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 a b s t r a c t

This letter reports the measurement of double parton scattering in same-sign W boson pair production with the 
ATLAS detector. The data set used corresponds to an integrated luminosity of 140 fb−1 of proton–proton collisions 
at a center-of-mass energy of 13 TeV, collected during Run 2 of the Large Hadron Collider. The study is performed 
in final states including two same-charge leptons, electron or muon, missing transverse momentum, and up to 
one jet. An excess of events is observed over the expected background contributions with a significance of 8.8 
standard deviations. The measured fiducial cross section times leptonic branching fraction is 4.59 ± 0.64 fb. The 
measurement corresponds to a double parton scattering effective cross section of 10.6 ± 1.8 mb.

1.  Introduction

Multi-parton interactions (MPI) involving hard interactions of more 
than one pair of incident partons in the same proton–proton (𝑝𝑝) col-
lision have been discussed in theoretical studies since the first days 
of the parton model [1–3]. This was followed by the generalization 
of the Altarelli-Parisi evolution equations to the case of multi-parton 
states [4,5] and theoretical studies of potential correlations in color and 
spin space [6]. Phenomenological studies of MPI in the framework of 
perturbative quantum chromodynamics (QCD) for a variety of processes 
leading to final states such as four leptons, four jets, three jets plus a pho-
ton, or a leptonically decaying gauge boson accompanied by two jets are 
discussed in Refs. [7–15].

The cross sections of the double-parton scattering (DPS) processes, 
where two partons in each proton initiate two separate hard-scattering 
processes, can be estimated by using a factorized ansatz that neglects po-
tential complex correlation effects [12,13]. For a DPS process in which 
a final state A + B is produced at a hadronic center-of-mass energy √𝑠, 
this simplified formalism yields 

𝜎DPSAB = 1
1 + 𝛿AB

𝜎A𝜎B
𝜎eff

, (1)

where 𝜎DPSAB  denotes the DPS cross section and 𝜎A and 𝜎B denote the 
production cross sections of final states A and B in a single parton scat-
tering (SPS), respectively. The quantity 𝛿AB is the Kronecker delta used 
to construct a symmetry factor such that for identical final states with 
identical phase space, the DPS cross section is divided by two. The pa-
rameter 𝜎eff , known as the effective cross section, describes the effective 
overlap of the spatial distribution of partons in the plane perpendicular 
to the direction of motion. Experimental measurements of DPS effects 

1 Authors are listed at the end of this paper.

in hadron collisions at different center-of-mass energies from 63 GeV
to 8 TeV yield typical values of 𝜎eff  ranging from about 10 mb at the 
lowest energy to 25 mb [16–40].

The study of DPS events is crucial for fully understanding the in-
ternal structure of the colliding hadrons, including the correlation ef-
fects among the partons that are neglected in the simplified approach 
of Eq. (1). Recent theoretical developments [41–45] have introduced 
non-factorized double parton distribution functions including perturba-
tive splittings with impact parameter dependence. The high energy and 
high integrated luminosity available at the Large Hadron Collider [46] 
(LHC) offers the possibility to further study these interactions in a vari-
ety of processes.

This letter presents the measurement of DPS production of same-sign 
𝑊  boson pairs (𝑊 ±𝑊 ±) with the ATLAS detector. Observation of the 
DPS 𝑊 ±𝑊 ± production at 13 TeV with a significance greater than 5 
standard deviations was reported by the CMS Collaboration [47]. The 
𝑊 ±𝑊 ± process is a promising channel to study DPS [48,49] compared 
to opposite-sign 𝑊 ±𝑊 ∓ because of the smaller background contribution 
from the production of SPS 𝑊 ±𝑊 ±. The SPS 𝑊 ±𝑊 ± process can indeed 
be suppressed by selections as two additional partons are needed in the 
final state at the leading-order (LO) accuracy to produce same-sign W 
bosons, as seen in Fig. 1.

The measurement is performed in the leptonic decay modes 
𝑊 ±𝑊 ± → 𝓁±𝜈𝓁′±𝜈, where both 𝑊  bosons decay into electrons or 
muons, 𝓁,𝓁′ = e, 𝜇. A set of 𝑝𝑝 collision data events collected by the 
ATLAS detector between 2015 and 2018 at √𝑠 = 13 TeV is used. The 
dataset corresponds to an integrated luminosity of 140 fb−1 [50,51] 
with a relative uncertainty of 0.83%. Candidate events contain two 
same charge leptons, moderate missing transverse momentum, and at 
most one jet. As discussed above, the contribution of the SPS 𝑊 ±𝑊 ±
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Fig. 1. Representative Feynman diagrams of 𝑊 +𝑊 + process produced via (a) DPS and (b) SPS.

background process is not significant after the requirement on the num-
ber of jets. The leading Standard Model (SM) background process is the 
production of 𝑊𝑍∕𝛾∗ boson pairs (referred to as 𝑊𝑍). It contributes 
when the lepton from the 𝑍 boson decay, having an opposite sign to 
that of the 𝑊  boson, is not detected, typically because it is outside of 
the geometrical and kinematical acceptances of the detector. Its con-
tribution is estimated using Monte Carlo (MC) simulated events, with 
the normalization constrained in a dedicated signal-depleted control re-
gion (CR). Data-driven techniques, assisted by MC simulation, are used 
to estimate backgrounds including electrons or muons not originating 
from the prompt decay of particles such as 𝑊  or 𝑍 bosons (referred 
to as non-prompt leptons) and backgrounds including electron charge 
misidentification. Background events from the production of two over-
lapping same-sign 𝑊  bosons originating from separate 𝑝𝑝 interactions 
within the same bunch crossing are also considered. Other smaller back-
grounds, including contributions mainly from the 𝑉 𝛾 (𝑉 = 𝑊 ,𝑍∕𝛾∗), 
SPS 𝑊 ±𝑊 ±, 𝑍𝑍, and top quark processes, are estimated using MC sim-
ulation.

2.  ATLAS detector

The ATLAS experiment [52] at the LHC is a multipurpose particle de-
tector with a forward–backward symmetric cylindrical geometry and a 
near 4𝜋 coverage in solid angle.2 It consists of an inner tracking detector 
(ID) surrounded by a thin superconducting solenoid providing a 2 T axial 
magnetic field, electromagnetic and hadronic calorimeters, and a muon 
spectrometer. The ID covers the pseudorapidity range |𝜂| < 2.5. It con-
sists of silicon pixel, silicon microstrip, and transition radiation tracking 
detectors. Lead/liquid-argon (LAr) sampling calorimeters provide elec-
tromagnetic (EM) energy measurements with high granularity within 
the region |𝜂| < 3.2. A steel/scintillator-tile hadronic calorimeter covers 
the central pseudorapidity range (|𝜂| < 1.7). The endcap and forward 
regions are instrumented with LAr calorimeters for EM and hadronic 
energy measurements up to |𝜂| = 4.9. The muon spectrometer (MS) sur-
rounds the calorimeters and is based on three large superconducting 
air-core toroidal magnets with eight coils each. The MS includes a sys-

2 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the center of the detector and the 𝑧-axis along the beam 
pipe. The 𝑥-axis points from the IP to the center of the LHC ring, and the 𝑦-axis 
points upwards. Polar coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙 being 
the azimuthal angle around the 𝑧-axis. The pseudorapidity is defined in terms of 
the polar angle 𝜃 as 𝜂 = − ln tan(𝜃∕2) and is equal to the rapidity 𝑦 = 1

2
ln
(

𝐸+𝑝𝑧
𝐸−𝑝𝑧

)

in the relativistic limit. Transverse momentum (𝑝T) is defined relative to the 
beam axis and is calculated as 𝑝𝑇 = 𝑝 sin 𝜃 where 𝑝 is the momentum. Angular 
distance is measured in units of Δ𝑅 ≡

√

(Δ𝑦)2 + (Δ𝜙)2.

tem of precision tracking chambers up to |𝜂| = 2.7 and fast detectors 
for triggering up to |𝜂| = 2.4. The luminosity is measured mainly by the 
LUCID–2 [51] detector, which is located close to the beampipe. A two-
level trigger system is used to select events [53]. The first-level trigger 
is implemented in hardware and uses a subset of the detector informa-
tion to accept events at a rate close to 100 kHz. This is followed by a 
software-based trigger that reduces the accepted rate of complete events 
to 1.25 kHz on average depending on the data-taking conditions. A soft-
ware suite [54] is used in data simulation, in the reconstruction and 
analysis of real and simulated data, in detector operations, and in the 
trigger and data acquisition systems of the experiment.

3.  Event simulation

MC simulated event samples are used to model the signal DPS 
𝑊 ±𝑊 ± process as well as other background processes. Simulated events 
are processed through the ATLAS simulation infrastructure [55] using
Geant4 [56]. The effect of additional 𝑝𝑝 interactions per bunch cross-
ing (pileup) is accounted for by overlaying the hard-scattering process 
with Poisson-distributed minimum-bias events generated with Pythia
[8.186] [57] using the NNPDF2.3lo set of parton distribution func-
tions (PDF) [58] and the A3 set of tuned parameters [59]. Different 
pileup conditions between data and simulation are taken into account by 
reweighting the mean number of interactions per bunch crossing in sim-
ulation to the number observed in data. The EvtGen  1.7.0 program [60] 
was used to model the decays of bottom and charm hadrons. All simu-
lated samples are processed through the same reconstruction algorithms 
and analysis chain as the data.

