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1. Introduction

After discovering the Higgs boson [1, 2], the examination of electroweak symmetry breaking
(EWSB) has become a main focus at the LHC. In addition to measuring the properties of the
Higgs boson directly, the vector boson scattering (VBS) process is another key avenue to probe
EWSB [3, 4, 5]. In the Standard Model (SM), the Higgs boson acts as a "moderator" to unitarize
high-energy longitudinal VBS amplitudes at the TeV scale. Therefore, studying the high energy
behaviour of VBS is crucial to understand the mechanism of EWSB.

While no VBS process was observed prior to the LHC era, the LHC provides an exceptional
opportunity to study them due to its unprecedented high energy and luminosity. At the LHC, the
VBS process is typically studied through the measurements of electroweak (EW) production of two
vector bosons radiated from initial-state quarks plus a pair of hadronic jets with high energy in the
backward and forward regions (denoted as EW V'V jj). In the searches for EW V'V j;j production,
the quantum chromodynamic (QCD) production of VV j j, which contains two QCD vertices at the
lowest order (denoted as QCD V'V jj processes), constitutes an irreducible background, while it is
part of the signal in the inclusive V'V j j cross section measurement in this contribution. The features
of EW V'V jj production include a large invariant mass of jet pair (m;;) and a significant separation
of rapidity between two jets (Ay;;). Figure 1 presents some typical Feynman diagrams of EW and
QCD ZZjj processes.
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Figure 1: Typical diagrams for the production of ZZj j, including the relevant EW VBS diagrams (first row)
and QCD diagrams (second row).

The first evidence of the EW VV j;j process was seen in the same-sign WW channel (EW
WEW=jj) by the ATLAS collaboration with 20.3 fb~! of 8 TeV data [6], in which a 3.60 excess
was observed in data over the background-only prediction. In LHC Run 2, observation of the EW
W*EWijj process has been reported in both ATLAS and CMS collaboration with 36 fb~! of 13 TeV data [7,
8]. In the WZ channel (EW WZjj), an observation with 5.30 excess was also reported by the
ATLAS collaboration recently [9]. The EW production in the ZZ final state (EW ZZjj) is typ-
ically rare, in the defined fiducial space described in Section 4, its fiducial cross section is of
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order 0.1 fb~'in the final state where both Z bosons decay leptonically. EW ZZjj production was
searched by the CMS collaboration using 35.9 fb~! of 13 TeV data, and no evidence was found [10].
Despite the small rate, EW ZZj j production offers a clean and competitive channel to study EWSB
physics.

This contribution presents the first observation of EW ZZjj production by the ATLAS Col-
laboration using the complete set of LHC Run 2 data [11]. It is a new milestone in the study of
EWSB at the LHC, and completes the last missing part of the observation of weak boson scattering
for massive bosons. The search is performed in two final states where both Z bosons decay lep-
tonically: four charged leptons with two jets (£££4 j), and two charged leptons, two neutrinos with
two jets (£4vvjj), in which charged lepton refers to either electrons or muons. Event selections
are optimized to suppress reducible backgrounds, which mainly include the contributions from Z
+ jets, top-quark and WZ processes. Fiducial cross-sections for the inclusive production of EW
and QCD processes are reported separately in individual channels. The ZZjj production involving
intermediate 7-leptons from Z decays is considered as signal but has a negligible contribution to
the selected event sample. Reducible backgrounds give minor contributions in the ¢¢¢¢j;j chan-
nel. In the ¢¢vv jj channel, large missing transverse momentum (E‘Tniss) is required to suppress the
background from Z + jets events; other major backgrounds are the production of WW jj, WZjj
and 7. To enhance the separation between the EW signal and the main backgrounds, multivariate
discriminants (MDs) are trained from event kinematic information using simulated samples. The
MD distributions are fitted simultaneously in the two channels to evaluate the contribution from
EW processes.

