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Light-by-light scattering (γγ → γγ) is a quantum-mechanical process that is forbidden in the
classical theory of electrodynamics. This reaction is accessible at the Large Hadron Collider
thanks to the large electromagnetic field strengths generated by ultra-relativistic colliding
lead ions. Using 480 µb−1 of lead–lead collision data recorded at a centre-of-mass energy per
nucleon pair of 5.02 TeV by the ATLAS detector, here we report evidence for light-by-light
scattering. A total of thirteen candidate events were observed with an expected background
of 2.6 ± 0.7 events. After background subtraction and analysis corrections, the fiducial cross
section of the process Pb+Pb (γγ) → Pb(∗)+Pb(∗) γγ, for photon transverse energy ET >

3 GeV, photon absolute pseudorapidity |η| < 2.4, diphoton invariant mass greater than 6 GeV,
diphoton transverse momentum lower than 2 GeV and diphoton acoplanarity below 0.01, is
measured to be 70±24 (stat.)±17 (syst.) nb, which is in agreement with the Standard Model
predictions.

c© 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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One of the key features of Maxwell’s equations is their linearity in both the sources and the fields, from
which follows the superposition principle. This forbids effects such as light-by-light (LbyL) scattering,
γγ → γγ, which is a purely quantum-mechanical process. It was realised in the early history of quan-
tum electrodynamics (QED) that LbyL scattering is related to the polarisation of the vacuum [1]. In the
Standard Model (SM) of particle physics, the virtual particles that mediate the LbyL coupling are elec-
trically charged fermions or W± bosons. In QED, the γγ → γγ reaction proceeds at lowest order in the
fine structure constant (αem) via virtual one-loop box diagrams involving fermions (Figure 1(a)), which
is an O(α4

em ≈ 3 × 10−9) process, making it challenging to test experimentally. Indeed, the elastic LbyL
scattering has remained unobserved: even the ultra-intense laser experiments are not yet powerful enough
to probe this phenomenon [2].

LbyL scattering via an electron loop has been precisely, albeit indirectly, tested in measurements of the
anomalous magnetic moment of the electron and muon [3, 4] where it is predicted to contribute substan-
tially, as one of the QED corrections [5]. The γγ → γγ reaction has been measured in photon scattering
in the Coulomb field of a nucleus (Delbrück scattering) at fixed photon energies below 7 GeV [6–9]. The
analogous process, where a photon splits into two photons by interaction with external fields (photon
splitting), has been observed in the energy region of 0.1–0.5 GeV [10]. A related process involving only
real photons, in which several photons fuse to form an electron–positron pair (e+e−), has been measured
in Ref. [11]. Similarly, the multiphoton Compton scattering in which up to four laser photons interact
with an electron, has been observed [12].

An alternative way by which LbyL interactions can be studied is by using relativistic heavy-ion collisions.
In ‘ultra-peripheral collision’ (UPC) events, with impact parameters larger than twice the radius of the
nuclei [13, 14], the strong interaction does not play a role. The electromagnetic (EM) field strengths of
relativistic ions scale with the proton number (Z). For example, for a lead nucleus (Pb) with Z = 82
the field can be up to 1025 Vm−1 [15], much larger than the Schwinger limit [16] above which QED
corrections become important. In the 1930s it was found that highly relativistic charged particles can
be described by the equivalent photon approximation (EPA) [17–19], which is schematically shown in
Figure 1(b). The EM fields produced by the colliding Pb nuclei can be treated as a beam of quasi-real
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Figure 1: Diagrams illustrating the QED LbyL interaction processes and the equivalent photon approximation. (a)
Diagrams for Delbrück scattering (left), photon splitting (middle) and elastic LbyL scattering (right). Each cross
denotes external field legs, e.g., an atomic Coulomb field or a strong background magnetic field. (b) Illustration
of an ultra-peripheral collision of two lead ions. Electromagnetic interaction between the ions can be described
as an exchange of photons that can couple to form a given final-state X. The flux of photons is determined from
the Fourier transform of the electromagnetic field of the ion, taking into account the nuclear electromagnetic form
factors.
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photons with a small virtuality of Q2 < 1/R2, where R is the radius of the charge distribution and so
Q2 < 10−3 GeV2. Then, the cross section for the reaction Pb+Pb (γγ) → Pb+Pb γγ 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 enhanced as
compared to proton–proton (pp) collisions.

In this article a measurement of LbyL scattering in Pb+Pb collisions at the Large Hadron Collider (LHC)
is reported, following the approach recently proposed in Ref. [20]. The final-state signature of interest is
the exclusive production of two photons, Pb+Pb (γγ) → Pb(∗)+Pb(∗) γγ, where a possible EM excitation
of the outgoing ions [21] is denoted by (∗). Hence, the expected signature is two photons and no further
activity in the central detector, since the Pb(∗) ions escape into the LHC beam pipe. Moreover, it is
predicted that the background is relatively low in heavy-ion collisions and is dominated by exclusive
dielectron (γγ → e+e−) production [20, 22]. The misidentification of electrons as photons can occur
when the electron track is not reconstructed or the electron emits a hard bremsstrahlung photon. The
fiducial cross section of the process γγ → γγ in Pb+Pb collisions is measured, using a data set recorded
at a nucleon–nucleon centre-of-mass energy (

√
sNN) of 5.02 TeV. This data set was recorded with the

ATLAS detector at the LHC in 2015 and corresponds to an integrated luminosity of 480 ± 30 µb−1.
In addition to the measured fiducial cross section, the significance of the observed number of signal
candidate events is given, assuming the background-only hypothesis.

