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The first search for a heavy neutral spin-1 gauge boson (Z0) with nonuniversal fermion couplings
produced via vector boson fusion processes and decaying to tau leptons or W bosons is presented. The
analysis is performed using LHC data at

ffiffiffi
s

p ¼ 13 TeV, collected from 2016 to 2018 with the CMS
experiment and corresponding to an integrated luminosity of 138 fb−1. The data are consistent with the
standard model predictions. Upper limits are set on the product of the cross section for production of the Z0

boson and its branching fraction to ττ or WW. The presence of a Z0 boson decaying to τþτ− (WþW−) is
excluded for masses up to 2.45(1.60) TeV, depending on the Z0 boson coupling to standard model weak
bosons, and assuming a Z0 → τþτ− (WþW−) branching fraction of 50%.
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The standard model (SM) of particle physics has
successfully explained many experimental observations.
However, it is not an ultimate theory of nature. For
example, the SM fails to explain neutrino masses and the
matter-antimatter asymmetry of the Universe. Furthermore,
recent experimental results from precision measurements,
such as the ratios RðD0Þ and RðD�Þ from B meson decays,
show tension with the SM expectations [1,2]. Various
models of new physics have been proposed to address
the shortcomings of the SM. Examples of such models
include Uð1Þ extensions [3,4], top-assisted technicolor
models [5], Randall-Sundrum models [6–8], grand unified
theories [9], and Eð6Þ models [10]. Such models predict a
new heavy neutral gauge boson Z0 that could be observed in
proton-proton (pp) collisions at the CERN LHC.
Previous searches for Z0 bosons have considered pro-

duction via Drell-Yan processes with various Z0 boson
couplings gq to light quarks [11–21]. Awidely used bench-
mark model in those searches is the sequential SM, which
assumes a Z0 boson with the same couplings to quarks and
leptons as the SM Z boson. In this model, 95% confidence
level bounds on the Z0 boson massmZ0 of up to 5 TeV have
been established by the ATLAS [18] and CMS [19]
collaborations, assuming a Z0 boson with a small decay
width and considering decays to electron and muon pairs.
However, the bounds are significantly weaker under less
stringent assumptions, e.g., ones that allow nonuniversal

(i.e., generation-dependent) fermion couplings with small
values of gq, and can have large Z0 boson decay widths
[22–24]. These models could account for the tensions
between SM predictions and precision measurements,
and motivate a search for Z0 resonances produced through
vector boson fusion (VBF) processes, with the Z0 boson
decaying to a pair of τ leptons [22,25].
This Letter presents the first search for a Z0 boson with

nonuniversal fermion couplings produced through VBF
processes at the LHC, using 138 fb−1 of data collected
during 2016–2018 from pp collisions at

ffiffiffi
s

p ¼ 13 TeV. In
a VBF reaction, a quark from each of the colliding protons
radiates an SM electroweak vector boson, and the merger of
these produces a Z0 boson. The Z0 boson can subsequently
decay into a pair of τ leptons, which are accompanied by
two jets from the scattered quarks. While the analysis is
optimized for the Z0 → τ þ τ− final state, the possibility of
a Z0 boson decaying into a pair of W bosons motivates an
alternate interpretation of the results. A representative
Feynman diagram can be found in Ref. [25]. Four Z0

boson decay channels are utilized: μτh, eτh, τhτh, and eμ,
where τh refers to a τ lepton that decays hadronically. In the
Z0 → τþτ− decay mode, the electrons and muons are
produced from the leptonic decays of τ leptons, while
they may arise from W → lν decays in the case of the
Z0 → WþW− mode, where l ¼ e, μ, τ.
The CMS apparatus [26] is a multipurpose, nearly

hermetic detector designed to trigger on [27–29] and
identify electrons, muons, photons, and (charged and
neutral) hadrons [30–32]. A global particle-flow (PF)
algorithm [33] aims to reconstruct all individual particles
(PF candidates) in an event, combining information pro-
vided by the all-silicon inner tracker and by the crystal
electromagnetic (ECAL) and brass-scintillator hadron
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calorimeters, operating inside a 3.8 T superconducting
solenoid, with data from the gas-ionization muon detectors
embedded in the flux-return yoke outside the solenoid.
The primary vertex is taken to be the vertex correspond-

