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A measurement is presented of the cross section in proton-proton collisions for the production of twoW
bosons and one Z boson. It is based on data recorded by the CMS experiment at the CERN LHC at center-
of-mass energies

ffiffiffi

s
p ¼ 13 and 13.6 TeV, corresponding to an integrated luminosity of 200 fb−1. Events

with four charged leptons (electrons or muons) in the final state are selected. Both nonresonant WWZ
production and ZH production, with the Higgs boson decaying into two W bosons, are reported. For the
first time, the two processes are measured separately in a simultaneous fit. Combining the two modes,
signal strengths relative to the standard model (SM) predictions of 0.75þ0.34

−0.29 and 1.74þ0.71
−0.60 are measured

for
ffiffiffi

s
p ¼ 13 and 13.6 TeV, respectively. The observed (expected) significance for the triboson signal is

3.8 (2.5) standard deviations for
ffiffiffi

s
p ¼ 13.6 TeV, thus providing the first evidence for triboson production

at this center-of-mass energy. Combining the two modes and the two center-of-mass energies, the inclusive
signal strength relative to the SM prediction is measured to be 1.03þ0.31

−0.28 , with an observed (expected)
significance of 4.5 (5.0) standard deviations.

DOI: 10.1103/6z3d-zjw4

The standard model (SM) of particle physics predicts
interactions between massive gauge bosons (W and Z
bosons) via triple and quartic gauge couplings. The
existence of these couplings can result in the production
of multiple massive gauge bosons in proton-proton (pp)
interactions. Studies of these processes at the CERN LHC
test the SM predictions and probe for new physics, whose
contributions could lead to enhancements or reductions
of the multiboson production rates with respect to the
expectations.
Using pp data at

ffiffiffi

s
p ¼ 13 TeV, corresponding to an

integrated luminosity of 137 fb−1, the CMS Collaboration
[1,2] has previously observed the VVV production process
(where V refers to a W or Z boson) and also obtained
evidence for WWZ individually [3]; these final states
include contributions from processes with an on-shell
Higgs (H) boson. Additionally, the ATLAS Collaboration
[4] has observed at

ffiffiffi

s
p ¼ 13 TeV the VVZ production

process and reported evidence for WWZ using a dataset of
140 fb−1 [5].
The analysis described in this Letter uses data collected

by the CMS Collaboration in two separate running periods
at slightly different center-of-mass energies. The 2016–
2018 period (corresponding to 138 fb−1 at

ffiffiffi

s
p ¼ 13 TeV)

is referred to as “Run 2,” and the 2022–2023 period
(corresponding to 62 fb−1 at

ffiffiffi

s
p ¼ 13.6 TeV) is referred

to as “Run 3.” With the two combined datasets, and
concentrating on final states with four charged leptons
(e or μ), we are now reporting the most sensitive meas-
urement of the WWZ process to date, which also results in
the first evidence for triboson production at 13.6 TeV.
We also report the first simultaneous study that separates
nonresonant WWZ production from ZH (H → WW) pro-
duction. Representative Feynman diagrams for these two
processes are displayed in Fig. 1.

FIG. 1. Example Feynman diagrams for nonresonant WWZ
(upper) and ZH (withH → WW) production (lower). The quartic
gauge coupling is indicated in the left diagram, and the gauge-
Higgs couplings are indicated in the right diagram.
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The pp → ZH process has been studied in a variety of
final states by the CMS and ATLAS Collaborations. The
Run 2 measurements result in signal strengths μðZHÞ ¼
1.29þ0.22

−0.25 by CMS [6], and 0.96þ0.22
−0.21 by ATLAS [7]. Signal

strengths are defined as the ratios of the measured cross
sections to the central value of their SM prediction [3,8,9];
the uncertainty in the cross section prediction is not
included.
The CMS apparatus is a multipurpose, nearly hermetic

detector, designed to trigger on [10,11] and identify
electrons, muons, photons, and (charged and neutral)
hadrons [12–14]. A global “particle-flow” (PF) algorithm
[15] aims to reconstruct all individual particles in an event,
combining information provided by the all-silicon inner
tracker and by the crystal electromagnetic (ECAL) and
brass-scintillator hadron calorimeters (HCAL), operating
inside a 3.8 T superconducting solenoid, with data from the
gas-ionization muon detectors embedded in the flux-return
yoke outside the solenoid. The reconstructed particles are
used to build τ leptons and jets, as well as to measure the
missing transverse momentum vector (p⃗miss

T ) [16–18],
defined as the negative of the vector sum of the transverse
momenta (pT) of all particles.
The energy of photons is obtained from the ECAL

measurement. The energy of electrons is determined from a
combination of the electron momentum at the primary
interaction vertex as determined by the tracker, the energy
of the corresponding ECAL cluster, and the energy sum of
all bremsstrahlung photons spatially compatible with origi-
nating from the electron track. The energy of muons is
obtained from the curvature and direction of the corre-
sponding track. The energy of charged hadrons is deter-
mined from a combination of their momentum measured in
the tracker and the matching ECAL and HCAL energy
deposits, corrected for the response function of the calo-
rimeters to hadronic showers. Finally, the energy of neutral
hadrons is obtained from the corresponding corrected
ECAL and HCAL energies.
Jets are reconstructed from PF candidates, using the anti-

kT algorithm with a distance parameter of 0.4 [19,20]. Jet
energies are corrected for instrumental effects and contri-
butions from additional pp interactions within the same
or nearby bunch crossings (pileup) [21]. The pileup per
particle identification algorithm (PUPPI) [21,22] can be
used to mitigate the effect of pileup at the reconstructed
particle level, combining local shape information, event
pileup properties, and tracking information. For the study
described in this Letter, the PUPPI algorithm is used to
improve the reconstruction of jets in the Run 3 dataset and
p⃗miss
T in both the Run 2 and Run 3 datasets.
The four-lepton dataset used in this Letter is collected

with dilepton triggers, resulting in a trigger efficiency of
100% for events with all four leptons within the pT and
pseudorapidity (η) acceptance specified below. Simulated
Monte Carlo (MC) samples are used to estimate the SM

predictions for the yields of signal processes. The WWZ
signal process is generated with the MadGraph5_aMC@NLO

version 2.6 (Run 2) and 2.9 (Run 3) [8,23,24] program at
next-to-leading order (NLO) precision. The W bosons for
this sample are on-shell; the minimum invariant mass for
the pair of leptons from the Z boson is 30 GeV. The quark-
and gluon-initiated contributions to the ZH signal process
are modeled separately with the POWHEG v2 generator at
NLO in perturbative quantum chromodynamics (QCD)
[25–29]. The ZH samples require the invariant mass for
the pair of leptons from the Z boson to be greater than
10 GeV. Background processes are also estimated with MC
simulations, as well as with dedicated data control regions,
as discussed below. Some of the background processes
(WW, ZZ, tt̄, single top, and H → ZZ) are produced with
POWHEG to NLO accuracy in QCD, whereas others (WZ,
WWW, WZZ, ZZZ, tt̄V, tt̄H, WH, tWZ, tZq, and
W þ jets) are simulated to NLO accuracy in QCD using
MadGraph5_aMC@NLO. The gg → ZZ process is produced
with the MCFM v7.0.1 program [30]. The NNPDF3.1 next-to-
NLO (NNLO) [31] sets of parton distribution functions are
used in the simulations. The parton showering and hadro-
nization are modeled with PYTHIA [32,33] (version 8.240
for the Run 2 samples, and version 8.306 for the Run 3
samples) with the CP5 underlying event tune [34]. Finally,
the detector response is simulated with the Geant4 [35]
package. The cross sections for all VVV processes are
normalized to the NLO values obtained from the
MadGraph5_aMC@NLO generator [8,23,24]. For each contri-
bution to the ZH signal process, the cross sections
recommended by the LHC Higgs Working Group [36]
are used.
The main physics objects used in the analysis are leptons

(e and μ), escaping particles (p⃗miss
T ), and jets. We target final

states where the two W bosons and the Z boson decay
to leptons, either directly or via intermediate tau-lepton
decays, and thus we select events with exactly four isolated
leptons in the final state. The leading (subleading) lepton
in the event is required to have pT > 25 (15) GeV, and the
pT of the third and fourth lepton is required to have
pT > 10 GeV. Muons and electrons are required to have
jηj < 2.4 and 2.5, respectively. We demand that two of the
four leptons be consistent with originating from the decay
of an on-shell Z boson: These two leptons, referred to as
“Z candidate leptons,” are required to be of the same flavor,
to have opposite charges, and to form an invariant mass
within 10 GeV of the known Z boson mass [37]. The
remaining two leptons must have opposite charges, and are
referred to as “W candidate leptons.” To minimize back-
ground processes that include top quarks, e.g., pp → tt̄Z,
we reject events with at least one jet of pT > 20 GeV and
jηj < 2.4 if the jet is consistent with originating from bottom
quarks, as determined by the DeepJet discriminator [38–40].
Events are categorized according to the flavors of

the W candidate leptons as “opposite flavor” (OF: eμ) or
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“same flavor” (SF: ee or μμ). This separation is performed
because of the different background compositions in the SF
and OF channels. Selected events in the SF channel are
predominantly ZZ events that decay fully leptonically, with
one of the two Z bosons being off shell. On the other hand,
the OF channel selection includes sizable contributions
from pp → tt̄Z, pp → tWZ, and pp → ZZ where in this
last case one of the two Z bosons decays to τ leptons that
subsequently decay to e or μ.

In the SF channel, the W candidate leptons are required
to form an invariant mass more than 10 GeV away from
the known mass of the Z boson; additionally, the mT2
variable [41,42] (which is constructed from the transverse
momenta of theW candidate leptons and the p⃗miss

T ) must be
greater than 25 GeV. This last requirement is effective at
reducing the ZZ background, which tends to produce
events with softer leptons, less pmiss

T , and smaller mT2
values (compared to the nonresonant WWZ signal).
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FIG. 2. Comparison of the numbers of observed to SM-predicted events for each of the bins included in the fit for Run 2 (upper row)
and Run 3 (lower row). The SM expectations are shown before performing the fit. The horizontal axis legend also indicates WWZ-like
and ZH-like bins defined based on whether theWWZ BDT score is higher or lower than the ZH score. The error bars on the data points
represent the statistical uncertainties. The shaded bands represent the total contributions of the systematic uncertainties.

TABLE I. Measured signal strengths and cross sections for theWWZ, ZH (withH → WW), and inclusive (WWZ þ ZH) processes at
ffiffiffi

s
p ¼ 13 and 13.6 TeV. For the ZH process, the cross section times the H → WW branching fraction [49] is reported. The last column
shows the SM expectation; the WWZ cross sections are calculated to NLO precision while the ZH cross sections are calculated at
NNLO. In the signal strengths reported here, the uncertainty of the predicted cross section is not included.

