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This Letter reports the observation of τ-lepton-pair production in ultraperipheral lead-lead collisions
Pbþ Pb → Pbðγγ → ττÞPb and constraints on the τ-lepton anomalous magnetic moment aτ. The dataset
corresponds to an integrated luminosity of 1.44 nb−1 of LHC Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV
recorded by the ATLAS experiment in 2018. Selected events contain one muon from a τ-lepton decay, an
electron or charged-particle track(s) from the other τ-lepton decay, little additional central-detector activity,
and no forward neutrons. The γγ → ττ process is observed in Pbþ Pb collisions with a significance
exceeding 5 standard deviations and a signal strength of μττ ¼ 1.03þ0.06

−0.05 assuming the standard model value
for aτ. To measure aτ, a template fit to the muon transverse-momentum distribution from τ-lepton
candidates is performed, using a dimuon (γγ → μμ) control sample to constrain systematic uncertainties.
The observed 95% confidence-level interval for aτ is −0.057 < aτ < 0.024.
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Measurements of the anomalous magnetic moment,
al ¼ 1

2
ðgl − 2Þ, of charged leptons l (electrons, muons,

and τ leptons) are cornerstone tests of the standard model
(SM) with unique sensitivity to beyond-the-SM (BSM)
phenomena. The leading contribution to al in the SM is
the one-loop Schwinger term αEM=2π ≃ 0.00116 [1,2],
where αEM is the electromagnetic (EM) fine-structure
constant. For the electron (muon), ae (aμ) is tested to
parts per 1010 [3–8] (107 [9–11]) precision. Measurements
of aμ report tensions with the SM expectation [12–16],
which may suggest BSM dynamics. Specific BSM scenar-
ios such as supersymmetry [17] predict enhancements that
scale quadratically with lepton mass ml, i.e., δal ∝ m2

l,
resulting in a ðmτ=mμÞ2 ≃ 280 times larger effect for τ
leptons. However, the short τ-lepton lifetime precludes
precise spin-precession measurements of aτ to test the SM
prediction of aSMτ ¼ 0.001 177 21ð5Þ [18] and potential
BSM contributions.
Photon-induced events arise from interactions between

the EM fields surrounding the beam particles at colliders.
Observing photon-induced τ-lepton pairs (γγ → ττ) pre-
dicted to occur at the Large Hadron Collider (LHC) [19–26]
would open the way to hadron-collider probes of aτ.
Currently, the most precise single-experiment measurement

is aτ ¼ −0.018ð17Þ by the DELPHI Collaboration [27,28]
using γγ → ττ events at the Large Electron Positron (LEP)
collider. The OPAL [29] and L3 [30] Collaborations also set
constraints using radiative τ-lepton decays [31]. At the
LHC, photon-induced dilepton production has only been
measured in the dielectron (ee) and dimuon (μμ) channels,
using proton-proton (pp) [32–37] and lead-lead (Pbþ Pb)
collisions [38–43]. The ττ channel is challenging due to
hadronic backgrounds and neutrinos in τ-lepton decays
diluting visible final-state kinematics. This renders trigger-
ing and reconstruction more difficult, especially in high-
luminosity pp collisions. Strategies to overcome these
experimental obstacles using heavy-ion collisions were
proposed in Refs. [44–46].
This Letter presents the observation of the Pbþ Pb →

Pbðγγ → ττÞPb process and measurement of aτ using
1.44 nb−1 of Pbþ Pb data recorded by ATLAS in 2018
at a nucleon-nucleon (NN) center-of-mass energy offfiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The EM fields accompanying the ions
coherently create photons that interact to produce τ-lepton
pairs. The cross section is enhanced by Z4 relative to pp
collisions, where Z is the atomic number (Z ¼ 82 for lead).
The ions can remain intact, enabling selection of low-
multiplicity events with one muon originating from one of
the τ leptons, while the other τ-lepton decay is reconstructed
as either an electron or one or three charged-particle tracks
with low transverse momentum.
The ATLAS experiment [47–49] is a multipurpose

particle detector with cylindrical geometry [50], comprising
an inner-detector (ID) tracker, EM and hadronic calorim-
eters, and a muon spectrometer (MS). The zero-degree
calorimeters (ZDCs) [51] are located at z ¼ �140 m from
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the interaction point and detect neutral particles such as
neutrons emitted from interacting nuclei. A two-level trigger
system [52,53] was used to select events containing one
muon with pT > 4 GeV and, at most, 50 GeV (3 GeV)
of transverse energy deposited in the whole (forward
3.2 < jηj < 4.9) calorimeter [54]. An extensive software
suite [55] is used in the reconstruction and analysis of real
and simulated data, in detector operations and in the trigger
and data acquisition systems. Standard data-quality require-
ments are imposed [56]. The average number of hadronic
interactions per bunch crossing was 0.003.
Samples of simulated γγ → ττ signal events were pro-

duced at leading order in QED using the STARLIGHT2.0 [57]
Monte Carlo (MC) generator, interfaced with TAUOLA

[58,59] for τ-lepton decays. Final-state radiation (FSR)
from the τ leptons and charged decay products of τ leptons
was simulated using PYTHIA8.245 [60] and PHOTOS3.61 [61],
respectively. One of the dominant background sources is
the γγ → μμ process, and its contribution is estimated with
the aid of MC samples generated using STARLIGHT;
PYTHIA8 was used to model EM FSR from the muons.
The photon-flux distribution in simulated γγ → ττ and
γγ → μμ events was reweighted to that of SUPERCHIC3.05

[62], differentially in dilepton invariant mass and dilepton
rapidity. In the STARLIGHT and SUPERCHIC simulations,
no restriction on the Coulomb breakup of either nucleus
was imposed. Dijet samples from photon-induced diquark
production, γγ → qq̄, were generated using PYTHIA8.
Nondiffractive photonuclear events (γA → X) were simu-
lated with STARLIGHT interfaced with DPMJET-III [63]. All
MC samples were passed through a detailed detector
simulation based on GEANT4 [64,65].
Charged-particle tracks reconstructed in the ID must

satisfy pT > 100 MeV, jηj < 2.5, transverse impact param-
eter jd0j < 1.5 mm, and the “loose primary” track selection
criterion [66–68]. Electrons must satisfy pT > 4 GeV,
jηj < 2.47 (excluding the calorimeter transition region,
i.e., jηj ∉ ½1.37; 1.52�), jd0j < 0.5 mm, and “loose” [69]
likelihood-based identification criteria. Muons must satisfy
pT > 4 GeV, jηj < 2.4, jd0j < 0.3 mm, and “low pT” [70]
identification criteria. Small corrections, derived using tag-
and-probe methods similar to those in Refs. [40,71,72], are
applied to simulated reconstruction and trigger efficiencies
of electrons and muons. Clusters of topologically con-
nected calorimeter cells called topoclusters [73] must
satisfy jηj < 4.9, pT > 0.1 GeV (pT > 1 GeV) for 2.5 <
jηj < 4.9 (jηj < 2.5), and the cell significance criteria for
measured energies outlined in Ref. [74]. Topoclusters from
calorimeter regions with an abnormal noise distribution are
removed using a data-driven procedure based on analyzing
η-ϕ distributions of topocluster activity for each calorimeter
layer. Reconstructed photons must satisfy ET > 1.5 GeV,
jηj < 2.37 ∉ ½1.37; 1.52�, and dedicated identification cri-
teria defined in Ref. [72].

