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A search for the exclusive hadronic decaysW� → π�γ,W� → K�γ, andW� → ρ�γ is performed using
up to 140 fb−1 of proton-proton collisions recorded with the ATLAS detector at a center-of-mass energy offfiffiffi
s

p ¼ 13 TeV. If observed, these rare processes would provide a unique test bench for the quantum
chromodynamics factorization formalism used to calculate cross sections at colliders. Additionally, at
future colliders, these decays could offer a new way to measure the W boson mass through fully
reconstructed decay products. The search results in the most stringent upper limits to date on the branching
fractions BðW� → π�γÞ < 1.9 × 10−6, BðW� → K�γÞ < 1.7 × 10−6, BðW� → ρ�γÞ < 5.2 × 10−6 at
95% confidence level.
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The W boson predominantly decays hadronically into a
quark-antiquark pair that manifests as a pair of jets. In rare
cases, the quark pair gives rise to one or a few hadrons.
Examples include decays with a mesonM� and a photon in
the final state, of the form W� → M�γ [1,2], and fully
hadronic decays such asW� → π�π∓π� [2]. These decays
offer a unique opportunity to study both the weakly and
strongly coupled regimes of quantum chromodynamics
(QCD) in a single process. In particular, radiative decays
are a test bench for the QCD factorization framework [3–6]
which allows the calculation of cross sections of processes
at hadron colliders through the separation of perturbative
and nonperturbative elements. The importance of these
decays in this context arises from the fact that higher order
corrections constitute small contributions, since they scale
with ΛQCD=mW [1], where ΛQCD denotes the QCD energy
scale. Furthermore, these exclusive decays could be
explored as a new way to measure the W boson mass
[7,8]. The experimental precision of the W boson mass
measurement is currently inferior to that of the standard
model prediction [9]. This measurement has been per-
formed in the past exclusively through leptonic decays of
the W boson (W → lν), with often large systematic
uncertainties associated with the incomplete kinematics
due to the presence of the neutrino. At future colliders
beyond the HL-LHC [10], the aforementioned exclusive

hadronic decays could enable a W boson mass measure-
ment with a fully reconstructed, high resolution final state.
As a result of their importance, there are multiple

theoretical predictions for the branching fractions of these
decays [1,8,11–13]. These span orders of magnitude and
experimental input is required to shed light on this puzzle.
To date, these decays have remained largely unexplored,
and no exclusive hadronic decay of the W boson has been
observed. The most stringent upper limits at 95% con-
fidence level (CL) are BðW� → π�γÞ < 7.0 × 10−6 by the
CDF Collaboration [14], BðW� → D�

s γÞ < 6.5 × 10−4 by
the LHCb Collaboration [15], and BðW� → π�π∓π�Þ <
1.01 × 10−6 by the CMS Collaboration [16]. Upper limits
on W� → π�γ have also been published by the UA2 and
CMS Collaborations [17,18].
This Letter reports a search forW� → π�γ,W� → K�γ,

and W� → ρ�γ. The latter two decays have not been
previously searched for by other experiments. The lead-
ing-order Feynman diagrams representing the three decay
processes are shown in Fig. 1. The most recent predic-
tions for the branching fractions are ð4.0� 0.8Þ × 10−9,
ð3.3� 0.7Þ × 10−10, and ð8.7� 1.9Þ × 10−9, respectively
[1]. The analysis presented here uses up to 140 fb−1 of
proton-proton (pp) collision data at the center-of-mass
energy of

ffiffiffi
s

p ¼ 13 TeV collected by the ATLAS experi-
ment between 2015 and 2018. The analysis is enabled by
novel experimental techniques: a dedicated trigger target-
ing final states with a single hadron, a nonparametric
background modeling method, and the unconventional
use of photon triggers and τ-lepton reconstruction algo-
rithms to target the ρ� → π�π0 decay. In fact, a τ lepton
decays into π�π0, via an intermediate ρ�, 25.5% of the time
[19]. The limited ATLAS particle identification capabilities
for high momentum hadrons do not allow discrimination
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betweenW� → K�γ andW� → π�γ. The two processes are
collectively referred to as W� → π�=K�γ in the following
and distinguished when necessary.
ATLAS [20] is a multipurpose particle detector at the

