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Abstract This paper reports the observation of electroweak
diboson (WW /W Z/ZZ) production in association with a
high-mass dijet system, in which final states with one boson
decaying leptonically and the other boson decaying hadron-
ically are studied. The hadronically decaying W/Z boson
is reconstructed as either two small-radius jets or one large-
radius jet with jet substructure requirements. The data ana-
lyzed correspond to an integrated luminosity of 140 fb~!
of proton—proton collisions at a center-of-mass energy of
A/s = 13 TeV collected with the ATLAS detector during
the 2015-2018 data taking at the Large Hadron Collider.
The electroweak production of WW/W Z/ZZ in associa-
tion with two jets is observed in a phase space dominated by
vector-boson scattering with a significance of 7.40 (expected
6.10) and the signal strength is determined to be 1.281’8:?.
The corresponding production cross section in a fiducial
phase space is measured in addition. The signal strengths of
both electroweak and QCD associated diboson productions
are furthermore measured in a two-dimensional fit, the result
of which agrees with the Standard Model prediction. The data
are interpreted in the context of a dimension-8 effective field
theory to probe anomalous quartic gauge couplings resulting
in the first set of exclusion limits on the Wilson coefficients in
the semileptonic channel reported by the ATLAS Collabora-
tion. The observed limits for the SO2, TO and MO operators are
(—3.96 < fsm/A* < 3.96) TeV™4, (—0.25 < fro/A* <
0.22) TeV™4, (= 1.26 < fumo/A* < 1.25) TeV .
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1 Introduction

Vector Boson Scattering (VBS) involves both the self-
couplings of the gauge bosons and their coupling to the Higgs
boson. It is therefore crucial for probing the non-Abelian
gauge structure of the electroweak (EWK) sector of the Stan-
dard Model (SM). In the absence of the SM Higgs boson, the
amplitudes for VBS would increase as a function of partonic
center-of-mass energy and ultimately violate unitarity [1,2].
The discovery of a Higgs boson in 2012 at the Large Hadron
Collider (LHC) [3,4], with measured properties [5—8] con-
sistent with those of the SM Higgs boson, represents a major
milestone in understanding the EWK symmetry breaking.
The investigation of the VBS component of EWK diboson
production offers a crucial test of the SM and of the Higgs
mechanism, and helps to validate the current understanding
of the EWK symmetry breaking. The interest has now shifted
to probing the EWK diboson scattering at higher energies. In
this regard, the semileptonic channel offers a unique possibil-

@ Springer



433 Page?2of43 Eur. Phys. J. C (2026) 86:433
q q/// q q”/ q q//l
W/z W/Z W/z
W/Z W/Z Wiz
q/ q// q/ q// q/ q//
(a) (c)

Fig. 1 Representative Feynman diagrams for a EWK V'V j;j production via VBS, b EWK V V; production via a non-VBS contribution, and ¢

QCD VVjj production

ity to access EWK diboson events at a higher boson transverse
momentum (pr) than in other final states.

Theories of new phenomena beyond the SM (BSM) that
foresee anomalous quartic gauge couplings (aQGC) [9,10]
or include the presence of additional resonances [11,12] pre-
dictenhancements of VBS athigh p of the vector bosons and
at high invariant mass of the diboson system. The sensitivity
of such BSM scenarios is closely tied to the energy growth of
the longitudinal vector boson scattering amplitudes, which
is governed over many orders of magnitude by the Gold-
stone Boson Equivalence Theorem. This energy-dependent
behavior amplifies potential deviations from the Standard
Model, making VBS a particularly powerful probe of elec-
troweak symmetry breaking and new physics. The aQGC can
be studied in EWK diboson production by comparing mea-
sured cross sections to SM predictions. The effects of these
anomalous couplings can be parameterized in the SM effec-
tive field theory (EFT) framework. In addition to VBS dibo-
son signatures, aQGC can also be constrained with triboson
final states [13,14]. To model possible BSM contributions
to the EWK VBS process in an EFT framework, the Eboli
model [10] is used. This model introduces 21 new dimension-
8 operators which satisfy the SM SU (2) x U (1)y symmetry.
Among these operators, 19 affect the semileptonic final state.

The experimental signature of VBS is characterized by a
pair of SM vector bosons (V = W or Z) and two forward
jets with a large rapidity separation and a large invariant
mass. The SM predicts several processes with the same final
state of two bosons and two jets. At tree level, the produc-
tion of V' Vjj has both an EWK contribution involving only
EWK-interaction vertices, and a strong contribution (QCD-
induced) involving two strong-interaction vertices. The EWK
production can be further characterized into two components.
The first component is EWK VBS production with actual
scattering of the two EWK bosons. The scattering occurs via
quartic gauge vertices, or triple gauge vertices involving the
s- or t-channel exchange of a Higgs boson or a W/Z boson.
The second component is an EWK non-VBS production that
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also has only EWK vertices, but without the scattering of the
two bosons. The EWK VBS component cannot be separated
from the other components in a gauge invariant way [15].
Despite the analysis being designed to enhance the VBS
component, all the components introduced are included in
the signal generation and all of them contribute to the total
cross section. Representative Feynman diagrams at tree level
are shown in Fig. 1.

The amount of diboson events in the semileptonic decay
channel is higher than the one expected in fully leptonic final
states; indeed, the branching fraction of a V decaying into
quarks is more than a factor two larger than the one of the V
decaying into charged leptons or neutrinos. On the other side,
this decay channel is characterised by a larger contamination
from other SM processes. Nevertheless, this final state offers
alarger set of data in the high momentum phase space that can
be analyzed to probe further the EWK interactions foreseen
by the SM (by measuring the EWK VBS process) and to
look further for deviations from the SM predictions (search
for aQGC).

The effect of new physics introduced by aQGC can be
estimated using an EFT [16] and parameterized linearly by
an effective Lagrangian as:

ﬁzﬁsm-i-z%ﬁi +Z%£n,
i n

where Ly, represents the SM term and £; and £,, represent
possible dimension-6 and dimension-8 operators; ¢; and f,
are their corresponding Wilson coefficients, and A represents
the energy scale at which the new degrees of freedom are
integrated out. Both dimension-6 and dimension-8 operators
contribute to the EWK VBS process, but due to the tight
constraints on dimension-6 operators from inclusive diboson
and Higgs measurements [17], only dimension-8 operators
are discussed in this article.

Both the ATLAS and CMS Collaborations have searched
for experimental evidence of EWK diboson production in



Eur. Phys. J. C (2026) 86:433

Page 30f43 433

a VBS-enhanced phase space. So far, evidence or obser-
vation of EWK VVjj production has been reported in
the same-sign WE W= jj [18,19], opposite-sign WEWT jj
[20,21], WZjj [22,23], ZZjj [24,25], Wyjj [26,27],
Z(— vv)yjj [28], and Z(— ID)yjj [29,30] channels
with the weak bosons decaying in the fully leptonic final
states using data collected at a center-of-mass energy of
A/s = 13 TeV. The ATLAS Collaboration reported obser-
vation of EWK V'V jj production in all these channels. This
paper presents a measurement of EWK diboson production
with two jets in a semileptonic final state. The CMS Collab-
oration reported an evidence in the semileptonic final state
W(— lv)V £ jj [31].

Several of the diboson channels referenced above are sen-
sitive and constrain the production of aQGC; the same-sign
WEW*jj, WZjj, Wyjj and Z(— vv)yjj channels pro-
vide constraints on EFT operators. The CMS Collaboration
performed a search for aQGC in semileptonic final states
using a partial dataset of 35.9 fb~!, reporting EFT limits [32].
The ATLAS Collaboration had never reported EFT results
in this final state, so this analysis allows EFT operators to
be constrained at higher momentum than previous ATLAS
results.

The ATLAS Collaboration reported a search for the EWK
diboson production in the semileptonic final states [33], but
using only a partial dataset of 35.5 fb~!. This paper represents
an improvement with respect to the cited result insofar it
benefits from a larger dataset and improved reconstruction
and calibration of the objects used, and it extends the scope
of the analysis strategy and data interpretation.

Three V'V jj semileptonic decay channels are explored: a
Z boson decaying into a pair of neutrinos, Z — vv';a W
boson decaying into a charged lepton (an electron or muon,
denoted by ¢) and a neutrino, W — {v; and a Z boson
decaying into a pair of light charged leptons (electrons or
muons, each denoted by ¢), Z — ££. In all cases, the other
vector boson V is required to decay into a pair of quarks,
V — qgq, leading to three reconstructed diboson final states:
ZV — vvgq, WV — fvgq and ZV — ££qq. The recon-
structed events are split according to the number of charged
leptons in three categories: 0-, 1- and 2-lepton channels. A
fiducial region of the measurement is defined to account for
the geometrical, reconstruction and analysis acceptance of
leptons and jets.