2. ATLAS detector

The ATLAS experiment [12, 13, 14] at the LHC is a multi-purpose particle detector with
a forward-backward symmetric cylindrical geometry and a near 47 coverage in solid angle.! It
consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid providing
a 2T axial magnetic field, electromagnetic and hadron calorimeters, and a muon spectrometer. The
inner tracking detector covers the pseudorapidity range |n| < 2.5. It consists of silicon pixel,
silicon microstrip, and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling
calorimeters provide electromagnetic (EM) energy measurements with high granularity. A hadron
(steel/scintillator-tile) calorimeter covers the central pseudorapidity range (|n| < 1.7). The end-
cap and forward regions are instrumented with LAr calorimeters for both EM and hadronic energy
measurements up to || =4.9. The muon spectrometer (MS) surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field
integral of the toroids ranges between 2.0 and 6.0 Tm across most of the detector. The muon
spectrometer includes a system of precision tracking chambers and fast detectors for triggering. A
two-level trigger system [15] is used to select events for offline analysis. The first-level trigger is

'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 pipe. The x-axis points from the IP to the centre of the LHC ring, and
the y-axis points upwards. Cylindrical 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). Angular distance is

measured in units of AR = /(A1)2 + (A¢)2.
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implemented in hardware and uses a subset of the detector information. This is followed by the
software-based high-level trigger, that reduces the event rate to about 1 kHz.

3. Data and simulation

The data sets for this analysis were recorded using single and multi-lepton triggers. The trans-
verse momentum (pr) thresholds of these triggers vary from 8 to 26 GeV, depending on the lepton
flavour and data-taking periods. The overall trigger efficiency for selected inclusive ZZjj signal
events in the analysis region ranges from 95 to 99%. The dataset corresponds to a luminosity of
139 fb~!after the requirement that the detector is fully functional and the quality of the data is good
for physics studies.

The EW ZZj j production is modelled using MADGRAPHS5_aMC®@NLO 2.6.1 [16] matrix ele-
ments (ME) calculated in the LO approximation in perturbative QCD (pQCD) and with NNPDF2.3L.O [17]
parton distribution functions (PDF). The QCD ZZ j j production is modelled using SHERPA 2.2.2 [ 18]
with the NNPDF3.0NNLO [19] PDF, where events with up to one (three) outgoing partons are gen-
erated at NLO (LO) in pQCD. The production of ZZjj from the gluon-gluon initial state with a
four-fermion loop or with an exchange of the Higgs boson has an order of océ in QCD, and is not
included in the SHERPA simulation. This process, denoted as the ggZZj j process, is modelled us-
ing SHERPA 2.2.2 with the NNPDF3.0NNLO PDF in the ¢¢¢¢jj channel, and using GG2VV [20]
with the CTIONNLO PDF [21] in the ¢/vvjj channel. Due to the limited accuracy of the ME
calculation, the second (both) jets in ggZZ jj events are produced in parton showering in the £¢¢¢j j
(£¢vvjj) channel. The leptonic decays of Z bosons are included in the simulation. Interference
between EW and QCD ZZjj is modelled with MADGRAPHS_aMC@NLO 2.6.1 calculated at LO.

The production of QCD WW j; as well as EW and QCD WZj; with subsequent leptonic de-
cays of vector bosons are modelled with SHERPA 2.2.2 with the NNPDF3.0NNLO PDF. Diboson
processes with the subsequent semileptonic decays (WW — lvgqg and WZ — gqll) are modelled
using POWHEG-BOX v2 [22] with the CT10 PDF [23]. Triboson production is modelled using
SHERPA 2.2.2 with the NNPDF3.0NNLO PDF. For top-quark pair production, the POWHEG-
Box v2 event generator with the CT10 PDF is used. The production of single top-quark in
the #-channel, s-channel and W¢-channel were simulated using the POWHEG-BOX vl event gen-
erator [24, 25, 26]. The production of #f in association with vector bosons (z#V) is modelled
with MADGRAPHS5_aMC@NLO 2.3.3 for ##W and #tZ with the Z to vv/qq decays, with MAD-
GRAPH5_aMC@NLO 2.2.2 for #tWW, and with SHERPA 2.2.1 for ¢¢Z with the Z to dilepton de-
cays, respectively. The Z + jets processes are modelled using SHERPA 2.2.1 with the the NNPDF3.0NNLO
PDF, where the ME is calculated for up to two partons with next-to-leading-order (NLO) accuracy
in pQCD and up to four partons with LO accuracy.

The parton showering is modelled with PYTHIA 8.186 [27] using the NNPDF2.3 [17] PDF
and the A14 set of tuned parameters [28] for all the samples except for those from SHERPA, where
the parton showering is simulated within the SHERPA programme.