Selected events must contain exactly one muon, which
targets a muonic decay of one of the τ leptons while
reducing backgrounds from γγ → μμ and γγ → qq̄. Three
signal regions (SRs) then categorize events by the decay
signature of the other τ lepton. The μe-SR category
additionally requires one electron and no additional tracks
separated from the muon (electron) by ΔRμðeÞ;trk > 0.1,
which targets fully leptonic decays of both τ leptons. The
different-flavor (μe) requirement suppresses same-flavor
backgrounds dominated by γγ → μμ=ee. The μ1T-SR
(μ3T-SR) category requires exactly one track (three tracks)
separated from the muon by ΔRμ;trk > 0.1, which targets
τ-lepton decays to one or three charged hadrons. The one-
track requirement also captures leptonic τ-lepton decays
that fail electron or muon reconstruction. The electric
charges of the muon, electron, and tracks must sum to zero.
For both μ1T-SR and μ3T-SR, events must contain no

additional muons satisfying looser criteria and no electrons
to reject γγ → μμ=ee backgrounds. The looser requirements
on muons comprise matched tracks in the ID and MS
satisfying pT > 2 GeV and jηj < 2.5. To suppress hadronic
backgrounds such as photonuclear processes, there must be
no topoclusters separated from the muon (track or three-track
system [75]) by ΔRclust;μ > 0.3 (ΔRclust;trkðsÞ > 1.0); this
requirement is referred to as the topocluster veto. To further
reduce photonuclear backgrounds, the acoplanarity between
the muon and the track (three-track system) must satisfy

Aμ;trkðsÞ
ϕ ≡ 1 − jΔϕμ;trkðsÞj=π < 0.4ð0.2Þ. The signal has a

narrower Aμ;trkðsÞ
ϕ distribution in μ3T-SR than μ1T-SR,

motivating the tighter requirement.
For μ1T-SR, the pT of the muon-track pair must satisfy

pμ;trk
T > 1 GeV to reject pT-balanced backgrounds, such as

γγ → μμ. To further reduce the γγ → μμγ background, the
pT of the muon, track, and photon (topocluster) system must

fulfill pμ;trk;γðclustÞ
T > 1 GeV for events containing a photon

(topocluster) within ΔRγðclustÞ;trk ¼ 1 of the track. If there are
multiple nearby photons (topoclusters), the highest-pT
photon (topocluster) is used. The topoclusters considered
here must have pT > 2 GeV and not be track matched; these
criteria avoid track-induced topoclusters from, e.g., charged-
pion energy deposits. Topoclusters withinΔRclust;trk ¼ 0.1 of
a track with pT > 0.7 GeV extrapolated to the calorimeter
are considered track matched. Low-multiplicity events in
minimum-bias data are used to correct for the bending due to
the magnetic field, such that the ΔRclust;trk distribution of
topoclusters associated with a track peaks at zero. Tracks
with pT < 0.7 GeV are not considered in the track-cluster
matching, as they typically do not deposit significant energy
in the calorimeter.
For μ3T-SR, the three-track system mass must fulfill

m3trk < 1.7 GeV, assuming each track has the charged-
pion mass of 140 MeV. This requirement retains three-
prong hadronic τ-lepton decays and suppresses background
from exclusive ρ0 mesons (γA → ρ0 → ππ) produced
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simultaneously with γγ → μμ events. In this background
process, neither muon is correlated with the ππ system and
mππμ typically exceeds 1.7 GeV for a muon with pT of
several GeV.
To constrain the γγ → μμ background, a control region

(CR) of dimuon events called 2μ-CR is defined. It requires
exactly two muons with invariant mass above 11 GeV to
suppress quarkonia [ϒðnSÞ → μμ] backgrounds and no
additional tracks separated from the muons byΔRμ;trk > 0.1.
Events must additionally not have ZDC energies sat-

isfying EZDC > 1 TeV on each side, mainly to suppress
photonuclear backgrounds where ion dissociation typi-
cally occurs. This class of events with no forward neutrons
detected (0n0n) corresponds to the absence of Coulomb
breakup of either nucleus. Such breakup typically pro-
ceeds through the giant dipole resonance and induces the
emission of one or more neutrons [40]. This requirement
also fully suppresses lepton-pair production in which the
initial photon emission results in the dissociation of one or
both nuclei [40]. The SRs and 2μ-CR are all statistically
independent. Since the extra forward neutron emissions
are not simulated, the γγ → ll MC samples are corrected
using data-driven probabilities for the 0n0n event top-
ology, which are found to be between 0.4 and 0.7. These
are extracted from 2μ-CR without the EZDC requirement,
differentially in dilepton invariant mass and dilepton
rapidity.
The dominant sources of background after event selec-

tion are radiative dimuon (γγ → μμγ) and photonuclear
events with low central-detector activity.
The γγ → μμγ background is estimated with the aid of

MC samples. This process enters μ1T-SR when FSR
photons substantially modify the dimuon kinematics so
as to mimic the signal kinematics and enters μ3T-SR and
μe-SR primarily when photons convert to eþe− in detector
material. To improve the modeling of high-pT (pγ

T ≳ pμ
T)

photon emissions for t- and u-channel γγ → μμ processes,
an additional γγ → μμγ MC sample generated using
MADGRAPH5_AMC@NLO [76] with the photon flux rewei-
ghted to SUPERCHIC is used instead of STARLIGHTþ
PYTHIA8 if a leading photon has pγ

T > 2 GeV.
Comparing the γγ → μμðγÞ simulated events with data
in 2μ-CR shows reasonable data-to-MC agreement in
differential distributions and normalization to within
5%. The simulated γγ → μμðγÞ event yield in 2μ-CR is
15% lower than data if STARLIGHT photon-flux calcula-
tions are used due to known limitations of STARLIGHT

[40,77]. Before the fit to data, this method estimates 70,
6.5, and 2.8 γγ → μμðγÞ events enter μ1T-SR, μ3T-SR, and
μe-SR, respectively.
Diffractive photonuclear backgrounds with low particle

activity are estimated using fully data-driven methods.
Dedicated CRs are introduced, called μ2T-CR (μ4T-CR),
which apply the same selection as μ1T-SR (μ3T-SR), but

require an additional track satisfying pT < 0.5 GeV.
Furthermore, the EZDC < 1 TeV requirement is removed
on either side to enrich the sample with events from
photonuclear processes. To suppress the γγ → ττ signal
contamination in μ2T-CR, the two-track system mass must
fulfillm2trk > 1 GeV; ifm2trk < 1 GeV, the acoplanarity of
the muon and highest-pT track is required to exceed 0.2.
The event yields in CRs are extrapolated to SRs by
loosening the veto on topoclusters not matched to the
muon or tracks from nunmatch

