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1 Introduction1

In the standard model (SM) the electroweak (EW) vector bosons, like the other fundamental2

particles, acquire their masses through the coupling to the Higgs field. While the photon re-3

mains massless, with only two degrees of freedom of polarization (transverse), the W and Z4

bosons, together with the mass, acquire an additional degree of freedom (longitudinal), break-5

ing the electroweak symmetry (EWSB). Thus, the scattering of massive vector bosons is at the6

heart of the EWSB mechanism and its study can lead to significant insight into the origin of7

particle masses.8

At the Large Hadron Collider (LHC), the vector boson scattering (VBS) is the interaction of two9

electroweak vector bosons emitted by quarks q from the two colliding protons. The scattering10

involves triple and quartic gauge couplings as predicted in the SM. The VBS channel is gener-11

ally labeled by the type of outgoing vector bosons. In association with the outgoing EW bosons,12

two jets coming from the scattered quarks are emitted in the forward-backward region of the13

detector, giving rise to the so-called rapidity gap [1, 2], where no hadronic activity is foreseen at14

tree level. The decay of the vector bosons into fermions f defines the final signature of the VBS-15

like event. The pure VBS contributions, however, are embedded into a wider set of possible16

processes 2f→ 6f, with which they interfere. While all processes at the order α6
EW, at tree level,17

shall be considered together, the processes at the order α4
EWα2

QCD where at tree level the jets are18

induced by quantum chromodynamics (QCD), can be factorized out and accounted separately19

as background (refered to as QCD-induced background). Among the processes of the first type20

there are also contributions where none, only one, or three fermion pairs come from a vector21

boson decay. Although with specific cuts on the di-fermion invariant masses those events can22

be considerably reduced, they cannot be totally suppressed. Therefore, all events 2f → 6f at23

O(α6
EW) that satisfy the signal selection are considered in this analysis as signal.24

Both the ATLAS and CMS Collaborations have performed searches for the EW production of25

jets in association with massive vector bosons, using data from pp collisions at the center-of-26

mass energy of 13 TeV. The ATLAS Collaboration observed both the EW production of two jets27

in association with a same-sign W boson pair [3] and of a W±Z boson pair [4], in the fully lep-28

tonic decay channel, and measured the EW diboson production (WW, WZ, ZZ) in association29

with a high-mass dijet system in semileptonic final states [5], with an observed significance30

of 2.7 standard deviations (s.d.). The CMS Collaboration observed the formation of two EW-31

induced jets contemporary with the production of two same-sign W’s [6] and measured the32

EW production of jets in association with WZ [7] and ZZ [8], with an observed significance of33

2.2 and 2.7 s.d., respectively.34

This paper presents the measurement of the EW production of two jets in association with two35

Z bosons in the fully leptonic final state, where both Z bosons decay into electrons or muons,36

ZZ → ```′`′ (`, `′ = e, µ). Despite a low cross section, a small Z → `` branching fraction, and37

a large QCD-induced background, this channel provides a clean leptonic final state resulting38

in a small instrumental background, where one or more of the reconstructed lepton candidates39

originate from the misidentification of jet fragments or from non-prompt leptons.40

The search for the EW-induced production of the ```′`′jj final state is carried out using pp41

collisions at
√

s = 13 TeV recorded with the CMS detector at the LHC. The data set corresponds42

to an integrated luminosity of 137.1 fb−1 collected in 2016, 2017, and 2018. A discriminant43

based on a matrix element likelihood approach (MELA) [9–13] is used to extract the signal44

significance and to measure the cross sections for the EW and the EW+QCD ZZ+jets production45

in a fiducial volume. Finally, the selected ```′`′jj events are used to constrain anomalous quartic46

gauge couplings (aQGC) described in the effective field theory approach [14] by the operators47
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T0, T1, and T2 as well as the neutral-current operators T8 and T9 [15].48

