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This Letter presents the observation and measurement of electroweak production of a same-sign W
boson pair in association with two jets using 36.1 fb−1 of proton-proton collision data recorded at a center-
of-mass energy of

ffiffiffi
s

p ¼ 13 TeV by the ATLAS detector at the Large Hadron Collider. The analysis is
performed in the detector fiducial phase-space region, defined by the presence of two same-sign leptons,
electron or muon, and at least two jets with a large invariant mass and rapidity difference. A total of 122
candidate events are observed for a background expectation of 69� 7 events, corresponding to an observed
signal significance of 6.5 standard deviations. The measured fiducial signal cross section is σfid ¼
2.89þ0.51

−0.48 ðstatÞþ0.29
−0.28 ðsystÞ fb.
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The scattering of two massive vector bosons (VBS),
VV → VV with V ¼ W or Z, is an important process for
studying the mechanism of electroweak symmetry breaking
[1–3]. VBS processes involve quartic gauge-boson self-
interactions, and the s- and t-channel exchanges of a gauge
or Higgs boson. The Higgs boson regularizes the VBS
amplitude by canceling out the divergencies arising from
longitudinally polarized vector bosons at high energy [4,5].
These cancellations depend on the gauge structure of the
theory and are exact in the standard model (SM) [6,7]. The
present measurement ofW boson scattering thus serves as a
fundamental probe of the SM electroweak theory.
At the LHC, the VBS final state of two gauge bosons

and two jets (VVjj) can be produced via two classes of
mechanisms. The first class, referred to as strong produc-
tion, involves both strong and electroweak interactions at
Born level, and features diagrams where the incoming
partons exchange color, as illustrated in Fig. 1(b). The
second class, referred to as electroweak production,
involves only weak interactions at Born level [8] and
includes VBS diagrams. Figure 1(b) shows a typical
VBS diagram where the gauge bosons are radiated off
the incoming quarks and then scatter via the quartic self-
interaction vertex. In VBS processes, the incoming partons
do not exchange color and typically produce the two
jets with a large invariant mass and with large rapidity
difference [9].

The W�W�jj final state has the largest ratio of electro-
weak to strong production cross sections compared to other
VBS diboson processes [3]; this is because at leading-order
(LO) accuracy in perturbative quantum chromodynamics
(QCD) quark-gluon and gluon-gluon initiated diagrams are
absent and contributions from quark and (anti-)quark
annihilation diagrams are suppressed. This ratio is of order
five in the fiducial phase-space region of this analysis. The
s-channel VBS diagrams with trilinear self-interactions
are absent in this final state. In addition, electroweak
diagrams not involving self-interactions are suppressed
[10], thus enhancing sensitivity of this final state to
gauge-boson self couplings. Previously, an observation
of W�W�jj electroweak production was reported by the
CMS Collaboration [11] and evidence was reported by the
ATLAS Collaboration using a smaller dataset [12,13].
This Letter presents the observation and measurement

of the electroweak production ofW�W�jj events in which
both W bosons decay into an electron or muon and a

(a) (b)

FIG. 1. Representative diagrams for VVjj production where
two electroweak gauge bosons are radiated off quarks. (a) Strong
production diagrams involve both electroweak and strong inter-
actions without gauge boson self-interactions. (b) In VBS
diagrams, the gauge bosons can interact via gauge-boson self-
interactions, e.g., a quartic W boson vertex.
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neutrino. This study uses 36.1 fb−1 of proton-proton (pp)
collision data collected by the ATLAS detector atffiffiffi
s

