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Electroweak Multiboson Interactions
q The Standard Model (SM) of elementary particles 

predicts triple and quartic gauge couplings between the 
electroweak bosons due to the non-Abelian structure of 
the electroweak interaction
v Experimental studies of multiboson interactions are 

therefore important tests of the SM electroweak theory
v Effective Field Theory (EFT) frameworks are typically used 

in model independent searches for new physics effects
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q According to the SM, the massive electroweak bosons obtain their masses and hence, 
can have longitudinal polarisa>ons via the Higgs mechanism of the spontaneously 
broken electroweak symmetry
v Measurements of polarisa>on observables in the mul>boson interac>ons are the direct 

probes of this mechanism

q The latest measurements and first observations of the production of different 
multiboson final states in the ATLAS detector are presented
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Electroweak Multiboson Interactions
q The Standard Model (SM) of elementary par>cles 

predicts triple and quar>c gauge couplings between 
the electroweak bosons due to the non-Abelian 
structure of the electroweak interac>on
v Experimental studies of mul>boson interac>ons are 

therefore important tests of the SM electroweak theory
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461 17.2 Lagrangians in Quantum Field Theory
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coupling of four W bosons.
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The Higgs mechanism generates the masses of the electroweak gauge bosons in a
manner that preserves the local gauge invariance of the Standard Model.

17.2 Lagrangians in Quantum Field Theory

The Higgs mechanism is described in terms of the Lagrangian of the Standard
Model. In quantum mechanics, single particles are described by wavefunctions
that satisfy the appropriate wave equation. In Quantum Field Theory (QFT), par-
ticles are described by excitations of a quantum field that satisfies the appropriate
quantum mechanical field equations. The dynamics of a quantum field theory can
be expressed in terms of the Lagrangian density. Whilst the development of QFT
is outside the scope of this book, an understanding of the Lagrangian formalism is
necessary for the discussion of the Higgs mechanism. The purpose of this section
is to provide a pedagogical introduction to the Lagrangian of the Standard Model,
which ultimately contains all of the fundamental particle physics.

17.2.1 Classical fields

In classical dynamics, the motion of a system can be described in terms of forces
and the resulting accelerations using Newton’s second law, F = mẍ. The same
equations of motion can be obtained from the Lagrangian L defined as

L = T − V, (17.1)
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q According to the SM, the massive electroweak bosons obtain their masses and hence, 
can have longitudinal polarisations via the Higgs mechanism of the spontaneously 
broken electroweak symmetry
v Measurements of polarisation observables in the multiboson interactions are the direct 

probes of this mechanism

q The latest measurements and first observa>ons of the produc>on of different 
mul>boson final states in the ATLAS detector are presented
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 -1 = 13 TeV, 139 fbs

SR

Data jj EW (bin 1)±W±W jj EW (bin 2)±W±W

jj EW (bin 3)±W±W jj EW (bin 4)±W±W jj EW (bin 5)±W±W

jj EW (bin 6)±W±W jj Int±W±W jj QCD±W±W

WZ QCD WZ EW Non-prompt

Conversions Other prompt Tot. Uncert.

Same Sign 𝑾±𝑾±𝒋𝒋 Measurement
q𝑾±𝑾±𝒋𝒋 has the largest ratio of the electroweak to QCD production cross sections 

among all vector boson scattering (VBS) sensitive 𝑉𝑉𝑗𝑗 final states
v As the QCD leading order diagrams with initial gluons are forbidden 
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arXiv:2312.00420
𝑠 = 13 𝑇𝑒𝑉,  139 𝑓𝑏/0

q Fiducial and differential cross sections as functions of 
different observables are measured for both electroweak 
and inclusive (EW+QCD) 𝑾±𝑾±𝒋𝒋 production

q Good agreement is found for the fiducial 
cross sec>ons with the SM predic>ons

Description �EW
fid [fb] �EW+Int+QCD

fid [fb]

Measured cross section 2.92± 0.22 (stat.)± 0.19 (syst.) 3.38± 0.22 (stat.)± 0.19 (syst.)
MG5 aMC+Herwig7 2.53± 0.04 (PDF)

+0.22
� 0.19 (scale) 2.92± 0.05 (PDF)

+0.34
� 0.27 (scale)

MG5 aMC+Pythia8 2.53± 0.04 (PDF)
+0.22
� 0.19 (scale) 2.90± 0.05 (PDF)

+0.33
� 0.26 (scale)

Sherpa 2.48± 0.04 (PDF)
+0.40
� 0.27 (scale) 2.92± 0.03 (PDF)

+0.60
� 0.40 (scale)

Sherpa ⌦ NLO EW 2.10± 0.03 (PDF)
+0.34
� 0.23 (scale) 2.54± 0.03 (PDF)

+0.50
� 0.33 (scale)

PowhegBox+Pythia 2.64 –

Post-fit SR 
distribution 
of event 
yields from 
differential 
cross section 
extraction as 
a function of 
𝒎𝒍𝒍

https://arxiv.org/abs/2312.00420
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∞

Same Sign 𝑾±𝑾±𝒋𝒋 Measurement
q Compe>>ve limits (@ 95% C.L.) are set on the Wilson 

coefficients of the relevant EFT dimension-8 operators 
that have large effects on the 𝑊𝑊𝑊𝑊 coupling
v The reconstructed 𝒎𝒍𝒍 distribu>on is used in the EFT 

measurements

419/02/2024 Gia Khoriauli on behalf of ATLAS Collabora>on     Tes>ng the Electroweak Theory in Mutliboson Measurements in ATLAS     LLWI24

Table 7: j2 and ?-values obtained from the measured differential cross sections and the nominal MG5_�MC+H�����7
prediction, computed using the covariance matrix of the measured differential cross section and the difference
between data and model. The number of degrees of freedom #dof is equal to the number of the cross section bins.
The uncertainties in the MC prediction are ignored when computing j

2 and ?-values. The values are provided
for both EW and inclusive differential ,±

,
±
9 9 cross sections. The last column shows the maximum value of the

respective variable observed in data.

Variable EW ,
±
,

±
9 9 Inclusive ,±

,
±
9 9 Max. value in data

j
2
/#dof ?-value j

2
/#dof ?-value

<✓✓ 4.5/6 0.605 7.34/6 0.291 1081 GeV
<T 13.0/6 0.043 16.33/6 0.012 1270 GeV
<jj 7.6/6 0.266 8.67/6 0.193 6328 GeV

#gap jets 2.5/2 0.282 2.53/2 0.282 5
bj3 4.2/5 0.517 4.93/5 0.424 1.74

8 Limits on anomalous quartic gauge couplings

Contributions from models beyond the SM can modify the quartic interactions of weak bosons (Figure 1 (c)).
The EW production of ,±

,
±
9 9 in particular is sensitive to the interaction of four , bosons. This

measurement can therefore be used to search for new physics that affects the ,,,, coupling. The
sensitivity is quantified by setting limits on relevant D-8 EFT operators. The operators are expressed using
a model [13, 87] that provides nine independent charge-conjugate and parity conserving D-8 effective
operators relevant to the ,,,, quartic couplings. The interpretation uses the reconstructed dilepton
invariant mass <✓✓ obtained in the current measurement. The approach used is similar to that of the
re-interpretation of the ,±

,
±
9 9 and ,

±
/ 9 9 measurements based on the 36 fb�1 data set made by the

ATLAS Collaboration [67].

The EFT Lagrangian can be written as an expansion in inverse energy where the first terms that conserve
baryon and lepton numbers have coefficients quadratic in energy. As a consequence, the corresponding
field operators relevant for the LHC are dimension-6 (D-6) and D-8 operators. Therefore, the effective
Lagrangian can be written in terms of higher dimension operators and their respective Wilson coefficients
as:

Leff = LSM +

’
8

5
(6)
8

⇤2 $
(6)
8

+

’
9

5
(8)
9

⇤4 $
(8)
9

+ ...

where$ (6) , (8)
8, 9

are the D-6 and D-8 operators and involve SM fields with respective dimensionless couplings
5
(6)
8

and 5
(8)
9

, and ⇤ is the energy scale of the new processes.

The basic units needed to construct the effective Lagrangian for VBS are genuine Quartic Gauge Coupling
(QGC) vertices, which appear in lowest order as D-8 operators8 and can be classified into three groups [87]:
operators that contain four covariant derivatives of the Higgs field ($S0,1,2 of scalar type); those that contain
two Higgs boson covariant derivatives and two field-strength tensors ($M0,1,2,3,4,5,7 of mixed – scalar and

8 D-8 operators are the lowest-dimension operators that affect QGC but do not affect triple gauge coupling vertices. The effect of
D-6 operators in VBS processes and in QCD diboson production accompanied by jets is of interest on its own [88–90], but is
not studied here.

24

Coe�cient Type No unitarisation cut-o↵ Lower, upper limit at the respective unitarity bound

[TeV
�4

] [TeV
�4

]

fM0/⇤
4 Exp. [-3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV

Obs. [-4.1, 4.1] -140 at 0.7 TeV, 117 at 0.8 TeV

fM1/⇤
4 Exp. [-6.3, 6.6] -25.5 at 1.6 TeV, 31 at 1.5 TeV

Obs. [-6.8, 7.0] -45 at 1.4 TeV, 54 at 1.3 TeV

fM7/⇤
4 Exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV

Obs. [-9.8, 9.5] -39 at 1.7 TeV, 42 at 1.7 TeV

fS02/⇤
4 Exp. [-5.5, 5.7] -94 at 0.8 TeV, 122 at 0.7 TeV

Obs. [-5.9, 5.9] –

fS1/⇤
4 Exp. [-22.0, 22.5] –

Obs. [-23.5, 23.6] –

fT0/⇤
4 Exp. [-0.34, 0.34] -3.2 at 1.2 TeV, 4.9 at 1.1 TeV

Obs. [-0.36, 0.36] -7.4 at 1.0 TeV, 12.4 at 0.9 TeV

fT1/⇤
4 Exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV

Obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV

fT2/⇤
4 Exp. [-0.56, 0.70] -2.60 at 1.7 TeV, 10.3 at 1.2 TeV

Obs. [-0.63, 0.74] –
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Event yields
Process njets = 2 njets = 3

EWK W+W�jj 158± 27 54± 13
Top quark 2885± 214 1851± 131
Strong W+W�jj 1214± 256 514± 121
W+jets 37± 97 19± 48
Z+jets 216± 62 65± 25
Multiboson 101± 5 42± 3