The DPS 𝑊 ±𝑊 ± production is simulated at LO using the Pythia
[8.307] [61] generator with the A14 [62] set of tuned parame-
ters used for the parton shower. The NNPDF2.3lo PDF set is used. 
An alternative signal sample is simulated at LO with the Herwig
[7.2.13] [63,64] generator using the default Herwig tune and the 
NNPDF3.0lo PDF set [65]. Differences in the shapes of the signal
distributions predicted by the Pythia and Herwig samples are consid-
ered as an uncertainty.

Detailed information about the simulation of the background pro-
cesses can be found in Ref. [66]. A brief description is given below. The 
NNPDF3.0 [65] PDF sets are used in all matrix element calculations. 
The 𝑊𝑍 process, where both the 𝑊  and 𝑍 bosons decay leptonically, 
is simulated with the Sherpa [2.2.12] generator [67] using matrix el-
ements that contain all diagrams with four electroweak (EW) vertices. 
This process is calculated for up to one additional parton at next-to-LO 
(NLO) in perturbative QCD and up to three additional partons at LO 
using Comix [68] and OpenLoops [69], and merged with the Sherpa
parton shower based on the Catani–Seymour dipole factorization [70]. 
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The 𝑊𝑍 production in association with two jets involving only EW ver-
tices as well as the interference between the EW and strong contribu-
tions are simulated using MadGraph5_aMC@NLO [2.6.2] [71] at LO 
interfaced to Pythia [8.235] [72] for modeling the parton shower in 
the dipole recoil scheme [73].

The production of the SPS 𝑊 ±𝑊 ± processes at LO has contributions 
both from processes that involve only EW interaction vertices, referred 
to as EW 𝑊 ±𝑊 ± and from processes that involve strong interaction 
vertices, referred to as QCD 𝑊 ±𝑊 ±. The SPS 𝑊 ±𝑊 ± contributions are 
simulated with MadGraph5_aMC@NLO [2.6.7] at LO. The samples cor-
responding to the EW 𝑊 ±𝑊 ± production and decay are simulated with 
diagrams including exactly six orders of the EW coupling [66]. The sim-
ulation of the QCD 𝑊 ±𝑊 ± process and the interference between EW 
and QCD contributions includes diagrams with exactly four and five EW 
vertices, respectively.

The diboson 𝑍𝑍 production is simulated using the Sherpa [2.2.2] 
generator. The 𝑊 𝛾 and 𝑍𝛾 processes are simulated with Sherpa
[2.2.11] with all off-shell contributions included. The NLO matrix el-
ements with up to one additional parton and LO matrix elements 
with up to three partons are merged with the parton shower using an 
MEPS@NLO merging scale [74–77] of 𝑄 = 20 GeV.

Additional samples are used to model minor backgrounds. The pro-
duction of ̄𝑡𝑡𝑉  and tZq events are simulated at NLO and LO in QCD, 
respectively, using the MadGraph5_aMC@NLO [2.3.3] generator inter-
faced to Pythia [8.210] for parton showering. The production of 𝑡𝑡 and 
single-top-quark events is simulated using the PowhegBoxv2  [78–81] 
generator at NLO in QCD and the production of 𝑉 +jets events [82] is 
simulated with the MadGraph5_aMC@NLO [2.3.2] generator. Pythia
[8.230] with the A14 set of tuned parameters is used for the parton 
shower. The production of triboson (𝑉 𝑉 𝑉 ) events is simulated with the
Sherpa [2.2.2] generator, accurate at NLO in QCD for the inclusive pro-
cess and at LO for up to two additional parton emissions, using factorized 
gauge-boson decays. These background samples are normalized to the 
highest-order theory predictions available as described in Ref. [66].

4.  Object reconstruction and event selection

Events are selected online by a set of single-electron [83] or single-
muon triggers [84], with lepton 𝑝T lowest thresholds ranging from 20 
to 26 GeV, depending on the lepton flavor and data-taking period. Only 
data taken from stable beam collisions that satisfy a standard set of data-
quality requirements, ensuring that all the ATLAS subdetectors were 
functioning correctly, are considered [85]. Events are required to have 
at least one collision vertex reconstructed from at least two ID tracks 
with 𝑝T > 500 MeV. For events with several collision vertices, the one 
with the largest sum of the squared transverse momenta of the associ-
ated tracks is taken as the hard-scatter vertex [86].

Electrons are reconstructed from isolated electromagnetic calorime-
ter clusters, which are matched to tracks in the ID [87]. “Baseline” elec-
trons are required to satisfy a likelihood-based identification criterion 
with 𝑝T > 4.5 GeV and |𝜂| < 2.47 with an average efficiency of 93%, 
referred to as “Loose” working point in Ref. [87]. The electrons must 
be outside the barrel/endcap transition region (1.37 < |𝜂| < 1.52) of the 
calorimeter. The transverse impact parameter significance3 is required 
to satisfy |𝑑0|∕𝜎(𝑑0) < 5. The longitudinal impact parameter4 is required 
to satisfy |𝑧0 sin(𝜃)| < 0.5 mm. “Signal” electrons have the same require-
ments as baseline electrons but with 𝑝T > 27 GeV and must addition-
ally satisfy a more restrictive (“Tight”) likelihood-based identification 

3 The transverse impact parameter significance is defined as |𝑑0|∕𝜎(𝑑0), where 
𝑑0 is the distance of closest approach of the 𝑒 or 𝜇 track to the 𝑧-axis in the 
transverse plane and 𝜎(𝑑0) is its uncertainty.
4 The longitudinal impact parameter is equal to |𝑧0 sin 𝜃|, where 𝑧0 is the dif-

ference between the value of the 𝑧 coordinate of the point on the track at which 
𝑑0 is defined, and the longitudinal position of the primary vertex.

with an average efficiency of 80% and “Gradient” isolation require-
ments [87]. A charge selector tool based on boosted decision trees uses 
shower shape and track-to-cluster matching variables [87] to reject elec-
tron candidates where the charge is likely misidentified. “Background” 
electrons, used to estimate the background processes with non-prompt 
electrons, are required to pass “Medium” likelihood-based identifica-
tion with an average efficiency of 88% [87], with no requirements on 
the isolation criteria. Background electrons are required to fail the sig-
nal electron selection criteria to ensure that the samples of signal and 
background electrons are statistically independent.

Muons are reconstructed [88] from tracks in the MS, matched 
to a corresponding track in the ID where possible. Baseline muons 
are required to have 𝑝T > 3 GeV and |𝜂| < 2.7 with |𝑑0|∕𝜎(𝑑0) < 15
and |𝑧0 sin(𝜃)| < 1.5 mm. Baseline muon candidates must satisfy the 
“Loose” cut-based identification criteria with an average efficiency of 
99% [88]. Signal muons must satisfy a more restrictive identifica-
tion criteria (“Medium”) with an average efficiency of 97% with the 
“PflowTight” isolation requirement [88]. The signal muons must have 
𝑝T > 27 GeV and are restricted to the range |𝜂| < 2.5 with |𝑑0|∕𝜎(𝑑0) <
3 and |𝑧0 sin(𝜃)| < 0.5 mm. The isolation requirement for background 
muons, used to estimate the background processes with non-prompt 
muons, is changed to a less restrictive working point (‘PflowLoose’), with 
an efficiency of 99%, with |𝑑0|∕𝜎(𝑑0) < 10 [88]. Background muons are 
required to fail the signal muon selection to ensure that the samples of 
signal and background muons are statistically independent. The muon 
charge misidentification rate is found to be negligible [89].

Jets are reconstructed using the anti-𝑘𝑡 algorithm [90,91], with a 
radius parameter of 𝑅 = 0.4, using particle-flow objects [92] as inputs. 
Contamination from jets originating from pileup is reduced by using the 
jet-vertex-tagger algorithm [93]. The jets are calibrated as described 
in Ref. [94] and required to have 𝑝T > 30 GeV and |𝜂| ≤ 4.5. In order 
to suppress contributions from background processes that involve top 
quarks or leptonic 𝑏-hadron decays, the DL1r classification algorithm 
based on recurrent neural networks [95] is used to identify jets origi-
nating from 𝑏-quarks, referred to as “𝑏-jets”. The 𝑏-jets with 𝑝T > 20 GeV
and |𝜂| < 2.5 have an identification efficiency of 85% in 𝑡𝑡 events with 
an expected rejection factor (defined as the inverse of the efficiency) 
of about 40 for light-flavor jets, and about 2.9 for jets originating from 
charm quarks [96–98].

An object overlap removal procedure is applied to baseline leptons 
and jets to avoid ambiguities in detector reconstruction. This procedure 
prevents cases where the detector response to a single physical object 
is reconstructed as two different final state objects. First, this proce-
dure removes any electron if it shares an ID track with another higher 
𝑝T electron. Second, electrons sharing their tracks with a muon candi-
date are removed. Third, a jet is removed if it overlaps with an electron 
within a Δ𝑅 distance of 0.2, unless it is a 𝑏-jet and the electron 𝑝T is 
below 100 GeV, in which case the electron is removed, and any elec-
trons within Δ𝑅 = 0.4 of a remaining jet are removed. Any jet that is 
within Δ𝑅 = 0.2 of a muon and has less than three associated tracks is 
removed, unless it is a 𝑏-jet. Lastly, the remaining muons are removed 
if their track is within Δ𝑅 = 0.4 of a remaining jet.