p ¼ 13 TeV. The ATLAS detector [14] is a multipurpose
particle detector with a forward-backward symmetric
cylindrical geometry and almost 4π coverage in solid angle
[15]. The inner tracking detector (ID) covers jηj < 2.5 in
pseudorapidity and consists of a silicon pixel detector,
a silicon microstrip detector, and a transition radiation
tracker. The ID is surrounded by a superconducting
solenoid magnet and an almost hermetic calorimeter
system, which provides three-dimensional reconstruction
of particle showers up to jηj ¼ 4.9. The muon spectrometer
(MS) has three air-core toroidal magnets: a barrel toroid
and two end cap toroids. Three layers of precision tracking
stations with drift tubes and cathode strip chambers allow
precise muon momentum measurement up to jηj ¼ 2.7.
Resistive-plate and thin-gap chambers provide muon trig-
gering capability up to jηj ¼ 2.4.
Monte Carlo (MC) simulation is used to generate signal

and background predictions. The generated events are
processed through a detector simulation [16] based on
GEANT4 [17] and are reconstructed using the same algo-
rithms as used for data. The simulation includes the effect
of multiple pp interactions per bunch crossing as detailed
in Ref. [18].
Processes producing four leptons were simulated

using the event generator SHERPA v2.2.2 [19–22] with the
NNPDF3.0NNLO [23] set of parton distribution functions
(PDF). Electroweak diboson production in association with
two jets was simulated with diagrams including exactly six
orders of the EW coupling [24]. The simulation of the
strong production processes includes diagrams with
exactly four electroweak (EW) vertices [25]. The sim-
ulation of both the W�W�jj electroweak signal and
W�W�jj strong background processes includes up to
one additional parton at LO in QCD. For lllν and 4l
final states, matrix elements include up to one parton at
next-to-leading order (NLO) and three partons at LO in
QCD. All multileg processes were simulated combining
the various final-state topologies with the MEPS merging
algorithm [22,26] and matched to the SHERPA internal
parton shower, hadronization, and underlying-event mod-
eling [21,27]. The renormalization and factorization
scales were set to the invariant mass of the four-lepton
system at the matrix-element level. A signal sample for
alternative theoretical predictions was simulated with
POWHEG-BOX [28–31] and PYTHIA8.230 [32] at NLO
QCD accuracy and employing the VBS approximation
[33], the NNPDF3.0NLO PDF set, and renormalization
and factorization scales set to the W boson mass. The Vγ
processes were simulated with exactly three EW vertices
using SHERPA v2.1.1 at NLO (up to one parton) or LO
accuracy (up to three partons) using the CT10NLO PDF
set [34]. Electroweak Vγjj processes were simulated
using SHERPA v2.2.4 with the NNPDF3.0NNLO PDF set,

with exactly five orders of the EW coupling, and at LO
QCD accuracy. The triboson production processes were
simulated with SHERPA v2.1.1 and the CT10NLO PDF set.
MADGRAPH5_AMC@NLO [35] with NNPDF3.0NLO
PDF set and PYTHIA8.210 were used to simulate tt̄V
processes at NLO QCD accuracy.
The W�W�jj electroweak production cross section is

measured in a fiducial region defined at the particle level
in MC simulation by requiring exactly two same-sign
leptons with a transverse momentum, pT , greater than
27 GeV and jηj < 2.5; leptons are defined as electrons
and muons produced in W boson decays and that do not
originate from τ decays. The lepton four-momentum
includes the four-momenta of photons inside a cone of
size ΔR ¼ 0.1 around the lepton. The two leptons must
be separated by a distance of ΔRll > 0.3 and must have
an invariant mass, mll, greater than 20 GeV. The
magnitude of the vector sum of the transverse momenta
of the two final-state neutrinos with highest pT must be
greater than 30 GeV. Jets are reconstructed using the
anti-kt algorithm [36] with radius parameter R ¼ 0.4 and
using all final-state particles, except for neutrinos and
charged leptons from W boson decays. Jets are required
to have pT > 35 GeV and jηj < 4.5. Events with a
charged lepton that is within a cone of radius ΔRlj ¼
0.3 around a jet are vetoed. The fiducial region requires
at least two jets, including one with pT > 65 GeV and
another with pT > 35 GeV. The two highest-pT jets
must have an invariant mass mjj > 500 GeV and a
rapidity difference jΔyjjj > 2.
The fiducial cross section predicted by SHERPA for