2 The CMS detector49

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-50

eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and51

strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-52

tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. An53

entirely new pixel detector has been installed in 2017, featuring a full silicon device with 4 lay-54

ers in the barrel and 3 disks in the endcaps [16], providing a four hits coverage system and55

reduced material budget in front of the calorimeters. Forward calorimeters extend the pseu-56

dorapidity (η) coverage provided by the barrel and endcap detectors. Muons are measured in57

gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. A more58

detailed description of the CMS detector, together with a definition of the coordinate system59

used and the relevant kinematic variables, can be found in Ref. [17].60

3 Signal and background simulation61

Several Monte Carlo event generators are used to simulate the signal and background contribu-62

tions. The simulated samples are employed to optimize the event selection, evaluate the signal63

efficiency and acceptance, and to model the signal and irreducible background distributions in64

the signal extraction fit.65

The EW production of two Z bosons and two final-state quarks, where the Z bosons decay lep-66

tonically, is simulated at LO using MADGRAPH5 aMC@NLO v2.4.6 (abbreviated as MG5 AMC67

in the following) [18]. The leptonic Z boson decays are simulated using MADSPIN [19]. The68

sample includes triboson processes, where the Z boson pair is accompanied by a third vec-69

tor boson that decays hadronically, as well as diagrams involving the quartic coupling vertex.70

The predictions from this sample are cross-checked with those obtained from the LO generator71

PHANTOM v1.2.8 [20], and excellent agreement in the yields and the distribution exploited for72

the signal extraction is found.73

The leading QCD-induced production of two Z bosons in association with jets, whose contribu-74

tion with 2 jets in the final state is referred to as qq → ZZjj QCD, is simulated at next-to-leading75

order (NLO) with MG5 AMC with up to two extra partons emissions, and merged using the76

FxFx scheme [21]. Since the samples are produced at NLO, NNLO/NLO K-factors are ap-77

plied, differentially as a function of mZZ [22]. Additional NLO EW corrections are applied for78

mZZ > 2mZ, following the calculations from Ref. [23]. The interference between the EW and79

QCD diagrams is evaluated using dedicated samples produced with MG5 AMC at LO. It is80

found to contribute less than 1% of the total yield and is therefore neglected. The loop-induced81

production of two Z bosons, whose contribution with 2 jets in the final state is referred to as82

gg → ZZjj QCD, is simulated at LO with 1 extra parton emission using MG5 AMC by explic-83

itly requiring a loop-induced process. An NLO/LO K-factor of 1.3 is applied, extracted from84

Refs. [24, 25]. A dedicated MG5 AMC simulation of the loop-induced gg → ZZjj QCD process85

is also used to check the modeling of the ZZjj phase space in the MG5 AMC sample, and good86

agreement is found.87

Samples for ttZ and WWZ production, background processes that contain four prompt, iso-88

lated leptons and additional jets in the final state, are simulated with MG5 AMC at NLO.89

The simulation of the aQGC processes is performed at LO using MG5 AMC and employs ma-90
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trix element reweighting to obtain a finely spaced grid in each of the five anomalous couplings91

probed by the analysis.92

The PYTHIA 8 [26, 27] package is used for parton showering, hadronization and the underlying93

event simulation, with parameters set by the CUETP8M1 tune [28] (2016 data taking period)94

and the CP5 tune [29] (2017 and 2018 data taking periods). The NNPDF3.0 (NNPDF3.1) set95

of parton distribution functions (PDFs) [30] is used for the 2016 (2017 and 2018) data taking96

period. Unless specified otherwise the simulated samples are normalized to the cross sections97

obtained from the respective event generator.98

The detector response is simulated using a detailed description of the CMS detector imple-99

mented in the GEANT4 package [31, 32]. The simulated events are reconstructed using the same100

algorithms as used for the data. The simulated samples include additional interactions in the101

same and neighboring bunch crossings, referred to as pileup. Simulated events are weighted102

so that the pileup distribution reproduces that observed in the data, which has an average of103

about 23 (32) interactions per bunch crossing in 2016 (2017 and 2018).104

4 Event reconstruction and selection105

The final state should consist of at least two pairs of oppositely charged isolated leptons and at106

least two hadronic jets. The ZZ selection is similar to that used in the CMS H → ZZ → ```′̀ ′107

measurement [33].108

The primary triggers require the presence of a pair of loosely isolated leptons, whose exact109

requirements depend on the data taking year. Triggers requiring a triplet of low-pT leptons, as110

well as isolated single-electron and single-muon triggers, help to recover efficiency. The overall111

trigger efficiency for events that satisfy the ZZ selection described below is greater than 98%.112