Era Process μ ¼ σobs=σSM σobs (fb) σSM (fb)

Run 2 (
ffiffiffi

s
p ¼ 13 TeV) WWZ only 0.52þ0.50

−0.41 ðstatÞþ0.13
−0.12 ðsystÞ 97þ91

−75 ðstatÞþ24
−21 ðsystÞ 184 [8]

ZH only 1.01þ0.62
−0.51 ðstatÞþ0.14

−0.08 ðsystÞ 190þ120
−100 ðstatÞþ30

−20 ðsystÞ 189 [9]

Inclusive 0.75þ0.32
−0.28 ðstatÞþ0.10

−0.08 ðsystÞ 280þ120
−110 ðstatÞþ40

−30 ðsystÞ 373

Run 3 (
ffiffiffi

s
p ¼ 13.6 TeV) WWZ only 1.91þ1.12

−0.94 ðstatÞþ0.25
−0.16 ðsystÞ 380þ220

−190 ðstatÞþ50
−30 ðsystÞ 200 [8]

ZH only 1.57þ1.12
−0.89 ðstatÞþ0.29

−0.14 ðsystÞ 320þ230
−180 ðstatÞþ60

−30 ðsystÞ 202 [36]

Inclusive 1.74þ0.67
−0.58 ðstatÞþ0.22

−0.15 ðsystÞ 700þ270
−230 ðstatÞþ90

−60 ðsystÞ 402
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Contributions from events with low-mass resonances are
suppressed by rejecting events where a pair of opposite-
charge leptons forms an invariant mass below 12 GeV. The
event selection efficiency including branching fractions
into electrons and muons is about 14% and 12% for
nonresonant WWZ and ZH, respectively, with some
dependence on the run period due to small variations in
the run conditions and reconstruction algorithms.
To better distinguish signal processes from background

processes, and to distinguish the two signal processes from
each other, a boosted decision tree (BDT) multiclassifier
[43] is trained on signal and background MC events. The
multiclassifier is based on 27 event kinematic properties,
such as invariant masses of combinations of leptons, pmiss

T ,
lepton pT, angular separations between objects (leptons and
combinations of leptons, pmiss

T , jets). The multiclassifier
assigns three scores to each event: a WWZ score, a ZH
score, and a background score. The three scores are
transformed using the softmax function in such a way
that the sum of all scores for a given event is equal to one.
This then allows the individual scores to be interpreted as
probabilities of the event to originate from one of the three
sources. The most important variables in separating signals
from backgrounds and the two signals from each other are
the invariant masses of the four leptons and of the W
leptons, the pmiss

T , the azimuthal angle between the four-
lepton system and p⃗miss

T , and the η-ϕ separation between the
two W leptons.
Signal regions (SRs) are then constructed by binning in

the three BDT scores. For Run 2, we define eight SR bins
per channel (OF or SF), and for Run 3, which has about one
half the integrated luminosity of Run 2, the number of bins
per channel is reduced to four.
We use dedicated control regions (CRs) to aid in the

estimate of the leading background contributions, which
consist of ZZ, tt̄Z, and tWZ production. For the ZZ
process, we define one CR per run period, with require-
ments identical to the SF signal selection except that the
invariant mass of both pairs of leptons are required to be
within the Z boson mass window and the mT2 requirement
is not applied. We construct CRs for tt̄Z and tWZ (referred
to as the tXZ CR) by requiring the presence of at least one
b-tagged jet, defining a total of eight CR bins by splitting
events by SF/OF channels, run period, and b-tagged jet
multiplicity (one or more than one). In addition, for the SF
tXZ CRs, we replace the mT2 > 25 GeV requirement with
a pmiss

T > 80 GeV requirement, since the latter is more
effective at reducing the contributions from the ZZ process
in these dedicated CRs.
Smaller background contributions include triboson proc-

esses (WWW, WZZ, ZZZ), as well as events with at least
one lepton candidate that is not from W or Z boson decay.
These backgrounds originate from diboson production (WZ,
same- and opposite-signWW), top quarkþ X, Higgs boson,
tt̄, single top, and V þ jets processes, and are estimated with

MC simulation with appropriate cross section uncertainties
applied in the fitting procedure described below. The event
yields and the SM prediction for signal and background in
the CRs and SRs are displayed in Fig. 2, separately for the
two run periods.
The yields for signal (WWZ and ZH) and background

are extracted from a simultaneous extended maximum
likelihood fit to the bins of Fig. 2. The ZZ normalization
and the tt̄Z þ tWZ normalization are allowed to float freely
in the fit, since they are quite effectively constrained by the
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FIG. 3. Likelihood scans for the combined Run 2 and Run 3
datasets. Upper: one-dimensional likelihood scan as a function
of the inclusive WWZ and ZH signal strength parameter
(μWWZþZH). Lower: two-dimensional scan as a function of the
individualWWZ and ZH signal strength parameters. For the two-
dimensional scan, the one and two standard deviation (s.d.)
contours are indicated by the dotted and solid lines, respectively.
The correlation coefficient is −0.23. In the signal strengths
reported here, the uncertainty of the predicted cross section is
not included.
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control regions. The normalizations of the other back-
grounds are taken from standard model MC expectations,
with appropriate systematic uncertainties. In the simulta-
neous fit, uncertainties and correlations are handled auto-
matically by the statistical analysis tool, COMBINE [44],
with a consistent handling of signal contributions to the
control regions.
We account for uncertainties in the fit arising from

experimental sources, as well as those associated with the
theoretical modeling, by including nuisance parameters in
the likelihood. Among these uncertainties, the most impor-
tant ones are those associated with the extraction of the
normalization of the main background processes from the
control regions and the efficiency of the lepton identifica-
tion requirements (about 2% per electron and 1% per
muon). Other experimental sources of uncertainties
include the uncertainty associated with the CMS integrated
luminosity measurements for Run 2 (1.6%) [45–47] and

Run 3 (1.4%) [48], the simulation of pileup (2%), the
uncertainty in the jet energy scale and resolution and its
impact on pmiss

T (2%), and the uncertainty in the b tagging
efficiency (1%). For theoretical modeling, we include
uncertainties in the acceptances of the various processes
associated with the MC modeling of parton showers and
initial and final state radiation, as well as the assumptions
on the renormalization and factorization scales used in the
MC generation of the various samples (typically 2%).
Finally, we assign a 30% uncertainty to the normalization
of the small subleading background processes whose
normalizations are not extracted from the fit to the CRs.
The fitted yields are used to compute the signal strength

and statistical significance of the two signal processes,
WWZ and ZH, in both data-taking periods, separately by
process and period, inclusive across processes, and inclu-
sive across periods. Signal strengths and cross sections are
shown in Table I; for the ZH signal process, we report
the cross section times the H → WW branching fraction
[49]. A one-dimensional profile likelihood scan of the
inclusive total (WWZ and ZH) signal strength and a
two-dimensional scan of theWWZ and ZH signal strengths
are shown in Fig. 3. From the one-dimensional scan, we
measure the inclusive total signal strength to be 1.03þ0.31

−0.28 ,
with an observed (expected) significance of 4.5 (5.0)
standard deviations.
Since the BDT is very effective in separating ZH from

nonresonant WWZ, fixing the ZH cross section to its
measured value [6] does not appreciably change the fitted

4� 2� 0 2 4 6

SM
� / 

obs
� = �Signal strength: 

CMS

 0.12� 0.45 �0.52

Nonresonant WWZ  0.20� 1.03 �1.91
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 0.11� 0.56 �1.01

 WW)�ZH(H  0.21� 1.00 �1.57
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 0.09� 0.30 �0.75

Inclusive  0.19� 0.63 �1.74
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        stat.      syst.�SM

FIG. 4. Measured values of the WWZ, ZH, and inclusive signal strength parameters. Results are shown separately by run period as
well as after combining the two datasets. The red error bars on the signal strengths represent the statistical uncertainty, and the black
error bars represent the total uncertainty. In the signal strengths reported here, the uncertainty of the cross section prediction is not
included.

TABLE II. Observed (expected) significance of the signal
strength in units of standard deviations. The WWZ-only and
ZH-only values are obtained by profiling the other signal process,
together with all other nuisances.

Era Total WWZ ZH

Run 2 2.9 (4.4) 1.3 (3.1) 2.0 (2.6)
Run 3 3.8 (2.5) 2.5 (1.3) 2.5 (1.7)

Total 4.5 (5.0) 2.4 (3.3) 3.1 (3.1)
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value of the WWZ signal strength and its uncertainty (less
than 1% for the signal strength and about 2% for the
uncertainty).
The results are summarized in Tables I and II. In Fig. 4,

the measured signal strengths are displayed by process and
run period. We note that with the size of the currently
available dataset, the statistical uncertainties are much
larger than the systematic ones; comparing the statisti-
cal-only uncertainty to the total uncertainty (i.e., statistical
and systematical in quadrature) in each of the signal
strength measurements, the inclusion of the systematic
uncertainty increases the total uncertainty by less than 5%.
Numerical values for figures are provided in the HEPData
record for this analysis [50].
In summary, in this Letter we have presented a meas-

urement of the WWZ production cross section in proton-
proton collisions in the four charged lepton (e, μ) final state
with a dataset corresponding to an integrated luminosity of
200 fb−1 collected by the CMS Collaboration at center-of-
mass energies of 13 and 13.6 TeV. The cross section
relative to the standard model prediction is measured to be
1.03þ0.31

−0.28 , representing the most precise measurement of
this process to date. The result also provides the first
evidence for a triboson production process at 13.6 TeV.
Additionally, the nonresonant and ZH (with the Higgs
boson H decaying to W bosons) contributions are studied
simultaneously for the first time. Within the current
uncertainties, our results are in agreement with standard
model predictions.
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C. Grab ,131 N. Härringer ,131 T. G. Harte,131 W. Lustermann ,131 M. Malucchi ,131 R. A. Manzoni ,131

M. Marchegiani ,131 L. Marchese ,131 A. Mascellani ,131,iii F. Nessi-Tedaldi ,131 F. Pauss ,131 V. Perovic ,131

B. Ristic ,131 R. Seidita ,131 J. Steggemann ,131,iii A. Tarabini ,131 D. Valsecchi ,131 R. Wallny ,131 C. Amsler ,132,kkk