All simulated events were processed with a detailed detector simulation [29] based on GEANT4 [30].
Furthermore, simulated inelastic pp collisions were overlaid to model additional pp collisions in
the same and neighbouring bunch crossings (pileup). Simulated events were reweighted to match
the pileup conditions in the data. All simulated events were processed using the same reconstruc-
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tion algorithms as used in data. Furthermore, the lepton and jet momentum scale and resolution,
and the lepton reconstruction, identification, isolation and trigger efficiencies in the simulation were
corrected to match those measured in data.

4. Event selection

The selection of the £0¢/jj and ¢¢vv jj events relies on multiple physics objects, including
electrons, muons, jets, and E%‘iss. Events are first required to have a collision vertex associated
with at least two tracks each with pt > 0.4 GeV. The vertex with the highest sum of pt? of the
associated tracks is referred to as the primary vertex.

Muons are identified by tracks reconstructed in the MS and are matched to tracks reconstructed
in the ID. In the region 2.5 < || < 2.7, muons can also be identified by an MS track alone (denoted
as stand-alone muons). The identified muons described above are required to have pr > 7 GeV. In
the MS gap region (|n| < 0.1) muons are identified by an ID track with pr > 15 GeV associated
with a compatible calorimeter energy deposit (denoted calorimeter-tagged muons). Muons are
required to have 1| < 2.7 (2.5) and satisfying the ‘loose’ (‘medium’”) identification criterion [31]
in the £000jj (¢0vv jj) channel.

Electrons are reconstructed from energy deposits in the electromagnetic calorimeter matched
to a track in the ID. The electron identification imposes requirements on the number of hits in the
ID and on a likelihood discriminant, built from variables related to EM calorimeter shower shapes,
track-cluster matching, track quality, and transition radiation. Electrons must satisfy the ‘loose’
(‘medium’) identification criterion [32] in the £€¢¢jj (¢£vV jj) channel, and have pt > 7 GeV and
In| <2.47.

All electrons and muons are required to be isolated by requiring low activity in regions of
the ID and calorimeters that surround them, and the ‘FixedCutLoose’ and ‘loose’ isolation crite-
ria [31, 32] are imposed in the ££¢¢jj and £¢vvjj channels, respectively. Furthermore, leptons
are required to have associated tracks satisfying |do/04,| <5 (3) and |zp X sin6| < 0.5 mm for
electrons (muons), where dj is the transverse impact parameter relative to the beam line, oy, is its
uncertainty, and zg is the longitudinal impact parameter relative to the primary vertex.

Jets are clustered using the anti-k, algorithm [33, 34] with radius parameter R = 0.4. The
jet energy scale is calibrated using simulation and further corrected with in-situ methods [35]. A
jet-vertex tagger [36] is applied to jets with pr < 60 GeV and |n| < 2.4 to preferentially select
jets from the hard interaction. In addition, jets containing b-hadrons (b-jets) are identified using
a multivariate algorithm (b-tagging) [37]. A cut on the b-tagging multivariate discriminant corre-
sponding to an efficiency of 85% on simulated b-jets is chosen. The expected background rejection
factor is about 33.

An overlap-removal procedure detailed in Ref. [38] is applied to the selected leptons and jets
in the £¢vvjj channel, to avoid ambiguities in the event selection and in the energy measurement
of the physics objects. A similar approach is adopted in the ££¢¢j j channel, except that leptons are
given a higher priority to be kept when overlapping with jets, to enhance the selection efficiency.
The E%‘iss vector is computed as the negative of the vector sum of transverse momenta of all the
leptons and jets, as well as the tracks originating from the primary vertex but not associated with
any of the leptons or jets (“soft-term”) [39]. The soft-term is computed such that it minimises the
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impact of pile-up in the E‘TniSS reconstruction. The statistical significance of E‘Tniss is built using

resolution information of physics objects used in the E%ﬁss reconstruction [40].

In the ¢£4¢ j channel, quadruplets of leptons are formed by selecting two opposite-sign, same-
flavour (OSSF) lepton pairs (¢7£~), where the leptons are required to be separated from each other
by AR > 0.2. At most one muon is allowed to be a stand-alone or calorimeter-tagged muon, and
the three leading leptons must have pt > 20, 20 and 10 GeV, respectively. If multiple quadruplets
are found, the one that minimises the sum of the differences between the dilepton masses and the
PDG Z boson mass, |m+¢- —mgz|+ |my. .~ —myz|, is selected. The dilepton masses are required to
be within 66-116 GeV. In the £¢¢¢jj channel with four electrons (4¢) or four muons (4u), all the
070~ pairs are required to have my+,- > 10 GeV, to reject events with low mass resonances.