Experimental setup

ATLAS is a cylindrical particle detector composed of several sub-detectors [23]. ATLAS uses a right-
handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-
axis points upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal
angle around the z-axis. The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).
Angular distance is measured in units of ∆R ≡

√
(∆η)2 + (∆φ)2. The photon or electron transverse energy

is ET = E sin(θ), where E is its energy. The inner tracking detector (ID) consists of a silicon pixel system,
a silicon microstrip detector and a straw-tube tracker immersed in a 2 T magnetic field provided by a
superconducting solenoid. The ID track reconstruction efficiency is estimated in Ref. [24] for minimum-
bias pp events that, like UPC Pb+Pb events, have a low average track multiplicity. For charged hadrons
in the transverse momentum range 100 < pT < 200 MeV the efficiency is about 50% and grows to
80% for pT > 200 MeV. Around the tracker there is a system of EM and hadronic calorimeters, which
use liquid argon and lead, copper, or tungsten absorbers for the EM and forward (|η| > 1.7) hadronic
components of the detector, and scintillator-tile active material and steel absorbers for the central (|η| <
1.7) hadronic component. The muon spectrometer (MS) consists of separate trigger and high-precision
tracking chambers measuring the trajectory of muons in a magnetic field generated by superconducting
air-core toroids. The ATLAS minimum-bias trigger scintillators (MBTS) consist of scintillator slabs
positioned between the ID and the endcap calorimeters with each side having an outer ring of four slabs
segmented in azimuthal angle, covering 2.07 < |η| < 2.76 and an inner ring of eight slabs, covering
2.76 < |η| < 3.86. The ATLAS zero-degree calorimeters (ZDC), located along the beam axis at 140 m
from the IP on both sides, detect neutral particles (including neutrons emitted from the nucleus). The
ATLAS trigger system [25] consists of a Level-1 trigger implemented using a combination of dedicated
electronics and programmable logic, and a software-based high-level trigger (HLT).
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Monte Carlo simulation and theoretical predictions

Several Monte Carlo (MC) samples are produced to estimate background contributions and corrections to
the fiducial measurement. The detector response is modelled using a simulation based on GEANT4 [26,
27]. The data and MC simulated events are passed through the same reconstruction and analysis proce-
dures.

Light-by-light signal events are generated taking into account box diagrams with charged leptons and
quarks in the loops, as detailed in Ref. [28]. The contributions from W-boson loops are omitted in the
calculations since they are mostly important for diphoton masses mγγ > 2mW [29]. The calculations are
then convolved with the Pb+Pb EPA spectrum from the Starlight 1.1 MC generator [30]. Next, various
diphoton kinematic distributions are cross-checked with predictions from Ref. [20] and good agreement is
found. The theoretical uncertainty on the cross section is mainly due to limited knowledge of the nuclear
electromagnetic form-factors and the related initial photon fluxes. This is studied in Ref. [20] and the
relevant uncertainty is conservatively estimated to be 20%. Higher-order corrections (not included in the
calculations) are also part of the theoretical uncertainty and are of the order of a few percent for diphoton
invariant masses below 100 GeV [31, 32].

The sources of background considered in this analysis are: γγ → e+e−, central exclusive production
(CEP) of photon pairs, exclusive production of quark–antiquark pairs (γγ → qq̄) and other backgrounds
that could mimic the diphoton event signatures. The γγ → e+e− background is modelled with Starlight
1.1 [30], in which the cross section is computed by combining the Pb+Pb EPA with the leading-order
formula for γγ → e+e−. This process has been recently measured by the ALICE Collaboration, and a
good agreement with Starlight is found [33]. The exclusive diphoton final state can be also produced
via the strong interaction through a quark loop in the exchange of two gluons in a colour-singlet state.
This CEP process, gg → γγ, is modelled using SuperChic 2.03 [34], in which the pp cross section
has been scaled by A2R4

g as suggested in Ref. [20], where A = 208 and Rg ≈ 0.7 is a gluon shadowing
correction [35]. This process has a large theoretical uncertainty, ofO(100%), mostly related to incomplete
knowledge of gluon densities [36]. The γγ → qq̄ contribution is estimated using Herwig++ 2.7.1 [37]
where the EPA formalism in pp collisions is implemented. The γγ → qq̄ sample is then normalised to
the corresponding cross section in Pb+Pb collisions [30].

Event selection

Candidate diphoton events were recorded in the Pb+Pb run in 2015 using a dedicated trigger for events
with moderate activity in the calorimeter but little additional activity in the entire detector. At Level-1 the
total ET registered in the calorimeter after noise suppression was required to be between 5 and 200 GeV.
Then at the HLT, events were rejected if more than one hit was found in the inner ring of the MBTS
(MBTS veto) or if more than ten hits were found in the pixel detector.

The efficiency of the Level-1 trigger is estimated with γγ → e+e− events passing an independent sup-
porting trigger. This trigger is designed to select events with mutual dissociation of Pb nuclei and small
activity in the ID. It is based on a coincidence of signals in both ZDC sides and a requirement on the total
ET in the calorimeter below 50 GeV. Event candidates are required to have only two reconstructed tracks
and two EM energy clusters. Furthermore, to reduce possible backgrounds, each pair of clusters (cl1, cl2)
is required to have a small acoplanarity (1−∆φcl1, cl2/π < 0.2). The extracted Level-1 trigger efficiency is
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provided as a function of the sum of cluster transverse energies (Ecl1
T +Ecl2

T ). The efficiency grows from
about 70% at (Ecl1

T + Ecl2
T ) = 6 GeV to 100% at (Ecl1

T + Ecl2
T ) > 9 GeV. The efficiency is parameterised

using an error function fit which is then used to reweight the simulation. Due to the extremely low noise,
very high hit reconstruction efficiency and low conversion probability of signal photons in the pixel de-
tector (around 10%), the uncertainty due to the requirement for minimal activity in the ID is negligible.
The MBTS veto efficiency was studied using γγ → `+`− events (` = e, µ) passing a supporting trigger
and it is estimated to be (98 ± 2)%.

Photons are reconstructed from EM clusters in the calorimeter and tracking information provided by
the ID, which allows the identification of photon conversions. Selection requirements are applied to
remove EM clusters with a large amount of energy from poorly functioning calorimeter cells, and a
timing requirement is made to reject out-of-time candidates. An energy calibration specifically optimised
for photons [38] is applied to the candidates to account for upstream energy loss and both lateral and
longitudinal shower leakage. A dedicated correction [39] is applied for photons in MC samples to correct
for potential mismodelling of quantities which describe the properties (“shapes”) of the associated EM
showers.

The photon particle-identification (PID) in this analysis is based on three shower-shape variables: the
lateral width of the shower in the middle layer of the EM calorimeter, the ratio of the energy difference
associated with the largest and second largest energy deposits to the sum of these energies in the first
layer, and the fraction of energy reconstructed in the first layer relative to the total energy of the cluster.
Only photons with ET > 3 GeV and |η| < 2.37, excluding the calorimeter transition region 1.37 < |η| <

1.52, are considered. The pseudorapidity requirement ensures that the photon candidates pass through
regions of the EM calorimeter where the first layer is segmented into narrow strips, allowing for good
separation between genuine prompt photons and photons coming from the decay of neutral hadrons. A
constant photon PID efficiency of 95% as a function of η with respect to reconstructed photon candidates
is maintained. This is optimised using multivariate analysis techniques [40], such that EM energy clusters
induced by cosmic-ray muons are rejected with 95% efficiency.

