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A search for events with a dark photon produced in association with a dark Higgs boson via rare decays
of the standard model Z boson is presented, using 139 fb−1 of

ffiffiffi
s

p ¼ 13 TeV proton-proton collision data
recorded by the ATLAS detector at the Large Hadron Collider. The dark boson decays into a pair of dark
photons, and at least two of the three dark photons must each decay into a pair of electrons or muons,
resulting in at least two same-flavor opposite-charge lepton pairs in the final state. The data are found to be
consistent with the background prediction, and upper limits are set on the dark photon’s coupling to the
dark Higgs boson times the kinetic mixing between the standard model photon and the dark photon, αDε2,
in the dark photon mass range of [5, 40] GeV except for the ϒ mass window [8.8, 11.1] GeV. This search
explores new parameter space not previously excluded by other experiments.

DOI: 10.1103/PhysRevLett.131.251801

Overwhelming astrophysical evidence [1–4] supports the
existence of dark matter, and understanding its nature is one
of the most important goals in particle physics. Dark matter
is generally expected to interact very weakly with standard
model (SM) particles. This motivates the extension of the
SM with hidden or dark sectors (DSs). One of the simplest
examples is an additional Uð1ÞD gauge symmetry asso-
ciated with a gauge boson, the dark photon A0, that
mediates DS–SM interactions [5,6]. In the dark Abelian
Higgs scenario, the Uð1ÞD symmetry group could be
spontaneously broken by a Higgs mechanism through
which the dark photon acquires a mass, adding a dark
Higgs boson hD to such models [7,8].
The minimal A0 model has three unknown parameters:

the mass of the dark photon, mA0 ; the effective coupling of
the dark photon to SM particles, ε, induced via kinematic
mixing with the SM photon; and the hidden-sector gauge
coupling, αD, which is the coupling of the A0 to DS particles
[7]. Dark photons will decay into visible SM particles,
either lepton pairs or hadrons, or invisible particles of the
DS. Constraints were placed on visible A0 decays, in the
parameter space of mA0 and ε, by previous beam-dump,
fixed-target, and collider experiments [7,9–13]. The dark
Abelian Higgs model introduces two additional unknown
parameters: the mass of the dark Higgs boson, mhD , and
the mixing between hD and the SM Higgs boson. The
Higgs-strahlung channel, where a dark photon is produced

in association with a dark Higgs boson, was also explored
at low-energy electron-positron colliders via eþe− → A0hD
[14–17]. The Higgs-strahlung channel is sensitive to αDε

2,
where αD is also the coupling of the A0 to the hD. Hence,
experimental evidence of a signal in this process would
provide information complementary to that from direct
searches for A0.
This Letter presents a search for the dark photon in rare

decays of the Z boson, Z → A0hD, with a mass hierarchy of
mA0 þmhD < mZ and requiring at least two same-flavor
opposite-charge lepton pairs in the final state. For the
model considered [8], no mixing between the SM and dark
Higgs bosons is assumed, the A0 is the lightest particle in
the DS, and invisible DS decays are kinematically for-
bidden. When kinematically allowed, the dark Higgs boson
can decay into one or two on-shell A0 via hD → A0A0ð�Þ, as
illustrated in Fig. 1, and the A0 in turn decays into SM
fermions. The parameter space mhD > mA0 is explored in
this search, giving the process pp → Z → A0hD →
A0A0A0ð�Þ. For mA0 < mhD < 2mA0, the Z boson decays into
two on-shell and one off-shell A0, and for mhD > 2mA0, all
three A0 are on-shell. Final states with at least two on-shell

FIG. 1. Feynman diagram illustrating the signal process
qq̄ → Z → A0hD, hD → A0A0ð�Þ.
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A0 decaying fully leptonically, A0 → lþl−ðl ¼ e; μÞ, are
used to search for the A0. In this scenario, the kinematic
mixing ε is small and thus the dark photon has a total decay
width narrower than 10−3 GeV, but ε is large enough
(ε > 10−6) to ensure that the dark photon decays
promptly [18].
The

ffiffiffi
s

p ¼ 13 TeV proton-proton (pp) collision data
used for this analysis were recorded by the ATLAS
experiment at the Large Hadron Collider (LHC) during
2015–2018. The corresponding integrated luminosity is
139 fb−1 [19] after applying data quality requirements [20].
A combination of single-lepton and multilepton triggers
[21,22] is used. The ATLAS experiment at the LHC is a
multipurpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4π coverage in
solid angle [23–26]. Angular distance is measured in units
of ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

. An extensive software suite
[27] is used in data simulation, in the reconstruction and
analysis of real and simulated data, in detector operations,
and in the trigger and data acquisition systems of the
experiment.
Monte Carlo (MC) simulated signal samples were

generated [28], with matrix elements (ME) calculated at
leading order (LO) in perturbative QCD and with the
NNPDF3.0nlo [29] parton distribution function (PDF) set. The
events were interfaced to PYTHIA8.230 [30] to model the
parton shower, hadronization, and underlying event, with
parameter values set according to the A14 parton-shower
tune [31] and using the NNPDF2.3lo [32] set of PDFs.
Benchmark signal samples were generated with αD ¼
0.1 and ε ¼ 10−3, in the mass ranges 5 GeV < mA0 <
40 GeV and 20 GeV < mhD < 70 GeV, with a mass step
of 1 GeV and 10 GeV, respectively. The contribution from
A0 → τþτ− is found to be negligible and thus not included
in MC signal samples. The dominant SM background
process, qq̄ → 4l, was simulated with the SHERPA2.2.2

event generator [33]. Matrix elements were calculated at
next-to-leading-order (NLO) accuracy in QCD for up to
one additional parton and at LO accuracy for two and three
additional parton emissions. The ME calculations were
matched and merged with the SHERPA parton shower based
on Catani-Seymour dipole factorization [34,35], using the
MEPS@NLO prescription [36–39]. An alternative qq̄ → 4l
sample for estimating the theory modeling uncertainty was
generated at NLO accuracy in QCD using POWHEG BOXV2
[40–42], interfaced to PYTHIA8.186 [43] for the modeling of
the parton shower, hadronization, and underlying event,
with parameter values set according to the AZNLO tune [44].
The CT10 PDF set [45] was used for the hard-scattering
processes, whereas the CTEQ6L1 PDF set [46] was used for
the parton shower. The real higher-order electroweak
contribution to 4l production in association with two jets
(which includes vector-boson scattering, but excludes
processes involving the Higgs boson) was not included
in the sample discussed above but was simulated separately