SM prediction 4610± 77 2546± 48
Data 4610 2533

Observation of Opposite Sign 𝑾4𝑾/𝒋𝒋
q ATLAS observed the electroweak VBS 
𝑾4𝑾/𝒋𝒋 produc>on in fully leptonic 
final states
v Leptons are required to have 

different flavours  
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ATLAS-CONF-2023-039 

q Top quark (mainly the 𝑡 ̅𝑡) along with QCD 𝑊4𝑊/𝑗𝑗
production make huge background to the signal
v 66% and 24% contributions to the total (post-fit) 

event prediction in the inclusive signal region, 
respectively

q Signal region is split into the exclusive 2- and 3-jet 
event categories to enhance the sensitivity

q Control region for the top quark background is defined by requiring one of the two 
leading jets to be b-tagged 

𝑠 = 13 𝑇𝑒𝑉,  140 𝑓𝑏/0

https://cds.cern.ch/record/2865482
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ObservaDon of Opposite Sign 𝑾4𝑾/𝒋𝒋
q Neural Network based discriminant is used to distinguish the signal from background

v Signal, top quark and QCD background events are used in the NN training

q Profile-likelihood fit method is used to fit simultaneously the signal, top and QCD 
background normalisations in the NN output in the 1 control and 2 signal regions
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q Observed 
(expected) signal 
significance is 7.1𝝈
(6.2𝝈)
v Statistical 

uncertainty of the 
measured signal 
normalisation is 
12.3% with 18.5%
total uncertainty

q Signal fiducial cross sec>on is measured to 𝟐. 𝟔𝟓/𝟎.𝟒𝟖4𝟎.𝟓𝟐 𝒇𝒃 vs. predicted  𝟐. 𝟐𝟎/𝟎.𝟏𝟑4𝟎.𝟏𝟒 𝒇𝒃
v Fiducial volume defined closely to detector level selec>on but requiring 𝑚FF > 500 𝐺𝑒𝑉



 
 

Gia Khoriauli 
University of Würzburg 

 
 
 

VBS Wgamma2j Analysis Group Meeting 
CERN  14.04.2020 

Trigger Efficiency & Object Overlap Removal 
Studies in W(àmunu)gamma2j Channel  

Opposite Sign 𝑾4𝑾/ Cross-Sections
q Fiducial and differen>al cross sec>ons are 

measured in 𝑾4𝑾/ → 𝒆±𝝂𝝁∓𝝂 final states
v The fiducial cross sec>on is extrapolated to 

the full phase-space of 𝑾4𝑾/ produc>on
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ATLAS-CONF-2023-012 
𝑠 = 13 𝑇𝑒𝑉,  140 𝑓𝑏/0

Provides ~5% con>bu>on in 
the 𝑊𝑊 produc>on rate

q Top-quark background is precisely 
estimated in bins of the signal region with 
the help of two dedicated control regions 
v Defined by requiring exactly 1 and 

exactly 2 b-jets, respectively
v No constraints on the jet multiplicity

q Fiducial cross sec>on is measured using 
profile-likelihood fit with the free signal 
normalisa>on to the detector-level 𝑆P
distribu>on
v 𝑆P - scalar sum of all jet and lepton 

transverse momenta

https://cds.cern.ch/record/2854866
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Opposite Sign 𝑾4𝑾/ Cross-Sections
q Fiducial cross section is 

measured with the 3.1% (!) 
total uncertainty 
v Excellent agreement 

with the MATRIX 2.0.1 
prediction at nNNLO
in QCD
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500 550 600 650 700
Integrated fiducial cross-section [fb]

This measurement
 20 (syst) fb± 7 (stat) ±707 

Powheg MiNNLO + Pythia8, NNPDF3.0 (*)
 15 (scale) fb± 10 (PDF) ±654 

Sherpa 2.2.12 (0-1j@NLO, 2-3j@LO), NNPDF3.0 (*) 
 48 (scale) fb± 10 (PDF) ±660 

MATRIX 2.0 nNNLO, NNPDF3.1
 16 (scale) fb± 7 (PDF) ±711 

 NLO EW, NNPDF3.1⊗MATRIX 2.0 nNNLO 
 15 (scale) fb± 7 (PDF) ±688 

 1.7×WW →(*) + Sherpa 2.2.2 gg
WWjj →     + Sherpa 2.2.12 EW qq

 PreliminaryATLAS
-1 = 13 TeV, 140 fbs

ν

±

µν± e→pp 

Data
Statistical Uncertainty
Total Uncertainty
Predictions

80 90 100 110 120 130 140 150
Total cross-section [pb]

 NLO EW⊗MATRIX 2.0 nNNLO 
 2 (scale) pb± 1 (pdf) ±123 

This measurement
 4 (syst.) pb± 1 (stat.) ±127 

 [1]-1CMS 36 fb
 7 (syst.) pb± 1 (stat.) ±118 

 [2]-1ATLAS 36 fb
 10 (syst.) pb± 2 (stat.) ±137 

[1] Phys. Rev. D 102 (2020) 092001
[2] Eur. Phys. J. C 79 (2019) 884

 PreliminaryATLAS
-1 = 13 TeV, 140 fbs

−W+ W→pp 

Theory Prediction
PDF Uncertainty
Total Uncertainty
Measurements

q Total cross sec>on of 
𝑾4𝑾/ produc>on is 
calculated using the 
acceptance of the 
𝑾4𝑾/ → 𝒆±𝝂𝝁∓𝝂
events: 23.7% ± 0.3%, 
and the leptonic 𝑊
branching ra>o: 10.86%

q Differential cross 
sections are measured 
for twelve observables
v Iterative Bayesian 

unfolding used
v Good agreement with 

predictions observed
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Figure 7: (a) Pre-fit and (b) post-fit model for the profile likelihood fit in the (T distribution. Data are shown as black
markers together with the predictions for the signal and background production processes. The rightmost bin contains
overflow events. The lower panels show the ratio of the data to the total prediction. Top and fake backgrounds are
determined using data-driven methods. The uncertainty bands shown include statistical and systematic uncertainties.
Theory uncertainties on the shape and efficiency of the signal are included.

9 Results

The measured fiducial cross-section for ,, production, with ,, ! 4
±
a`

⌥
a, at

p
B = 13 TeV, for the

fiducial volume defined in Table 4 is determined from the profile likelihood fit to be

ffid = 707 ± 7 (stat.) ± 20 (syst.) fb,

with a total uncertainty of 3.1%. Figures 7(a) and 7(b) present the pre-fit and post-fit distributions of (T,
respectively. In the fit, nuisance parameters remain very close to their initial values and the background
normalizations are changed by less than 2% with respect to their estimates based on control regions and
theoretical calculations. No individual nuisance parameter is constrained to more than 80% of its pre-fit
uncertainty. However, uncertainties in post-fit yields and thus the uncertainty bands in Figure 7(b) are
strongly reduced because nuisance parameter uncertainties are correlated post-fit such that variations that
are incompatible with the observed yields are constrained.

In Figure 8 the result is compared to the nominal M�NNLO model used in the analysis, the S�����
prediction introduced in Section 8, and the nNNLO QCD predictions of MATRIX 2.0.1 as well as the same
nNNLO predictions combined with NLO electroweak corrections. While the measured cross-section is
about two standard deviations larger than the cross-section predicted by M�NNLO, it agrees well with the
MATRIX predictions. The main reasons for the larger cross-section predicted by MATRIX are the updated
NNPDF PDF version, which increases the cross-section by 28 fb, and a 11 fb increase of the cross-section
due to photon-induced contributions, as detailed in Section 8.
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 NLO EW, NNPDF3.1⊗MATRIX 2.0 nNNLO 
 15 (scale) fb± 7 (PDF) ±688 

 1.7×WW →(*) + Sherpa 2.2.2 gg
WWjj →     + Sherpa 2.2.12 EW qq
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Figure 8: Measured fiducial cross-sections, compared to theoretical predictions from P����� M�NNLO, S�����2.2.12,
and MATRIX 2.0.1. The nNNLO prediction includes photon-induced contributions and NLO QCD corrections to the
gluon-induced initial state. The P����� M�NNLO and S�����2.2.12 predictions are combined with S�����2.2.2
and S�����2.2.12 to model gluon-induced ,, production and the electroweak production of ,, 9 9 , respectively.
An inclusive NLO :-factor of 1.7 is applied to the S�����2.2.2 prediction. Inner (outer) error bars on theory
prediction correspond to PDF (the combination of scale and PDF) uncertainties.

The measurement is extrapolated to the full phase space of ,, production based on the acceptance
of 23.7% ± 0.3% for ,+

,
�
! 4

±
a`

⌥
a events, calculated at nNNLO with MATRIX, including NLO

electroweak corrections and by accounting for a leptonic , branching ratio of 10.86%. The uncertainty
on the acceptance is 1.1%, estimated by varying the renormalization and factorization scales by factors
of two, avoiding variations in opposite directions, by evaluating the PDF uncertainty, and by comparing
the multiplicative with the additive scheme for electroweak corrections, with the last being the dominant
uncertainty. After this extrapolation, the measured total production cross-section of ,-boson pairs is found
to be

ftotal = 127 ± 1 (stat.) ± 4 (syst.) pb.

In Figure 9 the total cross-section is compared to measurements of ATLAS [10] and CMS [9] that are based
on datasets of 36 fb�1. The improved precision of this measurement with respect to its predecessor [8] is due
to more precise data-driven top quark and fake lepton estimates, the improved luminosity determination [16],
and the measurement in a jet-inclusive phase space, which reduces jet-related uncertainties as well as
theoretical uncertainties on the extrapolation to the full phase space.

Differential fiducial cross-sections are presented in Figure 10 and 11. Excellent agreement with the
fixed-order MATRIX prediction is observed. Electroweak corrections, applied with the multiplicative
combination scheme, improve the modelling of high-mass events for some distributions (e.g. <4`) but
over-correct for other distributions (e.g. ?lead. lep.

T ). The over-correction is expected as the multiplicative
combination scheme does not always yield an appropriate estimate of mixed QCD-EW effects, in particular
in regions of phase space that are dominated by events with hard QCD radiation, as is the case for high
?

lead. lep.
T [108]. The parton-shower matched predictions based on the M�NNLO and S����� 2.2.12 samples
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𝒁𝒁(→ 𝟒𝒍)𝒋𝒋 Differential Cross Sections
q Differential cross sections are measured in VBS-enhanced 

(𝜻 < 𝟎. 𝟒) and VBS-suppressed (𝜻 > 𝟎. 𝟒) regions 
v Three types of observables are measured

o VBS observables
o Polarisation, charge conjugation and parity observables
o QCD-sensitive observables

v Both EW and QCD production mechanisms are probed
v Centralities, 𝑚FF, ∆𝑦FF and multiplicity of jets (𝑛F[\]

^_`) in 
between the two leading jets are most important 
observables in EW VBS measurements
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strong 4✓9 9 (S�����) 98.9 ± 0.5 ± 25.2 45.5 ± 0.3 ± 12.9
EW 4✓9 9 (MG5+P�8) 24.1 ± 0.1 ± 1.8 2.12 ± 0.02 ± 0.14
Prompt background 18.8 ± 0.2 ± 2.2 5.5 ± 0.1 ± 0.4
Non-prompt background 3.0 ± 0.6 ± 3.2 1.1 ± 0.5 ± 1.2
Total prediction 144 ± 1 ± 26 54 ± 1 ± 13
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q Two 𝑍 bosons are selected 
from the same-flavour
opposite-charge lepton pairs
v Have smallest 𝑚bb − 𝑚d
v Are formed from different 

leptons

Muons are reconstructed from information in the MS and the ID. Baseline muons are required to satisfy the
‘Loose’ identification criteria [41] and are required to be associated with the primary hard-scatter vertex by
requiring |I0sin\ | < 0.5 mm, where I0 is the longitudinal difference between the primary vertex and the
point at which the muon transverse impact parameter is measured. Baseline muons are required to have
?T > 5 GeV and |[ | < 2.7. Signal muons are required to satisfy the baseline muon criteria and the ‘Loose’
particle-flow-based isolation working point [41]. They are also required to satisfy 30/f30 < 3, where 30
is the transverse impact parameter calculated relative to the measured beam-line position and f30 is its
uncertainty.