The missing transverse momentum, with magnitude 𝐸miss
T , is calcu-

lated from the negative vector sum of the transverse momenta of all of 
the selected and calibrated objects in the event including a track-based 
soft term [99].

Candidate events in the signal region (SR) are required to have a 
same-sign signal lepton pair, with an invariant mass 𝑚𝓁𝓁 greater than 
20 GeV to reduce the non-prompt lepton background contribution. One 
of the leptons must be matched to the lepton that fired a single-lepton 
trigger. Events with an additional baseline muon or electron are vetoed 
to reduce the contributions from the 𝑊𝑍 and 𝑍𝑍 background processes. 
Events with 𝑏-jets are discarded, reducing the non-prompt lepton back-
ground and signal contributions by 36% and 4%, respectively. The 𝐸miss

T
must be larger than 30 GeV to exploit the presence of neutrinos in the 
final state and to reduce the contribution of 𝑍∕𝛾∗ → 𝑒𝑒 events where the 
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Fig. 2. Distributions of (a and c) 𝑝𝓁1T  and (b and d) |Δ𝜂𝓁𝓁 | in the SR (a and b) 0−jet category and (c and d) 1−jet category for the DPS 𝑊 ±𝑊 ±, SPS 𝑊 ±𝑊 ±, and 𝑊𝑍
processes. The error bars represent the statistical uncertainties due to the limited number of simulated events.

charge of the electron is misidentified. For the 𝑒𝑒 final state, both elec-
trons are required to be in the barrel region with |𝜂| < 1.37, to further 
reduce backgrounds with electron charge misidentification. In addition, 
if a third baseline lepton does not pass the overlap removal requirement, 
but the 𝑚𝓁𝓁 of a same-flavor opposite-charge signal lepton and the third 
lepton is compatible with the 𝑍 boson mass, |𝑚𝓁𝓁 − 𝑚𝑍 | < 15 GeV, the 
event is also rejected. Events with two or more selected jets are vetoed 
to suppress the contribution of the SPS 𝑊 ±𝑊 ± background.

The normalization of the 𝑊𝑍 process is constrained in a dedicated 
signal-depleted CR defined closely following the SR selection but requir-
ing three charged leptons in the final state, two of which have opposite 
charge in order to be compatible with a 𝑍 boson decay. The third lep-
ton is required to satisfy 𝑝T > 15 GeV. Events containing a fourth base-
line electron or muon are removed to reject events from the 𝑍𝑍 back-
ground process. The trilepton invariant mass is required to be greater 
than 106 GeV.

5.  Analysis strategy

The predicted DPS 𝑊 ±𝑊 ± contribution changes significantly de-
pending on the number of exclusive jets in the SR. Therefore, the events 
in the SR are categorized according to the number of jets in the final 
state, in exclusive 0−jet and 1−jet categories, where the expected signal 
contribution in the 0−jet category is approximately 70% of the overall 
expected signal yield. The composition of the non-prompt and charge 
misidentification background processes is lepton-𝑝T and flavor depen-
dent. The SR in each jet category is further split into four categories 
depending on the flavors of the leading- and subleading-𝑝T leptons: 𝑒𝑒, 

𝑒𝜇, 𝜇𝑒, 𝜇𝜇, to explore the different signal-to-background ratios and to 
enable better constraint on the background uncertainties.

To extract the DPS 𝑊 ±𝑊 ± production, two independent deep neural 
networks (DNNs) are trained on MC simulated events in the 0−jet and 
1−jet categories, aiming to separate the DPS signal from the dominant 
𝑊𝑍 background process. Dedicated optimizations of the model struc-
tures and hyperparameters are performed for each DNN with 3 hidden 
layers and up to 127 neurons in the first layer. The kinematic variables 
showing the best discrimination, evaluated by removing each variable 
and retraining the network, are retained. The variable importance is 
also evaluated with the SHAP framework [100]. Only lepton kinematic 
variables are considered to avoid potential biases in the modeling of jet-
related variables, as the LO DPS 𝑊 ±𝑊 ± MC simulation models jets via 
parton showering. Eight such kinematic variables are retained from a 
larger set as summarized in Table 1. The 𝑝𝓁1T  and |Δ𝜂𝓁𝓁| variables pro-
vide the strongest discrimination for the signal DNNs. The simulated 
distributions of these variables in the SR 0−jet and 1−jet categories for 
the DPS 𝑊 ±𝑊 ±, SPS 𝑊 ±𝑊 ±, and 𝑊𝑍 processes are shown in Fig. 2.

The non-prompt background contribution, where either a hadron or 
a lepton from a hadron decay satisfies the signal lepton selection crite-
ria, is estimated using the data-driven fake-factor method [101]. Fake 
factors are determined as functions of electron or muon 𝑝T and 𝜂 in a 
dedicated region enriched in non-prompt leptons. This region is selected 
from collision data by requiring events in which jets recoil against a non-
prompt lepton candidates [66]. A back-to-back topology between the jet 
and lepton is enforced by imposing a minimum azimuthal angle sepa-
ration between the lepton and the jet, Δ𝜙𝓁𝑗 > 2.8. Contributions from 
prompt leptons produced in 𝑊 , 𝑍, or top-quark decays, as well as from 
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Fig. 3. Distributions of the DNN scores in the SR for each four dilepton final states in the (a) 0−jet and (b) 1−jet categories. The predicted yields are shown with their 
best-fit normalization and shape. The shaded area surrounding the expectation represents the total uncertainties in the predicted yields. The ratios of the observed 
yields to the total background predictions are shown by the points in the bottom panels. The solid line in the bottom panel represents the signal-to-background 
ratio (1+S/B). The shaded area in the bottom panels represents the relative uncertainties in the predicted yields. The “Other” category in the legend combines SPS 
𝑊 ±𝑊 ±, 𝑍𝑍, 𝑉 𝑉 𝑉 , top quark, and pileup background processes.

photon conversions in 𝛾+jet events, are subtracted in this region using 
MC simulation. The region is designed to closely match the composition 
of non-prompt lepton sources present in the SR, ensuring the validity of 
the fake factors when estimating the background contribution in the SR. 
The fake factors for electrons and muons are evaluated independently as 
the ratio of events where the non-prompt lepton passes the signal lepton 
selection to those where it passes the background lepton selection. The 
final estimate of the non-prompt background in the SR is obtained by 
re-scaling data from the same SR event selection but with background 
leptons by the corresponding fake factors [101].

Another significant background source arises from opposite-sign lep-
ton pair events in which one of the two lepton charges has been misiden-
tified. This effect is more prevalent for electrons due to bremsstrahlung 
radiation followed by electron–positron pair production. This back-
ground, referred to as charge flip, is estimated by re-weighting opposite-
sign events in data with a factor representing the probability of charge 
misidentification in electrons [87]. The charge misidentification rate is 
determined as a function of electron 𝑝T and 𝜂, using simulated 𝑍 → 𝑒+𝑒−

events that are corrected to match the misidentification rate in data 
through dedicated scale factors [66]. The uncertainty in this background 
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Fig. 4. Post-fit distributions of (a) 𝑝𝓁1T , (b) |Δ𝜂𝓁𝓁 |, (c) 𝑚𝓁𝓁 , and (d) Δ𝜙𝓁𝓁 in the 0−jet category in a region with the signal DNN score greater than 0.5. The distributions 
for the combined four dilepton final states are shown. The predicted yields are shown with their best-fit normalization and shape. The shaded area around the 
expectation represents the total uncertainty in the predicted yields. The ratios of the observed yields to the total predictions are shown by the points in the bottom 
panels. The “Other” category in the legend combines SPS 𝑊 ±𝑊 ±, 𝑍𝑍, 𝑉 𝑉 𝑉 , top quark, and pileup background processes.

contribution is 40%, mainly driven by uncertainties in the scale fac-
tors used to calibrate the charge-selector tool, which are derived from 
𝑍 → 𝑒+𝑒− events [87].

The background from 𝓁𝛾 events, where the prompt photon 𝛾 is 
misidentified as an electron, is modeled using the 𝑊 𝛾 simulated sam-
ple, and is further suppressed by the electron charge-selector tool. This 
background is assigned an overall normalization uncertainty of 40%, 
motivated by the scale factor uncertainties of the charge-selector tool, 
following the approach used in Ref. [102]. The small contributions of 
prompt lepton backgrounds from the SPS 𝑊 ±𝑊 ±, 𝑍𝑍, 𝑉 𝑉 𝑉 , and top 
quark processes are modeled using MC samples.

The contribution to the signal yield from the production of two over-
lapping same-sign 𝑊  bosons originating from separate 𝑝𝑝 interactions 
within the same bunch crossing, referred to as pileup background, is 
largely reduced by the requirements on |𝑧0 sin(𝜃)|. This background con-
tribution is estimated using a toy study based on the average number 
of 𝑝𝑝 interactions per bunch crossing, the longitudinal size of the beam 

spot, and the number of expected 𝑊 + and 𝑊 − events in the fiducial 
region, following the method described in Ref. [103]. The resulting con-
tribution in the SR is estimated to be approximately 4.5% of the total 
signal yield. A signal template normalized to this contribution is used 
to model this background, which constitutes less than 1% of the total 
background in the SR. Further reduction of this background by an appli-
cation of a more restrictive requirement on |𝑧0 sin(𝜃)| is not considered 
as the contribution is sufficiently small.

