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This Letter describes the observation of the light-by-light scattering process, γγ → γγ, in Pbþ Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The analysis is conducted using a data sample corresponding to an

integrated luminosity of 1.73 nb−1, collected in November 2018 by the ATLAS experiment at the LHC.
Light-by-light scattering candidates are selected in events with two photons produced exclusively, each
with transverse energy Eγ

T > 3 GeV and pseudorapidity jηγj < 2.4, diphoton invariant mass above 6 GeV,
and small diphoton transverse momentum and acoplanarity. After applying all selection criteria, 59
candidate events are observed for a background expectation of 12� 3 events. The observed excess of
events over the expected background has a significance of 8.2 standard deviations. The measured fiducial
cross section is 78� 13ðstatÞ � 7ðsystÞ � 3ðlumiÞ nb.
DOI: 10.1103/PhysRevLett.123.052001

Light-by-light scattering, γγ → γγ, is a quantum-
mechanical process that is forbidden in the classical theory
of electrodynamics [1,2]. In the standard model (SM), the
γγ → γγ reaction proceeds at one-loop level at order α4EM
(where αEM is the fine-structure constant) via virtual box
diagrams involving electrically charged fermions (leptons
and quarks) or W� bosons. However, in various extensions
of the SM, extra contributions are possible, making the
measurement of γγ → γγ scattering sensitive to new phys-
ics. Relevant examples are magnetic monopoles [3],
vectorlike fermions [4], and axionlike particles [5,6].
The light-by-light cross section is also sensitive to the
effect of possible non-SM operators in an effective field
theory [7–9]. Light-by-light scattering graphs with electron
loops also contribute to the anomalous magnetic moment of
the electron and muon [10,11].
Strong evidence for this process in relativistic heavy-ion

(Pbþ Pb) collisions at the Large Hadron Collider (LHC)
has been reported by the ATLAS [12] and CMS [13]
collaborations with observed significances of 4.4 and 4.1
standard deviations, respectively. Exclusive light-by-light
scattering can occur in these collisions at impact parameters
larger than about twice the radius of the ions, as demon-
strated for the first time in Ref. [14]. The strong interaction
becomes less significant and the electromagnetic (EM)
interaction becomes more important in these ultraperipheral

collision (UPC) events. In general, this allows us to study
processes involving nuclear photoexcitation, photoproduc-
tion of hadrons, and two-photon interactions [15,16]. The
EM fields produced by the colliding Pb nuclei can be
described as a beam of quasireal photons with a small
virtuality ofQ2 < 1=R2, where R is the radius of the charge
distribution, and so, Q2 < 10−3 GeV2 [17,18]. The cross
section for the elastic reaction Pbþ PbðγγÞ → Pbþ Pbγγ
can then be calculated by convolving the appropriate
photon flux with the elementary cross section for the
process γγ → γγ. Since the photon flux associated with
each nucleus scales with the square of the number of
protons, the cross section is strongly enhanced relative to
proton-proton (pp) collisions.
The γγ → γγ reaction has also been measured in photon

scattering in the Coulomb field of a nucleus (Delbrück
scattering) [19–22] and in the photon-splitting process [23].
A related process, in which initial photons fuse to form
a pseudoscalar meson that subsequently decays into
a pair of photons, has been studied at electron-positron
colliders [24–27].
The previous ATLAS and CMS measurements were

based on the Pbþ Pb dataset of 0.4 nb−1 recorded in 2015
at a nucleon-nucleon (NN) center-of-mass energy offfiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [12,13]. The present Letter describes
a new measurement exploiting 1.73 nb−1 of Pbþ Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, recorded in November
2018 with the ATLAS detector at the LHC. The analysis
follows the approach originally proposed in Ref. [14],
which was the basis of the initial ATLAS measurement.
The ATLAS detector [28] is a multipurpose particle

detector that covers nearly the entire solid angle around the
interaction point (IP) [29]. It consists of an inner detector
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(ID) for charged-particle tracking in the pseudorapidity
region jηj < 2.5, EM and hadronic calorimeters that pro-
vide energy measurements up to jηj ¼ 4.9, and a muon
spectrometer that covers jηj < 2.7. Forward calorimeters
(FCAL) cover the range of 3.2 < jηj < 4.9. The 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 final-state signature of interest is the exclusive

production of two photons, PbþPbðγγÞ→Pbð�ÞþPbð�Þγγ,
where the diphoton final state is measured in the central
detector, and the incoming Pb ions survive the EM inter-
action, with a possible EM excitation [30], denoted by ð�Þ.
Hence, the final state consists of two low-energy photons and
no further activity in the detector and, in particular, no
reconstructed charged-particle tracks originating from the IP.
A two-level trigger system was used to select events