W�W�jj electroweak production is 2.01þ0.33
−0.23 fb. The

uncertainty includes independent variations of the renorm-
alization and factorization scales by factors of 0.5 and 2
with the constraint 0.5 ≤ μF=μR ≤ 2which contribute þ14%

−11%;
it also includes uncertainties from the NNPDF3.0NNLO
ensemble, as well as differences between the CT14 [37]
and MMHT2014 [38] PDF sets (þ2.5%

−1.5%) [39]. Uncertainties
in the parton shower, hadronization, and underlying-event
modeling are evaluated by varying the MEPS matching
and resummation scales and amount to þ8%

−1%. POWHEG

+PYTHIA8 predicts a signal fiducial cross section of
3.08þ0.45

−0.46 fb, with the uncertainties derived using the
same procedures as for the SHERPA prediction, except
for the uncertainty in the parton shower modeling, which
is estimated as the difference relative to POWHEG

+HERWIG7 [40,41]. The SHERPA electroweak samples
suffer from a nonoptimal setting of the color flow, which
leads to an excess of central jet emissions from the parton
shower. Since up to one additional parton is included in
the matrix element of the W�W�jj electroweak sample,
the effect on its differential distributions is reduced but
accompanied by a significant suppression of the predicted
cross section [24].
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Events are required to contain at least one recon-
structed proton interaction vertex. The vertex with the
highest p2

T sum of associated ID tracks is selected as the
primary vertex. Electrons are reconstructed from energy
clusters in the electromagnetic calorimeter that are
matched to tracks reconstructed in the ID with the
requirement of a hit in the innermost pixel layer [42].
Muon are reconstructed by combining ID and MS
information [43]. Electron and muon candidates must
satisfy loose identification criteria [42,43], have
pT > 6 GeV, and jηj < 2.47 and jηj < 2.7, respectively.
The ID tracks associated to electron (muon) candidates
are matched to the primary vertex by requiring their
transverse impact parameter significance to satisfy
jd0=σd0 j < 5ð10Þ; the longitudinal impact parameter
multiplied by the sine of the polar angle of the lepton
candidates must satisfy jz0 sin θj < 0.5 mm. Electrons
and muons passing these selections are further referred
to as baseline leptons.
Jets are reconstructed from calorimeter energy clusters

[44,45] using the anti-kt algorithm with radius parameter
R ¼ 0.4. Jets are required to have pT > 30 GeV in the
forward region (2.4 < jηj < 4.5) and pT > 25 GeV in
the central region (jηj < 2.4). Central jets with pT <
60 GeV must be matched to the primary vertex [46]. Jets
containing b hadrons (b jets) are identified in the range
of jηj < 2.5 with an efficiency of 85% using techniques
described in Ref. [47]. Selected electron, muon, and jet
candidates are required to be nonoverlapping using the
procedures described in Ref. [18]. The missing trans-
verse momentum, Emiss

T , is computed using selected
electrons, muons, and jets, and the track-based soft term
defined in Ref. [48].
Events are selected online by single-electron or single-

muon triggers [49]. Candidate events are selected by
requiring exactly two same-sign baseline leptons, elec-
tron or muon, with mll > 20 GeV and by requiring
Emiss
T > 30 GeV. They are required to contain at least

two jets, including one with pT > 65 GeV and
another with pT > 35 GeV. Events with at least one
identified b jet are rejected in order to reduce back-
ground contributions from top-quark pair production (tt̄).
The two highest-pT jets are required to have mjj >
200 GeV and jΔyjjj > 2. These jet selection criteria
were optimized to separate the W�W�jj electroweak
process from the strong production and other background
processes.
After these selections, the dominant source of back-

ground events is due to leptons originating from decays of
heavy-flavor hadrons and jets misidentified as electrons,
collectively referred to as nonprompt leptons. Additional
selection criteria are applied to reduce their contributions.
Signal electrons are required to satisfy tight identification
criteria [42], to have pT > 27 GeV, and to be outside the
calorimeter transition region (1.37 < jηj < 1.52). Signal