The V — gq decay is considered over a large pt range of
the vector boson; as pr increases, the hadronic activity from
the decay is bound in an increasingly narrower solid angle
with a large overlap of the two jets. In this case, hadrons from
the two quarks overlap in the detector and are more efficiently
reconstructed as a single large- R jet. Therefore, two different

1 To simplify the notation, antiparticles are not explicitly labeled in this
paper.

reconstruction techniques for the V. — ¢¢q decay are con-
sidered: resolved and merged. The resolved reconstruction
attempts to identify two separate small-radius jets (small-R
jets denoted by j) of hadrons from the V — ¢q decay, and
the merged reconstruction uses a large-radius jet (large-R jet
denoted by J) in conjunction with jet substructure techniques
to identify the decay. Although the introduction of a merged
category appears to be more challenging, it is a crucial cate-
gory for semileptonic final states that allows the exploration
of a kinematic regime defined by a boson pt > 200 GeV
that would otherwise remain inaccessible with the resolved
regime alone. In terms of sensitivity, the merged regime sig-
nificantly contributes to the EWK VBS measurement while
it is the dominant regime for the EFT interpretation. In total,
six final states are included in this study: 0-, 1- and 2-lepton
final states, each using resolved or merged V — ¢g recon-
struction techniques; the merged final state is further divided
in two regions as described in Sect. 5.

To probe the EWK production mechanism, the diboson
semileptonic events are selected by requiring two additional
energetic jets in the forward region of the detector. Dedicated
kinematic requirements allow a further enhancement of the
VBS component in the selected events.

To extract the signal and to measure the cross section for
the EWK production of VVjj, a machine learning (ML)
discriminant, which exploits the kinematics and the track
multiplicity of the reconstructed jets, is used to separate the
EWK-induced V Vjj production from other processes in the
SM. Candidate signal events are used to measure the cross
section of EWK V' Vjj production in a region of kinematic
phase space close to the detector and analysis acceptance.
Both the EWK and QCD associated diboson production are
measured in a two dimensional fit. Fiducial cross sections are
measured in the 0-, 1- and 2-lepton channels. The diboson
system invariant mass is combined with the ML discriminant
to derive limits on the Wilson coefficients of the dimension-8
EFT Lagrangian.

2 ATLAS detector

The ATLAS experiment [34] at the LHC is a multipurpose
particle detector with a forward—backward symmetric cylin-
drical geometry and a near 47 coverage in solid angle.?
It consists of an inner tracking detector surrounded by a

2 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 n = — Intan(6/2). Angular distance is measured in units of
AR = /(Ay)? + (Ag)>.
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thin superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic and hadronic calorimeters, and a muon
spectrometer. The inner tracking detector (ID) covers the
pseudorapidity range |n| < 2.5. It consists of silicon pixel,
silicon microstrip, and transition radiation tracking detec-
tors. Lead/liquid-argon (LAr) sampling calorimeters provide
electromagnetic (EM) energy measurements with high gran-
ularity within the region |n| < 3.2. A steel/scintillator-tile
hadronic calorimeter covers the central pseudorapidity range
(Jn] < 1.7). The endcap and forward regions are instru-
mented with LAr calorimeters for EM and hadronic energy
measurements up to || = 4.9. The muon spectrometer (MS)
surrounds the calorimeters and is based on three large super-
conducting air-core toroidal magnets with eight coils each.
The field integral of the toroids ranges between 2.0 and
6.0T m across most of the detector. The muon spectrom-
eter includes a system of precision tracking chambers up to
[n| = 2.7 and fast detectors for triggering up to |n| = 2.4.
The luminosity is measured mainly by the LUCID-2 detector
which is located close to the beampipe. A two-level trigger
systemis used to select events. The first-level trigger is imple-
mented in hardware and uses a subset of the detector infor-
mation to accept events at a rate close to 100 kHz. This is fol-
lowed by a software-based trigger that reduces the accepted
rate of complete events to 1.25 kHz on average, depending
on the data-taking conditions. A software suite [35] is used
in data simulation, in the reconstruction and analysis of real
and simulated data, in detector operations, and in the trigger
and data acquisition systems of the experiment.

3 Data and simulated event samples
3.1 Data

This analysis uses the 2015-2018 proton—proton (pp) colli-
siondataat /s = 13 TeV recorded with the ATLAS detector
at the LHC for a total integrated luminosity of 140 fb—! [36].
Events used for the analysis were recorded with all detector
systems operating normally and passing data-quality require-
ments [37].

To optimize the trigger efficiency for the signal process, a
combination of unprescaled single-lepton with tight isolation
requirements and missing transverse momentum (ErTniSS) trig-
gers were used [38—41]. During data-taking, the thresholds
of the single-lepton triggers with tight isolation requirements
were increased in stages alongside the increase in instan-
taneous luminosity. The lepton triggers with tight isolation
were also complemented by triggers with looser isolation but
higher E1 or pr thresholds. In the O-lepton channel, E'TIliss
triggers were used with the lowest threshold varying from 70
to 110 GeV. The single-muon (single-electron) triggers were
used in the 2-lepton channel with lowest thresholds of 20 (24)
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to 26 (26) GeV. For the 1-lepton channel, the same single-
lepton triggers were also used, but the single-muon triggers
were complemented with E?iss triggers. Since at the trigger
level, the E‘TniSS calculation does not account for the presence
of muons, the inclusion of E'TniSS triggers reduces the effi-
ciency loss from the difference in trigger and reconstructed
muon tracking. The trigger efficiency for signal events in the
0 and 2-lepton channels is above 90%, and above 80% in the
1-lepton channel.

3.2 Signal and background simulation

EWK signal samples, W(— V)V, Z(— vv)V, Z(— IV,
with one boson decaying leptonically and the other hadron-
ically, were generated using MADGRAPH5_AMC@NLO
2.6.6 [42] at the order O(agWK), where apwk is the EWK
coupling constant. Both the VBS and non-VBS amplitudes of
the V'V jj process were included. The latter contains also dia-
grams with a W boson and a top quark (W¢b) resulting into a
V' Vjj final state. This contribution is suppressed by an event
selection requirement, but it cannot be completely removed to
preserve the gauge invariance. Therefore, the signal process
is represented by the EWK production and its vector-boson-
scattering (EWK VBS) contribution will be enhanced by the
analysis selection. The NNPDF3.0NLO [43] parton distribu-
tion functions (PDF) set was used and the parton shower and
hadronization were modelled with Pythia 8.186 [44] using
the A14 set of tuned parameters (tune) for the underlying
event [45].

Potential modifications to the SM processes introduced by
the Eboli model operators are implemented in the BSM sig-
nal samples. For each operator two terms were considered,
the one including the Lagrangian term of the BSM effect only
(pure-BSM) and the one including the SM-BSM interference.
Both terms were modelled using MADGRAPHS_AMC@NLO
v2.7.2 [42] at leading order (LO) with the boson decays sim-
ulated using MADSPIN [46]. The NNPDF3.0L0 [43] PDF set
was used with PYTHIA 8.244 [47] for parton shower and
hadronization. The total EWK VBS process for a certain
operator and coupling value was then modelled by summing
the SM EWK VBS process with the pure-BSM and the SM-
BSM interference terms.

The background processes include the production of
and Z bosons in association with jets (V+jets), top-
quark pair production (¢f) and single-top quark production
(single—t). The QCD-induced diboson production at order
0(a4EW KazQC p) was also treated as a background process
(QCD VV). The QCD and EWK diboson processes were
generated separately and therefore the effect of the inter-
ference between the two was not included in the simulated
samples; nevertheless this effect was estimated with a sim-
plified procedure based on samples generated at the truth
level without the full detector simulation. The interference
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contribution was found to be 5% to 10% of the EWK pro-
cess for the Z(— vv/Il)V samples and 10% to 20% for
the W(— [v)V samples; the contribution is included in the
analysis as a systematic effect.

The dominant V +jets background process was simulated
with the SHERPA 2.2.1 [48] generator using next-to-leading-
order (NLO) matrix elements (ME) for up to two partons,
and LO matrix elements for up to four partons calculated
with the COMIX [49] and OPENLOOPS [50-52] libraries. The
QCD V V processes with one of the bosons decaying hadron-
ically and the other one leptonically were simulated using
SHERPA 2.2.1 with up to one additional parton at NLO and
up to three additional partons at LO using the CoMIX and
OPENLOOPS programs. For both V +jets and QCD V'V pro-
cesses, the NNPDF3.0NNLO set of PDFs was used, and each
sample matched with the SHERPA parton shower [53] using
the MEPS@NLO prescription [54-57] and the set of tuned
parameters developed by the SHERPA authors.

The 7 and single-top quark processes were modelled
using the POWHEG BOX v2 [58-62] generator at NLO with
the NNPDF3.0NLO PDF set. The hgamp parameter, which
regulates the high- py radiation against which the 77 system
recoils, was set to 1.5m;[63]. The events were interfaced to
PyTHIA 8.230 to model the parton shower, hadronization,
and underlying event, with parameters set according to the
A14 tune and using the NNPDF2.3L0 set of PDFs [64]. For
the single—¢ channel, the top-quark decay was simulated
using MADSPIN, while the remaining samples with top quarks
have the top quark spin correlations preserved. The decays
of bottom and charm hadrons were performed by EVIGEN
1.6.0 [65].