online [31]. It consists of a level-1 trigger implemented
using a combination of custom electronics and program-
mable logic, and a software-based high-level trigger (HLT).
Candidate diphoton events were recorded using a dedicated
trigger for events with moderate activity in the calorimeter
but little additional activity in the detector. At level 1, a
logical OR of two conditions was required: at least one EM
cluster with ET > 1 GeV in coincidence with a total ET of
4–200 GeV measured in the calorimeter, or at least two EM
clusters with ET > 1 GeV with total ET measured in the
calorimeter below 50 GeV. The upper bound on the total ET
was optimized to be fully efficient for signal events
while allowing the rejection of events from nonperipheral
Pbþ Pb collisions. At the HLT, the total FCAL ET on each
side of the IP was required to be consistent with noise
(FCAL veto), and the number of hits in the pixel detector
(part of the ID) was required to be, at most, 15.
Simulated γγ → γγ signal events were generated using

the SUPERCHIC 3.0 Monte Carlo (MC) generator [32]. This
program takes into account box diagrams with charged
leptons, quarks, and W� bosons. An alternative signal
sample was generated using calculations from Ref. [33].
These calculations were then folded with the Pbþ Pb
photon flux taken from the STARLIGHT 2.0 MC generator
[34]. The theoretical uncertainty of the cross section is
mainly due to the limited knowledge of the nuclear form
factors and initial photon fluxes. This is extensively studied
in Refs. [13,35], and the relevant uncertainty is estimated to
be 10%within the fiducial phase space of the measurement.
Higher-order corrections, which are not included in the
calculations, are also part of the theoretical uncertainty and
amount to 1%–3% in the fiducial phase space [36,37].
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. This
central exclusive production (CEP) process, gg → γγ,
was also modeled using SUPERCHIC 3.0. This process
has a large theoretical uncertainty, of Oð100%Þ [38]; hence

the absolute normalization of this background is deter-
mined using a control region in the data, as explained later.
The γγ → eþe− process 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 PbþPb photon
flux with the leading-order formula for γγ→eþe−. Two-
photon production of quark-antiquark pairs, with their
subsequent decay into multiple hadrons, was modeled
using HERWIG++ 2.7.1 [39], where the initial photon fluxes
from pp collisions are implemented. The sample was then
normalized to cover the differences in the photon fluxes
between Pbþ Pb and pp collisions. All simulated events
make use of a detector simulation [40] based on GEANT4

[41] and are reconstructed with the standard ATLAS
reconstruction software.
Photons are reconstructed from EM clusters in the

calorimeter [42] and tracking information provided by
the ID, which allows us to identify photon conversions
[43]. An energy calibration specifically optimized for
photons [44] is applied to account for energy loss before
the calorimeter and both lateral and longitudinal shower
leakage. Photons in MC samples are corrected [43] for
known mismodeling of quantities that describe the proper-
ties (“shapes”) of the associated EM showers.
The photon particle identification (PID) in this analysis is

based on a selection of these shower-shape variables,
optimized for the signal events. Only photons with ET >
3 GeV and jηj < 2.37, excluding the calorimeter transition
region 1.37 < jηj < 1.52, are considered. This allows for
good separationbetweenprompt photons and fake signatures
due to calorimeter noise, cosmic-ray muons, or nonprompt
photons originating from the decay of neutral hadrons. The
photon PID is based on a neural network trained on back-
ground photons extracted from data and on photons from the
signal MC sample. The selection of background photons
follows the procedure established in Ref. [12].
Selected events are required to have exactly two photons

satisfying the above selection criteria, with a diphoton
invariant mass (mγγ) greater than 6 GeV. In order to
suppress the γγ → eþe− background, events are rejected
if they have a charged-particle track with pT > 100 MeV,
jηj < 2.5, and at least six hits in the pixel and microstrip
detectors, including at least one pixel hit. To further
suppress γγ → eþe− events with poorly reconstructed
charged-particle tracks, candidate events are required to
have no “pixel tracks” matched to a photon candidate
within jΔηj < 0.5. Pixel tracks are reconstructed using
information from the pixel detector only. They are required
to have pT > 50 MeV, jηj < 2.5, and at least three hits in
the pixel detector. According to the MC simulation, these
requirements reduce the fake photon background from the
dielectron final state by a factor of 104, while being 93%
efficient for γγ → γγ signal events.
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To reduce other fake-photon backgrounds, such as
cosmic-ray muons, the transverse momentum of the dipho-
ton system (pγγ