with the SHERPA2.2.2 generator. SHERPA2.2.2 was also used
for the gg → ZZ process, with LO precision for zero- and
one-jet final states, where a constant NLO or LO correction
factor of 1.7 [47] is applied to account for NLO effects on
the cross section. The resonant H → ZZ� → 4l process
was generated independently to provide the highest pos-
sible precision. The dominant gluon-gluon fusion [48] and
vector-boson fusion [49] processes were modeled with
POWHEG BOXV2. The gluon-gluon fusion sample used
POWHEG-NNLOPS [48,50–52] to achieve inclusive next-to-
next-to-leading-order QCD precision. Four or more prompt
leptons can also be produced by a number of triboson
processes (VVV, including ZWW, ZZW, and ZZZ) and by
Z bosons produced in association with a tt̄ pair (tt̄Z).
Samples for these VVV and tt̄Z processes were simulated
with SHERPA2.2.2 and SHERPA2.2.0, respectively.
Except for the signal, all samples were produced with a

detailed simulation of the ATLAS detector [53] based on
GEANT4 [54], to produce predictions that can be compared
with the data. The signal samples were produced through a
simplified simulation of the ATLAS detector [53].
Furthermore, simulated inelastic minimum-bias events
were overlaid to model additional pp collisions in the
same and neighboring bunch crossings (pileup) [55].
Simulated events were reweighted to match the pileup
conditions in the data. All simulated events were processed
using the same reconstruction algorithms as used for data.
Events are required to have a collision vertex associated

with at least two charged-particle tracks, each with a
transverse momentum pT > 0.5 GeV. The vertex with
the highest sum of the squared transverse momenta of
the associated tracks is referred to as the primary vertex.
Muon candidates within the range jηj < 2.5 are recon-
structed by combining the inner detector (ID) and
muon spectrometer information [56]. In the region
2.5 < jηj < 2.7, muons can also be identified by tracks
of the muon spectrometer alone. In the region jηj < 0.1,
muons are identified by an ID track with pT > 15 GeV
associated with a compatible calorimeter energy deposit.
Muons are required to have pT > 3 GeV and jηj < 2.7, and
satisfy the “loose” identification criterion [56]. Electrons
are reconstructed from energy deposits in the electromag-
netic calorimeter matched to a track in the ID [57].
Candidate electrons must have pT > 4.5 GeV and
jηj < 2.47, and satisfy the “loose” identification criteria
[57]. All electrons and muons must be isolated and satisfy
the “LOOSE” and “PFLOWLOOSE_VARRAD” isolation criteria
[57,58], respectively. Furthermore, electrons (muons) are
required to have associated tracks satisfying jd0j=σd0 <
5ð3Þ and jz0 sinðθÞj < 0.5 mm, where d0 is the transverse
impact parameter relative to the beam line, σd0 is its
uncertainty, and z0 is the longitudinal impact parameter
relative to the primary vertex.
Jets are reconstructed with the anti-kt algorithm [59,60]

with a radius parameter of R ¼ 0.4. The jet-clustering input
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objects are based on particle flow [61] in the ID and the
calorimeter. Jets are required to have pT > 30 GeV and
jηj < 4.5. A jet-vertex tagger [62] is applied to jets with
pT < 60 GeV and jηj < 2.4 to preferentially suppress jets
that originated from pileup. An overlap-removal procedure
detailed in Ref. [63] is applied to the selected leptons and
jets, to avoid ambiguities in the event selection and in the
energy measurement of the physics objects.
Candidate events are selected by requiring at least two

same-flavor and opposite-charge (SFOC) lepton pairs. The
four-lepton invariant mass must satisfym4l < mZ − 5 GeV
to suppress the SM pp → 4l background. If more than one
lepton quadruplet is selected in an event, the one with the
smallest lepton-pair mass difference jmlþl− −ml0þl0− j,
where mlþl− and ml0þl0− are the invariant masses of the
two SFOC lepton pairs in the quadruplet, is selected. The
lepton pair with the higher (lower) invariant mass is
denoted byml1l2 (ml3l4). To ensure that both SFOC lepton
pairs from a signal event originate from an on-shell A0

decay and to reduce the mispairing effect, the dilepton
masses must satisfy ml3l4=ml1l2

> 0.85. All the same
(different) flavored leptons are required to have an angular
separation of ΔR > 0.1ð0.2Þ. The two SFOC lepton pairs
(and the two pairs with the alternative opposite-charge
pairing, in the case of 4e and 4μ final states) within a
quadruplet are required to have a dilepton mass
mlþl− > 5 GeV. Events with ½mϒð1SÞ − 0.70 GeV� <
mlþl− < ½mϒð3SÞ þ 0.75 GeV�, wheremϒð1SÞ ¼ 9.460 GeV
and mϒð3SÞ ¼ 10.355 GeV [64], are vetoed to suppress the
quarkonia background.
Events passing the above selections, referred to as the

signal region (SR), are used to search for the dark photon.
The dominant background contribution in the SR is from
the qq → 4l process. The kinematic distributions of the
qq → 4l background are modeled using simulation, while
the background event yield is normalized to data with the
help of a control region (CR) enriched in qq → 4l events.
The CR is defined similarly to the SR but with
mZ − 5 GeV < m4l < mZ þ 5 GeV, and the ml3l4=ml1l2
and ϒ veto requirements are not applied. The modeling of
the kinematic properties of the qq → 4l background is
studied in a validation region (VR), which is disjoint to
both the SR and the CR. The VR is defined using the
same selections as for the SR except for requiring
ml3l4=ml1l2 < 0.85. The selection efficiency of signal
samples varies from 8% to 18% in the SR. The fraction
of the signal yield in the CR (VR) over the SR is generally
less than 5% (15%) whenmhD > 2mA0 , but it becomes large
when mA0 is close to mhD , due to the presence of an off-
shell A0.
Subleading background originates from processes

