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An observation of electroweak W± Z production in association with two jets in proton–proton collisions 
is presented. The data collected by the ATLAS detector at the Large Hadron Collider in 2015 and 
2016 at a centre-of-mass energy of 

√
s = 13 TeV are used, corresponding to an integrated luminosity 

of 36.1 fb−1. Events containing three identified leptons, either electrons or muons, and two jets are 
selected. The electroweak production of W± Z bosons in association with two jets is measured with 
an observed significance of 5.3 standard deviations. A fiducial cross-section for electroweak production 
including interference effects and for a single leptonic decay mode is measured to be σW Z jj−EW =
0.57 +0.14

−0.13 (stat.) +0.07
−0.06 (syst.) fb. Total and differential fiducial cross-sections of the sum of W± Z j j

electroweak and strong productions for several kinematic observables are also measured.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The scattering of vector bosons (VBS), V V → V V with V =
W /Z/γ , is a key process with which to probe the SU(2)L × U(1)Y
gauge symmetry of the electroweak (EW) theory that determines 
the self-couplings of the vector bosons. New phenomena be-

yond the Standard Model (SM) can alter the couplings of vector 
bosons, generating additional contributions to quartic gauge cou-
plings (QGC) compared with the SM predictions [1–3].

In proton–proton collisions, VBS is initiated by an interaction of 
two vector bosons radiated from the initial-state quarks, yielding a 
final state with two bosons and two jets, V V jj, in a purely elec-
troweak process [4]. VBS diagrams are not independently gauge 
invariant and cannot be studied separately from other processes 
leading to the same V V jj final state [5]. Two categories of pro-
cesses give rise to V V jj final states. The first category, which in-
cludes VBS contributions, involves exclusively weak interactions at 
Born level of order α6

EW including the boson decays, where αEW is 
the electroweak coupling constant. It is referred to as electroweak 
production. The second category involves both the strong and elec-
troweak interactions at Born level of order α2

Sα
4
EW, where αS is the 

strong interaction coupling constant. It is referred to as QCD pro-
duction. According to the SM a small interference occurs between 
electroweak and QCD production.
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Different searches for diboson electroweak production have 
been performed by the ATLAS and CMS collaborations at the LHC. 
So far, electroweak V V jj production has only been observed in 
the same-sign W±W± j j channel by CMS using data collected at a 
centre-of-mass energy of 

√
s = 13 TeV [6]. Evidence of electroweak 

V V jj production has also been obtained in the W±W± j j [7,8]

and Zγ j j [9] channels by ATLAS and CMS, respectively, using 
smaller samples of data recorded at 

√
s = 8 TeV. Limits on elec-

troweak cross-sections for the production of two gauge boson have 
been reported for the W± Z j j [10,11], Z Z j j [12], Zγ j j [13] and 
Wγ j j [14] channels by ATLAS and CMS.

This Letter reports on an observation and measurement of 
electroweak W± Z j j production, exploiting the fully leptonic final 
states where both the Z and W bosons decay into electrons or 
muons. The pp collision data were collected with the ATLAS detec-
tor in 2015 and 2016 at a centre-of-mass energy of 

√
s = 13 TeV 

and correspond to an integrated luminosity of 36.1 fb−1.

2. The ATLAS detector

The ATLAS detector [15] is a multipurpose detector with a 
cylindrical geometry1 and nearly 4π coverage in solid angle. The 
collision point is surrounded by inner tracking detectors, collec-

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the z-axis along the beam 
direction. The x-axis points from the IP to the centre of the LHC ring, and the y-axis 
points upward. Cylindrical coordinates (r, φ) are used in the transverse (x, y) plane, 
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tively referred to as the inner detector (ID), located within a super-
conducting solenoid providing a 2 T axial magnetic field, followed 
by a calorimeter system and a muon spectrometer (MS).

The inner detector provides precise measurements of charged-
particle tracks in the pseudorapidity range |η| < 2.5. It consists 
of three subdetectors arranged in a coaxial geometry around the 
beam axis: a silicon pixel detector, a silicon microstrip detector 
and a transition radiation tracker.

The electromagnetic calorimeter covers the region |η| < 3.2 and 
is based on high-granularity, lead/liquid-argon (LAr) sampling tech-
nology. The hadronic calorimeter uses a steel/scintillator-tile de-
tector in the region |η| < 1.7 and a copper/LAr detector in the 
region 1.5 < |η| < 3.2. The most forward region of the detector, 
3.1 < |η| < 4.9, is equipped with a forward calorimeter, measuring 
electromagnetic and hadronic energies in copper/LAr and tung-
sten/LAr modules.

The muon spectrometer comprises separate trigger and high-
precision tracking chambers to measure the deflection of muons 
in a magnetic field generated by three large superconducting 
toroidal magnets arranged with an eightfold azimuthal coil sym-

metry around the calorimeters. The high-precision chambers cover 
the range |η| < 2.7 with three layers of monitored drift tubes, 
complemented by cathode strip chambers in the forward region, 
where the particle flux is highest. The muon trigger system covers 
the range |η| < 2.4 with resistive-plate chambers in the barrel and 
thin-gap chambers in the endcap regions.

A two-level trigger system is used to select events in real 
time [16]. It consists of a hardware-based first-level trigger and 
a software-based high-level trigger. The latter employs algorithms 
similar to those used offline to identify electrons, muons, photons 
and jets.

3. Phase space for cross-section measurements

The W± Z j j electroweak cross-section is measured in a fidu-
cial phase space that is defined by the kinematics of the final-state 
leptons, electrons or muons, associated with the W± and Z boson 
decays, and of two jets. Leptons produced in the decay of a hadron, 
a τ -lepton, or their descendants are not considered in the defini-
tion of the fiducial phase space. At particle level, the kinematics 
of the charged lepton after quantum electrodynamics (QED) final-
state radiation (FSR) are ‘dressed’ by including contributions from 
photons with an angular distance 
R ≡ √

(
η)2 + (
φ)2 < 0.1

from the lepton. Dressed charged leptons, and final-state neutrinos 
that do not originate from hadron or τ -lepton decays, are matched 
to the W± and Z boson decay products using a Monte Carlo (MC) 
generator-independent algorithmic approach, called the ‘resonant 
shape’ algorithm. This algorithm is based on the value of an esti-
mator expressing the product of the nominal line shapes of the W
and Z resonances as detailed in Ref. [10].

The fiducial phase space of the measurement matches the one 
used in Refs. [10,17] and is defined at particle level by the fol-
lowing requirements: the charged leptons from the Z boson de-
cay are required to have transverse momentum pT > 15 GeV, the 
charged lepton from the W± decay is required to have trans-
verse momentum p�

T > 20 GeV, the charged leptons from the W±
and Z bosons are required to have |η| < 2.5 and the invariant 
mass of the two leptons from the Z boson decay must be within 
10 GeV of the nominal Z boson mass, taken from the world av-
erage value, mPDG

Z [18]. The W boson transverse mass, defined as 

mW
T =

√
2 · pν

T · p�
T · [1− cos
φ(�,ν)], where 
φ(�, ν) is the an-

φ being the azimuthal angle around the beam direction. The pseudorapidity is de-
fined in terms of the polar angle θ as η = −ln[tan(θ/2)].

gle between the lepton and the neutrino in the transverse plane 
and pν

T is the transverse momentum of the neutrino, is required 
to be mW

T > 30 GeV. The angular distance between the charged 
lepton from the W± decay and each of the charged leptons from 
the Z decay is required to be 
R > 0.3, and the angular dis-
tance between the two leptons from the Z decay is required to be 

R > 0.2. Requiring that the transverse momentum of the lead-
ing lepton be above 27 GeV reduces the acceptance of the fiducial 
phase space by only 0.02% and is therefore not added to the def-
inition of the fiducial phase space, although it is present in the 
selection at the detector level presented in Section 5.