Events are reconstructed using a particle-flow algorithm [34] that reconstructs and identifies113

each individual particle with an optimized combination of all subdetector information. The114

reconstructed vertex with the largest value of summed physics-object p2
T is taken to be the115

primary pp interaction vertex.116

Electrons are identified using a multivariate classifier, which includes observables sensitive to117

bremsstrahlung along the electron trajectory, the geometrical and energy-momentum compat-118

ibility between the electron track and the associated energy cluster in the ECAL, the shape of119

the electromagnetic shower, and variables that discriminate against electrons originating from120

photon conversions [35]. The charged, neutral hadrons and photon components of the isola-121

tion variable described below are also included as input variables in the electron mutlivariate122

classifier.123

Muons are reconstructed by combining information from the silicon tracker and the muon sys-124

tem [36]. The matching between the inner and outer tracks proceeds either outside-in, starting125

from a track in the muon system, or inside-out, starting from a track in the silicon tracker.126

The muons are selected from the reconstructed muon track candidates by applying minimal127

requirements on the track in both the muon system and silicon tracker, and taking into account128

compatibility with small energy deposits in the calorimeters.129

In order to further suppress electrons from photon conversions and muons originating from130

in-flight decays of hadrons, for the three-dimensional impact parameter of each lepton track,131

computed with respect to the primary vertex position, it is required to be less than four times132

the uncertainty on the impact parameter.133
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Leptons are required to be isolated from other particles in the event. The relative isolation is
defined as

Riso =

[
∑

charged
hadrons

pT + max
(
0, ∑

neutral
hadrons

pT + ∑
photons

pT − pPU
T
)]/

p`T, (1)

where the sums run over the charged, neutral hadrons and photons, in a cone defined by ∆R ≡134 √
(∆η)2 + (∆φ)2 = 0.3 around the lepton trajectory. To minimize the contribution of charged135

particles from pileup to the isolation calculation, charged hadrons are included only if they136

originate from the primary vertex. The contribution of neutral particles from pileup is pPU
T .137

Leptons with Riso < 0.35 are considered isolated.138

The efficiency of the lepton reconstruction and selection is measured in bins of p`T and η` using139

the tag-and-probe technique. The measured efficiencies are used to correct the simulation. The140

lepton momentum scales are calibrated in bins of p`T and η` using the J/ψ meson and Z boson141

leptonic decays.142

Jets are reconstructed from particle-flow candidates using the anti-kT clustering algorithm [37],143

as implemented in the FASTJET package [38], with a distance parameter of 0.4. In order to144

ensure a good reconstruction efficiency and to reduce the instrumental background as well145

as the contamination from pileup, loose identification criteria based on the multiplicities and146

energy fractions carried by charged and neutral hadrons are imposed on jets [39]. Only jets147

with |η| < 4.7 are considered.148

Jet energy corrections are extracted from data and simulated events to account for the effects149

of pileup, uniformity of the detector response, and residual differences between the jet en-150

ergy scale in the data and in the simulation. The jet energy scale calibration [40–42] relies on151

corrections parameterized in terms of the uncorrected pT and η of the jet, and is applied as152

a multiplicative factor, scaling the four-momentum vector of each jet. In order to ensure that153

jets are well measured and to reduce the pileup contamination, all jets must have a corrected154

pT larger than 30 GeV. Jets from pileup are further rejected using pileup jet identification cri-155

teria based on the compatibility of associated track with the primary vertex inside the tracker156

acceptance and on the topology of the jet shape in the forward region.157

A signal event must contain at least two Z candidates, each formed from pairs of isolated158

electrons or muons of opposite charges. Only reconstructed electrons (muons) with a pT >159

7 (5)GeV are considered. Among the four leptons, the highest pT lepton must have pT >160

20 GeV, and the second-highest pT lepton must have pT > 12 (10)GeV if it is an electron161

(muon). All leptons are required to be separated by ∆R (`1, `2) > 0.02, and electrons are re-162

quired to be separated from muons by ∆R (e, µ) > 0.05.163

Within each event, all permutations of leptons giving a valid pair of Z candidates are consid-164

ered. For each ZZ candidate, the lepton pair with the invariant mass closest to the nominal165

Z boson mass is denoted Z1 The other dilepton candidate is denoted Z2. Both mZ1
and mZ2