Electrons are reconstructed from topological clusters of energy deposited in the electromagnetic calorimeter
that are matched to an ID track. Baseline electrons are required to satisfy the ‘VeryLoose’ identification
criteria [42] and to be associated with the primary hard-scatter vertex, by requiring |I0sin\ | < 0.5 mm.
Baseline electrons are required to have ?T > 7 GeV and |[ | < 2.47. Signal electrons are required to satisfy
the baseline electron criteria and the ‘LooseAndBLayer’ identification [42] and ‘Loose’ isolation [43]
working points. They are also required to satisfy 30/f30 < 5.

Jets are reconstructed using the anti-:C algorithm [44, 45] with a radius parameter of ' = 0.4. The inputs
to the algorithm are objects constructed using the particle-flow algorithm [46], based on noise-suppressed
positive-energy topological clusters in the calorimeter. Energy deposited in the calorimeter by charged
particles is subtracted and replaced by the momenta of ID tracks which are matched to those topological
clusters. The jets are initially calibrated using simulations and corrected using in situ measurements of
the jet energy scale that is determined from dĳet, W + jet and / + jet events [47]. Jets are required to have
?T > 30 GeV and |[ | < 4.5. To reduce the impact of jets that originate from pile-up interactions, jets with
|[ | < 2.4 and ?T < 60 GeV, or with 2.4 < |[ | < 4.5 and ?T < 50 GeV, are required to satisfy the ‘Tight’
working points of the jet vertex tagging algorithms [48, 49]. To remove leptons reconstructed as jets, any
jets within the range �' < 0.2 of an electron are rejected. A similar requirement is applied to jets that
overlap with muons, if there are less than three ghost-associated [50] ID tracks within the jet.

Events are required to have at least four (baseline) leptons. The two leptons with the largest transverse
momentum are required to satisfy ?T > 20 GeV. All possible combinations of same-flavour opposite-charge
(SFOC) lepton pairs are formed and each pair is required to satisfy <✓✓ > 5 GeV and �'(✓, ✓) > 0.05,
which reduces backgrounds from the leptonic decays of hadrons. The SFOC pairs are then ordered by
|<✓✓ �</ |. The two /-boson candidates are defined as the two SFOC pairs that have the smallest value of
|<✓✓ �</ | and are formed from different leptons. The leading /-boson candidate is defined as the one that
has the largest value of |H✓✓ |. The invariant mass of the four leptons is required to satisfy <4✓ > 130 GeV
and each lepton in the quadruplet is required to satisfy the signal lepton definition discussed earlier.
Events are also required to contain at least two jets, with the highest transverse momentum jet satisfying
?T > 40 GeV. The dĳet system is then defined as the two leading (highest transverse momentum) jets in the
event that have [ 91 ⇥ [ 92 < 0. The dĳet system is required to satisfy |�H9 9 | > 2.0 and <9 9 > 300 GeV.

The events that satisfy the selections listed above are then divided into VBS-enhanced and VBS-suppressed
regions using the centrality of the four-lepton system,

Z =

�����
⇥
H4✓ � 0.5(H 91 + H 92)

⇤
�H 9 9

����� , (1)

where H4✓ is the rapidity of the four lepton system and H 91 (H 92) is the rapidity of the leading (subleading)
jet in the dĳet system. The VBS-enhanced (VBS-suppressed) region is defined as Z < 0.4 (Z > 0.4).
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q EFT samples combined with the SM 
signal are fioed to the unfolded 𝑚eb and 
𝑚FF distribu>ons and limits (@ 95% C.L.) 
on anomalous couplings of dimension-8 
operators are obtained
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Figure 7: Differential cross-sections for inclusive 4✓9 9 production in the VBS-suppressed region as a function of <4✓
(left) and <99 (right). The data are represented as black points and the associated error bars represent the statistical
uncertainty. The total uncertainty in the measurement is represented as a grey hatched band. The theoretical
predictions are constructed in the same way as for Figure 4.

theoretical prediction obtained using S����� for the strong 4✓9 9 process in better agreement with the data
than the prediction obtained using MG5_NLO+P�8, except at the highest value of <9 9 . The electroweak
contribution is less than 5% of the measured 4✓9 9 cross-section in this region, and remains below 15%
even at the highest values of <9 9 .

9 Effective field theory interpretation

The differential cross-sections can be used to search for signatures of physics beyond the SM. For
measurements sensitive to vector-boson scattering, dimension-eight effective field theory (EFT) modeling
can be a tool, whereby the SM Lagrangian is extended with new interactions encoded in dimension-eight
operators, i.e.,

L = LSM +

’
8

5T,8

⇤4 OT,8

where LSM is the SM Lagrangian, OT,8 are a set of the dimension-eight operators, and the 5T,8/⇤4 are Wilson
coefficients that specify the strength of the anomalous interactions. The OT,8 operators are particularly
interesting as they only induce anomalous quartic weak-boson self-interactions [4] and can only be tested
using vector-boson scattering processes or triboson production. In focussing on the dimension-eight
operators, it is implicitly assumed that the contribution from dimension-six operators is zero, i.e., that they
are already constrained from measurements of diboson production [57–61] and vector-boson fusion [62].
However, constraints on the Wilson coefficients of operators in a dimension-six effective field theory are
presented in the Appendix for completeness.
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𝒁𝒁 → 𝟒𝒍 PolarisaDon and CP ProperDes
q Production of longitudinally polarised 𝑍f𝑍f

bosons is measured in 𝑍𝑍 → 𝑙4𝑙/𝑙h4𝑙h/
final states with 𝑙, 𝑙h = 𝑒, 𝜇
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q Profile-likelihood fit to the Boosted Decision 
Tree classifier is employed to measure the 
𝑍f𝑍f and the joined 𝑍f𝑍P + 𝑍P𝑍P polarisation 
components of the signal
v The polarisation templates are obtained at the 

NLO accuracy in both QCD and EW
o Advanced re-weighting scheme of the LO templates 

q Observed significance of 𝑍f𝑍f is 4.3𝝈
v 3.8𝝈 expected

q Fiducial cross sec>on of 𝑍f𝑍f is 𝟐. 𝟒𝟓 ± 𝟎. 𝟔𝟎 𝒇𝒃
v Consistent with the SM value of 𝟐. 𝟏𝟎 ± 𝟎. 𝟎𝟗 𝒇𝒃

o Includes QCD and electroweak NLO correc>ons 

https://link.springer.com/article/10.1007/JHEP12(2023)107
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Figure 1: Examples of main leading-order Feynman diagrams for // production in ?? collisions: (a) @@̄-initiated,
and (b) 66-initiated. The internal fermion lines are quarks.

inclusive ,/ production [12]. In the latter, the fraction of diboson events with a simultaneous longitudinal
polarisation (LL) was observed with a significance of 7.1 standard deviations.

This paper presents a measurement of the production of two longitudinally polarised / bosons (/L/L) in
the decay channel // ! ✓

+
✓
�
✓
0+
✓
0� , where ✓ and ✓

0 can be an electron or a muon. The /-boson candidates
are reconstructed with same-flavour, opposite-charge (SFOC) electron or muon pairs, and they are required
to be on-shell with |<✓✓ �</ | < 10 GeV, where <✓✓ is the invariant mass of the lepton pair and </ is the
/-boson pole mass [13].

The violation of CP symmetries is required to explain the matter-antimatter asymmetry in the universe,
and it is well known that there is insufficient CP violation in the SM [14–16]. The measurement of
CP-sensitive observables in diboson production can be utilised to explore new sources of CP violation
in the gauge-boson sector. CP-violating effects in weak-boson self-interactions were studied in various
measurements of diboson production at the LHC by constraining the CP-odd anomalous neutral triple
gauge couplings (aNTGC), including those entering the /// and //W vertexes, using // production
in ATLAS and CMS [17–23]. Such experimental searches primarily derive constraints on anomalous
triple gauge boson couplings (aTGC) using event rates or cross-section measurements without employing
dedicated CP-sensitive observables.

This paper presents the differential cross-section for a dedicated CP-odd angular observable, referred to as
the Optimal Observable (OO). The OO is defined in Section 6 using the decay products of weak bosons in
// production, in such a way as to be sensitive to BSM amplitudes through the interference to the SM [24,
25]. The results are then reinterpreted to constrain aNTGC using an effective vertex function approach [26].
The ATLAS Collaboration has previously used such type of dedicated CP-sensitive observables in the EW
/ 9 9 production to test CP violation in the weak-boson self-interactions [27].