muons are required to satisfy medium identification
criteria [43], and to have pT > 27 GeV and jd0=σd0 j < 3.
Signal electrons and muons are further required to be
isolated from nearby particles, with isolation criteria
defined using calorimeter clusters and ID tracks. These
isolation criteria are optimized to have an efficiency
of at least 90% for pT > 25 GeV and at least 99% for
pT > 60 GeV [42,43]. For dielectron events, the electron
pseudorapidity is restricted to jηj < 1.37 and events
with jmee − 91.2 GeVj < 15 GeV are discarded. These
criteria reduce the background from electron charge mis-
reconstruction described later. Candidate events with
exactly two signal leptons are said to pass the full event
selection.
The contributions from the WZ, Vγ, ZZ, tt̄V, and

triboson production are estimated using simulation. The
predicted event yields of the WZ and Vγ processes are
normalized to data in dedicated control regions. The
normalization of the WZ background is determined using
events with exactly three baseline leptons, two of which
are required to pass the signal lepton selection, and that
satisfy the dijet and Emiss

T selection criteria. Events from
Vγ production enter the signal region when a photon is
misidentified as an electron. The modeling of this
misidentification process in simulation is corrected using
Z → μþμ−γ events where a photon is emitted by a muon
and then misidentified as an electron. These events are
selected by requiring exactly two opposite-sign signal
muons, one signal electron, Emiss

T < 30 GeV and a
trilepton invariant mass satisfying 75 GeV < mμμe <
100 GeV. A normalization factor of 1.8 is derived from
this control region and used to correct the simulated Vγ
events. To account for the differences between the Zγ
and Wγ processes, the full effect of this correction factor
is assigned as a systematic uncertainty, corresponding to
44% of the estimated Vγ yield. The relative contributions
from electroweak and strong production of WZ and Vγ
processes are estimated from simulation since this
analysis is not sensitive to their different admixtures.
Theoretical uncertainties in the predictions of the ZZ,
Vγ, triboson, and tt̄V backgrounds vary from 20% to
30% [25,50,51].
Background contributions with nonprompt leptons are

estimated by weighting data events from dedicated control
regions by scale factors. These scale factors are measured in
dijet events containing exactly one lepton that is pT
balanced by a b jet. The b-jet requirement enhances
nonprompt lepton contributions and suppresses contribu-
tions from W=Z bosons, which are subtracted from data
using simulation. The scale factor is defined as the ratio of
the number of signal leptons to the number of leptons
passing a dedicated background selection. The background
leptons are required to pass the baseline lepton selection
and fail the signal lepton selection, where background
electrons are in addition required to satisfy medium
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identification criteria [42]. Moreover, the background
electron (muon) pT is required to be greater than
20(15) GeV. Separate scale factors are computed for muons
and for central and forward electrons. In order to reduce the
dependence on the underlying pT spectrum of b jets that
produce nonprompt leptons, the scale factors are measured
as a function of the scalar sum of the background lepton pT
and the additional activity around the lepton. This activity,
piso30
T , is quantified by the sum of the pT of ID tracks that

are within a cone of size ΔR ¼ 0.3 around the lepton and
originate from the primary vertex.
Data events, that are weighted by the scale factors, are

taken from control regions defined using the full event
selection criteria except that one lepton is required to pass
the background lepton selection and its pT is replaced with
pT þ piso30