166

are required to have a mass greater than 60 GeV and less than 120 GeV. All pairs of oppositely167

charged leptons that can be built from the ZZ candidate, regardless of flavor, are required to168

satisfy m``′ > 4 GeV to suppress backgrounds from hadron decays. If multiple ZZ candidates169

in an event pass this selection, the one with the largest scalar sum of the Z2 leptons pT is re-170

tained. Finally, the invariant mass of the ZZ system is required to satisfy mZZ > 180 GeV. This171

selection is referred to as the ZZ selection.172

The search for the EW production of two Z bosons is performed on a subset of events that173

pass the ZZ selection, namely those that feature at least two jets. The jets are required to be174
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separated from the leptons of the ZZ candidate by ∆R > 0.4. The two highest pT jets are175

referred to as the tagging jets and their invariant mass is required to be larger than 100 GeV.176

This selection is referred to as the ZZjj inclusive selection and is used to measure the signal177

significance, the total fiducial cross-sections and to perform the aQGC search. Additionnaly,178

two VBS signal-enriched signal sub-regions are defined. A loose VBS signal-enriched region179

that requires mjj > 400 GeV and |∆ηjj| > 2.4 and corresponds to a signal purity of ≈50%, and180

a tight VBS signal-enriched region that requires mjj > 400 GeV and |∆ηjj| > 5 and corresponds181

to a signal purity of ≈80%. Finally, a background control region is defined from events that182

satisfy the ZZjj inclusive selection but fail at least one of the criteria that define the loose VBS183

signal-enriched region.184

5 Background estimation185

The dominant background arises from the QCD-induced production of two Z bosons in associ-186

ation with jets. The yield and shape of the matrix element discriminant for this irreducible back-187

ground are taken from simulation, but ultimately constrained by the data in the fit that extracts188

the EW signal, as described in Section 7. Other irreducible backgrounds arise from processes189

that produce four genuine high-pT isolated leptons, pp → ttZ + jets and pp → WWZ + jets.190

These small contributions feature kinematic distributions similar to that of the dominant back-191

ground and are estimated using simulation.192

Reducible backgrounds arise from processes in which heavy-flavor jets produce secondary lep-193

tons or from processes in which jets are misidentified as leptons. The lepton identification and194

isolation requirements significantly suppress this background, which after the selection is very195

small in the signal region.196

The reducible background, referred to as Z + X, is predominately composed of Z + jets events,197

with minor contributions from tt + jets and WZ + jets processes. This reducible contribution is198

estimated from data by weighting events from a control region by a lepton misidentification199

rate which is also determined from data. Events in the control region satisfy the ZZjj inclusive200

selection, with the exception that the Z2 is composed from same flavor leptons of the same201

charge (SS-SF). The SS-SF leptons are requested to pass the three-dimensional impact parameter202

cut, while no identification nor isolation requirement is imposed.203

The lepton misidentification rate is measured by selecting events that feature one Z boson204

candidate and a third reconstructed lepton. The fraction of events for which the third lepton205

satisfies the identification and isolation criteria is taken as the lepton misidentification rate.206

The fake ratios are evaluated using the tight requirement |mZ1
− mZ | < 7 GeV to reduce the207

contribution from asymmetric photon conversions, and pmiss
T < 25 GeV to suppress the WZ208

contribution. The procedure is identical to that used in Ref. [33].209

6 Systematic uncertainties210

Several sources of systematic uncertainties are considered and evaluated by varying each rele-211

vant parameter. The resulting changes to the distribution of the matrix element discriminant,212

both in shape and yield, are taken into account. The uncertainties from the QCD scales for the213

signal and in jet energy scale are the dominant systematic uncertainties in the measurement.214

The impact of the variation for each source of uncertainty is summarized below.215