TC ¼ 0 to nunmatch
TC ≤ 8, both in

CRs and SRs. The μ2T-CR (μ4T-CR) templates for nunmatch
TC

distributions are normalized to the event yield in μ1T-SR
(μ3T-SR) in the region 4 ≤ nunmatch

TC ≤ 8. In this region, the
signal and dimuon background contributions are found to
be negligible, and events exhibit properties that suggest
nonexclusive diffractive production, such as a small or no
rapidity gap [78]. As the additional track in μ2T-CR and
μ4T-CR is soft (pT < 0.5 GeV), its possible correlation
with topocluster activity is very small. This method
estimates that 13 (2.8) photonuclear events enter μ1T-SR
(μ3T-SR); photonuclear events are expected to be negli-
gible in μe-SR.
Other sources of background are predicted to be negli-

gible in the SRs. Nondiffractive photonuclear interactions
are estimated using the STARLIGHTþDPMJET-III sample and
are found to be negligible in all three SRs. The PYTHIA8

simulation of γγ → qq̄ estimates dijet backgrounds con-
tribute less than 0.3 events in both μ1T-SR and μ3T-SR.
Similarly, the contribution from resolved γγ interactions, as
estimated with PYTHIA8 [79], is found to be negligible.
Exclusive ρ0-meson production with simultaneous γγ →
μμ production in μ3T-SR is studied using a data-driven
method. Template distributions for this process are built
from events with two muons and two additional charged-
particle tracks. The acoplanarities of both the muon pair
and the track pair must be below 0.05. All events in these
templates are found to have m3trk > 1.7 GeV, so this
background is expected to be negligible in μ3T-SR.
Systematic uncertainties affecting the measurement arise

from the reconstruction of leptons, photons, charged-
particle tracks and topoclusters, the signal and background
modeling, and integrated luminosity.
Uncertainties in the muonmomentum scale and resolution

follow those in Ref. [80]. The analysis includes uncertainties
in the data-to-MC correction factors applied to simulated
samples for the muon trigger and reconstruction efficiencies.
Uncertainties in the reconstruction, identification, and
energy calibration of electrons and photons are evaluated
in accord with Ref. [72]. The uncertainty in the inclusive
track reconstruction efficiency is dominated by the uncer-
tainty in the amount of ID material [67]. This uncertainty is
applied in the simulation by randomly removing tracks
with a pT- and η-dependent probability corresponding to
the material uncertainty. Uncertainties in the topocluster
reconstruction efficiency and energy calibration are
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estimated using γγ → ee events where one of the electrons
emits a hard bremsstrahlung photon due to its interaction
with detector material [72].
Uncertainties in the photonuclear background evaluation

are estimated by repeating the procedure with alternative
requirements for CRs. These resemble the μ1T-SR
(μ3T-SR) selection except that the track (three-track system)
has the same electric charge as the muon candidate. The
difference between the photonuclear background contribu-
tion evaluated with alternative and nominal CRs defines the
uncertainties, affecting both the normalization and differ-
ential distributions. Uncertainties in modeling the photon

flux are estimated by using the STARLIGHT MC samples
without reweighting to SUPERCHIC. This affects the nor-
malization and differential distributions of the signal and
γγ → μμ background. Uncertainties in modeling τ-lepton
decays are estimated using PYTHIA8 [81] as an alternative
MC simulation to TAUOLA. The effect of τ-lepton spin
correlations in TAUOLA is implemented using helicity
amplitudes from the γ� → ττ process. This modeling is
therefore cross-checked by comparing signal events simu-
lated using two versions of PYTHIA8: v8.245 uses helicity
amplitudes from the γ� → ττ process, whereas v8.305 uses
the γγ → ττ elementary process. The difference between the
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FIG. 1. Muon transverse-momentum distributions in the (top left) μ1T-SR, (top right) μ3T-SR, (bottom left) μe-SR, and (bottom right)
2μ-CR categories. Black markers denote data and stacked histograms indicate the different components contributing to the regions.
Postfit distributions are shown with the signal contribution corresponding to the best-fit aτ value (aτ ¼ −0.041). For comparison, signal
contributions with alternative aτ values are shown as solid red (aτ ¼ −0.06) or dashed blue (aτ ¼ 0.04) lines. The bottom panel shows
the ratio of the data to postfit predictions. Vertical bars denote uncertainties from the finite number of data events. Hatched bands
represent �1σ systematic uncertainties of the prediction with the constraints from the fit applied.
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two implementations is found to be negligible, and no
further systematic uncertainty is assigned.
The uncertainty in the integrated luminosity is

1.9%, obtained with the LUCID-2 detector [82] using
methods similar to Ref. [83] for the primary luminosity
measurements.
After applying the event selection, a total of 532, 85, and

39 data events are observed, compared with 84� 19, 9� 3,
and 2.8� 0.7 expected background events in μ1T-SR,
μ3T-SR, and μe-SR, respectively. The background-only
hypothesis is rejected with significance exceeding 5σ,
establishing the observation of the γγ → ττ process at
ATLAS. The signal significance is highest in μ1T-SR, while
μe-SR has the largest signal-to-background ratio. The prefit
signal-plus-background hypothesis predicts 543� 111,
93� 20, and 35� 8 events in μ1T-SR, μ3T-SR, and
μe-SR, respectively, which is compatible with the observed
data. The signal strength μττ, defined as the ratio of the
observed signal yield to the SM expectation assuming
the SM value for aτ, is measured using a profile-likelihood
fit [84,85] to be μττ ¼ 1.03þ0.06

−0.05ðtotÞ ¼ 1.03þ0.05
−0.05ðstatÞ

þ0.03
−0.03ðsystÞ. The fit uses the pμ

T distribution in the three
SRs and 2μ-CR with μττ being the only parameter of interest.
Approximately 80 nuisance parameters representing the

systematic uncertainties are included in the fit. Many
systematic uncertainties are correlated between the SRs
and 2μ-CR, so their impact on the measurement precision is
minimized since they are constrained by 2μ-CR. The
dominant prefit contribution is the photon-flux uncertainty,
which mainly affects the signal yield (by approximately
20%), with a significantly smaller impact on the signal
shape found upon decorrelation from the normalization
component. After the fit, the photon-flux uncertainty

becomes subdominant and luminosity uncertainty becomes
negligible relative to other sources. The leading contribu-
tions to the total systematic uncertainty are the estimation
of the muon trigger efficiency, τ-lepton decay modeling,
and track reconstruction efficiency.
To measure aτ, an alternative fit is performed where aτ is

the only free parameter using the pμ
T distribution in the

three SRs and 2μ-CR; pμ
T is chosen because of its high

sensitivity to aτ [46]. Simulated signal samples with
various aτ values are employed. In the nominal sample,
aτ is set to its SM value. Signal templates for alternative aτ
hypotheses are obtained by reweighting the nominal
sample in three dimensions, differentially in ττ invariant
mass, ττ rapidity, and rapidity difference between the
two τ leptons, according to calculations from Ref. [46].
These calculations parametrize the ττγ coupling by
F1ðq2Þγμ þ F2ðq2Þði=2mτÞσμνqν, where qν is the photon
four-momentum, σμν ¼ i½γμ; γν�=2 the spin tensor, and the
form factors satisfy F1ðq2 → 0Þ ¼ 1 and F2ðq2 → 0Þ ¼ aτ.
A similar parametrization was used in previous LEP
measurements [27,29,30], which exploits the near-zero
virtuality of initial-state photons. A total of 14 templates
for different aτ values are created to model the dependence
of the pμ