involving the production of Z þ jets, top-quark, and
WZjj events, with nonprompt leptons from hadron decays
or misidentification of jets. A fake-factor method described

in Ref. [65] is used to estimate the contributions from
nonprompt leptons. The fake factor is defined as the ratio of
numbers of nonprompt leptons Nidentified

fake =Nanti-identified
fake ,

where “identified” or “anti-identified” indicate whether
those leptons pass all the requirements on the impact
parameters, isolation, and identification, or fail at least
one of the requirements. The fake factor is measured in
Z þ jets events, using additional leptons and not the lepton
pair arising from the Z boson decay. The nonprompt-lepton
background is then estimated by applying the fake factor in
a region defined with the same event selection as the SR,
but with at least one anti-identified lepton required when
forming the quadruplet. Minor background contributions
from pp → H → 4l, the gg → ZZ → 4l continuum, and
VVV and tt̄Z processes are estimated from simulation, and
their event yield contribution is found to be about 5% in
the SR.
The search sensitivity is limited by statistical uncertain-

ties. Systematic uncertainties associated with the prediction
of signal and background processes are also considered.
These uncertainties are either experimental or theoretical in
nature, due to imperfect modeling of the detector in the
simulation or the underlying physics of each process.
Experimental uncertainties originate mainly from measure-
ments of lepton energies, and lepton reconstruction and
identification efficiencies. Uncertainties due to the trigger
selection efficiency, pileup correction, and luminosity
measurement are also considered. Overall, the total ex-
perimental uncertainty in the predicted yields is about
7% (6%) for the signal (background with prompt leptons).
The theoretical uncertainties of the signal, as well as the
major background due to the qq → 4l process, include the
uncertainties from PDFs, QCD scales, and αs. The PDF
uncertainty is estimated following the PDF4LHC [66] pro-
cedure. The αs uncertainty’s effect is estimated by varying
the nominal αs value of 0.118 by �0.001. The QCD scale
uncertainty’s effect is estimated by varying the renormal-
ization and factorization scales, following the procedure
described in Ref. [67]. The parton showering and hadro-
nization uncertainty is estimated for the signal by compar-
ing the nominal PYTHIA8 parton showering with the
alternative HERWIG7 [68,69] algorithm. For the qq → 4l
background, the modeling uncertainty due to the ME,
showering, and hadronization is obtained by comparing
predictions from the nominal SHERPA sample and an
alternative sample generated by POWHEG BOX V2 interfaced
with PYTHIA8. Modeling uncertainties in the pZ

T distribution
for the signal process, which is simulated at LO, are also
considered. The total theoretical uncertainties in the recon-
structed event yields for the signal and the qq → 4l
background processes are estimated to be about 14%
and 13%, respectively. Systematic uncertainties assigned
to the fake-lepton background, mainly account for
differences in the composition of the events with fake
leptons between Z þ jets events and the events in the SR,
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and data statistical uncertainties in the dedicated region
where fake factors are applied. They are estimated to be
about 51% and 41%, respectively, with a total uncertainty
of 66% in the fake-lepton background yield.
A simultaneous profiled binned maximum-likelihood fit

[70–72] to the average invariant mass m̄ll, m̄ll ¼
ðml1l2 þml3l4Þ=2, of events in the SR and CR is per-
formed to constrain uncertainties and obtain information on
a possible signal. The experimental resolution of m̄ll is
about 1.7% relative to mA0 for all simulated signal samples.
A bin width of 1 GeV is used for m̄ll distributions to take
into account the resolution of the signal samples and data
statistical uncertainties. The normalizations of both the
signal and the qq → 4l background are allowed to float in
the fit. Systematic uncertainties described above are mod-
eled as constrained nuisance parameters. A background-
only fit is also performed and the obtained background
prediction is compared with data in the VR to assess the
quality of the background modeling.

Table I shows the expected background and observed
event yields in the SR, CR, and VR after the background-
only fit. The normalization factor of the qq → 4l
background is determined to be 0.95� 0.08. The m̄ll
distributions in the SR, CR, and VR are presented in Fig. 2.
The data are found to be consistent with the background
expectation in all three regions. No significant deviation
from the SM background hypothesis is observed and the
largest excess of events is found around m̄ll ¼ 25 GeV,
with a local significance of about 1.6σ. Exclusion limits are
set using the CLs prescription [73]. Upper limits at 95%
confidence level (C.L.) on the cross section times branch-
ing fraction of the process pp → Z → A0hD → 4lþ X are
shown in Fig. 3 as a function ofmA0 for different hD masses.
The lower sensitivity in the mass rangemA0 > mhD=2 is due
to the smaller signal acceptance for the off-shell A0, and the
gap around 10 GeV is due to the ϒ veto requirement in the
event selection. Since it is assumed that the SM and dark
Higgs bosons do not mix, and that A0 is the lightest particle

FIG. 2. The m̄ll distribution in the CR, VR, and SR for the data and postfit background contributions. The error bands include
experimental and theoretical systematic uncertainties as constrained by a background-only fit. The contributions from the production of
qq → 4l events are scaled by a normalization factor 0.95, from the simultaneous fit in the SR and CR. The “Others” category combines
gg → ZZ, Higgs, VVV, and tt̄Z background contributions. The “Fake” background represents the contribution from nonprompt leptons.
Three representative signal distributions are overlaid in the SR, assumingmhD ¼ 40 GeV and different values ofmA0 . The cross sections
for these benchmark points are calculated with αD ¼ 0.1 and ε ¼ 10−3.

TABLE I. Postfit expected background and observed number of data events in the SR, CR, and VR. The “Fake”
background represents the contribution from nonprompt leptons, and the “Others” category combines gg → ZZ,
Higgs, VVV, and tt̄Z background contributions. The expected signal yields for three benchmark points are also
shown, with cross sections calculated with αD ¼ 0.1 and ε ¼ 10−3.