T , with this sum required to be greater than
27 GeV. A statistically independent control region is
defined for each bin of themjj distribution. The uncertainty
of the estimated nonprompt background yields is approx-
imately 50% in μ�μ� final states and varies between 40%
and 90% for e�e� and e�μ� final states. It includes the
systematic uncertainty of the scale factors and the statistical
uncertainty of the control regions. The former uncertainty is
derived from variations in the composition of the dijet
control regions where these factors are measured, obtained
by varying the selection criteria. The entire method is
validated in regions enriched with nonprompt leptons from
tt̄ (W þ jet) events selected by requiring exactly two same-
sign leptons and exactly one (zero) b jet among a total of at
least (less than) two jets. In these regions, the number of
observed data events and the number of predicted back-
ground events agree within their uncertainties.
Opposite-sign lepton pairs pass the full event

selection when an electron undergoes an interaction
with the detector material resulting in incorrect charge
reconstruction. The probability of this charge misrecon-
struction, ϵmisrec, is measured in Z → eþe− events [42]
and it increases from about 0.1% in the central region to
a few percent for jηj > 2. The background contributions
from electron charge misreconstruction are estimated
from data using opposite-sign lepton pairs that satisfy
the full event selection criteria, except for the same-
sign requirement; these events are weighted by ϵmisrec
and the electron energy loss due to the material
interaction is corrected with η-dependent factors
derived from simulation [42]. The overall method is
validated by comparing the number of observed same-
sign electron pairs having jmee − 91.2 GeVj < 15 GeV
with the predicted background yield, with the two
numbers agreeing within the systematic uncertainty of
15%. This uncertainty is dominated by the statistical
uncertainty in the measurement of ϵmisrec, which is less
than 10% for jηj > 2 and up to 20% in the central
region. The charge misreconstruction of muons is found
to be negligible.

The detector systematic uncertainties arising from the
mismodeling of the reconstructed objects are estimated
primarily from data and their impact on the analysis is
assessed using simulated events. The dominant source is
the uncertainty of the jet energy scale, which amounts to
2% for the signal and 10% for the WZ background. The
uncertainty in the measurement of the integrated luminosity
is 2.1% [52].
The theory modeling uncertainties of the mjj distribu-

tions predicted by SHERPA forW�W�jj andWZ processes
are evaluated using the procedures described above. They
account for uncertainties in the total cross section, the
acceptance of the fiducial selection, the modeling of the
event selection efficiency and the shape of the mjj

distribution. Only the latter two affect the measured fiducial
cross section of the W�W�jj signal, since absolute
normalization uncertainties cancel in this measurement.
The uncertainty in the modeling of the event selection
efficiency also accounts for extrapolations from the fiducial
phase space to the detector level, in particular for the η
acceptance in dielectron events. Effects of the NLO
electroweak corrections [53] and of the interference
between electroweak and strong W�W�jj production
[9] are assigned as an uncertainty in the mjj shape of
the W�W�jj signal, amounting to 6% and 4%, respec-
tively. This approach is used because no event generator
implemented the complete NLO calculation until recently
[54] and because the interference contribution is defined
only at the leading order [8]. The overlap of the photon
radiation in the SHERPA parton shower model with the
NLO EW corrections is found to be negligible.
Signal events are categorized by their lepton flavor and

charge into six mutually exclusive channels: e�e�, e�μ�,
and μ�μ�, in order to exploit their different signal and
background compositions. The signal region is defined
as mjj > 500 GeV and further split into four mjj bins,
optimized to increase the expected signal sensitivity. Events
with 200 GeV < mjj < 500 GeV serve as additional con-
trol regions, dominated by contributions from nonprompt
leptons and WZ backgrounds. The resulting 30 bins of the
mjj distributions in the signal and control regions are
combined in a profile likelihood fit [55] to extract the
fiducial cross section.
The signal strength, a free parameter in the fit, multiplies

the expected fiducial W�W�jj electroweak production
cross section used to produce the signal template. The
signal template of reconstructed W�W�jj electroweak
events also includes candidate events with electrons and
muons produced in W decays into τ lepton. Since the
fiducial cross section prediction does not include such
events, their fractional contribution predicted by the sim-
ulation is removed from the fiducial cross section meas-
urement. Systematic uncertainties are included in the fit as
nuisance parameters constrained by Gaussian functions.
TheWZ control region is also included in the fit as a single