T distribution on aτ in the three SRs.
Figure 1 shows the pμ

T distributions of the four analysis
regions for the data and postfit expectation. The fit
describes the data well.
The best-fit value of aτ is aτ ¼ −0.041, with the

corresponding 68% and 95% confidence level (CL) inter-
vals being ð−0.050;−0.029Þ and ð−0.057; 0.024Þ, respec-
tively. The higher-than-expected observed yields lead to the
highly asymmetric 95% CL interval. This arises from the
nearly quadratic signal cross section dependence on aτ,
caused by the interference of the SM and BSM amplitudes
[29,30,46]. The expected 95% CL interval is −0.039 <
aτ < 0.020. The impact of systematic uncertainties on the
final results is small relative to statistical uncertainties.
Figure 2 shows the aτ measurement alongside previous
results obtained at LEP. The precision of this measurement
is similar to the most precise single-experiment measure-
ment by the DELPHI Collaboration.
In summary, τ-lepton-pair production in ultraperipheral

heavy-ion collisions, Pbþ Pb → Pbðγγ → ττÞPb, is
observed by ATLAS with a significance exceeding 5σ
in 1.44 nb−1 of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV data at the LHC. The
observed event yield is compatible with that expected from
the SM prediction within uncertainties. The events are
used to set constraints on the τ-lepton anomalous magnetic
moment, corresponding to −0.057 < aτ < 0.024 at
95% CL. The measurement precision is limited by stat-
istical uncertainties. This result introduces the use of
hadron-collider data to test electromagnetic properties of
the τ lepton, and the results are competitive with existing
lepton-collider constraints.
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FIG. 2. Measurements of aτ from fits to individual signal
regions (including the dimuon control region) and from the
combined fit. These are compared with existing measurements
from the OPAL [29], L3 [30], and DELPHI [27] experiments at
LEP. A point denotes the best-fit aτ value for each measurement if
available, while thick black (thin magenta) lines show 68% CL
(95% CL) intervals. The expected interval from the ATLAS
combined fit is also shown.
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Determination of the fine-structure constant with an accu-
racy of 81 parts per trillion, Nature (London) 588, 61
(2020).

[9] G.W. Bennett et al., Final report of the E821 muon
anomalous magnetic moment measurement at BNL, Phys.
Rev. D 73, 072003 (2006).

[10] B. Abi et al., Measurement of the Positive Muon Anoma-
lous Magnetic Moment to 0.46 ppm, Phys. Rev. Lett. 126,
141801 (2021).

[11] T. Albahri et al., Measurement of the anomalous precession
frequency of the muon in the Fermilab muon g − 2 experi-
ment, Phys. Rev. D 103, 072002 (2021).

[12] T. Aoyama, M. Hayakawa, T. Kinoshita, and M. Nio,
Complete Tenth-Order QED Contribution to the Muon
g−2, Phys. Rev. Lett. 109, 111808 (2012).

[13] A. Keshavarzi, D. Nomura, and T. Teubner, Muon g − 2 and
αðM2

ZÞ: A new data-based analysis, Phys. Rev. D 97,
114025 (2018).

[14] M. Davier, A. Hoecker, B. Malaescu, and Z. Zhang, A new
evaluation of the hadronic vacuum polarisation contribu-
tions to the muon anomalous magnetic moment and to
αðm2

ZÞ, Eur. Phys. J. C 80, 241 (2020).
[15] T. Aoyama et al., The anomalous magnetic moment of the

muon in the standard model, Phys. Rep. 887, 1 (2020).
[16] Sz. Borsanyi et al., Leading hadronic contribution to the

muon magnetic moment from lattice QCD, Nature (London)
593, 51 (2021).

[17] S. P. Martin and J. D. Wells, Muon anomalous magnetic
dipole moment in supersymmetric theories, Phys. Rev. D
64, 035003 (2001).

[18] S. Eidelman and M. Passera, Theory of the tau lepton
anomalous magnetic moment, Mod. Phys. Lett. A 22, 159
(2007).

[19] G. Breit and J. A. Wheeler, Collision of two light quanta,
Phys. Rev. 46, 1087 (1934).

[20] W. Heisenberg and H. Euler, Folgerungen aus der Dirac-
schen Theorie des Positrons, Z. Phys. 98, 714 (1936).

[21] J. Schwinger, On gauge invariance and vacuum polarization,
Phys. Rev. 82, 664 (1951).

[22] M.-S. Chen, I. J. Muzinich, H. Terazawa, and T. P. Cheng,
Lepton pair production from two-photon processes, Phys.
Rev. D 7, 3485 (1973).

PHYSICAL REVIEW LETTERS 131, 151802 (2023)

151802-6

https://doi.org/10.1103/PhysRev.73.416
https://doi.org/10.1103/PhysRev.74.250
https://doi.org/10.1103/PhysRevLett.97.030801
https://doi.org/10.1103/PhysRevLett.97.030801
https://doi.org/10.1103/PhysRevA.83.052122
https://doi.org/10.1103/PhysRevA.83.052122
https://doi.org/10.1103/PhysRevLett.106.080801
https://doi.org/10.1103/PhysRevLett.106.080801
https://doi.org/10.1103/PhysRevLett.109.111807
https://doi.org/10.1103/PhysRevLett.109.111807
https://doi.org/10.1126/science.aap7706
https://doi.org/10.1038/s41586-020-2964-7
https://doi.org/10.1038/s41586-020-2964-7
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevD.103.072002
https://doi.org/10.1103/PhysRevLett.109.111808
https://doi.org/10.1103/PhysRevD.97.114025
https://doi.org/10.1103/PhysRevD.97.114025
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://doi.org/10.1016/j.physrep.2020.07.006
https://doi.org/10.1038/s41586-021-03418-1
https://doi.org/10.1038/s41586-021-03418-1
https://doi.org/10.1103/PhysRevD.64.035003
https://doi.org/10.1103/PhysRevD.64.035003
https://doi.org/10.1142/S0217732307022694
https://doi.org/10.1142/S0217732307022694
https://doi.org/10.1103/PhysRev.46.1087
https://doi.org/10.1007/BF01343663
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1103/PhysRevD.7.3485
https://doi.org/10.1103/PhysRevD.7.3485


[23] S. R. Klein and P. Steinberg, Photonuclear and two-photon
interactions at high-energy nuclear colliders, Annu. Rev.
Nucl. Part. Sci. 70, 323 (2020).