Systematic uncertainties in this measurement arise from experimen-
tal and theory sources. The results are driven by the statistical uncer-
tainty of the data in the SR and none of the considered systematic un-
certainties have a significant impact on the sensitivity of this result. 
Experimental systematic uncertainties are related to the trigger, lepton 
reconstruction, identification and isolation efficiencies [87,88], lepton 
energy (momentum) scale and resolution [87,88], jet energy scale and 
resolution [94], 𝑏-jet identification [96], modeling of 𝐸miss

T  [99], and in-
tegrated luminosity [50,51]. The uncertainty in the pileup reweighting 
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Table 1 
Lepton kinematic variables used in the training and optimization of the 
DNNs.

Description  Variable
𝑝T of the leading lepton 𝑝𝓁1T
𝑝T of the subleading lepton 𝑝𝓁2T
Invariant mass of the dilepton system 𝑚𝓁𝓁

Pseudorapidity of the dilepton system 𝜂𝓁𝓁
Difference in azimuthal angle between the leading and subleading 
leptons

Δ𝜙𝓁𝓁

Difference in pseudorapidity between the leading and subleading 
leptons

|Δ𝜂𝓁𝓁 |

Distance Δ𝑅 between the leading and subleading leptons Δ𝑅𝓁𝓁

Difference in azimuthal angle between the missing transverse 
momentum and subleading lepton

Δ𝜙𝓁2 ,𝐸miss
T

procedure is considered by varying the average number of 𝑝𝑝 collisions 
in simulated events to cover the uncertainty in the measured inelastic 𝑝𝑝
cross-section [104]. The uncertainties related to the non-prompt lepton 
background is studied in detail. Three sources of systematic uncertainty 
are considered including the statistical error on the fake factors, uncer-
tainties in the composition of the fake factor CR obtained by varying the 
𝑏-jet requirement in this region, and uncertainties related to the prompt 
lepton contribution in the fake-factor CR [66]. Uncertainties in the data-
driven charge flip background are described in Ref. [87]. The theory 
uncertainties in the physics modeling of the background processes are 
estimated by varying the factorization and renormalization scales, the 
strong coupling constant 𝛼𝑆 , and the choice of the PDF [105]. The the-
ory uncertainties in the modeling of the DPS 𝑊 ±𝑊 ± signal include scale 

variations and an uncertainty related to the difference in the shapes of 
the signal distributions predicted by the Pythia and Herwig samples. 
The systematic uncertainties with the largest impact on the result are 
related to the jet and 𝐸miss

T  scale and resolution and the non-prompt 
lepton background estimation.

6.  Results

A binned maximum-likelihood fit is performed for the DPS 𝑊 ±𝑊 ±

process using the DNN score distributions in the 0−jet and 1−jet cate-
gories. The DNN score boundaries are chosen independently in the two 
exclusive jet categories to maximize the expected significance of the DPS 
𝑊 ±𝑊 ± process. The total number of events in the 𝑊𝑍 CR and the four 
dilepton final states in the SR are fitted simultaneously in the two exclu-
sive jet categories with the DPS 𝑊 ±𝑊 ± normalization and the two nor-
malizations of the 𝑊𝑍 production (in association with 0−jet and 1−jet) 
kept as floating parameters. The 𝑊𝑍 production cross section is scaled 
based on jet multiplicity at particle level. This procedure accounts for 
possible different effects in the SR and 𝑊𝑍 CR of the bin-to-bin migra-
tion between the reconstructed and particle level distributions. Contri-
butions of DPS 𝑊 ±𝑊 ± events with 𝜏-leptons from at least one of the 𝑊
boson decays, with the 𝜏-lepton decaying leptonically to an electron or a 
muon, are scaled with the DPS 𝑊 ±𝑊 ± normalization assuming lepton 
universality in 𝑊  decays and correspond to approximately 5% of the 
total signal yield in the SR. The systematic uncertainties are included as 
nuisance parameters [106] with Gaussian priors. The nuisance param-
eters are adjusted in the fit with the shape and normalization of each 
distribution varying within the specified constraints.

Fig. 5. Summary of measurements and limits on 𝜎eff , determined in different experiments [16–40], sorted chronologically. The measurements that were made by 
different experiments are denoted by different symbols and colors. The inner error bars represent statistical uncertainties and the outer error bars correspond to the 
total uncertainty. Dashed arrows indicate lower limits. Lines with arrows on both ends represent ranges of the 𝜎eff  values, determined within a single publication. 
In the case of the double 𝐽∕𝜓 measurement by LHCb [40], the dashed line denotes the upper and lower uncertainties. The AFS measurement of 𝜎eff = 5mb at 
√

𝑠 = 63 GeV [25] was published without uncertainties and is not included in the plot.
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Table 2 
Post-fit expected signal and background yields and observed data events in 
the SR 0−jet category. The yields are shown for the four dilepton final states. 
The total uncertainties in the predicted yields are shown. The uncertainties in 
the “Combined” result take into account correlations of systematic uncertain-
ties across the final states. The “Other” category in the legend combines SPS 
𝑊 ±𝑊 ±, 𝑍𝑍, 𝑉 𝑉 𝑉 , top quark, and pileup background processes.
 Process 𝑒𝑒 𝑒𝜇 𝜇𝑒 𝜇𝜇  Combined
 DPS 𝑊 ±𝑊 ±  13.7±2.0  68±9  66±9  90±12  237±32
𝑊𝑍  48.9±2.9  288±12  221±9  409±13  968  ±  31
 Non-prompt  78±10  204±15  248±18  108±14  640±50
 Charge flip  43±10  39±6  13.0±1.9  —  95±17
𝑉 𝛾  20±5  70±15  107±23  —  200±40
 Other  5.6±0.8  18.7±2.5  14.8±1.8  31±5  71±9
 Total  209±10  688±17  670±19  639±17  2210±40
 Data  201  716  665  612  2194

Table 3 
Post-fit expected signal and background yields and observed data events in 
the SR 1−jet category. The yields are shown for the four dilepton final states. 
The total uncertainties in the predicted yields are shown. The uncertainties 
in the “Combined” result take into account correlations of systematic uncer-
tainties across the final states. The “Other” category combines SPS 𝑊 ±𝑊 ±, 
𝑍𝑍, 𝑉 𝑉 𝑉 , top quark, and pileup background processes.
 Process 𝑒𝑒 𝑒𝜇 𝜇𝑒 𝜇𝜇  Combined
 DPS 𝑊 ±𝑊 ±  4.8±0.8  26±4  25±4  35±5  91±14
𝑊𝑍  84±4  337±12  265±10  275±11  959±33
 Non-prompt  79±10  257±19  271±19  152±19  760±60
 Charge flip  65±15  49±7  14.5±2.1  —  128±24
𝑉 𝛾  18±4  73±17  84±18  —  170±40
 Other  17.8±1.4  63±5  54±4  64±4  199±14
 Total  269±13  806±18  714±18  525±17  2310±40
 Data  262  860  711  513  2346

The particle level jets used for the jet multiplicity normalization of 
the 𝑊𝑍 process are reconstructed from stable particles with a lifetime of 
𝜏 > 30 ps in the simulation after parton showering, hadronization, and 
decay of particles with 𝜏 < 30 ps. The anti-𝑘𝑡 algorithm with a radius 
parameter of 𝑅 = 0.4 is used where muons, electrons, neutrinos, and 
photons associated with the 𝑊  and 𝑍 boson decays excluded. The par-
ticle level jets with |𝜂| < 4.5 and 𝑝T > 30 GeV are considered. The small 
contribution of the 𝑊𝑍 production in association with two or more jets 
is normalized to the SM prediction and allowed to vary within the un-
certainty. The simulated 𝑊𝑍 Sherpa samples are used to account for 
bin-to-bin migration effects between the reconstructed and particle level 
distributions.

The signal DNN score distributions in each category are shown in 
Fig. 3 with the normalizations and nuisance parameters adjusted by the 
fit. A good separation between signal and background is achieved. The 
post-fit yields in the 0−jet and 1−jet categories are shown in Tables 2 
and 3, respectively. The normalization factors for the 𝑊𝑍 production 
in association with 0−jet and 1−jet are 0.96 ± 0.05 and 0.94 ± 0.05, re-
spectively, consistent with the values reported in Ref. [102]. No uncer-
tainties are significantly constrained or pulled in the simultaneous fit. 
The post-fit distributions of the 𝑚𝓁𝓁 , |Δ𝜂𝓁𝓁|, Δ𝜙𝓁𝓁 , and 𝑝𝓁1T  in the 0−jet 
SR category in a region with the signal DNN score greater than 0.5 are 
shown in Fig. 4.