LHC with cylindrical geometry and a near 4π coverage in
solid angle. It consists of an inner tracking detector
surrounded by a superconducting solenoid, electromag-
netic and hadronic calorimeters, and a muon spectrometer
with three toroidal superconducting magnets. The inner
tracking detector (ID) covers the pseudorapidity range
jηj < 2.5. It consists of silicon pixel, silicon microstrip,
and transition radiation tracking (TRT) detectors. Liquid
Argon (LAr) sampling calorimeters provide electromag-
netic energy measurements with high granularity. A steel
and scintillator tile hadron calorimeter covers the central
pseudorapidity range (jηj < 1.7). The end cap and forward
regions are instrumented with LAr calorimeters for both the
electromagnetic and hadronic energy measurements up to
jηj ¼ 4.9. A two-level trigger system is used to select
events. The first-level trigger, implemented in hardware,
uses a subset of the detector information to accept events at
a rate below 100 kHz. A software-based trigger, part of the
ATLAS software suite [21], further reduces the accepted
event rate to 1 kHz on average.
The main backgrounds are multijet and misreconstructed

Z → eþe− events, in which one electron is mis-
reconstructed as a photon and the other electron is mis-
reconstructed as a meson candidate. Multijet events are
modeled with a data-driven method described in Ref. [22]
and employed in previous ATLAS analyses [23–26].
Monte Carlo (MC) simulation is used to model the
Z → eþe− and signal processes. Events are generated at
next-to-leading order precision in QCD with Powheg Box v1

[27] using the CT10 [28] set of parton distribution
functions (PDFs). The parton shower, hadronization and
underlying event are modeled with PYTHIA8 [29] (version
8.243 for W� → π�γ, 8.244 for W� → K�γ and
W� → ρ�γ, 8.186 for Z → eþe−) configured according
to the AZNLO tune [30] using the CTEQ6L1 PDF set [31].
In W� → Mγ events, the W boson is decayed isotropically
and events are reweighted to match the theoretically
predicted angular distribution [32]. For the W boson

production cross section, the ATLAS measurement of
ð185� 6Þ nb is used [33]. The detector response is
simulated with a GEANT4-based [34] ATLAS framework
[35]. The effect of additional interactions in the same and
neighboring bunch crossings (pileup) is modeled by over-
laying simulated inelastic pp events generated by PYTHIA8

with the A3 tune [36] and the NNPDF2.3lo PDF set [37].
MC events are reweighted so that the distribution of the
average number of interactions per bunch crossing matches
the one in the data. Only events recorded during stable
beam conditions, and for which all relevant components of
the detector were operational, are considered [38].
Two orthogonal event selections are defined, (1) track-