All simulated processes were normalized using the best
currently available theoretical predictions for their cross sec-
tions. The V +jets cross sections were calculated at next-
to-next-to-leading-order (NNLO) in QCD [66] and the
QCD VYV at NLO including LO contributions with two
additional partons [57,67]. The tf production cross section
was calculated at NNLO in QCD, including resummation
of next-to-next-to-leading logarithmic (NNLL) soft-gluon
terms [68,69]. The single—¢ production cross sections were
calculated to NLO in QCD [70], including the soft-gluon
resummation at NNLL [71] for the Wt process. The normal-
ization of the V +jets and ¢f processes in the relevant phase
space were further improved by using data driven estimations
in control regions as detailed in Sect. 5.

Simulated events were processed with a detailed detector
simulation [72] based on Geant4 [73]. The generation of the
simulated event samples includes the effect of multiple pp
interactions per bunch crossing, as well as the effect on the
detector response due to interactions from bunch crossings
before or after the one containing the hard interaction (pile-
up). The MC samples were reweighted to match the pile-up
conditions in the data.

4 Object reconstruction

Collision vertices are formed from tracks with pr >
500 MeV. The vertex candidate with the highest Ep% of
its associated tracks is selected as the primary vertex. All
selected events are required to contain a primary vertex with
at least two associated tracks.

Electrons are identified as isolated energy clusters in the
electromagnetic calorimeter matched to ID tracks, and are
required to have E7 > 7 GeV and || < 2.47, excluding the
electromagnetic calorimeter barrel-endcap transition region
1.37 < |n] < 1.52. A likelihood-based requirement [74] is
imposed to reduce the background from non-prompt elec-
trons or hadrons misidentified as electrons. Electrons are
classified as either ‘loose’, ‘medium’ or ‘tight’ according to
the likelihood-based identification criteria described in Ref.
[75].

Muons are reconstructed by a combined fit to the ID and
MS tracks and are required to have pt > 7 GeV and |n| <
2.5. Muons must pass identification requirements based on
the number of hits in the ID and MS subsystems, and on the
significance of the difference |¢/pms — ¢/ pp| [76] , where
q is the charge and pyms (pip) is the momentum of the muon
measured in the MS (ID). Similarly to electrons, muons are
classified as either ‘loose’, ‘medium’ or ‘tight’, following the
criteria in Ref. [77].

In this analysis, only ‘loose’ or ‘tight’ electrons and muons
are selected. All electrons and muons are required to be iso-
lated by using selections based on the sum in small cones
around the lepton direction of the pr of tracks, of calorime-
ter E7, or both, to further reduce backgrounds from non-
isolated sources. Leptons of loose quality with pt < 100 GeV
are required to pass a ‘FixedCutLoose’ isolation requirement
([74,76]) and no isolation requirement is applied for pt > 100
GeV so as not to remove the leptons from Z — £¢ decays
which are near one another; the same strategy was used in
Ref. [78]. Furthermore, leptons are required to have associ-
ated tracks satisfying |do/oq4,] < 5 (3) and |zg xsinf| < 0.5
mm for electrons (muons), where dj is the transverse impact
parameter relative to the beam line, oy, is its uncertainty, and
7o is the distance between the longitudinal position of the
track along the beam line at the point where dy is measured
and the longitudinal position of the primary vertex.

Two types of jets are employed in the analysis. Both of
them are reconstructed using the anti-k; algorithm [79,80]
but different values of the radius parameter R. Small-R jets
are reconstructed by clustering particle-flow objects [81]
with a radius parameter of R = 0.4 and are required to
have pt > 20 GeV for || < 2.5 and pt > 30 GeV for
2.5 < |n| < 4.5. A jet vertex tagger (JVT) [82] is applied to
jets with 20 GeV < pt < 60 GeV and |n| < 2.4 to suppress
jets from pile-up interactions. This tagger uses information
on tracks associated with the primary vertex and pile-up ver-
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tices. The forward-JVT (fJVT) [83] with the loose working
point is also applied to jets with 20 GeV < pt < 120 GeV
and 2.5 < |n| < 4.5. Energy- and n-dependent correction
factors derived from MC simulations are applied to correct
jets to the particle level [84]. Several in situ techniques are
employed to correct for differences between data and sim-
ulation and to measure the resolution of jets [85]. Small-R
jets containing b-hadrons are identified using a multivariate
algorithm (b-tagging) based on a deep feed-forward neural
network (DL1 b-tagging) [86]. The chosen b-tagging algo-
rithm has an efficiency of 70% for b-quark jets in simulated
tf events, with a light-flavor jet rejection factor of about 390
and a c-jet rejection factor of about 9.4 [86].

Large-R jets are reconstructed with a radius parameter of
R = 1.0 and they are built from topological clusters, which
are calibrated to the hadronic scale using the local hadronic
cell weighting scheme [87]. To mitigate the effects of pile-
up and soft radiation, the large- R jets are groomed following
the trimming algorithm [88]. Trimming takes the original
constituents of the jet and reclusters them using the k; algo-
rithm [89] with a smaller radius parameter, Rgupjet, to pro-
duce a collection of subjets. These subjets are discarded if
they carry less than a specific fraction ( fiy) of the original
jet prt. The trimming parameters were optimized for W/Z
boson tagging and are Repjer = 0.2 and four = 5%. The
large-R jet four-momenta are recomputed from the remain-
ing subjets, and the jet energies are calibrated to particle level
using correction factors derived from MC simulations [90].
The jet energy scale and resolution are measured using SM
events relying on other and well calibrated objects as refer-
ence; the jet mass response is measured using the masses of
high-p7 W bosons and top quarks, and by comparing the jet
mass measured using the energy deposited in the calorime-
ter with that using the momenta of charged-particle tracks
[91]. Large-R jets are required to have pr > 200 GeV,
[n| < 2.0 and a mass m; > 50 GeV. Moreover, the jet
substructure variable, D, reconstructed from energy corre-
lation functions based on energies and pair-wise angles of
the sub-constituents [92,93] is used. The D, variable is sen-
sitive to the 2-prong sub-structure expected from the W/Z
bosons decay. Furthermore, the multiplicity of tracks asso-
ciated to the large-R jet before the grooming algorithm and

passing standard reconstruction criteria with pt > 500 MeV
ungroomed
(nTracks
tion.
Boson tagging is applied to large-R jets to select those
consistent with V. — ¢gq decays. The tagger is based on
three variables, namely the sub-structure variables, D, and
n%?fcr]‘()smed, and the jet mass. Large-R jets from a V —
qq decay are expected to have values for the D, and the
n%?agcrlfgmed variables smaller than the ones of jets initiated by

quarks or gluons, while the mass is expected to peak around

) is used to further improve the background rejec-
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the W or Z boson mass. The algorithm operating points are
based on simultaneous requirements on the three variables;
they are designed to provide a constant efficiency indepen-
dent of the large-R jet pr for the signals studied and they
are labelled according to their efficiency. The requirement
thresholds applied to the three variables therefore depend on
the pr of the jet and are shown in Fig. 2. A similar tagging
scheme was used in previous diboson searches [78,94]. In
this analysis, two working points, one with 50% efficiency
and the other one with 80% efficiency, are used to define two
analysis regions with different purities.

The missing transverse energy, E%“iss is reconstructed by
taking the negative vectorial sum of all the reconstructed
and calibrated electrons, muons, and small-R jets. An addi-
tional term is used to account for soft radiation that leaves
tracks in the inner detector that are not used in any recon-
structed physics object [95]. Large-R jets are not included
in this definition to avoid double counting with small-R jets.
The track-based missing transverse momentum, p?iss, is the
vectorial sum of the transverse momenta reconstructed from
particle tracks. Both ETmiss and prT“iSS are utilized in the event
selection.

An overlap-removal procedure is applied to the selected
leptons and jets to remove ambiguities in the identification of
the objects mentioned above and to assign a unique hypoth-
esis to each object. If an electron and a small-R jet are sep-
arated by AR < 0.2, the jet is removed. The electron is
removed if the separation satisfies 0.2 < AR < 04. If a
muon and a small-R jet are separated by AR < 0.2 and if
the jet has less than three tracks or the energy and momen-
tum differences between the muon and the jet are small, the
jet is removed. Otherwise the muon is removed if the sep-
aration satisfies AR < 0.4. To prevent double-counting of
energy from an electron inside a large-R jet, the large-R jet
is removed if an electron and a large-R jet are separated by
AR < 1.0. Small-R jets and large-R jets are reconstructed
independently from the same energy depositions for a given
event. No overlap removal is applied between large-R jets
and small-R jets.