P. Bärtschi ,132 F. Bilandzija ,132 M. F. Canelli ,132 G. Celotto,132 K. Cormier ,132 M. Huwiler ,132 W. Jin ,132

A. Jofrehei ,132 B. Kilminster ,132 T. H. Kwok,132 S. Leontsinis ,132 V. Lukashenko,132 A. Macchiolo ,132 F. Meng ,132

J. Motta ,132 A. Reimers ,132 P. Robmann,132 M. Senger ,132 E. Shokr,132 F. Stäger ,132 R. Tramontano ,132

D. Bhowmik,133 C. M. Kuo,133 P. K. Rout ,133 S. Taj,133 P. C. Tiwari ,133,ll L. Ceard,134 K. F. Chen ,134 Z. g. Chen,134

A. De Iorio ,134 W.-S. Hou ,134 T. h. Hsu,134 Y. w. Kao,134 S. Karmakar ,134 G. Kole ,134 Y. y. Li ,134 R.-S. Lu ,134

E. Paganis ,134 X. f. Su ,134 J. Thomas-Wilsker ,134 L. s. Tsai,134 D. Tsionou,134 H. y. Wu,134 E. Yazgan ,134

C. Asawatangtrakuldee ,135 N. Srimanobhas ,135 Y. Maghrbi ,136 D. Agyel ,137 F. Boran ,137 F. Dolek ,137

I. Dumanoglu ,137,lll Y. Guler ,137,mmm E. Gurpinar Guler ,137,mmm C. Isik ,137 O. Kara,137 A. Kayis Topaksu ,137

Y. Komurcu ,137 G. Onengut ,137 K. Ozdemir ,137,nnn B. Tali ,137,ooo U. G. Tok ,137 E. Uslan ,137 I. S. Zorbakir ,137

M. Yalvac ,138,ppp B. Akgun ,139 I. O. Atakisi ,139,qqq E. Gülmez ,139 M. Kaya ,139,rrr O. Kaya ,139,sss

M. A. Sarkisla,139,ttt S. Tekten ,139,uuu A. Cakir ,140 K. Cankocak ,140,lll,vvv S. Sen ,140,www O. Aydilek ,141,xxx

B. Hacisahinoglu ,141 I. Hos ,141,yyy B. Kaynak ,141 S. Ozkorucuklu ,141 O. Potok ,141 H. Sert ,141 C. Simsek ,141

C. Zorbilmez ,141 S. Cerci ,142 A. A. Guvenli,142 B. Isildak ,142,zzz D. Sunar Cerci ,142 T. Yetkin ,142,v

A. Boyaryntsev ,143 O. Dadazhanova,143 B. Grynyov ,143 L. Levchuk ,144 J. J. Brooke ,145 A. Bundock ,145

F. Bury ,145 E. Clement ,145 D. Cussans ,145 D. Dharmender,145 H. Flacher ,145 J. Goldstein ,145 H. F. Heath ,145

M.-L. Holmberg ,145 L. Kreczko ,145 S. Paramesvaran ,145 L. Robertshaw,145 M. S. Sanjrani,145 J. Segal,145

V. J. Smith ,145 A. H. Ball,146 K.W. Bell ,146 A. Belyaev ,146,aaaa C. Brew ,146 R. M. Brown ,146 D. J. A. Cockerill ,146

C. Cooke ,146 A. Elliot ,146 K. V. Ellis,146 J. Gajownik,146 K. Harder ,146 S. Harper ,146 J. Linacre ,146

K. Manolopoulos,146 M. Moallemi ,146 D. M. Newbold ,146 E. Olaiya,146 D. Petyt ,146 T. Reis ,146 A. R. Sahasransu ,146

G. Salvi ,146 T. Schuh,146 C. H. Shepherd-Themistocleous ,146 I. R. Tomalin ,146 K. C. Whalen ,146 T. Williams ,146

I. Andreou ,147 R. Bainbridge ,147 P. Bloch ,147 O. Buchmuller,147 C. A. Carrillo Montoya ,147 D. Colling ,147

J. S. Dancu,147 I. Das ,147 P. Dauncey ,147 G. Davies ,147 M. Della Negra ,147 S. Fayer,147 G. Fedi ,147 G. Hall ,147

H. R. Hoorani ,147 A. Howard,147 G. Iles ,147 C. R. Knight ,147 P. Krueper,147 J. Langford ,147 K. H. Law ,147

J. León Holgado,147 E. Leutgeb ,147 L. Lyons ,147 A.-M. Magnan ,147 B. Maier ,147 S. Mallios,147 A. Mastronikolis,147

M. Mieskolainen ,147 J. Nash ,147,bbbb M. Pesaresi ,147 P. B. Pradeep,147 B. C. Radburn-Smith ,147 A. Richards,147

A. Rose ,147 L. Russell ,147 K. Savva ,147 C. Seez ,147 R. Shukla ,147 A. Tapper ,147 K. Uchida ,147 G. P. Uttley ,147

T. Virdee ,147,cc M. Vojinovic ,147 N. Wardle ,147 D. Winterbottom ,147 J. E. Cole ,148 A. Khan,148 P. Kyberd ,148

I. D. Reid ,148 S. Abdullin ,149 A. Brinkerhoff ,149 E. Collins ,149 M. R. Darwish ,149 J. Dittmann ,149

K. Hatakeyama ,149 V. Hegde ,149 J. Hiltbrand ,149 B. McMaster ,149 J. Samudio ,149 S. Sawant ,149

PHYSICAL REVIEW LETTERS 135, 091802 (2025)