photon, optimized for W� → π�γ and W� → K�γ, recon-
structing the charged meson as a track, and (2) tau-photon,
targeting W� → ρ�γ. In the tau-photon selection, the
meson candidate is reconstructed as a hadronic τ lepton
(τhad) taking into account both the charged and neutral ρ�
meson decay products. The track-photon selection offers
supplementary sensitivity to W� → ρ�γ events that are
partially reconstructed, because the π0 is not explicitly
identified. Two sets of triggers are used to record events: a
track-photon trigger for the track-photon selection and a
diphoton trigger for the tau-photon selection. The track-
photon trigger was derived from τ-lepton triggers [39] and
modified to select W� → π�γ events. This trigger was
activated in 2016 and collected a dataset of 137 fb−1. It
requires a photon with transverse momentum pT >
25 GeV (35 GeV in 20% of the dataset) and one isolated
ID track with pT > 30 GeV associated with a topological
cluster of calorimeter cells [40] with transverse energy
ET > 25 GeV. The invariant mass of the track and photon
is required to be greater than 50 GeVand the ratio between
the energy deposition in the calorimeter matched to the
track and the track transverse momentumET=pT is required
to lie within 0.4 and 0.85 to limit the trigger rate for
background processes. This trigger has 58% efficiency for
selecting W� → π�γ events in the phase space of interest.
While the requirement on ET=pT is efficient for
W� → π�=K�γ, it significantly reduces the acceptance
for W� → ρ�γ events. Consequently, a diphoton trigger
[41] that requires two photons with pT > 35 GeV and
pT > 25 GeV, respectively, is employed to recover sensi-
tivity toW� → ρ�γ events. The diphoton trigger sensitivity
to W� → ρ�γ derives from the production of two colli-
mated photons in the decay chain ρ� → π�π0, π0 → γγ.
The efficiency of this trigger for events selected by the tau-
photon selection requirements is 43%. The pT requirements
of the analysis are mainly driven by the high pT thresholds
of the triggers, which are necessary in order to limit the
high background rate from multijet events.
Tracks are reconstructed from hits in the ID, as described

in Ref. [42], and are required to have pT > 33 GeV and to
be within the acceptance of the ID. Tracks must also satisfy
the “tight primary” quality criteria detailed in Ref. [43], in

FIG. 1. Leading-order Feynman diagrams for the radiative
decays W → Mγ with M ¼ fπ; K; ρg. The fermion lines re-
present quarks, the gray blobs represent the meson bound state.
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order to reject displaced tracks not directly produced in pp
collisions and to reduce backgrounds from random combi-
nations of hits. Furthermore, the sum of transverse
momenta of tracks within a cone of ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δϕ2 þ Δη2

p
¼

0.2, excluding the candidate track, is required to be less
than 14% of its pT, hence imposing low hadronic activity
surrounding the selected meson, and suppressing contri-
butions from tracks associated with jets. The pT and
isolation requirements were optimized for a maximum
significance of W� → π�γ over the multijet background
for the subset of data with a W boson invariant mass
between 75 GeV and 85 GeV.
Photon candidates are reconstructed from variable-size

topological clusters in the LAr calorimeter [44]. Identifi-
cation is performed using a multivariate discriminant
trained on shower shape variables to reject background
from hadronic jets [45]. The “tight” criterion described in
Ref. [45] is used. Photons with jηj > 2.37 are discarded,
since they are outside of the acceptance of the first layer of
the LAr calorimeter, employed in photon-π0 discrimina-
tion. Photon candidates in the transition region between the
barrel and endcap are also excluded, since performance is
degraded in this region due to a substantial amount of
inactive material in front of the active layers of the
calorimeter. In order to be considered for the track-photon
(tau-photon) selection, photons are required to have pT >
30 GeV or pT > 35ð36Þ GeV, depending on the trigger
being used. Both selections reduce contributions from jets
faking photons by requiring that the sum of transverse
energies of calorimeter clusters not associated to the photon
candidate but within a cone of ΔR ¼ 0.4 is less than
2.45 GeVþ 0.022 × pTðγÞ and the sum of transverse
momenta of tracks within a cone of ΔR ¼ 0.2, excluding
possible conversion tracks, is less than 5% of pTðγÞ.
The τhad reconstruction [46,47] considers only visible

