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A search for the production of three massive vector bosons, 𝑉 𝑉 𝑍(𝑉 = 𝑊 ,𝑍), in proton–proton collisions at √
𝑠 = 13 TeV is performed using data with an integrated luminosity of 140 fb−1 recorded by the ATLAS detector 

at the Large Hadron Collider. Events produced in the leptonic final states 𝑊𝑊𝑍 → 𝓁𝜈𝓁𝜈𝓁𝓁 (𝓁 = 𝑒, 𝜇), 𝑊𝑍𝑍 →
𝓁𝜈𝓁𝓁𝓁𝓁, 𝑍𝑍𝑍 → 𝓁𝓁𝓁𝓁𝓁𝓁, and the semileptonic final states 𝑊𝑊𝑍 → 𝑞𝑞𝓁𝜈𝓁𝓁 and 𝑊𝑍𝑍 → 𝓁𝜈𝑞𝑞𝓁𝓁, are 
analysed. The measured cross section for the 𝑝𝑝→ 𝑉 𝑉 𝑍 process is 660+93−90(stat.)+88−81(syst.) fb, and the observed 
(expected) significance is 6.4 (4.7) standard deviations, representing the observation of 𝑉 𝑉 𝑍 production. 
In addition, the measured cross section for the 𝑝𝑝 → 𝑊𝑊𝑍 process is 442 ± 94(stat.)+60−52(syst.) fb, and the 
observed (expected) significance is 4.4 (3.6) standard deviations, representing evidence of 𝑊𝑊𝑍 production. 
The measured cross sections are consistent with the Standard Model predictions. Constraints on physics beyond 
the Standard Model are also derived in the effective field theory framework by setting limits on Wilson coefficients 
for dimension-8 operators describing anomalous quartic gauge boson couplings.

1. Introduction

In the Standard Model (SM), the non-Abelian structure of the elec
troweak sector predicts the self-interaction of vector bosons leading to 
vertices with three or four vector bosons. Studying processes containing 
vertices with four vector bosons is a sensitive test of the SM as devia
tions from the SM expectation would be hints of new physics at higher 
energy scales [1--4]. Four vector boson vertices can be probed in vector 
boson scattering processes [5,6] or in three boson final states.

The production of three massive vector bosons in proton–proton (𝑝𝑝) 
collisions at the Large Hadron Collider (LHC) [7] was studied using data 
collected at a centre-of-mass energy of 

√
𝑠 = 13 TeV by both the AT

LAS [8] and CMS [9] experiments. ATLAS has provided evidence for 
the production of 𝑊𝑊𝑊 and 𝑊 𝑉𝑍 (𝑉 =𝑊 ,𝑍) using data with an 
integrated luminosity of 79.8 fb−1 [10], and later observed 𝑊𝑊𝑊 pro
duction using 139 fb−1 of data [11]. Meanwhile, CMS has observed the 
combined production of 𝑉 𝑉 𝑉 (𝑊𝑊𝑊 + 𝑊𝑊𝑍 + 𝑊𝑍𝑍 + 𝑍𝑍𝑍) 
based on 137 fb−1 of data [12]. This article reports on a search for the 
production of three massive vector bosons of which at least one is a 𝑍
boson, i.e. 𝑊𝑊𝑍 , 𝑊𝑍𝑍 , and 𝑍𝑍𝑍 , using 140 fb−1 of data.

The production of three massive vector bosons can occur via dia
grams containing mono to quartic boson interaction vertices, and via the 
Higgsstrahlung process. Representative Feynman diagrams are shown in 
Fig. 1.

Three distinct search channels based on the number of leptons in the 
final state are used, targeting different tri-boson final states, namely 3𝓁

⋆ E-mail address: atlas.publications@cern.ch.

for 𝑊𝑊𝑍 and 𝑊𝑍𝑍 , 4𝓁 for 𝑊𝑊𝑍 , and at least 5𝓁 for 𝑊𝑍𝑍 and 
𝑍𝑍𝑍 processes, with 𝓁 = 𝑒,𝜇. The sets of selection criteria for the dif
ferent search channels are designed to avoid overlap between the chan
nels. The dominant background processes are 𝑊𝑍 production for the 
3𝓁 channel, and 𝑊𝑍 and 𝑍𝑍 production for the 4𝓁 and 5𝓁 channels. 
To enhance the sensitivity, the signal regions for the 3𝓁 and 4𝓁 chan
nels are further split into sub-categories. Boosted decision tree (BDT) 
discriminants are trained individually for each channel to enhance the 
separation between signal and background events. These channels are 
then combined with a binned maximum-likelihood fit of the BDT dis
criminants, yielding a combined signal strength parameter 𝜇 for 𝑉 𝑉 𝑍

production with 𝜇 defined as the ratio of the measured tri-boson pro
duction cross section to its SM prediction. The signal strength is also 
determined separately for 𝑊𝑊𝑍 and 𝑊𝑍𝑍 production. Additionally, 
the signal strength for on-shell 𝑉 𝑉 𝑍 production is extracted by treat
ing the Higgsstrahlung contribution as background. Finally, limits on 
effective field theory (EFT) parameters describing the four-vector-boson 
interaction vertex are derived with discriminants optimised to enhance 
the sensitivity to EFT contributions to the SM processes.

2. The ATLAS detector, data and simulation samples

The ATLAS detector at the LHC is a multipurpose particle detec
tor with a forward–backward symmetric cylindrical geometry and a 
near 4𝜋 coverage in solid angle.1 It consists of an inner tracking de
tector (ID) surrounded by a thin superconducting solenoid providing a 
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Fig. 1. Representative Feynman diagrams for the production of three massive vector bosons, including diagrams with (a) mono boson vertices, diagrams sensitive to 
(b) triple and (c) quartic gauge boson couplings, and (d) the Higgsstrahlung process, where 𝐻 (∗) denotes an on-shell or off-shell Higgs boson.

2 T axial magnetic field, electromagnetic (EM) and hadron calorime
ters, and a muon spectrometer (MS). The inner tracking detector covers 
the pseudorapidity range of |𝜂| < 2.5. It consists of silicon pixel, sili
con microstrip, and transition radiation tracking detectors. Lead/liquid
argon (LAr) sampling calorimeters provide EM energy measurements 
with high granularity. A steel/scintillator-tile hadron calorimeter cov
ers the central pseudorapidity range |𝜂| < 1.7. The endcap and forward 
regions are instrumented with LAr calorimeters for both the EM and 
hadronic energy measurements up to |𝜂| = 4.9. The muon spectrometer 
surrounds the calorimeters and is based on three large superconduct
ing air-core toroidal 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 cham
bers and fast detectors for triggering. A two-level trigger system [13] is 
used to select interesting events. The first-level trigger is implemented in 
hardware and uses a subset of the detector information to accept events 
at a rate below 100 kHz. This is followed by a software-based trigger 
that reduces the accepted event rate to 1 kHz on average, depending 
on the data-taking conditions. An extensive software suite [14] is used 
in data simulation, in the reconstruction and analysis of real and simu
lated data, in detector operations, and in the trigger and data acquisition 
systems of the experiment.