Preselected events are required to have exactly two photons satisfying the above selection criteria, with
a diphoton invariant mass greater than 6 GeV. In order to reduce the dielectron background, a veto
on the presence of any charged-particle tracks (with pT > 100 MeV, |η| < 2.5 and at least one hit in
the pixel detector) is imposed. This requirement further reduces the fake-photon background from the
dielectron final state by a factor of 25, according to simulation. It has almost no impact on γγ → γγ

signal events, since the probability of photon conversion in the pixel detector is relatively small and
converted photons are suppressed at low ET (3–6 GeV) by the photon selection requirements. According
to MC studies, the photon selection requirements remove about 10% of low-ET photons. To reduce other
fake-photon backgrounds (for example, cosmic-ray muons), the transverse momentum of the diphoton
system (pγγT ) is required to be below 2 GeV. To reduce background from CEP gg → γγ reactions, an
additional requirement on diphoton acoplanarity, Aco = 1−∆φγγ/π < 0.01, is imposed. This requirement
is optimised to retain a high signal efficiency and reduce the CEP background significantly, since the
transverse momentum transferred by the photon exchange is usually much smaller than that due to the
colour-singlet-state gluons [41].
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Performance and validation of photon reconstruction

Since the analysis requires the presence of low-energy photons, which are not typically used in ATLAS
analyses, detailed studies of photon reconstruction and calibration are performed.

High-pT γγ → `+`− production with a final-state radiation (FSR) photon is used for the measurement
of the photon PID efficiency. Events with a photon and two tracks corresponding to oppositely charged
particles with pT > 1 GeV are required to pass the same trigger as in the diphoton selection or the
supporting trigger. The ∆R between a photon candidate and a track is required to be greater than 0.2 in
order to avoid leakage of the electron clusters from the γγ → e+e− process to the photon cluster. The FSR
event candidates are identified using a pttγ

T < 1 GeV requirement, where pttγ
T is the transverse momentum

of the three-body system consisting of two charged-particle tracks and a photon. The FSR photons are
then used to extract the photon PID efficiency, which is defined as the probability for a reconstructed
photon to satisfy the identification criteria. Figure 2(a) shows the photon PID efficiencies in data and
simulation as a function of reconstructed photon ET. Within their statistical precision the two results
agree.

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. Events
with exactly one identified electron, two reconstructed charged-particle tracks and exactly one photon are
studied. The electron ET is required to be above 5 GeV and the pT of the track that is unmatched with
the electron (trk2) is required to be below 2 GeV. The additional hard-bremsstrahlung photon is expected
to have Eγ

T ≈ (Ee
T − ptrk2

T ). The ptrk2
T < 2 GeV requirement ensures a sufficient ∆R separation between

the expected photon and the second electron, extrapolated to the first layer of the EM calorimeter. The
data sample contains 247 γγ → e+e− events that are used to extract the photon reconstruction efficiency,
which is presented in Figure 2(b). Good agreement between data and γγ → e+e− MC simulation is
observed and the photon reconstruction efficiency is measured with a 5–10% relative uncertainty at low
ET (3–6 GeV).

In addition, a cross-check is performed on Z → µ+µ−γ events identified in pp collision data from 2015
corresponding to an integrated luminosity of 1.6 fb−1. The results support (in a similar way to Ref. [42])
the choice to use the three shower-shape variables in this photon PID selection in an independent sample
of low-ET photons.

The photon cluster energy resolution is extracted from data using γγ → e+e− events. The electrons from
the γγ → e+e− reaction are well balanced in their transverse momenta, with very small standard deviation,
σpe+

T −pe−
T
< 30 MeV, much smaller than the expected EM calorimeter energy resolution. Therefore, by

measuring (Ecl1
T − Ecl2

T ) distributions in γγ → e+e− events, one can extract the cluster energy resolution,
σEcl

T
. For electrons with ET < 10 GeV the σEcl

T
/Ecl

T is observed to be approximately 8% both in data and
simulation. An uncertainty of δσEγ

T
/σEγ

T
= 15% is assigned to the simulated photon energy resolution

and takes into account differences between σEcl
T

in data and σEγ
T

in simulation.

Similarly, the EM cluster energy scale can be studied using the (Ecl1
T + Ecl2

T ) distribution. It is observed
that the simulation provides a good description of this distribution, within the relative uncertainty of 5%
that is assigned to the EM cluster energy-scale modelling.
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Figure 2: Photon identification and reconstruction efficiencies. (a) Photon PID efficiency as a function of photon ET
extracted from FSR event candidates. (b) Photon reconstruction efficiency as a function of photon ET (approximated
with Ee

T − ptrk2
T ) extracted from γγ → e+e− events with a hard-bremsstrahlung photon. Data (closed markers) are

compared with MC simulations (open markers). The statistical uncertainties arising from the finite size of the data
and simulation samples are indicated by vertical bars.

Background estimation

Due to its relatively high rate, the exclusive production of electron pairs (γγ → e+e−) can be a source
of fake diphoton events. The contribution from the dielectron background is estimated using γγ → e+e−

MC simulation (which gives 1.3 events) and is verified using the following data-driven technique. Two
control regions are defined that are expected to be dominated by γγ → e+e− backgrounds. The first
control region is defined by requiring events with exactly one reconstructed charged-particle track and
two identified photons that satisfy the same preselection criteria as for the signal definition. The second
control region is defined similarly to the first one, except exactly two tracks are required (Ntrk = 2).
Good agreement is observed between data and MC simulation in both control regions, but the precision
is limited by the number of events in data. A conservative uncertainty of 25% is therefore assigned to
the γγ → e+e− background estimation, which reflects the statistical uncertainty of data in the Ntrk = 1
control region. The contribution from a related QED process, γγ → e+e−γγ, is evaluated using the
MadGraph5_aMC@NLO MC generator [43] and is found to be negligible.