Renormalization and factorization scale uncertainties are evaluated by varying both scales in-216

dependently by factors of two and one-half. It ranges from xx–yy% (4–11%) for the qq → ZZjj217
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QCD background (EW signal), depending on the matrix-element discriminant value. For the218

gg → ZZjj QCD, the variations are found to be independent of the matrix-element discriminant219

value. Since the uncertainty relates to missing higher order corrections that are corrected for220

using a K-factor, an uncertainty in the normalization of 11% is used for this process, derived221

from Refs. [24, 25]. The PDF + αs variations are evaluated following the PDF4LHC prescrip-222

tion [43], and is 3.2% (6.6%) for the qq → ZZjj QCD background (EW signal). While the PDFs223

used are different in the different years (see Section 3) the associated uncertainties are found to224

be very similar. Given the small dependence on the discriminant value a constant value is used225

for these uncertainties.226

The impact of the jet energy scale uncertainty amounts to 4.9% (0.7%) for the qq → ZZjj227

QCD background (EW signal) and the impact of the jet energy resolution uncertainty is 2.4%228

(0.2%) [41, 42]. The uncertainty in the trigger as well as lepton reconstruction and selection229

efficiency ranges from 2.5% to 9% depending on the final state. The uncertainty in the inte-230

grated luminosity is 2.3–2.5% depending on the data taking period [44]. The uncertainty in231

the data-driven estimate of the reducible background ranges from 33% to 45% depending on232

the final state. It takes into account the limited number of events in the control regions as well233

as differences in background composition between the control regions used to determine the234

lepton misidentification rates and those used to estimate the yield in the signal region.235

7 Search for the EW production of ZZ with two jets236

After the ZZjj inclusive selection, the expected signal purity is about 6%, with 85% of events237

coming from QCD-induced production. Additional kinematic selections are therefore neces-238

sary to enhance the contribution from EW production. Table 1 presents the expected and ob-239

served event yields for the ZZjj inclusive selection as well as for the loose VBS signal-enriched240

selection that requires mjj > 400 GeV and |∆ηjj| > 2.4.241

Table 1: Signal and background yields for the baseline selection and for the loose VBS signal-
enriched selection that requires mjj > 400 GeV and |∆ηjj| > 2.4.

Year Signal (ZZjj EW) Z+X qq → ZZjj QCD gg → ZZjj QCD tt +WWZ Data
ZZjj inclusive

2016 5.6 ± 0.6 1.5 ± 0.6 61.4 ± 5.6 19.8 ± 2.7 6.3 ± 0.9 100
2017 6.1 ± 0.7 1.3 ± 0.5 67.9 ± 6.2 22.8 ± 3.1 8.1 ± 1.2
2018 9.5 ± 1.1 2.5 ± 0.9 98.2 ± 9.0 32.9 ± 4.5 11.9 ± 1.7
all 21.1 ± 2.3 5.3 ± 2.0 227.4 ± 20.8 75.5 ± 10.3 26.3 ± 3.8

VBS signal-enriched (loose)
2016 4.0 ± 0.4 0.2 ± 0.1 8.6 ± 0.8 4.6 ± 0.6 0.8 ± 0.1 19
2017 4.6 ± 0.5 0.3 ± 0.1 10.1 ± 0.9 5.4 ± 0.7 1.0 ± 0.1
2018 6.3 ± 0.7 0.4 ± 0.2 16.5 ± 1.5 7.7 ± 1.1 1.7 ± 0.2
all 14.9 ± 1.7 0.9 ± 0.3 35.2 ± 3.2 17.7 ± 2.4 3.4 ± 0.5

The determination of the signal strength for the EW production, i.e., the ratio of the measured242

cross section to the SM expectation µ = σ/σSM, employs a matrix-element discriminant to op-243

timally separate the signal and the QCD background. The discriminant is constructed follow-244

ing the approach described in Ref. [10–12]. The performance of the discriminant are checked245
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against a multivariate discriminant based on a boosted decision tree that includes up to 28246

input variables.247

Figure 1 (left and center) presents mjj and |∆ηjj| distributions which are used to define VBS248

signal-enriched and control regions in the analysis, while the determination of the EW signifi-249

cance and cross-section is performed using all available events.250

The distribution of the matrix-element discriminant in the control region defined by selecting251

events with mjj < 400 GeV or |∆ηjj| < 2.4. Good agreement is observed between the data and252

SM expectation.253

The matrix-element distribution of the matrix-element discriminant for all events in the ZZjj254

inclusive selection is shown in Fig. 1 (right). The high signal purity contribution is visible at255

large discriminant values.256

Figure 1: Distribution of mjj (left), |∆ηjj| (center), and the matrix-element discriminant (right)
and for events satisfying the ZZjj inclusive selection. Points represent the data, filled his-
tograms the expected signal and background contributions.

