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Abstract

The first evidence of electroweak (EW) production of pairs of Z bosons in association
with two jets (jj) in the final state ZZjj — ¢{vvjj, where { = e, u, is reported by the
CMS experiment. The analysis is based on a data sample of proton-proton (pp) colli-
sions at y/s = 13 TeV, corresponding to an integrated luminosity of 138 fb'. Events
are selected by requiring exactly two leptons of same flavor and opposite charge,
large missing transverse momentum, and two jets with a large rapidity separation
and large invariant mass. The EW production cross section in a fiducial volume is
oew (PP — ZZjj — LLvvjj) = 0377014 (stat) ) 0¢ (syst) fb, in agreement with the stan-
dard model prediction of 0.39 &= 0.06 fb. The observed (expected) significance of the
signal is 3.1 (2.8) standard deviations. Limits on anomalous quartic gauge couplings
are derived in terms of dimension-8 effective field theory operators. A combination
with the previously reported result from the ZZ decay channel with four charged lep-
tons yields an observed (expected) significance of 5.0 (4.5) standard deviations for the
EW production of Z boson pairs.
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In the standard model (SM) of particle physics, the W and Z bosons acquire their masses via
the Brout-Englert-Higgs mechanism. A direct consequence of this mechanism is that Higgs
boson exchange plays a essential role in vector boson scattering (VBS) processes—the elec-
troweak (EW) production of gauge boson pairs—by ensuring that scattering amplitudes do
not exceed the unitarity limit at high energies [1]. In VBS processes, vector bosons radiated
from initial-state quarks interact to produce new boson pairs. This analysis focuses on the
VBS process with the EW production of two Z bosons accompanied by two jets, using proton-
proton (pp) collision data collected with the CMS detector at the CERN LHC with /s = 13 TeV
during 2016-2018, corresponding to an integrated luminosity of 138 fb~'. We investigate sce-
narios where one Z boson decays into charged leptons (e or ), and the other into a neutrino
pair. These results are combined with the results previously reported in the channel with four
charged leptons [2] to determine the statistical significance of the measurement of the EW ZZ
production.

In the analysis presented here, we select candidate events with exactly two identified leptons
(electrons or muons) of opposite sign and same flavor (OSSF), large missing transverse momen-
tum (pis*) [3], and two jets with a large rapidity separation and large invariant mass. Figure 1
shows examples of Feynman diagrams for the O(a$,,) VBS processes (EW ZZ), as well as the
O(atwa3) quantum chromodynamics (QCD) induced process (QCD ZZ) that can produce the
same final state and represents the irreducible background, where af,; and ag represent the or-
ders of the electroweak and strong couplings, respectively. The other important backgrounds
are WZ and WW production with leptonic decays of the W and Z bosons, tt, and Drell-Yan
(DY) production of Z +jet.

Figure 1: Example Feynman diagrams of the signal EW ZZ process (first three diagrams) and
the QCD ZZ background process (last diagram).

Besides measuring the EW cross section, we use this data sample to probe anomalous quartic
gauge couplings (aQGCs) [4], which correspond to beyond-the-SM (BSM) interactions among
four gauge bosons. Such effects can modify the production of ZZ pairs in VBS processes. In
this analysis, possible deviations from the SM are parameterized using dimension-8 operators
in the SM effective field theory (SMEFT) framework [5, 6].

The CMS Collaboration has observed the EW production of same-sign WW [7], opposite-sign
WW [8], and WZ [9] and previously obtained evidence for EW ZZ production in the four-



lepton (££¢'¢") final state with a significance of 4.0 standard deviations [2]. The ATLAS Col-
laboration observed EW ZZ production using the combination of ££¢'¢" and ¢{vv final states,
with a significance of 5.5 standard deviations [10].

The CMS apparatus [11, 12] is a multipurpose, nearly hermetic detector, designed to trigger
on [13-15] and identify electrons, muons, photons, and (charged and neutral) hadrons [16-18].
A global “particle-flow” (PF) algorithm [19] aims to reconstruct all individual particles in an
event, combining information provided by the all-silicon tracker and by the crystal electro-
magnetic and brass-scintillator hadron calorimeters, operating inside a 3.8 T superconducting
solenoid, with data from the gas-ionization muon detectors interleaved with the layers of the
flux-return yoke outside the solenoid. The reconstructed particles are used to build 7 leptons,
jets, and prTniss [3, 20, 21].