[24] V.M. Budnev, I. F. Ginzburg, G. V.Meledin, and V. G. Serbo,
The two-photon particle production mechanism. Physical
problems. Applications. Equivalent photon approximation,
Phys. Rep. 15, 181 (1975).

[25] A. J. Baltz, G. Baur, D. Denterria, L. Frankfurt, F. Gelis, V.
Guzey, K. Hencken, Y. Kharlov, M. Klasen, and S. Klein,
The physics of ultraperipheral collisions at the LHC, Phys.
Rep. 458, 1 (2008).

[26] J. de Favereau de Jeneret et al., High energy photon
interactions at the LHC, arXiv:0908.2020.

[27] DELPHI Collaboration, Study of tau-pair production in
photon-photon collisions at LEP and limits on the anoma-
lous electromagnetic moments of the tau lepton, Eur. Phys.
J. C 35, 159 (2004).

[28] Particle Data Group, Review of particle physics, Phys. Rev.
D 98, 030001 (2018).

[29] OPAL Collaboration, An upper limit on the anomalous
magnetic moment of the τ lepton, Phys. Lett. B 431, 188
(1998).

[30] L3 Collaboration, Measurement of the anomalous magnetic
and electric dipole moments of the tau lepton, Phys. Lett. B
434, 169 (1998).

[31] S. S. Gau, T. Paul, J. Swain, and L. Taylor, Radiative tau
lepton pair production as a probe of anomalous electro-
magnetic couplings of the tau, Nucl. Phys. B523, 439
(1998).

[32] ATLAS Collaboration, Measurement of exclusive γγ →
lþl− production in proton-proton collisions at

ffiffiffi
s

p ¼
7 TeV with the ATLAS detector, Phys. Lett. B 749, 242
(2015).

[33] ATLAS Collaboration, Measurement of the exclusive
γγ → μþμ− process in proton-proton collisions at

ffiffiffi
s

p ¼
13 TeV with the ATLAS detector, Phys. Lett. B 777, 303
(2018).

[34] ATLAS Collaboration, Observation and Measurement of
Forward Proton Scattering in Association with Lepton Pairs
Produced via the Photon Fusion Mechanism at ATLAS,
Phys. Rev. Lett. 125, 261801 (2020).

[35] CMS Collaboration, Observation of proton-tagged, central
(semi)exclusive production of high-mass lepton pairs in pp
collisions at 13 TeV with the CMS-TOTEM precision
proton spectrometer, J. High Energy Phys. 07 (2018) 153.

[36] CMSCollaboration, Search for exclusive or semi-exclusive γγ
production and observation of exclusive and semi-exclusive
eþe− production in pp collisions at

ffiffiffi
s

p ¼7TeV, J. High
Energy Phys. 11 (2012) 080.

[37] CMS Collaboration, Exclusive γγ → μþμ− production in
proton-proton collisions at

ffiffiffi
s

p ¼ 7 TeV, J. High Energy
Phys. 01 (2012) 052.

[38] ATLAS Collaboration, Observation of Centrality-Depen-
dent Acoplanarity for Muon Pairs Produced via Two-Photon
Scattering in Pbþ Pb Collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV with
the ATLAS Detector, Phys. Rev. Lett. 121, 212301 (2018).

[39] ATLAS Collaboration, Observation of Light-by-Light Scat-
tering in Ultraperipheral Pbþ Pb Collisions with the
ATLAS Detector, Phys. Rev. Lett. 123, 052001 (2019).

[40] ATLAS Collaboration, Exclusive dimuon production in
ultraperipheral Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV
with ATLAS, Phys. Rev. C 104, 024906 (2021).

[41] CMS Collaboration, Evidence for light-by-light scattering
and searches for axion-like particles in ultraperipheral PbPb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Lett. B 797, 134826
(2019).

[42] CMS Collaboration, Observation of Forward Neutron
Multiplicity Dependence of Dimuon Acoplanarity in Ultra-
peripheral PbPb Collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys.
Rev. Lett. 127, 122001 (2021).

[43] ALICE Collaboration, Charmonium and eþe− pair photo-
production at mid-rapidity in ultra-peripheral Pb-Pb colli-
sions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, Eur. Phys. J. C 73, 2617 (2013).
[44] F. del Aguila, F. Cornet, and J. I. Illana, The possibility of

using a large heavy-ion collider for measuring the electro-
magnetic properties of the tau lepton, Phys. Lett. B 271, 256
(1991).

[45] L. Beresford and J. Liu, New physics and tau g − 2 using
LHC heavy ion collisions, Phys. Rev. D 102, 113008
(2020).

[46] M. Dyndal, M. Klusek-Gawenda, A. Szczurek, and M.
Schott, Anomalous electromagnetic moments of τ lepton in
γγ → τþτ− reaction in Pbþ Pb collisions at the LHC, Phys.
Lett. B 809, 135682 (2020).

[47] ATLAS Collaboration, The ATLAS experiment at the
CERN Large Hadron Collider, J. Instrum. 3, S08003 (2008).

[48] ATLAS Collaboration, ATLAS insertable B-layer technical
design report, Reports No. ATLAS-TDR-19, No. CERN-
LHCC-2010-013, CERN, 2010, https://cds.cern.ch/record/
1291633; Addendum Reports No. ATLAS-TDR-19-ADD-
1, No. CERN-LHCC-2012-009, CERN, 2012, https://
cds.cern.ch/record/1451888.

[49] B. Abbott et al., Production and integration of the ATLAS
insertable B-layer, J. Instrum. 13, T05008 (2018).

[50] ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the center of
the detector and the z axis along the beam pipe. The x axis
points from the IP to the center of the LHC ring, and the y
axis points upward. Cylindrical coordinates ðr;ϕÞ 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 ¼ − ln tanðθ=2Þ. The transverse momen-
tum (energy) is denoted by pT (ET ). Angular distances are

measured in units of ΔR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
. Rapidity is

defined as y ¼ 1
2
ln½ðEþ pzÞ=ðE − pzÞ�, where E is the

energy and pz is the longitudinal component of the
momentum of the particle.

[51] ATLAS Collaboration, Zero degree calorimeters for AT-
LAS, Report No. CERN-LHCC-2007-001, CERN, 2007,
https://cds.cern.ch/record/1009649.

[52] ATLAS Collaboration, Performance of the ATLAS trigger
system in 2015, Eur. Phys. J. C 77, 317 (2017).

[53] ATLAS Collaboration, Operation of the ATLAS trigger
system in Run 2, J. Instrum. 15, P10004 (2020).

[54] ATLAS Collaboration, Trigger menu in 2018, Report
No. ATL-DAQ-PUB-2019-001, 2019, CERN, https://cds
.cern.ch/record/2693402.