ing to the hardest scattering in the event, evaluated using
tracking information alone, as described in Sec. 9.4.1 of
Ref. [34]. Electron candidates are reconstructed by match-
ing energy clusters in the ECAL with tracks in the inner
tracker. A dedicated electron identification is used to
distinguish electrons produced in hard scattering processes
from charged hadrons and from electrons produced through
photon conversions [30]. Muons are reconstructed using
the tracker and muon chambers and by requiring limited
associated energy deposited in the calorimeters [31]. The
electron and muon selections impose an isolation require-
ment to suppress lepton candidates from misidentified jets,
and genuine leptons from hadron decays. The isolation
variable Il is defined as the scalar pT (transverse momen-
tum) sum, divided by the lepton pT, of charged and neutral
PF candidates within a cone in ðη;ϕÞ, with η the pseudor-
apidity and ϕ the azimuthal angle. The radius of the cone is
0.4 (0.3) around the muon (electron) direction at the
interaction vertex. The sum excludes the lepton under
consideration as well as particles identified as arising from
additional pp interactions within the same or a nearby
crossing of proton-beam bunches (pileup) [35,36]. The
isolation criterion is Il < 0.15 [31].
Jets are clustered using the anti-kT clustering algorithm

[37,38] with an angular distance parameter of 0.4.
Identification criteria are applied to jet candidates to
remove anomalous effects from the calorimeters and jets
from secondary pileup interactions [39]. For jets with pT >
30 GeV and jηj < 2.5 ð>2.5Þ, the identification efficiency
is >98 ð90Þ% depending on pseudorapidity. The jet energy
scale and resolution are corrected depending on the pT and
η of the jet [40]. The missing transverse momentum p⃗miss

T is
the negative sum of the individual transverse momentum
vectors of all PF candidates [39]. Its magnitude is pmiss

T .
Jets originating from the hadronization of b quarks

(b jets) are tagged using algorithms that identify secondary
vertices. The identification efficiency is 40%–60% for
genuine b jets, depending on pT, η, the year of data
collection, and the light-flavor quark or gluon jet mis-
identification rate is 0.1%–0.9% [41].
Each τh candidate is reconstructed using the hadrons-

plus-strips algorithm [42] and is identified with an artificial
neural network that combines variables related to isolation
and the τ lepton lifetime to identify specific classes of τh
decay modes [43]. The tight-isolation working point is used
to define the signal region, which results in a τh identi-
fication efficiency of 60% with a 0.05%–0.3% probability
for a jet to be misidentified as a τh, depending on the pT and
η of the τh candidate [43]. The loose-isolation working
point, which is used for background estimation studies, has
a τh identification efficiency of 80% and a 0.1%–1% jet

misidentification probability. To suppress muons and elec-
trons misidentified as τh, a discriminator based on an
artificial neural network is used that requires that the lead
track of the τh candidate not be associated with a global
muon signature or an electron bremsstrahlung shower [44].
The misidentification rate for muons (electrons) is 0.02%
(3.60%) for a genuine τh identification efficiency of 80%.
Data for this search were collected using single-lepton

triggers for final states with muons or electrons, and a
double-τh trigger for the τhτh analysis [28]. The single
muon (electron) trigger requires an isolated muon (elec-
tron) with a minimum pT of 24 or 27 GeV (32 or 35 GeV),
depending on the data-taking year. The double-τh trigger
uses isolation criteria and pTðτhÞ thresholds of 32, 35, or
40 GeV, depending on the year.
Events satisfying the trigger selections must pass addi-

tional offline lepton requirements targeting the Z0 → τþτ−
and Z0 → WþW− decay chains. An event must contain
exactly one pair of leptons having opposite-sign electric
charge (OS). The muon in the μτh (eμ) channel is required
to have pT > 35ð30Þ GeVwithin jηj < 2.1. The electron in
the eτh (eμ) channel is required to have pT > 55ð10Þ GeV
within jηj < 2.1. The τh candidates in the τhτh (μτh and eτh)
channel are required to have pT > 70ð20Þ GeV within
jηj < 2.1, where the trigger is fully efficient. These require-
ments constitute the dilepton selection.
To reduce background from SM processes containing top

quarks, events must contain no identified b jet with pT >
30 GeV and jηj < 2.4. The associated neutrinos from the τ
lepton and W boson decays in the signal events generate
sizable pmiss

T . We require pmiss
T > 30 GeV to suppress the

contribution from pure quantum chromodynamic processes
(QCD multijet events).
The distinctive signature of events from VBF processes

is the presence of two energetic jets with a large η
separation (Δη), located in opposite hemispheres of the
detector. Therefore, in addition to the lepton pair, we
require that each event contain two well-identified jets
(j1 and j2), each with pT > 30 GeV and jηj < 5, with a
reconstructed dijet mass (mjj) greater than 500 GeV,
jΔηðjjÞj > 4.2, and ηj1ηj2 < 0. These jets and the leptons
must all be well separated from each other, satisfying the
requirement ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