The visible excess in the DNN score distributions is quantified by 
calculating the corresponding 𝑝–value using a profile likelihood-ratio 
test statistic in the asymptotic approximation [107]. The background-
only hypothesis is rejected with an observed significance of 8.8 stan-
dard deviations. The fiducial cross section times branching fraction for 
the DPS 𝑊 ±𝑊 ± process (𝜎(𝑊 ±𝑊 ±)) is extracted in the fiducial re-
gion defined to be as close as possible to the data event selection re-
quirements. The fiducial phase space definition requires two prompt 

Table 4 
The fractional uncertainty of different components in the DPS 
𝜎(𝑊 ±𝑊 ±) measurement. The contribution of a systematic uncer-
tainty (uncertainty group) to the total uncertainty is evaluated by 
fixing the respective nuisance parameter(s) to its (their) best-fit 
value(s), redoing the fit, and subtracting the uncertainties in the cross 
section in quadrature. The procedure is implemented incrementally 
such that the sum in quadrature of the grouped systematic and statis-
tical uncertainties corresponds to the total cross section uncertainty 
by construction. Lepton uncertainties encompass the effects of the 
calibration of lepton energy or momentum scale and resolution, as 
well as the lepton trigger, reconstruction, identification, and isola-
tion efficiencies. The “DPS 𝑊 ±𝑊 ± model” uncertainty is related to 
the differences in the shapes of the signal distributions predicted by 
the Pythia and Herwig samples. The “Model statistical” is related 
to the effect of a finite number of data events used for data-driven 
background estimates and of MC events.
   Source  Uncertainty [%]

 Experimental  4.7
  Electrons 0.4
  Muons 0.8
  Jets 3.1
 𝐸miss

T 1.5
  Flavor tagging 0.3
  Non-prompt leptons 2.6
  Charge flip 0.6
  Pileup reweighting 1.3
  Luminosity 0.8

 Modeling  1.5
  DPS 𝑊 ±𝑊 ± scale 0.2
  DPS 𝑊 ±𝑊 ± model 0.3
  SPS 𝑊 ±𝑊 ± scale, PDF & 𝛼𝑆 0.2
 𝑊𝑍 scale, PDF & 𝛼𝑆 0.8
 𝑊𝑍 normalization 0.1
  Other background normalizations 1.1
  Model statistical 0.6

 Experimental and modeling 5.0
 Data statistical 13

 Total 14

leptons at particle level (𝑒 or 𝜇) with 𝑝T > 27 GeV and |𝜂| < 2.5, dressed 
by adding the four-momenta of nearby prompt photons within a small 
cone of Δ𝑅 < 0.1, with 𝑚𝓁𝓁 > 20 GeV. Contributions of events with 𝜏-
leptons from at least one of the 𝑊  boson decays are not included in 
the fiducial region definition. The number of particle level jets, as de-
fined above, is required to be less than 2. The electrons in the dielectron 
final state are required to have |𝜂| less than 1.37. Events with the di-
electron invariant mass in the range |𝑚𝑒𝑒 − 𝑚𝑍 | < 15 GeV are rejected. 
The particle-level 𝐸miss

T  is reconstructed from the visible final-state ob-
jects and must be greater than 30 GeV. The fraction of signal events 
generated outside the fiducial region but satisfying the SR selection at 
detector level is approximately 14%. The measured DPS 𝜎(𝑊 ±𝑊 ±)
is 4.59 ± 0.64 fb. This value cannot be directly compared to the corre-
sponding DPS 𝜎(𝑊 ±𝑊 ±) CMS measurement [47] as the definitions 
of the fiducial regions differ. A summary of the fractional uncertain-
ties in the DPS 𝜎 (𝑊 ±𝑊 ±) measurement is shown in Table 4. The 
results are driven by the statistical uncertainty of the data. Excluding 
the |𝜂| < 1.37 requirement for the dielectron final state in the fiducial 
region definition yields a DPS 𝜎(𝑊 ±𝑊 ±) of 5.52 ± 0.77 fb. The DPS 
𝜎(𝑊 ±𝑊 ±) in this fiducial region is approximately 20% larger than in 
the nominal fiducial region, as the charged leptons tend to have large |𝜂|
values.

The DPS 𝜎 (𝑊 ±𝑊 ±) measurement is used to extract the value of 
𝜎eff  using Eq. (1). A common fiducial region for the cross sections of 
the 𝑊 +, 𝑊 −, and DPS 𝑊 ±𝑊 ± processes needs to be defined for the 
correct determination of 𝜎eff . Therefore, the measured 𝜎 (𝑊 ±𝑊 ±) 
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value is extrapolated to a region having the same requirements as 
the analysis fiducial region but removing the particle-level require-
ments on 𝑚𝓁𝓁 and 𝐸miss

T , and the requirements on electron |𝜂| < 1.37
and |𝑚𝑒𝑒 − 𝑚𝑍 | < 15 GeV in the dielectron final state. The extrapola-
tion is performed using the Pythia signal samples. The extrapolation 
factor obtained with Pythia is 1.75 ± 0.04, where the uncertainty in-
cludes the QCD scale variations. The extrapolation factor obtained with 
the Herwig sample is in excellent agreement with this value. The cross 
sections of the 𝑊 + and 𝑊 − processes in this common fiducial region 
are calculated using the Sherpa [2.2.11] event generator at NLO in 
QCD. The predicted cross sections times the per-flavor leptonic branch-
ing fractions are 𝜎𝑊 + = 5.23 ± 0.34 nb and 𝜎𝑊 − = 4.00 ± 0.22 nb where 
the uncertainties include the QCD scale variations and are propagated 
in the determination of 𝜎eff . The contributions of events with two SPS 
𝑊 + 1−jet processes are not included in the numerator of Eq. (1) as 
the number of particle level jets is required to be less than 2 for the 
DPS 𝜎(𝑊 ±𝑊 ±). The resulting value of 𝜎eff  is 10.6 ± 1.8 mb consis-
tent with the corresponding CMS measurement of 12.2+2.9−2.2 mb [47] 
and with previous determinations at hadron colliders as shown in
Fig. 5.

7.  Conclusion

This letter reports the measurement of double parton scattering 
in same-sign 𝑊  boson pair production with the ATLAS detector. The 
dataset used corresponds to an integrated luminosity of 140 fb−1 of 
proton–proton collisions at a center-of-mass energy of 13 TeV, collected 
during Run 2 of the Large Hadron Collider. The study is performed in fi-
nal states including two same-charge leptons, electron or muon, missing 
transverse momentum, and up to one jet. An excess of events over the 
expected background contributions is reported with a significance of 8.8 
standard deviations. The measured fiducial cross section times leptonic 
branching fraction is 4.59 ± 0.64 fb. The measurement corresponds to a 
double parton scattering effective cross section of 10.6 ± 1.8 mb.

Data availability

The public release of data supporting the findings of this article 
will follow the CERN Open Data Policy [109]. Inquiries about plots 
and tables associated with this article can be addressed to atlas.pub-
lications@cern.ch.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements

We thank CERN for the very successful operation of the LHC and its 
injectors, as well as the support staff at CERN and at our institutions 
worldwide without whom ATLAS could not be operated efficiently.

The crucial computing support from all WLCG partners is acknowl-
edged gratefully, in particular from CERN, the ATLAS Tier-1 facilities at 
TRIUMF/SFU (Canada), NDGF (Denmark, Norway, Sweden), CC-IN2P3 
(France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Nether-
lands), PIC (Spain), RAL (UK) and BNL (USA), the Tier-2 facilities world-
wide and large non-WLCG resource providers. Major contributors of 
computing resources are listed in Ref. [108].

We gratefully acknowledge the support of ANPCyT, Argentina; Yer-
PhI, Armenia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azer-
baijan; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN; 
ANID, Chile; CAS, MOST and NSFC, China; Minciencias, Colombia; 
MEYS CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS 
and CEA-DRF/IRFU, France; SRNSFG, Georgia; BMFTR, HGF and MPG, 

Germany; GSRI, Greece; RGC and Hong Kong SAR, China; ICHEP 
and Academy of Sciences and Humanities, Israel; INFN, Italy; MEXT 
and JSPS, Japan; CNRST, Morocco; NWO, Netherlands; RCN, Norway; 
MNiSW, Poland; FCT, Portugal; MNE/IFA, Romania; MSTDI, Serbia; 
MSSR, Slovakia; ARIS and MVZI, Slovenia; DSI/NRF, South Africa; MI-
CIU/AEI, Spain; SRC and Wallenberg Foundation, Sweden; SERI, SNSF 
and Cantons of Bern and Geneva, Switzerland; NSTC, Taipei; TENMAK, 
Türkiye; STFC/UKRI, United Kingdom; DOE and NSF, United States of 
America.

Individual groups and members have received support from 
BCKDF, CANARIE, CRC and DRAC, Canada; CERN-CZ, FORTE and 
PRIMUS, Czech Republic; COST, ERC, ERDF, Horizon 2020, ICSC-
NextGenerationEU and Marie Skłodowska-Curie Actions, European 
Union; Investissements d’Avenir Labex, Investissements d’Avenir Idex 
and ANR, France; DFG and AvH Foundation, Germany; Herakleitos, 
Thales and Aristeia programmes co-financed by EU-ESF and the Greek 
NSRF, Greece; BSF-NSF and MINERVA, Israel; NCN and NAWA, Poland; 
La Caixa Banking Foundation, CERCA Programme Generalitat de 
Catalunya and PROMETEO and GenT Programmes Generalitat Valen-
ciana, Spain; Göran Gustafssons Stiftelse, Sweden; The Royal Society 
and Leverhulme Trust, United Kingdom.