PHYSICAL REVIEW LETTERS 131, 151802 (2023)

151802-7

https://doi.org/10.1146/annurev-nucl-030320-033923
https://doi.org/10.1146/annurev-nucl-030320-033923
https://doi.org/10.1016/0370-1573(75)90009-5
https://doi.org/10.1016/j.physrep.2007.12.001
https://doi.org/10.1016/j.physrep.2007.12.001
https://arXiv.org/abs/0908.2020
https://doi.org/10.1140/epjc/s2004-01852-y
https://doi.org/10.1140/epjc/s2004-01852-y
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1016/S0370-2693(98)00520-6
https://doi.org/10.1016/S0370-2693(98)00520-6
https://doi.org/10.1016/S0370-2693(98)00736-9
https://doi.org/10.1016/S0370-2693(98)00736-9
https://doi.org/10.1016/S0550-3213(98)00121-7
https://doi.org/10.1016/S0550-3213(98)00121-7
https://doi.org/10.1016/j.physletb.2015.07.069
https://doi.org/10.1016/j.physletb.2015.07.069
https://doi.org/10.1016/j.physletb.2017.12.043
https://doi.org/10.1016/j.physletb.2017.12.043
https://doi.org/10.1103/PhysRevLett.125.261801
https://doi.org/10.1007/JHEP07(2018)153
https://doi.org/10.1007/JHEP11(2012)080
https://doi.org/10.1007/JHEP11(2012)080
https://doi.org/10.1007/JHEP01(2012)052
https://doi.org/10.1007/JHEP01(2012)052
https://doi.org/10.1103/PhysRevLett.121.212301
https://doi.org/10.1103/PhysRevLett.123.052001
https://doi.org/10.1103/PhysRevC.104.024906
https://doi.org/10.1016/j.physletb.2019.134826
https://doi.org/10.1016/j.physletb.2019.134826
https://doi.org/10.1103/PhysRevLett.127.122001
https://doi.org/10.1103/PhysRevLett.127.122001
https://doi.org/10.1140/epjc/s10052-013-2617-1
https://doi.org/10.1016/0370-2693(91)91309-J
https://doi.org/10.1016/0370-2693(91)91309-J
https://doi.org/10.1103/PhysRevD.102.113008
https://doi.org/10.1103/PhysRevD.102.113008
https://doi.org/10.1016/j.physletb.2020.135682
https://doi.org/10.1016/j.physletb.2020.135682
https://doi.org/10.1088/1748-0221/3/08/S08003
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://cds.cern.ch/record/1451888
https://doi.org/10.1088/1748-0221/13/05/T05008
https://cds.cern.ch/record/1009649
https://cds.cern.ch/record/1009649
https://cds.cern.ch/record/1009649
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://doi.org/10.1088/1748-0221/15/10/P10004
https://cds.cern.ch/record/2693402
https://cds.cern.ch/record/2693402
https://cds.cern.ch/record/2693402


[55] ATLAS Collaboration, The ATLAS Collaboration software
and firmware, Report No. ATL-SOFT-PUB- 2021-001,
CERN, 2021, https://cds.cern.ch/record/2767187.

[56] ATLAS Collaboration, ATLAS data quality operations and
performance for 2015–2018 data-taking, J. Instrum. 15,
P04003 (2020).

[57] S. R. Klein, J. Nystrand, J. Seger, Y. Gorbunov, and J.
Butterworth, STARLIGHT: A Monte Carlo simulation pro-
gram for ultra-peripheral collisions of relativistic ions,
Comput. Phys. Commun. 212, 258 (2017).

[58] S. Jadach, Z. Was, R. Decker, and J. H. Kühn, The τ decay
library TAUOLA, version 2.4, Comput. Phys. Commun. 76,
361 (1993).

[59] N. Davidson, G. Nanava, T. Przedzinski, E. Richter-Was,
and Z. Was, Universal interface of TAUOLA: Technical and
physics documentation, Comput. Phys. Commun. 183, 821
(2012).

[60] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIHA8.2, Comput. Phys.
Commun. 191, 159 (2015).

[61] N. Davidson, T. Przedzinski, and Z. Was, PHOTOS interface
in C++: Technical and physics documentation, Comput.
Phys. Commun. 199, 86 (2016).

[62] L. A. Harland-Lang, V. A. Khoze, and M. G. Ryskin, Ex-
clusive LHC physics with heavy ions: SUPERCHIC3, Eur.
Phys. J. C 79, 39 (2019).

[63] S. Roesler, R. Engel, and J. Ranft, The Monte Carlo event
generator DPMJET-III, Proceedings of the International
Conference on Advanced Monte Carlo for Radiation Phys-
ics, Particle Transport Simulation and Applications (MC
2000) (2000), p. 1033, arXiv:hep-ph/0012252.

[64] S. Agostinelli et al. (GEANT4 Collaboration), GEANT4—a
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[65] ATLAS Collaboration, The ATLAS simulation infrastruc-
ture, Eur. Phys. J. C 70, 823 (2010).

[66] ATLAS Collaboration, Early inner detector tracking per-
formance in the 2015 Data at

ffiffiffi
s

p ¼ 13 TeV, Report
No. ATL-PHYS-PUB-2015-051, CERN, 2015, https://cds
.cern.ch/record/2110140.

[67] ATLAS Collaboration, Study of the material of the ATLAS
inner detector for run 2 of the LHC, J. Instrum. 12, P12009
(2017).

[68] ATLAS Collaboration, Performance of the ATLAS track
reconstruction algorithms in dense environments in LHC
run 2, Eur. Phys. J. C 77, 673 (2017).

[69] ATLAS Collaboration, Electron and photon performance
measurements with the ATLAS detector using the 2015–
2017 LHC proton-proton collision data, J. Instrum. 14,
P12006 (2019).

[70] ATLAS Collaboration, Muon reconstruction and identifica-
tion efficiency in ATLAS using the full run 2pp collision
data set at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 81, 578 (2021).

[71] ATLAS Collaboration, Performance of the ATLAS muon
triggers in run 2, J. Instrum. 15, P09015 (2020).

[72] ATLAS Collaboration, Measurement of light-by-light scat-
tering and search for axion-like particles with 2.2 nb−1 of
Pbþ Pb data with the ATLAS detector, J. High Energy
Phys. 03 (2021) 243; 11 (2021) 50.

[73] ATLAS Collaboration, Topological cell clustering in the
ATLAS calorimeters and its performance in LHC run 1, Eur.
Phys. J. C 77, 490 (2017).

[74] ATLAS Collaboration, Rapidity gap cross sections mea-
sured with the ATLAS detector in pp collisions atffiffiffi
s

p ¼ 7 TeV, Eur. Phys. J. C 72, 1926 (2012).
[75] The momentum of the track system is defined as the

vectorial sum of the momentum of each track considered:
psyst
trk ¼ P

i p
i
trk.

[76] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-lead-
ing order differential cross sections, and their matching to
parton shower simulations, J. High Energy Phys. 07 (2014)
079.

[77] L. A. Harland-Lang, V. A. Khoze, and M. G. Ryskin,
Elastic photon-initiated production at the LHC: The role
of hadron-hadron interactions, SciPost Phys. 11, 064
(2021).

[78] Rapidity gaps are defined as regions in rapidity with few or
no topoclusters or tracks.