In the £¢vv jj channel candidate events are required to have one OSSF lepton pair with mp+ -
in the range from 80 to 100 GeV, and the leading (sub-leading) lepton must have pt > 30 (20) GeV.
Events with b-tagged jets or additional leptons (pr > 7 GeV and satisfying the ‘loose’ requirement)
are rejected, to reduce the background contributions from ¢ and WZ events. Events should satisfy
the requirement of E‘Tniss-signiﬁcance greater than 12 to suppress the background from Z + jets
processes.

In both channels, the two most energetic jets satisfying y;, x y;, < 0 are selected. In the
0000 j channel the jets are required to have pr > 30 (40) GeV in the || < 2.4 (2.4 < |n| < 4.5)
region, while in the £/vv jj channel the selected jets are required to have pt > 60 (40) GeV for the
leading (sub-leading) one. Finally, to further suppress background contributions, m;; is required
to be greater than 300 (400) GeV in the ¢¢¢(jj (¢4vvjj) channel, and Ay(jj) is required to be
greater than 2. The harsher jet requirement in the ¢/vvjj channel is optimised to suppress the
more significant contamination from reducible backgrounds.

The analysis signal regions (SRs), defined with the above selection requirements, are summa-
rized in Table 1.

Table 1: Summary of selection of physics objects and candidate events at detector level in the ¢¢¢¢jj and
Llvvjj signal regions [11].

ey Uvvjj
7 GeV, 2.47
Electrons pr> V. n ‘, <
|do/ 04, <5 and |z x sin 0] < 0.5 mm
pr>7GeV, |n| <27 pr>T7GevV, |n| <25
Muons i
|do/04,] < 3 and |z x sin @] < 0.5 mm
Jets pr > 30 (40) GeV for [n]| <24 (24 < |n| <4.5) pt > 60 (40) GeV for the leading (sub-leading) jet
pr > 20, 20, 10 GeV for the leading, sub-leading and third leptons  pt > 30 (20) GeV for the leading (sub-leading) lepton
Two OSSF lepton pairs with smallest |+~ — mz| + [my.y_ —myz]| One OSSF lepton pair and no third leptons
ZZ selection my+¢p- > 10 GeV for lepton pairs 80 < my+¢- < 100 GeV
AR((,0') > 0.2 No b-tagged jets
66 < my+p- < 116 GeV ES significance > 12

Two most energetic jets withy; xy;, <0

Dijet selecti
yet selection mj; > 300 GeV and Ay(jj) > 2 m;; > 400 GeV and Ay(jj) > 2
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The fiducial volumes for the cross-section measurements are defined closely following the
detector-level selections, using ‘particle-level’ physics objects, which are reconstructed in simu-
lation from stable final-state particles, prior to their interactions with the detector. For electrons
and muons, QED final-state radiation is for the most part recovered by adding to the lepton four-
momentum the four-momenta of surrounding photons not originating from hadrons within an angu-
lar distance AR < 0.1. Particle-level jets are built with the anti-k, algorithm with radius parameter
R = 0.4, using all final-state particles (excluding muons and neutrinos) as input. Particle-level E%‘iss
is defined as the vector sum of all the transverse momenta of neutrinos not originating from hadrons.
In the €04/ j channel, the dilepton mass requirement is relaxed (with respect to the detector-level
selection) to be within 60 to 120 GeV to reduce the migration effect and keep compatibility with
the previous CMS publication [10]. In the ££vVvjj channel, both electrons and muons are selected
in the |n| < 2.5 region to simplify the lepton selections. In addition, no requirement is applied on
the E%“iss significance due to the complexity of defining this variable at ‘particle-level’, however,
the particle-level E%“iss is required to be greater than 130 GeV. All the other kinematic selection
requirements have the same definition as the detector-level ones.