Jets are reconstructed by clustering PF candidates using the anti-k algorithm [22, 23] with a
distance parameter of 0.4. Jets originating from the hadronization of b quarks are identified
based on the DEEPJET algorithm [24-26] based on properties of secondary vertices and track
impact parameters. In this analysis, b tagging is used to reject events with genuine b quark

jets in the final state. The missing transverse momentum vector pfs is computed as the neg-
ative vector sum of the transverse momenta of all the PF candidates in an event. The g is

modified to account for corrections to the energy scale of the reconstructed jets in the event.

We model signal and background events with Monte Carlo (MC) simulations, reweighted to
account for known discrepancies between data and simulated events. The efficiencies for elec-
tron and muon reconstruction, identification, and isolation as functions of the transverse mo-
mentum (pr) and pseudorapidity (7) of lepton, are extracted from events with leptonic Z bo-
son decays using a “tag-and-probe” technique [27]. For each data set, simulated events are
reweighted according to the pileup (additional pp inelastic interactions in the same or adja-
cent bunch crossings) profile distribution observed in data. Some of the background estimates,
notably the DY production, are derived using control samples in data. The EW signal process
pPp — ZZqq is simulated at next-to-leading order (NLO) in QCD with POWHEG v2 [28] in-
terfaced with the event generator PYTHIA 8.240 [29] for parton showering and hadronization.
The dipole approach [30] is used to model the initial-state radiation, rather than the standard
pr-ordered one used in the PYTHIA parton shower simulation, as the latter does not properly
describe extra QCD emissions in the vector boson fusion and VBS processes [31]. The QCD-
induced WW and ZZ backgrounds from quark-antiquark (qq) initial states are also modeled
with POWHEG v2. In this setup, additional jet emissions beyond the first are generated by the
parton shower and are described at the leading order accuracy. The size of the interference
between the EW- and QCD-induced processes was evaluated from simulation to be 8% of the
EW signal yield after signal region (SR) selection, and we treat this as a systematic uncertainty.
We model WW and ZZ boson production induced by gluons (gg) with MCFM 7.0 [32], while
POWHEG V2 is used to simulate tt [33] and single top quark production in association with a
W boson [34], interfaced with PYTHIA for parton showering and hadronization. The default
parton distribution function (PDF) set NNPDEF3.1 [35] at next-to-NLO (NNLO) accuracy, and
the underlying event tune CP5 [36] are common to all simulated events. All generated events
are processed through a simulation of the CMS detector based on GEANT4 [37] and are recon-
structed with the same algorithms as used for data.

Events are selected using a combination of single- and double-lepton triggers requiring iso-
lated electrons or muons. Exactly two prompt electrons or muons are required, with p > 25
(20) GeV for the leading (subleading) lepton. In the SR, a pair of OSSF leptons is required, and
events with additional leptons with pp > 10GeV are vetoed. The dilepton system is required



to have pr > 60GeV and an invariant mass between 76 and 106 GeV, consistent with the de-
cay products of a Z boson. The p™i$¢ > 120GeV is required to reduce the DY background.
A veto is applied to reject events containing hadronically decaying tau leptons to reduce WZ
background. We also veto events containing b jet candidates with pr > 30 GeV to reduce con-
tributions from top quark processes. To enhance the relative contribution from VBS processes,
we select events with two or more jets and require the two highest pr (leading) jets to have a
dijet mass m;; > 400 GeV and a large 1 separation [Ar;| > 2.5.

In addition, two control regions (CRs) orthogonal to the SR are defined to help assess the back-
ground contributions. The 3¢ CR, which is dominated by WZ events, requires exactly one
additional lepton with pr > 10GeV, in addition to all the SR requirements. The pr of the third
lepton is summed vectorially with pTs® to emulate a Z + piss signal-like topology. The ey CR,
dominated by contributions from WTW™ and tt production, is otherwise identical to the SR ex-
cept that the two leptons must be one electron and one muon. In both CRs, the piss > 70 GeV
is required.