[79] I. Helenius, Photon-photon and photon-hadron processes in
PYTHIA8, CERN Proc. 1, 119 (2018).

[80] ATLAS Collaboration, Muon reconstruction performance of
the ATLAS detector in proton-proton collision data atffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 76, 292 (2016).
[81] P. Ilten, PYTHIA8: Simulating tau-lepton decays, Nucl. Part.

Phys. Proc. 260, 56 (2015).
[82] G. Avoni et al., The new LUCID-2 detector for luminosity

measurement and monitoring in ATLAS, J. Instrum. 13,
P07017 (2018).

[83] ATLAS Collaboration, Luminosity determination in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV using the ATLAS detector at
the LHC, Report No. ATLAS-CONF-2019-021, CERN,
2019, https://cds.cern.ch/record/2677054.

[84] G. Cowan, K. Cranmer, E. Gross, and O. Vitells,
Asymptotic formulae for likelihood-based tests of new
physics, Eur. Phys. J. C 71, 1554 (2011); 73, 2501(E)
(2013).

[85] K. Cranmer, G. Lewis, L. Moneta, A. Shibata, and W.
Verkerke, HistFactory: A tool for creating statistical models
for use with RooFit and RooStats, Technical Report
No. CERN-OPEN-2012-016, New York University, 2012,
https://cds.cern.ch/record/1456844.

[86] ATLAS Collaboration, ATLAS computing acknowledge-
ments, Report No. ATL-SOFT-PUB-2021-003, CERN,
2021, https://cds.cern.ch/record/2776662.

PHYSICAL REVIEW LETTERS 131, 151802 (2023)

151802-8

https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2767187
https://doi.org/10.1088/1748-0221/15/04/P04003
https://doi.org/10.1088/1748-0221/15/04/P04003
https://doi.org/10.1016/j.cpc.2016.10.016
https://doi.org/10.1016/0010-4655(93)90061-G
https://doi.org/10.1016/0010-4655(93)90061-G
https://doi.org/10.1016/j.cpc.2011.12.009
https://doi.org/10.1016/j.cpc.2011.12.009
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.09.013
https://doi.org/10.1016/j.cpc.2015.09.013
https://doi.org/10.1140/epjc/s10052-018-6530-5
https://doi.org/10.1140/epjc/s10052-018-6530-5
https://arXiv.org/abs/hep-ph/0012252
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://cds.cern.ch/record/2110140
https://cds.cern.ch/record/2110140
https://cds.cern.ch/record/2110140
https://doi.org/10.1088/1748-0221/12/12/P12009
https://doi.org/10.1088/1748-0221/12/12/P12009
https://doi.org/10.1140/epjc/s10052-017-5225-7
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1140/epjc/s10052-021-09233-2
https://doi.org/10.1088/1748-0221/15/09/P09015
https://doi.org/10.1007/JHEP03(2021)243
https://doi.org/10.1007/JHEP03(2021)243
https://doi.org/10.1007/JHEP11(2021)050
https://doi.org/10.1140/epjc/s10052-017-5004-5
https://doi.org/10.1140/epjc/s10052-017-5004-5
https://doi.org/10.1140/epjc/s10052-012-1926-0
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.21468/SciPostPhys.11.3.064
https://doi.org/10.21468/SciPostPhys.11.3.064
https://doi.org/10.23727/CERN-Proceedings-2018-001.119
https://doi.org/10.1140/epjc/s10052-016-4120-y
https://doi.org/10.1016/j.nuclphysbps.2015.02.012
https://doi.org/10.1016/j.nuclphysbps.2015.02.012
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1088/1748-0221/13/07/P07017
https://cds.cern.ch/record/2677054
https://cds.cern.ch/record/2677054
https://cds.cern.ch/record/2677054
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://cds.cern.ch/record/1456844
https://cds.cern.ch/record/1456844
https://cds.cern.ch/record/1456844
https://cds.cern.ch/record/2776662
https://cds.cern.ch/record/2776662
https://cds.cern.ch/record/2776662


G. Aad ,101 B. Abbott ,119 D. C. Abbott ,102 K. Abeling ,55 S. H. Abidi ,29 A. Aboulhorma ,35e H. Abramowicz ,150

H. Abreu ,149 Y. Abulaiti ,116 A. C. Abusleme Hoffman ,136a B. S. Acharya ,68a,68b,b B. Achkar ,55 L. Adam ,99

C. Adam Bourdarios ,4 L. Adamczyk ,84a L. Adamek ,154 S. V. Addepalli ,26 J. Adelman ,114 A. Adiguzel ,21c

S. Adorni ,56 T. Adye ,133 A. A. Affolder ,135 Y. Afik ,36 M. N. Agaras ,13 J. Agarwala ,72a,72b A. Aggarwal ,99

C. Agheorghiesei ,27c J. A. Aguilar-Saavedra ,129f A. Ahmad ,36 F. Ahmadov ,38,c W. S. Ahmed ,103 S. Ahuja ,94

X. Ai ,48 G. Aielli ,75a,75b I. Aizenberg ,167 M. Akbiyik ,99 T. P. A. Åkesson ,97 A. V. Akimov ,37 K. Al Khoury ,41

G. L. Alberghi ,23b J. Albert ,163 P. Albicocco ,53 M. J. Alconada Verzini ,89 S. Alderweireldt ,52 M. Aleksa ,36

I. N. Aleksandrov ,38 C. Alexa ,27b T. Alexopoulos ,10 A. Alfonsi ,113 F. Alfonsi ,23b M. Alhroob ,119 B. Ali ,131

S. Ali ,147 M. Aliev ,37 G. Alimonti ,70a C. Allaire ,36 B. M.M. Allbrooke ,145 P. P. Allport ,20 A. Aloisio ,71a,71b

F. Alonso ,89 C. Alpigiani ,137 E. Alunno Camelia,75a,75b M. Alvarez Estevez ,98 M. G. Alviggi ,71a,71b

Y. Amaral Coutinho ,81b A. Ambler ,103 C. Amelung,36 C. G. Ames ,108 D. Amidei ,105 S. P. Amor Dos Santos ,129a

S. Amoroso ,48 K. R. Amos ,161 C. S. Amrouche,56 V. Ananiev ,124 C. Anastopoulos ,138 N. Andari ,134 T. Andeen ,11

J. K. Anders ,19 S. Y. Andrean ,47a,47b A. Andreazza ,70a,70b S. Angelidakis ,9 A. Angerami ,41,d A. V. Anisenkov ,37

A. Annovi ,73a C. Antel ,56 M. T. Anthony ,138 E. Antipov ,120 M. Antonelli ,53 D. J. A. Antrim ,17a F. Anulli ,74a

M. Aoki ,82 T. Aoki ,152 J. A. Aparisi Pozo ,161 M. A. Aparo ,145 L. Aperio Bella ,48 C. Appelt ,18 N. Aranzabal ,36

V. Araujo Ferraz ,81a C. Arcangeletti ,53 A. T. H. Arce ,51 E. Arena ,91 J-F. Arguin ,107 S. Argyropoulos ,54

J.-H. Arling ,48 A. J. Armbruster ,36 O. Arnaez ,154 H. Arnold ,113 Z. P. Arrubarrena Tame,108 G. Artoni ,74a,74b

