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1 Introduction

Vector boson scattering (VBS) presents an ideal probe of the spontaneous symmetry-breaking
mechanism at the CERN LHC. It provides direct access to the nonabelian gauge structure of
the electroweak (EW) interactions via quartic gauge couplings and a high sensitivity to physics
beyond the standard model (BSM) at energy scales higher than the direct LHC reach [1–9].
Experimentally, VBS refers to EW production of a diboson final state in association with two
jets, where a constituent of each proton emits a weak boson and the two bosons scatter off
each other (figure 1). The remnants of the two protons lead to two forward/backward jets,
characterized by a large rapidity separation and a large invariant mass (VBS jets). When
including the boson decays into fermions, the theoretical description of the VBS process
includes, at tree level, a purely EW contribution of order O(α6

EW), where αEW is the EW
coupling defined as g2

W /4π, and gW is the weak coupling associated with the SU(2)L gauge
symmetry of the standard model (SM). At tree level, additional irreducible contributions are
present in the same final state of order O(α2

Sα4
EW), where αS is the strong coupling, referred

to as quantum chromodynamics (QCD) contributions.
The ATLAS and CMS Collaborations have studied VBS processes with W and Z bosons

in fully leptonic final states [10–19] and also in mixed decay channels involving both leptonic
and hadronic boson decays, with a subset of the LHC data taken from 2016 to 2018 (Run
2) [20, 21]. In particular, the first evidence for the WV process (V = W, Z) in the ℓνqq
channel was presented by CMS exploiting the Run 2 data sample [22]. This paper, based on
the full Run 2 data set, presents the first measurement of the complementary VBS process
ZV production, with Z → ℓ+ℓ−, where ℓ is an electron or a muon, that has not yet been
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Figure 1. Examples of Feynman diagrams contributing to the analyzed final state. On the left, an
illustrative diagram for the VBS process contributing to the EW production of events containing one
vector boson that decays into leptons, one that decays hadronically (V = W, Z) and two forward jets.
The BSM contributions (represented by a hatched circle) can modify the EW diboson production. On
the right, an example of irreducible QCD background is presented.

observed at the LHC. This VBS signature profits from the large V → qq (′) branching
fraction, despite having a large background contamination from other processes, such as
the irreducible O(α2

Sα4
EW) QCD background and the Drell-Yan (DY) processes O(α4

Sα2
EW).

The sensitivity to anomalous couplings is further enhanced by the use of V → qq (′) events
where the quark jets are merged into a single large-radius jet, complementing the standard
topology with two separate jets.

The data come from proton-proton collisions at
√

s = 13 TeV collected from 2016 to
2018 with an integrated luminosity of 138 fb−1.

In the first part of this paper, we study the EW VBS production of ZW±jj and ZZjj,
where one Z boson decays into charged leptons (ℓ = e, µ) and the other vector boson
decays hadronically.

In the second part of this paper we set stringent limits on BSM physics via an effective
field theory (EFT) [23, 24] description combining the results from this analysis with those
from W±Wjj – W±Zjj production as reported in ref. [22].

The theory is implemented by introducing the following effective Lagrangian:

Leff = LSM +
∑

Di>4

∑
i

c
(Di)
i

ΛDi−4
BSM

O(Di)
i , (1.1)

where LSM is the SM Lagrangian, the operators O(D)
i are constructed with SM fields at some

dimension Di, and c
(Di)
i are the Wilson coefficients. In this way, the contribution ABSM to

the total scattering amplitude from the EFT operators is given by:

|ABSM|2 =
Di>4∑

i

[
c

(Di)
i

ΛDi−4
BSM

2 Re
∣∣∣A∗

SMA
O(Di)

i

∣∣∣ + c
(Di)
i

2

Λ2(Di−4)
BSM

∣∣∣A
O(Di)

i

∣∣∣2]

+
Dj ,Dk>4∑

j ̸=k

c
(Dj)
j c

(Dk)
k

ΛDj+Dk−8
BSM

Re
∣∣∣A∗

O
(Dj )
j

A
O(Dk)

k

∣∣∣, (1.2)
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where the first summation runs over both the interference terms between the SM and one O(D)
i

operator and the quadratic contributions of the O(D)
i operator and the second summation

runs over the interference terms between two different O(D)
i operators.

In this paper, we explore dimension-8 operators that induce anomalous quartic gauge
couplings [25, 26], a focus motivated by the fact that VBS measurements typically yield
weaker dimension-6 constraints than EW precision observables, Higgs, or inclusive diboson
measurements. These operators lack an associated triple gauge vertex and are expected
to significantly impact VBS production at large transverse momenta, where sensitivity to
high-energy effects is enhanced. A recent LHC EFT working group note [27] distinguishes
CP-even from CP-odd dimension-8 EFT operators. In our study, we employ the latest version
of the unified Feynrules output (UFO) model [28], which uses operator definitions consistent
with ref. [27]. We study all 20 operator structures presented in ref. [28], including the T3
and T4 operators which have not previously been analyzed by the CMS Collaboration.

The paper is organized as follows. Section 2 describes the CMS detector, section 3
presents the methods to produce the simulated data samples, and section 4 describes the
event reconstruction. The SM measurement for the VBS ZV process is presented in section 5,
including the description of the selection of signal and control samples, the background
estimation, and the discussion of the systematic uncertainties. The EFT interpretation of
the combined lepton + jets measurements is in section 6. Section 7 contains a summary and
conclusions. Tabulated results are provided in the HEPData record for this analysis [29].