We use input from both simulation and data to determine the background contributions. For
processes that produce final states that contain neutrinos, including WW, WZ, and tt produc-
tion, we rely on simulation to represent the kinematic characteristics of the events, while their
normalizations are constrained using the dedicated CRs. The distributions from both the 3¢
and ey CRs are included in a maximum likelihood fit to the data in the SR and background
CRs, taking into account correlations among the systematic uncertainties. For the DY back-
ground, which arises from mismeasurement of an apparent p*, both the normalization and
the dilepton pTss and py distributions are estimated from a photon-plus-jets data control sam-
ple, as described below.

The DY process is a significant reducible background with no genuine p*5. When detector
instrumental effects result in large apparent psS, these DY events can enter the SR. Despite
suppression by the requirement pis > 120GeV, the large cross section of DY production
requires us to estimate this background carefully. We employ a control sample of single-photon
events (77 +jets) in data as a proxy for Z + jets events, as described in the End Matter.

To further enhance the separation of the rare EW ZZ signal from backgrounds, we employ a
multivariate discriminator based on a graph neural network (GNN) [38], which operates on a
graph-structured representation of the data. In this framework, individual physics objects (e.g.,
leptons and jets) are represented as nodes, while pairwise relationships or potential correlations
between them are modeled as edges. The network is trained on simulated events using a su-
pervised learning approach. Individual kinematic quantities are provided to the GNN so that it
can learn the subtle differences between signal and background. These input variables include
the pr, 17, and azimuthal angle ¢ of the charged leptons and the two leading jets, and also a
third jet if present. The GNN is trained using simulated samples corresponding to 2018 data-
taking conditions, and the performance is stable across all years. Additional inputs correspond
to global event variables: the number of jets, pT* and its corresponding ¢, the my and |An| of
the two leading jets.

A binned maximum likelihood fit is applied to the flattened distributions of the GNN classifier
score (DgﬁN), combining all data-taking periods, using the CMS COMBINE package [39] to esti-
mate the contributions from signal and background processes. All results presented for the SM
signal measurement in this analysis are derived from this likelihood fit strategy. The flattening
transformation is constructed from the weighted cumulative distribution of the signal GNN
score, such that the signal distribution is mapped to a uniform distribution. The same transfor-
mation is applied to all other processes. Since electrons and muons have similar sensitivities,



they are combined in the discriminating fit. For each individual bin, a Poisson likelihood term
describes the fluctuation of the data around the expected central value, which is given by the
sum of the contributions from signal and background processes, and Barlow—Beeston “lite”
method [40, 41] is used for the treatment of MC statistical uncertainties. The estimated yields
obtained from the fit for the signal and all backgrounds are shown in Table 1.

Table 1: Estimated event yields for signal and background processes in the SR after the maxi-
mum likelihood fit, with associated uncertainties including the statistical and systematic com-
ponents, for the //vv channel only. The QCD-induced production of Z boson pairs is shown
separately for qq and gg initial states. V denotes W or Z.

Process Yield (events)

DY 111+8

Top quark 159 +£23
WW 18+3
Wz 55+3
QCD ZZ (qq) 31+2
QCD ZZ (gg) 20+1
\A'AY 2+0.1

Total background 395+ 27
Total signal (EW ZZ) 22+2

All processes 416 26

Data 400

Systematic uncertainties are incorporated as nuisance parameters in the likelihood fit, account-
ing for both normalization and shape effects on the signal and background predictions. The
impact of each source is evaluated by varying the corresponding parameters within their un-
certainties and propagating the resulting variations through the full analysis. The estimation of
the contributions of individual sources of systematic uncertainty are described in more detail
in the End Matter. The dominant systematic uncertainties arise from theoretical modeling, in
particular renormalization and factorization scale variations and PDFs, as well as experimen-
tal effects related to the jet energy scale (JES) and resolution (JER). Lepton efficiencies, pileup
modeling, and missing higher-order QCD-EW corrections contribute smaller uncertainties.

