two tracks and the photon candidate. Figure 4(b) shows the photon PID
efficiency as a function of reconstructed photon ET, where the measurement from data is compared
with the one extracted from the signal MC sample.
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Figure 4: (a) photon reconstruction efficiency as a function of the photon ET (approximated with
Ee

T,1− ptrk2
T , where trk2 denotes the track of the second leading electron), and (b) photon particle-

identification efficiency as a function of the photon ET [18].

The acoplanarity: Aφ =(1−|∆φγγ |/π)< 0.01 requirement significantly reduces the CEP gg→ γγ

background. Its remaining contribution is evaluated from a control region defined by applying the
same selection as for the signal region, but inverting the Aφ requirement to Aφ > 0.01 , and cor-
recting the measured event yield for the expected signal and γγ → e+e− contributions. The CEP
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and γγ → e+e− processes exhibit a significantly broader Aφ distribution than the γγ → γγ process.
Figure 5(a) shows the acoplanarity distrubtion before applyiong the Aφ < 0.01 cut .

3.2.4 measurement results

After applying the signal selection, 59 events are observed in the data where 30± 4 (syst.)
signal events and 12±1 (stat.)±3 (syst.) background events are expected. Figure 5(b) shows the
invariant mass for photons satisfying all selection criteria. The probability that the data is com-
patible with the background-only hypothesis was evaluated in a narrower 0 < Aφ < 0.005 range,
which in studies using simulated data was found to be most sensitive. In this region, 42 events
are observed in the data where 25±3 (syst.) signal events and 6±1 (stat.)±2 (syst.) background
events are expected.

The measured fiducial cross section is 78±13 (stat.)±7 (syst.)±3 (lumi.) nb, which can be
compared with the predicted values of 45 ± 5 nb from Ref. [9], 51 ± 5 nb from Ref. [19] and
50 ± 5 nb from SuperChic3 MC simulation [20].
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Figure 5: (a) The diphoton Aφ distribution for events satisfying the signal selection, but before
the Aφ < 0.01 requirement. (b) Diphoton invariant mass for events satisfying the signal selection.
Data (points) are compared with the sum of signal and background expectations (histograms).
Systematic uncertainties of the signal and background processes, excluding that of the luminosity,
are shown as shaded bands[18].

4. New results from ultra-peripheral heavy-ion collisions (UPC)

This section is dedicated to a summary of a measurement of two-particle long-range azimuthal
correlations in photo-nuclear collisions using 1.73 nb−1of 5.02 TeV Pb+Pb data collected in 2018
by ATLAS with a dedicated photo-nuclear event trigger [21]. Candidate photo-nuclear events
are selected using a combination of the zero-degree calorimeters, forward calorimeters, and re-
constructed pseudorapidity gaps constructed from calorimeter clusters and charged-particle tracks.
Correlation functions as shown in Figure 6 are formed using charged-particle tracks in the event.
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A template fitting method is employed to subtract the non-flow contribution. Second-order (el-
liptic) flow coefficients are presented as a function of charged-particle multiplicity and transverse
momentum, and significant non-zero values of the flow coefficients are observed. The results are
compared to flow coefficients obtained in proton–proton and proton–lead collisions in similar mul-
tiplicity ranges as shown in Figure 7.

Figure 6: Two-dimensional normalized particle pair distributions in photo-nuclear events, corrected
for acceptance effects with the mixed event distribution, and presented as a function of ∆η and ∆φ .
The peak at ∆φ = 0 ∆η = 0 is truncated to better show the structure of the correlation function.This
panel corresponds to the range 20 < Nrec

ch < 25 of charged-particle multiplicity [21].

5. Conclusion

This proceedings describe the observation of light-by-light scattering in ultraperipheral PbPb
collisions at

√
sNN = 5.02 TeV recorded in 2018 by the ATLAS experiment in one hand and re-

port a measurement of long-range two-particle correlations in high-energy photo-nuclear collisions
using the same dataset in the other hand. Concerning light-by-light scattering 59 data events are
observed in the signal region, while 12±3 background events are expected. The photo nuclear anal-
ysis shows that the correlation function in high-multiplicity photo-nuclear events can be described
as the sum of a contribution from low-multiplicity events and a pedestal with Fourier coefficient
modulations. The single particle coefficients v2 are reported as a function of charged-particle mul-
tiplicity and single-particle pT, and are compared to those previously measured in pp and p+Pb
events. Ultraperipheral PbPb collisions will improve the understanding of the strong electromag-
netic fields surrounding the nucleus, which enable future UPC measurements utilizing these high
energy probes
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(a) (b)

Figure 7: (a) Flow coefficients v2 for charged particles with 0.5 < pT < 5.0 GeV in photo-nuclear
events, as a function of charged-particle multiplicity Nrec

ch . (b) Charged-particle flow coefficients
v2 in photo-nuclear events with 20 < Nrec

ch ≤ 60, as a function of particle pT. The vertical error
bars and colored boxes represent the statistic and total systematic uncertainties, respectively. The
photo-nuclear data points are positioned at the average pT value in each intervals. The data are
compared to the analogous measurements in pp and p+Pb collisions [21].
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