T ) is required to be below 1 GeV for mγγ <
12 GeV and below 2 GeV for mγγ > 12 GeV. To reduce
prompt-photon background from CEP gg → γγ reactions,
an additional requirement on the reduced acoplanarity,
Aϕ ¼ ð1 − jΔϕγγj=πÞ < 0.01, is used, which is expected to
have ð86� 1Þ% selection efficiency for the signal. This
efficiency is estimated using simulated signal events, and
the uncertainty is due to modeling of the photon angular
resolution in simulation. The above requirements define the
fiducial region for the signal measurement.
Exclusive dielectronpairs from the reactionPbþPbðγγÞ→

Pbð�ÞþPbð�Þeþe− are used for various aspects of the analysis,
in particular, to validate the EM calorimeter energy scale and
resolution [44]. To select γγ → eþe− candidates, events are
required to pass the same trigger as for the diphoton selection.
Each electron is reconstructed from an EM energy cluster in
the calorimeter matched to a track in the ID [45]. The γγ →
eþe− events are selected by requiring exactly two oppositely
charged electrons, no further charged-particle tracks coming
from the interaction region, and dielectron reduced acopla-
narity, Aϕ < 0.01. The observed γγ → eþe− event yield in
data is compatible with that expected from simulation.
The level-1 trigger efficiency is estimated with γγ →

eþe− events passing an independent trigger. The level-1
trigger efficiency as a function of the electron EM cluster
transverse energy sum, Ecluster1

T þ Ecluster2
T , reaches 60% at

5 GeV and 75% at 6 GeV, with the fully efficient plateau
reached at around 10 GeV, as shown in Fig. 1(a). The
measured efficiency is parametrized and used to correct
the trigger response in the simulation. To test the stability of
the results, the analysis is repeated using tighter or looser
dielectron event selection criteria, and the resulting
differences are taken as a systematic uncertainty. The
FCAL veto efficiency is estimated using γγ → eþe− events
selected with a dedicated control trigger without involving
the FCAL requirement. It is estimated to be ð99.1� 0.6Þ%.

Because of the high hit-reconstruction efficiency and
relatively low conversion probability of signal photons in
the pixel detector, the inefficiency of the pixel veto
requirement at the trigger level is found to be negligible.
The photon reconstruction efficiency is extracted from

data using γγ → eþe− 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 described in Ref. [12]. The resulting
photon reconstruction efficiency is shown in Fig. 1(b). It
rises from about 60% at ET ¼ 2.5 GeV to 90% at ET ¼
6 GeV and is used to derive simulation-to-data correction
factors.
High-pT exclusive dilepton production (γγ → lþl−,

where l ¼ e, μ) with final-state radiation (FSR) is used
to measure the photon PID efficiency, defined as the
probability for a reconstructed photon to satisfy the
identification criteria. Events with exactly two oppositely
charged tracks with pT > 0.5 GeV are selected from UPC
triggered events. In addition, a requirement to reconstruct a
photon candidate with ET > 2.5 GeV and jηj < 1.37 or
1.52 < jηj < 2.37 is imposed. A photon candidate is
required to be separated from each track by fulfilling ΔR >
0.3 [29] to avoid leakage between the photon and the
electron clusters. The FSR event candidates are required to
have pllγ

T < 1 GeV requirement, where pllγ
T is the trans-

verse momentum of the three-body system consisting of the
two tracks and the photon candidate. Figure 1(c) 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. Based on
these studies, MC events are corrected using photon ET-
dependent simulation-to-data correction factors. The sys-
tematic uncertainty on the photon reconstruction and PID
efficiencies is estimated by parametrizing the correction
factors as a function of the photon η instead of the photonET .
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FIG. 1. (a) Measured level-1 trigger efficiency as a function of the reconstructed transverse energy in γγ → eþe− events, (b) 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 (c) photon particle-identification efficiency as a function of the photon ET .
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The two electrons exhibit balanced transverse momen-
tum with an unbalance, jpeþ

T − pe−
T j, expected to be below

30 MeV. This is much smaller than the EM calorimeter
energy resolution, which, thus, can be measured by the
difference Ecluster1

T − Ecluster2
T . Below 10 GeV electron ET ,

the relative energy resolution is found to be between 8%
and 10% and is well reproduced by the MC simulation. The
EM energy scale is validated using the ratio of the electron
cluster Ee

T to the electron track ptrk
T .