The CP property is studied using an aNTGC vertex that can be parameterised with two coupling parameters
5

4
/

and 5
4
W

that violate the CP symmetry. By using such parameters, the cross-section in any given bin of
the CP-sensitive observable can be parameterised as

f
8 = f

8

SM + 2 · f
8

interference + 2
2
· f

8

quadratic, (1)

where the superscript 8 is the bin index of the CP-sensitive observable, 2 is the CP-odd aNTGC, f8

SM is
the prediction from the SM, f8

interference is the linear interference between the SM and the aNTGC, and
f
8

quadratic is the quadratic contribution of the aNTGC. As pointed out in Ref. [28], for the aNTGC, the
quadratic term dominates over the linear interference term. Existing constraints on a CP-odd aNTGC stem

3

q First limits (@ 95% C.L.) on anomalous CP-odd 
neutral triple gauge couplings, 𝒇𝒁𝟒 and 𝒇𝜸𝟒, using 
only the linear interference terms are obtained
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𝒁𝒁 → 𝟒𝒍 Cross Sections at 𝒔 =13.6 TeV
q 𝑍𝑍 produc>on is measured first >me by the ATLAS in 𝑝𝑝-collisions at 𝒔 =13.6 TeV

v Fiducial and differen>al cross sec>ons are measured in 4𝑙 final states
o Fiducial cross-sec>on is extrapolated to the total cross sec>on sa>sfying 66 < 𝑚d < 116 GeV for both 𝑍
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Measurement MC prediction MATRIX prediction

Fiducial 36.7± 1.6(stat)± 1.5(syst)± 0.8(lumi) fb 36.8 +4.3
�3.5 fb 36.5± 0.7 fb

Total 16.8± 0.7(stat)± 0.7(syst)± 0.4(lumi) pb 17.0 +1.9
�1.4 pb 16.7± 0.5 pb
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𝐶dd = 0.555 ± 0.022

𝜎��� =
𝑁��] − 𝑁��^
ℒ × 𝐶dd

𝜎\�\_b =
𝜎���

𝐴dd × 𝐵𝑅(𝑍𝑍 → 4𝑙)

𝐴dd = 0.482 ± 0.003
MATRIX calcula>ons @
nNNLO QCD ⊗ NLO EW

q Iterative Bayesian 
unfolding is used

q Cut-and-count 
approach is used

arXiv:2311.09715
𝑠 = 13.6 𝑇𝑒𝑉,  29 𝑓𝑏/0

https://arxiv.org/abs/2311.09715
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𝒁𝜸𝒋𝒋 Measurement
q EW (sensi>ve to VBS) and extended EW (EW+QCD) 

produc>on fiducial and differen>al cross sec>ons are 
measured in leptonic final states, 𝑒𝑒 and 𝜇𝜇
v The EW measurements employ a control region to 

constrain the QCD background
o SR: 𝜻(𝒁𝜸) < 𝟎. 𝟒,   CR: 𝜻 𝒁𝜸 > 𝟎. 𝟒
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q Profile-likelihood fit to 𝑚FF distributions in the SR and 
CR (in case of the EW measurement) is used to extract 
signal normalisation à evaluate fiducial cross sections
v Both EW and extended EW fiducial cross sections are 

in a good agreement with the SM predictions

𝑠 = 13 𝑇𝑒𝑉,  140 𝑓𝑏/0
Phys. Lett. B 846 (2023) 138222

q

q

q

q

γ

Z

q

q

Z

γ

q

q

A procedure to remove ambiguities in the particle reconstruction is applied: jet candidates are removed if
they overlap with electron or photon candidates, i.e. �'( 9 , 4) < 0.2 or �'( 9 , W) < 0.4, then leptons are
removed if they are close to a jet candidate, i.e. �'(✓, 9) < 0.4 (✓ = e, `), photons are removed if they are
close to a lepton candidate, i.e. �'(W, ✓) < 0.4 and finally electron candidates are removed if they overlap
with muon candidates i.e. �'(`, 4) < 0.2.

Events are required to have exactly two leptons of same flavour and opposite charge, at least one photon and
at least two jets. One of the electrons or muons in the lepton pair must be matched to the electron or muon
that triggered the event. Events are further selected by requiring that the leading lepton has ?T > 30 GeV
and that the leading photon has ?T > 25 GeV and satisfies isolation and tight identification requirements.
To remove contributions from low-mass resonances, the invariant mass <(✓✓) of the opposite-charge,
same-flavour lepton pair must be larger than 40 GeV.

To suppress events originating from leptonic / decays where one of the leptons has radiated a photon,
the sum of <✓✓ and the invariant mass of the ✓+✓�W system, <✓

+
✓
�
W , formed from the lepton pair and the

highest-⇢W

)
photon candidate, must be larger than 182 GeV, approximately twice the mass of the Z boson,

as adopted in previous publications [4, 6].

Furthermore, to enhance the VBS topology, events must have at least two jets with ?
9

T above 50 GeV and a
rapidity difference between them, |�H | > 1. The invariant mass of this pair of jets, < 9 9 , is required to be
larger than 150 GeV for the total /W 9 9 process measurements, and larger than 500 GeV for the /W 9 9 EW
process measurements. This selection significantly reduces the number of events with three bosons in the
final state in first case, and the number of QCD /W 9 9 background events in the second case.

Events containing 1-tagged jets are rejected. The 1-tagging algorithm provides a working point with a
70% selection efficiency for 1-jets in an inclusive CC̄ MC sample and rejection factors of ⇡ 10 and 400 for
charm- and light-flavour jets, respectively [44]. The two highest-?T jets satisfying these conditions are
referred to as VBS tagged jets. Events with additional jets of transverse momentum above 25 GeV in the
rapidity gap between the two VBS tagged jets are rejected. The centrality of the ✓+✓�W system relative to
the VBS tagged jets ( 91 and 92) defined as

Z (/W) =
���� H/W � (H 91 + H 92)/2

H 91 � H 92

���� , (1)

where H indicates the rapidity, is required to be less than 5.

For the EW /W 9 9 signal extraction, within the < 9 9 > 500 GeV region, the selected events are further
split into a signal region (SR, Z (/W) < 0.4) and a QCD control region (CR, Z (/W) > 0.4) as explained in
Section 7. For the measurements of the full /W 9 9 process, within the relaxed < 9 9 > 150 GeV region, only
the region Z (/W) < 0.4 is used, referred to as ‘Extended SR’. This variable has been chosen to build the
signal and control regions because it has been found to be almost uncorrelated with < 9 9 .

The observed total number of events in the < 9 9 > 500 GeV SR and CR is 562 and 274 respectively. In the
< 9 9 > 150 GeV Extended SR phase space, the observed total number of events is 1461.

5 Background estimation

The main source of background in the cross-section measurement of the EW production of /W 9 9 final states
consists of /W 9 9 events from QCD-induced processes. The shape of this background is estimated from

8

q Differential cross sections are measured using profile-likelihood unfolding
v Unfolded observables are in a good agreement with SM distributions except of ∆𝝓(𝒁𝜸, 𝒋𝒋)

o About two standard deviation is observed in the lowest bin of the EW measurement 

In this procedure, the particle-level bins 9 are treated as separate subsamples that are multiplied by their
respective entries in the response matrix and freely floating parameters (` 9

⇢,
or ` 9

/W
, the signal strengths

defined in Section 7 applied in bin 9) are assigned to each of these subsamples at detector level. In the
EW-ZW 9 9 unfolding, the CR is fitted simultaneously with the SR to extract the QCD-ZW 9 9 bin by bin
correction, together with `

9

⇢,
. In this measurement, since the signal contamination is smaller than 1%

in the CR, an approximation is made whereby the signal is treated as an additional background, and no
response matrix for the signal is built in the CR. Each bin in the particle-level distribution is then ‘folded’
through the migration matrix via Eq. (3) to the same number of bins at detector level. In the unfolding
procedure, no regularisation is applied.

For the EW-ZW 9 9 unfolding, the fraction of events in the diagonal elements of the migration matrix ranges
between 80% (|�q(/W, 9 9) |) and 99% (⇢W

)
, ?/W

)
, ?;

)
, |�H |). The acceptance corrections are on average

around 89% improving as the variable increases, for all variables except |�H | for which there is no obvious
dependence. The efficiency corrections are at a level of 47% on average, and show similar trends as
observed for the acceptance corrections.

For the ZW 9 9 unfolding, the fraction of events in the diagonal elements of the migration matrix ranges
between 82% (|�q(/W, 9 9)|) and 98% (|�H| and ?

W

)
).

The acceptance corrections are on average around 76% improving as the variable increases, for all variables
except |�H | and Z (/W) for which there is no obvious dependence. The efficiency corrections are at a level
of 40% on average, and show similar trends as observed for the acceptance corrections.

The systematic uncertainties considered for the unfolded results are the same as for the results at detector
level (see Section 6) and are calculated via the migration matrices.

Several checks are performed to verify the robustness of the procedure: an injection test with non-SM
cross-section values to check if this can be recovered in the unfolding procedure, the use of alternative MC
predictions for the QCD-ZW 9 9 process and data-driven reweighting of the MC templates using the same
observables or alternative ones. None of these checks show any noticeable effect on the unfolding results,
and thus no additional uncertainty is assigned to the unfolding procedure.

9 Results

The EW-ZW 9 9 measured signal strength is

`EW = 1.02 ± 0.09 (stat) ± 0.09 (syst)
= 1.02+0.13

�0.12.

There is a clear observation of the signal, with a background-only hypothesis rejected with a significance
well above 5 standard deviations. The normalisation parameter of the QCD-ZW 9 9 background, constrained
by data in the SR and CR is measured to be 1.18 ± 0.10.

The fiducial cross-section for the electroweak ?? ! /W 9 9 process in the phase space defined in Section 8
is obtained by computing the product of the signal strength and the predicted cross-section. The result is:

fEW = 3.6 ± 0.5 fb

15

to be compared with the predicted value from M��G����5_�MC@NLO 2.6.5 (interfaced with P�����)
(see Section 3), which gives:

f
?A43

EW = 3.5 ± 0.2 fb.

The PDF and scale theoretical uncertainties in the prediction are evaluated using the procedure described
in Section 6.

The breakdown of the systematic uncertainties in the EW-ZW 9 9 cross-section is shown in Table 3.

Table 3: The breakdown of the systematic uncertainties in the EW-ZW 9 9 and /W 9 9 cross-sections. The "Background"
component includes uncertainties on /+jets, CC̄W and,/ backgrounds. The "Reco" component includes uncertainties
from electrons, photons, muons, jets, flavour tagging and pileup. The "EW mod." component includes interference,
parton shower, underlying event, PDF and QCD scale uncertainties in the EW-ZW 9 9 process. The "QCD mod."
component includes merging scale, resummation scale, PDF and QCD scale uncertainties in the QCD-ZW 9 9 process.

Data stat. MC stat. Background Reco EW mod. QCD mod. Total

�f⇢, /f⇢, [%] ±9 ±1 ±1 ±4 +8
�6 ±2 ±13

�f/W/f/W [%] ±3 ±1 ±2 +4
�3

+7
�6 ±9 +12

�11

The total cross-section of the process ?? ! /W 9 9 in the fiducial phase space, which includes the
QCD-ZW 9 9 and the EW-ZW 9 9 contributions, is obtained by multiplying the signal strength value `ZWjj by
the predicted total /W 9 9 cross-section in the Extended SR, where `ZWjj = 1.07 ± 0.12. The measured total
/W 9 9 cross-section is thus:

f/W = 16.8+2.0
�1.8 fb,

to be compared with the sum of predictions of M��G����5_�MC@NLO 2.6.5 interfaced with P�����
(EW contribution) and S����� 2.2.11 (QCD contribution):

f
?A43

/W
= 15.7+5.0

�2.6 fb.

The PDF and scale theoretical uncertainties in the prediction are evaluated using the procedure described in
Section 6. Uncertainties are treated as uncorrelated between the EW-ZW 9 9 and QCD-ZW 9 9 contributions.