SM backgrounds SR CR VR

qq → 4l 26.0� 2.4 1555� 48 239� 15
Fake 13.2� 5.6 43� 25 47� 26
Others 2.2� 0.7 5.8� 1.9 6.8� 2.0
Total background 41.3� 5.3 1604� 40 293� 28

Data 44 1602 286
Signal ðmA0 ; mhDÞ ¼ ð12; 40Þ GeV 5.0� 0.8 ð11.6� 1.4Þ × 10−2 0.66� 0.10
Signal ðmA0 ; mhDÞ ¼ ð25; 40Þ GeV 5.1� 0.8 ð11.3� 1.7Þ × 10−2 0.85� 0.14
Signal ðmA0 ; mhDÞ ¼ ð35; 40Þ GeV 6.8� 1.0 2.9� 0.4 0.67� 0.10
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in the DS, the branching fraction for hD decay into a A0 pair,
and for A0 decay into a SM fermion pair, is set to 100%. The
branching fraction forA0 decay into a specific fermion pair is
dependent onmA0 [7,18]. In this dark Abelian Higgs model,
upper limits at 90% C.L. are also set on the parameter
combination αDε2, which scales the signal yield linearly, as
shown in Fig. 4. The search is sensitive to a set of mA0 and
mhD masses complementary to, and higher than, those in a
similar search reported by the Belle Collaboration [15].
Figure 5 shows the upper limits at 90% C.L. on ε2 as a

function of mA0 with different dark Higgs boson masses,
with a benchmark value of αD ¼ 0.1 as used elsewhere
[74–77]. These are compared with recent results from the

LHCb [12] and CMS [78] collaborations, using the process
pp → A0 → μþμ−, which does not depend on αD. For
mhD ≲ 60 GeV and αD ≳ 0.1, the exclusion sensitivity of
this search is comparable to, or better than, that of the
LHCb and CMS searches.
In conclusion, this Letter reports the first search for a

dark photon and dark Higgs boson produced via the dark
Higgs-strahlung process in rare Z boson decays at the LHC,
with a final state of at least four charged leptons and using
139 fb−1 of

ffiffiffi
s

p ¼ 13 TeV pp collision data recorded by
the ATLAS detector. The data are found to be consistent
with the background prediction. Upper limits are set on
the production cross section times branching fraction,
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FIG. 4. Observed 90% C.L. upper limits on αDε
2, as a function

of mA0 with different dark Higgs boson masses, from this search
(solid curves) compared with the results from Belle [15] (dashed
curves).
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FIG. 5. Observed 90% C.L. upper limits on ε2, assuming of
αD ¼ 0.1, as a function of mA0 with different dark Higgs boson
masses ranging from 20 to 70 GeV. The parameter space
excluded by LHCb [12] (CMS [78]) is covered by the green
(gray) shaded regions.

FIG. 3. Observed and expected upper limits at 95% C.L. on the production cross section times branching fraction as a function ofmA0 ,
from top left to bottom right, corresponding to the dark Higgs boson mass of 20, 30, 40, 50, 60, and 70 GeV, respectively. The green
(inner) and yellow (outer) bands represent the �1σ and �2σ uncertainty in the expected limits.
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σðpp → Z → A0hD → 4lþ XÞ, and on the dark photon
coupling to the dark Higgs boson times the kinetic mixing
between the standard model photon and the dark photon,
αDε

2, in the mass ranges of 5 GeV < mA0 < 40 GeV and
20 GeV < mhD < 70 GeV. This search explores new
regions of parameter space not previously excluded by
other experiments.
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Appendix.—Upper limits at 95% C.L. are also set on
the branching fraction of the rare Z boson decay
Z → A0hD,

BðZ → A0hDÞ ¼
σðpp → Z → A0hD → 4lþ XÞ
σðpp → ZÞ · BðA0hD → 4lþ XÞ ;

where σðpp → Z → A0hD → 4lþ XÞ is the 95% C.L.
upper limit taken from Fig. 3, BðA0hD → 4lþ XÞ is the
branching fraction of A0 and hD decaying into at least

FIG. 6. Observed and expected upper limits at 95% C.L. on the branching fraction BðZ → A0hDÞ as a function of mA0 , from top left to
bottom right corresponding to the dark Higgs boson mass of 20, 30, 40, 50, 60, and 70 GeV, respectively. The green (inner) and yellow
(outer) bands represent the �1σ and �2σ uncertainty in the expected limits.
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two lepton pairs, and σðpp → ZÞ is the measured Z
boson production cross section as described in Ref. [80]
in the phase space of 66 GeV < mll < 116 GeV. The
branching fraction limits are shown in Fig. 6.
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B. Trocmé ,60 C. Troncon ,71a L. Truong ,33c M. Trzebinski ,87 A. Trzupek ,87 F. Tsai ,145 M. Tsai ,106

A. Tsiamis ,152,cc P. V. Tsiareshka,37 S. Tsigaridas ,156a A. Tsirigotis ,152,dd V. Tsiskaridze ,155 E. G. Tskhadadze ,149a

M. Tsopoulou ,152,cc Y. Tsujikawa ,88 I. I. Tsukerman ,37 V. Tsulaia ,17a S. Tsuno ,84 O. Tsur,150 K. Tsuri ,118

D. Tsybychev ,145 Y. Tu ,64b A. Tudorache ,27b V. Tudorache ,27b A. N. Tuna ,36 S. Turchikhin ,38 I. Turk Cakir ,3a

R. Turra ,71a T. Turtuvshin ,38,rr P. M. Tuts ,41 S. Tzamarias ,152,cc P. Tzanis ,10 E. Tzovara ,100 K. Uchida,153

F. Ukegawa ,157 P. A. Ulloa Poblete ,137c,137b E. N. Umaka ,29 G. Unal ,36 M. Unal ,11 A. Undrus ,29 G. Unel ,160

J. Urban ,28b P. Urquijo ,105 G. Usai ,8 R. Ushioda ,154 M. Usman ,108 Z. Uysal ,21b L. Vacavant ,102 V. Vacek ,132

B. Vachon ,104 K. O. H. Vadla ,125 T. Vafeiadis ,36 A. Vaitkus ,96 C. Valderanis ,109 E. Valdes Santurio ,47a,47b

M. Valente ,156a S. Valentinetti ,23b,23a A. Valero ,163 E. Valiente Moreno ,163 A. Vallier ,102,ii J. A. Valls Ferrer ,163