decay products and is seeded by jets built by combining
calibrated calorimeter clusters. Charged constituents are
reconstructed by matching tracks within ΔR < 0.2 of the
τhad direction to calorimeter clusters using a particle-flow
approach, while neutral constituents (π0cand) are recon-
structed from clusters surrounding the charged candidates.
Misreconstructed π0cand, arising from π� cluster remnants or
noise, are rejected using a multivariate discriminant. Five
τhad classes are defined according to the number of π� and
π0 and the migration across classes is mitigated by a second
multivariate discriminant. Misreconstructed τhad are sup-
pressed using an identification algorithm based on a
recurrent neural network [48]. τhad objects with exactly
one π� and one π0 as constituents are used to reconstruct
ρ� → π�π0 candidates in the W� → ρ�γ decay. The τhad
reconstruction algorithm is well suited for the prompt ρ�
decay as the latter is indistinguishable from one produced
in the τ decay τ� → ρ�ντ besides a small displacement of
the π track due to the decay length of the τ lepton. The

candidate ρ� meson is required to have pT > 30 GeV. On
average, a ρ� → π�π0 decay will be contained in a
narrower angular cone than a hadronic jet, and as such
the angular distanceΔRτhad is required to be less than 0.065.
Additionally, a requirement of logðjd0j=mmÞ < −1.2,
where d0 stands for the transverse impact parameter of
the track, is used. This ensures that the charged particle
originates from the interaction region, rather than from the
decay of a tau lepton or another long lived particle. The
specific values of the selections were chosen following
simultaneous optimization for the maximum significance
of W� → ρ�γ over the multijet background.
The Z → eþe− background suppression in the track-

photon selection is based on the expected different behavior
between an electron and a charged hadron in terms of the
ratio between the transverse energy deposited in the
hadronic and electromagnetic calorimeters (hadronic leak-
age), and the amount of transition radiation generated in the
TRT. The latter one is used to construct a likelihood
discriminant employed in electron versus charged-hadron
discrimination, which is defined in Ref. [49]. Typically,
electrons are expected to generate larger levels of transition
radiation and to have very low hadronic leakage, compared
to charged hadrons. In the tau-photon selection, the
Z → eþe− background is suppressed by applying require-
ments on the properties of the τhad object and its constitu-
ents. As in the track-photon case, the amount of radiation
produced in the TRT by the τhad track is exploited. τhad
objects with a low value of Eτhad

T =pπ�
T are excluded, since

misreconstructed electrons have, on average, lower Eτhad
T

than ρ� candidates. A multivariate discriminant trained on
τhad calorimeter shower shape variables and track properties
to discriminate between hadronic tau lepton decays and
electrons [50] is employed. Differences in the kinematic
topology between a single electron misreconstructed as a
τhad and a ρ� decay are also exploited. In the case of the
electron, the direction of the τhad object is defined solely by
the electron, and as such the charged track will be closer in
ΔR to the τhad axis. A lower limit is thus imposed onΔRτhad .
The decay products of the signal processes are generated

back-to-back in the laboratory frame. Therefore, in both
selections, events with low ΔϕðM; γÞ are excluded.
Furthermore, in the track-photon selection, if both the
meson and the photon are reconstructed in the end cap
regions, the photon and meson candidates are required to
have ηðMÞ × ηðγÞ ≥ 0. A W boson candidate in the track-
photon selection is formed by the highest pT photon and
meson, while in the tau-photon selection the meson and
photon candidate pair with the largest Δϕ is selected. A
detailed list of the selection criteria used is provided in the
Supplemental Material [51] of this Letter. The track-photon
selection efficiency (including the trigger selection) is 5.0%
for W� → π�γ, 5.5% for W� → K�γ, and 0.5% for
W� → ρ�γ. The higher W� → K�γ efficiency compared
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to W� → π�γ originates from the differences in nuclear
interaction properties for pions and kaonswhich create small
differences for variables used in the trigger selection (mainly
the track ET=pT) and in the Z → eþe− background sup-
pression. The efficiency of the tau-photon selection for
W� → ρ�γ is 0.3%, half that of the track-photon signal
region (SR) selection but compensated by a higher back-
ground rejection. The contribution of W� → π�γ and
W� → K�γ events surviving the tau-photon selection
requirements is negligible, with a number of predicted
events < 10−8 for each process. The contribution ofW� →
τ�ν events is also negligible, suppressed by the requirements
on the photon including its separation from the τhad in the
transverse plane.
The background is dominated by the multijet component,