PHYSICAL REVIEW LETTERS 123, 161801 (2019)

161801-4



bin and the normalization of the WZ background is
included as a free parameter. The analysis choices maxi-
mize the expected significance for the W�W�jj electro-
weak signal predicted by SHERPA at 4.4σ. A significance of
6.5σ is expected by the alternative signal sample simulated
with POWHEG-BOX.
Table I compares the numbers of data events in the signal

region with the background and signal event yields after the
fit; the signal region contains 122 data events, compared
with a best-fit yield of 69� 7 background events. By fitting
the data and background events in the signal and control
regions, the background-only hypothesis is rejected with a
significance of 6.5σ. Figure 2 shows the control region
events separated into categories and the mjj distribution in
the signal region after the fit. All nuisance parameters remain
within their 1 standard deviation uncertainty after the fit. The
normalization of the WZ background is scaled by
a factor of 0.86þ0.07

−0.07ðstatÞþ0.18
−0.08ðexp systÞþ0.31

−0.23ðmod systÞ,
constrained mainly by the observed number of data events

in the WZ control region. Figure 3 shows the mll distri-
bution in the signal region after the fit.
A signal strength of 1.44þ0.26

−0.24ðstatÞþ0.28
−0.22ðsystÞ is mea-

sured with respect to the SHERPA fiducial cross section
prediction forW�W�jj electroweak production, where the
systematic uncertainty also includes the absolute normali-
zation uncertainty of this prediction. This corresponds to a
fiducial signal cross section of

σfid ¼ 2.89þ0.51
−0.48ðstatÞþ0.24

−0.22ðexp systÞ
× þ0.14

−0.16ðmod systÞþ0.08
−0.06ðlumiÞ fb;

where the uncertainties correspond to the statistical,
experimental systematic, theory modeling systematic,
and luminosity uncertainties, respectively. The experimen-
tal systematic uncertainty includes the detector systematic
uncertainties and the uncertainties in estimating all back-
ground processes except for the WZ and W�W�jj strong
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FIG. 2. Event yields for data, signal, and background in the WZ and 200 < mjj < 500 GeV control regions (left) and the mjj
distribution for events meeting all selection criteria for the signal region (right). Signal and background distributions are shown as
predicted after the fit. The hatched band represents the statistical and systematic uncertainties of the background predictions added in
quadrature. The backgrounds from Vγ production and electron charge misreconstruction are combined into the e=γ conversions
category. The other prompt category combines ZZ, VVV, and tt̄V background contributions. The last bin on the right figure includes the
overflow.

TABLE I. Summary of the data event yields, and the signal and background event yields in the signal region as obtained after the fit.
The numbers are shown for the six individual channels and for all channels combined. The backgrounds from Vγ production and
electron charge misreconstruction are combined in the e=γ conversions category. The other prompt category combines ZZ, VVV, and
tt̄V background contributions.

eþeþ e−e− eþμþ e−μ− μþμþ μ−μ− Combined

WZ 1.48� 0.32 1.09� 0.27 11.6� 1.9 7.9� 1.4 5.0� 0.7 3.4� 0.6 30� 4
Nonprompt 2.2� 1.1 1.2� 0.6 5.9� 2.5 4.7� 1.6 0.56� 0.05 0.68� 0.13 15� 5
e=γ conversions 1.6� 0.4 1.6� 0.4 6.3� 1.6 4.3� 1.1 � � � � � � 13.9� 2.9
Other prompt 0.16� 0.04 0.14� 0.04 0.90� 0.20 0.63� 0.14 0.39� 0.09 0.22� 0.05 2.4� 0.5
W�W�jj strong 0.35� 0.13 0.15� 0.05 2.9� 1.0 1.2� 0.4 1.8� 0.6 0.76� 0.25 7.2� 2.3
Expected background 5.8� 1.4 4.1� 1.1 28� 4 18.8� 2.6 7.7� 0.9 5.1� 0.6 69� 7