5 Event selection and background estimation

According to the number of selected electrons and muons,
each event is classified as belonging to the 0-, 1- or 2-lepton
channel. After requiring a candidate boson decaying into lep-
tons (Viep), the events in all three channels are required to con-
tain two forward small- R jets (called tagging jets) with a high
invariant mass. The V candidate decaying into hadrons (Vhaq)
is reconstructed as either two small-R jets in the resolved
selection, or one large-R jet in the merged selection. The
event selection is designed to guarantee the statistical inde-
pendence of the channels and to maximize the combined
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Fig. 2 The requirement thresholds applied by the boson tagging algo-

rithmona D;, b n?r?agcrﬁ:mw , and ¢ jet-mass for different boson hypothe-

sis and working points corresponding to 50% and 80% signal efficiency
as a function of jet pr. All three requirements are applied to derive the

sensitivity of the analysis. The selection results in nine non-
overlapping distinct signal regions (SR): for each of the three
lepton channels, there are three categories based on the choice
and selections on the V4 candidate, one for the resolved and
two (one for each boson tagger working point) for merged
Vhad candidate.

The event selection for the entire analysis is summarized
in Table 1. More details are given in the following Sections.

5.1 Event selection

Signal events in the O-lepton channel are typically character-
ized by a hadronically decaying V boson recoiling against
a large amount of E%liss stemming from either a Z — vv
decay or a W — (v decay with the lepton outside of the

PR "
2000 2500
Jet P, [GeV]

-
1500

(©

efficiency of the working point. The grey arrow shows the direction of

the requirement applied for the D and n;‘:fcrl‘:md

the mass, jets within the window are selected

variables, while for

acceptance of the detector. An initial selection is made by
requiring E‘TmSS > 200 GeV, and rejecting events with elec-
trons or muons passing the loose quality requirements. Fur-
ther selections are applied to reduce the amount of multi-
jet background. This background originates primarily from
the presence of misidentified jets and non-collision phe-
nomena. It is suppressed by requiring a p?iss of at least
50 GeV and an E‘TniSS of at least 200 GeV. Further angu-
lar selection criteria are applied, A¢(EFSS, piss) < 7/2,
min[A¢ (ETS, small-R jet)] > 7/6, Ad(ENSS, Vig)>
/9. The multijet background is found to be negligible after
this set of selections.

The 1-lepton channel targets events with a leptonically
decaying W boson. The W — ¢v candidates are selected by
requiring one isolated lepton (electron or muon) satisfying

@ Springer
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Table 1 Summary of the event selection in the 0-, 1- and 2-lepton channels
Selection 0-lepton 1-lepton 2-lepton
Trigger E‘Tniss triggers Single-electron triggers Single-lepton triggers

Single-muon or E%“SS triggers

V —vv/lv/eL 0 ‘Loose’ leptons pt > 7GeV
EFSS > 200GeV

PSS > 50GeV

A (B, piss) < /2

min[A¢ (BT, small-R jet)] > /6
Ap(EF™, Vhaa) > 7/9

VBS topology tagging jets Largest m j; pair with nug j, - tag j < 0
m > 400GeV, py' "' > 30GeV
Leading pr large-R jet

pr > 200 GeV, || <2

V->J

V boson tagger requirements on m y, D>, and n

V—jj Two leading pr small-R jets

1 ‘Tight’ lepton pt > 27GeV

2 ‘Loose’ leptons pt > 27GeV

0 other ‘Loose’ leptons with pt > 7GeV
ENiss > 80GeV

83 < myee < 99GeV
—0.0117 x p’TM +85.63GeV < myy,
0.0185 x p#“ +94GeV > my,

ungroomed
Tracks

pt > 20GeV if || < 2.5, and pt > 30GeV if 2.5 < |n| < 4.5

Pyl > 40GeV
64 < mjj < 106 GeV
Top veto mjjj > 220GeV (resolved only)

Additional b-jet veto No Yes

the tight criteria with pt > 27 GeV. Events are required
to have E%‘i“ > 80 GeV, and must not have any addi-
tional loose lepton. In order to reconstruct the invariant mass
of the WV system, the neutrino momentum four-vector is
reconstructed by imposing a W boson mass constraint on
the lepton-neutrino system. The neutrino pt components are
set equal to the E%liss, and the unknown z-component of
the momentum (p;) is obtained from the resulting quadratic
equation. The p; is chosen either as the smaller, in absolute
value, of the two real solutions or, if the solution is complex,
as its real part.

In the 2-lepton channel, the Z — ££ candidates are identi-
fied by requiring two isolated same-flavor leptons satisfying
the loose criteria. Both the leading- and subleading- p lep-
tons must satisfy pr > 27 GeV. The trigger efficiency is
stable as a function of the lepton pt when the lepton match-
ing the trigger decision has a pt above that threshold. The
same pt requirement is applied on both leptons to ensure
an optimal signal-to-background ratio. Opposite charges are
required for the muon pairs but not for the electron pairs, since
electrons are more susceptible to charge mis-identification
due to the conversion of photons from bremsstrahlung, espe-
cially athigh pr. The dilepton invariant mass is required to be
consistent with that of the Z boson: 83 < m,, < 99 GeV in
the case of electrons and (— 0.0117 x pﬁf“ + 85.63 GeV) <
my, < (0.0185 x p%“ + 94 GeV) in the case of muons.
The pr-dependent requirement on m,, recovers the selec-

@ Springer

tion efficiency at high pt", which would otherwise fall due
to the degraded dimuon invariant mass resolution [96].

Tagging jets are selected from the entire small-R jets col-
lection. Candidate jets are required to pass the basic kine-
matic selections introduced in Sect. 4. The candidate jets are
then required to be in opposite hemispheres, g, j, * Mtag, j, <
0, and the candidate jet pair is selected as the one with the
highest invariant mass. Once the candidate pair is identified,
the invariant mass of the two tagging jets is further required
to satisfy mt;l/g > 400 GeV and both tagging jets are required
to have pt > 30 GeV.

Once the tagging jets are identified, the merged selection
is applied as the first step in identifying a V},,q candidate. If
an event is not selected as merged, then the resolved selec-
tion is used. The merged regime contributes less than the
resolved one to the overall signal efficiency of the EWK pro-
cess, roughly 30% of signal events have a boson with a pr
greater than 200 GeV, but the lower background contamina-
tion results in a contribution to the sensitivity to the EWK pro-
cess that is competitive with the one of the resolved regime.
The merged regime sensitivity is instead the leading one for
the aQGC samples. The Vyaq candidates are selected in each
of the three lepton channels. According to the merged regime
selection, events are required to have at least one large- R jet;
large-R jets overlapping with one of the selected tagging jets
are discarded, if there is more than one, the one with the lead-
ing pris selected as signal jet. In the 2-lepton channel, events
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with the signal large-R jet overlapping with one of the two
selected leptons, within AR < 0.4, are rejected as Z — ee
candidates can potentially be reconstructed as large-R jets.

Two SRs are defined in the merged regime by require-
ments on the boson tagging, as discussed in Sect. 4. The
high-purity (HP) SR comprises events which pass the 50%
boson tagger working point requirement. An orthogonal low-
purity (LP) SR is defined with events which fail the high-
purity requirement but still pass the 80% boson tagger work-
ing point. Both regions are defined without distinguishing
between the W and Z hypotheses, requiring that the large-R
jet satisfies either W or Z boson tagging.

In the resolved selection, the tagging jets are excluded
from the pool of jets used to identify the signal jets candi-
dates; the remaining two leading pt small-R jets are labelled
as signal jets. Events are required to have the dijet invariant
mass falling in the mwy,z window: 64 < m;; < 106 GeV.
Out of the jets forming the selected Vj,q candidate, the
leading- pt one must have pt > 40 GeV.

Finally, in the 1-lepton channel, the event is rejected if
it contains any b-tagged small-R jet that is not a tagging
jet or a jet forming a V},q candidate (resolved) or a jet that
overlaps the Vjaq candidate jet (merged), in order to reduce
the contribution from top-quark processes.

The tagging jets selection is designed to enhance the VBS
contribution over the other EWK contributions. Despite this
selection, a significant contribution from the top-quark asso-
ciated production, i.e. from diagrams with the Wtb vertex, is
found in the resolved regime. Therefore, a further selection
is applied to improve the purity of the VBS contribution. A
triple-jet system is reconstructed selecting the jets coming
from the V}5q and an additional jet (without any requirement
on the b-tagging) such that the three-jet mass is the closest
to the top-quark mass. Events with a three-jet mass below
220 GeV are rejected, allowing a reduction of the top-quark
associated production to 10% in WZjj andto 30% in W Wjj
samples in the resolved regime; the corresponding efficiency
for the VBS events if of around 65%. The contribution of
the top-quark associated production is already suppressed in
the boosted regime after the other selection requirements; a
further requirement based on the reconstructed top mass sim-
ilar to the one used in the resolved regime does not reduce it
further and is therefore not applied.

The regions as defined above are not completely orthog-
onal, and so to simplify the statistical procedure, a region
prioritization scheme is used to maximize the signal sensi-
tivity while removing overlapping events. Merged regions
are prioritized over resolved regions and all events are sorted
into only one possible analysis region. The flow is summa-
rized schematically in Fig. 3.
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Fig. 3 Schematic of the analysis categorisation flow

5.2 Background estimation

The dominant backgrounds in the 1-lepton channel are
W+ jets and ¢7 production; in the 2-lepton channel it is Z+ jets
production; while in the O-lepton channel, they all contribute
significantly. Single-top and QCD-induced diboson produc-
tion are small backgrounds for all channels. The background
contributions are estimated using a combination of MC and
data-driven techniques; indeed, the shapes of kinematic vari-
able distributions are taken from MC simulations in all cases
and the normalisation of the main backgrounds are con-
strained using dedicated control regions (CRs).