091802-12

https://orcid.org/0000-0002-4927-4921
https://orcid.org/0000-0002-8336-3282
https://orcid.org/0000-0002-6515-5666
https://orcid.org/0000-0001-8679-4443
https://orcid.org/0000-0002-8072-795X
https://orcid.org/0000-0003-3474-2099
https://orcid.org/0000-0002-7766-6615
https://orcid.org/0000-0002-5642-3040
https://orcid.org/0000-0002-2897-5753
https://orcid.org/0000-0003-2500-1061
https://orcid.org/0000-0002-5754-4303
https://orcid.org/0000-0003-2570-9676
https://orcid.org/0000-0001-5854-7699
https://orcid.org/0000-0002-9228-5271
https://orcid.org/0000-0001-9573-3714
https://orcid.org/0000-0001-5085-7270
https://orcid.org/0009-0007-5021-3230
https://orcid.org/0000-0003-0422-6739
https://orcid.org/0009-0001-9331-5145
https://orcid.org/0000-0002-4526-2149
https://orcid.org/0000-0002-2938-2263
https://orcid.org/0000-0002-0538-1469
https://orcid.org/0000-0003-2267-6119
https://orcid.org/0000-0003-3209-2088
https://orcid.org/0000-0002-3727-0202
https://orcid.org/0000-0001-7339-4272
https://orcid.org/0009-0001-9010-8028
https://orcid.org/0000-0002-2785-3762
https://orcid.org/0000-0001-5115-5828
https://orcid.org/0000-0001-7507-8636
https://orcid.org/0000-0002-3198-0115
https://orcid.org/0000-0003-0885-6711
https://orcid.org/0009-0004-1393-6577
https://orcid.org/0000-0003-4108-3925
https://orcid.org/0000-0002-0113-7389
https://orcid.org/0000-0003-3748-8946
https://orcid.org/0000-0002-0433-4484
https://orcid.org/0000-0002-6530-3657
https://orcid.org/0000-0003-2155-6692
https://orcid.org/0000-0003-4502-6151
https://orcid.org/0000-0002-5441-7755
https://orcid.org/0000-0001-5846-3655
https://orcid.org/0000-0001-7199-0046
https://orcid.org/0000-0001-7432-6634
https://orcid.org/0000-0001-7938-5684
https://orcid.org/0009-0002-6473-1403
https://orcid.org/0000-0003-3266-4357
https://orcid.org/0000-0003-0889-4726
https://orcid.org/0000-0001-5328-448X
https://orcid.org/0000-0003-1939-4268
https://orcid.org/0000-0003-2461-5985
https://orcid.org/0000-0002-0250-8655
https://orcid.org/0000-0001-9239-0605
https://orcid.org/0000-0003-0823-447X
https://orcid.org/0000-0002-1466-9077
https://orcid.org/0009-0002-2312-1991
https://orcid.org/0000-0001-8048-1622
https://orcid.org/0000-0003-2181-7258
https://orcid.org/0000-0002-2751-0567
https://orcid.org/0000-0002-9991-195X
https://orcid.org/0009-0006-8689-3576
https://orcid.org/0000-0002-5144-9655
https://orcid.org/0000-0002-9860-1650
https://orcid.org/0000-0003-3742-0693
https://orcid.org/0000-0002-5725-041X
https://orcid.org/0000-0002-5456-5977
https://orcid.org/0000-0002-5397-252X
https://orcid.org/0009-0006-4366-3463
https://orcid.org/0000-0003-4244-2061
https://orcid.org/0009-0005-5952-9843
https://orcid.org/0000-0003-1899-2266
https://orcid.org/0000-0003-4957-2782
https://orcid.org/0000-0002-8562-1863
https://orcid.org/0000-0003-3879-4873
https://orcid.org/0000-0001-9955-9258
https://orcid.org/0000-0003-1510-5772
https://orcid.org/0009-0002-0555-4697
https://orcid.org/0000-0001-9554-7815
https://orcid.org/0000-0003-0495-6061
https://orcid.org/0000-0001-9791-2353
https://orcid.org/0000-0001-5677-6033
https://orcid.org/0000-0001-9964-249X
https://orcid.org/0000-0002-5594-1321
https://orcid.org/0000-0002-9576-055X
https://orcid.org/0000-0003-1979-7331
https://orcid.org/0000-0001-5333-4918
https://orcid.org/0000-0002-3632-3157
https://orcid.org/0000-0001-6711-940X
https://orcid.org/0000-0002-1780-1344
https://orcid.org/0000-0001-6125-7203
https://orcid.org/0009-0005-6188-7754
https://orcid.org/0000-0002-7671-243X
https://orcid.org/0000-0002-5888-2304
https://orcid.org/0009-0003-0647-5103
https://orcid.org/0000-0003-0001-7657
https://orcid.org/0000-0002-6674-0015
https://orcid.org/0000-0002-9925-5753
https://orcid.org/0000-0003-2533-2856
https://orcid.org/0000-0002-4549-2569
https://orcid.org/0000-0001-9830-0412
https://orcid.org/0009-0002-0638-3447
https://orcid.org/0009-0006-0914-7684
https://orcid.org/0000-0001-5309-1960
https://orcid.org/0000-0002-6182-3380
https://orcid.org/0000-0002-7217-4750
https://orcid.org/0000-0003-4970-2217
https://orcid.org/0009-0001-0865-0476
https://orcid.org/0000-0002-7584-5038
https://orcid.org/0000-0002-0389-8640
https://orcid.org/0000-0001-6627-8716
https://orcid.org/0000-0001-6362-5356
https://orcid.org/0000-0002-4721-7966
https://orcid.org/0000-0002-3752-4639
https://orcid.org/0009-0002-8559-0531
https://orcid.org/0000-0002-8610-1130
https://orcid.org/0000-0002-3533-6191
https://orcid.org/0000-0003-4420-5510
https://orcid.org/0000-0001-7098-5317
https://orcid.org/0000-0001-8587-8266
https://orcid.org/0000-0001-8038-1613
https://orcid.org/0000-0002-7695-501X
https://orcid.org/0000-0002-8842-6027
https://orcid.org/0009-0008-2073-8906
https://orcid.org/0000-0001-6361-2117
https://orcid.org/0000-0001-7873-3579
https://orcid.org/0000-0002-9806-5907
https://orcid.org/0009-0009-8976-7702
https://orcid.org/0000-0002-8992-5426
https://orcid.org/0000-0002-6657-0407
https://orcid.org/0000-0002-7561-6091
https://orcid.org/0000-0003-0199-6957
https://orcid.org/0000-0003-0443-5071
https://orcid.org/0000-0003-0985-913X
https://orcid.org/0000-0002-9438-2059
https://orcid.org/0000-0002-1992-5711
https://orcid.org/0009-0003-0724-7727
https://orcid.org/0000-0001-5979-5299
https://orcid.org/0000-0001-8149-6180
https://orcid.org/0000-0002-3667-3843
https://orcid.org/0000-0003-1304-3782
https://orcid.org/0000-0002-9258-1345
https://orcid.org/0000-0002-4260-5118
https://orcid.org/0000-0001-9715-5663
https://orcid.org/0000-0002-3285-1497
https://orcid.org/0000-0003-3598-556X
https://orcid.org/0000-0001-6828-1695
https://orcid.org/0000-0002-1950-8993
https://orcid.org/0009-0009-0207-4904
https://orcid.org/0000-0003-1293-4153
https://orcid.org/0000-0001-5732-7950
https://orcid.org/0000-0003-2234-7219
https://orcid.org/0000-0003-3563-2959
https://orcid.org/0000-0002-4960-7458
https://orcid.org/0000-0002-1797-8844
https://orcid.org/0000-0002-3611-390X
https://orcid.org/0000-0001-7092-5517
https://orcid.org/0000-0002-0039-5503
https://orcid.org/0000-0001-7598-5252
https://orcid.org/0000-0002-6172-0285
https://orcid.org/0000-0002-7977-0811
https://orcid.org/0000-0002-3169-4573
https://orcid.org/0000-0002-7084-030X
https://orcid.org/0000-0002-6274-4254
https://orcid.org/0000-0002-0103-1488
https://orcid.org/0000-0002-7447-5602
https://orcid.org/0000-0002-3039-021X
https://orcid.org/0000-0002-2472-0526
https://orcid.org/0000-0002-5962-2221
https://orcid.org/0000-0003-4915-9162
https://orcid.org/0000-0001-8888-3562
https://orcid.org/0000-0002-9231-7464
https://orcid.org/0000-0002-6353-518X
https://orcid.org/0000-0003-2890-4493
https://orcid.org/0000-0002-8485-3822
https://orcid.org/0000-0002-9624-5525
https://orcid.org/0000-0002-8627-7689
https://orcid.org/0000-0002-3829-3481
https://orcid.org/0000-0001-7325-1087
https://orcid.org/0000-0002-2567-6766
https://orcid.org/0000-0002-2646-1230
https://orcid.org/0000-0002-7678-1101
https://orcid.org/0000-0003-3857-2496
https://orcid.org/0000-0001-5153-9266
https://orcid.org/0009-0005-1141-6401
https://orcid.org/0000-0003-0716-6727
https://orcid.org/0000-0002-7359-8635
https://orcid.org/0000-0002-5199-061X
https://orcid.org/0000-0002-8702-6152
https://orcid.org/0000-0002-0283-5234
https://orcid.org/0000-0002-5412-4688
https://orcid.org/0000-0003-3277-5612
https://orcid.org/0000-0001-9252-0430
https://orcid.org/0000-0003-1700-0173
https://orcid.org/0000-0001-5889-7410
https://orcid.org/0000-0003-2529-0684
https://orcid.org/0000-0002-2916-6456
https://orcid.org/0000-0002-3077-2090
https://orcid.org/0000-0003-3412-4004
https://orcid.org/0000-0001-8192-0826
https://orcid.org/0000-0002-5371-941X
https://orcid.org/0000-0003-1591-6014
https://orcid.org/0000-0001-6576-9740
https://orcid.org/0000-0002-9473-5985
https://orcid.org/0000-0003-2341-8330
https://orcid.org/0000-0003-4748-8296
https://orcid.org/0000-0003-4543-2547
https://orcid.org/0000-0002-2294-5860
https://orcid.org/0000-0002-1733-4408
https://orcid.org/0000-0001-6595-8365
https://orcid.org/0000-0002-6728-0153
https://orcid.org/0000-0003-2427-5765
https://orcid.org/0000-0003-3730-4895
https://orcid.org/0000-0003-0921-0314
https://orcid.org/0000-0002-2965-6973
https://orcid.org/0000-0001-5637-2653
https://orcid.org/0000-0001-7555-652X
https://orcid.org/0000-0002-5071-4525
https://orcid.org/0000-0002-9015-9634
https://orcid.org/0000-0002-2369-4469
https://orcid.org/0000-0003-3703-6624
https://orcid.org/0000-0003-1505-1743
https://orcid.org/0000-0002-2787-1063
https://orcid.org/0000-0003-0551-6949
https://orcid.org/0000-0003-2419-4439
https://orcid.org/0000-0002-9383-8763
https://orcid.org/0000-0002-8724-4678
https://orcid.org/0000-0002-3031-8728
https://orcid.org/0000-0001-9157-4832
https://orcid.org/0000-0001-6716-979X
https://orcid.org/0000-0002-6245-6535
https://orcid.org/0000-0001-9959-4977
https://orcid.org/0000-0002-5437-2067
https://orcid.org/0000-0001-6839-9466
https://orcid.org/0000-0001-8668-5001
https://orcid.org/0000-0001-6497-8081
https://orcid.org/0000-0001-9101-2573
https://orcid.org/0000-0002-6299-8385
https://orcid.org/0000-0002-0088-5043
https://orcid.org/0000-0002-1219-5859
https://orcid.org/0009-0008-1167-4816
https://orcid.org/0000-0002-3931-4379
https://orcid.org/0000-0003-4725-6989
https://orcid.org/0000-0003-4838-3306
https://orcid.org/0000-0001-7945-9188
https://orcid.org/0000-0002-4266-1646
https://orcid.org/0000-0001-5270-7540
https://orcid.org/0000-0001-8893-7401
https://orcid.org/0000-0003-0607-6519
https://orcid.org/0000-0002-9759-1083
https://orcid.org/0000-0003-1488-9675
https://orcid.org/0000-0002-9773-550X
https://orcid.org/0000-0002-6502-2185
https://orcid.org/0009-0000-7646-3376
https://orcid.org/0000-0002-1637-5494
https://orcid.org/0000-0001-5670-5497
https://orcid.org/0000-0003-4543-864X
https://orcid.org/0000-0003-0742-2276
https://orcid.org/0009-0002-6248-6467
https://orcid.org/0000-0001-7429-2198
https://orcid.org/0000-0001-8665-2808
https://orcid.org/0000-0003-1344-3356
https://orcid.org/0000-0003-4582-150X
https://orcid.org/0000-0001-5638-7599
https://orcid.org/0000-0002-7353-7090
https://orcid.org/0000-0002-9235-779X
https://orcid.org/0000-0003-4885-6935
https://orcid.org/0000-0002-4819-7995
https://orcid.org/0009-0008-1661-3537
https://orcid.org/0000-0003-2894-2377
https://orcid.org/0000-0002-1911-3158
https://orcid.org/0000-0002-6012-2451
https://orcid.org/0000-0003-4952-2873
https://orcid.org/0000-0003-1691-5937
https://orcid.org/0000-0002-4494-0446
https://orcid.org/0000-0002-4767-8463
https://orcid.org/0000-0002-1981-7753


C. Sutantawibul ,149 J. Wilson ,149 J. M. Hogan ,150,cccc R. Bartek ,151 A. Dominguez ,151 S. Raj ,151 A. E. Simsek ,151

S. S. Yu ,151 B. Bam ,152 A. Buchot Perraguin ,152 S. Campbell,152 R. Chudasama ,152 S. I. Cooper ,152 C. Crovella ,152

G. Fidalgo ,152 S. V. Gleyzer ,152 A. Khukhunaishvili ,152 K. Matchev ,152 E. Pearson,152 C. U. Perez ,152

P. Rumerio ,152,dddd E. Usai ,152 R. Yi ,152 S. Cholak ,153 G. De Castro,153 Z. Demiragli ,153 C. Erice ,153

C. Fangmeier ,153 C. Fernandez Madrazo ,153 E. Fontanesi ,153 J. Fulcher ,153 F. Golf ,153 S. Jeon ,153 J. O’Cain,153

I. Reed ,153 J. Rohlf ,153 K. Salyer ,153 D. Sperka ,153 D. Spitzbart ,153 I. Suarez ,153 A. Tsatsos ,153 E. Wurtz,153

A. G. Zecchinelli ,153 G. Barone ,154 G. Benelli ,154 D. Cutts ,154 S. Ellis,154 L. Gouskos ,154 M. Hadley ,154

U. Heintz ,154 K.W. Ho ,154 T. Kwon ,154 G. Landsberg ,154 K. T. Lau ,154 J. Luo ,154 S. Mondal ,154 J. Roloff,154

T. Russell,154 S. Sagir ,154,eeee X. Shen ,154 M. Stamenkovic ,154 N. Venkatasubramanian,154 S. Abbott ,155

B. Barton ,155 R. Breedon ,155 H. Cai ,155 M. Calderon De La Barca Sanchez ,155 M. Chertok ,155 M. Citron ,155

J. Conway ,155 P. T. Cox ,155 R. Erbacher ,155 O. Kukral ,155 G. Mocellin ,155 S. Ostrom ,155 W. Wei ,155 S. Yoo ,155

K. Adamidis,156 M. Bachtis ,156 D. Campos,156 R. Cousins ,156 A. Datta ,156 G. Flores Avila ,156 J. Hauser ,156

M. Ignatenko ,156 M. A. Iqbal ,156 T. Lam ,156 Y. f. Lo,156 E. Manca ,156 A. Nunez Del Prado,156 D. Saltzberg ,156

V. Valuev ,156 R. Clare ,157 J. W. Gary ,157 G. Hanson ,157 A. Aportela,158 A. Arora ,158 J. G. Branson ,158

S. Cittolin ,158 S. Cooperstein ,158 D. Diaz ,158 J. Duarte ,158 L. Giannini ,158 Y. Gu,158 J. Guiang ,158

V. Krutelyov ,158 R. Lee ,158 J. Letts ,158 H. Li,158 M. Masciovecchio ,158 F. Mokhtar ,158 S. Mukherjee ,158

M. Pieri ,158 D. Primosch,158 M. Quinnan ,158 V. Sharma ,158 M. Tadel ,158 E. Vourliotis ,158 F. Würthwein ,158

A. Yagil ,158 Z. Zhao,158 A. Barzdukas ,159 L. Brennan ,159 C. Campagnari ,159 S. Carron Montero,159,ffff

K. Downham ,159 C. Grieco ,159 M. M. Hussain,159 J. Incandela ,159 J. Kim,159 M.W. K. Lai,159 A. J. Li ,159

P. Masterson ,159 J. Richman ,159 S. N. Santpur ,159 U. Sarica ,159 R. Schmitz ,159 F. Setti ,159 J. Sheplock ,159

D. Stuart ,159 T. Á. Vámi ,159 X. Yan ,159 D. Zhang,159 A. Albert,160 S. Bhattacharya ,160 A. Bornheim ,160 O. Cerri,160

R. Kansal ,160 J. Mao ,160 H. B. Newman ,160 G. Reales Gutiérrez,160 T. Sievert,160 M. Spiropulu ,160 J. R. Vlimant ,160

R. A. Wynne,160 S. Xie ,160 J. Alison ,161 S. An ,161 M. Cremonesi,161 V. Dutta ,161 E. Y. Ertorer ,161 T. Ferguson ,161

T. A. Gómez Espinosa,161 A. Harilal ,161 A. Kallil Tharayil,161 M. Kanemura,161 C. Liu ,161 P. Meiring ,161

T. Mudholkar ,161 S. Murthy ,161 P. Palit ,161 K. Park,161 M. Paulini ,161 A. Roberts ,161 A. Sanchez ,161 W. Terrill ,161