D. R. Van Arneman ,114 T. R. Van Daalen ,138 A. Van Der Graaf ,49 P. Van Gemmeren ,6 M. Van Rijnbach ,125,36

S. Van Stroud ,96 I. Van Vulpen ,114 M. Vanadia ,76a,76b W. Vandelli ,36 M. Vandenbroucke ,135 E. R. Vandewall ,121

D. Vannicola ,151 L. Vannoli ,57b,57a R. Vari ,75a E.W. Varnes ,7 C. Varni ,17b T. Varol ,148 D. Varouchas ,66

L. Varriale ,163 K. E. Varvell ,147 M. E. Vasile ,27b L. Vaslin,40 G. A. Vasquez ,165 F. Vazeille ,40

T. Vazquez Schroeder ,36 J. Veatch ,31 V. Vecchio ,101 M. J. Veen ,103 I. Veliscek ,126 L. M. Veloce ,155

F. Veloso ,130a,130c S. Veneziano ,75a A. Ventura ,70a,70b A. Verbytskyi ,110 M. Verducci ,74a,74b C. Vergis ,24

M. Verissimo De Araujo ,83b W. Verkerke ,114 J. C. Vermeulen ,114 C. Vernieri ,143 M. Vessella ,103 M. C. Vetterli ,142,e

A. Vgenopoulos ,152,cc N. Viaux Maira ,137f T. Vickey ,139 O. E. Vickey Boeriu ,139 G. H. A. Viehhauser ,126

L. Vigani ,63b M. Villa ,23b,23a M. Villaplana Perez ,163 E. M. Villhauer,52 E. Vilucchi ,53 M. G. Vincter ,34

G. S. Virdee ,20 A. Vishwakarma ,52 A. Visibile,114 C. Vittori ,36 I. Vivarelli ,146 V. Vladimirov,167 E. Voevodina ,110

F. Vogel ,109 P. Vokac ,132 J. Von Ahnen ,48 E. Von Toerne ,24 B. Vormwald ,36 V. Vorobel ,133 K. Vorobev ,37

M. Vos ,163 K. Voss ,141 J. H. Vossebeld ,92 M. Vozak ,114 L. Vozdecky ,94 N. Vranjes ,15

M. Vranjes Milosavljevic ,15 M. Vreeswijk ,114 R. Vuillermet ,36 O. Vujinovic ,100 I. Vukotic ,39 S. Wada ,157

C. Wagner,103 J. M. Wagner ,17a W. Wagner ,171 S. Wahdan ,171 H. Wahlberg ,90 R. Wakasa ,157 M. Wakida ,111

J. Walder ,134 R. Walker ,109 W. Walkowiak ,141 A. Wall ,128 T. Wamorkar ,6 A. Z. Wang ,170 C. Wang ,100

C. Wang ,62c H. Wang ,17a J. Wang ,64a R.-J. Wang ,100 R. Wang ,61 R. Wang ,6 S. M. Wang ,148 S. Wang ,62b

T. Wang ,62a W. T. Wang ,80 W. Wang ,14a X. Wang ,14c X. Wang ,162 X. Wang ,62c Y. Wang ,62d Y. Wang ,14c

Z. Wang ,106 Z. Wang ,62d,51,62c Z. Wang ,106 A. Warburton ,104 R. J. Ward ,20 N. Warrack ,59 A. T. Watson ,20

H. Watson ,59 M. F. Watson ,20 E. Watton ,59,134 G. Watts ,138 B. M. Waugh ,96 C. Weber ,29 H. A. Weber ,18

M. S. Weber ,19 S. M. Weber ,63a C. Wei ,62a Y. Wei ,126 A. R. Weidberg ,126 E. J. Weik ,117 J. Weingarten ,49

M. Weirich ,100 C. Weiser ,54 C. J. Wells ,48 T. Wenaus ,29 B. Wendland ,49 T. Wengler ,36 N. S. Wenke,110

N. Wermes ,24 M. Wessels ,63a K. Whalen ,123 A. M. Wharton ,91 A. S. White ,61 A. White ,8 M. J. White ,1

D. Whiteson ,160 L. Wickremasinghe ,124 W. Wiedenmann ,170 C. Wiel ,50 M. Wielers ,134 C. Wiglesworth ,42

D. J. Wilbern,120 H. G. Wilkens ,36 D. M. Williams ,41 H. H. Williams,128 S. Williams ,32 S. Willocq ,103

B. J. Wilson ,101 P. J. Windischhofer ,39 F. I. Winkel ,30 F. Winklmeier ,123 B. T. Winter ,54 J. K. Winter ,101

M. Wittgen,143 M. Wobisch ,97 Z. Wolffs ,114 R. Wölker ,126 J. Wollrath,160 M.W. Wolter ,87 H. Wolters ,130a,130c

A. F. Wongel ,48 S. D. Worm ,48 B. K. Wosiek ,87 K.W. Woźniak ,87 S. Wozniewski ,55 K. Wraight ,59 C. Wu ,20

J. Wu ,14a,14e M. Wu ,64a M. Wu ,113 S. L. Wu ,170 X. Wu ,56 Y. Wu ,62a Z. Wu ,135 J. Wuerzinger ,110,x

T. R. Wyatt ,101 B. M.Wynne ,52 S. Xella ,42 L. Xia ,14c M. Xia ,14b J. Xiang ,64c X. Xiao ,106 M. Xie ,62a X. Xie ,62a

S. Xin ,14a,14e J. Xiong ,17a D. Xu ,14a H. Xu ,62a L. Xu ,62a R. Xu ,128 T. Xu ,106 Y. Xu ,14b Z. Xu ,52 Z. Xu ,14a

PHYSICAL REVIEW LETTERS 131, 251801 (2023)