AV +jets CR is defined for each of the three SRs in all the
three lepton channels; specifically, these CRs are named ZCR
in the 2-lepton channel, WCR in the 1-lepton channel and
VCR in the 0-lepton channel since the first two channels are
mainly populated by Z+jets and W+jets processes, respec-
tively, while the O-lepton channel is populated by a mix-
ture of both processes. These CRs are defined using exactly
the same requirements as in the SRs but reverting the mass
requirement, m y orm j;, of the Vy,q candidate. The ZCRs are
dominated by the Z+jets contribution, with a purity higher
than 90% in all regions. They are therefore used to constrain
its contribution in SRs through simultaneous fits, as discussed
in Sect. 9. The WCRs are enriched in the W+jets process,
with purities of 47% and 64% in the merged and resolved cat-
egories of the 1-lepton channel, respectively; the remaining
events are primarily from 77 production.

@ Springer



433 Page 10 of 43

Eur. Phys. J. C (2026) 86:433

L R U I I I R

10° ATLAS ¢ Data Z+jets
. Vs =13 TeV, 140 fb'
10 2-lep Merged ZCR

Events

QCD WV M Top
W W+jets

0.5

S

Data/Pred.

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
m;® [GeV]

0

(a)

Fig. 4 The measured (dots) distribution as a function of m™ in the
2-lepton ZCR in the merged (a) and resolved (b) regions. The last bin
contains overflow events. The different simulated processes are shown
as stacked histograms. The predictions are normalised to the generator

The three rf CRs, TCRs, are defined to contain events satis-
fying the SRs selection of the 1-lepton channel and requiring
a b-jet instead of vetoing it. These CRs are dominated by 7
production, with a purity of 90% and 75% for the merged and
resolved categories respectively, with remaining background
contributions from single-top, V +jets or diboson production,
for both the merged and the resolved event topologies.

The m;‘}g distributions are not well modelled by the
SHERPA simulated W+ jets (Z+jets) events, as reported in
Ref. [33]. A similar effect in the SHERPA modelling was also
reported for diboson events [97]. The modelling is studied in
the WCRs (ZCRs); an example of the effect in the merged
and resolved ZCRs is shown in Fig. 4.

A data-driven procedure, similar to that described in [33],
is applied to the simulated W+ jets and Z+ jets events to cor-
rect for this shape mis-modelling. Reweighting factors are
derived from WCRs and ZCRs as functions of mt;fg, and
applied in all SRs and CRs (for the 0-, 1-, and 2-lepton
regions) to the MC simulation of W+ jets and Z+ jets events.
The non-W+jets (Z+jets) contributions, as predicted by MC,
are subtracted from data and the resulting distribution is nor-
malized to unity; the resulting shape is compared with the one
from the MC simulation of W+jets (Z+jets) processes and
the reweighting factors are estimated by performing a lin-
ear fit as a function of m?jg . Reweighting factors are applied
to events provided that the computed values are positive;
if a computed value is negative, a factor of zero is assigned
instead. Given the observed mismodeling, a linear model was
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cross section including the pile-up reweighting and other trigger and
leptons related scale factors. The bottom panel shows the ratio of data
to prediction, without systematic uncertainties

found to be sufficient to describe and correct it; more com-
plex models, although capable of incorporating additional
event information, did not lead to significant improvements.

The procedure is done separately for the merged and
resolved analyses. For the W+jets process, the reweight-
ing factor derived in the WCRs ranges from 1.04 (1.16)
at m;a]g = 400 GeV to 0.58 (0.51) at mt]a]g = 3000 GeV
in the resolved (merged) analysis. For the Z+ jets process,
the reweighting factor derived in the ZCRs ranges from
1.10 (1.20) at m‘jjg = 400 GeV in the resolved (merged)

analysis to 0.56 (0.55) at m;?jg = 3000 GeV. A demonstra-
tion of the procedure for the Z+ jets is shown in Fig. 5.

Dedicated reweighting factors are needed for the MC sim-
ulation of W+jets and Z+jets events in the O-lepton chan-
nel because the phase space is different between the 0-
lepton selection and the 1- and 2-lepton selections so that
the reweightings described above are not applicable. A sim-
ilar linear fit procedure is applied to the sum of the W+ jets
and Z+jets events in VCR as function of mt;}g; the reweight-
ing factor derived in the VCR ranges from 1.03 (0.96) at
m‘/.aj‘b‘ = 400 GeV to 0.74 (0.62) at m;.ajg = 3000 GeV in the
resolved (merged) analysis.

Good agreement between the prediction from MC simula-
tion and the data in the VCR is achieved after the reweighting
procedure is applied. The systematic uncertainty associated
with this reweighting procedure is described in Sect. 8. Con-
servative 100% uncertainties in the fitted parameters are con-
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Fig. 5 The measured distribution after background subtraction and lin-

ear fitas a function of m“¢ in the a merged and b resolved 2-lepton ZCR.
The simulated Z+ jets process is shown as a histogram while the dots

sidered, which will be constrained by the fit as discussed in
Sect. 8.

6 Machine learning approach for final discriminant

The target signal in this analysis is the EWK V'V jj produc-
tion and specifically its VBS contribution. The VBS signal
topology is characterized by two extra hard jets that are pro-
duced in the two opposite forward regions of the detector.
Both of them usually have high || and energy values and
the dijet pair is characterized by a high invariant mass and
a large angular separation. Furthermore, the invariant mass
of the reconstructed diboson system is also higher for VBS
signal events. These represent some key discriminating vari-
ables.

To improve the separation from the background processes,
a ML approach based on a recurrent neural network (RNN)
architecture [78,98] is developed for this analysis. The archi-
tecture of the network is based on a RNN in the resolved
regime SRs. In the merged regime, the architecture of the
network is extended to also include a branch based on a deep
neural network (DNN), with a few hidden flat layers, taking
into account the large-R jet information.

The RNN architecture has already been exploited for a
few applications by the ATLAS Collaboration; it was first
used in the context of heavy-flavour identification [99] and

m?9 [GeV]

(b)

show the data after the subtraction of the other background processes;
the distributions are normalised to unity. The bottom panel shows the
ratio of the data to the prediction, together with the linear fit (solid line)

then deployed for a vector-boson-fusion classification task
in diboson resonant searches [78]. Since it is an architecture
designed to handle input features organized in sequences of
variable length, it is a good architecture to deal with final
states with a variable number of jets, such as the one probed
here.

The RNN model is trained to separate the signal from the
SM background processes and the output scores are used as
final discriminants in the analysis. To fully benefit from the
deep learning regime, low-level input variables, i.e. the four-
momentum of the jets and the track multiplicity (pT, 71, ¢,
E and ntp,cks) are used. Specifically, the RNN implemen-
tation available in Keras [100] is used and the Tensorflow
package [101] is used as backend for the mathematical com-
putation. A maximum of five jets is considered for each event;
this upper value is optimized by checking the final sensitiv-
ity of the analysis; including less jets would mean missing
some hard-scatter jets when some pile-up jets have a higher
pt than one of the forward VBS jets, while including more
jets would introduce further systematic uncertainties in the
result. A dedicated training is needed in each lepton channel
due to the different background composition. Moreover, for
the merged regime, one global training without the HP/LP
separation is applied to maximize the statistics for the train-
ing.

To construct the RNN discriminant, the architecture is
designed to leverage recurrent features through two hidden
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RNN layers and an output layer with a single node. The train-
ing process is set for a maximum of 200 epochs but terminates
if there are 10 consecutive iterations without improvement. A
dropout rate of 0.3 is applied, and the Adam [102] optimizer
is utilized. The two long short-term memory (LSTM) [98]
layers use the hyperbolic tangent activation function, while
the output layer employs a sigmoid activation function [103].
The MC sample is divided into three parts: 56% for training,
30% for testing, and 14% for validation. During training,
the signal and background events are weighted according to
their physical cross sections and MC weights. For the V +jets
process, the additional reweighting derived to correct the m j;
distribution, as discussed in Sect. 5, is applied; this ensures
a more accurate description of the background events during
training, and therefore leads to a more optimal model. Finally,
a global normalization factor is applied to ensure that the sig-
nal and background samples contain the same total number
of events, providing a balanced representation of both classes
during training.

For the merged regime, the large-R jet candidate infor-
mation is added to further enhance the VBS signal-to-
background separation completing the set of information
related to the Vh,q decay; specifically, the four-momentum
components (pr, 1, ¢, E) of the large-R jet candidate are
used as additional input variables. The architecture in this
case is extended with an additional branch, based on a set of
dense layers, that processes the information of the large-R
jet and combine it with the information of the small-R jets
sequences processed through the RNN layers. The use of an
extended architecture allows the exploitation of the correla-
tion across the tagging jets and the V},q; for simplicity, this
extended architecture will also be referenced to as RNN in
the following.