which is modeled using a nonparametric data-driven tech-
nique [22]. This method models the most important features
of the background in a dataset defined by a relaxed version of
the event selection, the generation region (GR). In the track-
photon selection, the GR is defined by relaxing the require-
ments on the pT and isolation of the track, as well as the
isolation requirements on the photon. In the case of the tau-
photon selection, the GR is constructed by relaxing the
requirements on pTðτhadÞ, ΔRτhad , and logðjd0jÞ of the τhad
track. Data events in the GR are used to construct templates
of the variables needed to describe the kinematics of the
decay products and object properties, such as isolation.
Templates use up to three dimensions to capture the most
relevant correlations across variables.Multijet pseudoevents
are generated by ancestral sampling of the templates. Details
of the sampling sequences employed can be found in the
Supplemental Material [51] of this Letter. Following the
sampling procedure, compound kinematic variables, such as
the W boson invariant mass, can be calculated for each
generated pseudoevent. The process of factorizing the
n-dimensional probability density function of the back-
ground into the product of lower dimension distributions
dilutes the features of resonant contributions, such as the
small Z → eþe− background. These contributions are not
described by themodel and need to be considered separately.
Other resonant processes such as Z → ττ and W=Z → qq
were found to have a negligible impact on the sensitivity.
Possible small contributions from nonresonant background
processes are absorbed by the background modeling
method. The set of produced multijet pseudoevents is
normalized to the number of observed data events in the
GR and it is subject to the full set of selection requirements
which define the signal region (SR). Validation regions
(VRs) are defined by applying only one of the SR require-
ments to events in the GR. Good compatibility is found
between the data and the background prediction in these
VRs, verifying the correct modeling of the most important
correlations in the data sample.
The discriminating variable used to quantify the presence

of signal is the candidate W boson invariant mass. In the

track-photon selection, the shapes of the mðW� → π�γÞ
and mðW� → K�γÞ distributions are modeled with the
same functional form, a sum of two Voigt functions
multiplied by a sigmoidlike efficiency curve obtained by
fitting MC event distributions in the SR. A single Voigt
function is used for mðW� → ρ�γÞ in the tau-photon
selection as no goodness-of-fit improvement is observed
by using two. The efficiency curve describes the
variation of acceptance as a function of the candidate W
boson invariant mass. In the track-photon selection, the
mðW� → ρ�γÞ shape is obtained by smoothing the MC
events with a Gaussian kernel density estimator (KDE).
The resulting W boson mass resolution is 2.7% for
W� → π�=K�γ; 3.1% for W� → ρ�γ in the track-photon
selection, and 2.9% in the tau-photon selection. In both
selections, the multijet and Z → eþe− predictions are also
KDE smoothed.
The presence of a signal is quantified using a binned

maximum likelihood fit. The mass range between 60 GeV
and 110 GeV is used for both selections. The background
normalization is determined in the fit. Systematic uncer-
tainties associated with the shape of the multijet background
are implemented through a moment morphing technique
[52]. Background shape variations are obtained through
modifications of the nominal sampling procedure by shifting
the photon pT and by deforming the ΔϕðM; γÞ distribution.
These effects are propagated to theW boson invariant mass
shape resulting in a shift and a skewness variation, respec-
tively. A third variation is directly obtained through a
multiplicative transformation of the candidate W boson
invariant mass by a linear function. These variations provide
complementary modes of deformation of the nominal back-
ground shape. Each variation is controlled in the fit by a
nuisance parameter. The prefit magnitude of the variation is
chosen to be large enough so that the corresponding
parameters are constrained by the data in the fit. Larger
variations were found to produce compatible results.
In the track-photon category, uncertainties are similar in