The data used in the analysis were collected between 2015 and 2018 
in 𝑝𝑝 collisions at 

√
𝑠 = 13 TeV. Only events recorded with a fully op

erational detector and stable beams are included resulting in a total 
integrated luminosity of 140 fb−1 [15]. Candidate events are selected by 
single or multiple lepton (𝑒 or 𝜇) triggers with transverse momentum 
thresholds varying depending on the lepton flavour, isolation require
ments, and run period. Due to the presence of at least three leptons in the 
final state and the requirement of at least one lepton with 𝑝T > 27 GeV
in the event selection, the lepton triggers are fully efficient for the tri
boson signals in the signal regions defined in Section 3.2.

Signal and background processes were simulated with a range 
of Monte Carlo (MC) event generators and the ATLAS detector re
sponse [16] was modelled with Geant4 [17]. The effect of multiple 
𝑝𝑝 interactions in the same and neighbouring bunch crossings (pile
up) was included by overlaying minimum-bias events simulated with 
Pythia8.186 [18] using the A3 [19] set of tuned MC parameters and the 
NNPDF2.3LO [20] parton distribution function (PDF) set, on each gen
erated event in all samples. Tri-boson signal and 𝑊𝑊𝑊 background 
events [21] with three on-mass-shell vector bosons including processes 
involving an off-shell Higgs boson mediator were simulated using 
Sherpa2.2.2 [22] with the NNPDF3.0NNLO [23] PDF. Off-mass-shell 

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 
pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦
axis points upwards. Polar coordinates (𝑟,𝜙) are used in the transverse plane, 
𝜙 being the azimuthal angle around the 𝑧-axis. The pseudorapidity is defined 
in terms of the polar angle 𝜃 as 𝜂 = −ln tan(𝜃∕2). Transverse momentum (𝑝T) is 
defined relative to the beam axis and is calculated as 𝑝T = 𝑝 sin𝜃 where 𝑝 is the 
momentum. Transverse energy (𝐸T) is calculated as 𝐸T =𝐸 sin𝜃 where 𝐸 is the 
energy. Angular distance is measured in units of Δ𝑅≡

√
(Δ𝜂)2 + (Δ𝜙)2.

tri-boson final states with an on-shell Higgs boson mediator, i.e. 𝑊 𝐻 →
𝑊 𝑉 𝑉 ∗ and 𝑍𝐻 →𝑍𝑉 𝑉 ∗, were generated using Powheg Box2 [24--
29] interfaced to Pythia8.186 and EvtGen1.6.0 [30]. All tri-boson 
processes were generated at next-to-leading-order (NLO) quantum chro
modynamics (QCD) accuracy [31--34]. The expected cross section (𝑉 𝐻

included) is 329 fb for 𝑊𝑊𝑍 , 93.1 fb for 𝑊𝑍𝑍 , and 34.0 fb for 𝑍𝑍𝑍 . 
The total theory uncertainty in the signal cross sections is about 10% and 
was evaluated by varying parameters in the simulation related to the 
renormalisation and factorisation scales, parton shower and PDF sets. 
For the interpretation within the EFT approach (described in Section 5), 
samples of 𝑊𝑊𝑍 and 𝑊𝑍𝑍 production with non-zero Wilson coeffi
cients for the 𝑀2, 𝑀3, 𝑀4 and 𝑀5 operators in the Eboli model [35] 
were generated at leading-order (LO) with MadGraph2.7.3 [36] using 
the NNPDF3.0NLO PDF set and interfaced to Pythia8.245 [37] and the 
A14 [38] tune. The EFT interpretation does not include the 5𝓁 channel, 
so the 𝑍𝑍𝑍 samples are not included as their impact is negligible in 
the 3𝓁 and 4𝓁 channels.

Diboson (𝑊𝑊 , 𝑊𝑍 , 𝑍𝑍 , 𝑊 𝛾 , and 𝑍𝛾) processes [21] were mod
elled using Sherpa2.2.12 with the NNPDF3.0NNLO PDF set. Single 
boson (𝑊 ∕𝑍+ jets) [39] production and electroweak production of 
𝑊 ±𝑊 ± + 2 jets, 𝑊𝑍 + 2 jets, and 𝑍𝑍 + 2 jets, were modelled using 
Sherpa2.2.11 and Sherpa2.2.2, respectively.

Top-quark pair events (𝑡𝑡) were simulated using Powheg Box2 [40] 
interfaced to Pythia8.230 and EvtGen1.6.0. The NNPDF3.0NLO PDF 
set was used for the matrix-element calculation, while the NNPDF2.3LO 
PDF set was used for the showering with the A14 tune. Produc
tion processes of a top-quark pair in association with a vector boson 
(𝑡𝑡𝑍 and 𝑡𝑡𝑊 ) were modelled at NLO with MadGraph2.2.3 with 
the NNPDF3.0NLO PDF set and interfaced to Pythia8.210 using the 
A14 tune and EvtGen1.2.0 for heavy flavour decays. The 𝑡𝑡𝐻 pro
duction was generated at LO in QCD with Powheg Box2 interface 
to Pythia8.210 and EvtGen1.6.0. Other background processes con
taining top quarks were generated with MadGraph5_aMC@NLO [41] 
interfaced to Pythia8.230, at LO (𝑡𝑡𝛾 , 𝑡𝑍 , 𝑡𝑡𝑊𝑊 , 𝑡𝑡𝑊 𝑍 , and 𝑡𝑡𝑡𝑡) or 
with Powheg Box2 [42] interfaced to Pythia8.212 and EvtGen1.6.0 
(𝑡𝑊 𝑍).

3. Object definitions, event selection and background estimation

3.1. Object definitions and preselection criteria

At the trigger level, candidate events are selected using all combina
tions of unprescaled single lepton, dilepton, tri-lepton, and four-lepton 
triggers [43,44]. Triggers requiring a mixture of lepton flavours (for 
example, dilepton triggers with an electron and a muon at the trigger 
level) are also used. These triggers require leptons to satisfy certain 𝑝𝑇
threshold, identification, and isolation criteria. The combined trigger ef
ficiency is fully efficient for tri-boson events in the fiducial regions. The 
candidate events are required to contain one reconstructed primary ver
tex [45]. If more than one reconstructed vertex is found, the vertex with 
the largest 𝑝2T sum of associated ID tracks is considered as the primary 
vertex.
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Table 1
Summary of the object selection and event preselection criteria used in the analysis.

Object selection criteria 

Electron
Passes the ``Loose'' quality requirement and have at least one hit in the innermost pixel layer |𝑑0|∕𝜎𝑑0

< 5, |𝑧0 × sin𝜃| < 0.5 mm
𝑝T > 7 GeV, |𝜂| < 2.47

Muon
Passes the ``Loose'' quality requirement |𝑑0|∕𝜎𝑑0

< 3, |𝑧0 × sin𝜃| < 0.5 mm
𝑝T > 5 GeV (𝑝T > 15 GeV for calorimeter-tagged muons), |𝜂|< 2.7

Jet Passes the JVT requirement, 𝑝T > 20 GeV, |𝜂| < 4.5

Event preselection criteria 
Trigger Single lepton, dilepton, tri-lepton, or quad-lepton triggers 
Number of charged leptons ≥ 3
𝑍 boson invariant mass |𝑚𝓁𝓁 −𝑚𝑍 | < 40 GeV

Electrons are reconstructed from energy clusters in the EM calorime
ter matched to ID tracks and are identified using a likelihood discrimi
nant constructed with information about the shape of the EM showers 
in the calorimeter, the track properties, and the quality of the track
to-cluster matching for the candidate [46]. Electrons must satisfy the 
“Loose'' requirement based on the electron likelihood discriminant and 
have at least one hit in the innermost pixel layer. Electrons are required 
to have 𝑝T > 7 GeV and |𝜂| < 2.47. Electron candidates reconstructed 
within the transition region between the barrel and endcap calorime
ters, 1.37 < |𝜂| < 1.52, are also kept.