The breakdown of the systematic uncertainties in the /W 9 9 cross-section is shown in Table 3. The
differential cross-sections are shown in Figures 3, 4, 5 and 6.

In the SR phase space, the following variables are measured in two or three bins: ?
;

T, ? 9

T, ⇢W

T , ?/W

T , < 9 9 ,
|�H | and |�q(/W, 9 9) |. The variables |�H | and < 9 9 are particularly sensitive to the kinematic difference
between QCD-ZW 9 9 and EW-ZW 9 9 events (highest bins being dominated by EW-ZW 9 9 events), which make
them important variables for VBS studies. They are measured with a precision ranging from about 25%
(lowest bin) to about 15% (the highest bin, covering the range 1.5 TeV to 5 TeV for < 9 9 and 3.5 to 9 for
|�H |). The variables ?

/W

T , ⇢W

T and |�q(/W, 9 9) | are usually studied for their sensitivity to new physics
effects [4, 8, 53]. They are measured in the ranges of 0–700 GeV, 25–500 GeV and 0–c, respectively,
with a precision of 15–20% depending on bins and variables. The variables ?

/W

T and (|�q(/W, 9 9) |) are
in addition measured differentially for the first time at the LHC. Transverse momentum ?

;

T and ?
9

T are
also measured in the ranges of 30–1000 GeV and 50–1000 GeV respectively with a precision of around
25–30% in the last bin. The M��G����5_�MC@NLO predictions reproduce the data well everywhere
within uncertainties, except for |�q(/W, 9 9) | where a ⇠two standard deviation discrepancy in the lowest
bin of EW-ZW 9 9 measurement is seen. In the Extended SR phase space, the same variables are measured
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EW 
(𝑚FF > 500 𝐺𝑒𝑉)

to be compared with the predicted value from M��G����5_�MC@NLO 2.6.5 (interfaced with P�����)
(see Section 3), which gives:

f
?A43

EW = 3.5 ± 0.2 fb.

The PDF and scale theoretical uncertainties in the prediction are evaluated using the procedure described
in Section 6.

The breakdown of the systematic uncertainties in the EW-ZW 9 9 cross-section is shown in Table 3.

Table 3: The breakdown of the systematic uncertainties in the EW-ZW 9 9 and /W 9 9 cross-sections. The "Background"
component includes uncertainties on /+jets, CC̄W and,/ backgrounds. The "Reco" component includes uncertainties
from electrons, photons, muons, jets, flavour tagging and pileup. The "EW mod." component includes interference,
parton shower, underlying event, PDF and QCD scale uncertainties in the EW-ZW 9 9 process. The "QCD mod."
component includes merging scale, resummation scale, PDF and QCD scale uncertainties in the QCD-ZW 9 9 process.

Data stat. MC stat. Background Reco EW mod. QCD mod. Total

�f⇢, /f⇢, [%] ±9 ±1 ±1 ±4 +8
�6 ±2 ±13

�f/W/f/W [%] ±3 ±1 ±2 +4
�3

+7
�6 ±9 +12

�11

The total cross-section of the process ?? ! /W 9 9 in the fiducial phase space, which includes the
QCD-ZW 9 9 and the EW-ZW 9 9 contributions, is obtained by multiplying the signal strength value `ZWjj by
the predicted total /W 9 9 cross-section in the Extended SR, where `ZWjj = 1.07 ± 0.12. The measured total
/W 9 9 cross-section is thus:

f/W = 16.8+2.0
�1.8 fb,

to be compared with the sum of predictions of M��G����5_�MC@NLO 2.6.5 interfaced with P�����
(EW contribution) and S����� 2.2.11 (QCD contribution):

f
?A43

/W
= 15.7+5.0

�2.6 fb.

The PDF and scale theoretical uncertainties in the prediction are evaluated using the procedure described in
Section 6. Uncertainties are treated as uncorrelated between the EW-ZW 9 9 and QCD-ZW 9 9 contributions.

The breakdown of the systematic uncertainties in the /W 9 9 cross-section is shown in Table 3. The
differential cross-sections are shown in Figures 3, 4, 5 and 6.

In the SR phase space, the following variables are measured in two or three bins: ?
;

T, ? 9

T, ⇢W

T , ?/W

T , < 9 9 ,
|�H | and |�q(/W, 9 9) |. The variables |�H | and < 9 9 are particularly sensitive to the kinematic difference
between QCD-ZW 9 9 and EW-ZW 9 9 events (highest bins being dominated by EW-ZW 9 9 events), which make
them important variables for VBS studies. They are measured with a precision ranging from about 25%
(lowest bin) to about 15% (the highest bin, covering the range 1.5 TeV to 5 TeV for < 9 9 and 3.5 to 9 for
|�H |). The variables ?

/W

T , ⇢W

T and |�q(/W, 9 9) | are usually studied for their sensitivity to new physics
effects [4, 8, 53]. They are measured in the ranges of 0–700 GeV, 25–500 GeV and 0–c, respectively,
with a precision of 15–20% depending on bins and variables. The variables ?

/W

T and (|�q(/W, 9 9) |) are
in addition measured differentially for the first time at the LHC. Transverse momentum ?

;

T and ?
9

T are
also measured in the ranges of 30–1000 GeV and 50–1000 GeV respectively with a precision of around
25–30% in the last bin. The M��G����5_�MC@NLO predictions reproduce the data well everywhere
within uncertainties, except for |�q(/W, 9 9) | where a ⇠two standard deviation discrepancy in the lowest
bin of EW-ZW 9 9 measurement is seen. In the Extended SR phase space, the same variables are measured
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to be compared with the predicted value from M��G����5_�MC@NLO 2.6.5 (interfaced with P�����)
(see Section 3), which gives:

f
?A43

EW = 3.5 ± 0.2 fb.

The PDF and scale theoretical uncertainties in the prediction are evaluated using the procedure described
in Section 6.

The breakdown of the systematic uncertainties in the EW-ZW 9 9 cross-section is shown in Table 3.

Table 3: The breakdown of the systematic uncertainties in the EW-ZW 9 9 and /W 9 9 cross-sections. The "Background"
component includes uncertainties on /+jets, CC̄W and,/ backgrounds. The "Reco" component includes uncertainties
from electrons, photons, muons, jets, flavour tagging and pileup. The "EW mod." component includes interference,
parton shower, underlying event, PDF and QCD scale uncertainties in the EW-ZW 9 9 process. The "QCD mod."
component includes merging scale, resummation scale, PDF and QCD scale uncertainties in the QCD-ZW 9 9 process.

Data stat. MC stat. Background Reco EW mod. QCD mod. Total

�f⇢, /f⇢, [%] ±9 ±1 ±1 ±4 +8
�6 ±2 ±13

�f/W/f/W [%] ±3 ±1 ±2 +4
�3

+7
�6 ±9 +12

�11

The total cross-section of the process ?? ! /W 9 9 in the fiducial phase space, which includes the
QCD-ZW 9 9 and the EW-ZW 9 9 contributions, is obtained by multiplying the signal strength value `ZWjj by
the predicted total /W 9 9 cross-section in the Extended SR, where `ZWjj = 1.07 ± 0.12. The measured total
/W 9 9 cross-section is thus:

f/W = 16.8+2.0
�1.8 fb,

to be compared with the sum of predictions of M��G����5_�MC@NLO 2.6.5 interfaced with P�����
(EW contribution) and S����� 2.2.11 (QCD contribution):

f
?A43

/W
= 15.7+5.0

�2.6 fb.

The PDF and scale theoretical uncertainties in the prediction are evaluated using the procedure described in
Section 6. Uncertainties are treated as uncorrelated between the EW-ZW 9 9 and QCD-ZW 9 9 contributions.

The breakdown of the systematic uncertainties in the /W 9 9 cross-section is shown in Table 3. The
differential cross-sections are shown in Figures 3, 4, 5 and 6.

In the SR phase space, the following variables are measured in two or three bins: ?
;

T, ? 9

T, ⇢W

T , ?/W

T , < 9 9 ,
|�H | and |�q(/W, 9 9) |. The variables |�H | and < 9 9 are particularly sensitive to the kinematic difference
between QCD-ZW 9 9 and EW-ZW 9 9 events (highest bins being dominated by EW-ZW 9 9 events), which make
them important variables for VBS studies. They are measured with a precision ranging from about 25%
(lowest bin) to about 15% (the highest bin, covering the range 1.5 TeV to 5 TeV for < 9 9 and 3.5 to 9 for
|�H |). The variables ?

/W

T , ⇢W

T and |�q(/W, 9 9) | are usually studied for their sensitivity to new physics
effects [4, 8, 53]. They are measured in the ranges of 0–700 GeV, 25–500 GeV and 0–c, respectively,
with a precision of 15–20% depending on bins and variables. The variables ?

/W

T and (|�q(/W, 9 9) |) are
in addition measured differentially for the first time at the LHC. Transverse momentum ?

;

T and ?
9

T are
also measured in the ranges of 30–1000 GeV and 50–1000 GeV respectively with a precision of around
25–30% in the last bin. The M��G����5_�MC@NLO predictions reproduce the data well everywhere
within uncertainties, except for |�q(/W, 9 9) | where a ⇠two standard deviation discrepancy in the lowest
bin of EW-ZW 9 9 measurement is seen. In the Extended SR phase space, the same variables are measured
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Extended EW 
(𝑚FF > 150 𝐺𝑒𝑉)

https://www.sciencedirect.com/science/article/pii/S0370269323005567
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ObservaDon of 𝑾𝜸𝜸
q𝑾𝜸𝜸 production in 𝑒/𝜇 final states is observed first time 

with significance of 5.6𝝈 (observed and expected)
v Main background is due to the jet-to-photon and electron-

to-photon misidentification 
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𝑠 = 13 𝑇𝑒𝑉,  140 𝑓𝑏/0
Phys. Lett. B 848 (2024) 138400

q Fiducial cross section is measured for combined 
𝑊 → 𝑒𝜈/𝜇𝜈 events with total 17% uncertainty 
v Leptonically decaying 𝜏-leptons are not considered  