5. Background estimation

The QCD ZZj j production is an irreducible background in the search for EW ZZ j j production.
This process is estimated from simulation via a data-driven correction for its normalization in the
£000jj channel, and estimated purely from simulation in the ¢¢vvjj channel. For the gg-initial
process in ZZ j j channel, an additional K-factor of 1.7 [41] is applied to account for the NLO QCD
correction. In the ¢£¢¢jj channel, the normalization of the QCD ZZj processes is constrained by
a dedicated control region (CR) defined in data by reverting either the m;; or Ay(jj) requirements,
and is then included as a floating parameter in the statistical fit to properly treat the uncertainty
correlations between SR and CR. This CR cannot be defined in the £/vv jj channel, due to large
contributions from reducible background.

In the ¢¢4¢jj channel, background contributions from Z + jets, top-quark and WZ processes
are estimated from data. These events may contain two or three isolated leptons from Z or W
decays, together with heavy-flavour jets or misidentified components of jets yielding reconstructed
leptons, i.e. ‘fake-leptons’. These ‘fake-lepton’ backgrounds are estimated using a method similar
to that described in Ref. [42], where the lepton misidentification is measured in data regions with
enhanced contributions from Z + jets and top-quark processes. Small background contributions
from triboson and 7tV production are estimated from simulation. Backgrounds from all these non-
ZZ processes collectively yield a contribution of about 3% to the selected data sample. These minor
backgrounds are hereafter referred to as “Others” in the ££¢¢j j channel.

In the vV jj channel, the QCD ZZj j processes constitute 26% of the selected sample, and the
remaining major backgrounds originate from WZjj (29%), WW jj and ¢f production (27%). The
shape of WZjj background is estimated from MC simulation, while its normalization is then fixed
using a data CR defined by requiring three selected leptons and a looser event selection, following
the methodology explained in Ref. [43]. The simulation is found to overestimate the WZj j contri-
bution by 15% in this CR in data, and therefore, the WZjj yield in the SR is scaled by 0.85. The
WZjj estimate is found to have a relative uncertainty of 5%, due to the data statistical uncertainty
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in the CR as well as the experimental and theoretical uncertainties. The WZj;j distribution of the
MD is evaluated from simulation with the EW WZj j normalisation scaled by 1.77, corresponding
to the difference between data and simulation observed in a previous analysis, in a similar phase
space [9], where the overall normalization factor is found to be consistent with the one derived in
this note. The WZjj shape uncertainty originates from experimental and theoretical uncertainties
as well as from the uncertainty in the quoted EW WZj; cross-section measurement. The non-
resonant-£¢ background, including the WW jj and #7 processes, contain genuine EM and a lepton
pair not originating from a Z decay. This background is estimated using a CR selected in data by
requiring the same selection as in the SR with the exception that an ey pair is required, following
the methodology explained in Ref. [43]. The non-resonant-£¢ estimate has a relative uncertainty
of 20%, dominated by the data statistical uncertainty in the CR. The MD distribution for the non-
resonant-£¢ process is estimated from simulation, with an uncertainty assigned to account for the
difference between shapes in data and simulation. The Z + jets background is largely suppressed,
and the yield is evaluated by extrapolating the low E%‘iss—signiﬁcance region distribution in data
to the high E%‘iss—signiﬁcance region using an exponential function, while the MD distribution in
the SR is modelled by simulation. A conservative uncertainty is assigned to account for variations
in the fitting functions as well as differences between estimated and simulated yields and distri-
butions. In addition, triboson and ¢V backgrounds are modelled with simulation. Similar to the
£00¢j j channel, these minor backgrounds are denoted as “Others”.

The observed and expected yields are listed in Table 2, where in total 127 (82) data events
are selected in the ££¢4jj (¢4vvjj) channel. No significant deviation from the SM prediction is
observed.

Table 2: Observed data and expected signal and background yields in 139 fb~! of data. Minor backgrounds
are summed together as ‘Others’. Uncertainties on the predictions include both statistical and systematic
components [11].

Process 0eeeyj bbvvjj
EW ZZjj 20.6+ 2.5 12.30+0.65
QCD ZZjj 77 +£25 172 £3.5

QCD ggZZjj 13.1+ 44 35 +1.1

Non-resonant-£/ - 21.4 +4.38
wz - 22.8 +1.1
Others 324+ 2.1 1.154+0.89
Total 114 +26 784 +6.2
Data 127 82

6. Uncertainties

This analysis performs cross-section measurements in the fiducial volumes as well as a sta-
tistical fit to MD distributions to extract the EW ZZjj contributions. Therefore, experimental and
theoretical uncertainties may influence the analysis in the predictions of background yields and
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MD shapes, correction factors to extrapolate the QCD and EW ZZjj events from detector-level to
fiducial volume (i.e. C-factors, calculated as the ratio of the number of ZZjj events passing the
detector-level event selection to the number of events selected in the fiducial volume), as well as
ZZjj MD shapes. The statistical uncertainties of the simulated samples for both the signal and
background processes are also taken into account. The systematic uncertainty sources that affect
ZZjj production are detailed below.