J. P. Cumalat ,162 W. T. Ford ,162 A. Hart ,162 A. Hassani ,162 S. Kwan ,162 J. Pearkes ,162 C. Savard ,162

N. Schonbeck ,162 K. Stenson ,162 K. A. Ulmer ,162 S. R. Wagner ,162 N. Zipper ,162 D. Zuolo ,162 J. Alexander ,163

X. Chen ,163 D. J. Cranshaw ,163 J. Dickinson ,163 J. Fan ,163 X. Fan ,163 J. Grassi ,163 S. Hogan ,163 P. Kotamnives,163

J. Monroy ,163 G. Niendorf,163 M. Oshiro ,163 J. R. Patterson ,163 M. Reid ,163 A. Ryd ,163 J. Thom ,163 P. Wittich ,163

R. Zou ,163 L. Zygala ,163 M. Albrow ,164 M. Alyari ,164 O. Amram ,164 G. Apollinari ,164 A. Apresyan ,164

L. A. T. Bauerdick ,164 D. Berry ,164 J. Berryhill ,164 P. C. Bhat ,164 K. Burkett ,164 J. N. Butler ,164 A. Canepa ,164

G. B. Cerati ,164 H.W. K. Cheung ,164 F. Chlebana ,164 C. Cosby ,164 G. Cummings ,164 I. Dutta ,164 V. D. Elvira ,164

J. Freeman ,164 A. Gandrakota ,164 Z. Gecse ,164 L. Gray ,164 D. Green,164 A. Grummer ,164 S. Grünendahl ,164

D. Guerrero ,164 O. Gutsche ,164 R. M. Harris ,164 T. C. Herwig ,164 J. Hirschauer ,164 B. Jayatilaka ,164

S. Jindariani ,164 M. Johnson ,164 U. Joshi ,164 T. Klijnsma ,164 B. Klima ,164 K. H. M. Kwok ,164 S. Lammel ,164

C. Lee ,164 D. Lincoln ,164 R. Lipton ,164 T. Liu ,164 K. Maeshima ,164 D. Mason ,164 P. McBride ,164 P. Merkel ,164

S. Mrenna ,164 S. Nahn ,164 J. Ngadiuba ,164 D. Noonan ,164 S. Norberg,164 V. Papadimitriou ,164 N. Pastika ,164

K. Pedro ,164 C. Pena ,164,gggg C. E. Perez Lara ,164 F. Ravera ,164 A. Reinsvold Hall ,164,hhhh L. Ristori ,164

M. Safdari ,164 E. Sexton-Kennedy ,164 N. Smith ,164 A. Soha ,164 L. Spiegel ,164 S. Stoynev ,164 J. Strait ,164

L. Taylor ,164 S. Tkaczyk ,164 N. V. Tran ,164 L. Uplegger ,164 E.W. Vaandering ,164 C. Wang,164 I. Zoi ,164

C. Aruta ,165 P. Avery ,165 D. Bourilkov ,165 P. Chang ,165 V. Cherepanov ,165 M. Dittrich,165 R. D. Field,165

C. Huh ,165 E. Koenig ,165 M. Kolosova ,165 J. Konigsberg ,165 A. Korytov ,165 N. Menendez ,165

G. Mitselmakher ,165 K. Mohrman ,165 A. Muthirakalayil Madhu ,165 N. Rawal ,165 S. Rosenzweig ,165

V. Sulimov ,165 Y. Takahashi ,165 J. Wang,165 T. Adams ,166 A. Al Kadhim ,166 A. Askew ,166 S. Bower ,166

R. Hashmi ,166 R. S. Kim ,166 T. Kolberg ,166 G. Martinez,166 M. Mazza,166 H. Prosper ,166 P. R. Prova,166

M. Wulansatiti ,166 R. Yohay ,166 B. Alsufyani ,167 S. Butalla ,167 S. Das ,167 M. Hohlmann ,167 M. Lavinsky,167

E. Yanes,167 M. R. Adams ,168 N. Barnett,168 A. Baty ,168 C. Bennett,168 R. Cavanaugh ,168 R. Escobar Franco ,168

O. Evdokimov ,168 C. E. Gerber ,168 H. Gupta ,168 M. Hawksworth,168 A. Hingrajiya,168 D. J. Hofman ,168 J. h. Lee ,168

D. S. Lemos ,168 C. Mills ,168 S. Nanda ,168 G. Nigmatkulov ,168 B. Ozek ,168 T. Phan,168 D. Pilipovic ,168

PHYSICAL REVIEW LETTERS 135, 091802 (2025)

