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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~! 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 \/E,
this simplified formalism yields

pps _ _ 1 0a%B 1
AB T 14+ 6ap Oepr W
where GBSS denotes the DPS cross section and o, and oy denote the

production cross sections of final states A and B in a single parton scat-
tering (SPS), respectively. The quantity 6,5 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 o, 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.
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in hadron collisions at different center-of-mass energies from 63 GeV
to 8 TeV yield typical values of o 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
WEW#* - ¢*y¢'*y, where both W bosons decay into electrons or
muons, 7,7’ =e, u. A set of pp collision data events collected by the
ATLAS detector between 2015 and 2018 at \/E = 13 TeV is used. The
dataset corresponds to an integrated luminosity of 140 fb~! [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 /y* 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 Vy (V = W, Z/y*),
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 4z coverage in solid angle.? 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 || < 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 |n| < 3.2. A steel/scintillator-tile hadronic calorimeter covers
the central pseudorapidity range (|5| < 1.7). The endcap and forward
regions are instrumented with LAr calorimeters for EM and hadronic
energy measurements up to |n| = 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, ¢) are used in the transverse plane, ¢ being
the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of

the polar angle 6 as 7 = —Intan(6/2) and is equal to the rapidity y = % In (%)
in the relativistic limit. Transverse momentum (p;) is defined relative to the
beam axis and is calculated as p; = psin@ where p is the momentum. Angular

distance is measured in units of AR = 1/(Ay)? + (A¢)2.

tem of precision tracking chambers up to || =2.7 and fast detectors
for triggering up to |n| = 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 Al4 [62] set of tuned parame-
ters used for the parton shower. The NNPDF2.3LO0 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
NNPDF3.0LO0 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 Z Z production is simulated using the SHERPA [2.2.2]
generator. The Wy and Zy 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 #V 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 ¢ 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 p; 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 pr > 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 pp > 4.5 GeV and || < 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 < || < 1.52) of the
calorimeter. The transverse impact parameter significance® is required
to satisfy |dy|/c(dy) < 5. The longitudinal impact parameter” is required
to satisfy |z, sin(9)| < 0.5 mm. “Signal” electrons have the same require-
ments as baseline electrons but with pr > 27 GeV and must addition-
ally satisfy a more restrictive (“Tight”) likelihood-based identification

3 The transverse impact parameter significance is defined as |d,|/o(d,), where
d, is the distance of closest approach of the e or u track to the z-axis in the
transverse plane and o(d,) is its uncertainty.

4 The longitudinal impact parameter is equal to |z, sin 6], where z, is the dif-
ference between the value of the z coordinate of the point on the track at which
d, is defined, and the longitudinal position of the primary vertex.
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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 pp >3 GeV and [g| <2.7 with |dy|/6(dy) < 15
and |z,sin(d)| < 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
pr > 27 GeV and are restricted to the range || < 2.5 with |dy|/c(dy) <
3 and |z, sin(@)| < 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 |dy|/o(d,) < 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-k, 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 p; > 30 GeV and || < 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 pr > 20 GeV
and |5| < 2.5 have an identification efficiency of 85% in 7 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
pr 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 AR distance of 0.2, unless it is a b-jet and the electron py is
below 100 GeV, in which case the electron is removed, and any elec-
trons within AR = 0.4 of a remaining jet are removed. Any jet that is
within AR = 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 AR = 0.4 of a remaining jet.

The missing transverse momentum, with magnitude E%“SS, 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 m,, 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 Z Z background processes.
Events with b-jets are discarded, reducing the non-prompt lepton back-
ground and signal contributions by 36% and 4%, respectively. The E}"i“
must be larger than 30 GeV to exploit the presence of neutrinos in the
final state and to reduce the contribution of Z /y* — ee events where the
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Fig. 2. Distributions of (a and c) p{i‘ and (b and d) |An,,| 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 |»| < 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 m,, of a same-flavor opposite-charge signal lepton and the third
lepton is compatible with the Z boson mass, |m,, — m,| < 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 pr > 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 O—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-p; 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-py leptons: ee,

ey, pe, uu, 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 p? and |An,,| 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 pr and # 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, A¢,; > 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, VVV, top quark, and pileup background processes.

photon conversions in y + 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 p; and #, using simulated Z — ete™
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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, (b) |An..|, (¢) my,, and (d) Ag,, 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, VV'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 — ete™ events [87].