> 0.4. We refer to
these requirements as the VBF criteria. They are effective at
suppressing the background by a factor of 102–104,
depending on the background process, while retaining
70%–75% of signal events, depending on mZ0 . We note
that approximately 1% of background events involve a
reconstructed VBF dijet pair that includes a pileup jet,
while such occurrences are exceedingly rare in signal
events. The signal regions (SRs) comprise events that
satisfy the dilepton selection criteria, the b jet veto require-
ment, the pmiss

T requirement, and the VBF selection criteria.
As an approximation to the Z0 boson mass, we form the

invariant mass of the system comprising the visible lepton
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pair and the missing momentum,

m
�
l1;l2; pmiss

T

�

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
El1 þ El2 þ pmiss

T

�
2 −

�
p⃗l1 þ p⃗l2 þ p⃗miss

T

�
2

q
;

which serves as the main observable used to distinguish
between signal and background. The strategy is to search
for a broad enhancement in the spectrum at large values
of mðl1;l2; pmiss

T Þ.
The dominant SM background processes contributing to

the search are W and Z boson production (W þ jets and
Z þ jets), production of top quark-antiquark pairs (tt), and
QCDmultijet production. TheW þ jets and Z þ jets events
contain genuine lepton candidates, energetic jets, and pmiss

T
from neutrinos. Background from tt events is characterized
by two b jets in addition to genuine leptons. Events from
the QCD multijet production process can be mistaken for
signal if jets are misidentified as leptons. Smaller back-
grounds include the production of events with a single t
quark and those with the production of two vector bosons.
Simulated samples of Z þ jets, W þ jets, and single t

quark events are produced with the MADGRAPH5_

AMC@NLO2.6.0 program [45] at leading order (LO) in
QCD. Events from tt̄ are generated with POWHEG2.0

[46–48] at next-to-leading order (NLO) precision. The LO
PYTHIA generator [49] is used to model diboson processes.
The production of one or two vector bosons in association
with two jets exclusively through pure electroweak inter-
actions is simulated with LO MADGRAPH5_AMC@NLO2.6.0,
and the leading electroweak QCD interference terms in
the cross section are found to be small [50]. Pure electro-
weak pp → Z0jj signal samples are generated using
MADGRAPH5_AMC@NLO at LO precision. We use the
simplified model in Ref. [25], where the Z0 boson has
Z-like couplings, and the Z0 boson masses and couplings to
SM particles are free parameters. The Z0 boson coupling to
first- and second-generation fermions is defined as g1;2gZff,
where gZff is the SM Z boson coupling, and g1;2 is a
modifier for the coupling. The coupling to tau leptons is
similarly defined with g3 as the modifier for the SM Z
boson coupling to tau leptons. Finally, the Z0 boson coup-
ling to the SM W boson is defined as gZ0WW ¼ κVgmax

Z0WW ,
where gmax

Z0WW is the maximal Z0 boson coupling to the SM
W boson dictated by the unitarity constraint [25], and κV is
a modifier for that coupling. The parameter κV affects both
the signal cross section and event kinematic properties.
We do not consider anomalous couplings between the Z0
boson and the Z=γ bosons of the SM, and thus Z0 decays to
Z=γ are not considered. Four sets of signal models are
utilized: (i) Z0 → τþτ− decays with g1;2 ¼ 0, henceforth
referred to as simplified phenomenological model 1
(SPM1); (ii) Z0 → τþτ− decays with g1;2 ¼ 1 (SPM2);
(iii) Z0 → WW decays with g1;2 ¼ 0 (SPM3); and (iv) Z0 →
WW decays with g1;2 ¼ 1 (SPM4). The g1;2 ¼ 0 cases are a

proxy for nonuniversal fermion coupling scenarios, where
the couplings of the Z0 boson to light fermions are sup-
pressed. For all sets of signal models described above, five
κV values are considered, κV ¼ f0.1; 0.25; 0.50; 0.75; 1.0g,
for Z0 masses ranging from 250 to 2500 GeV in steps of
250 GeV. The parameter g3 is also varied to study the effect
of different Z0 → τþτ− branching fractions, and results are
presented as a function of the branching fractions.
The MADGRAPH5_AMC@NLO and POWHEG generators