091802-13

https://orcid.org/0000-0003-0600-0151
https://orcid.org/0000-0002-5672-7394
https://orcid.org/0000-0002-8604-3452
https://orcid.org/0000-0002-1686-2882
https://orcid.org/0000-0002-7420-5493
https://orcid.org/0009-0002-6457-3150
https://orcid.org/0000-0002-9074-2256
https://orcid.org/0000-0002-6011-8516
https://orcid.org/0000-0002-9102-4483
https://orcid.org/0000-0002-8597-647X
https://orcid.org/0009-0007-8848-6146
https://orcid.org/0000-0002-4618-0313
https://orcid.org/0000-0001-7572-188X
https://orcid.org/0000-0001-8605-9772
https://orcid.org/0000-0002-6222-8102
https://orcid.org/0000-0002-3834-1316
https://orcid.org/0000-0003-4182-9096
https://orcid.org/0000-0002-6861-2674
https://orcid.org/0000-0002-1702-5541
https://orcid.org/0000-0001-9323-2107
https://orcid.org/0000-0001-5818-1682
https://orcid.org/0000-0001-8091-4766
https://orcid.org/0000-0001-8521-737X
https://orcid.org/0000-0002-6469-3200
https://orcid.org/0000-0002-5998-8047
https://orcid.org/0000-0001-9748-4336
https://orcid.org/0000-0002-0662-5904
https://orcid.org/0000-0002-2801-520X
https://orcid.org/0000-0003-3567-9351
https://orcid.org/0000-0003-1208-6940
https://orcid.org/0000-0002-1823-8856
https://orcid.org/0000-0001-6423-9799
https://orcid.org/0000-0002-6957-1077
https://orcid.org/0000-0002-4624-2019
https://orcid.org/0000-0003-2025-2742
https://orcid.org/0000-0002-5374-6995
https://orcid.org/0000-0001-8310-8911
https://orcid.org/0000-0001-8986-278X
https://orcid.org/0000-0001-5163-5936
https://orcid.org/0000-0003-4461-8905
https://orcid.org/0000-0003-1041-7099
https://orcid.org/0000-0002-9547-7471
https://orcid.org/0000-0002-7068-4327
https://orcid.org/0000-0002-7590-3058
https://orcid.org/0000-0003-2229-7223
https://orcid.org/0000-0001-9594-6277
https://orcid.org/0000-0002-4184-9380
https://orcid.org/0000-0003-1371-8575
https://orcid.org/0000-0002-4108-8681
https://orcid.org/0000-0003-0153-7590
https://orcid.org/0000-0002-2614-5860
https://orcid.org/0009-0000-6519-9274
https://orcid.org/0000-0003-2251-0610
https://orcid.org/0000-0002-7791-894X
https://orcid.org/0000-0003-4390-5881
https://orcid.org/0000-0001-5314-7581
https://orcid.org/0000-0002-5759-0297
https://orcid.org/0000-0001-9835-4349
https://orcid.org/0000-0002-2729-6273
https://orcid.org/0000-0001-6250-8465
https://orcid.org/0000-0003-2719-5779
https://orcid.org/0000-0003-1218-2828
https://orcid.org/0000-0001-7170-8944
https://orcid.org/0009-0007-3858-6659
https://orcid.org/0000-0002-1531-3478
https://orcid.org/0000-0002-5895-5155
https://orcid.org/0000-0003-4221-1802
https://orcid.org/0000-0001-5912-548X
https://orcid.org/0000-0003-3110-0701
https://orcid.org/0000-0002-5963-0467
https://orcid.org/0000-0003-2695-7719
https://orcid.org/0000-0001-8375-6492
https://orcid.org/0000-0002-9781-4873
https://orcid.org/0000-0001-8258-5863
https://orcid.org/0000-0001-8664-1949
https://orcid.org/0000-0002-0862-7348
https://orcid.org/0000-0001-8946-655X
https://orcid.org/0000-0003-0658-9146
https://orcid.org/0000-0002-0783-6703
https://orcid.org/0000-0003-3293-5305
https://orcid.org/0000-0003-0175-5731
https://orcid.org/0000-0002-7273-4009
https://orcid.org/0000-0003-3453-4740
https://orcid.org/0009-0009-5683-4614
https://orcid.org/0000-0002-0922-9587
https://orcid.org/0000-0003-0262-3132
https://orcid.org/0000-0001-6834-1176
https://orcid.org/0000-0002-5076-7096
https://orcid.org/0000-0002-5621-7706
https://orcid.org/0000-0002-2155-8260
https://orcid.org/0000-0002-1386-0232
https://orcid.org/0009-0000-4634-0797
https://orcid.org/0000-0002-0156-1251
https://orcid.org/0000-0002-8200-9425
https://orcid.org/0000-0003-2533-3402
https://orcid.org/0000-0003-3122-0594
https://orcid.org/0000-0003-3303-6301
https://orcid.org/0000-0003-2902-5597
https://orcid.org/0000-0003-1287-1471
https://orcid.org/0000-0001-8800-0045
https://orcid.org/0000-0002-2270-0492
https://orcid.org/0000-0001-5912-6124
https://orcid.org/0000-0002-6108-4004
https://orcid.org/0000-0002-0518-3286
https://orcid.org/0000-0003-0636-1846
https://orcid.org/0000-0002-8978-8177
https://orcid.org/0000-0001-8727-8811
https://orcid.org/0000-0002-3955-4399
https://orcid.org/0000-0001-9850-2030
https://orcid.org/0000-0002-3895-717X
https://orcid.org/0000-0002-6890-7624
https://orcid.org/0000-0002-5189-146X
https://orcid.org/0000-0001-6467-9970
https://orcid.org/0000-0002-1557-4424
https://orcid.org/0000-0003-2328-677X
https://orcid.org/0000-0001-9800-7822
https://orcid.org/0000-0002-8752-1946
https://orcid.org/0000-0002-4965-0747
https://orcid.org/0000-0002-0959-9211
https://orcid.org/0000-0002-6426-0560
https://orcid.org/0000-0002-3197-0048
https://orcid.org/0000-0002-0128-0871
https://orcid.org/0000-0003-2445-1060
https://orcid.org/0009-0002-8988-9987
https://orcid.org/0000-0003-0964-1480
https://orcid.org/0000-0001-8172-7081
https://orcid.org/0000-0002-9705-101X
https://orcid.org/0000-0003-2509-5731
https://orcid.org/0000-0003-0843-1641
https://orcid.org/0000-0002-9740-1622
https://orcid.org/0000-0001-5958-829X
https://orcid.org/0000-0003-2658-1416
https://orcid.org/0000-0001-5822-3731
https://orcid.org/0000-0001-9625-1987
https://orcid.org/0000-0002-3100-7294
https://orcid.org/0009-0001-9480-4039
https://orcid.org/0000-0002-9352-8140
https://orcid.org/0000-0002-1277-9168
https://orcid.org/0000-0002-1948-029X
https://orcid.org/0000-0002-6714-5787
https://orcid.org/0000-0002-5139-0550
https://orcid.org/0000-0002-5431-6989
https://orcid.org/0000-0002-2078-8419
https://orcid.org/0000-0002-6032-5857
https://orcid.org/0000-0001-8703-6943
https://orcid.org/0000-0003-2349-6582
https://orcid.org/0009-0008-4322-7682
https://orcid.org/0000-0002-5308-7707
https://orcid.org/0000-0002-5205-4065
https://orcid.org/0009-0000-7507-0570
https://orcid.org/0009-0008-3430-7269
https://orcid.org/0000-0003-4888-205X
https://orcid.org/0000-0001-6875-9177
https://orcid.org/0000-0002-9269-5772
https://orcid.org/0000-0002-4805-8020
https://orcid.org/0000-0003-3072-1020
https://orcid.org/0000-0002-2046-342X
https://orcid.org/0000-0002-8157-1328
https://orcid.org/0000-0002-7498-2129
https://orcid.org/0000-0001-5450-5328
https://orcid.org/0009-0003-3728-9960
https://orcid.org/0000-0003-2067-0127
https://orcid.org/0000-0001-9363-5045
https://orcid.org/0000-0003-3657-2281
https://orcid.org/0000-0002-7394-4710
https://orcid.org/0000-0002-2200-7516
https://orcid.org/0000-0002-3815-3649
https://orcid.org/0000-0001-7706-1416
https://orcid.org/0000-0001-5849-1912
https://orcid.org/0000-0002-4870-8468
https://orcid.org/0000-0002-7401-2181
https://orcid.org/0000-0002-0542-1264
https://orcid.org/0000-0001-9665-7282
https://orcid.org/0000-0001-7329-4925
https://orcid.org/0000-0001-9268-3360
https://orcid.org/0000-0002-3765-3123
https://orcid.org/0000-0002-5212-5396
https://orcid.org/0000-0002-6186-0130
https://orcid.org/0000-0002-7170-9012
https://orcid.org/0000-0002-5383-8320
https://orcid.org/0000-0002-8124-3033
https://orcid.org/0000-0003-3370-9246
https://orcid.org/0000-0002-2284-4744
https://orcid.org/0000-0002-0745-8618
https://orcid.org/0000-0003-4045-3998
https://orcid.org/0000-0003-3548-0262
https://orcid.org/0000-0001-6389-9357
https://orcid.org/0000-0002-8762-8559
https://orcid.org/0000-0003-0352-6561
https://orcid.org/0000-0002-8045-7806
https://orcid.org/0000-0003-0953-4503
https://orcid.org/0000-0003-4446-4395
https://orcid.org/0000-0002-3415-5671
https://orcid.org/0000-0003-4860-3233
https://orcid.org/0009-0009-6561-3418
https://orcid.org/0000-0002-6408-4288
https://orcid.org/0000-0003-2752-1183
https://orcid.org/0000-0002-4857-0294
https://orcid.org/0000-0001-5552-5400
https://orcid.org/0000-0002-8015-9622
https://orcid.org/0000-0003-1461-3425
https://orcid.org/0000-0002-4280-6382
https://orcid.org/0000-0002-8244-0805
https://orcid.org/0000-0001-7912-5612
https://orcid.org/0009-0000-7046-6533
https://orcid.org/0000-0001-7757-8458
https://orcid.org/0000-0001-8375-0760
https://orcid.org/0000-0003-1675-6040
https://orcid.org/0000-0002-3691-7625
https://orcid.org/0000-0002-8693-6146
https://orcid.org/0000-0003-0027-635X
https://orcid.org/0000-0001-6113-0982
https://orcid.org/0000-0002-0599-7407
https://orcid.org/0000-0002-6665-7289
https://orcid.org/0009-0007-6522-5605
https://orcid.org/0009-0000-2822-897X
https://orcid.org/0000-0002-0074-5390
https://orcid.org/0000-0001-6159-7750
https://orcid.org/0000-0003-4727-5442
https://orcid.org/0000-0001-8731-160X
https://orcid.org/0000-0002-8949-0178
https://orcid.org/0000-0002-0055-2935
https://orcid.org/0000-0002-3932-3769
https://orcid.org/0000-0002-0690-7186
https://orcid.org/0009-0006-0993-6245
https://orcid.org/0000-0003-2260-9151
https://orcid.org/0000-0002-4500-7930
https://orcid.org/0000-0003-0199-8864
https://orcid.org/0000-0003-3632-0287
https://orcid.org/0000-0003-1653-8553
https://orcid.org/0000-0003-1950-2492
https://orcid.org/0000-0001-8323-7318
https://orcid.org/0000-0001-9171-1980
https://orcid.org/0000-0002-0324-3054
https://orcid.org/0000-0002-5968-1192
https://orcid.org/0000-0001-9672-1328
https://orcid.org/0000-0003-4563-7702
https://orcid.org/0000-0002-7233-8348
https://orcid.org/0000-0002-6584-2538
https://orcid.org/0000-0001-7642-5185
https://orcid.org/0000-0002-8440-6854
https://orcid.org/0000-0002-9202-803X
https://orcid.org/0000-0003-3207-6950
https://orcid.org/0000-0002-5738-9446
https://orcid.org/0000-0001-9524-3264
https://orcid.org/0000-0003-0609-627X
https://orcid.org/0000-0003-0260-4935
https://orcid.org/0000-0002-2095-6320
https://orcid.org/0000-0002-6748-4850
https://orcid.org/0000-0002-8513-2824
https://orcid.org/0000-0002-0884-7922
https://orcid.org/0000-0002-5838-2158
https://orcid.org/0000-0001-6850-8765
https://orcid.org/0000-0001-9239-3398
https://orcid.org/0000-0002-3295-3194
https://orcid.org/0000-0001-5745-3658
https://orcid.org/0009-0007-2940-0496
https://orcid.org/0000-0003-1209-3032
https://orcid.org/0000-0002-7734-3170
https://orcid.org/0000-0002-5613-1507
https://orcid.org/0009-0009-8645-6685
https://orcid.org/0000-0001-5184-2265
https://orcid.org/0000-0001-8049-5143
https://orcid.org/0000-0003-3490-8407
https://orcid.org/0000-0002-7172-1396
https://orcid.org/0000-0001-8775-0696
https://orcid.org/0000-0002-5439-8224
https://orcid.org/0000-0002-8645-186X
https://orcid.org/0000-0002-0211-6109
https://orcid.org/0000-0002-4077-2713
https://orcid.org/0000-0001-6794-3079
https://orcid.org/0000-0002-0124-9065
https://orcid.org/0009-0005-5828-4696
https://orcid.org/0000-0003-3423-9581
https://orcid.org/0000-0001-6701-9265
https://orcid.org/0000-0003-4578-9319
https://orcid.org/0000-0001-8493-3737
https://orcid.org/0000-0001-5310-3466
https://orcid.org/0000-0001-7169-3420
https://orcid.org/0000-0003-2090-5010
https://orcid.org/0000-0002-1250-8931
https://orcid.org/0000-0002-8116-9021
https://orcid.org/0000-0001-8551-7866
https://orcid.org/0000-0002-2449-3845
https://orcid.org/0000-0002-5574-4192
https://orcid.org/0000-0003-1982-8978
https://orcid.org/0000-0001-8035-4818
https://orcid.org/0000-0003-0550-4083
https://orcid.org/0000-0003-2232-5124
https://orcid.org/0009-0000-2570-1100
https://orcid.org/0000-0002-4210-2780


R. Pradhan ,168 E. Prifti,168 P. Roy,168 T. Roy ,168 N. Singh,168 M. B. Tonjes ,168 N. Varelas ,168 M. A. Wadud ,168

J. Yoo ,168 M. Alhusseini ,169 D. Blend,169 K. Dilsiz ,169,iiii O. K. Köseyan ,169 A. Mestvirishvili ,169,jjjj O. Neogi,169