Muons are reconstructed in multiple ways based on information from 
the ID, the MS, and the calorimeters [47]. In the range of the ID cov
erage, the muon reconstruction is primarily performed by a global fit 
of fully reconstructed tracks in the ID and the MS (referred to as ``com
bined muons''). In the central region (|𝜂| < 0.1) of the detector where 
the MS lacks in coverage, muons can also be identified by matching a 
fully reconstructed ID track to either an MS track segment (referred to 
as ``segment-tagged muons'') or a calorimetric energy deposit consistent 
with that of a minimum-ionising particle (referred to as ``calorimeter
tagged muons''). For the last two cases, the muon momentum is deter
mined by the ID track alone. In the forward MS region (2.5 < |𝜂| < 2.7), 
MS tracks with hits in the three MS layers are accepted (referred to as 
“standalone muons''). Muons are required to satisfy the ``Loose'' iden
tification requirement described in Ref. [47] and to have |𝜂| < 2.7 and 
𝑝T > 5 GeV for all types except for the calorimeter-tagged type where 
the requirement is increased to 𝑝T > 15 GeV.

Both electrons and muons are required to be consistent with originat
ing from the primary vertex by imposing requirements on the transverse 
impact parameter, 𝑑0, its uncertainty, 𝜎𝑑0 , the longitudinal impact pa
rameter, 𝑧0, and the polar angle 𝜃. These requirements are |𝑑0|∕𝜎𝑑0 < 5
and |𝑧0×sin𝜃| < 0.5 mm for electrons, and |𝑑0|∕𝜎𝑑0 < 3 and |𝑧0×sin𝜃| <
0.5 mm for muons. The leptons selected with these criteria are classified 
as baseline leptons.

Jets are reconstructed from particleflow objects using the anti-𝑘𝑡
algorithm [48,49] with a radius parameter of 0.4. The particleflow al
gorithm combines information about ID tracks and energy deposits in 
the calorimeters to form the input for jet reconstruction [50]. Jets are 
selected by requiring 𝑝T > 20 GeV and |𝜂| < 4.5. To suppress jets arising 
from pile-up, a jet-vertex-tagging (JVT) technique [51] using a multi
variate likelihood is applied to jets with 𝑝T < 60 GeV and |𝜂| < 2.4, 
ensuring that the selected jets are matched to the primary vertex.

Jets containing 𝑏-hadrons are identified (𝑏-tagged) using the DL1r 𝑏
tagging algorithm [52] based on a deep neural network that combines 
information from displaced tracks and reconstructed secondary and ter
tiary vertices inside jets. A jet with |𝜂| < 2.5 is 𝑏-tagged if the response 
value of the DL1r algorithm exceeds a predefined threshold. The op
erating point defined with an efficiency of 77% for 𝑏-jets measured in 
simulated 𝑡𝑡 events is used.

The missing transverse momentum, whose magnitude is denoted 
𝐸miss

T , is defined as the negative vector sum of the 𝑝T of all reconstructed 

and calibrated physics objects in the event [53]. This sum includes a 
term to account for the energy from low-momentum particles that are 
not associated with a reconstructed lepton or jet.

The object reconstruction and identification algorithms do not al
ways result in unambiguous identifications of physics objects. An over
lap removal procedure is applied to the leptons and jets in the following 
order. Calorimeter-tagged muons sharing a track with any electrons are 
removed. Electrons sharing an ID track with muons are removed. Any 
jet within Δ𝑅 < 0.2 of an electron is removed and electrons within 
Δ𝑅< 0.4 of any remaining jets are removed. Jets with less than three as
sociated tracks and within Δ𝑅 < 0.2 of a muon are removed, and muons 
within Δ𝑅< 0.4 of any of the remaining jets are removed.

The preselected events are required to have at least three charged 
leptons satisfying the baseline lepton selection criteria. In addition, at 
least one sameflavour opposite-sign charge (SFOS) lepton pair that is 
consistent with the 𝑍 boson pole mass (𝑚𝑍 = 91.188 GeV) within 40 
GeV is required. Table 1 shows all preselection criteria used.

3.2. Event selection criteria

The 3𝓁 channel requires exactly three charged leptons and at least 
one reconstructed jet in the final state. All SFOS dilepton pairs should 
have an invariant mass 𝑚𝓁𝓁 > 12 GeV. Events are required to have at 
least one SFOS lepton pair that is consistent with 𝑚𝑍 within 20 GeV. This 
pair is considered to be the 𝑍 boson candidate. If more than one pair can 
be formed, the pair whose invariant mass is closest to 𝑚𝑍 is taken as the 
𝑍 boson candidate. These two leptons are assigned to the 𝑍 boson decay 
(labelled 𝑍-leptons). The remaining third lepton is assigned to the 𝑊
boson decay (labelled 𝑊 -lepton). To reduce instrumental backgrounds, 
events with both 𝑍-electrons falling into the calorimeter transition re
gion 1.37 < |𝜂| < 1.52 are rejected. In addition, events with the third 
electron falling into the calorimeter transition region are rejected.

All three leptons are required to have 𝑝T > 15 GeV and at least one 
must have 𝑝T > 27 GeV. The electrons must satisfy the ``Loose'' isolation 
requirement based on prompt tracks within a shrinking cone around the 
electron track as 𝑝𝑇 increases and calorimeter energy depositions within 
Δ𝑅 = 0.2 of the electron. Similarly, the muons are required to satisfy 
the ``Loose'' isolation requirement based on prompt tracks and calorime
ter energy depositions [47]. Backgrounds originating from misidentified 
leptons are suppressed by requiring the 𝑊 -lepton to satisfy more strin
gent selection criteria. The 𝑊 -lepton must satisfy the ``Tight'' quality 
requirement for electrons based on the likelihood discriminant [54] 
and the ``Tight'' quality requirement for muons [47]. Both 𝑊 -leptons 
must satisfy the ``Tight'' isolation working point based on a multivariate 
discriminant used to reject non-prompt leptons from heavyflavour de
cays [55]. At least one jet with 𝑝T > 20 GeV and |𝜂| < 2.5 is required to 
be present in the final state. Events with at least one 𝑏-jet are rejected.

To gain sensitivity, the 3𝓁 channel makes use of events containing 
four leptons that satisfy the 3𝓁 channel selection shown in Table 2, but 
fail to satisfy the 4𝓁 channel selection criteria shown in Table 3. These 
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Table 2
Overview of the criteria used to select inclusive 3𝓁 events and the three 3𝓁 SRs.