The Aco < 0.01 requirement significantly reduces the CEP gg→ γγ background. However, the MC pre-
diction for this process has a large theoretical uncertainty, hence an additional data-driven normalisation is
performed in the region Aco > b, where b is a value greater than 0.01 which can be varied. Three values of
b (0.01, 0.02, 0.03) are used, where the central value b = 0.02 is chosen to derive the nominal background
prediction and the values b = 0.01 and b = 0.03 to define the systematic uncertainty. The normalisa-
tion is performed using the condition: f norm,b

gg→γγ =
(
Ndata(Aco > b) − Nsig(Aco > b) − Nγγ→e+e−(Aco >

b)
)
/Ngg→γγ(Aco > b), for each value of b, where Ndata is the number of observed events, Nsig is the

expected number of signal events, Nγγ→e+e− is the expected background from γγ → e+e− events and
Ngg→γγ is the MC estimate of the expected background from CEP gg → γγ events. The normalisation
factor is found to be f norm

gg→γγ = 0.5 ± 0.3 and the background due to CEP gg → γγ is estimated to be
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Selection γγ → e+e− CEP gg→ γγ Hadronic Other Total Signal Data
fakes fakes background

Preselection 74 4.7 6 19 104 9.1 105
Ntrk = 0 4.0 4.5 6 19 33 8.7 39
pγγT < 2 GeV 3.5 4.4 3 1.3 12.2 8.5 21
Aco < 0.01 1.3 0.9 0.3 0.1 2.6 7.3 13
Uncertainty 0.3 0.5 0.3 0.1 0.7 1.5

Table 1: The number of events accepted by the sequential selection requirements for data, compared to the number
of background and signal events expected from the simulation. The signal simulation is based on calculations from
Ref. [28]. In addition, the uncertainties on the expected number of events passing all selection requirements are
given.

f norm
gg→γγ × Ngg→γγ(Aco < 0.01) = 0.9 ± 0.5 events. To verify the CEP gg → γγ background estimation

method, energy deposits in the ZDC are studied for events before the Aco selection. It is expected that
the outgoing ions in CEP events predominantly dissociate, which results in the emission of neutrons de-
tectable in the ZDC [20]. Good agreement between the normalised CEP gg → γγ MC expectation and
the observed events with a ZDC signal corresponding to at least 1 neutron is observed in the full Aco
range.

Low-pT dijet events can produce multiple π0 mesons which could potentially mimic diphoton events. The
event selection requirements are efficient in rejecting such events, and based on studies performed with
a supporting trigger, the background from hadronic processes is estimated to be 0.3 ± 0.3 events. MC
studies show the background from γγ → qq̄ processes is negligible.

Exclusive neutral two-meson production can be a potential source of background for LbyL events, mainly
due to their back-to-back topology being similar to that of the CEP gg → γγ process. The cross section
for this process is calculated to be below 10% of the CEP gg → γγ cross section [44, 45] and it is there-
fore considered to give a negligible contribution to the signal region. The contribution from bottomonia
production (for example, γγ → ηb → γγ or γPb→ Υ→ γηb → 3γ) is calculated using parameters from
Refs. [46, 47] and is found to be negligible.

The contribution from other fake diphoton events (for example those induced by cosmic-ray muons) is
estimated using photons that fail to satisfy the longitudinal shower-shape requirement. The total back-
ground due to other fake photons is found to be 0.1 ± 0.1 events. As a further cross-check, additional
activity in the MS is studied. It is observed that out of 18 events satisfying the inverted pγγT requirement,
13 have at least one additional reconstructed muon. In the region pγγT < 2 GeV, no events with muon
activity are found, which is compatible with the above-mentioned estimate of 0.1 ± 0.1.

The contribution from UPC events where both nuclei emit a bremsstrahlung photon is estimated using
calculations from Ref. [13] and is found to be negligible for photons with |η| < 2.4 and ET > 3 GeV.

Results

Photon kinematic distributions for events satisfying the selection criteria are shown in Figure 3. The shape
of the diphoton acoplanarity distribution for γγ → e+e− events in Figure 3(a) reflects the trajectories of
the electron and positron in the detector magnetic field, before they emit hard photons in their collisions
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Figure 3: Kinematic distributions for γγ → γγ event candidates. (a) Diphoton acoplanarity before applying Aco <
0.01 requirement. (b) Diphoton invariant mass after applying Aco < 0.01 requirement. Data (points) are compared
to MC predictions (histograms). The statistical uncertainties on the data are shown as vertical bars.

with the ID material. In total, 13 events are observed in data whereas 7.3 signal events and 2.6 background
events are expected. In general, good agreement between data and MC simulation is observed. The effect
of sequential selection requirements on the number of events selected is shown in Table 1, for each of the
data, signal and background samples.

To quantify an excess of events over the background expectation, a test statistic based on the profile
likelihood ratio [48] is used. The p-value for the background-only hypothesis, defined as the probability
for the background to fluctuate and give an excess of events as large or larger than that observed in the
data, is found to be 5× 10−6. The p-value can be expressed in terms of Gaussian tail probabilities, which,
given in units of standard deviation (σ), corresponds to a significance of 4.4σ. The expected p-value and
significance (obtained before the fit of the signal-plus-background hypothesis to the data and using SM
predictions from Ref. [28]) are 8 × 10−5 and 3.8σ, respectively.

The cross section for the Pb+Pb (γγ) → Pb(∗)+Pb(∗) γγ process is measured in a fiducial phase space
defined by the photon transverse energy ET > 3 GeV, photon absolute pseudorapidity |η| < 2.4, dipho-
ton invariant mass greater than 6 GeV, diphoton transverse momentum lower than 2 GeV and diphoton
acoplanarity below 0.01. Experimentally, the fiducial cross section is given by

σfid =
Ndata − Nbkg

C ×
∫

Ldt
, (1)

where Ndata is the number of selected events in data, Nbkg is the expected number of background events
and

∫
Ldt is the integrated luminosity. The factor C is used to correct for the net effect of the trigger

efficiency, the diphoton reconstruction and PID efficiencies, as well as the impact of photon energy and
angular resolution. It is defined as the ratio of the number of generated signal events satisfying the
selection criteria after particle reconstruction and detector simulation to the number of generated events
satisfying the fiducial criteria before reconstruction. The value of C and its total uncertainty is determined
to be 0.31 ± 0.07. The dominant systematic uncertainties come from the uncertainties on the photon
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Source of uncertainty Relative uncertainty
Trigger 5%
Photon reco efficiency 12%
Photon PID efficiency 16%
Photon energy scale 7%
Photon energy resolution 11%
Total 24%

Table 2: Summary of systematic uncertainties. The table shows the relative systematic uncertainty on detector
correction factor C broken into its individual contributions. The total is obtained by adding them in quadrature.

reconstruction and identification efficiencies. Other minor sources of uncertainty are the photon energy
scale and resolution uncertainties and trigger efficiency uncertainty. In order to check for a potential
model dependence, calculations from Ref. [28] are compared with predictions from Ref. [20], and a
negligible impact on the C-factor uncertainty is found. Table 2 lists the separate contributions to the
systematic uncertainty. The uncertainty on the integrated luminosity is 6%. It is derived following a
methodology similar to that detailed in Refs. [49, 50], from a calibration of the luminosity scale using
x–y beam-separation scans performed in December 2015.