Figure 6 shows the RNN scores for the signal and back-
ground samples, including the training and test MC samples
for the 0-, 1- and 2-lepton merged and resolved SRs. The
score distributions show how well the RNN distinguishes
between signal and background; the ratio of RNN scores
for the test and training samples indicates a good agreement
between them and demonstrates the absence of overtraining.
Moreover, a k-Fold cross-validation test is performed; the
input samples are split into training and test events sliding
the test sample k = 5 times, each time training and test-
ing on independent samples. The performance is found to
be consistent within the statistical uncertainty of the sam-
ple, confirming that no overtraining is caused from the input
sample.

7 Fiducial phase-space definition

To minimize the extrapolation uncertainty, the cross section
is measured with respect to a truth fiducial region which
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closely mimics the reconstructed region. The fiducial phase
space of the measurement is defined using stable final-state
particles [104]. The full fiducial selection is summarized in
Table 2.

Truth charged leptons (electrons or muons) are required
not to originate from hadron decays and to have pt > 27 GeV
and |n] < 2.5. The lepton four-vector is adjusted to include
photon radiation within AR < 0.1. The truth-level E%ﬁss
is calculated from the four-vector sum of all neutrinos in the
event. Small- R and large- R jets at the truth level are clustered
using the same algorithms as the reconstruction level jets
using all particles except for prompt charged leptons, neu-
trinos, and photons from W/Z/H /T decays. Truth large-R
jets are required to have pt > 200 GeV and || < 2.0. Sim-
ilarly, truth small-R jets are required to have pt > 20 GeV
if |n] < 2.5, and pr > 30 GeV for 2.5 < |n| < 4.5. Jets
containing b-hadrons are labeled as truth b-jets.

The VBS topology is identified by the requirement of two
truth small-R jets with pt > 30 GeV, nag j; * Ntag jp < 0
and dijet mass m;‘;g > 400 GeV. If more than one dijet
pair satisfies these conditions, the pair with highest mass is
retained. The Vj,q candidate jets are selected in the merged
and resolved regions as either the leading large-R jet or the
two remaining highest- pt small-R jets, respectively.

The truth fiducial region is further subdivided into cate-
gories which align with the corresponding signal regions.
The 0-, 1-, 2-lepton regions are defined by requiring the
corresponding number of truth charged leptons. Addition-
ally, the O-lepton (1-lepton) region requires truth E‘TIliss >
200 (80) GeV. The truth merged regions are required to con-
tain a truth large-R jet passing the above requirements with
AR(J, j) > 1.4 with respect to the VBS topology jets and
the jet mass passing the 64 < m; < 106 GeV requirement.
No W/ Z-tagging is employed at the truth level so the merged
regions are not separated into HP/LP regions as the recon-
struction level is. The acceptance effect due to different jet
substructure requirements between the truth fiducial region,
which is substructure-inclusive, and the reconstruction level
W /Z-tagging is evaluated to be negligible. Resolved events
are selected from the remaining events failing the merged
selection if the leading (subleading) pr of the Vjag small-R
jet has pr > 40(20) GeV, and the mass of the pair sat-
isfies 64 < mj; < 106 GeV. The resolved regions also
require the three-jet mass closest to the top-quark mass to
have m;; > 220 GeV, following the selection at the recon-
struction level to suppress EWK 7 production in the fiducial
phase space. Additionally, in the 1-lepton region, the Viuq
candidate jets are required not to be truth b-jets.
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Table 2 Summary of the object and event selection performed at the truth level to define the fiducial regions

Object selection

Leptons
Small-R jets

pr > 27GeV, In| < 2.5
pr > 20GeV if |n| <2.5and pt > 30 GeV if 2.5 < |n| < 4.5

Large-R jets pr > 200 GeV, |n| < 2.0
Event selection
Selection 0-lepton 1-lepton 2-lepton
V — vv/lv/ee E-[rniss > 200 GeV 1 lepton 2 leptons
ENss > 80 GeV
VBS topology tagging jets Largest m j; pair with g j, - g j < 0,
pré % > 30 GeV, m'$>400 GeV
V->J Leading pr large-R jet
64 <my < 106 GeV
V—jj Two leading pr small-R jets
Pl >40 GeV, p2 >20 GeV
64 < mj; <106 GeV
mjj; > 220 GeV
Additional b-jet veto No Yes No

8 Systematic uncertainties

Systematic uncertainties result in both changes to the overall
predicted yields of processes, as well as shape effects on the
kinematic observables. Broadly, the systematic uncertainties
can be categorized as either experimental uncertainties aris-
ing from the detector and reconstruction performance, and
theory modelling uncertainties in the background and signal
simulation. The uncertainties quoted in this section are the
relative uncertainties on the specified quantity, and not the
propagated uncertainty in the analysis sensitivity.

8.1 Experimental uncertainties

The uncertainty in the combined 2015-2018 integrated lumi-
nosity is 0.83% [36], obtained using the LUCID-2 detec-
tor [105] for the primary luminosity measurements. An addi-
tional uncertainty in the re-weighting procedure for the pile-
up simulation is included to cover the uncertainty in the ratio
of the predicted and measured inelastic cross section [106].

The uncertainties associated to the lepton triggers are
found to be negligible as the efficiency for the selected signal
events is high. The modelling of the electron and muon recon-
struction, identification, and isolation efficiencies is evalu-
ated using tag-and-probe methods with Z — ¢¢ events in
both data and simulation [75-77]. Corrections of the order
of 1% are applied to the simulation to better model the per-
formance seen in data. Uncertainties in the electron (muon)
energy (momentum) scale and resolution are also considered
[107,108].

@ Springer

Uncertainties in the small-R jet energy scale and resolu-
tion are determined using MC simulation and data-driven
techniques [85]. For central jets, the total relative uncer-
tainty in the jet energy scale varies in the range 1-5% for
pt > 20 GeV. The uncertainty in the small-R jet energy
resolution ranges from 25% for jets with a pt of 20 GeV to
less than 5% for jets with pt > 300 GeV. Since the EWK
VBS topology is enriched in quark-like jets, the ¢ /g fraction
is estimated in MC in the signal regions as functions of the
jet pt and n and is propagated to the relevant components
of the uncertainties to accommodate for potential different
responses of quark and gluon initiated jets. Uncertainties in
the efficiencies for successfully tagging b-jets and for mis-
tagging light-flavour jets are determined from studies in 77
enriched samples [86,109]. Uncertainties in the tracks asso-
ciated to jets are measured in pile-up events using random
triggers [110] and the uncertainty in their multiplicity is eval-
uated from dijet events [111].

The uncertainties in the large- R jet energy scale and reso-
lution are determined using a similar methodology as for the
small-R jets and are found to be of the order of 1% and 15%,
respectively, in the region of interest [91]. In addition, the
uncertainty in the jet mass scale and resolution is also mea-
sured and found to be 1-5% and 10-20%, respectively, for jets
near the W/Z mass [91,112]. A dedicated calibration for the
boson tagger is included. The strategy foresees to calibrate
the efficiency working points for W /Z-initiated signal jets
and for quark/gluon-initiated background jets that are used
in the simulation of the various processes considered. Cali-
brations and uncertainties in MC are evaluated in data CRs
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[113]. Signal-like jets are selected in a 77 enriched region for
pt < 600 GeV, and extrapolated to higher pr via alterna-
tive MC modelling samples, while background-like jets are
evaluated from dijet and y+jet events. The uncertainty in
the signal efficiency is approximately 20% for the 50% effi-
ciency working point, and the uncertainty in the background
efficiency can vary from 3 to 10% as a function of pr.

Similarly to the lepton triggers, the Efrniss trigger uncer-
tainties are evaluated to be negligible. Uncertainties in the
lepton and jet resolution are directly propagated to the E%‘iss
uncertainty. An additional uncertainty [95] in the soft radi-
ation term, defined in Sect. 4, is also considered.

8.2 Modelling uncertainties

Theoretical uncertainties for V' Vjj signal processes include
the choice of PDF and QCD scale, as well as the parton-
shower modelling. They are accounted for as acceptance
effects in bins of the final RNN distribution. The PDF uncer-
tainties are estimated using the NNPDF3.0NLO prescription
[43], and the QCD scale uncertainties are estimated by vary-
ing the nominal choices of the renormalisation, R, and fac-
torisation, up, scales independently by factors of two and
one-half and considering their envelope. The resulting signal
modelling acceptance uncertainty due to QCD scale and PDF
choices is at maximum 10% and 5%, respectively, across
all signal regions. An additional uncertainty in the parton-
showering modelling of the signal process is also assessed
by comparing the nominal MC generator prediction to an
alternative sample showered with HERWIG 7 [114,115]. This
uncertainty can be as large as 20% in the high RNN region.