Inclusive 3𝓁 event selection 
Satisfy preselection criteria ✓
Lepton 𝑝T > 15 GeV and at least one lepton with 𝑝T > 27 GeV
Lepton from the 𝑍 decays ``Loose'' isolation requirement based on tracker and calorimeter measurements 
Lepton from the 𝑊 decays ``Tight'' identification and ``Tight'' isolation 
Invariant mass of any SFOS dilepton pairs > 12 GeV
Invariant mass of the 𝑍 boson |𝑚𝓁𝓁 −𝑚𝑍 | < 20 GeV
Number of leptons = 3
Number of 𝑏-jets = 0

3𝓁 signal regions 
3𝓁-1j 3𝓁-2j-inV 3𝓁-2j-outV 

Satisfy inclusive 3𝓁 selection criteria ✓ ✓ ✓
BDT score > 0.42 ✓ ✓ ✓
Number of jets = 1 ≥ 2 ≥ 2
𝑚𝑗𝑗 − > 60 GeV and < 110 GeV < 60 GeV or > 110 GeV

Table 3
Overview of the criteria used to select inclusive 4𝓁 events and the three 4𝓁 SRs.

Inclusive 4𝓁 event selection 
Satisfy preselection criteria ✓
Lepton Exactly four leptons with 𝑝T > 30,15,8,6 GeV
Lepton from the 𝑍 decays ``Loose'' isolation requirement based on tracker and calorimeter measurements 
Leptons from the 𝑊 decays ``Medium'' identification and ``Tight'' isolation 
Invariant mass of any SFOS dilepton pairs > 12 GeV
Invariant mass of the 𝑍 boson |𝑚𝓁𝓁 −𝑚𝑍 | < 20 GeV
Minimum angular distance between any lepton pairs > 0.1
𝐸miss

T > 10 GeV
Number of 𝑏-jets = 0

4𝓁 signal regions 
4𝓁-DF 4𝓁-SF-inZ 4𝓁-SF-outZ 

Satisfy inclusive 4𝓁 selection criteria ✓ ✓ ✓
Flavour for lepton from the 𝑊 decays 𝑒𝜇 sameflavour sameflavour 
𝑚𝓁𝓁 for the two 𝑊 -leptons − |𝑚𝓁𝓁 −𝑚𝑍 | < 20 GeV |𝑚𝓁𝓁 −𝑚𝑍 | > 20 GeV

4𝓁 events are required to contain only one lepton pair with |𝑚𝓁𝓁−𝑚𝑍 | <
20 GeV. One of the other two leptons is required to satisfy the 3𝓁 quality 
requirements for a 𝑊 -lepton, while the other lepton is required to fail 
this requirement. This increases the signal yield by 2% and the estimated 
background by 1.5%.

Three signal regions (SRs) are defined according to the number of 
jets and the invariant mass of the two leading jets in the event: the 3𝓁
1j SR is defined by requiring events with exactly one reconstructed jet; 
the requirements of at least two jets with the invariant mass of the two 
leading jets, 𝑚𝑗𝑗 , lying within a window close to the 𝑊 or 𝑍 boson pole 
mass, i.e. 60 < 𝑚𝑗𝑗 < 110 GeV, defines the 3𝓁-2j-inV SR; the remaining 
events compose the 3𝓁-2j-outV SR. With these selection criteria applied, 
the signal-to-background ratio is close to 1% for the 3𝓁-1j channel, 5% 
for the 3𝓁-2j-inV channel, and 3% for the 3𝓁-2j-outV channel. To reduce 
the 𝑊𝑍+jets background, each event is required to have a BDT score 
(described in Section 4) that is larger than 0.42. Table 2 summarises all 
selection criteria used and the definitions of these three SRs.

The 4𝓁 channel requires exactly four leptons in the event. The SFOS 
lepton pair with its invariant mass, 𝑚𝓁𝓁 , closest to 𝑚𝑍 is identified as 
the 𝑍 boson candidate and must fulfil |𝑚𝓁𝓁 − 𝑚𝑍 | < 20 GeV. The re
maining two leptons are assigned as leptons from 𝑊 decays and must 
satisfy the ``Tight'' isolation and ``Medium'' quality requirements. All 
SFOS lepton pairs must have an invariant mass of 𝑚𝓁𝓁 > 12 GeV. The 
set of four leptons is required to satisfy the ordered 𝑝T thresholds of 30, 
15, 8, and 6 GeV. The angular distance between any two leptons is re
quired to be Δ𝑅 > 0.1. Furthermore, each event must have 𝐸miss

T > 10
GeV and no jets reconstructed as 𝑏-tagged jets. Events that satisfy the 
selection are categorised into three SRs depending on the flavours of 
the two 𝑊 -leptons. Those events where the two leptons have different 
flavour compose the 4𝓁-DF SR and events with two sameflavour leptons 

are split into two SRs based on their invariant mass: events satisfying |𝑚𝓁𝓁 − 𝑚𝑍 | < 20 GeV define the 4𝓁-SF-inZ SR, while the remaining 
events compose the 4𝓁-SF-outZ SR. Table 3 summarises the selection 
criteria and the definitions of these three SRs.

The 5𝓁 channel requires at least five leptons with at least two SFOS 
pairs in the event. The two SFOS lepton pairs with their invariant mass 
closest to 𝑚𝑍 are identified as 𝑍 boson candidates and must fulfil |𝑚𝓁𝓁 −𝑚𝑍 | < 20 GeV. The remaining lepton is assigned as a lepton from 
another 𝑍∕𝑊 boson decay and no additional quality requirements or 
isolation requirements are applied. Events with at least one 𝑏-jet are 
rejected. Table 4 summarises the selection criteria.

To further increase the separation between the signal and back
ground events in the SRs, seven BDT discriminants are trained using 
the XGBoost package [56]2 and are applied separately to each of the 
seven SRs. The majority of the input variables are kinematic features 
of the events. For the 3𝓁 channel, the BDT is trained with 17 variables 
for 3𝓁-1j, 20 variables for 3𝓁-2j-inV, and 24 variables for 3𝓁-2j-outV, 
with some of these variables overlapping between the channels. For the 
4𝓁 channel, the same 23 variables are used as inputs for the BDT train
ing for 4𝓁-DF, 4𝓁-SF-inZ, and 4𝓁-SF-outZ. For the 5𝓁 channel, the BDT 
is trained with 11 variables. All backgrounds except fake backgrounds 
(due to non-prompt leptons from hadron decay or jets misidentified as 
leptons) are included in the BDT training. Since XGBoost cannot handle 
negative-weight events, the absolute value of each event weight is used. 
A five-fold training and cross-validation procedure is used to produce 
the final discriminant for each SR, and each of the five models is trained 

2 Julia packages (UnROOT.jl [57] and XGBoost.jl) were used for the 4𝓁
channel.
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Table 4
Overview of the criteria used to select inclusive 5𝓁 events, which form the 5𝓁 SR.