The measured fiducial cross section is σfid = 70 ± 24 (stat.) ± 17 (syst.) nb, which is in agreement with
the predicted values of 45 ± 9 nb [20] and 49 ± 10 nb [28] within uncertainties.

Conclusion

In summary, this article presents evidence for the scattering of light by light in quasi-real photon interac-
tions from 480 µb−1 of ultra-peripheral Pb+Pb collisions at

√
sNN = 5.02 TeV by the ATLAS experiment

at the LHC. The statistical significance against the background-only hypothesis is found to be 4.4 stan-
dard deviations. After background subtraction and analysis corrections, the fiducial cross section for the
Pb+Pb (γγ)→ Pb(∗)+Pb(∗) γγ process was measured and is compatible with SM predictions.

The analysis is mostly limited by the amount of data available and the lower limit on transverse energy for
reconstructed photons (ET = 3 GeV), below which more signal is expected. Advancements on these two
points would also allow for reconstruction of low-mass mesons decaying into two photons, which in turn
could be used to improve detector calibration. The heavy-ion data yield is expected to double at the end of
2018 (and again increase tenfold after LHC Run 4, scheduled to start in 2026), which would significantly
reduce the statistical uncertainty. Future upgrades of ATLAS, such as extended tracking acceptance from
|η| < 2.5 to |η| < 4.0, will further improve this.
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Supplementary information

Exclusive dielectron production

Exclusive dielectron pairs from the reaction Pb+Pb (γγ) → Pb(∗)+Pb(∗) e+e− are used for various aspects
of the nominal analysis, in particular to validate the EM calorimeter energy scale and resolution.

To select these γγ → e+e− candidates, events are required to pass the same trigger as in the diphoton
selection. Each electron is reconstructed from EM energy cluster in the calorimeter matched to a track
in the inner detector [52]. The electrons are required to have a transverse energy ET > 2.5 GeV and
pseudorapidity |η| < 2.47 with the calorimeter transition region 1.37 < |η| < 1.52 excluded. They are also
required to meet “loose” identification criteria based on shower shape and track-quality variables [52].
Candidate events are selected by requiring two oppositely charged electrons and no further charged-
particle tracks coming from an interaction region.

Selected events are compared with Monte Carlo (MC) simulation based on the Starlight 1.1 model [30],
which combines the Pb+Pb equivalent photon approximation with the leading-order formula for γγ → e+e−.
The detector response is modelled using GEANT4 [26, 27] and the simulated events are passed through
the same reconstruction and analysis chain as the data.

Figure 4 presents kinematic distributions of the dielectron system after the event selection. They show
good agreement between the data and the QED prediction. In total, 3216 dielectron events are selected
in data and 3300 ± 600 events are expected from the simulation, where the uncertainty is due to limited
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Figure 4: Kinematic distributions for Pb+Pb (γγ) → Pb(∗)+Pb(∗) e+e− event candidates: (a) dielectron mass, (b)
dielectron pT, (c) electron pseudorapidity and (d) electron transverse energy. Data (points) are compared to MC
expectations (histograms). Electrons with ET > 2.5 GeV and |η| < 2.47 excluding the calorimeter transition region
1.37 < |η| < 1.52 are considered. The statistical uncertainties on the data are shown as vertical bars. The uncertainty
on the integrated luminosity, used to estimate the number of expected MC events, is 6%.

knowledge of the initial photon fluxes. This modelling uncertainty is assigned as a global uncertainty and
follows recommendations from Ref. [20].

Validation of CEP gg → γγ background modelling

The central exclusive production (CEP) gg → γγ is an important background process to consider in
the nominal analysis, mainly due to similar two-photon final state and the “peripheral” nature of the
interaction. The CEP gg → γγ occurs via the strong interaction through a quark loop in the exchange of
two gluons in a colour-singlet state, which is schematically presented in Fig. 5.

In Pb+Pb collisions this process can be modelled with SuperChic [34] MC generator, as suggested in
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Figure 5: Schematic diagram for the CEP gg→ γγ process production mechanism.

Ref. [20]. Since the exchanged objects are short-ranged comparing to the size of the Pb nucleus, the
CEP occurs at relatively small impact parameters (b): typically twice the radius of the nuclei (2R) [41].
Moreover, the exchanged objects would normally give a large momentum transfer to the nucleus [41],
leading to moderate tails in the γγ acoplanarity (Aco). These two effects would also result in a large
probability of the outgoing ions to break-up (incoherent production) and in a strong suppression of the
coherent CEP. Due to small impact parameters in CEP, the coherent production is further altered by
additional Coulomb excitations of the outgoing ions [53]. The probability for the additional Coulomb
break-up of at least one nucleus is estimated to be 80% for b = 2R [30].

When a nucleus breaks up, it produces neutrons at very small angles with respect to the Pb beams (for-
ward neutrons). They are measured in ATLAS using zero-degree calorimeters (ZDC), which are sensitive
to neutrons and photons with |η| > 8.3. Therefore, to check the modelling of the CEP gg → γγ back-
ground, an analysis of energy deposits in ZDC is performed. The events are categorised for the signal
(Aco < 0.01) and the CEP-enhanced (Aco > 0.01) regions. To separate the ZDC signal from the noise of
electronic modules, a calibrated ZDC energy greater than 40% of the single neutron peak is required.

In the CEP-enhanced region, 4 events with no ZDC signal and 4 events with ZDC signal corresponding
to multiple neutron emission (8 events in total) are observed in data, where 3.5 CEP gg → γγ events
are expected from the simulation. A diphoton acoplanarity distribution for events with multiple forward
neutron emission is presented in Fig. 6, which tends to agree with the CEP gg→ γγMC expectation. This
observation suggests that the transverse momentum transfer in incoherent heavy-ion CEP is comparable
with the proton–proton case, which justifies the usage of SuperChic generator to model CEP gg → γγ

background contribution.

In the signal region, 11 events with no ZDC signal and 2 events with ZDC signal corresponding to
exactly one neutron emission (13 events in total) are observed in data. The expected event yield from
CEP gg → γγ MC is 0.9 events, however, events with one or more emitted neutrons are expected from
the signal process, due to an excitation of the nuclear giant dipole resonance [30].
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R. Zou33, M. zur Nedden17, L. Zwalinski32.