size for all three signal processes. The impact of uncer-
tainties in terms of normalization variation is described in
the following. Trigger efficiency calibration uncertainties
are estimated by factorizing the photon and track compo-
nents and amount to 0.6% and 3.6%, respectively. The
uncertainty for the track component of the trigger is derived
by correcting and smearing the leading track ET=pT
according to the results of Ref. [53]. The impact of energy
scale and resolution effects [54] is found to be below 1%.
Sources of uncertainty associated with photon identifica-
tion and isolation efficiencies [55] account for a 2%
normalization variation, and those associated with track
efficiency amount to approximately 1%. The estimated
uncertainty associated with the correction of the pileup
profile in simulated events is 2.2%.
In the tau-photon category, the trigger efficiency uncer-

tainty is 10%, determined by comparing data and simulated
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Z → τðμννÞτhad events selected by a muon-photon
trigger that uses the same photon selection criteria used
by the diphoton trigger chosen for W� → ρ�γ. Energy
resolution and scale uncertainties associated with the
calorimeter response amount to 6%. A 5.5% uncertainty
is associated with pileup modeling. The combined impact
of reconstruction, identification and isolation efficiency
uncertainties for τhad is 13%, and 2% for photons.
In both track-photon and tau-photon categories, signals

are subject to a 3.3%uncertainty associatedwith thepp→W
cross section [33]. The acceptance uncertainty associated
with renormalization and factorization scale variations is
estimated conservatively due to statistical fluctuations as
6.2% in the track-photon SR and 6.5% in the tau-photon SR.
The uncertainty on the integrated luminosity is 0.83% [56].
A simultaneous fit is performed including both

track-photon and tau-photon SRs. The inclusion of both
SRs better constrains the W� → ρ�γ signal strength
parameter. The W� → π�γ and W� → K�γ contributions
in the tau-photon SR are negligible and not included
in the fit. Uncertainties and background normalization
parameters are not correlated across SRs due to the large
difference in phase space, except for those associated with
the W boson production cross section and the integrated
luminosity.
The expected number of W� → π�γ (W� → K�γ)

events in the track-photon SR is 5.0� 0.4 (0.45� 0.04),
assuming the previously quoted branching fraction 4.0 ×

10−9 (3.3 × 10−9) and including both statistical and sys-
tematic uncertainties. The expected number of W� → ρ�γ
events, with a branching fraction of 8.7 × 10−9, is 1.18�
0.10 in the track-photon SR and 0.72� 0.14 in the tau-
photon SR. The result of a signal-plus-background fit is
shown in Fig. 2, with theW� → Mγ contributions overlaid.
The number of observed events is reported in Table I.
No significant excess with respect to the background

prediction is observed in the data. Upper limits obtained
using the asymptotic approximation of the profile like-
lihood test statistic described in Ref. [57] and the modified
frequentist confidence level CLS [58] are reported in
Table II. When computing the W� → π�γ upper limit,
W� → ρ�γ is profiled, and vice-versa. The W� → K�γ

(a) (b)

FIG. 2. Distributions of the candidate W boson invariant mass in the (a) track-photon SR and (b) tau-photon SR. In the top panel data
(black points) are compared to the signal-plus-background model after a fit. TheW� → π�γ andW� → ρ�γ distributions corresponding
to an arbitrarily large branching fraction of 5 × 10−5 are shown overlaid. The lower panel displays the difference between the number of
data and background events. The error bars account only for the statistical uncertainty. The yellow band displays the background
systematic uncertainty.

TABLE I. Number of expected and observed events in the
signal regions extracted from the signal-plus-background fit. All
uncertainties described in the text are included. W� → π�=K�γ
represents the sum of W� → π�γ and W� → K�γ contributions.