Inclusive 5𝓁 event selection (5𝓁 SR) 
Satisfy preselection criteria ✓

Leptons
At least five leptons 
``Loose'' isolation requirement based on tracker and calorimeter measurements 

𝑍 boson candidates At least two SFOS pairs with |𝑚𝓁𝓁 −𝑚𝑍 | < 20 GeV
𝑍 boson invariant mass |𝑚𝓁𝓁 −𝑚𝑍 | < 20 GeV
Number of 𝑏-jets = 0

on 80% of the expected signal and background events. Each of the five 
trained BDTs is applied to the remaining 20% of the total events. The 
final BDT score is obtained by averaging the outputs of the five trained 
BDTs and is used to generate the BDT distribution for the fit.

3.3. Background estimation

The SM background processes can be divided into two categories: 
processes with three, four, or at least five prompt leptons in the fi
nal state, and fake background processes. Depending on the source, the 
background is estimated in data or simulation, as described below, or a 
combination of both.

The dominant background source in the 3𝓁 channel is from 𝑊𝑍+jets 
production, followed in importance by 𝑍𝑍+jets production. The 
𝑊𝑍+jets process contributes 83% of the expected background in the 
3𝓁-1j SR, 79% in the 3𝓁-2j-inV SR, and 81% in the 3𝓁-2j-outV SR. The 
𝑍𝑍+jets process contributes 11% of the expected background in the 
3𝓁-1j SR, 10% in the 3𝓁-2j-inV SR, and 7% in the 3𝓁-2j-outV SR. Due 
to the presence of three isolated leptons in the final states, the fake back
ground contribution from the 𝑍+jets process is < 3%. As a result, all 
backgrounds are estimated with MC simulated events.

The dominant background sources in the 4𝓁 channel are from 
𝑍𝑍+jets and fake background processes. The 𝑍𝑍+jets process con
tributes 50% of the expected background in the 4𝓁-DF SR, 98% of the 
events in the 4𝓁-SF-inZ SR, and 93% in the 4𝓁-SF-outZ SR. The fake 
background mainly originates from the 𝑊𝑍+jets and 𝑍+jets processes 
where one or two jets are identified as isolated leptons. The contribution 
from 𝑡𝑡 production is found to be negligible due to the 𝑏-jet veto require
ment. The fake background contributes 17% of the expected background 
in the 4𝓁-DF SR, 1% in the 4𝓁-SF-inZ SR, and 3% in the 4𝓁-SF-outZ SR. 
The 𝑡𝑡𝑍 process also contributes 21% of the expected background in 
the 4𝓁-DF SR. Due to its contribution to the most sensitive 4𝓁-DF SR, 
the fake background is estimated by using a data-driven method as de
scribed in Ref. [58], while all other backgrounds are estimated with MC 
simulations.

The dominant backgrounds in the 5𝓁 channel originate from fake 
background processes such as 𝑍𝑍+jets and 𝑡𝑡𝑍 production. The 
𝑍𝑍+jets process contributes 95% of the expected background in the 
SR, while the 𝑡𝑡𝑍 process contributes 2.5%. These backgrounds have 
one or two jets misidentified as isolated leptons and are estimated by 
using a combination of data-driven and simulation-based techniques.

Five control regions (CRs) are defined to check the background mod
elling in different channels: 𝑊𝑍+jets (3𝓁 channel), 𝑍𝑍+jets (4𝓁 chan
nel), 𝑍+jets (3𝓁 channel), and two 𝑡𝑡𝑍 CRs (one for the 3𝓁 channel and 
the other for the 4𝓁 channel). The two 𝑡𝑡𝑍 CRs are orthogonal to each 
other due to the requirement on the number of leptons in the event.

The 𝑊𝑍+jets CR is defined with the same set of selection criteria 
as used for the inclusive 3𝓁 SRs except for a requirement that the BDT 
score (described in Section 4), be less than 0.42. The purity of 𝑊 𝑍

events in this CR is ∼ 76%. The 𝑍𝑍+jets CR has the same selection 
criteria as used in the 4𝓁-SF-inZ SR except the 𝐸miss

T requirement is 
reversed to have 𝐸miss

T < 10 GeV. The purity of 𝑍𝑍 events in this CR is 
∼ 99%. In addition, the two 3𝓁 SRs (3𝓁-1j and 3𝓁-2j-inV) and the two 
4𝓁 SRs (4𝓁-SF-inZ and 4𝓁-SF-outZ) with significant contributions from 
the 𝑊𝑍+jets and 𝑍𝑍+jets processes, help constrain the estimates for 
these two background processes.

The 𝑍+jets CR has the same selection criteria as used in the 3𝓁-1j SR 
except the 𝑊 -lepton is required to have 8 < 𝑝T < 15 GeV, the invariant 
mass of the three charged leptons is required to be below 150 GeV, and 
there is exactly one jet reconstructed in the event and this jet is not 
tagged as a 𝑏-jet. The purity of 𝑍+jets events in this CR is ∼ 72%.

The 𝑡𝑡𝑍 CR in the 3𝓁 channel is defined in the same way as the 
signal region, with the exception that at least four jets are required, of 
which at least two are 𝑏-tagged. The purity of 𝑡𝑡𝑍 events in this CR is 
∼ 66%. The 𝑡𝑡𝑍 CR in the 4𝓁 channel is defined in the same way as the 
4𝓁-SF-inZ SR, with the exception that at least one 𝑏-jet be present in the 
event. The purity of 𝑡𝑡𝑍 in this CR is ∼ 74%.

The data-driven method used to estimate the fake background in 
the 4𝓁 and 5𝓁 channels defines lepton-like jets by requiring the leptons 
to meet a looser selection criterion but fail to meet the signal-lepton 
requirement. Compared with the signal leptons, muon-like jets have 
to satisfy the ``Loose'' quality requirement and electron-like jets have 
to satisfy the ``Loose'' quality requirement based on the electron likeli
hood discriminant and have at least one hit in the innermost pixel layer 
for the 4𝓁 channel, while both muon-like and electron-like jets are re
quired to satisfy a looser quality requirement for the 5𝓁 channel. In 
addition, |𝑑0|∕𝜎𝑑0 is required to be less than 10 and no requirements 
are applied on the isolation variables for both muon-like and electron
like jets. Events containing up to two lepton-like jets are weighted by 
a ``fake factor'' to predict the non-prompt lepton background contribu
tion, selected from data for the 4𝓁 channel and from MC simulation for 
the 5𝓁 channel. The fake factor is the ratio of the number of non-prompt 
leptons satisfying the signal lepton criteria over the number satisfying 
the lepton-like jet criteria. Its value is derived from data samples en
riched in 𝑍+jets and 𝑡𝑡 production. For the 4𝓁 channel, the dominant 
fake background originates from the 𝑊𝑍+jets process where most jets 
are lightflavour jets. For the 5𝓁 channel, the dominant fake background 
originates from both 𝑍𝑍+jets and 𝑡𝑡𝑍 processes where jets are a mix
ture of lightflavour and heavyflavour jets. The fake factor measured 
in the 𝑍+jets sample is thus used for the fake background estimate for 
the 4𝓁 channel, while the fake factors measured in the 𝑍+jets and 𝑡𝑡
samples are combined according to the lightflavour to heavyflavour 
background ratio expected in the SR for the 5𝓁 channel.

The normalisations of simulated 𝑊𝑍+ jets, 𝑍𝑍+jets, 𝑍+jets, and 
𝑡𝑡𝑍 backgrounds are determined from data in the likelihood fits of SRs 
and CRs described in Section 4.