Due to the fact that the EWK and QCD VVjj pro-
cesses are generated separately, the interference term is not
included. The impact of the missing term is estimated at
the fiducial level by comparing an inclusive V'V jj calcu-
lation with the separate QCD and EWK calculations, using
the same configuration as the nominal EWK generation. The
ensuing difference is used to evaluate the size of the interfer-
ence term, which is included as an uncertainty in the nominal
EWK VVjj MC prediction, parameterized as a function of
the m;‘}g variable defined at truth level. Atreconstructed level,
this results in a 5% (20%) uncertainty in the RNN distribu-
tion in the resolved (merged) SRs. This uncertainty is found
to be small compared to other theory uncertainties.

The normalizations of the dominant W+ jets, Z+ jets,
and 7 background processes are evaluated directly in the
final simultaneous fit to the SRs and CRs, as detailed in
Sect. 9.1. A modelling uncertainty on the RNN shape
for the W+jets and Z+jets processes is estimated from a
comparison to an alternative MC generator choice, MAD-
GRAPHS_AMC@NLO +PYTHIA. An additional modelling
uncertainty on the V +jets processes to account for the mt;fg
reweighting procedure discussed in Sect. 5 is also evaluated

conservatively as the difference between the shapes before
and after the reweighting. This reweighting uncertainty is
evaluated bin-by-bin in the final RNN observable, and is
found to vary with respect to the nominal prediction from
a few percent to up to 50% in the 1- and 2-lepton chan-
nels, and up to 20% in the 0-lepton channel. Similarly, the
shape uncertainty for the ¢ process is obtained by a compar-
ison to an alternative HERWIG 7.04 sample using the H7UE
set of tuned parameters [115] and the MMHT2014LO PDF
set [116].

The cross section for the QCD V'V and single—¢ contri-
butions are estimated from the best theoretical cross section
available as detailed in Sect. 3.2. An uncertainty in the mod-
elling of the QCD V'V process in this phase space is esti-
mated by comparing to an alternative MC generator choice,
POWHEG BOX +PYTHIA. A normalization uncertainty of 20%
in single—t¢ is assumed with no further shape variation [117].
Similarly to the signal process, the uncertainties from PDF
and QCD scale choices for all background processes are cal-
culated separately, and found to be smaller than the other
sources of background modelling uncertainty.

9 Results
9.1 Statistical analysis

The statistical analysis is based on the RooFit [118] and
RooStats [119] frameworks to define a binned likelihood
function, and the profile-likelihood ratio [120] is used as test
statistic to classify the level of agreement between a model
and the observed data. The analysis performs a fit across all
SRs and CRs detailed in Sect. 5 simultaneously. In the CRs,
the mtjajg observable is used over several bins to help constrain
the uncertainties associated to the background modelling and
the m"** reweighting procedure. The observable in the SRs
is the RNN distribution, binned using a dedicated procedure
detailed in Refs. [121,122] to ensure a fine binning in the
signal sensitive regions while maintaining a low statistical
uncertainty in the expected background prediction. Sources
of uncertainty are treated as additional nuisance parameters
in the likelihood function. In particular, the W+ jets, Z+jets,
and t7 normalizations in each of the merged and resolved
regions are unconstrained floating parameters, and allowed
to converge to the values which provide optimal agreement
with the data. All experimental systematic uncertainties are
correlated amongst all regions and constrained by additional
Gaussian terms in the likelihood as parametrized by external
measurements. Modelling uncertainties are treated similarly
except for the fact that they are uncorrelated across the lep-
ton channels; the mtjajg reweighting uncertainties are decorre-
lated across the lepton channels and between the merged and
resolved regions. Each component of the signal uncertainties

@ Springer
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is individually included in the fit and it is correlated across
all the analysis regions.

9.2 Inclusive measurement

To measure the EWK V'Vjj cross section, the parameter
of interest is the normalization of the V'V jj process cross
section relative to to the SM prediction u = Zg:; which is
allowed to float to its optimal value in the fit. The extracted
yields in each region of each of the processes considered
are shown in Fig. 7. The post-fit RNN score distributions of
the signal-plus-background fit are shown in Fig. 8. In gen-
eral, good agreement of the model with data is found when
including the EWK V'V j;j contribution. The description of
the background model in the analysis regions is checked on
other variables not used directly in the fit model, such as the
invariant mass of the reconstructed diboson system myy and
mtjajg, finding a similarly good description.

The measured EWK V Vjj signal strength M%b&/ x is found
to be

1P = 1.287033 = 1.28 £+ 0.09(stat) 579 (syst).
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High-Purity |
Low-Purity ¢
Resolved |

This is within 1.50 agreement of the predicted value, with a
p-value of 0.16. The measured signal strength is comparable
to those also measured by the ATLAS Collaboration in lep-
tonic VVjj analyses [20,22,24,97]. The background-only
hypothesis is excluded with a significance of 7.40, while the
expected significance is 6.10.

The u%bvsv x Vvalue for each of the individual lepton chan-
nels and for the resolved and merged regimes is measured by
performing a fit with, respectively, three and two parameters
to extract; the results are shown in Fig. 9. It can be seen that
the 1 and 2-lepton channels are in good agreement with the
SM prediction while the O-lepton channel measures a higher
EWK VV j j contribution, with a 2.30 compatibility with the
inclusive measurement. The measured signal strength for the
1-lepton channel is 1.02J_r8:§2 and this result is compatible
with the value measured by the CMS Collaboration [31].

Table 3 shows the contributions of all experimental and
theory uncertainties to the fitted signal strength. The analysis
is primarily dominated by systematic uncertainties, mainly
arising from the theory and modelling factors, while exper-
imental uncertainties related to the reconstructed jets also
play a significant role. The background modelling and m;‘}.g
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Fig. 8 Distribution of the RNN score for data (dots) and post-fit pre-
diction separated by process (stacked histograms). The EWK VVjj
signal is also shown separately scaled for visibility by a factor of 20.
For comparison, the pre-fit background distribution is overlayed as a

RNN score

(2

RNN score

()

model

RNN score

®

dotted histogram. The total uncertainty including all statistical, experi-
mental, and modelling uncertainties is overlayed as a hatched area. The
bottom panel shows the ratio of data to the fitted signal-plus-background
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Fig. 9 Extracted signal strength ;L%ba, x from the combined fit, as well

as from the fits which allow various signal regions to be uncorrelated.
The total, statistical and systematic uncertainties in these values are
displayed

Table 3 The symmetrized uncertainty in the extracted signal-strength
parameter p from different sources. The systematic sources of uncer-
tainty are separated into theory modelling uncertainties and experimen-
tal uncertainties, which are further sub-divided into different groups
according to their origin

Uncertainty source oy

Total 0.22
Statistical 0.09
Systematic 0.20

Theory and modelling uncertainties

Floating normalizations 0.04
Z+jets 0.06
W+jets 0.07
tr 0.02
QCD VVjj 0.05
Single-top 0.01
m[;fg reweighting 0.07
Signal modelling 0.13
MC statistics 0.07

Experimental uncertainties

Jets and ERS 0.09
Tracking 0.03
Leptons < 0.01
b-tagging < 0.01
Luminosity 0.01
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Fig. 10 The two dimensional 68% and 95% negative log-likelihood
contours for the simultaneous fit to ugwk and pgcep. The SM prediction
from the generator is highlighted as a star

uncertainties represent the leading sources constrained by the
fit, primarily due to the constraining power of the CRs.

An additional fit is also performed allowing both the
EWK and QCD V'Vjj contributions to be simultaneously
extracted. The negative log-likelihood contours of this fit are
shown in Fig. 10. The measured value of the EWK VV;
signal strength in this fit is found to be consistent with the
result obtained when the QCD V'V jj normalization is con-
strained to the generator prediction, indicating low correla-
tion between these observables. A slight tension with respect
to the MC generator predictions is found in these fits, which
is similarly seen in other EWK VBS-enhanced EWK V' Vjj
topologies [22,31], and may be indicative of a poor generator
modelling of the QCD V'V spectrum at high jet multiplicity.

9.3 Fiducial measurement

The cross sections in the fiducial regions described in Sect. 7
are extracted from a fit in which the normalization effects
from the theory modelling uncertainty in the signal are
removed. All other experimental, statistical, and theory mod-
elling uncertainties are retained. The fiducial cross section is
then obtained from the fitted signal strength multiplied by the
predicted generator cross section in the fiducial region and
the fiducial-to-reconstructed region acceptance. A combined
measurement is performed using a single signal strength.
Measurements for the individual lepton channels and for the
resolved and merged regimes are also performed with sepa-
rate fits to extract, respectively, three and two parameters. The
effects of migrations between the various fiducial regions into
the same fully-reconstructed region are taken into account
by a linear transformation of the individual channel signal
strengths by the estimated migration effects in simulations.
The prediction of the cross section includes only LO calcu-
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Table 4 Expected and observed fiducial cross section of the EWK
V'V jj process. The combined measurement refers to the case in which
one signal strength is measured using all the analysis SRs. The cross

sections are also presented in fiducial bins across lepton multiplicity
and in the merged and resolved fiducial regions

Combined O-lepton 1-lepton 2-lepton Resolved Merged
opep 204 +£351fb 73+251fb 103 +£251fb 28+ 1.1fb 11.7 £ 34 fb 87+251fb
o 292+£491b 157 £ 2.8 fb 10.7 £ 2.8 fb 31 111b 17.9 4.3 fb 114 £341b

lations since the EWK NLO corrections are not available for
the semileptonic final state.