The major experimental uncertainties originate from the luminosity uncertainty, the momen-
tum scale and resolution of leptons and jets, as well as from the lepton reconstruction and selec-
tion efficiencies. Smaller experimental uncertainties are also considered, such as those due to the
trigger selection efficiency, the calculation of the E%“iss soft-term, the pile-up correction, and the
b-jet identification efficiency. The uncertainty in the combined 2015-2018 integrated luminosity is
1.7% [44], obtained using the LUCID-2 detector [45] for the primary luminosity measurements. In
addition, a conservative uncertainty is assigned on the QCD ZZj j processes by comparing the MD
distributions in low and high pile-up conditions, to account for a potential mismodelling of pile-up
in simulation.

The theoretical uncertainties on the EW and QCD ZZjj processes include the uncertainties
from PDF, QCD scales, o, and parton showering. The PDF uncertainty is estimated following the
PDF4LHC [46] procedure, where the envelope of the NNPDF internal errors and the differences
between the nominal and alternative PDFs are considered as the final uncertainty. The QCD scale
uncertainty is estimated by varying independently by factors of 0.5 to 2.0 the nominal renormalisa-
tion and factorisation scales (i, and ), which results in seven different configurations excluding
the two extreme variations, (i, = 2, uy = 0.5) and (4, = 0.5, uy = 2), where the largest devia-
tion is chosen as the uncertainty. The parton showering uncertainty is estimated by comparing the
nominal PYTHIAS parton showering with the alternative HERWIG7 [47, 48] algorithm. The oy
uncertainty is estimated by varying the o value within + 0.001. The interference effect between
the EW and QCD processes is checked with MADGRAPHS_aMC@NLO 2.6.1 at particle level, and
found to be +7(+2)% of the EW contribution in the fiducial volume in the ££0¢j (££vV jj) channel.
This effect is taken as an additional uncertainty in the EW ZZjj predictions. The total theoretical
uncertainty in the fiducial volume yields for the EW (QCD) ZZj j process is estimated to be about
10% (30%), where the large uncertainty in the QCD prediction is dominated by the QCD scale
uncertainty. As the shape of QCD ZZjj production is critical in the determination of EW ZZjj
signal contributions, an additional uncertainty affecting the MD shapes (‘generator modelling un-
certainty’) is considered, estimated by comparing SHERPA with MADGRAPHS_aMC@NLO 2.6.1
predictions at particle level, where two partons are explicitly required in the Matrix Element (ME)
calculation.

7. Measurement of fiducial cross-sections

The fiducial cross-section for the production of inclusive ZZjj is measured in each channel,
following the formula ¢ = (Ngata — Nokg) /(L X C), where Ngaa and Npy, refer to the number of
events in data and expected background events, respectively, and L refers to the integrated lumi-
nosity. The C-factors are found to be (69.9 & 0.3(stat) £ 1.2(theo) £ 2.8(exp))% in the £040) )
channel, and (21.6 £0.3(stat) £0.8(theo) - 0.8(exp))% in the £/vvj channel. The small C-factor
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in the £/vvjj channel is due to the large event migration effect, where events passing the E%“iss—
significance requirement at detector-level could have a soft E%li“ at particle-level. The measured
and predicted fiducial cross-sections are presented in Table 3. The predicted fiducial cross-sections
are calculated using simulated samples under defined phase space directly. The measured cross-
section has a total uncertainty of 11% (29%) in the ¢0£0jj (¢¢vv jj) channel, and is found to be
compatible with the SM prediction. The statistical uncertainty on the data is dominating, while the
experimental uncertainties relating to jet energy scale and resolution and the background estima-

tions are the major systematic uncertainties in the ££¢¢jj and £¢vv jj channels, respectively.

Table 3: Measured and predicted fiducial cross-sections in both the ££¢¢j j and ¢/vv jj channels. Uncertain-
ties due to different sources are presented [11].