The background from £y events, where the prompt photon y is
misidentified as an electron, is modeled using the Wy 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, VVV, 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 |z sin(#)|. 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 |z, sin(¢)| 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 E‘Tniss [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
pr of the leading lepton 114'

pr of the subleading lepton P2
Invariant mass of the dilepton system %
Pseudorapidity of the dilepton system Nep
Difference in azimuthal angle between the leading and subleading Ay,
leptons

Difference in pseudorapidity between the leading and subleading |Ang.|
leptons

Distance AR between the leading and subleading leptons AR,,
Difference in azimuthal angle between the missing transverse Ady, i

momentum and subleading lepton

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
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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 E%“’S 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 z-leptons from at least one of the W
boson decays, with the z-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.

strong coupling constant ag, and the choice of the PDF [105]. The the-
ory uncertainties in the modeling of the DPS W*W* signal include scale

ATLAS Vs=13TeV, 140 fb™

UA2 (/s = 630 GeV, 4 jets, 1991) —_——
CDF (/s = 1.8 TeV, 4 jets, 1993) ¢
CDF (y/s = 1.8 TeV, v + 3 jets, 1997) H-¢-H

DO (v/s = 1.96 TeV, v + 3 jets, 2010) v
LHCb (/s =7 TeV, J/yAT, 2012) H——H
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Fig. 5. Summary of measurements and limits on o, 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 o, values, determined within a single publication.
In the case of the double J/y measurement by LHCb [40], the dashed line denotes the upper and lower uncertainties. The AFS measurement of 6. = Smb at
\/_ = 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
WiW=, ZZ,VVV, top quark, and pileup background processes.

Process ee e He Hp Combined
DPS W*W* 13.7+2.0 68+9 66+9 90+12 237 +32
wz 48.9+29  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+19 — 95+17
Vy 20+5 70+15 107 £23 — 200 +40
Other 5.6+0.8 18.7+2.5 148+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,VVV, top quark, and pileup background processes.

Process ee eu pe Wy Combined
DPS W*Ww+ 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
Vy 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
7 > 30 ps in the simulation after parton showering, hadronization, and
decay of particles with = < 30 ps. The anti-k, 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 |n| < 4.5 and pp > 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 m,,, |Ay..|, Ad,., and p.’;l 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 (c B(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
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Table 4

The fractional uncertainty of different components in the DPS
o B(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 15
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 & ag 0.2
WZ scale, PDF & ag 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 p) with pp > 27 GeV and |5| < 2.5, dressed
by adding the four-momenta of nearby prompt photons within a small
cone of AR < 0.1, with m,, > 20 GeV. Contributions of events with z-
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 |5| less than 1.37. Events with the di-
electron invariant mass in the range |m,, — m | < 15 GeV are rejected.
The particle-level E}"iss 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 o B(W*W*)
is 4.59 + 0.64 fb. This value cannot be directly compared to the corre-
sponding DPS ¢ B(W*W*) CMS measurement [47] as the definitions
of the fiducial regions differ. A summary of the fractional uncertain-
ties in the DPS oB (W*W*) measurement is shown in Table 4. The
results are driven by the statistical uncertainty of the data. Excluding
the || < 1.37 requirement for the dielectron final state in the fiducial
region definition yields a DPS o BIW*W %) of 5.52 +0.77 fb. The DPS
o B(W*W#%) in this fiducial region is approximately 20% larger than in
the nominal fiducial region, as the charged leptons tend to have large ||
values.

The DPS ¢B (W*W#*) measurement is used to extract the value of
o.r 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 o.. Therefore, the measured oB (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 m,, and E?‘i“, and the requirements on electron |5| < 1.37
and |m,, —my| <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 oy,+ = 5.23 +0.34 nb and oy,- = 4.00 + 0.22 nb where
the uncertainties include the QCD scale variations and are propagated
in the determination of o.;. 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 o B(W*W#%). The resulting value of o is 10.6 + 1.8 mb consis-
tent with the corresponding CMS measurement of 12.21’%: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~! 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.
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