The expected results are predicted using an Asimov data set [42], where central values of the
templates are set in each bin to those provided by the prediction. The observed (expected)
significance of the signal is 3.1 (2.8) standard deviations utilizing the CL technique [42—44].
The p-value of the fit is 0.11. The m; and Dg?\tm distributions after the fit are shown in Fig. 2,
with all 20162018 data sets combined. The binning of the D3 distribution is determined
from the expected significance evaluated using simulation. In the highest bins of the D!

distribution, limited event counts lead to visible fluctuations in the Data-to-MC ratio.

The same fit is used to measure the EW production cross section in a fiducial region defined
by the following requirements on generator-level quantities. Two Z bosons must come from
EW production with one decaying to neutrinos and the other with pr > 60GeV decaying to
electrons or muons. The pt values of the leading and subleading leptons must be at least 25
and 20 GeV, respectively, with |17| < 2.4 for both leptons. The invariant mass of the dilepton
system is required to be between 76 and 106 GeV. Leptons are defined as dressed leptons. The
momenta of photons are added to a lepton if the separation AR = V/(A7)? + (A¢)? < 0.1.
Two generator-level jets, clustered from all stable particles except neutrinos, are required with
pr > 30GeV, || < 4.7, a separation |An;| > 2.5 and mj > 400GeV. All leptons and jets are
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Figure 2: Distributions of the dijet invariant mass (left) and the flattened GNN discriminator
(right) in the SR after the maximum likelihood fit. The data are shown as black points, whereas
the stacked histograms represent the fitted signal and background contributions. The vertical
bars on the data points represent the statistical uncertainties. The gray band indicates the total
uncertainty in the prediction after the fit, including both statistical and systematic components.

required to be separated from one another by at least AR = 0.4. The generator-level pmiss,
defined as the vector sum of the pr of neutrinos, is required to satisfy p7'** > 120GeV. The
QCD-induced contributions are estimated from simulation and are treated as background in
the fit. We find ofid (pp — ZZjj — €vvjj) = 0.37+012 (stat) [ 0e (syst) fb in agreement with
the SM prediction of 0.39 £ 0.06 fb. Based on SM simulation, we estimate that approximately
14% of the accepted events pass the reconstruction-level selection but come from outside of the
fiducial volume; these are treated as background in the fit.

In addition, we repeat the fit including the earlier measurement from CMS in the ¢¢¢'¢’ chan-
nel [2]. The combination is obtained from a simultaneous likelihood fit to the two channels,
which are almost completely independent. We tested correlating the signal theoretical uncer-
tainties with those of the ¢/vv analysis, and the impact is negligible: both channels are sta-
tistically limited with theoretical uncertainties constituting the dominant contribution among
the systematic uncertainties, and the SR and CRs of the two analyses do not overlap. We find
a observed (expected) significance for EW production of ZZ of 5.0 (4.5) standard deviations.
The observed and expected significances of the individual channels and their combination are
summarized in Table 2.

Table 2: Observed and expected significances of EW ZZ production in the £{vv and 40’0
channels, and their combination.

Channel Expected Observed
ey 3.50 4.00
Llvy 2.80 3.1c
e + tlvy 4.50 5.00

We study contributions of potential BSM physics scenarios in the £/vv channel within the
SMEFT framework [5, 6]. In general, this framework represents additional interactions be-
yond the SM with dimension-6 and higher operators, and we focus on a set of dimension-8
operators that characterize the four-boson interactions and contribution to potential aQGC.
The contributions from such operators tend to be enhanced at high pr, and we selected the