used to simulate signal and background processes are
interfaced with PYTHIA8.212 (8.230) using the CUETP8M1
(CP5) tune [51,52] for parton shower and fragmentation in
the 2016 (2017–2018) simulated samples, respectively.
The NNPDF3.0 (3.1) NNLO [53,54] parton distribution func-
tions (PDFs) are used in the event generation for 2016
(2017–2018) samples. The simulated background yields
are normalized to the integrated luminosity using next-to-
NLO (NNLO) or NLO cross sections in QCD, while signal
production cross sections are calculated at LO precision.
The response of the CMS detector in these Monte Carlo
simulated samples is simulated using dedicated software
based on the GEANT4 toolkit [55]. Pileup is incorporated by
simulating additional interactions that are both in time and
out of time with the collision.
For the μτh and eτh channels, the main background

comes from events with jets misidentified as τh candidates,
mainly from processes such as W þ jets and tt̄ with one
leptonic W boson decay. This background contribution is
estimated from data using control regions (CRs) obtained
with no VBF criteria and containing a τh candidate that
satisfies the loose, but fails the tight isolation requirement
[antiISO τh]. Events in this CR are weighted with a transfer
factor given by the product of a VBF selection efficiency,
and a misidentification ratio [misID] ratio defined as the
ratio of the number of events with a nominal τh candidate to
the number of those with an antiISO τh. The VBF selection
efficiency is determined using a Wð→ μνÞ þ jets CR with
transverse mass mTðp⃗μ; p⃗miss

T Þ near the mW Jacobian peak,
and is taken to be the fraction of events in this CR that also
satisfy the VBF criteria. The misID ratios are derived as a
function of pTðτhÞ and ηðτhÞ in a Zð→ μμÞ þ τh CR. Nearly
all τh candidates in this CR arise from misidentified jets.
The antiISO τh requirement used to determine the misID
ratio can slightly bias the angular separation between
the τh candidate and p⃗miss

T , and as a result can slightly
bias the mðl1;l2; pmiss

T Þ shape. Therefore, any residual
mðl1;l2; pmiss

T Þ shape biases in the misID τh background
prediction are accounted for using correction factors as a
function of Δϕðp⃗l; p⃗miss

T Þ, derived from the Monte Carlo
simulated samples, and validated with simulation and data.
The dominant genuine-τh background contribution in the

μτh and eτh signal regions arises from tt̄ fully leptonic
events. This background is estimated from simulation
scaled by data-to-simulation efficiency factors (SFs) to
account for mismodeling of the selection efficiencies in
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simulation. The SFs are measured in a tt -enriched CR
requiring the same lepton pair and VBF criteria as for the
SR, but with the b jet veto replaced by the requirement of
one b jet.
For the τhτh channel, the main background contribution

comes from Z þ jets processes with genuine τh candidates
from Z → τhτh, and is estimated from simulation with SFs
obtained from a Z-enriched CR. This CR is selected with
the same lepton-pair and VBF criteria as those of the SR,
but with pmiss

T < 30 GeV and the reconstructed mass
mðτhτhÞ of the two τh candidates between 50 and
100 GeV. An SF is measured from these events, which
is used to normalize the Z þ jets’ background yield in the
SR. To disentangle the individual contributions of the VBF
and non-VBF selections to the overall SF used in the
background estimation, the same Z-enriched CR is also
studied without the VBF criteria. The normalization SF
does not depend on mðl1;l2; pmiss

T Þ. We correct the yields
in these Zð→ τhτhÞ þ jets CRs for the contamination from
QCD multijet events estimated from data in CRs with
same-sign electric charge (SS) τh pairs. The transfer factor
between SS and OS events is calculated using events with
antiISO τh and mðτhτhÞ > 100 GeV.
The contribution of QCDmultijet events in the τhτh SR is

determined using a QCD-enriched CR selected by the
requirement of an SS τh pair. The transfer factor between
this CR and the SR is obtained as the ratio of OS to SS τh
pairs in CRs that fail the VBF and pmiss

T criteria and have an
antiISO τh pair.
The smaller W þ jets background contribution in the

τhτh SR is determined by correcting the prediction from
simulation with SFs derived from high-purity Wð→ μνÞ þ
jets control samples.
In the eμ channel, the main background comes from tt̄

production with two leptonic t quark decays. An estimation
of the tt̄ background is performed by defining four regions
in data. Region A is the SR, and the events in CR D differ
from those in A by failing the VBF criteria. Regions B and
C are defined by the same requirements as for A and D
respectively, but with one rather than zero b jets. The tt̄
yield NA in the SR for eachmðe; μ; pmiss