In addition to these requirements that define an inclusive phase 
space, at least two jets with pT > 40 GeV and |η j | < 4.5 are re-
quired. These particle-level jets are reconstructed from stable par-
ticles with a lifetime of τ > 30 ps in the simulation after parton 
showering, hadronisation, and decay of particles with τ < 30 ps. 
Muons, electrons, neutrinos and photons associated with W and 
Z decays are excluded. The particle-level jets are reconstructed 
using the anti-kt [10] algorithm with a radius parameter R = 
0.4. The angular distance between all selected leptons and jets 
is required to be 
R( j, �) > 0.3. If the 
R( j, �) requirement is 
not satisfied, the jet is discarded. The invariant mass, mjj , of the 
two highest-pT jets in opposite hemispheres, η j1 · η j2 < 0, is re-
quired to be mjj > 500 GeV to enhance the sensitivity to VBS 
processes. These two jets are referred to as tagging jets. Finally, 
processes with a b-quark in the initial state, such as t Z j produc-

tion, are not considered as signal. The production of t Z j results 
from a t-channel exchange of a W boson between a b- and a 
u-quark giving a final state with a t-quark, a Z boson and a light-
quark jet, but does not include diagrams with gauge boson cou-
plings.

4. Signal and background simulation

Monte Carlo simulation is used to model signal and background 
processes. All generated MC events were passed through the ATLAS 
detector simulation [20], based on Geant 4 [21], and processed 
using the same reconstruction software as used for the data. The 
event samples include the simulation of additional proton–proton 
interactions (pile-up) generated with Pythia 8.186 [22] using the
MSTW2008LO [23] parton distribution functions (PDF) and the 
A2 [24] set of tuned parameters.

Scale factors are applied to simulated events to correct for the 
differences between data and MC simulation in the trigger, recon-
struction, identification, isolation and impact parameter efficiencies 
of electrons and muons [25,26]. Furthermore, the electron energy 
and muon momentum in simulated events are smeared to account 
for differences in resolution between data and MC simulation [26,

27].

The Sherpa 2.2.2 MC event generator [28–35] was used to 
model W± Z j j events. It includes the modelling of hard scatter-
ing, parton showering, hadronisation and the underlying event. A 
MC event sample, referred to as W Z jj−EW, includes processes of 
order six (zero) in αEW (αS). In this sample, which includes VBS 
diagrams, two additional jets originating from electroweak ver-
tices from matrix-element partons are included in the final state. 
Diagrams with a b-quark in either the initial or final state, i.e. 
b-quarks in the matrix-element calculation, are not considered. 
This sample provides a LO prediction for the W Z jj−EW signal 
process. A second MC event sample, referred to as W Z jj−QCD, 
includes processes of order four in αEW in the matrix-element 
of W± Z production with up to one jet calculated at next-to-
leading order (NLO) and with a second or third jet calculated 
at leading order (LO). This W Z jj−QCD sample includes matrix-

element b-quarks. Both Sherpa samples were generated using the
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NNPDF3.0 [36] PDF set. Interferences between the two processes 
were estimated at LO using the MadGraph5_aMC@NLO 2.3 [37]

MC event generator with the NNPDF3.0 PDF set, including only 
contributions to the squared matrix-element of order one in 
αS. They are found to be positive and approximately 10% of 
the W Z jj−EW cross-section in the fiducial phase space and are 
treated as an uncertainty in the measurement, as discussed in Sec-
tion 8. For the estimation of modelling uncertainties, alternative 
MC samples of W Z jj−QCD and W Z jj−EW processes were gener-
ated with MadGraph5_aMC@NLO 2.3 at LO in QCD, including up 
to two partons in the matrix-element for W Z jj−QCD, and using 
the NNPDF3.0 PDF set. MC samples of inclusive W± Z produc-

tion generated at NLO in QCD with the Powheg-Box v2 [38–41]

generator, interfaced to Pythia 8.210 or Herwig++ 2.7.1 [42] for 
simulation of parton showering and hadronisation are also used 
for tests of the modelling of W Z jj−QCD events.

The qq̄ → Z Z (∗) processes were generated with Sherpa 2.2.2

and the NNPDF3.0 PDF set. Similarly to W± Z simulation, the 
Z Z j j−QCD and Z Z j j−EW processes are generated separately with 
the same matrix-element accuracy as for the W± Z Sherpa MC 
samples. The Sherpa 2.1.1 MC event generator was used to model 
the gg → Z Z (∗) and V V V processes at LO using the CT10 [43]

PDF set. The tt̄V processes were generated at NLO with the Mad-
Graph5_aMC@NLO 2.3 MC generator using the NNPDF3.0 PDF set 
interfaced to the Pythia 8.186 parton shower model. The associ-
ated production of a single top quark and a Z boson was simulated 
at LO with MadGraph5_aMC@NLO 2.3 using the NNPDF3.0 PDF 
set and interfaced to Pythia 8.186 for parton shower.

5. Event selection

Candidate events were selected using single-leptons triggers [16]

that required at least one electron or muon. The transverse mo-

mentum threshold of the leptons in 2015 was 24 GeV for electrons 
and 20 GeV for muons satisfying a loose isolation requirement 
based only on ID track information. Due to the higher instan-
taneous luminosity in 2016 the trigger threshold was increased 
to 26 GeV for both the electrons and muons and tighter iso-
lation requirements were applied. Possible inefficiencies for lep-
tons with large transverse momenta were reduced by including 
additional electron and muon triggers that did not include any 
isolation requirements with transverse momentum thresholds of 
pT = 60 GeV and 50 GeV, respectively. Finally, a single-electron 
trigger requiring pT > 120 GeV or pT > 140 GeV in 2015 and 2016, 
respectively, with less restrictive electron identification criteria was 
used to increase the selection efficiency for high-pT electrons. 
The combined efficiency of these triggers is close to 100% for 
W± Z j j events. Only data recorded with stable beam conditions 
and with all relevant detector subsystems operational are consid-
ered.

Events are required to have a primary vertex reconstructed 
from at least two charged-particle tracks and compatible with the 
pp interaction region. If several such vertices are present in the 
event, the one with the highest sum of the p2

T of the associated 
tracks is selected as the production vertex of the W± Z . All final 
states with three charged leptons (electrons or muons) and neutri-
nos from W± Z leptonic decays are considered.

Muon candidates are identified by tracks reconstructed in the 
muon spectrometer and matched to tracks reconstructed in the 
inner detector. Muons are required to satisfy a ‘medium’ identi-
fication selection that is based on requirements on the number 
of hits in the ID and the MS [26]. The efficiency of this selection 
averaged over pT and η is > 98%. The muon momentum is calcu-
lated by combining the MS measurement, corrected for the energy 
deposited in the calorimeters, with the ID measurement. The trans-

verse momentum of the muon must satisfy pT > 15 GeV and its 
pseudorapidity must satisfy |η| < 2.5.

Electron candidates are reconstructed from energy clusters in 
the electromagnetic calorimeter matched to ID tracks. Electrons are 
identified using a likelihood function constructed from information 
from the shape of the electromagnetic showers in the calorime-

ter, track properties and track-to-cluster matching quantities [25]. 
Electrons must satisfy a ‘medium’ likelihood requirement, which 
provides an overall identification efficiency of 90%. The electron 
momentum is computed from the cluster energy and the direction 
of the track. The transverse momentum of the electron must sat-
isfy pT > 15 GeV and the pseudorapidity of the cluster must be in 
the ranges |η| < 1.37 or 1.52 < |η| < 2.47.