CMS 138 fb~! (13 TeV)
-_% 104 ‘ ‘ + Data - ‘,;
m - WW QCD ZZ (gg) E
-'E WZ mm QCD ZZ(qq)
3
o 10 DY  —. EWZZ(SM) E
> =TOPA . EW 27 (it =4 TeV) ] CMS Erpeced 3 Obsorved 138 fb" (18 TeV)
UJ B é‘\ FT T T T T T T T T T T T T T T T T T T ]
102 4 L e i o
3 O 1
$ 3 < | H H H:
T BRI s IRR Y,
0 __ — 1 o [ 1
10 = ] 2 H H HUH HUHUU f
i = 200 5 15
1071 ot ]
L s 2 0l 1 10
200 400 600 800 1000 8 £l Il Il Il Il Il Il Il 1 1 Il Il Il Il Il Il Il Il Il 11
i S0S1S2MOMIM2M3M4MBM7 ~ TOT1 T2 T3 T4 15 16 17 T8 T9
mr [GeV] S/M operators T operators

Figure 3: The m distribution (left) with the expected contribution from a T8 operator, showing
SM case (dashed red) and frg/A* = 4TeV~* (solid red). The vertical bars on the data points
represent the statistical uncertainties. The expected and observed limits (right) at 95% CL are
obtained from the likelihood fits.

transverse mass (my = \/ 2pZ pRiss[] — cos A *Z, pmiss)]) as a distribution that is sensitive to
T PrPr Pt/ Pt

these contributions, as illustrated in Fig. 3 (left). We fit using a maximum likelihood estimator
to derive two-sided 95% confidence level (CL) intervals on the couplings f;/ A* of dimension-8
operators describing anomalous quartic gauge interactions, where f; are dimensionless Wilson
coefficients and A denotes the energy scale of new physics in the effective field theory. Lim-
its on each operator are obtained by varying one coefficient at a time, while fixing all other
coefficients to zero. The operators considered correspond to i = S0-52, M0-M7, and T1-T9,
representing the longitudinal (S), mixed (M), and transverse (T) operator classes [4].

The expected and observed limits at 95% CL obtained from the likelihood fits are shown in
Fig. 3 (right). These limits are consistent with and generally comparable to previous aQGC
measurements reported by CMS [9, 45-49].

Tabulated results are provided in the HEPData record for this analysis [50].

In summary, we report the first evidence for electroweak (EW) production of Z boson pairs in
the final state ZZjj — ({vvijj, with a significance of 3.1 standard deviations. The measured fidu-
cial cross section is in agreement with the standard model predictions. A search for anomalous
quartic gauge couplings shows no evidence of beyond the standard model effects. Limits are
set in terms of dimension-8 effective field theory operators. A combination with the previously
reported result from the ZZ decay channel with four charged leptons [2] yields an observed
(expected) significance of 5.0 (4.5) standard deviations for the EW production of Z boson pairs.
With the addition of this result, the CMS experiment has observed EW production of all pairs
of massive gauge bosons: WW (both same-sign and opposite-sign), WZ, and ZZ.
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A End Matter

A.1 Single photon control region

The method used to estimate the DY background uses the similarity between 7 4 jets and
Z + jets events in boson kinematics and jet activities. In both processes, pi*s arises only from
instrumental sources rather than from neutrinos. Events in the single-photon CR are required
to pass single-photon triggers with the lowest pt threshold being 50 GeV, and further require-
ments on the reconstructed photon are applied, including pr(y) > 60GeV and |(y)| < 2.5. It
is important to subtract processes other than prompt photon production from the single-photon
data sample, especially those that have genuine pT* from neutrinos. The most important such
processes are Zy + jets — vvy +jets, W + jets — ev + jets where the electron is misidentified
as a photon, and W+ +jets — {vvy + jets where the lepton is not detected. The first two pro-
cesses are estimated from data and the last one is estimated from MC. The single-photon sam-
ple is then divided into two regions, pmis* < 120 GeV and piss > 120 GeV. In the lower-piss
region, the photon sample is reweighted according to the number of reconstructed vertices, the
boson pr, and the boson 77 to match a similar DY sample where the Z boson decays to electrons
or muons. The weights are applied to the high-p™** region of the single-photon CR and this
gives the estimate of the DY background. The single-photon data alone cannot represent the
kinematic distributions of the leptons from the Z boson decay. Therefore, as a final step, we
reweight the DY MC events to reproduce the pi*s and the boson p distributions observed in
data, and this reweighted MC sample is used as the DY background estimate in all subsequent
steps of the analysis.