\ Measured fiducial & [fb] \ Predicted fiducial o [fb]

000ejj | 1.27+0.12(stat) £0.02(theo) = 0.07(exp) £ 0.01 (bkg) £ 0.03(lumi) | 1.14 +0.04(stat) = 0.20(theo)

vvjj | 1.2240.30(stat) = 0.04(theo) £ 0.06(exp) £ 0.16(bkg) = 0.03(lumi) | 1.07%0.01(stat) == 0.12(theo)

8. Observation of electroweak ZZjj

Figure 2 presents the m;; spectra in the £¢¢(jj and £{vvjj SRs, as well as in the £00/f
QCD ZZjj CR, where the normalization of the ZZjj processes is fixed to the observed value, as
explained later in this section. This figure indicates that the high m; region is the most sensitive to
EW ZZj;j event detection. Figure 3 depicts the invariant mass of the four-lepton system (mzz) in
the £¢¢/j j channel.

To separate the EW ZZjj processes from their backgrounds, MDs based on the Gradient
Boosted Decision Tree algorithm [49] are trained with simulated events using the TMVA frame-
work [50]. In each channel, a single MD is trained in the SR, which uses event kinematic informa-
tion sensitive to the characteristics of the EW signal. In the ££¢¢jj channel, twelve input variables
are used: m;;, Ay(jj), pr of the leading and subleading jets (p%l and p%z), product of jet rapidities
(vj1 X yj2), pr of the Z boson reconstructed from the lepton pair with the mass closer to the Z boson
mass, rapidity of both Z bosons (yz; and yz»), pr and mass of the four-lepton system, pr of the
third lepton, pr of the ZZjj system divided by the scalar pr sum of Z bosons and two jets (St).
Thirteen input variables are utilized in the £/vVv jj channel, which are m;;, Ay(jj), yj1 X yj2, p%z,
E%‘iss, E%“i“ significance, St, difference in pseudorapidity and azimuthal angle between the two
leptons (AN, A@), AR = \/(An)? + (A¢)?, invariant mass of the lepton pair, and pr of the leading
and subleading leptons. The jet-related information provides the greatest sensitivity in the ££4¢jj
channel, while both the jet-related and the dilepton-related variables are important in the ££vVvjj
channel.

In the £40¢j channel the MD distributions in both the SR and the QCD ZZj;j CR are used
in the statistical fit, while only the MD distribution in the SR is fitted in the ¢/vvj;j channel.
The yields of the background processes in the £/vV jj channel are determined in the CRs in data
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and are subsequently fixed in the statistical fit. Figure 4 presents the observed and predicted MD
distributions in the WZjj CR in the ¢/vv jj channel, where the predictions and the data are found
to be compatible.

To examine the compatibility of the data and the signal-plus-background hypothesis, a test
statistic is defined using the profile likelihood ratio method [51]. The likelihood function is the
product of all the Poisson probability density functions built in individual MD bins and across all
the regions, including the £0¢¢jj and £¢vvjj SRs and the £0¢¢jj QCD ZZjj CR. In each bin the
observed number of events in data is modelled by a Poisson probability density function with a
mean equal to the sum of the predicted signal and background yields. The systematic uncertainties
are implemented as nuisance parameters (NPs) constrained by Gaussian functions. In most cases,
a common NP is used to account for each systematic uncertainty in all the bins and regions, except
the QCD scale uncertainty and generator modelling uncertainty described below. The statistical
uncertainties of the simulated samples are uncorrelated among all bins, and the background un-
certainties only apply to the corresponding backgrounds. The theoretical uncertainties for ZZjj
production are uncorrelated between the £0¢¢jj and ¢/vv jj channels, due to the different fiducial
volume definitions. The QCD scale uncertainty for QCD ZZjj production is treated as uncorre-
lated between the SR and the QCD CR in the £¢¢¢j j channel, as the two regions are selected with
a large phase-space difference. Furthermore, two separate NPs are implemented to account for the
generator modelling uncertainty for QCD ZZ j j production in the low and high MD regions.