Electron and muon candidates are required to originate from 
the primary vertex. The significance of the track’s transverse im-

pact parameter relative to the beam line must satisfy |d0/σd0 | <
3 (5) for muons (electrons), and the longitudinal impact parame-

ter, z0 (the difference between the value of z of the point on the 
track at which d0 is defined and the longitudinal position of the 
primary vertex), is required to satisfy |z0 · sin(θ)| < 0.5 mm.

Electrons and muons are required to be isolated from other 
particles, according to calorimeter-cluster and ID-track informa-

tion. The isolation requirement for electrons varies with pT and 
is tuned for an efficiency of at least 90% for pT > 25 GeV and at 
least 99% for pT > 60 GeV [25]. Fixed thresholds values are used 
for the muon isolation variables, providing an efficiency above 90%
for pT > 15 GeV and at least 99% for pT > 60 GeV [26].

Jets are reconstructed from clusters of energy depositions in 
the calorimeter [44] using the anti-kt algorithm [19] with a ra-
dius parameter R = 0.4. Events with jets arising from detector 
noise or other non-collision sources are discarded [45]. All jets 
must have pT > 25 GeV and be reconstructed in the pseudora-
pidity range |η| < 4.5. A multivariate combination of track-based 
variables is used to suppress jets originating from pile-up in the 
ID acceptance [46]. The energy of jets is calibrated using a jet en-
ergy correction derived from simulation and in situ methods using 
data [47]. Jets in the ID acceptance with pT > 25 GeV contain-
ing a b-hadron are identified using a multivariate algorithm [48,

49] that uses impact parameter and reconstructed secondary ver-
tex information of the tracks contained in the jets. Jets initiated by 
b-quarks are selected by setting the algorithm’s output threshold 
such that a 70% b-jet selection efficiency is achieved in simulated 
tt̄ events.

The transverse momentum of the neutrino is estimated from 
the missing transverse momentum in the event, Emiss

T , calculated 
as the negative vector sum of the transverse momentum of all 
identified hard (high pT) physics objects (electrons, muons and 
jets), as well as an additional soft term. A track-based measure-

ment of the soft term [50,51], which accounts for low-pT tracks 
not assigned to a hard object, is used.

Events are required to contain exactly three lepton candidates 
satisfying the selection criteria described above. To ensure that the 
trigger efficiency is well determined, at least one of the candidate 
leptons is required to have pT > 25 GeV or pT > 27 GeV for the 
2015 or 2016 data, respectively, and to be geometrically matched 
to a lepton that was selected by the trigger.

To suppress background processes with at least four prompt 
leptons, events with a fourth lepton candidate satisfying looser 
selection criteria are rejected. For this looser selection, the pT re-

quirement for the leptons is lowered to pT > 5 GeV and ‘loose’ 
identification requirements are used for both the electrons and 
muons. A less stringent requirement is applied for electron isola-
tion based only on ID track information and electrons with cluster 
in the range 1.37 ≤ |η| ≤ 1.52 are also considered.
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Table 1
Expected and observed numbers of events in the W± Z j j signal region and in the 
three control regions, before the fit. The expected number of W Z jj−EW events from
Sherpa and the estimated number of background events from the other processes 
are shown. The sum of the backgrounds containing misidentified leptons is labelled 
‘Misid. leptons’. The contribution arising from interferences between W Z jj−QCD and 
W Z jj−EW processes is not included in the table. The total uncertainties are quoted.

SR W Z jj−QCD CR b-CR Z Z-CR

Data 161 213 141 52

Total predicted 200 ± 41 290± 61 160 ± 14 45.2 ± 7.5

W Z jj−EW (signal) 24.9± 1.4 8.45± 0.37 1.36± 0.10 0.21± 0.12

W Z jj−QCD 144 ± 41 231± 60 24.4± 1.7 1.43 ± 0.22

Misid. leptons 9.8± 3.9 17.7± 7.1 30± 12 0.47± 0.21

Z Z j j−QCD 8.1± 2.2 15.0± 3.9 1.96± 0.49 35± 11

t Z j 6.5± 1.2 6.6± 1.1 36.2± 5.7 0.18± 0.04

tt̄ + V 4.21± 0.76 9.11± 1.40 65.4± 10.3 2.8± 0.61

Z Z j j−EW 1.80± 0.45 0.53± 0.14 0.12± 0.09 4.1± 1.4

V V V 0.59± 0.15 0.93± 0.23 0.13± 0.03 1.05± 0.30

Candidate events are required to have at least one pair of lep-
tons of the same flavour and of opposite charge, with an invariant 
mass that is consistent with the nominal Z boson mass [52] to 
within 10 GeV. This pair is considered to be the Z boson candi-
date. If more than one pair can be formed, the pair whose invariant 
mass is closest to the nominal Z boson mass is taken as the Z bo-

son candidate.
The remaining third lepton is assigned to the W boson decay. 

The transverse mass of the W candidate, computed using Emiss
T

and the pT of the associated lepton, is required to be greater than 
30 GeV.

Backgrounds originating from misidentified leptons are sup-
pressed by requiring the lepton associated with the W boson to 
satisfy more stringent selection criteria. Thus, the transverse mo-

mentum of these leptons is required to be pT > 20 GeV. Further-
more, leptons associated with the W boson decay are required to 
satisfy the ‘tight’ identification requirements, which have an ef-
ficiency between 90% and 98% for muons and an efficiency of 
85% for electrons. Finally, muons must also satisfy a tighter iso-
lation requirement, tuned for an efficiency of at least 90% (99%) 
for pT > 25 (60) GeV.

To select W± Z j j candidates, events are further required to be 
associated with at least two ‘tagging’ jets. The leading tagging jet 
is selected as the highest-pT jet in the event with pT > 40 GeV. 
The second tagging jet is selected as the one with the highest pT

among the remaining jets that have a pseudorapidity of opposite 
sign to the first tagging jet and a pT > 40 GeV. These two jets 
are required to verify mjj > 150 GeV, in order to minimise the 
contamination from triboson processes.

The final signal region (SR) for VBS processes is defined by re-
quiring that the invariant mass of the two tagging jets, mjj , be 
above 500 GeV and that no b-tagged jet be present in the event.

6. Background estimation

The background sources are classified into two groups: events 
where at least one of the candidate leptons is not a prompt lep-
ton (reducible background) and events where all candidates are 
prompt leptons or are produced in the decay of a τ -lepton (irre-
ducible background). Candidates that are not prompt leptons are 
also called ‘misidentified’ or ‘fake’ leptons.

The dominant source of background originates from the QCD-
induced production of W± Z dibosons in association with two jets, 
W Z jj−QCD. The shapes of distributions of kinematic observables 
of this irreducible background are modelled by the Sherpa MC 
simulation. The normalisation of this background is, however, con-
strained by data in a dedicated control region. This region, referred 

to as W Z jj−QCD CR, is defined by selecting a sub-sample of 
W± Z j j candidate events with mjj < 500 GeV and no reconstructed 
b-jets.

The other main sources of irreducible background arise from 
Z Z and tt̄+V (where V = Z or W ). These irreducible backgrounds 
are also modelled using MC simulations. Data in two additional 
dedicated control regions, referred to as Z Z -CR and b-CR, respec-
tively, are used to constrain the normalisations of the Z Z j j−QCD

and tt̄+ V backgrounds. The control region Z Z -CR, enriched in Z Z
events, is defined by applying the W± Z j j event selection defined 
in Section 5, with the exception that instead of vetoing a fourth 
lepton it is required that events have at least a fourth lepton can-
didate with looser identification requirements. This region is domi-

nated by Z Z j j−QCD events with a small contribution of Z Z j j−EW

events. The control region b-CR, enriched in tt̄ + V events, is de-
fined by selecting W± Z j j candidate events having at least one 
reconstructed b-jet. Remaining sources of irreducible background 
are Z Z j j−EW V V V and t Z j events. Their contributions in the 
control and signal regions are estimated from MC simulations.