T Þ bin is obtained as
NA ¼ ðNB=NCÞND, where NB and NC are the data yields
in those respective CRs, and ND is given by the yield in CR
D minus an estimate from simulation of the contribution of
non-tt processes.
The internal consistency (closure) of all background

estimation methods, in all channels, is validated in simu-
lation, with additional tests performed in data CRs. These
closure tests demonstrate that the background determina-
tion techniques reproduce the expected distributions in both
rate and shape.
Various effects impact the shape and normalization of the

predicted mðl1;l2; pmiss
T Þ background distribution. A lead-

ing source of systematic uncertainty is the difference in
the misID τh ratios between light-quark and gluon jets.

We estimate this uncertainty by comparing the misID ratio
measured in an SS Wð→ μνÞ þ τh CR, which has a higher
fraction of light-quark jets relative to gluon jets, with the
nominal one measured in the Zð→ μμÞ þ τh CR. The
difference is found to depend on pTðτhÞ, varying from
4% to 20%. The statistical uncertainties of the data in the
CRs used for measuring SFs give rise to uncertainties in
the background predictions of 1%–21%, depending on the
process. Another source of systematic uncertainty (<20%
for all processes) is the closure of the background estima-
tion methods.
The signal and background yields estimated from sim-

ulation are affected by similar sources of systematic un-
certainty, with small differences between the 2016, 2017,
and 2018 datasets. The integrated luminosities for the 2016,
2017, and 2018 data-taking years have 1.2%–2.5% indi-
vidual uncertainties [56–58], while the overall uncertainty
for the 2016–2018 period is 1.6%. Uncertainties associated
with the identification of μ and e are 1%–2% for all
background and signal processes [30,31]. The uncertainty
from the τh identification and isolation requirements is
6%–9%, depending on the data-taking year. The uncer-
tainties in the identification and energy scales for μ, e, and
τh are correlated across processes with genuine μ, e, and τh
candidates, and correlated acrossmðl1;l2; pmiss

T Þ bins. The
uncertainty in the τh energy scale amounts to 2% uncer-
tainty in the yields. For the electrons misidentified as τh
candidates, the identification uncertainties are 1%–6.5%
depending on pTðτhÞ. The jet energy scale uncertainties
(2%–5% depending on η and pT) result in an uncertainty of
1%–3% in the signal yields, depending onmðl1;l2; pmiss

T Þ.
Uncertainties due to the modeling of secondary pileup
interactions are less than 1%. The uncertainty in event
acceptance from the PDF set used in simulation is deter-
mined according to the PDF4LHC recommendations [59]
by comparing the outputs from the CTEQ6.6L, MSTW08,
and NNPDF10 PDF sets [60–62] to those of the default
PDF set. This results in at most a 6% uncertainty in the
signal yield, and is correlated across data-taking years. The
uncertainty in the b tagging efficiency results in 2%–9%
uncertainty in the predicted yields, depending on the
process, and is only correlated between backgrounds with
top quarks. The trigger uncertainty is 3% for background
and signal yields, and is uncorrelated across data-taking
years. During the 2016 and 2017 data-taking periods, a
gradual shift in the timing of the inputs of the ECAL L1
trigger in the region at jηj > 2.0 caused a specific trigger
inefficiency, for which correction factors and uncertainties
are computed from data and applied to the acceptance
derived from simulation, resulting in a 5%–8% uncertainty
in the yields, depending on the process.
Figure 1 shows the mðl1;l2; pmiss

T Þ distribution for
events in the SRs for all channels. The binning was
chosen among several binning options as the one with
the best signal significance and discovery reach in mZ0 .
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Backgrounds are estimated using either fully data-driven
methods or simulation-based approaches, with CR-derived
SFs applied to the SRs, as described above. The observed
mass spectra shown in Fig. 1 are consistent with the SM
predictions. We set 95% confidence level (CL) upper limits
on the product of the VBF Z0 cross section and the
branching fraction for the decay of the Z0 boson to τþτ−
or WþW−. The limits are estimated following the modified
frequentist construction CLs [63–65] using the CMS
statistical analysis tool COMBINE [66]. Maximum likelihood

fits are performed using the SR distributions to construct a
combined profile likelihood ratio test statistic in bins of
mðl1;l2; pmiss

T Þ. We use the asymptotic approximation to
the profile likelihood test statistic. Systematic uncertainties
are implemented as nuisance parameters, which are profiled
and modeled with gamma or log-normal priors for the
normalization parameters and Gaussian priors for the shape
uncertainties. The upper limits on signal cross section are
then used to derive exclusion bounds.