2 The CMS detector

The CMS apparatus [30, 31] is a multipurpose, nearly hermetic detector, designed to trigger
on [32–34] and identify electrons, muons, photons, and (charged and neutral) hadrons [35–
37]. Its central feature is a superconducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron
calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are
reconstructed using gas-ionization detectors embedded in the steel flux-return yoke outside
the solenoid. More detailed descriptions of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, is reported in refs. [30, 31].

3 Simulated samples

The purely EW contributions to the ℓℓqq VBS final state are modeled using Monte Carlo (MC)
simulated samples at leading order (LO) with MadGraph5_amc@nlo v2.4.2 [38], including
those with ZV and WV intermediate states, where the first boson decays leptonically and
the V boson decays hadronically. The intermediate-state vector boson pair is produced
by implementing the narrow-width approximation and then decayed by MadSpin. To
preserve gauge invariance, the simulation also includes diagrams involving a Z boson in
association with a top quark and a light quark, leading to the same ℓℓqq final states. This
contribution is filtered at the event selection level and classified as tZq background during

– 3 –



J
H
E
P
0
3
(
2
0
2
6
)
0
2
2

analysis. The QCD contribution to the ℓℓqq VBS final state is produced at LO with the
MadGraph5_amc@nlo v2.4.2 generator. The interference between the EW and QCD
contributions, including the terms of order αSα5

EW, contributes less than 3% to the inclusive
cross section compared to the purely EW contributions over the phase space region of
interest of the analysis [22] and is therefore neglected. The effects of the EFT dimension-8
operators are simulated with MadGraph5_amc@nlo v2.4.2 at LO. We introduce twenty
operators modifying the interaction between two scattering V bosons defined in ref. [28].
The effects of the new EFT operators are evaluated using the MadGraph5_amc@nlo
reweighting technique [39, 40].

The background processes simulated are: (i) vector boson plus jets production (DY
and W+jets); (ii) single top quark production processes in s-, t-channel, and tW; (iii) pair
tt and tt with vector boson (ttV) mechanisms; (iv) single vector boson EW production
via vector boson fusion; and (v) diboson (Vγ and Vγ

⋆) and triboson (WWW, WWZ,
WZZ, ZZZ) production. The DY and W+jets samples are generated at LO accuracy with
up to four additional partons, using the MLM matching and merging scheme [41] with
MadGraph5_amc@nlo v2.2.2 (v2.4.2) [38] for the 2016 (2017–2018) samples. tt and single
top quark processes are simulated at next-to-leading order (NLO) with powheg v2 [42].
Events from tt production are also weighted using generator-level information to improve
the modeling of the transverse momentum distributions of the jets [43–45]. The ttV and
the vector boson fusion events are generated at LO with MadGraph5_amc@nlo v2.2.2
(v2.4.2) [38] for the 2016 (2017–2018) samples.

V boson production in association with a photon (Vγ ) is simulated with Mad-
Graph5_amc@nlo v2.4.2 at NLO accuracy with up to 1 additional parton, using the
FxFx jet merging scheme [41]. Diboson processes containing at least one Z boson or a virtual
photon (Vγ

∗) with a mass as low as 100 MeV are generated with powheg v2 [46] at NLO
accuracy. Triboson processes with inclusive decays are also simulated at NLO accuracy
with MadGraph5_amc@nlo v2.4.2.

The parton distribution function (PDF) used to generate the simulated background
samples for 2016 (2017 and 2018) is the NNPDF 3.0 NLO (NNPDF 3.1 next-to-NLO) [47, 48].
The generators used for signal and background processes are interfaced with pythia 8.226
(8.230) to simulate parton showering and hadronization in 2016 (2017 and 2018). All MC
samples use the pythia [49] program with the CUETP8M1 [50] (CP5 [51]) underlying event
tunes for the 2016 (2017 and 2018) simulation to model parton showering, hadronization, and
the underlying event. The dipole recoil scheme is used in the parton shower simulation for
the EW, QCD, and EFT dimension-8 MC contributions to the VBS final state to improve
the description of the additional jet emissions [52, 53].

Additional collisions in the same or adjacent bunch crossings (pileup) are considered
by superimposing simulated minimum bias interactions onto the hard scattering process,
with a distribution matching the expectation from the luminosity profile of the collected
data. Simulated events are processed with the full GEANT4-based simulation [54] of the
CMS detector.
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4 Object and event selection

The ℓνqq and ℓℓqq VBS analysis targets events with jets, one or two charged leptons, and
a high-energy V decaying into a pair of quarks. The analysis distinguishes between two
complementary reconstruction topologies: the resolved topology, where the V decay products
are reconstructed as two distinct jets, and the merged topology, where high-momentum V
bosons are clustered into a single large-radius jet.