𝜎���
[/� =

𝑁]�^�_b
ℒ × 𝐶

https://www.sciencedirect.com/science/article/pii/S0370269323007335
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Observation of 𝑾𝒁𝜸
q𝑾𝒁𝜸 → 𝒍h±𝝂𝒍4𝒍/𝝂𝜸 production, where 𝑙(h) = 𝑒, 𝜇, 

is observed first time with significance of 6.3𝝈
(expected 5.0𝝈) 
v Dominant background stems from the non-prompt 

leptons and photons from hadronic decays and from 
misidentified jets
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𝑠 = 13 𝑇𝑒𝑉,  140 𝑓𝑏/0
Phys. Rev. Lett. 132 (2024) 021802

q Fioed signal normaliza>on parameter 𝜇�d� is used to 
measure the fiducial cross sec>on 
v 𝝈𝒇𝒊𝒅𝒐𝒃𝒔 = 𝟐. 𝟎 ± 𝟎. 𝟑𝟎 𝒔𝒕𝒂𝒕. ± 𝟎. 𝟏𝟔 𝒔𝒚𝒔𝒕. 𝒇𝒃

o Consistent with the 𝝈𝒇𝒊𝒅𝑺𝑴 = 𝟏. 𝟓𝟎 ± 𝟎. 𝟎𝟔 𝒕𝒐𝒕. 𝒇𝒃 within 1.5𝜎

q Profile-likelihood fit is done to the signal and two 
control regions for 𝑍𝑍𝛾 and 𝑍𝑍(𝑒 → 𝛾) backgrounds 
v Three normalization parameters for the signal and 

the two backgrounds are fitted simultaneously
v All leptonic final state events (𝑒𝑒𝑒, 𝜇𝜇𝜇, 𝑒𝑒𝜇, 𝑒𝜇𝜇) 

are combined in the fit

https://link.aps.org/doi/10.1103/PhysRevLett.132.021802
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Summary
q Measurements of mul>boson produc>on processes allow to test the gauge 

interac>ons of the SM electroweak theory and its symmetry breaking mechanism

q Mul>boson produc>on final states have rela>vely small cross sec>ons even at the LHC 
energy and can be very sensi>ve to new physics effects leading to anomalous triple and 
quar>c gauge couplings

q First >me observa>ons and precise measurements of various mul>boson produc>on 
processes became possible in proton-proton collision data collected by the LHC 
experiments, CMS and ATLAS

q Latest results of the experimental studies of mul>boson interac>ons in the ATLAS 
detector were discussed
v All presented results are consistent with the Standard Model predic>ons within the 

measurement uncertain>es 
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Electroweak Vector Boson ScaPering
q Electroweak VBS processes 𝑉1 𝑉2 → 𝑉3 𝑉4 have not been studied experimentally 

before the LHC experiments
v Low production cross sections even at the LHC energies

o Sensitivity to possible new physics effects leading to anomalous quartic gauge couplings

18

q VBS can involve all or some of the leading order diagrams shown below
v Depending on the involved vector bosons
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Electroweak Vector Boson ScaPering
q Diagrams with Higgs boson are crucial to avoid a unitarity violation due to the rising 

scattering cross section of the longitudinally polarized 𝑊 bosons: 𝑾𝑳𝑾𝑳 → 𝑾𝑳𝑾𝑳

Figure 2: The cross-sections for longitudinal gauge-boson scattering resulting from subsets of
the tree-level diagrams: (a) diagrams involving only three-gauge-boson couplings, (b) diagram
involving only four-gauge-boson couplings, (c) diagrams involving Higgs bosons.

Figure 3: The integrated lowest-order cross-sections for various polarizations.
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Gauge Cancellations

I Gauge-boson self interactions play a crucial role for
the renormalisability of the electroweak theory

I Large cancellations of divergences arising in individual
diagrams are exact if couplings take the values of the SM

! Diboson measurements are a sensitive probe of the inner
structure of the electroweak symmetry
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New Physics Searches – Anomalous Gauge Couplings
q Low energy effective field theory (EFT) to parameterize indirect new physics effects 

with the help of high dimension (n>4) operators 𝒪�
(�) à aTGC and aQGC

v Linear realization of the SM                        gauge symmetry   

In this work we complement the existing literature on the
subject by systematically presenting the unitarity bounds in
the multidimensional parameter space of the coefficients of
the relevant operators in both linear and nonlinear realiza-
tions of the electroweak symmetry. We study two-to-two
scattering of electroweak gauge bosons and Higgs bosons,
taking into account all coupled channels and all possible
helicity amplitudes for the J ¼ 0, 1 partial waves. Indeed,
we find that J ¼ 1 partial-wave unitarity effects are
relevant to derive the most stringent limits in some
scenarios when the effects of several operators are consid-
ered simultaneously.
This paper is organized as follows: We present in Sec. II

the QCG operators that we consider in our analyses, as well
as basic expressions of partial-wave unitarity needed for
our studies. Section III contains our results, which are
discussed in Sec. IV.

II. ANALYSES FRAMEWORK

Here, we introduce the effective interactions considered
in this work, as well as the unitarity relations that we use to
constrain them.

A. Effective Lagrangian

1. Linear realization of the gauge symmetry

Assuming that the new state observed in 2012 is in fact
the SM Higgs boson and that it belongs to an electroweak
scalar doublet, we can construct a low-energy effective
theory where the SUð2ÞL ⊗ Uð1ÞY gauge symmetry is
linearly realized [30–36], which takes the form

Leff ¼ LSM þ
X∞

n¼5

X

i

fðnÞi

Λn−4O
ðnÞ
i ; ð1Þ

where the dimension-n operators OðnÞ
i involve gauge

bosons, Higgs doublets, fermionic fields, and covariant
derivatives of these fields. Each operator has a correspond-
ing Wilson coefficient fðnÞi , and Λ is the characteristic
energy scale at which new physics (NP) becomes apparent.
Here, we are interested in operators that lead to

QGC without a TGC counterpart. The lowest dimension
of such genuine QGC operators is eight [18]. In what
follows, we consider the bosonic dimension-eight operators
relevant to two-to-two scattering processes involving
Higgs and/or gauge bosons at tree level, and that
conserve C and P [37]. Moreover, we classify them by
the number of gauge-boson strength fields contained in the
operator.
In the first class of genuine QGC, the operators contain

just covariant derivatives of the Higgs field:

OS;0 ¼ ½ðDμΦÞ†DνΦ& × ½ðDμΦÞ†DνΦ&;
OS;1 ¼ ½ðDμΦÞ†DμΦ& × ½ðDνΦÞ†DνΦ&;
OS;2 ¼ ½ðDμΦÞ†DνΦ& × ½ðDνΦÞ†DμΦ&; ð2Þ

where Φ stands for the Higgs doublet, the covariant
derivative is given by DμΦ ¼ ð∂μ þ igWj

μ
σj
2 þ ig0Bμ

1
2ÞΦ,

and σj (j ¼ 1, 2, 3) represent the Pauli matrices.
In the second class of genuine QGC, the operators

exhibit two covariant derivatives of the Higgs field, as
well as two field strengths:

OM;0 ¼ Tr½ŴμνŴμν& × ½ðDβΦÞ†DβΦ&;

OM;1 ¼ Tr½ŴμνŴνβ& × ½ðDβΦÞ†DμΦ&;
OM;2 ¼ ½BμνBμν& × ½ðDβΦÞ†DβΦ&;
OM;3 ¼ ½BμνBνβ& × ½ðDβΦÞ†DμΦ&;

OM;4 ¼ ½ðDμΦÞ†ŴβνDμΦ& × Bβν;

OM;5 ¼ ½ðDμΦÞ†ŴβνDνΦ& × Bβμ þ H:c:;

OM;7 ¼ ½ðDμΦÞ†ŴβνŴβμDνΦ&: ð3Þ

where Ŵμν ≡Wj
μν

σj
2 is the SUð2ÞL field strength while Bμν

stands for the Uð1ÞY one.
In addition to the above operators, there are also genuine

QGC ones that contain just field strengths:

OT;0 ¼ Tr½ŴμνŴμν& × Tr½ŴαβŴαβ&;

OT;1 ¼ Tr½ŴανŴμβ& × Tr½ŴμβŴαν&

OT;2 ¼ Tr½ŴαμŴμβ& × Tr½ŴβνŴνα&;

OT;5 ¼ Tr½ŴμνŴμν& × BαβBαβ

OT;6 ¼ Tr½ŴανŴμβ& × BμβBαν;

OT;7 ¼ Tr½ŴαμŴμβ& × BβνBνα

OT;8 ¼ BμνBμνBαβBαβ; OT;9 ¼ BαμBμβBβνBνα: ð4Þ

These 18 operators induce all possible modifications to
vertices VVVV, VVVH, and VVHH (V ¼ W' , Z and A)
that are compatible with electric charge, C and P con-
servation; for further details on the anomalous vertices
generated by each dimension-eight operator, see Ref. [37].

2. Nonlinear O(p4 ) realization of the gauge symmetry

In dynamical scenarios, the Higgs boson is a composite
state; i.e., it is a pseudo-Nambu-Goldstone boson of an
exact global symmetry. Therefore, the gauge symmetry of
the low-energy effective Lagrangian is realized nonlinearly
[38–41], and the effective Lagrangian is a derivative
expansion. In this case, the effective Lagrangian is written
in terms of the SM fermions and gauge bosons and of the
physical Higgs h. The building block at low energies is a
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Introduction

● EFTs are a great tool to look for BSM physics 
in a model agnostic way 
 

● Lots of interest in EFT interpretations in the 
past few years in the SM, Higgs, Top 
communities 
○ Leading to ATLAS-wide combination effort, aka 

Joint EFT and Interpretation Combination group 
○ And creation of LHC EFT WG 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Wonderful Run-2 dataset: extract the most information out of it !

In this work we complement the existing literature on the
subject by systematically presenting the unitarity bounds in
the multidimensional parameter space of the coefficients of
the relevant operators in both linear and nonlinear realiza-
tions of the electroweak symmetry. We study two-to-two
scattering of electroweak gauge bosons and Higgs bosons,
taking into account all coupled channels and all possible
helicity amplitudes for the J ¼ 0, 1 partial waves. Indeed,
we find that J ¼ 1 partial-wave unitarity effects are
relevant to derive the most stringent limits in some
scenarios when the effects of several operators are consid-
ered simultaneously.
This paper is organized as follows: We present in Sec. II

the QCG operators that we consider in our analyses, as well
as basic expressions of partial-wave unitarity needed for
our studies. Section III contains our results, which are
discussed in Sec. IV.

II. ANALYSES FRAMEWORK

Here, we introduce the effective interactions considered
in this work, as well as the unitarity relations that we use to
constrain them.