1 Department of Physics, University of Adelaide, Adelaide, Australia
2 Physics Department, SUNY Albany, Albany NY, United States of America
3 Department of Physics, University of Alberta, Edmonton AB, Canada

27



4 (a) Department of Physics, Ankara University, Ankara; (b) Istanbul Aydin University, Istanbul; (c)

Division of Physics, TOBB University of Economics and Technology, Ankara, Turkey
5 LAPP, CNRS/IN2P3 and Université Savoie Mont Blanc, Annecy-le-Vieux, France
6 High Energy Physics Division, Argonne National Laboratory, Argonne IL, United States of America
7 Department of Physics, University of Arizona, Tucson AZ, United States of America
8 Department of Physics, The University of Texas at Arlington, Arlington TX, United States of America
9 Physics Department, National and Kapodistrian University of Athens, Athens, Greece
10 Physics Department, National Technical University of Athens, Zografou, Greece
11 Department of Physics, The University of Texas at Austin, Austin TX, United States of America
12 Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
13 Institut de Física d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology,
Barcelona, Spain
14 Institute of Physics, University of Belgrade, Belgrade, Serbia
15 Department for Physics and Technology, University of Bergen, Bergen, Norway
16 Physics Division, Lawrence Berkeley National Laboratory and University of California, Berkeley CA,
United States of America
17 Department of Physics, Humboldt University, Berlin, Germany
18 Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics, University
of Bern, Bern, Switzerland
19 School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
20 (a) Department of Physics, Bogazici University, Istanbul; (b) Department of Physics Engineering,
Gaziantep University, Gaziantep; (d) Istanbul Bilgi University, Faculty of Engineering and Natural
Sciences, Istanbul,Turkey; (e) Bahcesehir University, Faculty of Engineering and Natural Sciences,
Istanbul, Turkey, Turkey
21 Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia
22 (a) INFN Sezione di Bologna; (b) Dipartimento di Fisica e Astronomia, Università di Bologna,
Bologna, Italy
23 Physikalisches Institut, University of Bonn, Bonn, Germany
24 Department of Physics, Boston University, Boston MA, United States of America
25 Department of Physics, Brandeis University, Waltham MA, United States of America
26 (a) Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro; (b) Electrical Circuits
Department, Federal University of Juiz de Fora (UFJF), Juiz de Fora; (c) Federal University of Sao Joao
del Rei (UFSJ), Sao Joao del Rei; (d) Instituto de Fisica, Universidade de Sao Paulo, Sao Paulo, Brazil
27 Physics Department, Brookhaven National Laboratory, Upton NY, United States of America
28 (a) Transilvania University of Brasov, Brasov, Romania; (b) Horia Hulubei National Institute of
Physics and Nuclear Engineering, Bucharest; (c) Department of Physics, Alexandru Ioan Cuza
University of Iasi, Iasi, Romania; (d) National Institute for Research and Development of Isotopic and
Molecular Technologies, Physics Department, Cluj Napoca; (e) University Politehnica Bucharest,
Bucharest; ( f ) West University in Timisoara, Timisoara, Romania
29 Departamento de Física, Universidad de Buenos Aires, Buenos Aires, Argentina
30 Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
31 Department of Physics, Carleton University, Ottawa ON, Canada
32 CERN, Geneva, Switzerland
33 Enrico Fermi Institute, University of Chicago, Chicago IL, United States of America
34 (a) Departamento de Física, Pontificia Universidad Católica de Chile, Santiago; (b) Departamento de
Física, Universidad Técnica Federico Santa María, Valparaíso, Chile
35 (a) Institute of High Energy Physics, Chinese Academy of Sciences, Beijing; (b) Department of

28



Physics, Nanjing University, Jiangsu; (c) Physics Department, Tsinghua University, Beijing 100084,
China
36 (a) Department of Modern Physics, University of Science and Technology of China, Anhui; (b) School
of Physics, Shandong University, Shandong; (c) Department of Physics and Astronomy, Key Laboratory
for Particle Physics, Astrophysics and Cosmology, Ministry of Education; Shanghai Key Laboratory for
Particle Physics and Cosmology, Shanghai Jiao Tong University, Shanghai(also at PKU-CHEP);, China
37 Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
38 Nevis Laboratory, Columbia University, Irvington NY, United States of America
39 Niels Bohr Institute, University of Copenhagen, Kobenhavn, Denmark
40 (a) INFN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frascati; (b) Dipartimento di Fisica,
Università della Calabria, Rende, Italy
41 (a) AGH University of Science and Technology, Faculty of Physics and Applied Computer Science,
Krakow; (b) Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland
42 Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland
43 Physics Department, Southern Methodist University, Dallas TX, United States of America
44 Physics Department, University of Texas at Dallas, Richardson TX, United States of America
45 DESY, Hamburg and Zeuthen, Germany
46 Lehrstuhl für Experimentelle Physik IV, Technische Universität Dortmund, Dortmund, Germany
47 Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden, Germany
48 Department of Physics, Duke University, Durham NC, United States of America
49 SUPA - School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
50 INFN Laboratori Nazionali di Frascati, Frascati, Italy
51 Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany
52 Departement de Physique Nucleaire et Corpusculaire, Université de Genève, Geneva, Switzerland
53 (a) INFN Sezione di Genova; (b) Dipartimento di Fisica, Università di Genova, Genova, Italy
54 (a) E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi; (b) High
Energy Physics Institute, Tbilisi State University, Tbilisi, Georgia
55 II Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen, Germany
56 SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom
57 II Physikalisches Institut, Georg-August-Universität, Göttingen, Germany
58 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3,
Grenoble, France
59 Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge MA, United States of
America
60 (a) Kirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg; (b)

Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg; (c) ZITI Institut für
technische Informatik, Ruprecht-Karls-Universität Heidelberg, Mannheim, Germany
61 Faculty of Applied Information Science, Hiroshima Institute of Technology, Hiroshima, Japan
62 (a) Department of Physics, The Chinese University of Hong Kong, Shatin, N.T., Hong Kong; (b)

Department of Physics, The University of Hong Kong, Hong Kong; (c) Department of Physics and
Institute for Advanced Study, The Hong Kong University of Science and Technology, Clear Water Bay,
Kowloon, Hong Kong, China
63 Department of Physics, National Tsing Hua University, Taiwan, Taiwan
64 Department of Physics, Indiana University, Bloomington IN, United States of America
65 Institut für Astro- und Teilchenphysik, Leopold-Franzens-Universität, Innsbruck, Austria
66 University of Iowa, Iowa City IA, United States of America
67 Department of Physics and Astronomy, Iowa State University, Ames IA, United States of America