The CMS particle-flow (PF) algorithm [55] processes particle candidates by combining
information from various subdetectors to reconstruct, identify, and measure the properties
of each individual particle in the event. Events are selected by triggers for either a single
lepton passing pT thresholds of 27–35 GeV for electrons (or 24–27 GeV for muons) or a lepton
pair with lower thresholds: 23 GeV (leading) and 12 GeV (subleading) for the double electron
trigger, 17 GeV (leading) and 8 GeV (subleading) for the double muon trigger, and 23 GeV
(leading) with 8/12 GeV (subleading) for the electron/muon trigger. Exact values depend
on the data-taking period [56].

Electrons are reconstructed by associating tracks with energy clusters in the ECAL,
whereas muons are identified via tracks in the muon system. Leptons must: (i) originate
from the primary vertex; (ii) meet quality selection criteria; (iii) be isolated from other
event activity; and (iv) be well reconstructed using a set of criteria based on the quality
of the track reconstruction, shape of calorimetric deposits, and energy flux in the vicinity
of the particle’s trajectory [36, 57]. Multivariate discriminators are used for the lepton
identification [35, 36]. In addition, a selection based on a dedicated multivariate analysis
tagger developed in ref. [58] is added for muon candidates.

Jets are reconstructed using the anti-kT algorithm [59, 60] with a distance parameter of 0.4
(AK4) and 0.8 (AK8). AK4 and AK8 jets are required to satisfy pT > 30 GeV and |η| < 4.7,
or pT > 200 GeV and |η| < 2.4, respectively. Reconstructed jets cannot overlap with isolated
leptons: ∆R(j, ℓ) =

√
(∆η)2 + (∆ϕ)2 > 0.4 (0.8) for AK4 (AK8) jets. In addition, AK4

jets overlapping with AK8 jets with ∆R(jAK4, jAK8) < 0.8 are removed from the event. Jet
energy calibrations account for neutral pileup contributions and nonlinear detector responses
in both simulation and data. Jet energy corrections are propagated to the missing transverse
momentum (pmiss

T ). The pileup contribution to AK4 jets is mitigated using charged-hadron
subtraction [61], removing the energy of charged hadrons not originating from the primary
vertex. AK8 jets are reconstructed using the puppi algorithm [62] for pileup mitigation.

The boson candidate’s mass (mV) is computed after applying the modified mass-drop
tagger, known as “soft drop” (SD) algorithm [63, 64], and its substructure is quantified using
N -subjettiness [65]. The SD algorithm, which has as an angular exponent β = 0, soft cutoff
threshold zcut < 0.1, and characteristic radius R0 = 0.8 [64, 66], removes soft, wide-angle
radiation from the large radius jet, improving the modeling of the jet mass observable. The
ratio of the 2- to 1-subjettiness [65], τ2/τ1, is used to distinguish hadronic boson decays from
jets originating from light quarks or gluons. To capture the decay products of the V boson,
events are categorized into two mutually exclusive topologies: resolved and merged. In the
resolved category, no AK8 jets must be present, and at least four AK4 jets are required. For
resolved events with multiple V candidates, the pair of AK4 jets with an invariant mass
closest to the W or Z boson mass is selected. In the merged category, events contain at least
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Preselection nℓ = 2, mℓℓ ∈ [76, 106] GeV, pT(ℓ1) > 35 GeV, pT(ℓ2) > 20 GeV,
pT(j1,2) > 30 GeV, mjj > 500 GeV, |∆ηjj| > 2.5

Regions Variables Lepton Selection Other Requirements
SR 65 < mV < 105 GeV Same-flavor Split in b tag and b veto

DY CR mV < 65 or mV > 105 GeV Same-flavor Split in b tag and b veto
Top quark CR 65 < mV < 105 GeV Different-flavor —

Table 1. Definitions of the SRs and the CRs for the VBS ZV analysis for both resolved and merged
categories. Lepton candidates are required to be of opposite charge.

one AK8 jet and two AK4 jets. This configuration corresponds to the case where the V decay
products are highly collimated and reconstructed as a single jet.

The VBS jets, originating from initial-state radiation (ISR), are identified by selecting
the pair of AK4 jets with the highest dijet mass in the event. The dijet system must satisfy
mjj > 500 GeV and |∆ηjj| > 2.5. The deep neural network (DNN) DeepCSV tagger [67, 68]
identifies AK4 jets likely originating from bottom quarks in the region |η| < 2.4. This
algorithm exploits tracks, neutral particles, and secondary vertex information. The analysis
applies a tagger score with approximately 85% b jet identification efficiency and a mistag
rate of less than 10% for light quark and gluon jets.

The ZV selection targets events containing two same-flavor, opposite-charge leptons,
and multiple jets. Lepton candidates are required to be isolated, same-flavor (different-
flavor in the case of the top quark enriched control region, CR), and of opposite charge,
with pT > 35 (20) GeV for the leading (subleading) lepton, exploiting the harder kinematic
spectrum of the signal with respect to the main backgrounds, and |η| < 2.5 (2.4) for electrons
(muons). Additionally, the invariant mass of the dilepton system must lie between 76 GeV
and 106 GeV to ensure that the leptons originate from a Z boson decay [69]. Following these
preselection criteria, signal regions (SRs) are defined, as well as CRs for the main backgrounds,
e.g., top quark and DY processes, within both the resolved and merged categories. The
reconstructed mass of the centrally produced V boson is a key discriminant variable used to
define these regions. In the resolved topology, this is evaluated as the invariant mass of the
two AK4 jets from V decay, whereas in the merged topology, it is the SD mass of the leading
AK8 jet. To define the SR, events are selected with 65 < mV < 105 GeV, corresponding to
the on-shell mass window of the V boson. For the DY CR, this selection is inverted, since
the background dominates in the off-shell region. This selection yields a DY CR purity of
up to 86%. The SR and DY CR are further subdivided based on the presence of a b-tagged
jet, resulting in “b veto” and “b tag” subcategories. Top quark CRs are defined by selecting
events where the flavors of the two leptons do not match, enhancing the contribution from
top quark background processes and resulting in a ≈90% pure top quark sample. Table 1
summarizes the definition of various regions of the ZV analysis.