The binning of MD distributions in the SRs is optimised to maximise the sensitivity of detect-
ing EW ZZjj events. In the £0£/jj channel, the normalisation of QCD ZZjj production (“éféf)jj )
is varied simultaneously in the fit in the SR and QCD CR. The measured fiducial cross-section
over the SM prediction for EW ZZjj production (ugw) is taken as the parameter of interest. The
effects of the uncertainties associated to normalizations and shapes of background processes in the
MD distribution are taken into account, except for theoretical uncertainties associated to the EW
signal normalization, so that the uncertainty in the fitted ugw directly corresponds to that in the
measured fiducial cross-section. The statistical tests are performed in both the individual £¢¢]j
and £/vv jj channels, and in the combined channel. The results are shown in Table 4. To build the
test statistic and to derive the expected results, observed data is used in the QCD ZZjj CR in the
£00¢j j channel, while in the SRs Asimov datasets are constructed from the SM predictions with

Upw =1 and /,Lgéf)jj =1 in both the ¢4/ j and ¢£vv jj channels. From the combined channel, the

observed Ugw is 1.35 4 0.34, while /,Lgégj is determined to be 0.96 +0.22. The total systematic
uncertainty in Ugw is about 0.1, while the data statistical uncertainty is 0.3. The background-only
hypothesis is rejected at 5.5 ¢ (4.3 ¢) from the data (expectation), leading to the observation of EW
ZZjj production. The post-fit MD distributions are shown in Figure 5. The EW ZZj j cross-section
(combing the ££¢¢jj and ¢¢vV jj channels) in the fiducial volume is derived to be 0.82 +0.21 fb,

which is consistent with the SM prediction of 0.61 +-0.03 fb.

9. Conclusion

This talk summarizes the observation of electroweak production of two jets in association with
a Z-boson pair using the £¢¢¢ and £¢vv decay final states of the two Z bosons. The search uses 139
fb~! of 13 TeV pp collision data collected by the ATLAS detector at the LHC. In the optimised
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Figure 2: Observed and expected m;; distributions in the ££¢/jj QCD CR (left), and in the ¢££¢j (middle)
and ¢¢vv jj (right) signal regions. The error bands include the expected experimental and theoretical uncer-
tainties. The error bars on the data points show the statistical uncertainty on data. The contributions from
the QCD and EW production of ZZj j events are scaled by 0.96 and 1.35, respectively, which correspond to
the observed normalization factors in the statistical fit to the combined channel. The last bin includes the
overflow events [11].
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Figure 3: Observed and expected myz distributions in the £ j channel SR. The error bands include the
expected experimental and theoretical uncertainties. The error bars on the data points show the statistical
uncertainty on data. The contributions from the QCD and EW production of ZZjj events are scaled by 0.96
and 1.35, respectively, which correspond to the observed normalization factors in the statistical fit to the
combined channel. The last bin includes the overflow events [11].
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UEW ,ugceg] Significance Obs. (Exp.)
0eeejj 1.544+0.42 | 0.95+0.22 5.48 (3.90) o
Lvvjj 0.73+£0.65 - 1.15(1.80) o
Combined | 1.35+£0.34 | 0.96£0.22 5.52(4.30) o

Table 4: Observed pgw and ué%gj , as well as the observed and expected significance from the individual
£00¢jj and £vv jj channels, and the combined fits. The full set of systematic uncertainties is included [11].
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Figure 4: Observed and expected multivariate discriminant distributions in the £/vv j j channel for the WZj j
control region. The error bands only include the statistical uncertainties of the simulated samples. The error
bars on the data points show the statistical uncertainty on data [11].
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Figure 5: Observed and expected multivariate discriminant distributions after the statistical fit in the £00(j j
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the data points show the statistical uncertainty on data [11].
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fiducial regions, the cross-sections for inclusive ZZ j j production are measured, with a total relative
uncertainty of 11% (28%) for the ¢¢¢¢jj (¢vvjj) channel, and found to be compatible with the
SM predictions. The observation of electroweak production of two jets in association with a Z-

boson pair is based on multivariate discriminants trained separately in each channel to enhance the

separation between the signal and backgrounds. Combining both the ¢¢¢¢jj and £¢vv jj channels,
the background-only hypothesis is rejected with an observed (expected) significance of 5.5 (4.3) .
This gives the first observation of electroweak production of two jets in association with a Z-boson
pair. The measured cross-section for electroweak production in the fiducial region is 0.82 £0.21
fb, corresponding to a signal strength of 1.35 4 0.34, in agreement with the SM prediction.
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