Number of events

Track-photon SR Tau-photon SR

Multijet 632 000� 2200 43 200� 600
Z → eþe− 6100� 1500 −200� 400

W� → π�=K�γ 1000� 800 –
W� → ρ�γ −100� 400 −90� 240

Data 638 962 42 918
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upper limit is produced in the same manner, conservatively
replacing W� → π�γ with W� → K�γ. The systematic
uncertainties result in a deterioration of the obtained upper
limit by þ42% for W� → π�γ and W� → K�γ and þ59%

for W� → ρ�γ. The dominant systematic uncertainties are
the ones associated with the modeling of the shape of the
multijet background: the sole inclusion of signal uncer-
tainties degrades the upper limit by þ1% for W� → π�γ
and W� → K�γ and þ6% for W� → ρ�γ. The combined
track-photon and tau-photon fit improves the observed
(expected) upper limit on W� → ρ�γ by 18% (7%)
compared to a tau-photon-only fit. The inclusion of the tau-
photon selection has negligible impact on the W� → π�γ
and W� → K�γ upper limits.
These results improve the previous upper limit on

BðW� → π�γÞ [14] by approximately a factor of 4 and
provide first upper limits on BðW� → K�γÞ and
BðW� → ρ�γÞ. This work provides relevant input for
the design of future collider experiments, where exclusive
hadronic decays of the W boson could potentially be
observed for the first time. Future eþe− colliders are
expected to deliver a clean sample of Oð108Þ WþW−

events [59], which would allow access to the W� → D�
s γ

and W� → π�π∓π� decays according to current SM
predictions [1,2,8,16]. Future hadron colliders are projected
to produce Oð1012Þ W bosons [60], which would translate
to thousands of W� → π�γ and W� → ρ�γ decays and
hundreds of W� → K�γ decays. In both cases, the obser-
vation of these channels poses significant experimental
challenges both in terms of trigger strategy and background
discrimination. Thus, careful detector optimization is
required in order to access these signatures, and exploit
them as a new way to measure the W boson properties and
to probe the QCD factorization formalism. The novel
experimental techniques presented in this Letter are an
initial step towards the observation of these decays in future
facilities, which are currently being planned.
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43bINFN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frascati, Cosenza, Italy
44Physics Department, Southern Methodist University, Dallas, Texas, USA

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

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

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

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

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

54Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany
55II. Physikalisches Institut, Georg-August-Universität Göttingen, Göttingen, Germany
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78bUniversità degli Studi di Trento, Trento, Italy
79Universität Innsbruck, Department of Astro and Particle Physics, Innsbruck, Austria

80University of Iowa, Iowa City, Iowa, USA
81Department of Physics and Astronomy, Iowa State University, Ames, Iowa, USA

82Istinye University, Sariyer, Istanbul, Türkiye
83aDepartamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF), Juiz de Fora, Brazil

83bUniversidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro, Brazil
83cInstituto de Física, Universidade de São Paulo, São Paulo, Brazil

83dRio de Janeiro State University, Rio de Janeiro, Brazil
84KEK, High Energy Accelerator Research Organization, Tsukuba, Japan

85Graduate School of Science, Kobe University, Kobe, Japan
86aAGH University of Krakow, Faculty of Physics and Applied Computer Science, Krakow, Poland

86bMarian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland
87Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland

88Faculty of Science, Kyoto University, Kyoto, Japan
89Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka, Japan

90Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
91Physics Department, Lancaster University, Lancaster, United Kingdom

92Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
93Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics,

University of Ljubljana, Ljubljana, Slovenia
94School of Physics and Astronomy, Queen Mary University of London, London, United Kingdom

PHYSICAL REVIEW LETTERS 133, 161804 (2024)

161804-20



95Department of Physics, Royal Holloway University of London, Egham, United Kingdom
96Department of Physics and Astronomy, University College London, London, United Kingdom

97Louisiana Tech University, Ruston, Louisiana, USA
98Fysiska institutionen, Lunds universitet, Lund, Sweden

99Departamento de Física Teorica C-15 and CIAFF, Universidad Autónoma de Madrid, Madrid, Spain
100Institut für Physik, Universität Mainz, Mainz, Germany

101School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
102CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
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