The WV selection reconstructs ℓνqq events from W±Zjj – WWjj production, and is
employed in the EFT studies presented in section 6. Candidate events are required to
contain exactly one charged and isolated lepton, pmiss

T higher than 30 GeV, and multiple jets.
The missing transverse momentum vector, p⃗ miss

T , corresponds to the negative vector sum
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Preselection
nℓ = 1, pT(e) > 30 GeV (2016), 35 GeV (2017, 2018),

pT(µ) > 30 GeV, pmiss
T > 30 GeV, m

W
T < 185 GeV,

pT(j1) > 50 GeV, pT(j2) > 30 GeV, mjj > 500 GeV, ∆ηjj > 2.5
Regions Variables Other Requirements

SR 70 < mV < 115 GeV b veto
W+jets CR mV < 70 GeV or mV > 115 GeV b veto

Top quark CR 70 < mV < 115 GeV b tag

Table 2. Definitions of the SRs and the CRs for the VBS WV analysis for the merged categories. The
transverse mass of the leptonically decaying W, defined as m

W
T =

√
2pT(ℓ)pmiss

T [1 − cos(∆φ[⃗ℓ, p⃗ miss
T ])],

where pT(ℓ) is the pT of the lepton and ∆φ(⃗ℓ, p⃗ miss
T ) is the azimuthal distance between the lepton

and the p⃗ miss
T .

of the transverse momenta of all particle candidates in the event. Events are divided into
muon or electron categories based on the flavor of the charged lepton. Only the merged
categories are considered for this final state as they are the most sensitive to dimension-8
EFT operators [7]. Additional details on the WV selection are described in detail in ref. [22]
and summarized in table 2.

5 Measurements of the Standard Model VBS ZV process

5.1 Background estimation and analysis strategy

The primary background sources for the ZV VBS signature are DY and top quark production
processes. The DY background occurs when two leptons are produced alongside jets from
ISR, whereas top quark backgrounds arise from processes such as top quark pair or single
top quark production.

The estimation of the DY contribution relies on MC simulation, corrected using observed
events. This method addresses both the mismodeling of jet momentum distributions [22,
45, 70] and missing higher-order effects in QCD and EW perturbative expansions. The DY
samples are categorized based on kinematic variables that exhibit poor modeling, and a rate
parameter is assigned to each bin of the DY MC prediction. The normalizations of these
contributions are allowed to vary freely in the simultaneous maximum likelihood (ML) fit.
For the resolved categories in 2017 and 2018, where mismodeling is more pronounced due to
a combination of detector conditions and the limited statistical precision of the 2016 samples,
DY samples are divided into 12 sub-regions defined by the pT of the leptonically decaying
Z boson and subleading VBS jet. In contrast, the resolved category for 2016 and merged
categories are divided into 5 bins, based only on the pT of the leptonically decaying Z boson.
Figure 2 illustrates the pT distributions of the subleading VBS jet, a variable notably affected
by modeling discrepancies, comparing data with pre-fit and post-fit background estimates
derived from the simultaneous ML fit of the SRs and CRs.

The top background shape comes from simulation, but its normalization is measured from
data collected in the dedicated CR. The normalizations of the top quark backgrounds are
extracted from the simultaneous fit across the SRs and CRs. Other sources of SM backgrounds
arising from W+jets and multiple bosons production account for a smaller contribution in
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Figure 2. Distributions of subleading VBS jet pT for the data and post-fit backgrounds (stacked
histograms), in the SRs of the ZV channel for the resolved b tag (left) and the resolved b veto (right)
categories. The post-fit VBS EW ZV signal is shown overlaid as a red solid line. The overflow is
included in the last bin. The lower panels show the ratios of the data to the pre-fit background
prediction and post-fit background yield as red open squares and blue points, respectively. The gray
band in the lower panels indicates the systematic component of the post-fit background uncertainty.
The vertical bars on the data points represent statistical uncertainties.

the signal phase space. They come directly from MC simulations, with normalization derived
from their theoretical cross sections. Finally, the QCD multijet background, which may enter
the SR with nonprompt leptons, is estimated from data by measuring the probability for a
lepton originating from a jet to be misidentified as an isolated lepton in a phase space region
outside the analysis region. This auxiliary region is defined from events in which one lepton
satisfies the standard identification and isolation criteria, and a second lepton candidate
fails these criteria but passes a relaxed set of requirements. A detailed description of the
nonprompt background estimation is given in refs. [56, 71].