FIG. 1. Observedmðl1;l2; pmiss
T Þ for the data, and the postfit backgrounds (stacked histograms), in the signal region for the μτh (upper

left), eτh (upper right), τhτh (lower left), and eμ (lower right) channels. The lower panels show ratios of the data to the prefit background
prediction and postfit background yields as red open squares and blue points, respectively. The gray band in the lower panels indicates
the systematic component of the postfit uncertainty. The dashed lines correspond to the signal expectation for Z0 boson masses of 1 TeV
(black) and 2.5 TeV (magenta) decaying to τþτ−, normalized to cross sections of 199.4 fb and 0.7504 fb respectively. The dashed brown
line corresponds to a Z0 boson mass of 1.25 TeV decaying toWþW−, normalized to a cross section of 61.14 fb. The signal cross sections
correspond to fκV; g3; g1;2g ¼ f1; 1; 0g.
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Figure 2 shows exclusion bounds for the four signal
models described above, as a function of mZ0 and the Z0 →
τþτ− and Z0 → WþW− branching fractions, assuming
different κV values.
The τhτh channel contributes most strongly to the Z0 →

τþτ− exclusion limits, while for Z0 → WþW− it is the eμ
channel that contributes most. For SPM1, the data exclude
Z0 bosons with masses below 1 (2.45) TeV for a Z0 → τþτ−
branching fraction of 50%, assuming κV ¼ 0.1 (1.0). For
SPM2, the bounds on mZ0 increase by about 5% due to an
increase in the pp → Z0jj cross section from pure electro-
weak non-VBF processes when g1;2 ¼ 1. For SPM3 and
SPM4, we exclude Z0 with masses below about 1.6 TeV

for a 50% Z0 → WþW− branching fraction, assuming
κV ¼ 1.0. In general, any increment of g1;2 for constant
values of the other couplings lowers the contribution of
VBF diagrams relative to the total cross section, thereby
decreasing the acceptance of the VBF selections.
Simultaneously, the expected momentum of the Z0 boson
increases, affecting the signal shapes. For Z0 → τþτ−,
this leads to weakening limits with increasing g1;2. For
Z0 → WþW−, because of the mass of the W boson, the
additional momentum improves the differentiation of the
signal shape from that of the background, in total improv-
ing the limits with rising g1;2. This analysis is sensitive to
models that could resolve tensions between SM predictions

FIG. 2. Combined 95% CL lower limits onmZ0 as a function of the Z0 branching fraction to τþτ− (upper row) andWþW− (lower row)
for the g1;2 ¼ 0 (left column) and g1;2 ¼ 1 (right column) scenario. The red, green, and blue curves show the observed limits
corresponding to κV equal to 0.1, 0.5, and 1, respectively. The dashed curves and shaded bands show the expected limits with their
68% CL percentile bands.
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and precision measurements. Tabulated results are provided
in the associated HEPDATA record [67].
In summary, a first search for a heavy neutral spin-1

gauge boson Z0 produced via vector boson fusion processes
has been performed using data collected by the CMS
experiment, corresponding to an integrated luminosity of
138 fb−1. The search considers nonuniversal couplings of
Z0 bosons to fermions, including scenarios with dominant
couplings to the third generation. Two decay channels,
Z0 → τþτ− and Z0 → WþW−, are investigated. The invari-
ant mass of the dilepton pair plus missing transverse
momentum is used to search for the presence of a signal
as a broad enhancement above the background expectation.
The data are found to be in agreement with standard model
predictions. In Z0 models with nonuniversal fermion
couplings, in particular those with Z0 bosons having
enhanced couplings to the third generation, the presence
of Z0 bosons decaying to a τ lepton (W boson) pair is
excluded for Z0 masses up to 2.45 (1.60) TeV, depending on
the Z0 boson coupling to SM weak bosons and assuming a
Z0 → τþτ− (WþW−) branching fraction of 50%. These are
the first limits to date on models with nonuniversal fermion
couplings.
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7Université Catholique de Louvain, Louvain-la-Neuve, Belgium
8Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil

9Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
10Universidade Estadual Paulista, Universidade Federal do ABC, São Paulo, Brazil

11Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia, Bulgaria
12University of Sofia, Sofia, Bulgaria