4. Signal extraction and combination

The 3𝓁, 4𝓁, and 5𝓁 regions are combined using the profile likelihood 
method based on a simultaneous fit to distributions in the SRs and CRs. 
Seven SRs defined in Section 3.2 and five CRs defined in Section 3.3
are used in the fit. The distributions used in the fit are the seven BDT 
distributions for the seven SRs and the jet multiplicity distributions in 
the 𝑊𝑍+jets and 𝑍𝑍+jets CRs. The number of selected events in the 
𝑍+jets CR, the 𝑡𝑡𝑍 CR in the 3𝓁 channel, and the 𝑡𝑡𝑍 CR in the 4𝓁
channel are each included as a single bin in the fit.

For the signal BDT distributions, a total of 58 bins are used: 10 bins 
for each SR of the 3𝓁 channels, 10 bins collectively for the 4𝓁-DF chan
nels, eight bins each for the 4𝓁-SF-inZ and 4𝓁-SF-outZ channels, and 
two bins for the 5𝓁 channel. For the CR distributions, a total of nine 
bins are used: three bins each for the 𝑊𝑍 (1, 2, or ≥ 3 jets) and 𝑍𝑍
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Table 5
Data and postfit predicted yields for all SRs. Uncertainties in the predictions include both statistical and 
systematic uncertainties added in quadrature; correlations among systematic uncertainties are taken into 
account in the calculation of the total uncertainties.

Signal region 3𝓁-1j 3𝓁-2j-inV 3𝓁-2j-outV 4𝓁-DF 4𝓁-SF-inZ 4𝓁-SF-outZ 5𝓁

𝑉 𝑉 𝑍 104±17 99±15 173±27 26.7±4.6 18.6±2.1 26.8±4.0 3.9±0.6 
𝑊𝑍+jets 4271±91 932±26 2656±81 − − − −
𝑍𝑍+jets 547±46 113±14 239±27 19.7±1.2 1447±35 383.2±9.9 −
𝑍+jets 130±43 35±12 59±18 − − − −
𝑡𝑡𝑍 8.2±1.0 35.5±3.1 92.5±7.0 8.3±0.9 1.8±0.2 7.0±0.7 −
Fake − − − 6.5±2.0 14.5±8.5 11.6±4.2 4.9±0.6 
Others 219±12 65.1±5.5 221±12 4.5±0.4 12.2±0.4 10.7±0.4 −

Total expected 5280±68 1278±28 3440±54 65.8±5.1 1494±34 439±10 8.9±0.9 
Data 5273 1280 3423 65 1513 429 13 

(0, 1, or ≥ 2 jets) CRs, and one bin each for the 𝑍+jets CR, the 𝑡𝑡𝑍 CR 
in the 3𝓁 channel, and the 𝑡𝑡𝑍 CR in the 4𝓁 channel. In total, 67 bins 
are used in the combined fit.

A binned likelihood function [59] is constructed as a product of Pois
son probability terms over all bins considered. This likelihood function 
depends on the signal-strength parameter 𝜇, a multiplicative factor that 
scales the expected number of signal events, and 𝜃, a set of nuisance pa
rameters that encode the effect of systematic uncertainties in the signal 
and background expectations [58]. The nuisance parameters are imple
mented in the likelihood function as Gaussian, log-normal or Poisson 
constraints, depending on their origin. Correlations of systematic uncer
tainties arising from common sources are maintained across processes 
and channels.

The fit includes nine unconstrained parameters that scale the num
ber of events for a particular process predicted by MC simulation: 
the signal strength 𝜇, three scale factors (𝜇𝑊 𝑍+1 jets, 𝜇𝑊𝑍+2 jet, and 
𝜇𝑊𝑍+≥3 jets) for 𝑊𝑍 + 1 jets, 𝑊𝑍 + 2 jet, and 𝑊𝑍+ ≥ 3 jets, three 
scale factors (𝜇𝑍𝑍+0 jets, 𝜇𝑍𝑍+1 jet, and 𝜇𝑍𝑍+≥2 jets) for 𝑍𝑍 + 0 jets, 
𝑍𝑍 + 1 jet, and 𝑍𝑍+ ≥ 2 jets, one scale factor (𝜇𝑍+jets) for the 𝑍+
jets process, and one scale factor (𝜇𝑡𝑡𝑍 ) for the 𝑡𝑡𝑍 process. For the 
combined fit, the same value for 𝜇 = 𝜇𝑉 𝑉 𝑍 is assumed for the 𝑊𝑊𝑍 , 
𝑊𝑍𝑍 and 𝑍𝑍𝑍 processes. The ratio of on-shell 𝑊 𝑉𝑍 production to 
𝑉 𝐻 → 𝑉 𝑊𝑊 ∗∕𝑉 𝑍𝑍∗ production is determined from MC simulation 
and is allowed to vary within the theoretical uncertainties of the two 
processes.

Experimental uncertainties are related to the lepton trigger, recon
struction and identification efficiencies [54,60], lepton isolation crite
ria [55], lepton energy (momentum) scale and resolution [60,61], jet 
energy scale and resolution [62], jet vertex tagging [51], 𝑏-tagging [63--
65], modelling of pile-up and missing transverse momentum [53], and 
integrated luminosity [15,66]. Nuisance parameters related to these un
certainties are treated as correlated between all channels.

For each of the background processes evaluated using simulation, 
a nuisance parameter representing its normalisation uncertainty is in
cluded. For dominant backgrounds from the 𝑊𝑍+jets and 𝑍𝑍+jets 
processes, the simultaneous fit model has the power to constrain their 
normalisations at the ∼5% level.

Uncertainties in data-driven background evaluations mainly come 
from statistical and systematic uncertainties in the lepton fake factor 
measurement. Additional uncertainties come from the statistical uncer
tainties of the subsamples used to extrapolate the background evalua
tions to the SRs. Nuisance parameters are treated as correlated for back
grounds evaluated using the same method and from the same sources of 
systematic uncertainty.

Shape-only variations of the signal and simulation-based background 
distributions due to QCD renormalisation and factorisation scales, PDF, 
and parton-shower matching scales are considered in the simultaneous 
fit. The corresponding nuisance parameters for the signal distributions 
are treated as correlated between the 𝑊𝑊𝑍 , 𝑊𝑍𝑍 and 𝑍𝑍𝑍 chan
nels.

Table 5 shows the postfit background, signal, and observed yields 
for all SRs. The three most sensitive channels are 3𝓁-2j-outV, 4𝓁-DF, 
and 5𝓁. The fitted scale factors for various background processes are: 
𝜇𝑊𝑍+1 jets = 1.03 ± 0.11, 𝜇𝑊𝑍+2 jet = 0.95 ± 0.16, 𝜇𝑊𝑍+≥3 jets = 0.95 ±
0.26, 𝜇𝑍𝑍+0 jets = 1.03 ± 0.10, 𝜇𝑍𝑍+1 jet = 0.99 ± 0.13, 𝜇𝑍𝑍+≥2 jets =
0.84 ± 0.24, 𝜇𝑍+jets = 0.83 ± 0.10, and 𝜇𝑡𝑡𝑍 = 1.31 ± 0.17. Contributions 
from SM processes producing the same detector signature as events in 
these SRs besides those listed are combined into ``Others''. The uncer
tainties shown include both statistical and systematic uncertainties. Data 
and predictions agree within uncertainties in all channels. The contribu
tion of the 𝑉 𝐻 process to the 𝑉 𝑉 𝑍 yield depends on the decay channel 
and ranges between 3% (for 4𝓁-SF-inZ) and 50% (for 3𝓁-1j) in the seven 
SRs.