Because of the large background and complex signal topology, the most significant kine-
matic variables to separate signals and backgrounds are used as input to a single discriminator
built with a fully connected deep neural network (DNN). The DNN is implemented with
the Keras [72] framework, which provides a high-level interface for model development,
and uses TensorFlow [73] to perform the underlying numerical computations required
for training and evaluation. It is trained specifically to enhance the separation of the VBS
EW signal from all background processes.

Separate DNN models are trained for each topology (resolved or merged) and for each b
tagging region (b-tagged or b-vetoed) to discriminate the signal against all backgrounds at the
same time, providing a continuous output, allowing a binary classification to be performed.

Because of the samples available for training, a different training for each data-taking
year is performed in the resolved category, whereas in the merged category, inclusive training
across all three years was chosen due to the smaller data set. This is achieved by combining
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all simulation samples into a single dataset containing the information on the cross section,
selection, and scale factor coefficients applied as a weight on a per-event basis. The training is
performed in the SR defined in the previous section, with 80% of the events used for training
and 20% reserved for testing. The architecture selected is a dense neural network that uses
binary cross-entropy as the loss function and the Adam optimizer [74] for gradient descent.

All hidden layers employ the Rectified Linear Unit [75] activation function and both L1
and L2 kernel regularization [76] are applied. Dropout is also added to mitigate overfitting,
together with an early stopping criterion. The output layer is a single neuron activated by
a sigmoid function. The hyperparameters (e.g., learning rate, regularization parameters,
dropout fraction) were optimized using Bayesian optimization [77]. To limit the impact
of potentially poorly modeled input variables, the feature set is pruned iteratively based
on the ranking of their importance measured with an estimator from the SHAP (SHapley
Additive exPlanations) [78] technique. Specifically, the two least important features are
removed at each iteration, and the entire training and optimization procedure is repeated.
The final pruned model is selected as the smallest set of variables that does not exhibit
a significant loss of performance.

Table 3 shows the list of input variables used for the four categories of the analysis. The
sets of input variables for the DNNs include quantities suited for the particular kinematical
properties of the EW VBS processes. Among these are the event Zeppenfeld ζ variable [79]
of the leptons or merged jet in the EW VBS processes with respect to the scattered VBS
jets, and the quark/gluon discriminator variable, or quark-gluon likelihood (QGL), of the
leading V jet, which is based on a likelihood discriminant constructed with three variables for
each jet: the jet energy, the multiplicity of the jet constituents, and the minor axis width of
the ellipse in the η – ϕ plane containing the jet constituents [80, 81]. In particular, the most
important input variables for each category consistently include the dijet invariant mass as
the highest-ranking feature, followed by either the number of jets, the dijet η separation, or
the leading lepton ζ, depending on the specific topology and tagging region.

The measurement of the SM VBS processes under investigation is performed using a
statistical analysis implemented via a ML fit. The signal strength, defined as the ratio of
the observed signal yield to that predicted by the model, is extracted, with its uncertainty
determined under the asymptotic limit [82] via Wilks’ theorem. The ML fit is performed
using the CMS statistical analysis tool Combine [83], which is built on the RooFit [84]
and RooStats [85] frameworks. Data yields from both the SRs and CRs are incorporated
into the likelihood through Poisson probability density functions. The SR inputs to the
fit include the DNN output distributions for the data, signal, and background, estimated
as previously described.

5.2 Systematic uncertainties

Sources of systematic uncertainty affecting the DNN distribution and yield normalization
include statistical uncertainties in experiment and simulation, together with systematic
uncertainties in quantities affecting the modeling in simulation. The latter are treated as free
parameters in the fitting procedure, constrained by log-normal probability density functions
inserted into the likelihood function to characterize their uncertainties.
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Feature
Category

Resolved Merged
b veto b tag b veto b tag

Leading lepton pT — ✓ ✓ ✓
Leading lepton η — — ✓ —
Subleading lepton η — — ✓ —
Dilepton mass — ✓ — —
Leading lepton ζ ✓ ✓ ✓ ✓
Subleading lepton ζ ✓ ✓ ✓ ✓
Subleading VBS jet pT ✓ ✓ ✓ ✓
Leading VBS jet η — — — ✓
Subleading VBS jet η — — ✓ ✓
Dijet mass ✓ ✓ ✓ ✓
Dijet η separation ✓ ✓ ✓ ✓
Dijet ϕ separation ✓ ✓ ✓ —
Number of jets >30 GeV ✓ ✓ ✓ ✓
Number of b-tagged jets — — — ✓
Leading V jet pT ✓ ✓ — —
Subleading V jet pT ✓ ✓ — —
Leading V jet η ✓ ✓ — —
Subleading V jet η ✓ ✓ — —
Leading V jet QGL ✓ ✓ — —
Subleading V jet QGL ✓ — — —
Merged jet pT — — ✓ ✓
Merged jet η — — ✓ ✓
Merged jet ζ — — ✓ ✓
V jet mass ✓ ✓ — —

Table 3. Variables used as input to the DNN for the resolved and merged models in the two b-tagged
categories. The check mark indicates that the variable is included in the DNN model identified in the
column header.