The matrix-element discriminant distribution for events in the ZZjj inclusive selection is used257

to extract the significance of the EW signal via a maximum-likelihood fit. The expected dis-258

tributions for the signal and the irreducible backgrounds are taken from the simulation while259

the reducible background is estimated from the data. The shape and normalization of each260

distribution are allowed to vary in the fit within the respective uncertainties. This approach261

constrains the yield of the QCD-induced production from the background-enriched region of262

the discriminant distribution.263

The systematic uncertainties are treated as nuisance parameters in the fit and profiled [45]. The264

post-fit values are then used to extract the signal strength. The signal strength is measured265

to be µ = xx+0.yy
−0.zz (stat) +0.yy

−0.zz (syst) = xx+0.yy
−0.zz and the background-only hypothesis is excluded266

with a significance of xx standard deviations (3.3 standard deviations expected).267

The measured signal strength is used to determine fiducial cross sections for the EW production268

and for the EW+QCD production. The fiducial volume is almost identical to the selections269

imposed at the reconstruction level, and is detailed in Table 2.270

The generator-level lepton momenta are corrected by adding the momenta of generator-level271

photons within ∆R(`, γ) < 0.1. The kinematic selection of the Z bosons and the final ZZjj272

candidate proceeds as the reconstruction-level selection.273

Table 3 reports the SM cross-sections in the fiducial regions, the fitted value of the signal274
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Table 2: Particle-level selections used to define the fiducial regions for EWK and EWK+QCD
cross-sections.

Object Selection
ZZjj baseline

Leptons pT(`1) > 20 GeV
pT(`2) > 10 GeV
pT(`) > 5 GeV
|η(`)| < 2.5

(γ with ∆R(`, γ) < 0.1 added to ` 4-vector)
Z and ZZ 60 < m(``) < 120 GeV

m(4`) > 180 GeV
Jets at least 2

pT(j) > 30 GeV
|η(j)| < 4.7

mjj > 100 GeV
∆R(`, j) > 0.4 for each `, j

VBS-enriched (loose)
ZZjj baseline +

Jets ∆η(jj) > 2.4
mjj > 400 GeV

VBS-enriched (tight)
ZZjj baseline +

Jets ∆η(jj) > 5
mjj > 400 GeV

strength µ with its statistical and systematic uncertainty and the resulting measured cross-275

sections.276

Table 3: SM cross-sections in the fiducial regions, the fitted value of the signal strength µ with
its total uncertainty (statistical only in parenthesis) and the resulting measured cross-sections.

SM σ (fb) µexp µobs Measured σ (fb)
ZZjj baseline

EW 0.275 ± 0.021 1.00 +0.44
−0.37 (+0.40

−0.35)
EW+QCD 5.35 ± 0.21 1.00 +0.11

−0.10 (± 0.06)

VBS signal-enriched (loose)
EW 0.186 ± 0.015 1.00 +0.46

−0.38 (+0.41
−0.36)

EW+QCD 1.21 ± 0.05 1.00 +0.14
−0.15 (+0.12

−0.13)
VBS signal-enriched (tight)

EW xx ± yy xx +0.yy
−0.yy (+0.yy

−0.yy)

EW+QCD xx ± yy 1.00 +0.yy
−0.yy (+0.yy

−0.yy)
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Figure 2: ZZ invariant mass distribution in the ZZjj inclusive selection together with the SM
prediction and two hypotheses for the aQGC coupling strengths. Points represent the data,
filled histograms the expected signal and background contributions. The last bin includes all
contributions with mZZ > 1200 GeV.

Table 4: Expected and observed lower and upper 95% CL limits on the couplings of the quartic
operators T0, T1, and T2, as well as the neutral current operators T8 and T9. The unitarity
bounds are also listed. All coupling parameter limits are in TeV−4, while the unitarity bounds
are in TeV.

Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound
fT0/Λ4 -0.53 0.52 xx xx xx
fT1/Λ4 -0.71 0.71 xx xx xx
fT2/Λ4 -1.42 1.39 xx xx xx
fT8/Λ4 -0.99 0.99 xx xx xx
fT9/Λ4 -2.12 2.12 xx xx xx

8 Limits on anomalous quartic gauge couplings277

The ZZjj channel is particularly sensitive to the operators T0, T1, and T2, as well as the neutral278

current operators T8 and T9 [15]. The mZZ distribution is used to constrain the aQGC coupling279

parameters fTi/Λ4. The expected yield enhancement exhibits a quadratic dependence on the280

anomalous couplings, and a parabolic function is fitted to the per-mass bin yields, allowing281

for an interpolation between the discrete coupling parameters of the simulated aQGC signals.282

The statistical analysis employs the same methodology used for the signal strength, includ-283

ing the profiling of the systematic uncertainties. The distributions of the background model,284

including the EW component, are normalized to their measured values in the EW signal ex-285

traction (Sec. 7). The Wald Gaussian approximation and Wilks’ theorem are used to derive 95%286

confidence level (CL) limits on the aQGC parameters [46–48]. The measurement is statistically287

limited.288

Figure 2 shows the expected mZZ distribution for the SM and two aQGC scenarios. Table 4289

lists the individual lower and upper limits obtained by setting all other anomalous couplings290

to zero, as well as the unitarity bound. The unitarity bound is determined using the VBFNLO291

framework [49] as the scattering energy mZZ at which the aQGC coupling strength set equal to292

the observed limit would result in a scattering amplitude that would violate unitarity.293
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9 Summary294

A search was made for the electroweak production of two jets in association with two Z bosons295

in the four-lepton final state in proton-proton collisions at 13 TeV. The data correspond to an296

integrated luminosity of 137 fb−1 collected with the CMS detector at the LHC.297

The electroweak production of two jets in association with a pair of Z bosons is measured with298

an observed (expected) significance of XX.X (3.3) standard deviations. The fiducial cross section299

is measured to be σfid = XXX+Y
−Z(stat)+Y

−Z(syst) fb, which is consistent with the standard model300

prediction.301

Limits on anomalous quartic gauge couplings are set at the 95% confidence level in terms of302

effective field theory operators, with units in TeV−4:303

−XXX < fT0
/Λ4 < YYY304

−XXX < fT1
/Λ4 < YYY305

−XXX < fT2
/Λ4 < YYY306

−XXX < fT8
/Λ4 < YYY307

−XXX < fT9
/Λ4 < YYY308

Acknowledgments309

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-310

mance of the LHC and thank the technical and administrative staffs at CERN and at other311

CMS institutes for their contributions to the success of the CMS effort. In addition, we grate-312

fully acknowledge the computing centres and personnel of the Worldwide LHC Computing313

Grid for delivering so effectively the computing infrastructure essential to our analyses. Fi-314

nally, we acknowledge the enduring support for the construction and operation of the LHC315

and the CMS detector provided by the following funding agencies: BMWFW and FWF (Aus-316

tria); FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria);317

CERN; CAS, MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES and CSF (Croatia);318

RPF (Cyprus); SENESCYT (Ecuador); MoER, ERC IUT, and ERDF (Estonia); Academy of Fin-319

land, MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Ger-320

many); GSRT (Greece); OTKA and NIH (Hungary); DAE and DST (India); IPM (Iran); SFI321

(Ireland); INFN (Italy); MSIP and NRF (Republic of Korea); LAS (Lithuania); MOE and UM322

(Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP, and UASLP-FAI (Mexico); MBIE (New323

Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portugal); JINR (Dubna); MON,324

RosAtom, RAS, RFBR and RAEP (Russia); MESTD (Serbia); SEIDI, CPAN, PCTI and FEDER325

(Spain); Swiss Funding Agencies (Switzerland); MST (Taipei); ThEPCenter, IPST, STAR, and326

NSTDA (Thailand); TUBITAK and TAEK (Turkey); NASU and SFFR (Ukraine); STFC (United327

Kingdom); DOE and NSF (USA).328

Individuals have received support from the Marie-Curie programme and the European Re-329

search Council and Horizon 2020 Grant, contract No. 675440 (European Union); the Leventis330

Foundation; the A. P. Sloan Foundation; the Alexander von Humboldt Foundation; the Belgian331

Federal Science Policy Office; the Fonds pour la Formation à la Recherche dans l’Industrie et332
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