H. Ogul ,169,kkkk Y. Onel ,169 A. Penzo ,169 C. Snyder,169 E. Tiras ,169,llll B. Blumenfeld ,170 J. Davis ,170

A. V. Gritsan ,170 L. Kang ,170 S. Kyriacou ,170 P. Maksimovic ,170 M. Roguljic ,170 S. Sekhar ,170 M. V. Srivastav ,170

M. Swartz ,170 A. Abreu ,171 L. F. Alcerro Alcerro ,171 J. Anguiano ,171 S. Arteaga Escatel ,171 P. Baringer ,171

A. Bean ,171 Z. Flowers ,171 D. Grove ,171 J. King ,171 G. Krintiras ,171 M. Lazarovits ,171 C. Le Mahieu ,171

J. Marquez ,171 M. Murray ,171 M. Nickel ,171 S. Popescu ,171,mmmm C. Rogan ,171 C. Royon ,171 S. Rudrabhatla ,171

S. Sanders ,171 C. Smith ,171 G. Wilson ,171 B. Allmond ,172 R. Gujju Gurunadha ,172 N. Islam,172 A. Ivanov ,172

K. Kaadze ,172 Y. Maravin ,172 J. Natoli ,172 D. Roy ,172 G. Sorrentino ,172 A. Baden ,173 A. Belloni ,173

J. Bistany-riebman,173 S. C. Eno ,173 N. J. Hadley ,173 S. Jabeen ,173 R. G. Kellogg ,173 T. Koeth ,173 B. Kronheim,173

S. Lascio ,173 P. Major ,173 A. C. Mignerey ,173 C. Palmer ,173 C. Papageorgakis ,173 M.M. Paranjpe,173

E. Popova ,173,nnnn A. Shevelev ,173 L. Zhang ,173 C. Baldenegro Barrera ,174 J. Bendavid ,174 H. Bossi,174

S. Bright-Thonney ,174 I. A. Cali ,174 Y. c. Chen ,174 P. c. Chou ,174 M. D’Alfonso ,174 J. Eysermans ,174 C. Freer ,174

G. Gomez-Ceballos ,174 M. Goncharov,174 G. Grosso,174 P. Harris,174 D. Hoang,174 G. M. Innocenti,174 D. Kovalskyi ,174

J. Krupa ,174 L. Lavezzo ,174 Y.-J. Lee ,174 K. Long ,174 C. Mcginn ,174 A. Novak ,174 M. I. Park ,174 C. Paus ,174

C. Reissel ,174 C. Roland ,174 G. Roland ,174 S. Rothman ,174 T. a. Sheng ,174 G. S. F. Stephans ,174 D. Walter ,174

Z. Wang ,174 B. Wyslouch ,174 T. J. Yang ,174 B. Crossman ,175 W. J. Jackson,175 C. Kapsiak ,175 M. Krohn ,175

D. Mahon ,175 J. Mans ,175 B. Marzocchi ,175 M. Revering ,175 R. Rusack ,175 O. Sancar,175 R. Saradhy ,175

N. Strobbe ,175 K. Bloom ,176 D. R. Claes ,176 G. Haza ,176 J. Hossain ,176 C. Joo ,176 I. Kravchenko ,176

A. Rohilla ,176 J. E. Siado ,176 W. Tabb ,176 A. Vagnerini ,176 A. Wightman ,176 F. Yan ,176 H. Bandyopadhyay ,177

L. Hay ,177 H. w. Hsia ,177 I. Iashvili ,177 A. Kalogeropoulos ,177 A. Kharchilava ,177 A. Mandal ,177 M. Morris ,177

D. Nguyen ,177 S. Rappoccio ,177 H. Rejeb Sfar,177 A. Williams ,177 P. Young ,177 D. Yu ,177 G. Alverson ,178

E. Barberis ,178 J. Bonilla ,178 B. Bylsma,178 M. Campana ,178 J. Dervan ,178 Y. Haddad ,178 Y. Han ,178 I. Israr ,178

A. Krishna ,178 J. Li ,178 M. Lu ,178 N. Manganelli ,178 R. Mccarthy ,178 D. M. Morse ,178 T. Orimoto ,178

A. Parker ,178 L. Skinnari ,178 C. S. Thoreson ,178 E. Tsai ,178 D. Wood ,178 S. Dittmer ,179 K. A. Hahn ,179

Y. Liu ,179 M. Mcginnis ,179 Y. Miao ,179 D. G. Monk ,179 M. H. Schmitt ,179 A. Taliercio ,179 M. Velasco,179

J. Wang,179 G. Agarwal ,180 R. Band ,180 R. Bucci,180 S. Castells ,180 A. Das ,180 A. Ehnis,180 R. Goldouzian ,180

M. Hildreth ,180 K. Hurtado Anampa ,180 T. Ivanov ,180 C. Jessop ,180 A. Karneyeu ,180 K. Lannon ,180

J. Lawrence ,180 N. Loukas ,180 L. Lutton ,180 J. Mariano,180 N. Marinelli,180 I. Mcalister,180 T. McCauley ,180

C. Mcgrady ,180 C. Moore ,180 Y. Musienko ,180,nnnn H. Nelson ,180 M. Osherson ,180 A. Piccinelli ,180 R. Ruchti ,180

A. Townsend ,180 Y. Wan,180 M. Wayne ,180 H. Yockey,180 A. Basnet ,181 M. Carrigan ,181 R. De Los Santos ,181

L. S. Durkin ,181 C. Hill ,181 M. Joyce ,181 M. Nunez Ornelas ,181 D. A. Wenzl,181 B. L. Winer ,181 B. R. Yates ,181

H. Bouchamaoui ,182 K. Coldham,182 P. Das ,182 G. Dezoort ,182 P. Elmer ,182 A. Frankenthal ,182 M. Galli ,182

B. Greenberg ,182 N. Haubrich ,182 K. Kennedy,182 G. Kopp ,182 Y. Lai ,182 D. Lange ,182 A. Loeliger ,182

D. Marlow ,182 I. Ojalvo ,182 J. Olsen ,182 F. Simpson ,182 D. Stickland ,182 C. Tully ,182 S. Malik ,183 R. Sharma,183

A. S. Bakshi ,184 S. Chandra ,184 R. Chawla ,184 A. Gu ,184 L. Gutay,184 M. Jones ,184 A.W. Jung ,184

D. Kondratyev ,184 M. Liu ,184 G. Negro ,184 N. Neumeister ,184 G. Paspalaki ,184 S. Piperov ,184 J. F. Schulte ,184

F. Wang ,184 A. Wildridge ,184 W. Xie ,184 Y. Yao ,184 Y. Zhong ,184 J. Dolen ,185 N. Parashar ,185 A. Pathak ,185

E. Shumka ,185 D. Acosta ,186 A. Agrawal ,186 C. Arbour,186 T. Carnahan ,186 K. M. Ecklund ,186

P. J. Fernández Manteca,186 S. Freed,186 P. Gardner,186 F. J. M. Geurts ,186 T. Huang ,186 I. Krommydas ,186 N. Lewis,186

W. Li ,186 J. Lin ,186 O. Miguel Colin ,186 B. P. Padley ,186 R. Redjimi,186 J. Rotter ,186 E. Yigitbasi ,186 Y. Zhang ,186

O. Bessidskaia Bylund,187 A. Bodek ,187 P. de Barbaro ,187,a R. Demina ,187 J. L. Dulemba ,187 A. Garcia-Bellido ,187

H. S. Hare,187 O. Hindrichs ,187 N. Parmar ,187 P. Parygin ,187,nnnn R. Taus ,187 B. Chiarito,188 J. P. Chou ,188

S. V. Clark ,188 S. Donnelly,188 D. Gadkari ,188 Y. Gershtein ,188 E. Halkiadakis ,188 M. Heindl ,188 C. Houghton ,188

D. Jaroslawski ,188 S. Konstantinou ,188 I. Laflotte ,188 A. Lath ,188 J. Martins ,188 B. Rand,188 J. Reichert ,188

P. Saha ,188 S. Salur ,188 S. Schnetzer,188 S. Somalwar ,188 R. Stone ,188 S. A. Thayil ,188 S. Thomas,188 J. Vora ,188

D. Ally ,189 A. G. Delannoy ,189 S. Fiorendi ,189 J. Harris,189 S. Higginbotham ,189 T. Holmes ,189 A. R. Kanuganti ,189

N. Karunarathna ,189 J. Lawless,189 L. Lee ,189 E. Nibigira ,189 B. Skipworth,189 S. Spanier ,189 D. Aebi ,190

M. Ahmad ,190 T. Akhter ,190 K. Androsov ,190 A. Bolshov,190 O. Bouhali ,190,oooo R. Eusebi ,190 P. Flanagan ,190

PHYSICAL REVIEW LETTERS 135, 091802 (2025)