The γγ → eþe− process can be a source of fake diphoton
events, since misidentification of electrons as photons can
occur when the electron track is not reconstructed or the
electron emits a hard bremsstrahlung photon. The γγ →
eþe− yield in the signal region is evaluated using a data-
driven method. Two control regions (CRs) are defined with
exactly two photons passing the signal selection but also
requiring one or two associated pixel tracks. The event
yield observed in these two CRs is extrapolated to the
signal region using the probability to miss the electron pixel
track if the electron track is not reconstructed (pe

mistag). It is
measured in a region with exactly one charged-particle
track and two photons with Aϕ < 0.01. In order to verify
the stability of the pe

mistag evaluation method, the Aϕ

requirement is dropped and the difference with the nominal
selection is taken as a systematic uncertainty. This leads to
pe
mistag ¼ ð47� 9Þ%. The number of γγ → eþe− events in

the signal region is estimated to be 7� 1ðstatÞ � 3ðsystÞ,
where the uncertainty accounts for the CR statistical
uncertainty, the pe

mistag uncertainty, and the difference found
between the two CRs.
The Aϕ < 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 [see Fig. 2(a)], and correcting the
measured event yield for the expected signal and γγ →
eþe− contributions. The CEP and γγ → eþe− processes

exhibit a significantly broader Aϕ distribution than the
γγ → γγ process. In the CEP process gluons recoil against
the Pb nucleus which then dissociates. The shape of the Aϕ

distribution for γγ → eþe− events is mainly due to the
curvature of the trajectory of the electrons in the detector
magnetic field before they emit hard photons in their
interactions with the ID material.
The estimated uncertainty in the CEP gg → γγ back-

ground takes into account the statistical uncertainty of the
number of events in the Aϕ > 0.01 control region (17%) as
well as experimental and modeling uncertainties. It is found
that all experimental uncertainties have negligible impact
on the normalization of the CEP gg → γγ background. The
impact of the MC modeling of the Aϕ shape is estimated
using an alternative SUPERCHIC MC sample with no
absorptive effects [46]. These effects reflect the absence
of secondary particle emissions, which can take place in
addition to the gg → γγ process. After applying the data-
driven normalization procedure, this leads to a 25% change
in the CEP background yield in the signal region, which is
taken as a systematic uncertainty. An additional check is
done by varying the gluon parton distribution function
(PDF). The differences between the MMHT 2014 [47],
CT14 [48], and NNPDF3.1 [49] PDF sets have negligible
impact on the shape of the CEP diphoton Aϕ distribution.
The background due to the CEP process in the signal region
is estimated to be 4� 1 events. In addition, the energy
deposition in the ZDC, which is sensitive to dissociation of
Pb nuclei, is studied for events before the Aϕ selection is
imposed. Good agreement is observed between the nor-
malized CEP expectation from MC simulation and the
observed events with a signal corresponding to at least one
neutron in the ZDC.
The background contribution from γγ → qq̄ production

is estimated using MC simulation based on HERWIG++ and
is found to be negligible. Exclusive two-meson production
can be a potential source of background for light-by-light
scattering events, mainly due to their similar back-to-back
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FIG. 2. (a) The diphoton Aϕ distribution for events satisfying the signal selection, but before the Aϕ < 0.01 requirement. (b) Diphoton
invariant mass and (c) diphoton transverse momentum for events satisfying the signal selection. Data (points) are compared with the sum
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topology. Mesons can fake photons either by their inter-
mediate decay into photons (neutral mesons: π0, η, η0) or by
misreconstructed charged-particle tracks (charged mesons:
for example πþ, π− states). Estimates for such contributions
are reported in Refs. [14,50–53] and these contributions are
considered to be negligible in the signal region.
The background from other fake diphoton events

(mainly those induced by cosmic-ray muons) is estimated
using a control region with at least one track reconstructed
in the muon system and further studied using the recon-
structed photon-cluster time distribution. After imposing
the pγγ