W�W�jj electroweak 5.6� 1.0 2.2� 0.4 24� 5 9.4� 1.8 13.4� 2.5 5.1� 1.0 60� 11

Data 10 4 44 28 25 11 122
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production processes that are accounted for in the modeling
systematic uncertainty. Table II summarizes the impacts of
different components of systematic uncertainty.
The measured fiducial cross section includes contribu-

tions fromboth theW�W�jj electroweak production and its
interferencewith theW�W�jj strong production, estimated
to be approximately 6% of the predicted fiducial cross
section for W�W�jj electroweak production. The fiducial
cross section for the W�W�jj electroweak production,
without the interference effect, is predicted by SHERPA
and POWHEG+PYTHIA8 to be 2.01þ0.33

−0.23 fb and 3.08þ0.45
−0.46 fb,

respectively. The impact on the measured fiducial cross
section of using POWHEG+PYTHIA8 instead of SHERPA to
generate the mjj signal template was tested and found to be
smaller than the 3.6% signal modeling uncertainty.
In summary, the electroweak VVjj production process

was studied in the W�W�jj final state using 36.1 fb−1

of pp collision data recorded at
ffiffiffi
s

p ¼ 13 TeV by the
ATLAS detector at the LHC. This process includes VBS
diagrams that probe the mechanism of electroweak
symmetry breaking. An excess of events is observed
and the background-only hypothesis is rejected with a
significance of 6.5σ. The fiducial cross section for
W�W�jj electroweak production is measured to be σfid ¼
2.89þ0.51

−0.48ðstatÞþ0.24
−0.22ðexp systÞþ0.14

−0.16ðmod systÞþ0.08
−0.06ðlumiÞ fb.
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FIG. 3. The mll distribution for events meeting all selection
criteria for the signal region is shown as predicted after the fit.
The hatched band represents the statistical and systematic
uncertainties of the background prediction added in quadrature.
The fitted signal strength and nuisance parameters have been
propagated, with the exception of the uncertainties due to the
interference and electroweak corrections for which a flat un-
certainty is assigned. The backgrounds from Vγ production and
electron charge misreconstruction are combined in the e=γ
conversions category. The other prompt category combines
ZZ, VVV, and tt̄V background contributions. The last bin of
the distribution includes the overflow.

TABLE II. Impact of different components of systematic
uncertainty on the measured fiducial cross section, without
taking into account correlations. The impact of one source of
systematic uncertainty is computed by first performing the fit
with the corresponding nuisance parameter fixed to 1 standard
deviation up or down from the value obtained in the nominal fit,
then these up and down variations are symmetrized. The impacts
of several sources of systematic uncertainty are added in quad-
rature for each component. The categorization of sources of
systematic uncertainties into experimental and theory modeling
correspond to those used for the measured fiducial cross section.

Source Impact [%]

Experimental

Electron energy scale and resolution, and efficiency 0.6
Muon momentum scale and resolution, and efficiency 1.3
Jet energy and Emiss

T scale and resolution 3.2
b-tagging inefficiency 2.1
Pileup modeling 1.6
Background, statistical 3.2
Background, misid. leptons 3.3
Background, charge misrec. 0.3
Background, other 1.8

Theory modeling
W�W�jj electroweak-strong interference 1.0
W�W�jj electroweak, EW corrections 1.4
W�W�jj electroweak, shower, scale, PDF & αs 2.8
W�W�jj strong 2.9
WZ 3.3

Luminosity 2.4
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35dFaculté des Sciences, Université Mohamed Premier and LPTPM, Oujda, Morocco
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69aINFN Sezione di Pavia, Italy

69bDipartimento di Fisica, Università di Pavia, Pavia, Italy
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132Graduate School of Science, Osaka University, Osaka, Japan

133Department of Physics, University of Oslo, Oslo, Norway
134Department of Physics, Oxford University, Oxford, United Kingdom

PHYSICAL REVIEW LETTERS 123, 161801 (2019)

161801-19
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