A.2 Uncertainty estimation

Systematic uncertainties are represented by nuisance parameters 6 with probability density
functions [51] centered on their nominal values f. Correlations among systematic uncertainties
in different categories are taken into account. The total likelihood is defined as the product
of the likelihoods of the individual bins and the probability density functions for the nuisance
parameters. Uncertainties that affect only the overall normalization (e.g., the integrated lumi-
nosity) are modeled with log-normal probability density functions, while those that also affect
the distributions of relevant kinematic observables (e.g., the JES) are treated as shape uncer-
tainties. Impacts are evaluated by performing the full analysis for not only the central value of
the relevant parameter but also with the central value shifted up and down by one standard
deviation.

Discrepancies in the lepton reconstruction and identification efficiencies between data and sim-
ulation are corrected by applying data-to-simulation scale factors to all simulated samples.
These scale factors are measured using Z/y* — {7{~ events in the Z peak region [17, 52]
that are recorded with a set of triggers without lepton requirements. The impact of the lepton
momentum scale uncertainty is computed by varying the lepton momentum by 1%. The un-
certainty in the JES and JER calibration affects the uncertainties in kinematic properties of jets
and the p™i*s. In order to account for the systematic uncertainty of the JER smearing procedure,
the resolution scale factors also vary up and down within their respective uncertainties.

Uncertainties in individual components used to build p2** are propagated to the uncertain-
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ties in the pi* distribution. The components include JES and JER uncertainties for jets, muon
energy corrections, electron/photon energy scale uncertainties, and unclustered energy, com-
prising soft particles not clustered into jets, leptons or photons. In this analysis, b tagging is
used only to reject events with candidate b jets in the final state, and the uncertainties on the b
tagging efficiencies are included in the veto uncertainty.

The uncertainty in the integrated luminosity is implemented with separate nuisance parame-
ters accounting for year-dependent and partially correlated components across the 2016-2018
data-taking periods [53], with the overall uncertainty of 0.73%. Simulated samples are reweighted
to reproduce the pileup conditions observed in the data. To compute the uncertainty related to
pileup reweighting procedure, we alter the pileup distribution corresponding to the upward
and downward pp inelastic cross section variations of 5%. The variation of the final yields
induced by this procedure is less than 1% for processes estimated from simulation.

Theoretical uncertainties in the normalization of the ZZ, WZ and signal processes are derived
from variations of the QCD renormalization and factorization scales, ag, and PDFs [32, 54—
57]. The scale uncertainties are taken as the largest deviation from the nominal prediction
among independent variations of the renormalization and factorization scales by factors of two,
excluding the two extreme variations. The PDF and ag uncertainties for signal and background
processes are estimated from the standard deviation of weights from the replicas provided in
the NNPDF3.1 PDF sets [35, 58]. The samples for the signals and leading backgrounds are
generated at NLO in QCD.

For the ZZ process, the cross section is corrected to NNLO in QCD, but the assumed uncer-
tainty reflects the NLO generator precision. The final distribution for the variable of interest
is then reweighted bin-by-bin using the PDFALHC prescription [57]. The main contributions
to the systematic uncertainty are renormalization and factorization scales, and PDFs, each con-
tributing about 12%.

Another source of uncertainty in the estimation of the QCD diboson + jets background comes
from the missing higher-order EW terms in the event generation of the diboson processes.
Terms purely of higher order in agy are expected to be negligible [59]. A significant uncer-
tainty, instead, stems from missing mixed QCD-EW corrections of order agary. For ZZ events
the uncertainty from such missing QCD-EW combined corrections is estimated from the prod-
uct of the NLO QCD corrections (1 + égcp) and NLO EW corrections (1 + dgy), as dgcpdpw-
The NNLO QCD correction increases the predicted cross section by about 15%, whereas the
NLO EW correction reduces it by 5-25% over the relevant Z boson p range, resulting in a net
correction of approximately +10 to -10%. The EW correction is small [60-62] and uncertainties
can be estimated from considering QCD-EW cross terms [63-66].
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