The reducible backgrounds originate from Z + j, Zγ , tt̄ , Wt

and WW production processes. The reducible backgrounds are es-
timated using a data-driven method based on the inversion of a 
global matrix containing the efficiencies and the misidentification 
probabilities for prompt and fake leptons [10,53]. The method ex-
ploits the classification of the lepton as loose or tight candidates 
and the probability that a fake lepton is misidentified as a loose 
or tight lepton candidate. Tight leptons candidates are signal lep-
ton candidates as defined in Section 5. Loose lepton candidates 
are leptons that do not meet the isolation and identification crite-
ria of signal lepton candidates but satisfy only looser criteria. The 
misidentification probabilities for fake leptons are determined from 
data, using dedicated control samples enriched in non-prompt lep-
tons from heavy-flavour jets and in misidentified leptons from 
photon conversions or charged hadrons in light-flavour jets. The 
lepton misidentification probabilities are applied to samples of 
W± Z j j candidate events in data where at least one and up to 
three of the lepton candidates are loose. Then, using a matrix 
inversion, the number of events with at least one misidentified 
lepton, which represents the amount of reducible background in 
the selected W± Z j j sample, is obtained.

The number of observed events together with the expected 
background contributions are summarised in Table 1 for the signal 
region and the three control regions. All sources of uncertainties, 
as described in Section 8, are included. The expected signal purity 
in the W± Z j j signal region is about 13%, and 72% of the events 
arise from W Z jj−QCD production.
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7. Signal extraction procedure

Given the small contribution to the signal region of W Z jj−EW

processes, a multivariate discriminant is used to separate the signal 
from the backgrounds. A boosted decision tree (BDT), as imple-

mented in the TMVA package [54], is used to exploit the kinematic 
differences between the W Z jj−EW signal and the W Z jj−QCD

and other backgrounds. The BDT is trained and optimised on sim-

ulated events to separate W Z jj−EW events from all background 
processes.

A total of 15 variables are combined into one discriminant, the 
BDT score output value in the range [−1, 1]. The variables can 
be classified into three categories: jet-kinematic variables, vector-
bosons-kinematics variables, and variables related to both jets and 
leptons kinematics. The variables related to the kinematic prop-
erties of the two tagging jets are the invariant mass of the two 
jets, mjj , the transverse momenta of the jets, the difference in 
pseudorapidity and azimuthal angle between the two jets, 
η j j

and 
φ j j , the rapidity of the leading jet and the jet multiplic-

ity. Variables related to the kinematic properties of the vector 
bosons are the transverse momenta of the W and Z bosons, 
the pseudorapidity of the W boson, the absolute difference be-
tween the rapidities of the Z boson and the lepton from the 
decay of the W boson, |yZ − y�,W |, and the transverse mass 
of the W± Z system mW Z

T . The pseudorapidity of the W boson 
is reconstructed using an estimate of the longitudinal momen-

tum of the neutrino obtained using the W mass constraint as 
detailed in Ref. [55]. The mW Z

T observable is reconstructed fol-
lowing Ref. [10]. Variables that relate the kinematic properties of 
jets and leptons are the distance in the pseudorapidity–azimuth 
plane between the Z boson and the leading jet, 
R( j1, Z), the 
event balance Rhard

pT
, defined as the transverse component of the 

vector sum of the W Z bosons and tagging jets momenta, nor-
malised to their scalar pT sum, and, finally the centrality of 
the W Z system relative to the tagging jets, defined as ζlep. =
min(
η−, 
η+), with 
η− = min(ηW

� , ηZ
�2

, ηZ
�1

) − min(η j1 , η j2 )

and 
η+ = max(η j1 , η j2 ) − max(ηW
� , ηZ

�2
, ηZ

�1
). A larger set of dis-

criminating observables was studied but only variables improving 
signal-to-background were retained. The good modelling by MC 
simulations of the distribution shapes and the correlations of all 
input variables to the BDT is verified in the W Z jj−QCD CR, as ex-
emplified by the good description of the BDT score distribution of 
data in the W Z jj−QCD CR shown in Fig. 1.

The distribution of the BDT score in the W± Z j j signal region 
is used to extract the significance of the W Z jj−EW signal and 
to measure its fiducial cross-section via a maximum-likelihood fit. 
An extended likelihood is built from the product of four likeli-
hoods corresponding to the BDT score distribution in the W± Z j j

SR, the mjj distribution in the W Z jj−QCD CR, the multiplicity of 
reconstructed b-quarks in the b-CR and the mjj distribution in the 
Z Z -CR. The inclusion of the three control regions in the fit allows 
the yields of the W Z jj−QCD, tt̄ + V and Z Z j j−QCD backgrounds 
to be constrained by data. The shapes of these backgrounds are 
taken from MC predictions and can vary within the uncertain-
ties affecting the measurement as described in Section 8. The 
normalisations of these backgrounds are introduced in the like-
lihood as parameters, labelled μW Z jj−QCD, μtt̄+V and μZ Z j j−QCD

for W Z jj−QCD, tt̄ + V and Z Z j j−QCD backgrounds, respectively. 
They are treated as unconstrained nuisance parameters that are 
determined mainly by the data in the respective control region. 
The normalisation and shape of the other irreducible backgrounds 
are taken from MC simulations and are allowed to vary within 
their respective uncertainties. The distribution of the reducible 
background is estimated from data using the matrix method pre-

Fig. 1. Post-fit distribution of the BDT score distribution in the W Z jj−QCD control 
region. Signal and backgrounds are normalised to the expected number of events af-
ter the fit. The uncertainty band around the MC expectation includes all systematic 
uncertainties as obtained from the fit.

sented in Section 6 and is allowed to vary within its uncer-
tainty.

The determination of the fiducial cross-section is carried out 
using the signal strength parameter μW Z jj−EW:

μW Z jj−EW = N
signal

data

N
signal
MC

= σ fid.
W Z jj−EW

σ fid.,MC
W Z jj−EW

,

where N
signal

data
is the signal yield extracted from data by the 

fit and Nsignal
MC is the number of signal events predicted by the

Sherpa MC simulation. The measured cross-section σ fid.
W Z jj−EW is 

derived from the signal strength μW Z jj−EW by multiplying it by 
the Sherpa MC cross-section prediction σ fid.,MC

W Z jj−EW in the fiducial 
region. The W Z jj−QCD contribution that is considered as back-
ground in the fit procedure does not contain interference between 
the W Z jj−QCD and W Z jj−EW processes. The measured cross-
section σ fid.

W Z jj−EW therefore formally corresponds to the cross-
section of the electroweak production including interference ef-
fects.

8. Systematic uncertainties

Systematic uncertainties in the signal and control regions af-
fecting the shape and normalisation of the BDT score, mjj and 
Nb−jets distributions for the individual backgrounds, as well as the 
acceptance of the signal and the shape of its template are consid-
ered. If the variation of a systematic uncertainty as a function of 
the BDT score is consistent with being due to statistical fluctua-
tions, this systematic uncertainty is neglected.