H. Asada ,110 K. Asai ,117 S. Asai ,152 N. A. Asbah ,61 E. M. Asimakopoulou ,159 J. Assahsah ,35d K. Assamagan ,29

R. Astalos ,28a R. J. Atkin ,33a M. Atkinson,160 N. B. Atlay ,18 H. Atmani,62b P. A. Atmasiddha ,105 K. Augsten ,131

S. Auricchio ,71a,71b A. D. Auriol ,20 V. A. Austrup ,169 G. Avner ,149 G. Avolio ,36 K. Axiotis ,56 M. K. Ayoub ,14c

G. Azuelos ,107,e D. Babal ,28a H. Bachacou ,134 K. Bachas ,151,f A. Bachiu ,34 F. Backman ,47a,47b A. Badea ,61

P. Bagnaia ,74a,74b M. Bahmani ,18 A. J. Bailey ,161 V. R. Bailey ,160 J. T. Baines ,133 C. Bakalis ,10 O. K. Baker ,170

P. J. Bakker ,113 E. Bakos ,15 D. Bakshi Gupta ,8 S. Balaji ,146 R. Balasubramanian ,113 E. M. Baldin ,37 P. Balek ,132

E. Ballabene ,70a,70b F. Balli ,134 L. M. Baltes ,63a W. K. Balunas ,32 J. Balz ,99 E. Banas ,85 M. Bandieramonte ,128

A. Bandyopadhyay ,24 S. Bansal ,24 L. Barak ,150 E. L. Barberio ,104 D. Barberis ,57b,57a M. Barbero ,101 G. Barbour,95

K. N. Barends ,33a T. Barillari ,109 M-S. Barisits ,36 J. Barkeloo ,122 T. Barklow ,142 R. M. Barnett ,17a P. Baron ,121

D. A. Baron Moreno ,100 A. Baroncelli ,62a G. Barone ,29 A. J. Barr ,125 L. Barranco Navarro ,47a,47b F. Barreiro ,98

J. Barreiro Guimarães da Costa ,14a U. Barron ,150 M. G. Barros Teixeira ,129a S. Barsov ,37 F. Bartels ,63a

R. Bartoldus ,142 A. E. Barton ,90 P. Bartos ,28a A. Basalaev ,48 A. Basan ,99 M. Baselga ,49 I. Bashta ,76a,76b

A. Bassalat ,66,hh M. J. Basso ,154 C. R. Basson ,100 R. L. Bates ,59 S. Batlamous,35e J. R. Batley ,32 B. Batool ,140

M. Battaglia ,135 M. Bauce ,74a,74b P. Bauer ,24 A. Bayirli ,21a J. B. Beacham ,51 T. Beau ,126 P. H. Beauchemin ,157

F. Becherer ,54 P. Bechtle ,24 H. P. Beck ,19,g K. Becker ,165 C. Becot ,48 A. J. Beddall ,21d V. A. Bednyakov ,38

C. P. Bee ,144 L. J. Beemster,15 T. A. Beermann ,36 M. Begalli ,81d M. Begel ,29 A. Behera ,144 J. K. Behr ,48

C. Beirao Da Cruz E Silva ,36 J. F. Beirer ,55,36 F. Beisiegel ,24 M. Belfkir ,115b G. Bella ,150 L. Bellagamba ,23b

A. Bellerive ,34 P. Bellos ,20 K. Beloborodov ,37 K. Belotskiy ,37 N. L. Belyaev ,37 D. Benchekroun ,35a

F. Bendebba ,35a Y. Benhammou ,150 D. P. Benjamin ,29 M. Benoit ,29 J. R. Bensinger ,26 S. Bentvelsen ,113

L. Beresford ,36 M. Beretta ,53 D. Berge ,18 E. Bergeaas Kuutmann ,159 N. Berger ,4 B. Bergmann ,131 J. Beringer ,17a

S. Berlendis ,7 G. Bernardi ,5 C. Bernius ,142 F. U. Bernlochner ,24 T. Berry ,94 P. Berta ,132 A. Berthold ,50

I. A. Bertram ,90 S. Bethke ,109 A. Betti ,74a,74b A. J. Bevan ,93 M. Bhamjee ,33c S. Bhatta ,144 D. S. Bhattacharya ,164

P. Bhattarai,26 V. S. Bhopatkar ,6 R. Bi,128 R. Bi,29,h R. M. Bianchi ,128 O. Biebel ,108 R. Bielski ,122 M. Biglietti ,76a

T. R. V. Billoud ,131 M. Bindi ,55 A. Bingul ,21b C. Bini ,74a,74b S. Biondi ,23b,23a A. Biondini ,91 C. J. Birch-sykes ,100

G. A. Bird ,20,133 M. Birman ,167 T. Bisanz ,36 E. Bisceglie ,43b,43a D. Biswas ,168,i A. Bitadze ,100 K. Bjørke ,124

I. Bloch ,48 C. Blocker ,26 A. Blue ,59 U. Blumenschein ,93 J. Blumenthal ,99 G. J. Bobbink ,113

V. S. Bobrovnikov ,37 M. Boehler ,54 D. Bogavac ,36 A. G. Bogdanchikov ,37 C. Bohm ,47a V. Boisvert ,94

P. Bokan ,48 T. Bold ,84a M. Bomben ,5 M. Bona ,93 M. Boonekamp ,134 C. D. Booth ,94 A. G. Borbély ,59
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43bINFN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frascati, Italy
44Physics Department, Southern Methodist University, Dallas, Texas, USA

45Physics Department, University of Texas at Dallas, Richardson, Texas, USA
46National Centre for Scientific Research “Demokritos”, Agia Paraskevi, Greece

47aDepartment of Physics, Stockholm University, Sweden
47bOskar Klein Centre, Stockholm, Sweden

48Deutsches Elektronen-Synchrotron DESY, Hamburg and Zeuthen, Germany
49Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany

50Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden, Germany
51Department of Physics, Duke University, Durham, North Carolina, USA

52SUPA—School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
53INFN e Laboratori Nazionali di Frascati, Frascati, Italy

54Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany
55II. Physikalisches Institut, Georg-August-Universität Göttingen, Göttingen, Germany
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57bINFN Sezione di Genova, Italy
58II. Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen, Germany

59SUPA—School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom
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127Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania, USA

128Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania, USA
129aLaboratório de Instrumentação e Física Experimental de Partículas—LIP, Lisboa, Portugal
129bDepartamento de Física, Faculdade de Ciências, Universidade de Lisboa, Lisboa, Portugal

129cDepartamento de Física, Universidade de Coimbra, Coimbra, Portugal
129dCentro de Física Nuclear da Universidade de Lisboa, Lisboa, Portugal

129eDepartamento de Física, Universidade do Minho, Braga, Portugal
129fDepartamento de Física Teórica y del Cosmos, Universidad de Granada, Granada (Spain), Spain
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