T requirements, this background is found to be
negligible. Background from the γγ → eþe−γγ reaction
is evaluated using the MADGRAPH5_AMC@NLO MC gener-
ator [54] and the Pbþ Pb photon flux from STARLIGHT.
This contribution is estimated to be below 1% of the
expected signal and, therefore, has negligible impact on the
results. The contribution from bottomonia production (for
example, γγ → ηb → γγ or γPb → ϒ → γηb → 3γ) is cal-
culated using parameters from Refs. [55,56] and considered
to be negligible. The contribution from UPC events where
both nuclei emit a bremsstrahlung photon is estimated
using calculations from Ref. [57]. The cross section for
single-bremsstrahlung photon production from a Pb ion in
the fiducial region of the measurement is calculated to be
below 10−4 pb so that the coincidence of two such
occurrences is considered to be negligible.
After applying the signal selection, 59 events are

observed in the data where 30� 4ðsystÞ signal events
and 12�1ðstatÞ�3ðsystÞ background events are expected.
The probability that the data are compatible 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� 3ðsystÞ signal
events and 6� 1ðstatÞ � 2ðsystÞ background events are
expected. The data excess is quantified by calculating the
background-only p value using a profile likelihood-ratio
test statistic [58], resulting in an observed (expected)
statistical significance of 8.2 (6.2) standard deviations.
Photon kinematic distributions for events satisfying all
selection criteria are shown in Figs. 2(b)–2(c). A further
cross check of energy deposits in the ZDC for events in the
signal region is performed. The activity in the ZDC agrees
with the signal-plus-background expectation. The analysis
is also repeated with a lower minimum photon ET require-
ment of 2.5 GeV, yielding more signal events but also an
increased relative background contribution. Consistent
results were found using this relaxed signal selection.
The cross section for the γγ → γγ process is measured in

a fiducial phase space, defined by a set of requirements on
the diphoton final state, reflecting the selection at
reconstruction level [59]. Experimentally, the fiducial
cross section is given by σfid¼ðNdata−NbkgÞ=ðC×

R
LdtÞ,

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

the number of background events,
R
Ldt¼1.73�0.07nb−1

is the integrated luminosity of the data sample, and C is an
overall correction factor that accounts for efficiencies
and resolution effects. The C factor is defined as the ratio
of the number of selected MC signal events passing the
selection and after applying data/MC correction factors to
the number of generated MC signal events satisfying the
fiducial requirements. It is found to be C ¼ 0.350� 0.024.
The uncertainty in C is estimated by varying the data/MC
correction factors within their uncertainties, as well as
using an alternative signal MC sample based on calcula-
tions from Ref. [33]. The probability of additional inelastic
interactions in the same bunch crossing is estimated to be
0.3% and has negligible impact on the signal efficiency.
The overall uncertainty is dominated by uncertainties in the
photon reconstruction efficiency (4%) and the trigger
efficiency (2%). The uncertainty of the integrated lumi-
nosity is derived, following a methodology similar to that
detailed in Ref. [60], from a calibration of the luminosity
scale using x-y beam-separation scans performed in
November 2018.
The measured fiducial cross section is

78� 13ðstatÞ � 7ðsystÞ � 3ðlumiÞ nb, which can be com-
pared with the predicted values of 45� 5 nb from
Ref. [14], 51� 5 nb from Ref. [33], and 50� 5 nb from
SUPERCHIC 3.0 MC simulation [32]. The experiment-
to-prediction ratios are 1.73� 0.40, 1.53� 0.33, and
1.56� 0.33, respectively.
In summary, this Letter reports the observation of light-

by-light scattering in quasireal photon interactions from
ultraperipheral Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV
recorded in 2018 by the ATLAS experiment. After applying
all selection criteria, 59 data events are observed in
the signal region, while 12� 3 background events are
expected. The dominant background processes, i.e., CEP
gg → γγ, γγ → eþe− as well as other fake-photon back-
grounds, are estimated from data. The statistical signifi-
cance against the background-only hypothesis is found to
be 8.2 standard deviations.
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S. J. Crawley,57 R. A. Creager,137 S. Crépé-Renaudin,58 F. Crescioli,136 M. Cristinziani,24 V. Croft,120 G. Crosetti,41b,41a

A. Cueto,5 T. Cuhadar Donszelmann,149 A. R. Cukierman,153 S. Czekierda,84 P. Czodrowski,36

M. J. Da Cunha Sargedas De Sousa,60b J. V. Da Fonseca Pinto,80b C. Da Via,100 W. Dabrowski,83a T. Dado,28a S. Dahbi,35e

T. Dai,105 C. Dallapiccola,102 M. Dam,40 G. D’amen,23b,23a V. D’Amico,74a,74b J. Damp,99 J. R. Dandoy,137 M. F. Daneri,30

N. P. Dang,181 N. D Dann,100 M. Danninger,175 V. Dao,36 G. Darbo,55b O. Dartsi,5 A. Dattagupta,131 T. Daubney,46

S. D’Auria,68a,68b W. Davey,24 C. David,46 T. Davidek,143 D. R. Davis,49 I. Dawson,149 K. De,8 R. De Asmundis,69a

M. De Beurs,120 S. De Castro,23b,23a S. De Cecco,72a,72b N. De Groot,119 P. de Jong,120 H. De la Torre,106 A. De Maria,15c