Systematic uncertainties due to the theoretical modelling in the 
event generator used to evaluate the W Z jj−QCD and W Z jj−EW

templates are considered. Uncertainties due to higher order QCD 
corrections are evaluated by varying the renormalisation and fac-
torisation scales independently by factors of two and one-half, 
removing combinations where the variations differ by a factor of 
four. These uncertainties are of −20% to +30% on the W Z jj−QCD

background normalisation and up to ±5% on the W Z jj−EW sig-

nal shape. The uncertainties due to the PDF and the αS value 
used in the PDF determination are evaluated using the PDF4LHC
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prescription [56]. They are of the order of 1% to 2% in shape 
of the predicted cross-section. A global modelling uncertainty 
in the W Z jj−QCD background template that includes effects 
of the parton shower model is estimated by comparing predic-
tions of the BDT score distribution in the signal region from the 
Sherpa and MadGraph MC event generators. The difference be-
tween the predicted shapes of the BDT score distribution from 
the two generators is considered as an uncertainty. The resulting 
uncertainty ranges from 5% to 20% at medium and high values 
of the BDT score, respectively. Alternatively, using two MC sam-

ples with different parton shower models, Powheg+Pythia8 and 
Powheg+Herwig, it was verified that for W Z jj−QCD events the 
variations of the BDT score shape due to different parton shower 
models are within the global modelling uncertainty defined above. 
A global modelling uncertainty in the W Z jj−EW signal template 
is also estimated by comparing predictions of the BDT score dis-
tribution in the signal region from the Sherpa and MadGraph MC 
event generators. This modelling uncertainty affects the shape of 
the BDT score distribution by at most 14% at large values of the 
BDT score. The Sherpa W Z jj−EW sample used in this analysis was 
recently found to implement a colour flow computation in VBS-like 
processes that increases central parton emissions from the par-
ton shower [57]. It was verified that possible effects on kinematic 
distributions and especially on the BDT score distribution are cov-
ered by the modelling uncertainty used. The interference between 
electroweak- and QCD-induced processes is not included in the 
probability distribution functions of the fit but is considered as an 
uncertainty affecting only the shape of the W Z jj−EW MC tem-

plate. The effect is determined using the MadGraph MC generator, 
resulting for the signal region in shape-only uncertainties ranging 
from 10% to 5% at low and high values of the BDT score, respec-
tively. The effect of interference on the shape of the W Z jj−EW

MC template in the W± Z j j-QCD CR is negligible and is therefore 
not included.

Systematic uncertainties affecting the reconstruction and en-
ergy calibration of jets, electrons and muons are propagated 
through the analysis. The dominant sources of uncertainties are 
the jet energy scale calibration, including the modelling of pile-
up. The uncertainties in the jet energy scale are obtained from √
s = 13 TeV simulations and in situ measurements [47]. The un-

certainty in the jet energy resolution [58] and in the suppression 
of jets originating from pile-up are also considered [46]. The un-
certainties in the b-tagging efficiency and the mistag rate are also 
taken into account. The effect of jet uncertainties on the expected 
number of events ranges from 10% to 3% at low and high values 
of the BDT score, respectively, with a similar effect for W Z jj−QCD

and W Z jj−EW events.

The uncertainty in the Emiss
T measurement is estimated by prop-

agating the uncertainties in the transverse momenta of hard 
physics objects and by applying momentum scale and resolution 
uncertainties to the track-based soft term [50,51].

The uncertainties due to lepton reconstruction, identification, 
isolation requirements and trigger efficiencies are estimated using 
tag-and-probe methods in Z → �� events [25,26]. Uncertainties in 
the lepton momentum scale and resolution are also assessed using 
Z → �� events [26,27]. These uncertainties impact the expected 
number of events by 1.4% and 0.4% for electrons and muons, re-
spectively, and are independent of the BDT score. Their effect is 
similar for W Z jj−QCD and W Z jj−EW events.

A 40% yield uncertainty is assigned to the reducible background 
estimate. This takes into account the limited number of events in 
the control regions as well as the differences in background com-

position between the control regions used to determine the lepton 
misidentification rate and the control regions used to estimate 
the yield in the signal region. The uncertainty due to irreducible 

Table 2
Summary of the relative uncertainties in the measured fiducial 
cross-section σ fid.

W Z jj−EW. The uncertainties are reported as per-
centages.

Source Uncertainty [%]

W Z jj−EW theory modelling 4.8

W Z jj−QCD theory modelling 5.2

W Z jj−EW and W Z jj−QCD interference 1.9

Jets 6.6

Pile-up 2.2

Electrons 1.4

Muons 0.4

b-tagging 0.1

MC statistics 1.9

Misid. lepton background 0.9

Other backgrounds 0.8

Luminosity 2.1

Total Systematics 10.9

background sources other than W Z jj−QCD is evaluated by propa-
gating the uncertainty in their MC cross-sections. These are 20%
for V V V [59], 15% for t Z j [10] and tt̄ + V [60], and 25% for 
Z Z j j−QCD to account for the potentially large impact of scale vari-
ations.

The uncertainty in the combined 2015+2016 integrated lumi-

nosity is 2.1%. It is derived, following a methodology similar to 
that detailed in Ref. [61], and using the LUCID-2 detector for the 
baseline luminosity measurements [62], from a calibration of the 
luminosity scale using x–y beam-separation scans.

The effect of the systematic uncertainties on the final results 
after the maximum-likelihood fit is shown in Table 2 where the 
breakdown of the contributions to the uncertainties in the mea-

sured fiducial cross-section σ fid.
W Z jj−EW is presented. The individual 

sources of systematic uncertainty are combined into theory mod-

elling and experimental categories. As shown in the table, the sys-
tematic uncertainties in the jet reconstruction and calibration play 
a dominant role, followed by the uncertainties in the modelling 
of the W Z jj−EW signal and of the W Z jj−QCD background. Sys-
tematic uncertainties in the missing transverse momentum com-

putation arise directly from the momentum and energy calibration 
of jets, electrons and muons and are included in the respective 
lines of Table 2. Systematic uncertainties in the modelling of the 
reducible and irreducible backgrounds other than W Z jj−QCD are 
also detailed.

9. Cross-section measurements

The signal strength μW Z jj−EW and its uncertainty are deter-
mined with a profile-likelihood-ratio test statistic [63]. Systematic 
uncertainties in the input templates are treated as nuisance pa-
rameters with an assumed Gaussian distribution. The distributions 
of mjj in the Z Z -CR control region, of Nb−jets in the b-CR, of mjj

in the W Z jj−QCD control region and of the BDT score in the 
signal region, with background normalisations, signal normalisa-

tion and nuisance parameters adjusted by the profile-likelihood fit 
are shown in Fig. 2. The corresponding post-fit yields are detailed 
in Table 3. The table presents the integral of the BDT score dis-
tribution in the SR, but the uncertainty on the measured signal 
cross section is dominated by events at high BDT score. The signal 
strength is measured to be

μW Z jj−EW = 1.77 +0.44
−0.40 (stat.) +0.15

−0.12 (exp. syst.)

+0.15
−0.12(mod. syst.) +0.15

−0.13 (theory) +0.04
−0.02 (lumi.)

= 1.77 +0.51
−0.45 ,
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Fig. 2. Post-fit distributions of (a) mjj in the Z Z -CR control region, (b) Nb−jets in the b-CR, (c) mjj in the W Z jj−QCD control region and (d) the BDT score distribution in the 
signal region. Signal and backgrounds are normalised to the expected number of events after the fit. The uncertainty band around the MC expectation includes all systematic 
uncertainties as obtained from the fit.

Table 3
Observed and expected numbers of events in the W± Z j j signal region and in the three 
control regions, after the fit. The expected number of W Z jj−EW events from Sherpa and 
the estimated number of background events from the other processes are shown. The sum 
of the backgrounds containing misidentified leptons is labelled ‘Misid. leptons’. The total 
correlated post-fit uncertainties are quoted.

