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The high-energy proton-proton collisions at the Large Hadron Collider provide the ideal
conditions to study the rare processes predicted by the Standard Model (SM) such as the
production of multiple electroweak bosons. These processes involve the self-interactions of
the gauge bosons through triple and quartic gauge couplings (TGCs and QGCs), in addition to
interactions with the Higgs boson. Therefore, precision measurements of multi-boson final
states probe the electroweak symmetry breaking mechanism and allow to search for deviations
from the SM. Four recently published ATLAS results are summarised in this document. The
first two results are measurements of the production of di-boson final states in association with
jets: the observation of WW /WZ/ZZ production in semileptonic final states is described,
and a measurement of the polarisation states of same-sign W pairs is also discussed. The
second set of measurements are related to the triple production of electroweak bosons: the first
analysis reports the observation of WWy in the leptonic final state, while the second result
presents the observation of triple vector boson production where at least one of the produced
bosons is a Z boson. All the measurements use datasets collected at a centre-of-mass energy
of 13 TeV and corresponding to an integrated luminosity of 140 fb~!.
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0.1 Introduction

In the Standard Model (SM), as a consequence of the non-abelian structure of the electroweak interactions, the
electroweak bosons are subject to self-interactions. Multi-boson production processes receive contributions
from self-interactions through triple and quartic gauge couplings (TGCs and QGCs). Therefore, the study
of muti-boson production is key to the understanding of the SM electroweak sector including the couplings
between the vector bosons and the Higgs boson. The high-energy conditions of proton-proton collisions
at the Large Hadron Collider (LHC) [1] are ideal to study these rare processes. The ATLAS detector
[2] makes possible reconstructing and identifying the high-multiplicity of physics objects generated in
multi-boson production. The ATLAS collaboration has performed several multi-boson measurements
in the past [3—14]. This work summarises the most recent ATLAS multi-boson results presented at the
Lepton-Photon 2025 conference.

Four publications are summarised:

» Electroweak diboson production in association with a high-mass dijet system in the semileptonic
final states from p p collisions at \s = 13 TeV with the ATLAS detector [15]. This work reports the
observation of WW /WZ/ZZ production in association with a high-mass dijet system — the analysis
is optimised to enhance the contributions from the Vector Boson Scattering (VBS) process. The
cross-section for VBS is measured in a fiducial region. The data are interpreted in the context of a
dimension-8 effective field theory (EFT) to probe anomalous QGCs (aQGCs).

* Evidence for longitudinally polarized W bosons in the electroweak production of same-sign W boson
pairs in association with two jets in pp collisions at \s = 13 TeV with the ATLAS detector [16].
Evidence for the production of same-sign W pairs where at least one W boson is longitudinally
polarised is reported. The most stringent constrain to date for the production of two longitudinally
polarised same-sign W bosons is set.

e Observation of W*W ™y production in p p collisions at \/s = 13 TeV and constraints on anomalous
quartic gauge couplings [17]. The observation of W*W~y production is reported in final states
containing one muon, one electron and a high-energy photon. The fiducial cross-section for this
process is measured and constraints on 13 dimension-8 operators are set using the EFT framework.

e Observation of VVZ production at \/s = 13 TeV with the ATLAS detector [18]. The observation of the
production of three massive vector bosons with at least one being a Z boson is reported by selecting
final states containing multiple leptons. The cross-section for the WW Z process is measured and
evidence for this individual production mode is found. Constraints on physics beyond the SM are
also derived in the EFT framework by setting limits on Wilson coefficients for dimension-8 operators
describing aQGCs.

Section 0.2 presents a brief summary of each measurement with every result having a dedicated sub-section.
The conclusions are outlined in Section 0.3.



0.2 Multi-boson measurements

0.2.1 WW/WZ/ZZjj production

The Vector Boson Scattering (VBS) process can take place in the SM through QGCs and also via the
coupling between the Higgs and the electroweak bosons. The VBS process is of great interest because at
high partonic centre-of-mass energy, the Higgs boson contribution keeps the VBS amplitude consistent
with unitarity [19, 20]. At the LHC, the VBS process involves two partons radiating vector bosons that
scatter. The VBS process generates a detector signature with two forward jets and two vector bosons
(EWK VVjj) that can either decay hadronically or leptonically. The EWK V'V j j signature can also receive
contributions from non-VBS processes as can be seen in Figure 1. In this work, events consistent with the
EWK VVjj process, in the channel where one of the bosons decays leptonically and the other hadronically
(semileptonic channel) are studied. The semileptonic channel allows to access a higher boson transverse
momentum (pr) phase space than the pure leptonic final state. This is due to the enhancement in statistics
provided by the larger branching fraction that vector bosons decaying into quarks have with respect to their
leptonic decays.
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Figure 1: (a) shows the EWK V'V j contribution from VBS, (b) shows a possible non-VBS contribution to EWK
VVjj and (c) shows an example of VVj j production from QCD interactions. Taken from [15].