In addition, individual members wish to acknowledge support from 
CERN: European Organization for Nuclear Research (CERN DOCT); 
Chile:Agencia Nacional de Investigación y Desarrollo (FONDECYT 
1230812, FONDECYT 1240864, Fondecyt 3240661); China: Chi-
nese Ministry of Science and Technology (MOST-2023YFA1605700, 
MOST-2023YFA1609300), National Natural Science Foundation of 
China (NSFC - 12175119, NSFC 12275265); Czech Republic: Czech Sci-
ence Foundation (GACR - 24-11373S), Ministry of Education Youth and 
Sports (ERC-CZ-LL2327, FORTE CZ.02.01.01/00/22_008/0004632), 
PRIMUS Research Programme (PRIMUS/21/SCI/017); EU: H2020 
European Research Council (ERC - 101002463); European Union: 
European Research Council (BARD No. 101116429, ERC - 948254, 
ERC 101089007), European Regional Development Fund (SMASH CO-
FUND 101081355, SLO ERDF), Horizon 2020 Framework Programme 
(MUCCA - CHIST-ERA-19-XAI-00), European Union, Future Artificial 
Intelligence Research (FAIR-NextGenerationEU PE00000013), Italian 
Center for High Performance Computing, Big Data and Quantum 
Computing (ICSC, NextGenerationEU); France: Agence Nationale de 
la Recherche (ANR-21-CE31-0022, ANR-22-EDIR-0002); Germany: 
Baden-Württemberg Stiftung (BW Stiftung-Postdoc Eliteprogramme), 
Deutsche Forschungsgemeinschaft (DFG - 469666862, DFG - CR 
312/5-2); China: Research Grants Council (GRF); Italy: Istituto 
Nazionale di Fisica Nucleare (ICSC, NextGenerationEU), Ministero 
dell’Università e della Ricerca (NextGenEU 153D23001490006 
M4C2.1.1, NextGenEU I53D23000820006 M4C2.1.1, NextGenEU 
I53D23001490006 M4C2.1.1, SOE2024_0000023); Japan: Japan 
Society for the Promotion of Science (JSPS KAKENHI JP22H01227, 
JSPS KAKENHI JP22H04944, JSPS KAKENHI JP22KK0227, JSPS 
KAKENHI JP24K23939, JSPS KAKENHI JP25H00650, JSPS KAK-
ENHI JP25H01291, JSPS KAKENHI JP25K01023); Norway: Research 
Council of Norway (RCN-314472); Poland: Ministry of Science 
and Higher Education (IDUB AGH, POB8, D4 no 9722), Polish 
National Science Centre (NCN 2021/42/E/ST2/00350, NCN OPUS 
2023/51/B/ST2/02507, NCN OPUS nr 2022/47/B/ST2/03059, 
NCN UMO-2019/34/E/ST2/00393, UMO-2022/47/O/ST2/00148, 
UMO-2023/49/B/ST2/04085, UMO-2023/51/B/ST2/00920, UMO-
2024/53/N/ST2/00869); Portugal: Foundation for Science and 
Technology (FCT); Spain: Ministry of Science and Innovation (MCIN & 
NextGenEU PCI2022-135018-2, MICIN & FEDER PID2021-125273NB, 
RYC2019-028510-I, RYC2020-030254-I, RYC2021-031273-I, RYC2022-
038164-I); Sweden: Carl Trygger Foundation (Carl Trygger Foundation 
CTS 22:2312), Swedish Research Council (Swedish Research Council 
2023-04654, VR 2021-03651, VR 2022-03845, VR 2022-04683, VR 
2023-03403, VR 2024-05451), Knut and Alice Wallenberg Foundation 
(KAW 2018.0458, KAW 2022.0358, KAW 2023.0366); Switzerland: 

Physics Letters B 870 (2025) 139892 

9 



The ATLAS Collaboration

Swiss National Science Foundation (SNSF - PCEFP2_194658); United 
Kingdom: Leverhulme Trust (Leverhulme Trust RPG-2020-004), Royal 
Society (NIF-R1-231091); United States of America: U.S. Department of 
Energy (ECA DE-AC02-76SF00515), Neubauer Family Foundation. 

Appendix

The ATLAS Collaboration

G. Aad104 , E. Aakvaag17 , B. Abbott123 , S. Abdelhameed119𝑎 , 
K. Abeling55 , N.J. Abicht49 , S.H. Abidi30 , M. Aboelela45 , 
A. Aboulhorma36𝑒 , H. Abramowicz157 , Y. Abulaiti120 , B.S. 
Acharya69𝑎,69𝑏,𝑚 , A. Ackermann63𝑎 , C. Adam Bourdarios4 , L. 
Adamczyk87𝑎 , S.V. Addepalli149 , M.J. Addison103 , J. Adelman118 , 
A. Adiguzel22𝑐 , T. Adye137 , A.A. Affolder139 , Y. Afik40 , M.N. 
Agaras13 , A. Aggarwal102 , C. Agheorghiesei28𝑐 , F. Ahmadov39,𝑎𝑑 , 
S. Ahuja97 , X. Ai143𝑏 , G. Aielli76𝑎,76𝑏 , A. Aikot169 , M. Ait 
Tamlihat36𝑒 , B. Aitbenchikh36𝑎 , M. Akbiyik102 , T.P.A. Åkesson100 , 
A.V. Akimov151 , D. Akiyama174 , N.N. Akolkar25 , S. Aktas22𝑎 , 
G.L. Alberghi24𝑏 , J. Albert171 , U. Alberti20 , P. Albicocco53 , G.L. 
Albouy60 , S. Alderweireldt52 , Z.L. Alegria124 , M. Aleksa37 , I.N. 
Aleksandrov39 , C. Alexa28𝑏 , T. Alexopoulos10 , F. Alfonsi24𝑏 , M. 
Algren56 , M. Alhroob173 , B. Ali135 , H.M.J. Ali93,𝑤 , S. Ali32 , 
S.W. Alibocus94 , M. Aliev34𝑐 , G. Alimonti71𝑎 , W. Alkakhi55 , C. 
Allaire66 , B.M.M. Allbrooke152 , J.S. Allen103 , J.F. Allen52 , P.P. 
Allport21 , A. Aloisio72𝑎,72𝑏 , F. Alonso92 , C. Alpigiani142 , Z.M.K. 
Alsolami93 , A. Alvarez Fernandez102 , M. Alves Cardoso56 , M.G. 
Alviggi72𝑎,72𝑏 , M. Aly103 , Y. Amaral Coutinho83𝑏 , A. Ambler106 , 
C. Amelung37, M. Amerl103 , C.G. Ames111 , T. Amezza130 , D. 
Amidei108 , B. Amini54 , K. Amirie161 , A. Amirkhanov39 , S.P. 
Amor Dos Santos133𝑎 , K.R. Amos169 , D. Amperiadou158 , S. 
An84, C. Anastopoulos145 , T. Andeen11 , J.K. Anders94 , A.C. 
Anderson59 , A. Andreazza71𝑎,71𝑏 , S. Angelidakis9 , A. Angerami42 , 
A.V. Anisenkov39 , A. Annovi74𝑎 , C. Antel37 , E. Antipov151 , M. 
Antonelli53 , F. Anulli75𝑎 , M. Aoki84 , T. Aoki159 , M.A. Aparo152 , 
L. Aperio Bella48 , M. Apicella31, C. Appelt157 , A. Apyan27 , 
M. Arampatzi10 , S.J. Arbiol Val88 , C. Arcangeletti53 , A.T.H. 
Arce51 , J.-F. Arguin110 , S. Argyropoulos158 , J.-H. Arling48 , O. 
Arnaez4 , H. Arnold151 , G. Artoni75𝑎,75𝑏 , H. Asada113 , K. Asai121 , 
S. Asatryan179 , N.A. Asbah37 , R.A. Ashby Pickering173 , A.M. 
Aslam97 , K. Assamagan30 , R. Astalos29𝑎 , K.S.V. Astrand100 , 
S. Atashi165 , R.J. Atkin34𝑎 , H. Atmani36𝑓 , P.A. Atmasiddha131 , 
K. Augsten135 , A.D. Auriol41 , V.A. Austrup103 , G. Avolio37 , 
K. Axiotis56 , A. Azzam13 , D. Babal29𝑏 , H. Bachacou138 , K. 
Bachas158,𝑞 , A. Bachiu35 , E. Bachmann50 , M.J. Backes63𝑎 , A. 
Badea40 , T.M. Baer108 , P. Bagnaia75𝑎,75𝑏 , M. Bahmani19 , D. 
Bahner54 , K. Bai126 , J.T. Baines137 , L. Baines96 , O.K. Baker178 , 
E. Bakos16 , D. Bakshi Gupta8 , L.E. Balabram Filho83𝑏 , V. 
Balakrishnan123 , R. Balasubramanian4 , E.M. Baldin38 , P. Balek87𝑎 , 
E. Ballabene24𝑏,24𝑎 , F. Balli138 , L.M. Baltes63𝑎 , W.K. Balunas33 , 
J. Balz102 , I. Bamwidhi119𝑏 , E. Banas88 , M. Bandieramonte132 , 
A. Bandyopadhyay25 , S. Bansal25 , L. Barak157 , M. Barakat48 , 
E.L. Barberio107 , D. Barberis18𝑏 , M. Barbero104 , M.Z. Barel117 , 
T. Barillari112 , M.-S. Barisits37 , T. Barklow149 , P. Baron136 , D.A. 
Baron Moreno103 , A. Baroncelli62 , A.J. Barr129 , J.D. Barr98 , 
F. Barreiro101 , J. Barreiro Guimarães da Costa14 , M.G. Barros 
Teixeira133𝑎 , S. Barsov38 , F. Bartels63𝑎 , R. Bartoldus149 , A.E. 
Barton93 , P. Bartos29𝑎 , A. Basan102 , M. Baselga49 , S. Bashiri88, 
A. Bassalat66,𝑏 , M.J. Basso162𝑎 , S. Bataju45 , R. Bate170 , R.L. 
Bates59 , S. Batlamous101, M. Battaglia139 , D. Battulga19 , M. 
Bauce75𝑎,75𝑏 , M. Bauer79 , P. Bauer25 , L.T. Bayer48 , L.T. Bazzano 
Hurrell31 , J.B. Beacham112 , T. Beau130 , J.Y. Beaucamp92 , P.H. 
Beauchemin164 , P. Bechtle25 , H.P. Beck20,𝑝 , K. Becker173 , A.J. 
Beddall82 , V.A. Bednyakov39 , C.P. Bee151 , L.J. Beemster16 , M. 
Begalli83𝑑 , M. Begel30 , J.K. Behr48 , J.F. Beirer37 , F. Beisiegel25 , 
M. Belfkir119𝑏 , G. Bella157 , L. Bellagamba24𝑏 , A. Bellerive35 , C.D. 