SR W Z jj−QCD CR b-CR Z Z-CR

Data 161 213 141 52

Total predicted 167 ± 11 204 ± 12 146± 11 51.3± 7.0

W Z jj−EW (signal) 44± 11 8.52 ± 0.41 1.38± 0.10 0.211± 0.004

W Z jj−QCD 91± 10 144 ± 14 13.9± 3.8 0.94± 0.14

Misid. leptons 7.8± 3.2 14.0 ± 5.7 23.5± 9.6 0.41± 0.18

Z Z j j−QCD 11.1 ± 2.8 18.3 ± 1.1 2.35± 0.06 40.8± 7.2

t Z j 6.2± 1.1 6.3± 1.1 34.0± 5.3 0.17± 0.04

tt̄ + V 4.7± 1.0 11.14 ± 0.37 71± 15 3.47± 0.54

Z Z j j−EW 1.80 ± 0.45 0.44± 0.10 0.10± 0.03 4.2± 1.2

V V V 0.59± 0.15 0.93± 0.23 0.13± 0.03 1.06± 0.30

where the uncertainties correspond to statistical, experimental 
systematic, theory modelling and interference systematic, theory 
σ fid.,MC
W Z jj−EW normalisation and luminosity uncertainties, respectively. 

The background-only hypothesis is excluded with a significance of 

5.3 standard deviations, compared with 3.2 standard deviations 
expected. The normalisation parameters of the W Z jj−QCD, tt̄ + V

and Z Z backgrounds constrained by data in the control and sig-
nal regions are measured to be μW Z jj−QCD = 0.56 ± 0.16, μtt̄+V =
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1.07 ±0.28 and μZ Z j j−QCD = 1.34 ±0.44. The observed W Z jj−EW

production integrated fiducial cross-section derived from this sig-
nal strength for a single leptonic decay mode is

σ fid.
W Z jj−EW = 0.57 +0.14

−0.13 (stat.) +0.05
−0.04 (exp. syst.)

+0.05
−0.04(mod. syst.) +0.01

−0.01 (lumi.) fb

= 0.57 +0.16
−0.14 fb .

It corresponds to the cross-section of electroweak W± Z j j pro-

duction, including interference effects between W Z jj−QCD and 
W Z jj−EW processes, in the fiducial phase space defined in Sec-
tion 3 using dressed-level leptons.

The SM LO prediction from Sherpa for electroweak production 
without interference effects is

σ
fid., Sherpa
W Z jj−EW = 0.321± 0.002 (stat.) ± 0.005 (PDF)+0.027

−0.023 (scale) fb,

where the effects of uncertainties in the PDF and the αS value 
used in the PDF determination, as well as the uncertainties due 
to the renormalisation and factorisation scales, are evaluated using 
the same procedure as the one described in Section 8.

A larger cross-section of σ fid.,MadGraph
W Z jj−EW = 0.366 ± 0.004 (stat.) fb

is predicted by MadGraph. These predictions are at LO only and 
include neither the effects of interference, estimated at LO to be 
10%, nor the effects of NLO electroweak corrections as calculated 
recently in Ref. [64].

From the number of observed events in the SR, the integrated 
cross-section of W± Z j j production in the VBS fiducial phase space 
defined in Section 3, including W Z jj−EW and W Z jj−QCD con-

tributions and their interference, is measured. For a given channel 
W± Z → �′±ν�+�− , where � and �′ indicates each type of lep-
ton (e or μ), the integrated fiducial cross section that includes the 
leptonic branching fractions of the W and Z bosons is calculated 
as

σ fid.
W± Z j j =

Ndata − Nbkg

L · CW Z jj
×

(
1− Nτ

Nall

)
,

where Ndata and Nbkg are the number of observed events and 
the estimated number of background events in the SR, respec-
tively, and L is the integrated luminosity. The factor CW Z jj , ob-
tained from simulation, is the ratio of the number of selected 
signal events at detector level to the number of events at particle 
level in the fiducial phase space. This factor corrects for detector 
efficiencies and for QED final-state radiation effects. The contribu-
tion from τ -lepton decays, amounting to 4.7%, is removed from 
the cross-section definition by introducing the term in parenthe-
ses. This term is computed using simulation, where Nτ is the 
number of selected events at detector level in which at least 
one of the bosons decays into a τ -lepton and Nall is the num-

ber of selected W Z events with decays into any lepton. The 
CW Z jj factor calculated with Sherpa for the sum of the four mea-

sured decay channels is 0.52 with a negligible statistical uncer-
tainty. This factor is the same for W Z jj−QCD and W Z jj−EW

events, as predicted by Sherpa. The theory modelling uncertainty 
in this factor is 8%, as estimated from the difference between 
the Sherpa and MadGraph predictions. The uncertainties on this 
factor due to higher order QCD scale corrections or PDF are negli-
gible.

The measured W± Z j j cross-section in the fiducial phase space 
for a single leptonic decay mode is

σ fid.
W± Z j j = 1.68± 0.16 (stat.) ± 0.12 (exp. syst.)

± 0.13 (mod. syst.) ± 0.044 (lumi.) fb ,

= 1.68± 0.25 fb ,

where the uncertainties correspond to statistical, experimental sys-
tematic, theory modelling systematic, and luminosity uncertain-
ties, respectively. The corresponding prediction from Sherpa for 
strong and electroweak production without interference effects 
is

σ
fid., Sherpa

W± Z j j
= 2.15± 0.01 (stat.) ± 0.05 (PDF)+0.65

−0.44 (scale) fb.

Events in the SR are also used to measure the W± Z j j differen-

tial production cross-section in the VBS fiducial phase space. The 
differential detector-level distributions are corrected for detector 
resolution using an iterative Bayesian unfolding method [65], as 
implemented in the RooUnfold toolkit [66]. Three iterations were 
used for the unfolding of each variable. The width of the bins in 
each distribution is chosen according to the experimental resolu-
tion and to the statistical significance of the expected number of 
events in that bin. The fraction of signal MC events reconstructed 
in the same bin as generated is always greater than 40% and 
around 70% on average.

For each distribution, simulated W± Z j j events are used to 
obtain a response matrix that accounts for bin-to-bin migration 
effects between the reconstruction-level and particle-level distri-
butions. The Sherpa MC samples for W Z jj−EW and W Z jj−QCD

production are added together to model W± Z j j production. To 
more closely model the data and to minimise unfolding uncer-
tainties, their predicted cross-sections are rescaled by the respec-
tive signal strengths of 1.77 and 0.56 for the W Z jj−EW and 
W Z jj−QCD contributions, respectively, as measured in data by the 
maximum-likelihood fit.

Uncertainties in the unfolding due to imperfect modelling of 
the data by the MC simulation are evaluated using a data-driven 
method [67], where the MC differential distribution is corrected to 
match the data distribution and the resulting weighted MC distri-
bution at reconstruction level is unfolded with the response matrix 
used in the data unfolding. The new unfolded distribution is com-

pared with the weighted MC distribution at generator level and the 
difference is taken as the systematic uncertainty. The uncertainties 
obtained range from 0.1% to 25% depending on the resolution of 
the unfolded observables and on the quality of its description by
Sherpa.

Measurements are performed as a function of three variables 
sensitive to anomalies in the quartic gauge coupling in W± Z j j

events [10], namely the scalar sum of the transverse momenta of 
the three charged leptons associated with the W and Z bosons ∑

p�
T, the difference in azimuthal angle 
φ(W , Z) between the 

W and Z bosons’ directions, and the transverse mass of the W± Z

system mW Z
T , defined following Ref. [10]. These are presented in 

Fig. 3.