13Instituto De Alta Investigación, Universidad de Tarapacá, Casilla 7 D, Arica, Chile
14Beihang University, Beijing, China

15Department of Physics, Tsinghua University, Beijing, China
16Institute of High Energy Physics, Beijing, China

17State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
18Guangdong Provincial Key Laboratory of Nuclear Science and Guangdong-Hong Kong Joint Laboratory of Quantum Matter,

South China Normal University, Guangzhou, China
19Sun Yat-Sen University, Guangzhou, China

20University of Science and Technology of China, Hefei, China

PHYSICAL REVIEW LETTERS 135, 061803 (2025)

061803-16

https://orcid.org/0000-0001-9665-7282
https://orcid.org/0000-0001-8460-0019
https://orcid.org/0000-0003-0538-5854
https://orcid.org/0000-0002-0477-1051
https://orcid.org/0000-0003-0059-0779
https://orcid.org/0000-0003-1112-5880
https://orcid.org/0000-0003-2663-7379
https://orcid.org/0000-0001-9980-4698
https://orcid.org/0000-0001-7366-1318
https://orcid.org/0000-0002-9776-1935
https://orcid.org/0000-0002-9770-1377
https://orcid.org/0000-0002-5890-0445
https://orcid.org/0000-0001-6830-3356
https://orcid.org/0000-0002-2583-5982
https://orcid.org/0000-0002-4922-1934
https://orcid.org/0000-0002-7625-8169
https://orcid.org/0000-0001-8160-0208
https://orcid.org/0000-0002-5308-7707
https://orcid.org/0000-0002-9086-5184
https://orcid.org/0000-0002-5017-1487
https://orcid.org/0000-0002-6395-1079
https://orcid.org/0000-0003-1455-6272
https://orcid.org/0000-0002-9361-5762
https://orcid.org/0000-0003-4702-8820
https://orcid.org/0000-0001-6771-2174
https://orcid.org/0000-0002-6356-2655
https://orcid.org/0000-0002-2857-6883
https://orcid.org/0009-0000-7412-4071
https://orcid.org/0000-0003-4802-6819
https://orcid.org/0000-0002-6230-1138
https://orcid.org/0000-0002-9951-4583
https://orcid.org/0000-0003-3068-3212
https://orcid.org/0000-0001-9012-395X
https://orcid.org/0000-0002-1418-2154
https://orcid.org/0000-0003-2356-1700
https://orcid.org/0000-0001-6815-1065
https://orcid.org/0000-0002-9266-7819
https://orcid.org/0000-0003-4421-680X
https://orcid.org/0000-0002-1542-0855
https://orcid.org/0000-0001-7684-6588
https://orcid.org/0000-0002-0866-8932
https://orcid.org/0000-0002-8313-0809
https://orcid.org/0000-0003-4668-1203
https://orcid.org/0000-0003-1430-9191
https://orcid.org/0000-0002-5990-4245
https://orcid.org/0000-0003-1141-3823
https://orcid.org/0009-0009-1717-0413
https://orcid.org/0000-0001-9861-2942
https://orcid.org/0000-0001-5367-1738
https://orcid.org/0000-0001-7492-3201
https://orcid.org/0000-0002-6976-4637
https://orcid.org/0000-0003-2566-7496
https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0001-7849-8863
https://orcid.org/0000-0003-4136-3409
https://orcid.org/0009-0001-8169-1020
https://orcid.org/0000-0001-6612-432X
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0009-0009-4040-7407
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0002-6812-761X
https://orcid.org/0000-0003-0409-0341
https://orcid.org/0000-0002-5508-1827
https://orcid.org/0000-0002-7852-167X
https://orcid.org/0000-0002-9842-7015
https://orcid.org/0000-0002-1407-1972
https://orcid.org/0000-0001-7640-5264
https://orcid.org/0000-0002-3834-1316
https://orcid.org/0009-0001-3714-2489
https://orcid.org/0000-0001-6743-3781
https://orcid.org/0000-0002-5168-2932
https://orcid.org/0000-0001-6315-905X
https://orcid.org/0000-0001-6283-4316
https://orcid.org/0000-0002-6625-8085
https://orcid.org/0000-0002-4871-5449
https://orcid.org/0000-0002-3584-7856
https://orcid.org/0000-0002-2831-463X