29



68 Joint Institute for Nuclear Research, JINR Dubna, Dubna, Russia
69 KEK, High Energy Accelerator Research Organization, Tsukuba, Japan
70 Graduate School of Science, Kobe University, Kobe, Japan
71 Faculty of Science, Kyoto University, Kyoto, Japan
72 Kyoto University of Education, Kyoto, Japan
73 Department of Physics, Kyushu University, Fukuoka, Japan
74 Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
75 Physics Department, Lancaster University, Lancaster, United Kingdom
76 (a) INFN Sezione di Lecce; (b) Dipartimento di Matematica e Fisica, Università del Salento, Lecce,
Italy
77 Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
78 Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics,
University of Ljubljana, Ljubljana, Slovenia
79 School of Physics and Astronomy, Queen Mary University of London, London, United Kingdom
80 Department of Physics, Royal Holloway University of London, Surrey, United Kingdom
81 Department of Physics and Astronomy, University College London, London, United Kingdom
82 Louisiana Tech University, Ruston LA, United States of America
83 Laboratoire de Physique Nucléaire et de Hautes Energies, UPMC and Université Paris-Diderot and
CNRS/IN2P3, Paris, France
84 Fysiska institutionen, Lunds universitet, Lund, Sweden
85 Departamento de Fisica Teorica C-15, Universidad Autonoma de Madrid, Madrid, Spain
86 Institut für Physik, Universität Mainz, Mainz, Germany
87 School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
88 CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
89 Department of Physics, University of Massachusetts, Amherst MA, United States of America
90 Department of Physics, McGill University, Montreal QC, Canada
91 School of Physics, University of Melbourne, Victoria, Australia
92 Department of Physics, The University of Michigan, Ann Arbor MI, United States of America
93 Department of Physics and Astronomy, Michigan State University, East Lansing MI, United States of
America
94 (a) INFN Sezione di Milano; (b) Dipartimento di Fisica, Università di Milano, Milano, Italy
95 B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Republic of
Belarus
96 Research Institute for Nuclear Problems of Byelorussian State University, Minsk, Republic of Belarus
97 Group of Particle Physics, University of Montreal, Montreal QC, Canada
98 P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
99 Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia
100 National Research Nuclear University MEPhI, Moscow, Russia
101 D.V. Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State University, Moscow,
Russia
102 Fakultät für Physik, Ludwig-Maximilians-Universität München, München, Germany
103 Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München, Germany
104 Nagasaki Institute of Applied Science, Nagasaki, Japan
105 Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
106 (a) INFN Sezione di Napoli; (b) Dipartimento di Fisica, Università di Napoli, Napoli, Italy
107 Department of Physics and Astronomy, University of New Mexico, Albuquerque NM, United States
of America

30



108 Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef,
Nijmegen, Netherlands
109 Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam,
Netherlands
110 Department of Physics, Northern Illinois University, DeKalb IL, United States of America
111 Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia
112 Department of Physics, New York University, New York NY, United States of America
113 Ohio State University, Columbus OH, United States of America
114 Faculty of Science, Okayama University, Okayama, Japan
115 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK,
United States of America
116 Department of Physics, Oklahoma State University, Stillwater OK, United States of America
117 Palacký University, RCPTM, Olomouc, Czech Republic
118 Center for High Energy Physics, University of Oregon, Eugene OR, United States of America
119 LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France
120 Graduate School of Science, Osaka University, Osaka, Japan
121 Department of Physics, University of Oslo, Oslo, Norway
122 Department of Physics, Oxford University, Oxford, United Kingdom
123 (a) INFN Sezione di Pavia; (b) Dipartimento di Fisica, Università di Pavia, Pavia, Italy
124 Department of Physics, University of Pennsylvania, Philadelphia PA, United States of America
125 National Research Centre "Kurchatov Institute" B.P.Konstantinov Petersburg Nuclear Physics
Institute, St. Petersburg, Russia
126 (a) INFN Sezione di Pisa; (b) Dipartimento di Fisica E. Fermi, Università di Pisa, Pisa, Italy
127 Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh PA, United States of
America
128 (a) Laboratório de Instrumentação e Física Experimental de Partículas - LIP, Lisboa; (b) Faculdade de
Ciências, Universidade de Lisboa, Lisboa; (c) Department of Physics, University of Coimbra, Coimbra;
(d) Centro de Física Nuclear da Universidade de Lisboa, Lisboa; (e) Departamento de Fisica,
Universidade do Minho, Braga; ( f ) Departamento de Fisica Teorica y del Cosmos and CAFPE,
Universidad de Granada, Granada (Spain); (g) Dep Fisica and CEFITEC of Faculdade de Ciencias e
Tecnologia, Universidade Nova de Lisboa, Caparica, Portugal
129 Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic
130 Czech Technical University in Prague, Praha, Czech Republic
131 Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic
132 State Research Center Institute for High Energy Physics (Protvino), NRC KI, Russia
133 Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
134 (a) INFN Sezione di Roma; (b) Dipartimento di Fisica, Sapienza Università di Roma, Roma, Italy
135 (a) INFN Sezione di Roma Tor Vergata; (b) Dipartimento di Fisica, Università di Roma Tor Vergata,
Roma, Italy
136 (a) INFN Sezione di Roma Tre; (b) Dipartimento di Matematica e Fisica, Università Roma Tre, Roma,
Italy
137 (a) Faculté des Sciences Ain Chock, Réseau Universitaire de Physique des Hautes Energies -
Université Hassan II, Casablanca; (b) Centre National de l’Energie des Sciences Techniques Nucleaires,
Rabat; (c) Faculté des Sciences Semlalia, Université Cadi Ayyad, LPHEA-Marrakech; (d) Faculté des
Sciences, Université Mohamed Premier and LPTPM, Oujda; (e) Faculté des sciences, Université
Mohammed V, Rabat, Morocco
138 DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de l’Univers), CEA Saclay