Measurements are also performed as a function of variables 
related to the kinematics of jets. The exclusive multiplicity of 
jets, Njets, is shown in Fig. 4. The absolute difference in rapid-
ity between the two tagging jets 
y jj , the invariant mass of 
the tagging jets mjj , the exclusive multiplicity Ngap

jetsof jets with 
pT > 25 GeV in the gap in η between the two tagging jets, and 
the azimuthal angle between the two tagging jets 
φ j jare shown 
in Fig. 5.
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Fig. 3. The measured W± Z j j differential cross-section in the VBS fiducial phase space as a function of (a) ∑ p�
T, (b) 
φ(W , Z) and (c) mW Z

T . The inner and outer error bars 
on the data points represent the statistical and total uncertainties, respectively. The measurements are compared with the sum of the rescaled W Z jj−QCD and W Z jj−EW

predictions from Sherpa (solid line). The W Z jj−EW and W Z jj−QCD contributions are also represented by dashed and dashed-dotted lines, respectively. In (a) and (c), the 
right y-axis refers to the last cross-section point, separated from the others by a vertical dashed line, as this last bin is integrated up to the maximum value reached in 
the phase space. The lower panels show the ratios of the data to the predictions from Sherpa. The uncertainty on the Sherpa prediction is dominated by the QCD scale 
uncertainty on the W Z jj−QCD predicted cross-section, whose envelope is of +30

−20% and it is not represented on the figure.

Total uncertainties in the measurements are dominated by sta-
tistical uncertainties. The differential measurements are compared 
with the prediction from Sherpa, after having rescaled the separate 
W Z jj−QCD and W Z jj−EW components by the global μW Z jj−QCD

and μW Z jj−EW parameters, respectively, obtained from the profile-
likelihood fit to data. Interference effects between the W Z jj−QCD

and W Z jj−EW processes are incorporated via the μW Z jj−EW pa-

rameter as a change of the global normalisation of the Sherpa elec-

troweak prediction.

10. Conclusion

An observation of electroweak production of a diboson W± Z

system in association with two jets and measurements of its pro-
duction cross-section in 

√
s = 13 TeV pp collisions at the LHC are 

presented. The data were collected with the ATLAS detector and 
correspond to an integrated luminosity of 36.1 fb−1. The measure-

ments use leptonic decays of the gauge bosons into electrons or 
muons and are performed in a fiducial phase space approximating 

the detector acceptance that increases the sensitivity to W± Z j j

electroweak production modes.

The electroweak production of W± Z bosons in association with 
two jets is measured with observed and expected significances of 
5.3 and 3.2 standard deviations, respectively. The measured fidu-
cial cross-section for electroweak production including interference 
effects is

σW Z jj−EW = 0.57 +0.14
−0.13 (stat.)+0.05

−0.04 (exp. syst.)

+0.05
−0.04(mod. syst.) +0.01

−0.01 (lumi.) fb.

It is found to be larger than the LO SM prediction of 0.32 ±0.03 fb 
as calculated with the Sherpa MC event generator that includes 
neither interference effects, estimated at LO to be 10%, nor NLO
electroweak corrections. Differential cross-sections of W± Z j j pro-

duction, including both the strong and electroweak processes, are 
also measured in the same fiducial phase space as a function of 
several kinematic observables.
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Fig. 4. The measured W± Z j j differential cross-section in the VBS fiducial phase 
space as a function of the exclusive jet multiplicity of jets with pT > 40 GeV. The in-
ner and outer error bars on the data points represent the statistical and total uncer-
tainties, respectively. The measurements are compared with the sum of the scaled 
W Z jj−QCD and W Z jj−EW predictions from Sherpa (solid line). The W Z jj−EW

and W Z jj−QCD contributions are also represented by dashed and dashed-dotted 
lines, respectively. The right y-axis refers to the last cross-section point, separated 
from the others by a vertical dashed line, as this last bin is integrated up to the 
maximum value reached in the phase space. The lower panel shows the ratio of 
the data to the prediction from Sherpa. The uncertainty on the Sherpa prediction is 
dominated by the QCD scale uncertainty on the W Z jj−QCD predicted cross-section, 
whose envelope is of +30

−20% and it is not represented on the figure.
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T. Javůrek 36, M. Javurkova 51, F. Jeanneau 144, L. Jeanty 18, J. Jejelava 158a,ad, A. Jelinskas 177, P. Jenni 51,c, 
J. Jeong 45, N. Jeong 45, S. Jézéquel 5, H. Ji 180, J. Jia 154, H. Jiang 77, Y. Jiang 59a, Z. Jiang 152, S. Jiggins 51, 
F.A. Jimenez Morales 38, J. Jimenez Pena 173, S. Jin 15c, A. Jinaru 27b, O. Jinnouchi 164, H. Jivan 33c, 
P. Johansson 148, K.A. Johns 7, C.A. Johnson 64, W.J. Johnson 147, K. Jon-And 44a,44b, R.W.L. Jones 88, 
S.D. Jones 155, S. Jones 7, T.J. Jones 89, J. Jongmanns 60a, P.M. Jorge 139a,139b, J. Jovicevic 167a, X. Ju 18, 
J.J. Junggeburth 114, A. Juste Rozas 14,x, A. Kaczmarska 83, M. Kado 131, H. Kagan 125, M. Kagan 152, 
T. Kaji 178, E. Kajomovitz 159, C.W. Kalderon 95, A. Kaluza 98, S. Kama 42, A. Kamenshchikov 122, L. Kanjir 90, 
Y. Kano 162, V.A. Kantserov 111, J. Kanzaki 80, B. Kaplan 123, L.S. Kaplan 180, D. Kar 33c, M.J. Kareem167b, 
E. Karentzos 10, S.N. Karpov 78, Z.M. Karpova 78, V. Kartvelishvili 88, A.N. Karyukhin 122, L. Kashif 180, 
R.D. Kass 125, A. Kastanas 44a,44b, Y. Kataoka 162, C. Kato 59d,59c, J. Katzy 45, K. Kawade 81, K. Kawagoe 86, 
T. Kawamoto 162, G. Kawamura 52, E.F. Kay 89, V.F. Kazanin 121b,121a, R. Keeler 175, R. Kehoe 42, J.S. Keller 34, 
E. Kellermann 95, J.J. Kempster 21, J. Kendrick 21, O. Kepka 140, S. Kersten 181, B.P. Kerševan 90, 
S. Ketabchi Haghighat 166, R.A. Keyes 102, M. Khader 172, F. Khalil-Zada 13, A. Khanov 128, 
A.G. Kharlamov 121b,121a, T. Kharlamova 121b,121a, E.E. Khoda 174, A. Khodinov 165, T.J. Khoo 53, 
E. Khramov 78, J. Khubua 158b, S. Kido 81, M. Kiehn 53, C.R. Kilby 92, Y.K. Kim 37, N. Kimura 65a,65c, 
O.M. Kind 19, B.T. King 89,∗, D. Kirchmeier 47, J. Kirk 143, A.E. Kiryunin 114, T. Kishimoto 162, 
D. Kisielewska 82a, V. Kitali 45, O. Kivernyk 5, E. Kladiva 28b,∗, T. Klapdor-Kleingrothaus 51, M.H. Klein 104, 
M. Klein 89, U. Klein 89, K. Kleinknecht 98, P. Klimek 120, A. Klimentov 29, T. Klingl 24, T. Klioutchnikova 36, 
F.F. Klitzner 113, P. Kluit 119, S. Kluth 114, E. Kneringer 75, E.B.F.G. Knoops 100, A. Knue 51, A. Kobayashi 162, 
D. Kobayashi 86, T. Kobayashi 162, M. Kobel 47, M. Kocian 152, P. Kodys 142, P.T. Koenig 24, T. Koffas 34, 
E. Koffeman 119, N.M. Köhler 114, T. Koi 152, M. Kolb 60b, I. Koletsou 5, T. Kondo 80, N. Kondrashova 59c, 
K. Köneke 51, A.C. König 118, T. Kono 124, R. Konoplich 123,ah, V. Konstantinides 93, N. Konstantinidis 93, 
B. Konya 95, R. Kopeliansky 64, S. Koperny 82a, K. Korcyl 83, K. Kordas 161, G. Koren 160, A. Korn 93, 
I. Korolkov 14, E.V. Korolkova 148, N. Korotkova 112, O. Kortner 114, S. Kortner 114, T. Kosek 142, 
V.V. Kostyukhin 24, A. Kotwal 48, A. Koulouris 10, A. Kourkoumeli-Charalampidi 69a,69b, C. Kourkoumelis 9, 
E. Kourlitis 148, V. Kouskoura 29, A.B. Kowalewska 83, R. Kowalewski 175, T.Z. Kowalski 82a, C. Kozakai 162, 
W. Kozanecki 144, A.S. Kozhin 122, V.A. Kramarenko 112, G. Kramberger 90, D. Krasnopevtsev 59a, 
M.W. Krasny 135, A. Krasznahorkay 36, D. Krauss 114, J.A. Kremer 82a, J. Kretzschmar 89, P. Krieger 166, 
K. Krizka 18, K. Kroeninger 46, H. Kroha 114, J. Kroll 140, J. Kroll 136, J. Krstic 16, U. Kruchonak 78, 
H. Krüger 24, N. Krumnack 77, M.C. Kruse 48, T. Kubota 103, S. Kuday 4b, J.T. Kuechler 181, S. Kuehn 36, 
A. Kugel 60a, F. Kuger 176, T. Kuhl 45, V. Kukhtin 78, R. Kukla 100, Y. Kulchitsky 106, S. Kuleshov 146b, 
Y.P. Kulinich 172, M. Kuna 57, T. Kunigo 84, A. Kupco 140, T. Kupfer 46, O. Kuprash 160, H. Kurashige 81, 
L.L. Kurchaninov 167a, Y.A. Kurochkin 106, A. Kurova 111, M.G. Kurth 15a,15d, E.S. Kuwertz 36, M. Kuze 164, 
J. Kvita 129, T. Kwan 102, A. La Rosa 114, J.L. La Rosa Navarro 79d, L. La Rotonda 41b,41a, F. La Ruffa 41b,41a, 
C. Lacasta 173, F. Lacava 71a,71b, J. Lacey 45, D.P.J. Lack 99, H. Lacker 19, D. Lacour 135, E. Ladygin 78, 
R. Lafaye 5, B. Laforge 135, T. Lagouri 33c, S. Lai 52, S. Lammers 64, W. Lampl 7, E. Lançon 29, U. Landgraf 51, 
M.P.J. Landon 91, M.C. Lanfermann 53, V.S. Lang 45, J.C. Lange 52, R.J. Langenberg 36, A.J. Lankford 170, 
F. Lanni 29, K. Lantzsch 24, A. Lanza 69a, A. Lapertosa 54b,54a, S. Laplace 135, J.F. Laporte 144, T. Lari 67a, 
F. Lasagni Manghi 23b,23a, M. Lassnig 36, T.S. Lau 62a, A. Laudrain 131, M. Lavorgna 68a,68b, 
M. Lazzaroni 67a,67b, B. Le 103, O. Le Dortz 135, E. Le Guirriec 100, E.P. Le Quilleuc 144, M. LeBlanc 7, 
T. LeCompte 6, F. Ledroit-Guillon 57, C.A. Lee 29, G.R. Lee 146a, L. Lee 58, S.C. Lee 157, B. Lefebvre 102, 
M. Lefebvre 175, F. Legger 113, C. Leggett 18, K. Lehmann 151, N. Lehmann 181, G. Lehmann Miotto 36, 