The uncertainties in the CMS integrated luminosity measurement (1.2% [86], 2.3% [87],
and 2.5% [88] for 2016, 2017, and 2018, respectively) are partially correlated between the data-
taking years, resulting in an overall uncertainty of 1.6%. These uncertainties affect only the
integrated yields, without effects on the shapes of the distributions. Systematic uncertainties
related to the pileup modeling are introduced as a ±4.6% variation of the total inelastic
cross section of 69.2 mb that is used to estimate the data pileup distributions [89]. They are
considered uncorrelated among the data-taking years. The lepton trigger, reconstruction,
identification, and isolation efficiencies are measured in both experiment and simulation using
Z → ℓℓ events. Data-to-simulation scale factors are applied to all simulation samples to
account for differences. The uncertainties in the scale factors are included by changing their
values by ±1 standard deviation from the nominal values and are treated as uncorrelated
among data-taking years.
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In 2016 and 2017, a portion of trigger primitives in the ECAL was associated with
the wrong bunch crossing, leading to a trigger mistiming and a nonnegligible decrease in
the trigger efficiency that is not modeled in the simulated samples [90]. Events have been
corrected for the mistiming efficiency loss with a per-event weight, and the corresponding
uncertainties have been propagated throughout the analysis chain. The resulting uncertainty
in the signal yields amounts to less than 2%. They are considered uncorrelated among the
data-taking years. Jet energy scale and resolution uncertainties are evaluated by shifting the
pT value of the jets, thus directly affecting the reconstructed jet multiplicity measurement [91];
several independent sources are considered and partially correlated among different data sets.
These uncertainties are included for both AK4 and AK8 jets.

For the merged category, V tagging corrections with their corresponding uncertainties
are included. These variables are calibrated in a top quark-antiquark sample enriched in
hadronically decaying W bosons [92]. Uncertainties in b tagging and mistagging data-to-
simulation scale factors are applied to reproduce the corresponding efficiencies measured in
the data, and implemented in the ML fit as correlated among the data-taking years.

The dominant theoretical uncertainty arises from the choice of renormalization and
factorization scales in the MC event simulation. This uncertainty is evaluated by taking
the largest variation obtained by independently changing the nominal value of each scale up
and down by a factor of two, excluding the two most extreme variations [93]. For DY and
top quark backgrounds only shape effects are included since their normalization is directly
measured from observed events in the fit. Both the shape and normalization effects are
included for other backgrounds. This uncertainty is considered uncorrelated among the
different classes of processes and correlated among the data-taking years. The uncertainty in
the modeling of the parton shower is also included, by using the weights corresponding to
variations of the strong coupling αS in the description of ISR and final-state radiation in the
parton showering programs, and is treated as uncorrelated among various processes. The
PDF and related strong coupling αS uncertainties are evaluated from the eigenvalues of the
PDF set following the NNPDF prescription [94]. These uncertainties, as well as the ones
from the modeling of the underlying event, are included for all processes apart from the top
quark and DY backgrounds, and they have a negligible impact on the signal measurement.
Finally, a systematic uncertainty is applied to the top-quark pT reweighting [43–45].

For the signal and background processes estimated from simulation, the limited MC
sample size limits the precision of the modeling. The corresponding statistical uncertainties
are estimated using the Barlow-Beeston lite method [95], and are therefore taken as systematic
uncertainties applied to each bin of the corresponding distribution.

The estimate of the nonprompt background is affected by an irreducible uncertainty due
to the limited number of events in the auxiliary regions used to extrapolate it in the main
regions. This uncertainty is treated similarly to the statistical uncertainty assigned to the
other estimates obtained from simulations, introduced above. Furthermore, we assign to the
nonprompt background also a 30% uncertainty in the integrated yields to account for all
possible uncertainties related to its data-driven estimate. The evaluation of this uncertainty
is derived from a closure test to its estimate from CRs in data, where this value resulted
to be the maximum relative discrepancy between the nonprompt estimate and observation.
It is treated as correlated among the data-taking years.
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Source −∆µ +∆µ

Experimental -0.27 +0.28
DY and top quark bkg. normalizations -0.20 +0.20
MC sample size (bin-by-bin unc.) -0.14 +0.15
Other nuisances -0.11 +0.13

Theory -0.24 +0.26
Statistical -0.36 +0.36

Total -0.51 +0.53

Table 4. The impact of each systematic uncertainty, together with the impact of the collected data
statistical uncertainty, on the signal strength µ, as extracted from the fit to measure the EW ZV VBS
signal with the DNN output distributions. Upper and lower uncertainties are given for the various
sources. The theory uncertainty includes contributions from both the signal and backgrounds.

The impacts of the systematic uncertainties on the EW ZV VBS signal strength, as
extracted from the ML fit, are summarized in table 4. We have checked the sensitivity of the
results to variations of the individual nuisance parameters; no significant overconstraining
or underestimating of the systematic uncertainties was found.

5.3 Results

We extract values of the signal strength and the statistical significance from the fit of the
ZV signal. We consider the purely EW signal strength keeping the QCD ZV production
contribution fixed to the SM prediction. For the primary result of the EW signal strength
measurement, the DNN output distributions of the SRs and the top quark and DY CRs
are shown in figure 3 for both the resolved and merged topologies. The data are compared
with the background estimated before (pre-fit) and after (post-fit) the simultaneous fit of
the SRs and CRs.