251801-17

https://orcid.org/0000-0002-0584-8700
https://orcid.org/0000-0002-5060-2208
https://orcid.org/0000-0002-4244-502X
https://orcid.org/0000-0001-5785-7548
https://orcid.org/0000-0002-1535-9732
https://orcid.org/0000-0002-3335-6500
https://orcid.org/0000-0003-1583-2611
https://orcid.org/0000-0003-3348-0234
https://orcid.org/0000-0001-8760-7259
https://orcid.org/0000-0002-1831-4871
https://orcid.org/0000-0002-6596-9125
https://orcid.org/0000-0003-3587-187X
https://orcid.org/0000-0001-5545-6513
https://orcid.org/0000-0001-9977-3836
https://orcid.org/0000-0003-4803-5213
https://orcid.org/0000-0001-6520-8070
https://orcid.org/0000-0003-0132-5723
https://orcid.org/0000-0003-3388-3906
https://orcid.org/0000-0003-1274-8967
https://orcid.org/0000-0002-8768-2272
https://orcid.org/0000-0003-0134-4377
https://orcid.org/0000-0002-6558-7311
https://orcid.org/0000-0003-1882-5572
https://orcid.org/0000-0002-9746-4172
https://orcid.org/0000-0001-9454-2481
https://orcid.org/0000-0001-6965-6604
https://orcid.org/0000-0001-7050-8203
https://orcid.org/0000-0002-6239-7715
https://orcid.org/0000-0001-6031-2768
https://orcid.org/0000-0001-8739-9250
https://orcid.org/0000-0002-9634-0581
https://orcid.org/0000-0002-8023-6448
https://orcid.org/0000-0003-0439-9795
https://orcid.org/0000-0002-5886-6339
https://orcid.org/0000-0002-3698-3585
https://orcid.org/0000-0002-4934-1661
https://orcid.org/0000-0003-2674-9274
https://orcid.org/0000-0003-2445-1132
https://orcid.org/0000-0003-2433-231X
https://orcid.org/0000-0002-1128-4200
https://orcid.org/0000-0003-4666-3208
https://orcid.org/0000-0001-8777-0590
https://orcid.org/0000-0002-8262-1577
https://orcid.org/0000-0002-8286-8780
https://orcid.org/0000-0002-1824-034X
https://orcid.org/0000-0002-4603-2070
https://orcid.org/0000-0001-8127-9653
https://orcid.org/0000-0002-9312-1842
https://orcid.org/0000-0003-2911-8910
https://orcid.org/0000-0003-0822-1206
https://orcid.org/0000-0002-5507-7924
https://orcid.org/0000-0001-9898-480X
https://orcid.org/0000-0001-6485-2227
https://orcid.org/0000-0002-1647-4329
https://orcid.org/0000-0001-5543-6192
https://orcid.org/0000-0003-1094-6409
https://orcid.org/0000-0002-9820-1729
https://orcid.org/0000-0002-8224-6105
https://orcid.org/0000-0002-6127-5847
https://orcid.org/0000-0001-5913-0828
https://orcid.org/0000-0001-6204-4445
https://orcid.org/0000-0001-9500-2487
https://orcid.org/0000-0002-7997-8524
https://orcid.org/0000-0001-8249-7150
https://orcid.org/0000-0002-5151-7101
https://orcid.org/0000-0001-6938-5867
https://orcid.org/0000-0001-7878-6435
https://orcid.org/0000-0002-4728-9150
https://orcid.org/0000-0002-8761-4632
https://orcid.org/0000-0002-6393-2302
https://orcid.org/0000-0002-6632-0440
https://orcid.org/0000-0002-2119-8875
https://orcid.org/0000-0002-6071-3104
https://orcid.org/0000-0002-9104-2884
https://orcid.org/0000-0002-8784-5684
https://orcid.org/0000-0002-8965-6676
https://orcid.org/0000-0001-8157-6711
https://orcid.org/0000-0002-2055-4364
https://orcid.org/0000-0001-6263-9879
https://orcid.org/0000-0001-8212-6894
https://orcid.org/0000-0002-5865-183X
https://orcid.org/0000-0001-6307-1437
https://orcid.org/0000-0001-5384-3843
https://orcid.org/0000-0002-7672-7754
https://orcid.org/0000-0001-6506-3123
https://orcid.org/0000-0002-0726-5648
https://orcid.org/0000-0001-8740-796X
https://orcid.org/0000-0001-9471-8627
https://orcid.org/0000-0001-6131-5725
https://orcid.org/0000-0002-8363-1072
https://orcid.org/0000-0001-6828-1599
https://orcid.org/0000-0002-0410-0055
https://orcid.org/0000-0002-9813-7931
https://orcid.org/0000-0002-0789-7581
https://orcid.org/0000-0001-7725-8227
https://orcid.org/0000-0001-8130-7423
https://orcid.org/0000-0002-1646-0621
https://orcid.org/0000-0002-1384-286X
https://orcid.org/0000-0002-3274-6531
https://orcid.org/0000-0002-7633-8441
https://orcid.org/0000-0002-0887-7953
https://orcid.org/0000-0001-5032-7907
https://orcid.org/0000-0002-4241-8937
https://orcid.org/0000-0003-1950-0307
https://orcid.org/0000-0002-7110-8065
https://orcid.org/0000-0001-8964-0327
https://orcid.org/0000-0001-9584-0392
https://orcid.org/0000-0001-8703-6978
https://orcid.org/0000-0001-6729-1584
https://orcid.org/0000-0003-1492-5007
https://orcid.org/0000-0002-0393-666X
https://orcid.org/0000-0001-9362-8451
https://orcid.org/0000-0001-9931-2896
https://orcid.org/0000-0002-0486-9569
https://orcid.org/0000-0003-2044-6539
https://orcid.org/0000-0002-9776-5880
https://orcid.org/0000-0002-9784-5477
https://orcid.org/0000-0002-5496-349X
https://orcid.org/0000-0002-3953-3117
https://orcid.org/0000-0002-3895-8084
https://orcid.org/0000-0002-2254-125X
https://orcid.org/0000-0002-2854-3811
https://orcid.org/0000-0002-7227-4006
https://orcid.org/0000-0003-3728-5102
https://orcid.org/0000-0002-7969-0301
https://orcid.org/0000-0001-7074-5655
https://orcid.org/0000-0003-2684-276X
https://orcid.org/0000-0001-6581-9410
https://orcid.org/0000-0001-9055-4020
https://orcid.org/0000-0003-3453-6156
https://orcid.org/0000-0001-6814-4674
https://orcid.org/0000-0002-9866-6040
https://orcid.org/0000-0002-2814-1337
https://orcid.org/0000-0001-7820-9144
https://orcid.org/0000-0001-6733-4310
https://orcid.org/0000-0002-0697-5808
https://orcid.org/0000-0002-0734-4442
https://orcid.org/0000-0003-4375-5190
https://orcid.org/0000-0003-1017-1295
https://orcid.org/0000-0001-8415-0759
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0003-1631-2714
https://orcid.org/0000-0002-9780-099X
https://orcid.org/0000-0003-0855-0958
https://orcid.org/0000-0002-1351-6757
https://orcid.org/0000-0001-5284-2451
https://orcid.org/0000-0003-2432-3309
https://orcid.org/0000-0003-1827-2955
https://orcid.org/0000-0002-5956-4244
https://orcid.org/0000-0002-2598-2659
https://orcid.org/0000-0002-3368-3413
https://orcid.org/0000-0002-3713-8033
https://orcid.org/0000-0001-8209-4757
https://orcid.org/0000-0002-3228-6715
https://orcid.org/0000-0001-8060-2228
https://orcid.org/0000-0001-5468-2025