D. De Pedis,72a A. De Salvo,72a U. De Sanctis,73a,73b M. De Santis,73a,73b A. De Santo,156 K. De Vasconcelos Corga,101

J. B. De Vivie De Regie,132 C. Debenedetti,146 D. V. Dedovich,79 A. M. Deiana,42 M. Del Gaudio,41b,41a J. Del Peso,98

Y. Delabat Diaz,46 D. Delgove,132 F. Deliot,145,q C. M. Delitzsch,7 M. Della Pietra,69a,69b D. Della Volpe,54 A. Dell’Acqua,36

L. Dell’Asta,73a,73b M. Delmastro,5 C. Delporte,132 P. A. Delsart,58 D. A. DeMarco,167 S. Demers,183 M. Demichev,79

G. Demontigny,109 S. P. Denisov,123 D. Denysiuk,120 L. D’Eramo,136 D. Derendarz,84 J. E. Derkaoui,35d F. Derue,136

P. Dervan,90 K. Desch,24 C. Deterre,46 K. Dette,167 C. Deutsch,24 M. R. Devesa,30 P. O. Deviveiros,36 A. Dewhurst,144

S. Dhaliwal,26 F. A. Di Bello,54 A. Di Ciaccio,73a,73b L. Di Ciaccio,5 W. K. Di Clemente,137 C. Di Donato,69a,69b

A. Di Girolamo,36 G. Di Gregorio,71a,71b B. Di Micco,74a,74b R. Di Nardo,102 K. F. Di Petrillo,59 R. Di Sipio,167

D. Di Valentino,34 C. Diaconu,101 F. A. Dias,40 T. Dias Do Vale,140a M. A. Diaz,147a J. Dickinson,18 E. B. Diehl,105

J. Dietrich,19 S. Díez Cornell,46 A. Dimitrievska,18 W. Ding,15b J. Dingfelder,24 F. Dittus,36 F. Djama,101 T. Djobava,159b

J. I. Djuvsland,17 M. A. B. Do Vale,80c M. Dobre,27b D. Dodsworth,26 C. Doglioni,96 J. Dolejsi,143 Z. Dolezal,143

M. Donadelli,80d B. Dong,60c J. Donini,38 A. D’onofrio,92 M. D’Onofrio,90 J. Dopke,144 A. Doria,69a M. T. Dova,88

A. T. Doyle,57 E. Drechsler,152 E. Dreyer,152 T. Dreyer,53 A. S. Drobac,170 Y. Duan,60b F. Dubinin,110 M. Dubovsky,28a

A. Dubreuil,54 E. Duchovni,180 G. Duckeck,114 A. Ducourthial,136 O. A. Ducu,109 D. Duda,115 A. Dudarev,36 A. C. Dudder,99

E. M. Duffield,18 L. Duflot,132 M. Dührssen,36 C. Dülsen,182 M. Dumancic,180 A. E. Dumitriu,27b A. K. Duncan,57

M. Dunford,61a A. Duperrin,101 H. Duran Yildiz,4a M. Düren,56 A. Durglishvili,159b D. Duschinger,48 B. Dutta,46

D. Duvnjak,1 G. I. Dyckes,137 M. Dyndal,36 S. Dysch,100 B. S. Dziedzic,84 K. M. Ecker,115 R. C. Edgar,105 T. Eifert,36

PHYSICAL REVIEW LETTERS 123, 052001 (2019)

052001-9



G. Eigen,17 K. Einsweiler,18 T. Ekelof,172 H. El Jarrari,35e M. El Kacimi,35c R. El Kosseifi,101 V. Ellajosyula,172 M. Ellert,172

F. Ellinghaus,182 A. A. Elliot,92 N. Ellis,36 J. Elmsheuser,29 M. Elsing,36 D. Emeliyanov,144 A. Emerman,39 Y. Enari,163

M. B. Epland,49 J. Erdmann,47 A. Ereditato,20 M. Errenst,36 M. Escalier,132 C. Escobar,174 O. Estrada Pastor,174 E. Etzion,161

H. Evans,65 A. Ezhilov,138 F. Fabbri,57 L. Fabbri,23b,23a V. Fabiani,119 G. Facini,94 R. M. Faisca Rodrigues Pereira,140a