A. Effective Lagrangian

1. Linear realization of the gauge symmetry

Assuming that the new state observed in 2012 is in fact
the SM Higgs boson and that it belongs to an electroweak
scalar doublet, we can construct a low-energy effective
theory where the SUð2ÞL ⊗ Uð1ÞY gauge symmetry is
linearly realized [30–36], which takes the form

Leff ¼ LSM þ
X∞

n¼5

X

i

fðnÞi

Λn−4O
ðnÞ
i ; ð1Þ

where the dimension-n operators OðnÞ
i involve gauge

bosons, Higgs doublets, fermionic fields, and covariant
derivatives of these fields. Each operator has a correspond-
ing Wilson coefficient fðnÞi , and Λ is the characteristic
energy scale at which new physics (NP) becomes apparent.
Here, we are interested in operators that lead to

QGC without a TGC counterpart. The lowest dimension
of such genuine QGC operators is eight [18]. In what
follows, we consider the bosonic dimension-eight operators
relevant to two-to-two scattering processes involving
Higgs and/or gauge bosons at tree level, and that
conserve C and P [37]. Moreover, we classify them by
the number of gauge-boson strength fields contained in the
operator.
In the first class of genuine QGC, the operators contain

just covariant derivatives of the Higgs field:

OS;0 ¼ ½ðDμΦÞ†DνΦ& × ½ðDμΦÞ†DνΦ&;
OS;1 ¼ ½ðDμΦÞ†DμΦ& × ½ðDνΦÞ†DνΦ&;
OS;2 ¼ ½ðDμΦÞ†DνΦ& × ½ðDνΦÞ†DμΦ&; ð2Þ

where Φ stands for the Higgs doublet, the covariant
derivative is given by DμΦ ¼ ð∂μ þ igWj

μ
σj
2 þ ig0Bμ

1
2ÞΦ,

and σj (j ¼ 1, 2, 3) represent the Pauli matrices.
In the second class of genuine QGC, the operators

exhibit two covariant derivatives of the Higgs field, as
well as two field strengths:

OM;0 ¼ Tr½ŴμνŴμν& × ½ðDβΦÞ†DβΦ&;

OM;1 ¼ Tr½ŴμνŴνβ& × ½ðDβΦÞ†DμΦ&;
OM;2 ¼ ½BμνBμν& × ½ðDβΦÞ†DβΦ&;
OM;3 ¼ ½BμνBνβ& × ½ðDβΦÞ†DμΦ&;

OM;4 ¼ ½ðDμΦÞ†ŴβνDμΦ& × Bβν;

OM;5 ¼ ½ðDμΦÞ†ŴβνDνΦ& × Bβμ þ H:c:;

OM;7 ¼ ½ðDμΦÞ†ŴβνŴβμDνΦ&: ð3Þ

where Ŵμν ≡Wj
μν

σj
2 is the SUð2ÞL field strength while Bμν

stands for the Uð1ÞY one.
In addition to the above operators, there are also genuine

QGC ones that contain just field strengths:

OT;0 ¼ Tr½ŴμνŴμν& × Tr½ŴαβŴαβ&;

OT;1 ¼ Tr½ŴανŴμβ& × Tr½ŴμβŴαν&

OT;2 ¼ Tr½ŴαμŴμβ& × Tr½ŴβνŴνα&;

OT;5 ¼ Tr½ŴμνŴμν& × BαβBαβ

OT;6 ¼ Tr½ŴανŴμβ& × BμβBαν;

OT;7 ¼ Tr½ŴαμŴμβ& × BβνBνα

OT;8 ¼ BμνBμνBαβBαβ; OT;9 ¼ BαμBμβBβνBνα: ð4Þ

These 18 operators induce all possible modifications to
vertices VVVV, VVVH, and VVHH (V ¼ W' , Z and A)
that are compatible with electric charge, C and P con-
servation; for further details on the anomalous vertices
generated by each dimension-eight operator, see Ref. [37].

2. Nonlinear O(p4 ) realization of the gauge symmetry

In dynamical scenarios, the Higgs boson is a composite
state; i.e., it is a pseudo-Nambu-Goldstone boson of an
exact global symmetry. Therefore, the gauge symmetry of
the low-energy effective Lagrangian is realized nonlinearly
[38–41], and the effective Lagrangian is a derivative
expansion. In this case, the effective Lagrangian is written
in terms of the SM fermions and gauge bosons and of the
physical Higgs h. The building block at low energies is a
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WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
OS,0, OS,1 X X X

OM,0, OM,1,OM,6 ,OM,7 X X X X X X X
OM,2 ,OM,3, OM,4 ,OM,5 X X X X X X

OT,0 ,OT,1 ,OT,2 X X X X X X X X X
OT,5 ,OT,6 ,OT,7 X X X X X X X X

OT,8 ,OT,9 X X X X X

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.

D. Comparison with the anomalous coupling approach and the LEP convention for aQGCs

The anomalous couplings approach is based on the Lagrangian [9]

L =igWWV

✓
gV
1
(W+

µ⌫
W�µ

�W+µW�
µ⌫
)V ⌫ + V W

+

µ
W�

⌫
V µ⌫ +

�V

M2

W

W ⌫+

µ
W�⇢

⌫
V µ

⇢

+igV
4
W+

µ
W�

⌫
(@µV ⌫ + @⌫V µ)� igV

5
✏µ⌫⇢�(W+

µ
@⇢W

�
⌫

� @⇢W
+

µ
W�

⌫
)V�

+̃V W
+

µ
W�

⌫
Ṽ µ⌫ +

�̃V

m2

W

W ⌫+

µ
W�⇢

⌫
Ṽ µ

⇢

!
,

(32)

where V = �, Z; W±
µ⌫

= @µW±
⌫

� @⌫W±
µ
, Vµ⌫ = @µV⌫ � @⌫Vµ, gWW� = �e and gWWZ = �e cot ✓W .

The first three terms of Eq. 32 are C and P invariant while the remaining four terms violate C and/or
P . Electromagnetic gauge invariance requires that g�

1
= 1 and g�

4
= g�

5
= 0. Finally there are five in-

dependent C- and P -conserving parameters: gZ
1
,� ,Z ,�� ,�Z ; and six C and/or P violating parameters:

gZ
4
, gZ

5
, ̃� , ̃Z , �̃� , �̃Z . This Lagrangian is not the most generic one as extra derivatives can be added in all

the operators. Furthermore, there is no reason to remove those extra terms since they are not suppressed
by ⇤ but by MW .

The e↵ective field theory approach described in the previous section allows one to calculate those param-
eters in terms of the coe�cients of the five dimension-six operators relevant for TGCs, i.e. in terms of the
EFT coe�cients cWWW , cW , cB , cW̃WW

and c
W̃
. One finds for the anomalous TGC parameters[10, 11]:

gZ
1
= 1 + cW

m2

Z

2⇤2
(33)

� = 1 + (cW + cB)
m2

W

2⇤2
(34)

Z = 1 + (cW � cB tan2 ✓W )
m2

W

2⇤2
(35)

�� = �Z = cWWW

3g2m2

W

2⇤2
(36)

gV
4

= gV
5

= 0 (37)

̃� = c
W̃

m2

W

2⇤2
(38)

̃Z = �c
W̃

tan2 ✓W
m2

W

2⇤2
(39)

�̃� = �̃Z = c
W̃WW

3g2m2

W

2⇤2
(40)

Defining �gZ
1
= gZ

1
� 1, ��,Z = �,Z � 1, the relation [10]

�gZ
1
= �Z + tan2 ✓W�� (41)

Eboli  et al., 2020

Degrande  et al., 2013
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q Lowest order operators that generate aQGC (but not aTGC) are dimension-8 operators

q Precise measurements of VBS processes allow to measure the corresponding Wilson 
coefficients 𝑓�

(¤) (look for significant deviations from zero, or set limits)
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EFT Samples in EW Measurements
q EFT “model” for the new physics: only dimension-8 operators have non-zero coefficients
✦ New physics affects only the quartic gauge couplings 

q Amplitude of a VBS process with EFT contributions:

21

and accounts for effects of the detector reconstruction using a migration matrix, efficiency, and fiducial
corrections [9]. These corrections incorporate migrations between particle and detector-level distributions,
detector resolution and efficiency effects. For both processes, the electroweak samples are produced using
M������� 2.6.5. For the strong ,±/ 9 9 contribution, the post-fit distribution of the <,/

T from Ref. [3] is
used, extracted from the sample that has been produced with Sherpa 2.2.2.

3.2.1 The decomposition technique

In the EFT approach, extra operators are added to the SM Lagrangian and the matrix element of a subprocess
can be written in general as

|�SM +

’
8

28�8 |, (2)

where �SM is the SM amplitude, corresponding to the SM cross section, and the �8 are the contributions of

the individual D-8 operators that contribute to the Lagrangian with a coefficient 28 =
5 (8)8

⇤4 . Consequently,
the total amplitude squared at the EFT point 8 |�SM +
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where �SM is the Standard Model amplitude,
Õ

8 282'4(�⇤

SM�8) is the amplitude of the interference
between the SM and the EFT operator (interference term),

Õ
8 28

2
|�8 |

2 is the pure EFT operator contribution
(which will be referred to as quadratic term) and

Õ
8 9 ,8< 9 282 92'4(�8�⇤

9) stands for the interference between
two EFT operators (cross terms).

In M�������, one can generate individual samples using only one term at a time (SM, interference,
quadratic or cross). To obtain events at a given value of the EFT coefficient, the respective sample is
multiplied by the appropriate value (28 , |28 |2, 282 9). The validity of the decomposition technique for each
of the analysis included has been verified by comparing the full production with the sum of the decomposed
samples. Throughout this note, ⇤ = 1 TeV is assumed. Results for alternative values of the new-physics
scale, ⇤0, can be obtained by multiplying the constraints on the D-8 coefficients by (⇤/⇤0

)
4.

3.3 The unitarization method: The clipping technique

The EFT framework is not a complete model, and the presence of nonzero aQGCs will violate tree-level
unitarity at sufficiently high energy. More physical limits can be obtained by removing the EFT contribution
above the unitarity limit and keeping the SM predictions for all ++ invariant masses, even above the
unitarity limit.

The approach followed in this note is to extract the individual lower and upper limits for the relevant
coefficients of the S0, S1, M0, M1, M7, T0, T1 and T2 operators by removing the EFT contributions that
exceed a maximal scale "cut. This technique will be referred to as clipping technique and is described in
Ref. [10]. The clipping is evaluated using boson kinematics at parton level (before parton shower) and
applied on the invariant mass of the ++ system.
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3 Effective Lagrangian, Parametrization and EFT samples

3.1 The Effective Lagrangian

Effective field theories that respect the (* (3)⇠ ⌦ (* (2)! ⌦* (1). gauge symmetries of the Standard Model
(SM) [1] are the natural approach to extend the SM, making the EFT able to describe new, short-distance
interactions. The effective Lagrangian can be written in terms of higher dimension operators and their
respective Wilson coefficients as:

Leff = LSM +

’
8

5 (6)8

⇤2 $8 +

’
9

5 (8)9

⇤4 $ 9 + ... (1)

where $8, 9 are the 8, 9 dimension-6, 8 operators respectively and involve SM fields with respective
dimensionless couplings 5 (6)8 and 5 (8)9 , while ⇤ is the energy scale of the new processes, where the new
processes become relevant.