The observed (expected) EW signal strength is 0.63+0.53
−0.51 (1.00+0.61

−0.58), including theory
uncertainties from both the signal and backgrounds, corresponding to a signal significance of
1.3 (1.8) standard deviations with respect to the null hypothesis. The largest contribution to
the overall uncertainty is the statistical uncertainty in the data, as reported in table 4.

6 The EFT interpretation of ℓνqq and ℓℓqq VBS data

The investigation of EFT contributions to the VBS processes of interest also relies on a
ML fit, and combines the data from the ZV and WV channels. The expected number of
events, Nexp, inherits a quadratic dependence on the EFT Wilson coefficients from the square
of the scattering amplitude |ABSM|2 as described in eq. (1.2). When considering a single
EFT dimension-8 operator (associated with the Wilson coefficient fα), with all others set
to zero, the expected number of events is:

Nα
exp = NSM + fα

Λ4 Nα
lin + f2

α

Λ8 Nα
quad, (6.1)

where NSM represents the contribution from SM processes, Nlin accounts for the interference
between the EFT operator and the SM VBS processes, and Nquad corresponds to the
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Figure 3. Distributions of DNN score for the data and post-fit backgrounds (stacked histograms),
in the SRs of the ZV channel for the b tag (left) and the b veto (right) channels, for the resolved
(merged) category in the first (second) row. The post-fit VBS EW ZV signal is shown overlaid as a
red solid line. The overflow is included in the last bin. The lower panels show the ratios of the data to
the pre-fit background prediction and post-fit background yield as red open squares and blue points,
respectively. The gray band in the lower panels indicates the systematic component of the post-fit
background uncertainty. The vertical bars on the data points represent statistical uncertainties.
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pure contribution from the specific operator. Unlike the approach outlined for the EW ZV
measurement, which fits the output distribution of a DNN optimized for the SM EW signature
in the signal phase space, the invariant mass distributions of the diboson system, MZV and
MWV , are used in the SRs for both ZV and WV channels. The MWV is defined as the
invariant mass of the charged lepton, reconstructed neutrino and hadronically decaying vector
boson. This observable is more sensitive to anomalous quartic gauge coupling effects [21].

Data yields from both the SRs and CRs are incorporated into the likelihood, as described
in section 5.1 for the ZV process and in ref. [22] for the WV process.

Systematic uncertainties are accounted for in the ML fit, as detailed in section 5.2 for
the ZV channel and in ref. [22] for the WV channel. The primary sources of uncertainty in
the measurement of the VBS WV process include the statistical uncertainty of the data, the
limited size of simulation samples, and uncertainties in background normalization. Among the
theoretical uncertainties, the most significant arises from the choice of renormalization and
factorization scales in the MC simulation of events. In the combination of the two channels,
all background normalization uncertainties are uncorrelated, whereas the other experimental
uncertainties are correlated. The theoretical uncertainties associated with parton shower
modeling and PDF uncertainties are also treated as correlated between the two channels.
Similarly, each uncertainty related to the choice of renormalization and factorization scales
in the MC simulation is treated as correlated when being applied across processes that are
common to both channels.

No significant deviations from the SM predictions are observed, as can be seen in figures 4
and 5 for the ZV and WV channels, respectively.

The 95% confidence intervals on the Wilson coefficients are extracted through a likelihood
scan performed by varying the corresponding Wilson coefficients one at a time and are reported
in table 5 and in figure 6. The signal strengths of the EW ZV and WV VBS processes are
fixed to 1. To validate the results obtained from the asymptotic approximation, pseudo-
experiments are generated for the signal and background, accounting for their statistical
fluctuations. These results are consistent with those derived from Wilks’ theorem [96]. These
results represent the best limits by CMS on these operators using the Run 2 data sample
and represent the tightest world limits to date using modern EFT modeling that properly
includes systematic uncertainties in the EFT signals.

A direct comparison of these new results with an extrapolation of those from the previous
CMS publication [21] is not possible, since no systematic uncertainties in the EFT signal were
considered at the time. Results reported here show also that CMS limits are tighter than
those reported by ATLAS on similar set of operators [97] with a few exceptions (T5, T8 and
T9). As a further cross-check, the obtained limits have been compared to unitarity bounds
estimated using the formula in ref. [28]. The impact of applying a clipping unitarization
scheme [13] at the corresponding unitarity bound was small, indicating that the presented
limits are not significantly affected by unitarity considerations.
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Figure 4. Distributions of MZV for the data and post-fit backgrounds (stacked histograms), in the
SRs of the merged b tag (left) and the merged b veto (right) channels. The template for one signal
hypothesis is shown overlaid as a red solid line. The overflow is included in the last bin. The lower
panels show the ratios of the data to the pre-fit background prediction and post-fit background yield
as red open squares and blue points, respectively. The gray band in the lower panels indicates the
systematic component of the post-fit background uncertainty. The vertical bars on the data points
represent statistical uncertainties.
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Figure 5. Distributions of MWV for the data and post-fit backgrounds (stacked histograms), in the
SRs of the electron (left) and muon (right) channels in the merged regime. The template for one
signal hypothesis is shown overlaid as a red solid line. The overflow is included in the last bin. The
lower panels show the ratios of the data to the pre-fit background prediction and post-fit background
yield as red open squares and blue points, respectively. The gray band in the lower panels indicates
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represent statistical uncertainties.
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Observed (ZV) Expected (ZV) Observed (WV) Expected (WV) Observed Expected
(TeV−4) (TeV−4) (TeV−4) (TeV−4) (TeV−4) (TeV−4)