Bellgraph68 , P. Bellos21 , K. Beloborodov38 , D. Benchekroun36𝑎 , 
F. Bendebba36𝑎 , Y. Benhammou157 , K.C. Benkendorfer61 , L. 
Beresford48 , M. Beretta53 , E. Bergeaas Kuutmann167 , N. Berger4 , 
B. Bergmann135 , J. Beringer18𝑎 , G. Bernardi5 , C. Bernius149 , 
F.U. Bernlochner25 , F. Bernon37 , A. Berrocal Guardia13 , T. 
Berry97 , P. Berta136 , A. Berthold50 , A. Berti133𝑎, R. Bertrand104 , S. 
Bethke112 , A. Betti75𝑎,75𝑏 , A.J. Bevan96 , L. Bezio56 , N.K. Bhalla54 , 
S. Bharthuar112 , S. Bhatta151 , P. Bhattarai149 , Z.M. Bhatti120 , K.D. 
Bhide54 , V.S. Bhopatkar124 , R.M. Bianchi132 , G. Bianco24𝑏,24𝑎 , 
O. Biebel111 , M. Biglietti77𝑎 , C.S. Billingsley45, Y. Bimgdi36𝑓 , 
M. Bindi55 , A. Bingham177 , A. Bingul22𝑏 , C. Bini75𝑎,75𝑏 , G.A. 
Bird33 , M. Birman175 , M. Biros136 , S. Biryukov152 , T. Bisanz49 , 
E. Bisceglie24𝑏,24𝑎 , J.P. Biswal137 , D. Biswas147 , I. Bloch48 , A. 
Blue59 , U. Blumenschein96 , J. Blumenthal102 , V.S. Bobrovnikov39 , 
L. Boccardo57𝑏,57𝑎 , M. Boehler54 , B. Boehm172 , D. Bogavac13 , 
A.G. Bogdanchikov38 , L.S. Boggia130 , V. Boisvert97 , P. Bokan37 , 
T. Bold87𝑎 , M. Bomben5 , M. Bona96 , M. Boonekamp138 , A.G. 
Borbély59 , I.S. Bordulev38 , G. Borissov93 , D. Bortoletto129 , D. 
Boscherini24𝑏 , M. Bosman13 , K. Bouaouda36𝑎 , N. Bouchhar169 , 
L. Boudet4 , J. Boudreau132 , E.V. Bouhova-Thacker93 , D. 
Boumediene41 , R. Bouquet57𝑏,57𝑎 , A. Boveia122 , J. Boyd37 , 
D. Boye30 , I.R. Boyko39 , L. Bozianu56 , J. Bracinik21 , N. 
Brahimi4 , G. Brandt177 , O. Brandt33 , B. Brau105 , J.E. Brau126 , 
R. Brener175 , L. Brenner117 , R. Brenner167 , S. Bressler175 , 
G. Brianti78𝑎,78𝑏 , D. Britton59 , D. Britzger112 , I. Brock25 , R. 
Brock109 , G. Brooijmans42 , A.J. Brooks68, E.M. Brooks162𝑏 , E. 
Brost30 , L.M. Brown171,162𝑎 , L.E. Bruce61 , T.L. Bruckler129 , 
P.A. Bruckman de Renstrom88 , B. Brüers48 , A. Bruni24𝑏 , G. 
Bruni24𝑏 , D. Brunner47𝑎,47𝑏 , M. Bruschi24𝑏 , N. Bruscino75𝑎,75𝑏 , 
T. Buanes17 , Q. Buat142 , D. Buchin112 , A.G. Buckley59 , O. 
Bulekov82 , B.A. Bullard149 , S. Burdin94 , C.D. Burgard49 , A.M. 
Burger91 , B. Burghgrave8 , O. Burlayenko54 , J. Burleson168 , J.C. 
Burzynski148 , E.L. Busch42 , V. Büscher102 , P.J. Bussey59 , J.M. 
Butler26 , C.M. Buttar59 , J.M. Butterworth98 , W. Buttinger137 , 
C.J. Buxo Vazquez109 , A.R. Buzykaev39 , S. Cabrera Urbán169 , 
L. Cadamuro66 , H. Cai132 , Y. Cai24𝑏,114𝑐,24𝑎 , Y. Cai114𝑎 , V.M.M. 
Cairo37 , O. Cakir3𝑎 , N. Calace37 , P. Calafiura18𝑎 , G. Calderini130 , 
P. Calfayan35 , L. Calic100 , G. Callea59 , L.P. Caloba83𝑏, D. Calvet41 , 
S. Calvet41 , R. Camacho Toro130 , S. Camarda37 , D. Camarero 
Munoz27 , P. Camarri76𝑎,76𝑏 , C. Camincher171 , M. Campanelli98 , 
A. Camplani43 , V. Canale72𝑎,72𝑏 , A.C. Canbay3𝑎 , E. Canonero97 , 
J. Cantero169 , Y. Cao168 , F. Capocasa27 , M. Capua44𝑏,44𝑎 , A. 
Carbone71𝑎,71𝑏 , R. Cardarelli76𝑎 , J.C.J. Cardenas8 , M.P. Cardiff27 , 
G. Carducci44𝑏,44𝑎 , T. Carli37 , G. Carlino72𝑎 , J.I. Carlotto13 , B.T. 
Carlson132,𝑟 , E.M. Carlson171 , J. Carmignani94 , L. Carminati71𝑎,71𝑏 , 
A. Carnelli4 , M. Carnesale37 , S. Caron116 , E. Carquin140𝑔 , I.B. 
Carr107 , S. Carrá73𝑎,73𝑏 , G. Carratta24𝑏,24𝑎 , C. Carrion Martinez169 , 
A.M. Carroll126 , M.P. Casado13,ℎ , P. Casolaro72𝑎,72𝑏 , M. Caspar48 , 
F.L. Castillo4 , L. Castillo Garcia13 , V. Castillo Gimenez169 , N.F. 
Castro133𝑎,133𝑒 , A. Catinaccio37 , J.R. Catmore128 , T. Cavaliere4 , 
V. Cavaliere30 , L.J. Caviedes Betancourt23𝑏 , E. Celebi82 , S. 
Cella37 , V. Cepaitis56 , K. Cerny125 , A.S. Cerqueira83𝑎 , A. 
Cerri74𝑎,74𝑏,𝑎𝑘 , L. Cerrito76𝑎,76𝑏 , F. Cerutti18𝑎 , B. Cervato71𝑎,71𝑏 , 
A. Cervelli24𝑏 , G. Cesarini53 , S.A. Cetin82 , P.M. Chabrillat130 , R. 
Chakkappai66 , S. Chakraborty173 , A. Chambers61 , J. Chan18𝑎 , 
W.Y. Chan159 , J.D. Chapman33 , E. Chapon138 , B. Chargeishvili155𝑏 , 
D.G. Charlton21 , C. Chauhan136 , Y. Che114𝑎 , S. Chekanov6 , S.V. 
Chekulaev162𝑎 , G.A. Chelkov39,𝑎 , B. Chen157 , B. Chen171 , H. 
Chen114𝑎 , H. Chen30 , J. Chen144𝑎 , J. Chen148 , M. Chen129 , S. 
Chen89 , S.J. Chen114𝑎 , X. Chen144𝑎 , X. Chen15,𝑎𝑔 , Z. Chen62 , 
C.L. Cheng176 , H.C. Cheng64𝑎 , S. Cheong149 , A. Cheplakov39 , 
E. Cherepanova117 , R. Cherkaoui El Moursli36𝑒 , E. Cheu7 , K. 
Cheung65 , L. Chevalier138 , V. Chiarella53 , G. Chiarelli74𝑎 , G. 
Chiodini70𝑎 , A.S. Chisholm21 , A. Chitan28𝑏 , M. Chitishvili169 , 
M.V. Chizhov39,𝑠 , K. Choi11 , Y. Chou142 , E.Y.S. Chow116 , 
K.L. Chu175 , M.C. Chu64𝑎 , X. Chu14,114𝑐 , Z. Chubinidze53 , J. 