It is important to note that the energy scale ⇢ of the considered process must be ⇢ < ⇤. However,
the important parameters in the expansion are the 5 ’s and not the scale ⇤. The ⇤ and 5 ’s refer to a
specific UV complete model, so even for ⇢ << ⇤, simple counting of powers may be misleading. That
is, the contribution of dimension-6 (D-6) operators to a given process may be suppressed compared to
dimension-8 (D-8), contrary to naive ⇢/⇤ power counting. Similarly interference terms of D-8 with SM
may be subleading compared to [D-6]2 terms. In the case of the two processes studied here, the D-6
operator effects are assumed to have negligible effect and the dimension-8 operators are assumed to be
dominant compared to the D-6. The effect of D-6 operators in VBS processes as well as in QCD diboson
production accompanied by jets is of interest on its own [6], but it is not studied in this note.

The basic blocks to construct the effective Lagrangian for a VBS process, the ones studied in this note, are
genuine QGC vertices, which in the effective Lagrangian will appear in the lowest order as D-8 operators
and can be classified in three groups [2]: operators that contain four covariant derivatives of the Higgs
field (Scalar type $(0,(1 ); those that contain two Higgs covariant derivatives and two field strength tensors
(Mixed –scalar and tensor– type $"0,1,2,3,...,7); and those with four field strength tensors (Tensor type
$)0,1,2,3,...,9).

The first ones are of the Scalar type ($(0,(1 ), the second of the Mixed type (scalar and tensor) ($"0,1,2,3,...,7 )
and the third of the Tensor type ($)0,1,2,3,...,9 ). The operators that affect both measurements, i.e simultaneously
modify the ,,,, and the ,,// vertices are: $(0,(1 , $"0,1,6,7 and $)0,1,2 . The $"6 has a linear
correlation with $"0 and thus $"6 is not explicitely studied here. Consequently, the respective coefficients
we constrain from these measurements are: 5(0,(1/⇤

4, 5"0,1,7/⇤
4 and 5)0,1,2/⇤

4.

3.2 Description of the MC EFT samples generated

The EFT samples used were produced with M������� 2.6.5 using the Eboli model [2], exploiting the
amplitude decomposition. The hadronization was performed with P����� 8.186 using the dipole-recoil
scheme [7]. The signal simulation after the P����� 8 shower effects is directly used to compare to the
unfolded data in the ,±/ 9 9 case [8]; for the ,±,± 9 9 the signal simulation is folded and then compared
to the detector-level data. The folding procedure used takes the particle level dilepton invariant mass
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q Standard Model, interference, quadratic and cross terms of the total squared 
amplitude: 

q MC samples are generated using only individual terms at a >me

q Only one 𝑐� or one pair of 𝑐� and 𝑐F (for genera>on of cross term samples) are set to 
nonzero values at a >me
✦ Respec>ve sample can be scaled by appropriate 𝑐�,  𝑐�¦, or 𝑐�𝑐F
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q Monte-Carlo signal and background samples

Process, short description ME Generator + parton shower Order Tune PDF set in ME

EW, Int, QCD W
±
W

±
jj, nominal signal MadGraph5 aMC@NLO2.6.7 + Herwig7.2 LO Herwig NNPDF3.0nlo

EW, Int, QCD W
±
W

±
jj, alternative shower MadGraph5 aMC@NLO2.6.7 + Pythia8.244 LO A14 NNPDF3.0nlo

EW W
±
W

±
jj, NLO pQCD approx.

Sherpa2.2.11 & Sherpa2.2.2(WWW ) & +0,1j@LO Sherpa
NNPDF3.0nnlo

PowhegBox2+Pythia8.235 (WH) NLO A14
EW W

±
W

±
jj, NLO pQCD approx. PowhegBoxv2 + Pythia8.230 NLO (VBS approx.) AZNLO NNPDF3.0nlo

QCD W
±
W

±
jj, NLO pQCD approx. Sherpa2.2.2 +0,1j@LO Sherpa NNPDF3.0nnlo

QCD V V jj Sherpa2.2.2 +0,1j@NLO; +2,3j@LO Sherpa NNPDF3.0nnlo
EW W

±
Z/�

⇤
jj MadGraph5 aMC@NLO2.6.2+Pythia8.235 LO A14 NNPDF3.0nlo

EW Z/�
⇤
Z/�

⇤
jj Sherpa2.2.2 LO Sherpa NNPDF3.0nnlo

QCD V �jj Sherpa2.2.11 +0,1j@NLO; +2,3j@LO A14 NNPDF3.0nnlo
EW V �jj MadGraph5 aMC@NLO2.6.5+Pythia8.240 LO A14 NNPDF3.0nlo
V V V Sherpa2.2.1 (leptonic) & Sherpa2.2.2 (one V ! jj) +0,1j@LO Sherpa NNPDF3.0nnlo
tt̄V MadGraph5 aMC@NLO2.3.3.p0 + Pythia8.210 NLO A14 NNPDF3.0nlo
tZq MadGraph5 aMC@NLO2.3.3.p1 + Pythia8.212 LO A14 NNPDF2.3lo

W
±
W

±
jj EFT MadGraph5 aMC@NLO 2.6.5 + Pythia8.235 LO A14 NNPDF3.0nlo

H±±
5 MadGraph5 aMC@NLO 2.9.5 + Pythia8.245 LO A14 NNPDF3.0nlo
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q Event selection signal and control 
regions
✦ CRs for constraining 𝑊𝑍𝑗𝑗 , non-

prompt and charge miss-identified 
lepton backgrounds

Requirement SR Low-mjj CR WZ CR

Leading and subleading lepton pT > 27 GeV
Electron |⌘| < 2.47 (1.37 in ee), excluding 1.37  |⌘|  1.52

Muon |⌘| < 2.5

Leading (subleading) jet pT > 65 (35) GeV
Additional jet pT > 25 GeV

Jet |⌘| < 4.5

m`` > 20 GeV
Emiss

T > 30 GeV
Charge misid. Z ! ee veto |mee �mZ | > 15 GeV �

b-jet veto Nb-jet = 0, pb-jetT > 20 GeV , |⌘b-jet| < 2.5
Nveto leptons = 0 = 0 = 1 , pT > 15 GeV

m``` � � > 106 GeV

mjj > 500 GeV 200 < mjj < 500 GeV > 200 GeV
|�yjj| > 2

Process ee eµ µe µµ Combined

W±W±jj EW 27.6 ± 0.9 68.2 ± 1.6 61.3 ± 1.5 77.8 ± 1.7 235 ± 5

W±W±jj QCD 1.6 ± 0.5 7.3 ± 2.2 6.4 ± 1.9 8.8 ± 2.5 24 ± 7

W±W±jj Int 0.93± 0.20 2.2 ± 0.5 2.0 ± 0.4 2.5 ± 0.5 7.6 ± 1.6

W±Zjj QCD 8.4 ± 1.0 26.8 ± 3.0 26.7 ± 3.0 20.9 ± 2.2 83 ± 9

W±Zjj EW 1.71± 0.14 4.9 ± 0.4 4.1 ± 0.4 4.2 ± 0.4 14.9 ± 1.2

Non-prompt 8.9 ± 2.6 15 ± 4 10.2 ± 3.2 21 ± 7 56 ± 12

V � 1.3 ± 0.8 5.1 ± 2.2 4.6 ± 2.6 — 11 ± 5

Charge misid. 3.8 ± 2.0 5.0 ± 1.3 1.2 ± 0.4 — 10 ± 4

Other prompt 1.02± 0.29 2.5 ± 0.6 1.8 ± 0.5 1.7 ± 2.2 7.1 ± 2.8

Total expected 55 ± 4 137 ± 7 118 ± 6 137 ± 8 448 ± 20

Data 52 149 127 147 475

q Data, signal and background pre-fit 
event yields in the SR
✦ Sub-regions defined by the same sign 

lepton flavours
o 2 sub-regions for electron-muon pairs by 

dis>nguished by the leading pT lepton 
flavour
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q Unfolding results obtained with maximum likelihood fit method

7.2 Differential cross section extraction

A fit procedure similar to the one described in Section 7.1 is used for extracting single-differential cross
sections, with the exception that two-dimensional distributions are used in the SR and low-<jj CR. The
variables of interest include the dilepton, <✓✓ , and dĳet, <jj, invariant masses, and the transverse mass, <T,
of the dilepton–⇢miss

T system, defined as

<T =

r�
⇢
✓✓

T + ⇢
miss
T

�2
�

��� Æ?✓✓T + Æ⇢
miss
T

���2,
where ⇢

✓✓

T is the transverse energy of the dilepton system, Æ?
✓✓

T is the vectorial sum of the lepton transverse
momenta, and Æ⇢

miss
T is the missing transverse momentum vector. In addition, the cross sections are

measured as a function of the number of jets between the two signal jets in rapidity, #gap jets, and the
Zeppenfeld variable of the third jet, bj3 [8]:

bj3 =

�����
[j3 �

1
2 ([j1 + [j2)

[j2 � [j1

����� .
The latter cross section is measured in the subset of the SR where a third jet is present.

One fit per variable of interest is performed to obtain the respective differential cross section. Separate fits
are made to extract the EW ,

±
,

±
9 9 and inclusive ,±

,
±
9 9 cross sections.

In every bin of the variable of interest, the <jj distribution is fitted to obtain a better constraint on the
signal strength. For the differential cross section extraction as a function of <jj, the <✓✓ shape is used for
the signal fit in every <jj bin, and the low-<jj CR is dropped. No division according to lepton flavour is
performed in the SR and the low-<jj CR in these <jj fits to simplify the fit model.

The cross section unfolding is based on a maximum-likelihood fit following the method of Ref. [84]. The
unfolding procedure is applied to the SR and CR distributions at the detector level. The detector-level
signal distribution consists of a sum of subsamples, where each subsample contains signal events with the
particle level value of the variable of interest in a specified range (“cross section bin”). The binning of the
variable of interest in the SR and low-<jj CR detector-level distributions used in the fit matches the cross
section binning. Signal strength parameters associated with the particle-level signal predictions in the
respective cross section bin are determined in the fit. The normalisation of the QCD ,

±
/ 9 9 background is

also a free parameter. No regularisation is applied in the unfolding. Signal events that fail the fiducial
region selection but pass the SR selection are scaled by the same signal strength parameter as the events
that pass the fiducial region selection in the respective cross section bin. The signal strength parameters
obtained in the fit are directly used to scale the MC particle-level cross sections, bin-wise, to obtain the
unfolded measured cross sections.

The differential cross section binning for the <✓✓ , <T, and <jj variables is optimised to have similar
expected EW ,

±
,

±
9 9 signal significances per bin. For the #gap jets variable, only two bins are possible

due to the small number of events at high gap jet multiplicities. The binning of bj3 is chosen to display a
specific feature of the EW ,

±
,

±
9 9 cross section — the suppressed third jet production in the central

region, 0 < bj3 < 0.5.
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q Unfolding results obtained with maximum likelihood fit method
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