fS0/Λ4 [−9.76, 9.89] [−13.9, 14.0] [−3.01, 3.1] [−4.7, 4.77] [−2.86, 2.96] [−4.68, 4.75]
fS1/Λ4 [−10.2, 10.3] [−13.9, 13.9] [−4.27, 4.32] [−6.56, 6.6] [−3.97, 4.02] [−6.45, 6.49]
fS2/Λ4 [−9.75, 9.89] [−13.9, 14.0] [−4.42, 4.48] [−6.81, 6.86] [−4.04, 4.11] [−6.68, 6.73]

fM0/Λ4 [−1.38, 1.38] [−1.74, 1.74] [−0.568, 0.567] [−0.844, 0.843] [−0.539, 0.534] [−0.828, 0.827]
fM1/Λ4 [−3.97, 4.00] [−5.28, 5.29] [−1.71, 1.75] [−2.6, 2.63] [−1.59, 1.62] [−2.55, 2.58]
fM2/Λ4 [−1.86, 1.86] [−2.37, 2.37] [−0.746, 0.747] [−1.11, 1.11] [−0.703, 0.703] [−1.1, 1.1]
fM3/Λ4 [−5.60, 5.59] [−7.47, 7.47] [−2.81, 2.81] [−4.2, 4.2] [−2.55, 2.55] [−4.08, 4.07]
fM4/Λ4 [−2.70, 2.70] [−3.61, 3.61] [−1.74, 1.73] [−2.6, 2.59] [−1.48, 1.48] [−2.42, 2.41]
fM5/Λ4 [−3.80, 3.81] [−5.21, 5.23] [−2.53, 2.51] [−3.77, 3.76] [−2.14, 2.13] [−3.5, 3.5]
fM7/Λ4 [−6.09, 6.07] [−8.26, 8.24] [−2.86, 2.82] [−4.35, 4.32] [−2.63, 2.58] [−4.24, 4.2]

fT0/Λ4 [−0.26, 0.25] [−0.33, 0.32] [−0.096, 0.083] [−0.14, 0.128] [−0.0921, 0.0785] [−0.138, 0.127]
fT1/Λ4 [−0.22, 0.24] [−0.30, 0.31] [−0.0933, 0.1] [−0.142, 0.149] [−0.0863, 0.0943] [−0.14, 0.147]
fT2/Λ4 [−0.56, 0.60] [−0.74, 0.76] [−0.225, 0.225] [−0.336, 0.335] [−0.21, 0.214] [−0.331, 0.332]
fT3/Λ4 [−0.48, 0.51] [−0.64, 0.66] [−0.206, 0.206] [−0.311, 0.31] [−0.191, 0.194] [−0.305, 0.305]
fT4/Λ4 [−1.44, 1.37] [−1.84, 1.77] [−1.09, 1.02] [−1.58, 1.53] [−0.895, 0.828] [−1.4, 1.35]
fT5/Λ4 [−0.59, 0.57] [−0.76, 0.73] [−0.287, 0.257] [−0.391, 0.383] [−0.265, 0.237] [−0.382, 0.373]
fT6/Λ4 [−0.73, 0.71] [−0.94, 0.92] [−0.656, 0.627] [−0.976, 0.954] [−0.5, 0.478] [−0.794, 0.775]
fT7/Λ4 [−1.78, 1.67] [−2.26, 2.16] [−0.936, 0.899] [−1.39, 1.36] [−0.85, 0.8] [−1.34, 1.29]
fT8/Λ4 [−0.53, 0.53] [−0.67, 0.67] — — [−0.53, 0.53] [−0.67, 0.67]
fT9/Λ4 [−1.17, 1.16] [−1.47, 1.45] — — [−1.17, 1.16] [−1.47, 1.45]

Table 5. Observed and expected 95% CL intervals on the parameters of the quartic operators in
the WV and ZV channels. The last two columns show the observed and expected limits for the
combination of the WV and ZV channels.
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Figure 6. Constraints on dimension-8 Wilson coefficients derived from the WV, ZV, and their
combined results. The shaded areas represent the expected 95% CL intervals, whereas the solid lines
indicate the observed 95% CL limits. The top panel shows constraints on scalar and mixed operators,
whereas the bottom panel shows transverse operators.
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7 Summary

A study was performed of the electroweak vector boson scattering production of ZV (V =
W, Z) boson pairs in lepton + jets decays in association with two forward jets in proton-
proton collisions at 13 TeV. The analysis uses proton-proton collision events recorded by
the CMS experiment at the LHC in 2016–2018, corresponding to an integrated luminosity
of 138 fb−1. The signal strength is measured in a region characterized by large invariant
mass and pseudorapidity gap of the two forward jets using feed-forward deep neural network
discriminators. The measured signal strength for electroweak ZV vector boson scattering
process is 0.63+0.53

−0.51. Constraints are then established by combining ZV and WV data on
coefficients of new operators from an effective field theory sensitive to an anomalous electroweak
production of WW, WZ, and ZZ boson pairs in association with two jets. Several world
best limits are set on anomalous quartic gauge couplings in terms of dimension-8 standard
model effective field theory operators.
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