Fig. 2 shows the comparison of the observed number of events to 
the predicted yields after fitting for both SRs and CRs. Fig. 3 shows the 
comparison of the BDT distribution between data and predictions for all 
seven SRs. The two variables with the highest discriminating power are: 
𝐻 tot

𝑇
(scalar sum of the 𝑝T of leptons and jets) and the second leading 

jet 𝑝T for the 3𝓁-2j-outV channel, the invariant mass of the second 𝑍
lepton pair and the jet multiplicity for the 4𝓁-DF channel, and the 𝐸miss

T
significance and the 𝑊 -lepton 𝑝T for the 5𝓁 channel.

Additional fits are performed separately to determine the sig
nal strength of the 𝑊𝑊𝑍 process (𝜇𝑊𝑊𝑍 ) and the 𝑊𝑍𝑍 process 
(𝜇𝑊𝑍𝑍 ). Due to limited statistics, there are no specific SRs defined for 
𝑍𝑍𝑍 production, and thus no separate fit is performed to determine 
the signal strength of the 𝑍𝑍𝑍 process. For these fits the other signal 
strength is fixed to its SM expectation.

The measured signal strengths combined with the SM predicted cross 
sections are used to derive the measured cross sections of various pro
cesses. The combined observed (expected) signal strength for the 𝑉 𝑉 𝑍

process is 𝜇𝑉 𝑉 𝑍 = 1.43 ± 0.20 (stat.)+0.21−0.19(syst.) (1.00+0.27−0.25). The mea

sured cross section is found to be 660+93−90(stat.)+88−81(syst.) fb and the ob
served (expected) significance corresponds to 6.4 (4.7) 𝜎, marking the 
observation of 𝑉 𝑉 𝑍 production. The observed (expected) significance 
of 𝑊𝑊𝑍 production is 4.4 (3.6) 𝜎, representing the evidence of this 
process at the LHC. Table 6 shows the measured signal strengths, cross 
sections and observed (expected) sensitivities for the 𝑉 𝑉 𝑍 , 𝑊𝑊𝑍 , 
and 𝑊𝑍𝑍 processes. The systematic uncertainties in the measured sig
nal strengths are dominated by QCD scale uncertainties in the signal 
processes, uncertainties in reconstructed jet energy scale, resolution and 
𝑏-tagging, and limited MC statistics of the signal samples.

If 𝑉 𝐻 production is considered as part of the background, the 
combined observed cross section is found to be 𝜎(𝑝𝑝 → 𝑉 𝑉 𝑍) =
382+65−63(stat.)+57−60(syst.) fb with an observed signal strength of 
1.59+0.24−0.29 (stat.)+0.30−0.25 (syst.). The observed (expected) significance cor
responds to 5.5 (3.7) 𝜎. The ratio of on-shell 𝑉 𝑉 𝑍 production to 
𝑉 𝐻 → 𝑉 𝑊𝑊 ∗∕𝑉 𝑍𝑍∗ production is determined from MC simulation 
and is allowed to vary within the theoretical uncertainties of the two 
processes.
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Fig. 2. Comparison of the observed numbers of events to the predicted yields after fitting for all SRs and CRs. The bottom panel shows the ratio of the data and SM 
predictions. The uncertainty band includes both statistical and systematic uncertainties obtained by the fit.

Table 6
Measured signal strengths and inclusive cross sections and observed (expected) sensitivities for 
𝑊𝑊𝑍 , 𝑊𝑍𝑍 , and 𝑉 𝑉 𝑍 production. The uncertainties listed are statistical and systematic.

Process Signal strength Cross section (fb) Observed (expected) sensitivity 
𝑉 𝑉 𝑍 1.43 ± 0.20(stat.)+0.21−0.19(syst.) 660+93−90(stat.)+88−81(syst.) 6.4 (4.7) 𝜎
𝑊𝑊𝑍 1.33 ± 0.28(stat.)+0.21−0.17(syst.) 442 ± 94(stat.)+60−52(syst.) 4.4 (3.6) 𝜎
𝑊𝑍𝑍 2.13+1.18−0.96(stat.)+0.76−0.41(syst.) 200+111−91 (stat.)+65−37(syst.) 2.8 (1.6) 𝜎

Table 7
The observed (expected) non-unitarised limits on Wilson coefficients for the 3𝓁
and 4𝓁 channels separately, and the combined limits.

Observed (expected) 95% CL limits on Wilson coefficients (TeV−4) 

Coefficient 3𝓁 4𝓁 Combination 
𝑓𝑀2∕Λ4 [−15,15] ([−17,17]) [−23,23] ([−18,18]) [−15,15] ([−14,14])
𝑓𝑀3∕Λ4 [−25,25] ([−29,30]) [−39,40] ([−31,31]) [−26,26] ([−25,25])
𝑓𝑀4∕Λ4 [−13,14] ([−16,16]) [−17,17] ([−16,16]) [−11,11] ([−13,13])
𝑓𝑀5∕Λ4 [−11,11] ([−13,13]) [−12,12] ([−13,13]) [−8.5,8.7] ([−10,10])

Table 8
The observed and expected unitarised limits on Wilson coefficients for the combination of the 3𝓁
and 4𝓁 channels on dimension 8 operator Wilson coefficients, together with the energy scale at 
which the unitarity bound is crossed.

Coefficient Expected limit [TeV−4] Exp. √𝑠̂𝑐 [TeV] Observed limit [TeV−4] Obs. √𝑠̂𝑐 [TeV]

𝑓𝑀2∕Λ4 [−18,17] 1.2 [−19,19] 1.2
𝑓𝑀3∕Λ4 [−28,29] 1.5 [−28,29] 1.5
𝑓𝑀4∕Λ4 [−14,14] 1.6 [−12,12] 1.7
𝑓𝑀5∕Λ4 [−11,11] 2.1 [−9.1,9.3] 2.2

5. EFT analysis

The production of three massive vector bosons allows to study the 
quartic vector boson vertex. The EFT approach was chosen to constrain 
physics beyond the SM at higher mass scales. The EFT extends the SM 
Lagrangian with additional terms of higher dimensions,