31



(Commissariat à l’Energie Atomique et aux Energies Alternatives), Gif-sur-Yvette, France
139 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA, United
States of America
140 Department of Physics, University of Washington, Seattle WA, United States of America
141 Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
142 Department of Physics, Shinshu University, Nagano, Japan
143 Department Physik, Universität Siegen, Siegen, Germany
144 Department of Physics, Simon Fraser University, Burnaby BC, Canada
145 SLAC National Accelerator Laboratory, Stanford CA, United States of America
146 (a) Faculty of Mathematics, Physics & Informatics, Comenius University, Bratislava; (b) Department
of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice,
Slovak Republic
147 (a) Department of Physics, University of Cape Town, Cape Town; (b) Department of Physics,
University of Johannesburg, Johannesburg; (c) School of Physics, University of the Witwatersrand,
Johannesburg, South Africa
148 (a) Department of Physics, Stockholm University; (b) The Oskar Klein Centre, Stockholm, Sweden
149 Physics Department, Royal Institute of Technology, Stockholm, Sweden
150 Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook NY,
United States of America
151 Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
152 School of Physics, University of Sydney, Sydney, Australia
153 Institute of Physics, Academia Sinica, Taipei, Taiwan
154 Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel
155 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv,
Israel
156 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
157 International Center for Elementary Particle Physics and Department of Physics, The University of
Tokyo, Tokyo, Japan
158 Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan
159 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
160 Tomsk State University, Tomsk, Russia, Russia
161 Department of Physics, University of Toronto, Toronto ON, Canada
162 (a) INFN-TIFPA; (b) University of Trento, Trento, Italy, Italy
163 (a) TRIUMF, Vancouver BC; (b) Department of Physics and Astronomy, York University, Toronto
ON, Canada
164 Faculty of Pure and Applied Sciences, and Center for Integrated Research in Fundamental Science
and Engineering, University of Tsukuba, Tsukuba, Japan
165 Department of Physics and Astronomy, Tufts University, Medford MA, United States of America
166 Department of Physics and Astronomy, University of California Irvine, Irvine CA, United States of
America
167 (a) INFN Gruppo Collegato di Udine, Sezione di Trieste, Udine; (b) ICTP, Trieste; (c) Dipartimento di
Chimica, Fisica e Ambiente, Università di Udine, Udine, Italy
168 Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
169 Department of Physics, University of Illinois, Urbana IL, United States of America
170 Instituto de Fisica Corpuscular (IFIC) and Departamento de Fisica Atomica, Molecular y Nuclear
and Departamento de Ingeniería Electrónica and Instituto de Microelectrónica de Barcelona
(IMB-CNM), University of Valencia and CSIC, Valencia, Spain

32



171 Department of Physics, University of British Columbia, Vancouver BC, Canada
172 Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada
173 Department of Physics, University of Warwick, Coventry, United Kingdom
174 Waseda University, Tokyo, Japan
175 Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel
176 Department of Physics, University of Wisconsin, Madison WI, United States of America
177 Fakultät für Physik und Astronomie, Julius-Maximilians-Universität, Würzburg, Germany
178 Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universität
Wuppertal, Wuppertal, Germany
179 Department of Physics, Yale University, New Haven CT, United States of America
180 Yerevan Physics Institute, Yerevan, Armenia
181 CH-1211 Geneva 23, Switzerland
182 Centre de Calcul de l’Institut National de Physique Nucléaire et de Physique des Particules (IN2P3),
Villeurbanne, France
a Also at Department of Physics, King’s College London, London, United Kingdom
b Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
c Also at Novosibirsk State University, Novosibirsk, Russia
d Also at TRIUMF, Vancouver BC, Canada
e Also at Department of Physics & Astronomy, University of Louisville, Louisville, KY, United States of
America
f Also at Physics Department, An-Najah National University, Nablus, Palestine
g Also at Department of Physics, California State University, Fresno CA, United States of America
h Also at Department of Physics, University of Fribourg, Fribourg, Switzerland
i Also at II Physikalisches Institut, Georg-August-Universität, Göttingen, Germany
j Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain
k Also at Departamento de Fisica e Astronomia, Faculdade de Ciencias, Universidade do Porto, Portugal
l Also at Tomsk State University, Tomsk, Russia, Russia
m Also at The Collaborative Innovation Center of Quantum Matter (CICQM), Beijing, China
n Also at Universita di Napoli Parthenope, Napoli, Italy
o Also at Institute of Particle Physics (IPP), Canada
p Also at Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
q Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia
r Also at Borough of Manhattan Community College, City University of New York, New York City,
United States of America
s Also at Department of Physics, The University of Michigan, Ann Arbor MI, United States of America
t Also at Centre for High Performance Computing, CSIR Campus, Rosebank, Cape Town, South Africa
u Also at Louisiana Tech University, Ruston LA, United States of America
v Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain
w Also at Graduate School of Science, Osaka University, Osaka, Japan
x Also at Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany
y Also at Institute for Mathematics, Astrophysics and Particle Physics, Radboud University
Nijmegen/Nikhef, Nijmegen, Netherlands
z Also at Department of Physics, The University of Texas at Austin, Austin TX, United States of America
aa Also at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia
ab Also at CERN, Geneva, Switzerland
ac Also at Georgian Technical University (GTU),Tbilisi, Georgia
ad Also at Ochadai Academic Production, Ochanomizu University, Tokyo, Japan

33



ae Also at Manhattan College, New York NY, United States of America
a f Also at Academia Sinica Grid Computing, Institute of Physics, Academia Sinica, Taipei, Taiwan
ag Also at School of Physics, Shandong University, Shandong, China
ah Also at Departamento de Fisica Teorica y del Cosmos and CAFPE, Universidad de Granada, Granada
(Spain), Portugal
ai Also at Department of Physics, California State University, Sacramento CA, United States of America
a j Also at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia
ak Also at Departement de Physique Nucleaire et Corpusculaire, Université de Genève, Geneva,
Switzerland
al Also at International School for Advanced Studies (SISSA), Trieste, Italy
am Also at Institut de Física d’Altes Energies (IFAE), The Barcelona Institute of Science and
Technology, Barcelona, Spain
an Also at School of Physics, Sun Yat-sen University, Guangzhou, China
ao Also at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of
Sciences, Sofia, Bulgaria
ap Also at Faculty of Physics, M.V.Lomonosov Moscow State University, Moscow, Russia
aq Also at Institute of Physics, Academia Sinica, Taipei, Taiwan
ar Also at National Research Nuclear University MEPhI, Moscow, Russia
as Also at Department of Physics, Stanford University, Stanford CA, United States of America
at Also at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest,
Hungary
au Also at Giresun University, Faculty of Engineering, Turkey
av Also at CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
aw Also at Department of Physics, Nanjing University, Jiangsu, China
ax Also at University of Malaya, Department of Physics, Kuala Lumpur, Malaysia
ay Also at LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France
∗ Deceased

34