091802-14

https://orcid.org/0000-0001-7000-6510
https://orcid.org/0000-0001-7299-7653
https://orcid.org/0000-0002-2617-9315
https://orcid.org/0000-0002-9397-5514
https://orcid.org/0000-0002-0653-0761
https://orcid.org/0000-0003-0463-3043
https://orcid.org/0000-0002-9239-470X
https://orcid.org/0000-0003-0138-3368
https://orcid.org/0000-0001-9040-3468
https://orcid.org/0000-0002-8591-5247
https://orcid.org/0000-0002-5121-2893
https://orcid.org/0000-0002-8141-7769
https://orcid.org/0000-0003-3436-047X
https://orcid.org/0000-0002-5628-7464
https://orcid.org/0000-0003-1150-1735
https://orcid.org/0000-0001-6488-6195
https://orcid.org/0000-0002-3545-7970
https://orcid.org/0000-0002-0941-4512
https://orcid.org/0000-0002-9254-4368
https://orcid.org/0000-0002-2358-2168
https://orcid.org/0000-0001-5311-3007
https://orcid.org/0000-0002-8307-7518
https://orcid.org/0000-0003-3603-9102
https://orcid.org/0000-0002-0286-5070
https://orcid.org/0000-0002-9000-2215
https://orcid.org/0000-0001-5770-5077
https://orcid.org/0000-0002-7349-350X
https://orcid.org/0000-0002-1439-3226
https://orcid.org/0000-0002-3691-8388
https://orcid.org/0000-0001-5967-8674
https://orcid.org/0000-0001-8314-2052
https://orcid.org/0000-0002-0740-2462
https://orcid.org/0000-0001-9652-9854
https://orcid.org/0000-0002-0380-7577
https://orcid.org/0000-0002-5565-3119
https://orcid.org/0000-0001-5924-1130
https://orcid.org/0000-0003-3887-4048
https://orcid.org/0000-0001-7219-4818
https://orcid.org/0000-0003-0419-1329
https://orcid.org/0000-0002-0345-2171
https://orcid.org/0000-0002-4166-4503
https://orcid.org/0000-0002-7672-9709
https://orcid.org/0000-0002-7366-4225
https://orcid.org/0000-0002-9491-6022
https://orcid.org/0000-0003-0505-0528
https://orcid.org/0000-0003-0917-4763
https://orcid.org/0000-0002-5593-7736
https://orcid.org/0000-0003-3783-1361
https://orcid.org/0000-0002-9270-5643
https://orcid.org/0000-0003-0571-163X
https://orcid.org/0000-0002-9449-0666
https://orcid.org/0000-0001-6675-3564
https://orcid.org/0000-0002-8659-7762
https://orcid.org/0000-0002-2253-819X
https://orcid.org/0000-0002-6159-3861
https://orcid.org/0000-0002-1727-656X
https://orcid.org/0000-0003-4282-2515
https://orcid.org/0000-0002-1209-6471
https://orcid.org/0000-0002-0155-7383
https://orcid.org/0000-0001-9235-521X
https://orcid.org/0000-0002-0082-0514
https://orcid.org/0000-0001-8579-5874
https://orcid.org/0000-0002-5476-0414
https://orcid.org/0000-0001-5164-6969
https://orcid.org/0000-0002-5801-5737
https://orcid.org/0000-0003-4548-0346
https://orcid.org/0000-0001-7556-8969
https://orcid.org/0000-0003-4600-0228
https://orcid.org/0000-0001-7947-9007
https://orcid.org/0000-0002-6033-8885
https://orcid.org/0000-0002-7907-1789
https://orcid.org/0000-0003-1889-7824
https://orcid.org/0000-0002-2822-3375
https://orcid.org/0000-0002-9038-5324
https://orcid.org/0000-0002-5842-8566
https://orcid.org/0000-0002-7409-7904
https://orcid.org/0000-0001-6483-7123
https://orcid.org/0000-0002-7967-4635
https://orcid.org/0000-0003-1683-9460
https://orcid.org/0000-0002-6923-293X
https://orcid.org/0000-0003-0785-7552
https://orcid.org/0000-0002-1364-9920
https://orcid.org/0000-0003-2593-7767
https://orcid.org/0000-0003-0664-1653
https://orcid.org/0000-0003-1281-0193
https://orcid.org/0000-0002-0389-5896
https://orcid.org/0000-0003-4282-1969
https://orcid.org/0000-0002-6047-4211
https://orcid.org/0000-0001-7080-1119
https://orcid.org/0000-0002-7312-5854
https://orcid.org/0000-0001-8983-2169
https://orcid.org/0000-0002-1377-9119
https://orcid.org/0009-0002-8849-9469
https://orcid.org/0000-0003-3106-4894
https://orcid.org/0000-0001-8584-9705
https://orcid.org/0000-0002-3074-3767
https://orcid.org/0000-0003-3681-0649
https://orcid.org/0000-0003-4317-4660
https://orcid.org/0000-0002-2700-5085
https://orcid.org/0009-0008-7743-5316
https://orcid.org/0000-0002-1711-2506
https://orcid.org/0000-0002-2640-5941
https://orcid.org/0000-0003-2840-1087
https://orcid.org/0000-0001-6687-6214
https://orcid.org/0000-0001-5051-0293
https://orcid.org/0000-0002-7633-749X
https://orcid.org/0000-0001-8720-293X
https://orcid.org/0000-0001-8835-8282
https://orcid.org/0000-0002-4272-8900
https://orcid.org/0000-0003-4198-8919
https://orcid.org/0009-0001-1326-3956
https://orcid.org/0000-0001-5144-7919
https://orcid.org/0000-0002-5661-4330
https://orcid.org/0000-0003-0068-0395
https://orcid.org/0000-0003-4322-4525
https://orcid.org/0000-0002-9757-470X
https://orcid.org/0000-0002-9542-4847
https://orcid.org/0000-0001-8730-5031
https://orcid.org/0000-0001-6651-5320
https://orcid.org/0000-0002-4042-0785
https://orcid.org/0000-0001-9726-4915
https://orcid.org/0000-0002-7086-7641
https://orcid.org/0000-0001-6551-2769
https://orcid.org/0000-0003-1948-5901
https://orcid.org/0000-0003-3444-0314
https://orcid.org/0000-0002-3913-0326
https://orcid.org/0009-0007-5237-0125
https://orcid.org/0000-0002-2830-6488
https://orcid.org/0000-0002-5185-8504
https://orcid.org/0000-0002-5449-2560
https://orcid.org/0000-0003-4055-6532
https://orcid.org/0000-0002-5666-6499
https://orcid.org/0000-0001-5921-5231
https://orcid.org/0000-0001-6651-1178
https://orcid.org/0000-0002-6417-5913
https://orcid.org/0000-0002-6982-6121
https://orcid.org/0000-0001-5425-723X
https://orcid.org/0000-0002-3931-0845
https://orcid.org/0000-0003-4916-7752
https://orcid.org/0000-0002-3510-6505
https://orcid.org/0009-0000-6580-901X
https://orcid.org/0000-0002-4319-818X
https://orcid.org/0000-0001-5245-2074
https://orcid.org/0000-0002-6999-3931
https://orcid.org/0000-0002-3398-4531
https://orcid.org/0000-0002-9391-2599
https://orcid.org/0000-0003-3163-2169
https://orcid.org/0000-0002-8388-3341
https://orcid.org/0000-0002-9421-3335
https://orcid.org/0000-0002-2019-6755
https://orcid.org/0009-0007-9982-8842
https://orcid.org/0000-0002-2821-7864
https://orcid.org/0000-0002-6477-801X
https://orcid.org/0000-0002-5359-9614
https://orcid.org/0000-0001-7892-1676
https://orcid.org/0000-0002-5588-1760
https://orcid.org/0000-0002-9833-6316
https://orcid.org/0000-0002-2023-2082
https://orcid.org/0000-0002-8377-1999
https://orcid.org/0000-0003-0814-3578
https://orcid.org/0000-0002-5119-6280
https://orcid.org/0000-0002-2593-5297
https://orcid.org/0000-0003-4873-0523
https://orcid.org/0000-0003-2618-3856
https://orcid.org/0000-0001-9115-9698
https://orcid.org/0000-0002-0295-249X
https://orcid.org/0000-0002-4454-3934
https://orcid.org/0000-0002-9779-3566
https://orcid.org/0000-0003-0489-9191
https://orcid.org/0000-0002-6885-3611
https://orcid.org/0000-0001-9983-1004
https://orcid.org/0000-0002-9706-0098
https://orcid.org/0000-0001-6326-7210
https://orcid.org/0000-0003-0049-6918
https://orcid.org/0000-0002-3212-4505
https://orcid.org/0000-0001-6589-8286
https://orcid.org/0000-0002-8821-2045
https://orcid.org/0000-0002-8140-4183
https://orcid.org/0009-0006-3545-1938
https://orcid.org/0000-0001-5592-0785
https://orcid.org/0000-0002-9760-9976
https://orcid.org/0000-0003-0386-0527
https://orcid.org/0000-0002-3151-1386
https://orcid.org/0000-0002-3696-689X
https://orcid.org/0000-0001-8204-6157
https://orcid.org/0000-0001-8460-0019
https://orcid.org/0000-0003-0538-5854
https://orcid.org/0009-0001-5900-5442
https://orcid.org/0000-0002-0477-1051
https://orcid.org/0000-0003-0059-0779
https://orcid.org/0000-0003-1112-5880
https://orcid.org/0000-0003-2663-7379
https://orcid.org/0000-0001-9980-4698
https://orcid.org/0000-0001-7366-1318
https://orcid.org/0000-0002-9776-1935
https://orcid.org/0000-0002-9770-1377
https://orcid.org/0000-0002-5890-0445
https://orcid.org/0000-0001-6830-3356
https://orcid.org/0000-0002-2583-5982
https://orcid.org/0000-0002-9408-4756
https://orcid.org/0000-0002-4922-1934
https://orcid.org/0000-0002-7625-8169
https://orcid.org/0000-0001-8160-0208
https://orcid.org/0000-0002-7795-8693
https://orcid.org/0000-0002-9086-5184
https://orcid.org/0000-0002-5017-1487
https://orcid.org/0000-0002-6395-1079
https://orcid.org/0000-0003-1455-6272
https://orcid.org/0000-0002-9361-5762
https://orcid.org/0000-0001-8944-9629
https://orcid.org/0000-0003-4702-8820
https://orcid.org/0000-0001-6771-2174
https://orcid.org/0000-0002-6356-2655
https://orcid.org/0000-0002-2857-6883
https://orcid.org/0009-0000-7412-4071
https://orcid.org/0000-0003-4802-6819
https://orcid.org/0000-0002-6230-1138
https://orcid.org/0000-0002-9951-4583
https://orcid.org/0000-0003-3068-3212
https://orcid.org/0000-0002-7874-2480
https://orcid.org/0000-0001-9012-395X
https://orcid.org/0000-0002-1418-2154
https://orcid.org/0000-0003-2356-1700
https://orcid.org/0000-0001-6815-1065
https://orcid.org/0000-0002-9266-7819
https://orcid.org/0000-0003-4421-680X
https://orcid.org/0000-0002-8313-0809
https://orcid.org/0000-0003-4668-1203
https://orcid.org/0000-0003-1430-9191
https://orcid.org/0000-0002-5990-4245
https://orcid.org/0000-0001-5728-871X
https://orcid.org/0000-0003-1141-3823
https://orcid.org/0009-0009-1717-0413
https://orcid.org/0000-0001-9861-2942
https://orcid.org/0000-0002-0104-2574
https://orcid.org/0000-0001-5367-1738
https://orcid.org/0000-0001-7740-5637
https://orcid.org/0000-0001-7492-3201
https://orcid.org/0000-0002-6976-4637
https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0002-0793-5664
https://orcid.org/0000-0001-7849-8863
https://orcid.org/0000-0003-4136-3409
https://orcid.org/0009-0001-8169-1020
https://orcid.org/0000-0001-6612-432X
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0009-0009-4040-7407
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0002-6812-761X
https://orcid.org/0000-0003-0409-0341
https://orcid.org/0000-0002-5508-1827
https://orcid.org/0000-0002-7852-167X
https://orcid.org/0000-0002-9842-7015
https://orcid.org/0000-0002-1407-1972
https://orcid.org/0000-0001-7640-5264
https://orcid.org/0009-0001-3714-2489
https://orcid.org/0000-0001-6743-3781
https://orcid.org/0000-0002-5168-2932
https://orcid.org/0000-0001-6315-905X
https://orcid.org/0000-0001-6283-4316
https://orcid.org/0000-0002-6625-8085
https://orcid.org/0000-0002-4871-5449
https://orcid.org/0000-0002-3584-7856
https://orcid.org/0000-0002-2831-463X
https://orcid.org/0000-0002-1494-258X
https://orcid.org/0000-0003-2497-1242
https://orcid.org/0000-0003-0408-7636
https://orcid.org/0000-0002-7366-8090
https://orcid.org/0000-0003-0228-9760
https://orcid.org/0000-0002-2120-2782
https://orcid.org/0000-0003-2110-8021
https://orcid.org/0000-0002-7013-8094
https://orcid.org/0000-0002-4995-9285
https://orcid.org/0000-0002-8856-7401
https://orcid.org/0000-0001-6229-695X
https://orcid.org/0000-0002-1469-0335
https://orcid.org/0000-0001-9325-2175
https://orcid.org/0000-0001-6304-5861
https://orcid.org/0000-0003-1252-6213
https://orcid.org/0000-0003-3273-9419
https://orcid.org/0000-0002-4436-5461
https://orcid.org/0000-0002-3959-5174
https://orcid.org/0000-0002-0789-1200
https://orcid.org/0000-0002-3412-0508
https://orcid.org/0000-0002-5590-335X
https://orcid.org/0000-0001-5821-291X
https://orcid.org/0000-0002-7049-4646
https://orcid.org/0000-0001-7124-6911
https://orcid.org/0000-0001-9933-995X
https://orcid.org/0000-0001-5965-2386
https://orcid.org/0000-0003-2694-6542
https://orcid.org/0000-0001-7139-7322
https://orcid.org/0000-0003-3322-6287
https://orcid.org/0000-0003-1090-8832


J. Gilmore ,190 Y. Guo,190 T. Kamon ,190 H. Kim ,190 S. Luo ,190 R. Mueller ,190 A. Safonov ,190 N. Akchurin ,191

J. Damgov ,191 Y. Feng ,191 N. Gogate ,191 Y. Kazhykarim,191 K. Lamichhane ,191 S. W. Lee ,191 C. Madrid ,191

A. Mankel ,191 T. Peltola ,191 I. Volobouev ,191 E. Appelt ,192 Y. Chen ,192 S. Greene,192 A. Gurrola ,192 W. Johns ,192

R. Kunnawalkam Elayavalli ,192 A. Melo ,192 D. Rathjens ,192 F. Romeo ,192 P. Sheldon ,192 S. Tuo ,192

J. Velkovska ,192 J. Viinikainen ,192 J. Zhang,192 B. Cardwell ,193 H. Chung,193 B. Cox ,193 J. Hakala ,193

R. Hirosky ,193 M. Jose,193 A. Ledovskoy ,193 C. Mantilla ,193 C. Neu ,193 C. Ramón Álvarez ,193 S. Bhattacharya ,194

P. E. Karchin ,194 A. Aravind ,195 S. Banerjee ,195 K. Black ,195 T. Bose ,195 E. Chavez ,195 S. Dasu ,195

P. Everaerts ,195 C. Galloni,195 H. He ,195 M. Herndon ,195 A. Herve ,195 C. K. Koraka ,195 S. Lomte,195

R. Loveless ,195 A. Mallampalli ,195 A. Mohammadi ,195 S. Mondal,195 T. Nelson,195 G. Parida ,195 L. Pétré ,195
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81bUniversità di Genova, Genova, Italy

PHYSICAL REVIEW LETTERS 135, 091802 (2025)

091802-16



82aINFN Sezione di Milano-Bicocca, Milano, Italy
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