𝑆𝑀𝐸𝐹𝑇 =𝑆𝑀 +
(5) +

(6) +
(7) +… ,

where (𝑑) =
𝑛𝑑∑
𝑖=1 

𝑓
(𝑑)
𝑖

Λ𝑑−4
(𝑑)
𝑖

for 𝑑 > 4, (1)

with 𝑓𝑖 the Wilson coefficient, 𝑑 the dimension of the operator, Λ an 
arbitrary energy scale set to 1 TeV, and 𝑖 the EFT operator extend
ing the SM. The Eboli parameterisation [35] is used, where the lowest 
dimension operators acting on the quartic gauge boson vertex are of di
mension 8 with the assumption of a light Higgs boson and thus a linear 
realisation of the 𝑆𝑈 (2)𝐿 ⊗ 𝑈 (1)𝑌 symmetry breaking [35]. The Wil
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Fig. 3. Comparison of the BDT distribution between data and predictions for the (a) 3𝓁-1j, (b) 3𝓁-2j-inV, (c) 3𝓁-2j-outV, (d) 4𝓁-DF, (e) 4𝓁-SF-outZ, (f) 4𝓁-SF-inZ, 
and (g) 5𝓁 SRs. The bottom panel shows the ratio of the data and SM predictions. The uncertainty band includes both statistical and systematic uncertainties obtained 
by the fit.
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Fig. 4. The combined 3𝓁+ jets and 4𝓁 channel log-likelihood curves for the Wilson coefficients (a) 𝑓𝑀2, (b) 𝑓𝑀3, (c) 𝑓𝑀4, and (d) 𝑓𝑀5. Expected and observed 
log-likelihood curves are shown, no unitarisation is applied.

son coefficients of the most sensitive operators to massive tri-boson final 
states are 𝑓𝑀2, 𝑓𝑀3, 𝑓𝑀4, and𝑓𝑀5. One dimensional limits are derived 
by allowing only one coefficient to vary from zero and setting constraints 
using multivariate techniques, combining the 3𝓁 and 4𝓁 channels in a 
simultaneous fit. To account for QCD NLO corrections a 𝑘-factor is ap
plied to the EFT MC samples. To increase the sensitivity to EFT effects, 
a BDT is trained on events with contributions from all EFT operators 
under consideration. The training is repeated for each signal region in 
the 3𝓁 and 4𝓁 channels, following the same approach as described in 
Section 3.2.

The EFT expectation is parameterised as

𝑁𝑏,𝐻 (f,𝜽)

=
∑
𝑝 

∑
𝑑

𝑁
𝑝𝑑,SM
𝑏

(𝜃)

(
1 +

∑
𝑖 
𝐴

𝑝𝑑

𝑏𝑖
𝑓𝑖 +

∑
𝑖 
𝐵

𝑝𝑑

𝑏𝑖
𝑓 2
𝑖
+
∑
𝑖<𝑗 

𝐶
𝑝𝑑

𝑏𝑖𝑗
𝑓𝑖𝑓𝑗

)

+𝑁
bkg,SM
𝑏

(𝜃) , (2)

with expected number of events, 𝑁𝑏,𝐻 for a bin 𝑏 with Wilson coef
ficients f, and the nuisance parameters 𝜃. The expected number of SM 
events in tri-boson process 𝑝 and decay channel 𝑑 is 𝑁𝑝𝑑,SM

𝑏
(𝜃), with ex

pected number of background events 𝑁bkg,SM
𝑏

(𝜃). The EFT contributions 
are modelled with 𝐴𝑝𝑑

𝑏𝑖
, 𝐵𝑝𝑑

𝑏𝑖
and 𝐶𝑝𝑑

𝑏𝑖𝑗
[67]. The likelihood is constructed 

as

𝐿(𝑵 ∣ 𝒇 ,𝜽) =
𝑛bins ∏
𝑏 

⎛⎜⎜⎝
𝑁

𝑁𝑏

𝑏,𝐻
𝑒𝑁𝑏,𝐻

𝑁𝑏! 

⎞⎟⎟⎠ ×
𝑛sys ∏
𝑖=1 

𝜉𝑖
(
𝜃𝑖
)
, (3)

with 𝑁 signal events per bin over a total number of bins 𝑛bins and 𝜉𝑖 the 
constraints on each nuisance parameter, 𝑛sys , to account for the exper
imental systematic uncertainties. The one dimensional 95% confidence 
level (CL) limits on the Wilson coefficients 𝑓𝑖 are then extracted using a 
profile likelihood ratio test allowing only the coefficient under consid
eration to vary while setting the other coefficients to zero. The expected 
and observed 95% CL limits for the 3𝓁 and 4𝓁 channel separately and 
combined, including statistical and systematic uncertainties, are shown 
in Table 7. The combined log-likelihood curves for the Wilson coeffi
cients 𝑓𝑀2, 𝑓𝑀3, 𝑓𝑀4, and 𝑓𝑀5 are shown in Fig. 4.

The unitarity bounds of the Wilson coefficients were estimated by 
adapting the existing calculation for dimension-8 operators in two-to
two scattering process into vector boson scattering processes [68] and 
setting the parton centre-of-mass energy 

√
𝑠̂ to the maximum of the 

three diboson invariant mass combinations 𝑚𝑚𝑎𝑥(𝑉𝑖𝑉𝑗 ). The limits are 
then derived as a function of the clipping parameter 

√
𝑠̂𝑐 , where the EFT 

contribution in events with 𝑚𝑚𝑎𝑥(𝑉𝑖𝑉𝑗 ) >
√
𝑠̂𝑐 is set to zero. The clip

ping scans [69] for the Wilson coefficients 𝑓𝑀2 , 𝑓𝑀3, 𝑓𝑀4, and 𝑓𝑀5
are shown in Fig. 5 together with the unitarity limits. The most con
straining limit respecting unitarity is found at the intersection of the 
calculated limit with the unitarity bound, and listed for all operators in 
Table 8. These constraints are comparable to published limits derived 
in the 𝑊 𝛾𝑗𝑗 final state [70,71].

6. Conclusions

A search for the joint production of three massive vector bosons 
(𝑊𝑊𝑍 , 𝑊𝑍𝑍 , and 𝑍𝑍𝑍) is presented using 140 fb−1 of data at √
𝑠 = 13 TeV collected by the ATLAS detector at the LHC. Events with 
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Fig. 5. The clipping scans for the Wilson coefficients (a) 𝑓𝑀2, (b) 𝑓𝑀3, (c) 𝑓𝑀4, and (d) 𝑓𝑀5 are shown together with the unitarity limits as a function of the clipping 
parameter 

√
𝑠̂𝑐 , where the EFT contribution in events with 𝑚𝑚𝑎𝑥(𝑉𝑖𝑉𝑗 ) >

√
𝑠̂𝑐 is set to zero.

three, four, or five or more reconstructed electrons and muons are 
analysed. The measured cross section for the 𝑝𝑝 → 𝑉 𝑉 𝑍 process is 
660+93−90(stat.)+88−81(syst.) fb, and the observed (expected) significance is 
6.4 (4.7) standard deviations, representing the first observation of 𝑉 𝑉 𝑍

production. In addition, the measured cross section for the 𝑝𝑝→𝑊𝑊𝑍

process is 442±94(stat.)+60−52(syst.) fb, and the observed (expected) signif
icance is 4.4 (3.6) standard deviations, representing evidence of 𝑊𝑊𝑍

production. The measured cross sections are consistent with the SM pre
dictions. Constraints on physics beyond the SM are also derived in the 
EFT framework by setting limits on Wilson coefficients for dimension
8 operators describing anomalous quartic gauge boson couplings. The 
constraints are comparable to published limits in the 𝑊 𝛾𝑗𝑗 final state.
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