R. M. Fakhrutdinov,123 S. Falciano,72a P. J. Falke,5 S. Falke,5 J. Faltova,143 Y. Fang,15a Y. Fang,15a G. Fanourakis,44

M. Fanti,68a,68b M. Faraj,66a,66c A. Farbin,8 A. Farilla,74a E. M. Farina,70a,70b T. Farooque,106 S. Farrell,18 S. M. Farrington,50

P. Farthouat,36 F. Fassi,35e P. Fassnacht,36 D. Fassouliotis,9 M. Faucci Giannelli,50 W. J. Fawcett,32 L. Fayard,132

O. L. Fedin,138,r W. Fedorko,175 M. Feickert,42 S. Feigl,134 L. Feligioni,101 A. Fell,149 C. Feng,60b E. J. Feng,36 M. Feng,49

M. J. Fenton,57 A. B. Fenyuk,123 J. Ferrando,46 A. Ferrante,173 A. Ferrari,172 P. Ferrari,120 R. Ferrari,70a

D. E. Ferreira de Lima,61b A. Ferrer,174 D. Ferrere,54 C. Ferretti,105 F. Fiedler,99 A. Filipčič,91 F. Filthaut,119 K. D. Finelli,25

M. C. N. Fiolhais,140a L. Fiorini,174 F. Fischer,114 W. C. Fisher,106 I. Fleck,151 P. Fleischmann,105 R. R. M. Fletcher,137

T. Flick,182 B. M. Flierl,114 L. F. Flores,137 L. R. Flores Castillo,63a F. M. Follega,75a,75b N. Fomin,17 J. H. Foo,167

G. T. Forcolin,75a,75b A. Formica,145 F. A. Förster,14 A. C. Forti,100 A. G. Foster,21 M. G. Foti,135 D. Fournier,132 H. Fox,89

P. Francavilla,71a,71b S. Francescato,72a,72b M. Franchini,23b,23a S. Franchino,61a D. Francis,36 L. Franconi,20 M. Franklin,59

A. N. Fray,92 B. Freund,109 W. S. Freund,80b E. M. Freundlich,47 D. C. Frizzell,128 D. Froidevaux,36 J. A. Frost,135

C. Fukunaga,164 E. Fullana Torregrosa,174 E. Fumagalli,55b,55a T. Fusayasu,116 J. Fuster,174 A. Gabrielli,23b,23a A. Gabrielli,18

G. P. Gach,83a S. Gadatsch,54 P. Gadow,115 G. Gagliardi,55b,55a L. G. Gagnon,109 C. Galea,27b B. Galhardo,140a

G. E. Gallardo,135 E. J. Gallas,135 B. J. Gallop,144 G. Galster,40 R. Gamboa Goni,92 K. K. Gan,126 S. Ganguly,180 J. Gao,60a

Y. Gao,50 Y. S. Gao,31,h C. García,174 J. E. García Navarro,174 J. A. García Pascual,15a C. Garcia-Argos,52

M. Garcia-Sciveres,18 R.W. Gardner,37 N. Garelli,153 S. Gargiulo,52 V. Garonne,134 A. Gaudiello,55b,55a G. Gaudio,70a

I. L. Gavrilenko,110 A. Gavrilyuk,111 C. Gay,175 G. Gaycken,46 E. N. Gazis,10 A. A. Geanta,27b C. N. P. Gee,144 J. Geisen,53

M. Geisen,99 M. P. Geisler,61a C. Gemme,55b M. H. Genest,58 C. Geng,105 S. Gentile,72a,72b S. George,93 T. Geralis,44

L. O. Gerlach,53 P. Gessinger-Befurt,99 G. Gessner,47 S. Ghasemi,151 M. Ghasemi Bostanabad,176 M. Ghneimat,24

A. Ghosh,132 A. Ghosh,77 B. Giacobbe,23b S. Giagu,72a,72b N. Giangiacomi,23b,23a P. Giannetti,71a A. Giannini,69a,69b

S. M. Gibson,93 M. Gignac,146 D. Gillberg,34 G. Gilles,182 D. M. Gingrich,3,e M. P. Giordani,66a,66c F. M. Giorgi,23b

P. F. Giraud,145 G. Giugliarelli,66a,66c D. Giugni,68a F. Giuli,73a,73b S. Gkaitatzis,162 I. Gkialas,9,s E. L. Gkougkousis,14