The ATLAS Collaboration / Physics Letters B 793 (2019) 469–492 485

W.A. Leight 45, A. Leisos 161,u, M.A.L. Leite 79d, R. Leitner 142, D. Lellouch 179,∗, K.J.C. Leney 93, T. Lenz 24, 
B. Lenzi 36, R. Leone 7, S. Leone 70a, C. Leonidopoulos 49, G. Lerner 155, C. Leroy 108, R. Les 166, 
A.A.J. Lesage 144, C.G. Lester 32, M. Levchenko 137, J. Levêque 5, D. Levin 104, L.J. Levinson 179, D. Lewis 91, 
B. Li 15b, B. Li 104, C-Q. Li 59a,ag , H. Li 59b, L. Li 59c, M. Li 15a, Q. Li 15a,15d, Q.Y. Li 59a, S. Li 59d,59c, X. Li 59c, 
Y. Li 150, Z. Liang 15a, B. Liberti 72a, A. Liblong 166, K. Lie 62c, S. Liem 119, A. Limosani 156, C.Y. Lin 32, 
K. Lin 105, T.H. Lin 98, R.A. Linck 64, J.H. Lindon 21, B.E. Lindquist 154, A.L. Lionti 53, E. Lipeles 136, 
A. Lipniacka 17, M. Lisovyi 60b, T.M. Liss 172,an, A. Lister 174, A.M. Litke 145, J.D. Little 8, B. Liu 77, B.L. Liu 6, 
H.B. Liu 29, H. Liu 104, J.B. Liu 59a, J.K.K. Liu 134, K. Liu 135, M. Liu 59a, P. Liu 18, Y. Liu 15a,15d, Y.L. Liu 59a, 
Y.W. Liu 59a, M. Livan 69a,69b, A. Lleres 57, J. Llorente Merino 15a, S.L. Lloyd 91, C.Y. Lo 62b, F. Lo Sterzo 42, 
E.M. Lobodzinska 45, P. Loch 7, T. Lohse 19, K. Lohwasser 148, M. Lokajicek 140, J.D. Long 172, R.E. Long 88, 
L. Longo 66a,66b, K.A. Looper 125, J.A. Lopez 146b, I. Lopez Paz 99, A. Lopez Solis 148, J. Lorenz 113, 
N. Lorenzo Martinez 5, M. Losada 22, P.J. Lösel 113, A. Lösle 51, X. Lou 45, X. Lou 15a, A. Lounis 131, J. Love 6, 
P.A. Love 88, J.J. Lozano Bahilo 173, H. Lu 62a, M. Lu 59a, N. Lu 104, Y.J. Lu 63, H.J. Lubatti 147, C. Luci 71a,71b, 
A. Lucotte 57, C. Luedtke 51, F. Luehring 64, I. Luise 135, L. Luminari 71a, B. Lund-Jensen 153, M.S. Lutz 101, 
P.M. Luzi 135, D. Lynn 29, R. Lysak 140, E. Lytken 95, F. Lyu 15a, V. Lyubushkin 78, T. Lyubushkina 78, H. Ma 29, 
L.L. Ma 59b, Y. Ma 59b, G. Maccarrone 50, A. Macchiolo 114, C.M. Macdonald 148, 
J. Machado Miguens 136,139b, D. Madaffari 173, R. Madar 38, W.F. Mader 47, A. Madsen 45, N. Madysa 47, 
J. Maeda 81, K. Maekawa 162, S. Maeland 17, T. Maeno 29, M. Maerker 47, A.S. Maevskiy 112, V. Magerl 51, 
D.J. Mahon 39, C. Maidantchik 79b, T. Maier 113, A. Maio 139a,139b,139d, O. Majersky 28a, S. Majewski 130, 
Y. Makida 80, N. Makovec 131, B. Malaescu 135, Pa. Malecki 83, V.P. Maleev 137, F. Malek 57, U. Mallik 76, 
D. Malon 6, C. Malone 32, S. Maltezos 10, S. Malyukov 36, J. Mamuzic 173, G. Mancini 50, I. Mandić 90, 
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