Theories beyond the SM (BSM) predict anomalous quartic gauge couplings (aQGCs) [21, 22] or include
new resonances [23, 24]. These scenarios predict an enhancement of the VBS process at high vector boson
pr. This result uses the Eboli model [22] to describe the possible BSM contributions to the EWK V'V j
processes in an EFT framework.

Three channels are explored in this analysis: 0-lepton corresponding to Z — vv, 1-lepton for W — [v and
2-lepton for Z — (I events. In all cases the other vector boson decays into a pair of quarks (V — ¢gg). In
addition, the events are split according to how the V — gq decay is reconstructed. For events with low
vector boson pr, the quarks form two jets which can be resolved separately. However, in the high transverse
momentum regime the two jet cones can merge and the V — gqg decay is more efficiently reconstructed as
a large radius jet (large-R jet). The inclusion of this merged category enhances the analysis sensitivity and
it is the most sensitive category for the EFT interpretation. For large-R jets, substructure variables such as
the jet mass are fed into a W/Z boson tagging algorithm and events are categorised into high-purity and
low-purity with respect to the scores given by the boson tagger.

To extract the EWK VVjj signal, a machine learning (ML) discriminant is trained in each channel to
separate the EWK V'V j process from other SM processes, leveraging the track multiplicity and kinematics



of jets The signal strength is extracted independently for the 0-, 1- and 2-lepton channels. In addition, the
combination of all the channels is also used to perform the signal extraction. The fit results can be seen in
Figure 2.
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Figure 2: Signal stregth extracted from the combined fit, and from the independent fits using the channels with
different lepton multiplicities and different jet reconstruction regimes. Both systematic and statistical uncertainties
are displayed. Taken from [15].

The EWK VVjj process is observed (expected) with a significance of 7.40 (6.10°) and the cross section
for this process is measured in a fiducial region close to the detector and analysis acceptance. The obtained
value is 29.2 + 4.9 fb which is in agreement with the SM prediction. No significant deviations from the
SM are found when searching for possible aQGCs using dimension-8 EFT operators contributions to the
EWK VVj process.

0.2.2 Same-sign WW  j polarisation

The longitudinal polarisation states of the massive W and Z bosons are a result of the electroweak symmetry
breaking mechanism in the SM. Hence, the study of the production of longitudinally polarised W bosons
in the VBS mode is crucial to test the Higgs mechanism. In this analysis, same-sign W boson pairs
where each individual boson decays into leptons (W*W=* — [*v[*v) are selected. The selected two-lepton
combinations are: e*e*, u*u* and e*u*. To enhance the contribution from the VBS process, two forward
jets with a high dijet mass are also required completing the detector signature studied in this paper
(EWK W=W=jj)

The polarisation states of the process are classified into three contributions: Wy W3, Wy Wz and WrW3,
where W} and W3 denote longitudinally and transversely polarised W bosons, respectively. The polarisation
vectors are defined in the centre-of-mass reference frame. The different polarisation states produce different
kinematics for the jets and leptons, but there is not a single variable that can optimally separate the two
contributions. Therefore, a set of kinematic variables are used to train deep neural networks (DNNs) to
separate the different polarisation contributions. The W; W7 and W; W3 are extracted in separate fits since
the number of available events is limited. The ML strategy is dived in two stages. First, a DNN is trained



to separate the EWK W*W=jj process from the backgrounds (DNN inclusive). In the second stage, two
distinct DNNs are trained: one to separate W; Wy from W*WZ and W; W* from W W>.. The second stage
DNN scores for the latter case can be seen in Figure 3.
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Figure 3: DNN scores of the algorithm trained to separate W; W* from WzW3.. Case (a), (b), (c) show events that
have been classified by the inclusive DNN in bins with increasing background rejection power. Taken from [16].

The observed significance for the production of at least one longitudinally polarised W boson is 3.30- with
a measured cross section of 0.88 + 0.30 fb which is in agreement with the SM. No significant excess
consistent with the production of EWK W W7jj is observed, hence a 95% CL upper limit of 0.45 fb is
measured for this process.