P. Gkountoumis,10 L. K. Gladilin,113 C. Glasman,98 J. Glatzer,14 P. C. F. Glaysher,46 A. Glazov,46 M. Goblirsch-Kolb,26

S. Goldfarb,104 T. Golling,54 D. Golubkov,123 A. Gomes,140a,140b R. Goncalves Gama,53 R. Gonçalo,140a,140b G. Gonella,52

L. Gonella,21 A. Gongadze,79 F. Gonnella,21 J. L. Gonski,59 S. González de la Hoz,174 S. Gonzalez-Sevilla,54

G. R. Gonzalvo Rodriguez,174 L. Goossens,36 P. A. Gorbounov,111 H. A. Gordon,29 B. Gorini,36 E. Gorini,67a,67b

A. Gorišek,91 A. T. Goshaw,49 C. Gössling,47 M. I. Gostkin,79 C. A. Gottardo,119 M. Gouighri,35b D. Goujdami,35c

A. G. Goussiou,148 N. Govender,33b,t C. Goy,5 E. Gozani,160 I. Grabowska-Bold,83a E. C. Graham,90 J. Gramling,171

E. Gramstad,134 S. Grancagnolo,19 M. Grandi,156 V. Gratchev,138 P. M. Gravila,27f F. G. Gravili,67a,67b C. Gray,57

H. M. Gray,18 C. Grefe,24 K. Gregersen,96 I. M. Gregor,46 P. Grenier,153 K. Grevtsov,46 C. Grieco,14 N. A. Grieser,128

J. Griffiths,8 A. A. Grillo,146 K. Grimm,31,u S. Grinstein,14,v J.-F. Grivaz,132 S. Groh,99 E. Gross,180 J. Grosse-Knetter,53

Z. J. Grout,94 C. Grud,105 A. Grummer,118 L. Guan,105 W. Guan,181 J. Guenther,36 A. Guerguichon,132

J. G. R. Guerrero Rojas,174 F. Guescini,115 D. Guest,171 R. Gugel,52 T. Guillemin,5 S. Guindon,36 U. Gul,57 J. Guo,60c

W. Guo,105 Y. Guo,60a,w Z. Guo,101 R. Gupta,46 S. Gurbuz,12c G. Gustavino,128 P. Gutierrez,128 C. Gutschow,94 C. Guyot,145

C. Gwenlan,135 C. B. Gwilliam,90 A. Haas,124 C. Haber,18 H. K. Hadavand,8 N. Haddad,35e A. Hadef,60a S. Hageböck,36

M. Hagihara,169 M. Haleem,177 J. Haley,129 G. Halladjian,106 G. D. Hallewell,101 K. Hamacher,182 P. Hamal,130

K. Hamano,176 H. Hamdaoui,35e G. N. Hamity,149 K. Han,60a,x L. Han,60a S. Han,15a,15d K. Hanagaki,81,y M. Hance,146

D. M. Handl,114 B. Haney,137 R. Hankache,136 P. Hanke,61a E. Hansen,96 J. B. Hansen,40 J. D. Hansen,40 M. C. Hansen,24

P. H. Hansen,40 E. C. Hanson,100 K. Hara,169 A. S. Hard,181 T. Harenberg,182 S. Harkusha,107 P. F. Harrison,178

N. M. Hartmann,114 Y. Hasegawa,150 A. Hasib,50 S. Hassani,145 S. Haug,20 R. Hauser,106 L. B. Havener,39 M. Havranek,142

C. M. Hawkes,21 R. J. Hawkings,36 D. Hayden,106 C. Hayes,155 R. L. Hayes,175 C. P. Hays,135 J. M. Hays,92 H. S. Hayward,90

S. J. Haywood,144 F. He,60a M. P. Heath,50 V. Hedberg,96 L. Heelan,8 S. Heer,24 K. K. Heidegger,52 W. D. Heidorn,78

J. Heilman,34 S. Heim,46 T. Heim,18 B. Heinemann,46,z J. J. Heinrich,131 L. Heinrich,36 C. Heinz,56 J. Hejbal,141 L. Helary,61b

A. Held,175 S. Hellesund,134 C. M. Helling,146 S. Hellman,45a,45b C. Helsens,36 R. C.W. Henderson,89 Y. Heng,181

S. Henkelmann,175 A. M. Henriques Correia,36 G. H. Herbert,19 H. Herde,26 V. Herget,177 Y. Hernández Jiménez,33c
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68aINFN Sezione di Milano, Italy

68bDipartimento di Fisica, Università di Milano, Milano, Italy
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vvAlso at National Research Nuclear University MEPhI, Moscow, Russia.
wwAlso at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest, Hungary.
xxAlso at Giresun University, Faculty of Engineering, Giresun, Turkey.
yyAlso at Institute of Physics, Academia Sinica, Taipei, Taiwan.
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