Physics Letters B 870 (2025) 139892 

10 



The ATLAS Collaboration

Chudoba134 , J.J. Chwastowski88 , D. Cieri112 , K.M. Ciesla87𝑎 , 
V. Cindro95 , A. Ciocio18𝑎 , F. Cirotto72𝑎,72𝑏 , Z.H. Citron175 , 
M. Citterio71𝑎 , D.A. Ciubotaru28𝑏, A. Clark56 , P.J. Clark52 , N. 
Clarke Hall98 , C. Clarry161 , S.E. Clawson48 , C. Clement47𝑎,47𝑏 , Y. 
Coadou104 , M. Cobal69𝑎,69𝑐 , A. Coccaro57𝑏 , R.F. Coelho Barrue133𝑎 , 
R. Coelho Lopes De Sa105 , S. Coelli71𝑎 , L.S. Colangeli161 , B. 
Cole42 , P. Collado Soto101 , J. Collot60 , R. Coluccia70𝑎,70𝑏, P. Conde 
Muiño133𝑎,133𝑔 , M.P. Connell34𝑐 , S.H. Connell34𝑐 , E.I. Conroy129 , 
M. Contreras Cossio11 , F. Conventi72𝑎,𝑎𝑖 , A.M. Cooper-Sarkar129 , 
L. Corazzina75𝑎,75𝑏 , F.A. Corchia24𝑏,24𝑎 , A. Cordeiro Oudot Choi142 , 
L.D. Corpe41 , M. Corradi75𝑎,75𝑏 , F. Corriveau106,𝑎𝑏 , A. Cortes-
Gonzalez159 , M.J. Costa169 , F. Costanza4 , D. Costanzo145 , B.M. 
Cote122 , J. Couthures4 , G. Cowan97 , K. Cranmer176 , L. Cremer49 , 
D. Cremonini24𝑏,24𝑎 , S. Crépé-Renaudin60 , F. Crescioli130 , T. 
Cresta73𝑎,73𝑏 , M. Cristinziani147 , M. Cristoforetti78𝑎,78𝑏 , V. Croft117 , 
J.E. Crosby124 , G. Crosetti44𝑏,44𝑎 , A. Cueto101 , H. Cui98 , Z. Cui7 , 
B.M. Cunnett152 , W.R. Cunningham59 , F. Curcio169 , J.R. Curran52 , 
M.J. Da Cunha Sargedas De Sousa57𝑏,57𝑎 , J.V. Da Fonseca Pinto83𝑏 , C. 
Da Via103 , W. Dabrowski87𝑎 , T. Dado37 , S. Dahbi154 , T. Dai108 , 
D. Dal Santo20 , C. Dallapiccola105 , M. Dam43 , G. D’amen30 , V. 
D’Amico111 , J. Damp102 , J.R. Dandoy35 , M. D’Andrea57𝑏,57𝑎 , D. 
Dannheim37 , G. D’anniballe74𝑎,74𝑏 , M. Danninger148 , V. Dao151 , 
G. Darbo57𝑏 , S.J. Das30 , F. Dattola48 , S. D’Auria71𝑎,71𝑏 , A. D’ 
Avanzo72𝑎,72𝑏 , T. Davidek136 , J. Davidson173 , I. Dawson96 , K. 
De8 , C. De Almeida Rossi161 , R. De Asmundis72𝑎 , N. De Biase48 , 
S. De Castro24𝑏,24𝑎 , N. De Groot116 , P. de Jong117 , H. De la 
Torre118 , A. De Maria114𝑎 , A. De Salvo75𝑎 , U. De Sanctis76𝑎,76𝑏 , 
F. De Santis70𝑎,70𝑏 , A. De Santo152 , J.B. De Vivie De Regie60 , 
J. Debevc95 , D.V. Dedovich39, J. Degens94 , A.M. Deiana45 , J. 
Del Peso101 , L. Delagrange130 , F. Deliot138 , C.M. Delitzsch49 , 
M. Della Pietra72𝑎,72𝑏 , D. Della Volpe56 , A. Dell’Acqua37 , L. 
Dell’Asta71𝑎,71𝑏 , M. Delmastro4 , C.C. Delogu102 , P.A. Delsart60 , 
S. Demers178 , M. Demichev39 , S.P. Denisov38 , H. Denizli22𝑎,𝑙 , 
L. D’Eramo41 , D. Derendarz88 , F. Derue130 , P. Dervan94,† , A.M. 
Desai1 , K. Desch25 , F.A. Di Bello57𝑏,57𝑎 , A. Di Ciaccio76𝑎,76𝑏 , L. 
Di Ciaccio4 , A. Di Domenico75𝑎,75𝑏 , C. Di Donato72𝑎,72𝑏 , A. Di 
Girolamo37 , G. Di Gregorio37 , A. Di Luca78𝑎,78𝑏 , B. Di Micco77𝑎,77𝑏 , 
R. Di Nardo77𝑎,77𝑏 , K.F. Di Petrillo40 , M. Diamantopoulou35 , F.A. 
Dias117 , M.A. Diaz140𝑎,140𝑏 , A.R. Didenko39 , M. Didenko169 , 
S.D. Diefenbacher18𝑎 , E.B. Diehl108 , S. Díez Cornell48 , C. Diez 
Pardos147 , C. Dimitriadi150 , A. Dimitrievska21 , A. Dimri151 , 
Y. Ding62, J. Dingfelder25 , T. Dingley129 , I.-M. Dinu28𝑏 , S.J. 
Dittmeier63𝑏 , F. Dittus37 , M. Divisek136 , B. Dixit94 , F. Djama104 , 
T. Djobava155𝑏 , C. Doglioni103,100 , A. Dohnalova29𝑎 , Z. Dolezal136 , 
K. Domijan87𝑎 , K.M. Dona40 , M. Donadelli83𝑑 , B. Dong109 , J. 
Donini41 , A. D’Onofrio72𝑎,72𝑏 , M. D’Onofrio94 , J. Dopke137 , A. 
Doria72𝑎 , N. Dos Santos Fernandes133𝑎 , I.A. Dos Santos Luz83𝑒 , 
P. Dougan103 , M.T. Dova92 , A.T. Doyle59 , M.P. Drescher55 , E. 
Dreyer175 , I. Drivas-koulouris10 , M. Drnevich120 , D. Du62 , T.A. du 
Pree117 , Z. Duan114𝑎, M. Dubau4 , F. Dubinin39 , M. Dubovsky29𝑎 , 
E. Duchovni175 , G. Duckeck111 , P.K. Duckett98, O.A. Ducu28𝑏 , 
D. Duda52 , A. Dudarev37 , E.R. Duden27 , M. D’uffizi103 , L. 
Duflot66 , M. Dührssen37 , I. Duminica28𝑔 , A.E. Dumitriu28𝑏 , M. 
Dunford63𝑎 , K. Dunne47𝑎,47𝑏 , A. Duperrin104 , H. Duran Yildiz3𝑎 , A. 
Durglishvili155𝑏 , D. Duvnjak35 , G.I. Dyckes18𝑎 , M. Dyndal87𝑎 , B.S. 
Dziedzic37 , Z.O. Earnshaw152 , G.H. Eberwein129 , B. Eckerova29𝑎 , 
S. Eggebrecht55 , E. Egidio Purcino De Souza83𝑒 , G. Eigen17 , K. 
Einsweiler18𝑎 , T. Ekelof167 , P.A. Ekman100 , S. El Farkh36𝑏 , Y. 
El Ghazali62 , H. El Jarrari37 , A. El Moussaouy36𝑎 , M. Ellert167 , 
F. Ellinghaus177 , T.A. Elliot97 , N. Ellis37 , J. Elmsheuser30 , M. 
Elsawy119𝑎 , M. Elsing37 , D. Emeliyanov137 , Y. Enari84 , I. Ene18𝑎 , 
S. Epari110 , D. Ernani Martins Neto88 , F. Ernst37, M. Errenst177 , 
M. Escalier66 , C. Escobar169 , E. Etzion157 , G. Evans133𝑎,133𝑏 , 
H. Evans68 , L.S. Evans97 , A. Ezhilov38 , S. Ezzarqtouni36𝑎 , F. 
Fabbri24𝑏,24𝑎 , L. Fabbri24𝑏,24𝑎 , G. Facini98 , V. Fadeyev139 , R.M. 
Fakhrutdinov38 , D. Fakoudis102 , S. Falciano75𝑎 , L.F. Falda Ulhoa 

Coelho133𝑎 , F. Fallavollita112 , G. Falsetti44𝑏,44𝑎 , J. Faltova136 , C. 
Fan168 , K.Y. Fan64𝑏 , Y. Fan14 , Y. Fang14,114𝑐 , M. Fanti71𝑎,71𝑏 , 
M. Faraj69𝑎,69𝑏 , Z. Farazpay99 , A. Farbin8 , A. Farilla77𝑎 , K. 
Farman154 , T. Farooque109 , J.N. Farr178 , S.M. Farrington137,52 , 
F. Fassi36𝑒 , D. Fassouliotis9 , L. Fayard66 , P. Federic136 , P. 
Federicova134 , O.L. Fedin38,𝑎 , M. Feickert176 , L. Feligioni104 , D.E. 
Fellers18𝑎 , C. Feng143𝑎 , Y. Feng14, Z. Feng117 , M.J. Fenton165 , L. 
Ferencz48 , B. Fernandez Barbadillo93 , P. Fernandez Martinez67 , 
M.J.V. Fernoux104 , J. Ferrando93 , A. Ferrari167 , P. Ferrari117,116 , 
R. Ferrari73𝑎 , D. Ferrere56 , C. Ferretti108 , M.P. Fewell1 , D. 
Fiacco75𝑎,75𝑏 , F. Fiedler102 , P. Fiedler135 , S. Filimonov39 , M.S. 
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