0.2.3 W*W~y production

In the SM the vector bosons are predicted to interact with themselves via TGCs and QCGs. These
interactions contribute to processes where multiple vector bosons are produced as can be seen in Figure 4.
Therefore, measurements of triboson production provide stringent tests of the gauge structure of the SM
and also probe potential new physics. In this analysis, events containing opposite charge eu pairs, a high
transverse momentum photon and missing energy (WWy — e*u¥vvy) are selected to study the WWry
process.

The main background contributions for this analysis come from events with prompt photons such as t7y ,
Zy and VZvy; and from events with non-prompt or misidentified photons (e — vy or j — 7). Dedicated
control regions are used to study and constrain these backgrounds. A boosted decision tree (BDT) is trained
using kinematic variables that offer discrimination power between signal and background. MC Events
from the signal region are used for the training. The BDT score distribution in the signal region can be
seen in Figure 5.

The WWry signal strength is extracted by performing a simultaneous binned maximum-likelihood (LH) fit
using the BDT distributions in the signal and control regions. The backgrounds normalisation are allowed
to float in the fit. The observed significance of the WWy signal is 5.90°. Additionally, the cross-section is
measured in a fiducial region consistent with the detector and analysis acceptance; the value measured is
6.2 + 1.0 fb which is consistent with the SM prediction. Anomalous QGCs are probed by using the EFT
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Figure 4: (a), (b) and (c) show Feynman diagrams with TGC and QGC contributions to WWy production whereas
(d) shows a contribution with quark W radiation and photon initial state radiation. Taken from [17].
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Figure 5: BDT score in the WWy signal region after applying all the normalisation factors extracted from the LH fit
for the different processes. Taken from [17].

framework and 95% CL limits are derived for 13 dimension-8 operators. These limits are the first ones
derived from the WWvy mode and are complementary to existent muti-boson results.

0.2.4 VVZ production

As mentioned previously studying the production of triple vector boson production is one of the probes to
study the SM TGCs and QGCs and potential new physics deviations. In addition to the diagrams shown in
Figure 4, the production of three massive vector bosons also gets contributions from the Higgstrahlung
process shown in Figure 6. ATLAS has performed a measurement of the VVZ production targeting
different channels: 3/ for WWZ and WZZ, 4] for WWZ, and at least 5/ for WZZ and ZZZ.
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Figure 6: Feynman diagram of Higgstrahlung which contributes to the production of three massive vector bosons.
Taken from [18].

As the multiplicity light-leptons increases, backgrounds where jets are misidentified as isolated leptons
become more relevant compared to prompt leptons coming from V boson decays. Data-driven methods
are used to estimate these backgrounds. The combined signal strength for the VVZ process is extracted
by performing a simultaneous profile likelihood fit in the seven signal regions and five control regions
defined in this analysis. The distributions used in the fit are: the BDTs scores of individually trained (per
lepton multiplicity) BDTs in the signal regions to discriminate between signal and background events, and
the jet multiplicity distributions in the control regions. The BDTs scores for the 4/ signal regions can be
seen in Figure 7. The observed significance of the VV Z signal is 6.40" and the cross-section is found to be
66041993 (stat.)gfg(syst.) tb, which is consistent with the SM prediction. The observed significance of WWZ

0
production is 4.40, representing evidcence for this process.
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Figure 7: Scores of the BDT algorithm trained to separate VVZ from the background contributions in the 4/ channel.
(a) shows a sample where the two leptons from the W decays have different flavours (DF) and same flavour (SF)
for (b) and (c). The inZ (outZ) label refers to an event selection where the two W-leptons are required to have an
invariant mass in (outside) a 20 GeV window from the Z boson mass. Taken from [18].

When the results are interpreted via the EFT framework to look for deviations from the SM, constraints
are derived for the Wilson coefficients corresponding to dimension-8 operators describing aQGCs. These
constraints are comparable to results already published by the ATLAS collaboration in the Wyjj final
state.



0.3 Conclusion

This work summarises four recent multi-boson production measurements from the ATLAS collaboration
using proton-proton collisions at a centre-of-mass energy of 13 TeV corresponding to an integrated
luminosity of 140 fb~!'. These results expand the comprehensive muti-boson measurements program
conducted by the ATLAS collaboration. Key observations include the electroweak production of di-bosons
in association with a high-mass dijet system and the production of WWy. Furthermore, evidence was
found for the production of same-sign W boson pairs with at least one longitudinally polarized boson, and
for the WWZ production process as part of the overall observation of VVZ production. All cross-section
measurements were found to be in agreement with Standard Model predictions, and no significant deviations
were observed in the searches for anomalous quartic gauge couplings, leading to constraints on dimension-8
effective field theory operators.
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