The total fiducial cross section for the EWK V' Vj;j pro-
duction summed across all fiducial regions is found to be
ag‘é{,"lgs = 29.2 4+ 4.9 fb. The measured signal strength is
M%b{?i/ x = 1.43+0.24; it differs with respect to the inclusive
signal strength due to the different fit approaches. The impact
of the parton-shower and QCD scale systematic uncertain-
ties is lower in the fiducial measurement fit since only the
impact on the shape is evaluated, and not the impact on
the expected normalization. These uncertainties are larger in
the O-lepton channel due to a tighter analysis selection with
respect to the other two channels. This results in a higher
relative importance for the SRs of the O-lepton channel, in
which an upward fluctuation is observed. The results of the
fiducial cross-section measurements in different sub-regions
are shown in Table 4; in each region, a separate normaliza-
tion is used in the extraction. The measured cross sections are
in agreement with the SM expectations. In the fits to extract
the signal strength for each lepton channel, only the 0-lepton
channel measures a higher cross section, with a compatibility
of 2.1¢0 with the combined measurement. This measurement
complements the one conducted by the CMS Collaboration
[31] as this result also includes the 0- and 2-lepton channels
that were not considered in that measurement and it consid-
ers a fiducial phase space that is tighter with respect to the
one defined in the CMS analysis.

9.4 EFT interpretation

The distribution of events in the SRs are also used to constrain
higher-order operators in an EFT framework. In particular,
new operators of mass-dimension 8 contribute to aQGCs,
which would enhance EWK V'V jj production at high dibo-
son invariant mass, myy.

The Eboli model [10] is employed to describe the signal,
which introduces 21 new dimension-8 operators satisfying
the SM SU (2) x U(1)y symmetry. These operators can be
categorized by the types of coupling; scalar types that only
contain covariant derivatives of the Higgs field: fso, fs1, fs2,
tensor types that only contain field strengths: fro, ..., fro,
and mixed operators that exhibit two covariant derivatives of
the Higgs field and two field strengths: fao, ..., fu7. As
a convention, the whole Lagrangian term for an operator is

denoted by its Wilson coefficient i.e. £, = %On will be
denoted as f;. Due to the fact that the operators Ogo and
Ogs> are Hermitian conjugates, they are varied simultane-
ously with equal coefficient values fso».

The EFT contributions are modelled with MC samples, as
described in Sect. 3.2, using a decomposition of the process
amplitude. The total matrix element with the addition of new
dimension-8 operators can be written as

£ 2
|Ash + S5 AP = 1AGy | + 3 T5147)
i

i . fi 1i .
+ ZzA—;Re(ASMA,-) +y A—;A—QRe(A,. Aj),
i i#)

where |Agy|* is the SM matrix element, |Al.2| represents
the pure-EFT matrix elements for the f; operator, and
2Re(A%,,A;) is its corresponding interference term with the
SM. The term Re(A7 A ) includes the possible interference
term between EFT operators f; and f;, and will not be con-
sidered here. Individual simulation samples for the pure-EFT
and interference terms are generated; to obtain predictions at
a specific coupling point, these samples are scaled quadrati-
cally and linearly by f;, respectively.

The EFT results are extracted in a similar fit setup as
described in Sect. 9.1, where now the EFT coefficients f;, are
set as the parameters of interest. Since the EFT is expected to
contribute more at high my vy, each of the SRs is further split
into two (high and low) myy bins to improve the sensitivity
and the RNN score is used as final discriminant. The high-
and low-myy regions are splitatmyy = 1500 GeV in the 1-
and 2-lepton channels; in the O-lepton channel, the transverse
mass (m), defined as the invariant mass of the V},,q candidate
and the ETmiSS vector in the transverse plane, is used instead
with the splitting occurring at 1050 GeV (1200 GeV) in the
merged (resolved) region. The CRs in this fit are the same as
those in the inclusive measurement. The post-fit RNN score
distributions in the more aQGC-sensitive high myy bin are
shown in Fig. 11; the binning of the distributions was reduced
to account for the lower number of events expected in the high
myy bin. The distributions agree reasonably well with the
SM predictions.

For the EFT interpretations, the EWK V Vjj normaliza-
tion and the signal strength of the EFT process are left free in
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Fig. 11 Distribution of the RNN score for data (dots) and post-fit pre- pre-fit background distribution is overlayed as a dotted histogram. The
diction separated by process (stacked histograms) for the high-myy total uncertainty including all statistical, experimental, and modelling
aQGC signal regions. The fr( operator is shown separately with a nor- uncertainties is overlayed as a hatched area. The bottom panel shows
malisation corresponding to £/A* = 0.10 TeV~*. For comparison, the the ratio of data to the fitted signal-plus-background model
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Fig. 13 Expected and observed 95% confidence limits for the dimension-8 fs operators as a function of the clipping scale. Regions excluded by

unitarity constraints are shown as a hatched area

the fit. The EWK V'V jj normalization is constrained by the
low myy bins; the post-fit value is compatible with the one
obtained in the inclusive measurement. Confidence intervals
are set at the 95% confidence level assuming that the Wald
approximation holds [120,123].

To provide interpretable limits which avoid the unitarity
violation at high center of mass energy, the clipping method,
described in Ref. [124], is used. In this method, a clip-
ping scale E¢j;p is chosen and signal events with truth myy
greater than this clipping scale are removed. The expected
and observed 95% confidence level limits on the different
aQGC operators as functions of the clipping scale are shown
in Figs. 12, 13 and 14. The theory unitary bounds for each
operator are taken from Ref. [125] considering partial-wave
unitarity for a single operator at a time. A summary of the
expected and observed limits on the different dimension-8
EFT operators is shown in Table 5.

This result improves upon the constraints from other
ATLAS searches for aQGC [13,20,22,26,28,97,126,126]
for all fg and fus type operators. Improvements are found
for both the first clipping point that, in most cases, is within
the unitarity bound and for the limits without any clipping
scale. The latter improvement can be as large as a factor 3.3
for fao, 1.8 for far1, 1.5 for fa7, 1.5 for fsoo and 2.9 for
fs1 compared to the best limits reported by the ATLAS Col-
laboration in other diboson channels. The fr operators are
instead found to be more tightly constrained by the measure-
ment of Z(— vv)y in association with two jets [28].

@ Springer

10 Conclusion

A measurement of EWK V'V jj production in proton—proton
collisions is performed in the semileptonic final states, using
140 fb~! of data collected at /s = 13 TeV by the ATLAS
experiment at the LHC. The analysis is performed in three
decay topologies based on the lepton multiplicity and in two
boson pr regimes. The measured phase space is designed
to be enriched in the EWK VBS component. The total pro-
cess is observed with a significance of 7.40, while 6.10 was
expected. The EWK V'V j;j production cross section is mea-
sured to be 29.2 + 4.9 fb (expected 20.4 £ 3.5) in a fiducial
phase space close to the detector and analysis acceptance.
The signal strengths of both electroweak and QCD associ-
ated diboson productions are measured in a two-dimensional
fit, in agreement with the SM prediction.

Additionally, a search is conducted on possible anoma-
lous quartic gauge couplings, and dimension-8 EFT operator
contributions to EWK VBS production were tested. No sig-
nificant deviation from the SM prediction is observed, and
constraints on the Wilson coefficients of 19 operators are pre-
sented for the first time in this final state by the ATLAS Col-
laboration. Some of these constraints are competitive with
or better than previous results from other EWK VBS and
triboson measurements. The observed limits for the S02, TO
and MO operators are (—3.96 < fgoz/A4 < 3.96) TeV™,
(—0.25 < fro/A* < 0.22) TeV™, (=1.26 < fyo/A* <
1.25) TevV—.
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Table 5 Expected and observed 95% confidence interval limits on the Wilson coefficients fy /A* of various dimension-8 operators. Limits are obtained considering a single Wilson coefficient to
be non-zero at a time. First, the limit obtained without any clipping scale is shown, followed by the limit at the clipping scale where the operator crosses the unitarity bounds, along with the value

of the clipping scale itself

Wilson coefficient

Expected limit [TeV™4]

Observed limit [TeV™4]

Expected limit unitarized [TeV™]

Observed limit unitarized [TeV 4]

fro/A*
fri/A*
fra/A*
fr3/A*
fra/A*
frs/A*
fre/A*
fri/A*
frs/A*
fro/A*
fso2/A*
fs1/A*
fmo/A*
N
fua/A*
fuz/A*
fua/A*
Sus/A*
fur/A*

[—0.20, 0.18]

[—0.19, 0.19]

[—0.44, 0.44]
[——0.38,0.38]
—1.46,1.32]
0.57,0.53]
0.76, 0.72]
—1.78,1.52]
—0.59, 0.59]
—1.22,1.22]
3.22,3.22]
6.84, 6.86]
—1.13, 1.12]
—3.23,3.24]
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