https://orcid.org/0000-0003-4378-5736
https://orcid.org/0000-0002-0235-1053
https://orcid.org/0000-0001-8669-9139
https://orcid.org/0000-0002-7223-2965
https://orcid.org/0000-0002-7011-9432
https://orcid.org/0000-0002-5102-9140
https://orcid.org/0000-0002-1596-2611
https://orcid.org/0000-0002-6497-6809
https://orcid.org/0000-0002-0237-292X
https://orcid.org/0000-0002-6270-9176
https://orcid.org/0000-0002-9181-8048
https://orcid.org/0000-0002-0048-4602
https://orcid.org/0000-0002-4839-6281
https://orcid.org/0000-0002-5338-8972
https://orcid.org/0000-0002-6779-5595
https://orcid.org/0000-0001-8832-0313
https://orcid.org/0000-0001-9156-970X
https://orcid.org/0000-0003-0097-123X
https://orcid.org/0000-0003-2987-3772
https://orcid.org/0000-0001-8891-8606
https://orcid.org/0000-0002-3429-4778
https://orcid.org/0000-0003-4032-0079
https://orcid.org/0000-0001-8899-4027
https://orcid.org/0000-0003-2607-7287
https://orcid.org/0000-0001-8757-2180
https://orcid.org/0000-0002-7110-8516
https://orcid.org/0000-0001-8474-5357
https://orcid.org/0000-0002-4157-0996
https://orcid.org/0000-0001-8178-8503
https://orcid.org/0000-0002-7561-204X
https://orcid.org/0000-0003-2541-4827
https://orcid.org/0000-0001-5415-5225
https://orcid.org/0000-0003-4477-9733
https://orcid.org/0000-0001-8083-0001
https://orcid.org/0000-0003-3208-9209
https://orcid.org/0000-0003-3473-7038
https://orcid.org/0000-0003-0472-3516
https://orcid.org/0000-0002-8600-9799
https://orcid.org/0000-0002-5588-0020
https://orcid.org/0000-0002-9198-5911
https://orcid.org/0000-0002-6324-8551
https://orcid.org/0000-0003-0616-7330
https://orcid.org/0000-0002-8438-7753
https://orcid.org/0000-0002-5808-6228
https://orcid.org/0000-0002-9039-8758
https://orcid.org/0000-0001-8535-4809
https://orcid.org/0000-0002-0385-3784
https://orcid.org/0000-0002-7867-7922
https://orcid.org/0000-0001-5551-5456
https://orcid.org/0000-0003-2482-711X
https://orcid.org/0000-0001-9116-055X
https://orcid.org/0000-0002-8487-8480
https://orcid.org/0000-0003-3952-8139
https://orcid.org/0000-0002-5246-5497
https://orcid.org/0000-0002-5059-8456
https://orcid.org/0000-0001-8530-6487
https://orcid.org/0000-0001-9839-608X
https://orcid.org/0000-0002-5821-4875
https://orcid.org/0000-0001-6681-8014
https://orcid.org/0000-0002-1152-2221
https://orcid.org/0000-0002-7184-9891
https://orcid.org/0000-0001-9714-9319
https://orcid.org/0000-0002-6229-1945
https://orcid.org/0000-0002-2411-7399
https://orcid.org/0000-0001-5173-2234
https://orcid.org/0000-0003-2693-3442
https://orcid.org/0000-0003-4693-5365
https://orcid.org/0000-0003-0756-0206
https://orcid.org/0000-0002-9862-3091
https://orcid.org/0000-0002-0928-2070
https://orcid.org/0000-0002-2298-7315
https://orcid.org/0000-0001-5530-9919
https://orcid.org/0000-0002-8268-8325
https://orcid.org/0000-0001-7052-7973
https://orcid.org/0000-0003-3704-5782
https://orcid.org/0000-0002-9724-2684
https://orcid.org/0000-0003-3352-126X
https://orcid.org/0000-0002-0753-7308
https://orcid.org/0000-0003-0872-8920
https://orcid.org/0000-0002-8659-5767
https://orcid.org/0000-0002-5074-0539
https://orcid.org/0000-0002-2770-9031
https://orcid.org/0000-0002-2841-1616
https://orcid.org/0000-0001-9524-8452
https://orcid.org/0000-0001-9725-2316
https://orcid.org/0000-0002-5158-307X
https://orcid.org/0000-0003-4563-2346
https://orcid.org/0000-0003-2165-871X
https://orcid.org/0000-0002-5129-872X
https://orcid.org/0000-0002-6456-6834
https://orcid.org/0000-0002-5450-2511
https://orcid.org/0000-0002-8678-893X
https://orcid.org/0000-0003-1623-3899
https://orcid.org/0000-0002-4375-5265
https://orcid.org/0000-0001-9971-0077
https://orcid.org/0000-0002-8192-8999
https://orcid.org/0000-0002-9383-8763
https://orcid.org/0000-0002-9507-1869
https://orcid.org/0000-0003-0714-1466
https://orcid.org/0000-0001-8315-9778
https://orcid.org/0000-0001-5474-4580
https://orcid.org/0000-0002-2005-3113
https://orcid.org/0000-0002-2711-4820
https://orcid.org/0000-0003-3605-3633
https://orcid.org/0000-0003-1995-9185
https://orcid.org/0000-0001-9232-4827
https://orcid.org/0000-0001-6219-8946
https://orcid.org/0000-0002-8483-9502
https://orcid.org/0000-0002-5646-1856
https://orcid.org/0000-0001-6174-401X
https://orcid.org/0000-0002-4120-1453
https://orcid.org/0000-0002-7811-7474
https://orcid.org/0000-0001-5038-1399
https://orcid.org/0000-0003-1532-6399
https://orcid.org/0000-0001-8290-3200
https://orcid.org/0000-0001-9606-7688
https://orcid.org/0000-0002-6166-6979
https://orcid.org/0000-0002-0688-3380
https://orcid.org/0000-0001-5100-2522
https://orcid.org/0000-0002-7402-369X
https://orcid.org/0000-0001-9184-2921
https://orcid.org/0000-0002-9588-1773
https://orcid.org/0000-0002-6620-6277
https://orcid.org/0000-0002-3865-4996
https://orcid.org/0000-0003-4273-6334
https://orcid.org/0000-0003-1171-0887
https://orcid.org/0000-0001-8563-0412
https://orcid.org/0000-0002-3298-4900
https://orcid.org/0000-0003-3700-8818
https://orcid.org/0000-0002-3173-0802
https://orcid.org/0000-0002-5252-2375
https://orcid.org/0000-0001-5283-4080
https://orcid.org/0000-0001-5866-1504
https://orcid.org/0000-0001-7655-389X
https://orcid.org/0000-0002-1528-4865
https://orcid.org/0000-0002-5392-902X
https://orcid.org/0000-0002-4055-218X
https://orcid.org/0000-0001-9690-2997
https://orcid.org/0000-0001-9895-4475
https://orcid.org/0000-0002-0988-1655
https://orcid.org/0000-0003-3073-3662
https://orcid.org/0009-0007-3125-1880
https://orcid.org/0000-0002-7684-8257
https://orcid.org/0000-0002-1344-8723
https://orcid.org/0000-0001-6707-5590
https://orcid.org/0000-0001-6473-7886
https://orcid.org/0000-0002-7153-4750
https://orcid.org/0000-0002-4853-7558
https://orcid.org/0000-0001-6355-2767
https://orcid.org/0000-0001-6110-2172
https://orcid.org/0000-0001-8997-3199
https://orcid.org/0000-0002-1928-1717
https://orcid.org/0000-0002-0215-6151
https://orcid.org/0000-0001-9563-4804
https://orcid.org/0000-0001-9602-4901
https://orcid.org/0000-0001-9571-3131


B. Yabsley ,147 S. Yacoob ,33a N. Yamaguchi ,89 Y. Yamaguchi ,154 E. Yamashita ,153 H. Yamauchi ,157

T. Yamazaki ,17a Y. Yamazaki ,85 J. Yan,62c S. Yan ,126 Z. Yan ,25 H. J. Yang ,62c,62d H. T. Yang ,62a S. Yang ,62a

T. Yang ,64c X. Yang ,62a X. Yang ,14a Y. Yang ,44 Y. Yang,62a Z. Yang ,62a W-M. Yao ,17a Y. C. Yap ,48 H. Ye ,14c

H. Ye ,55 J. Ye ,44 S. Ye ,29 X. Ye ,62a Y. Yeh ,96 I. Yeletskikh ,38 B. K. Yeo ,17b M. R. Yexley ,96 P. Yin ,41

K. Yorita ,168 S. Younas ,27b C. J. S. Young ,36 C. Young ,143 Y. Yu ,62a M. Yuan ,106 R. Yuan ,62b,ss L. Yue ,96

M. Zaazoua ,62a B. Zabinski ,87 E. Zaid,52 T. Zakareishvili ,149b N. Zakharchuk ,34 S. Zambito ,56

J. A. Zamora Saa ,137d,137b J. Zang ,153 D. Zanzi ,54 O. Zaplatilek ,132 C. Zeitnitz ,171 H. Zeng ,14a J. C. Zeng ,162

D. T. Zenger Jr. ,26 O. Zenin ,37 T. Ženiš ,28a S. Zenz ,94 S. Zerradi ,35a D. Zerwas ,66 M. Zhai ,14a,14e B. Zhang ,14c

D. F. Zhang ,139 J. Zhang ,62b J. Zhang ,6 K. Zhang ,14a,14e L. Zhang ,14c P. Zhang,14a,14e R. Zhang ,170 S. Zhang ,106

T. Zhang ,153 X. Zhang ,62c X. Zhang ,62b Y. Zhang ,62c,5 Y. Zhang ,96 Z. Zhang ,17a Z. Zhang ,66 H. Zhao ,138

P. Zhao ,51 T. Zhao ,62b Y. Zhao ,136 Z. Zhao ,62a A. Zhemchugov ,38 K. Zheng ,162 X. Zheng ,62a Z. Zheng ,143

D. Zhong ,162 B. Zhou,106 H. Zhou ,7 N. Zhou ,62c Y. Zhou,7 C. G. Zhu ,62b J. Zhu ,106 Y. Zhu ,62c Y. Zhu ,62a

X. Zhuang ,14a K. Zhukov ,37 V. Zhulanov ,37 N. I. Zimine ,38 J. Zinsser ,63b M. Ziolkowski ,141 L. Živković ,15

A. Zoccoli ,23b,23a K. Zoch ,56 T. G. Zorbas ,139 O. Zormpa ,46 W. Zou ,41 and L. Zwalinski 36

(ATLAS Collaboration)

1Department of Physics, University of Adelaide, Adelaide, Australia
2Department of Physics, University of Alberta, Edmonton, Alberta, Canada

3aDepartment of Physics, Ankara University, Ankara, Türkiye
3bDivision of Physics, TOBB University of Economics and Technology, Ankara, Türkiye
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71aINFN Sezione di Milano, Milan, Italy

71bDipartimento di Fisica, Università di Milano, Milano, Italy
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77aINFN Sezione di Roma Tre, Rome, Italy

77bDipartimento di Matematica e Fisica, Università Roma Tre, Roma, Italy
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