https://orcid.org/0000-0002-1494-258X
https://orcid.org/0000-0003-2497-1242
https://orcid.org/0000-0003-0408-7636
https://orcid.org/0000-0002-7366-8090
https://orcid.org/0000-0003-0228-9760
https://orcid.org/0000-0003-2110-8021
https://orcid.org/0000-0002-9694-4625
https://orcid.org/0000-0002-7013-8094
https://orcid.org/0000-0002-4995-9285
https://orcid.org/0000-0002-8856-7401
https://orcid.org/0000-0001-6229-695X
https://orcid.org/0000-0002-1469-0335
https://orcid.org/0000-0001-9325-2175
https://orcid.org/0000-0002-3027-0752
https://orcid.org/0000-0001-6304-5861
https://orcid.org/0000-0003-1252-6213
https://orcid.org/0000-0003-3273-9419
https://orcid.org/0000-0002-4436-5461
https://orcid.org/0000-0002-3959-5174
https://orcid.org/0000-0002-0789-1200
https://orcid.org/0000-0002-3412-0508
https://orcid.org/0000-0002-5590-335X
https://orcid.org/0000-0001-5821-291X
https://orcid.org/0000-0002-7049-4646
https://orcid.org/0000-0001-7124-6911
https://orcid.org/0000-0001-9933-995X
https://orcid.org/0000-0001-5965-2386
https://orcid.org/0000-0003-2694-6542
https://orcid.org/0000-0001-7139-7322
https://orcid.org/0000-0003-3322-6287
https://orcid.org/0000-0001-9911-0143
https://orcid.org/0000-0002-0793-5664
https://orcid.org/0000-0001-5565-7868
https://orcid.org/0000-0003-4986-1728
https://orcid.org/0000-0003-3122-4245
https://orcid.org/0000-0002-6723-6689
https://orcid.org/0009-0009-0648-8151
https://orcid.org/0000-0002-8420-1488
https://orcid.org/0000-0001-9497-5471
https://orcid.org/0000-0002-6127-4350
https://orcid.org/0000-0003-3863-2567
https://orcid.org/0000-0002-7218-3323
https://orcid.org/0000-0003-4952-2873
https://orcid.org/0000-0001-6216-9002
https://orcid.org/0000-0003-0152-7683
https://orcid.org/0000-0002-3388-8339
https://orcid.org/0000-0002-2124-6312
https://orcid.org/0000-0002-4732-4008
https://orcid.org/0000-0002-2087-6128
https://orcid.org/0000-0003-3389-4584
https://orcid.org/0000-0003-2582-6469
https://orcid.org/0000-0002-2793-4052
https://orcid.org/0000-0001-5291-8903
https://orcid.org/0000-0002-9202-1516
https://orcid.org/0000-0003-3473-8858
https://orcid.org/0000-0002-1297-6065
https://orcid.org/0000-0003-1550-5223
https://orcid.org/0000-0001-6142-0429
https://orcid.org/0000-0003-1423-5241
https://orcid.org/0000-0003-2530-4265
https://orcid.org/0000-0001-5553-0891
https://orcid.org/0000-0003-3752-4759
https://orcid.org/0000-0001-9586-3316
https://orcid.org/0000-0003-0304-6330
https://orcid.org/0000-0003-4861-0943
https://orcid.org/0000-0003-3644-8627
https://orcid.org/0000-0002-8110-4957
https://orcid.org/0000-0003-1284-3470
https://orcid.org/0000-0002-7406-781X
https://orcid.org/0000-0001-7880-922X
https://orcid.org/0000-0001-7320-5080
https://orcid.org/0000-0001-8026-5380
https://orcid.org/0009-0000-7446-7429
https://orcid.org/0000-0001-5993-9045
https://orcid.org/0000-0003-3848-324X
https://orcid.org/0009-0008-3906-2037
https://orcid.org/0000-0003-3043-1090
https://orcid.org/0000-0002-1959-2363
https://orcid.org/0000-0002-4548-9992
https://orcid.org/0000-0002-2562-4405
https://orcid.org/0000-0003-2590-763X
https://orcid.org/0000-0002-3793-8516
https://orcid.org/0000-0001-8152-927X
https://orcid.org/0000-0001-9665-4575
https://orcid.org/0009-0000-7979-5771
https://orcid.org/0000-0002-1436-6092
https://orcid.org/0000-0003-1287-1471
https://orcid.org/0000-0003-3195-0909
https://orcid.org/0000-0002-2550-2184
https://orcid.org/0000-0003-1058-1163
https://orcid.org/0000-0001-7463-7360


21Nanjing Normal University, Nanjing, China
22Institute of Modern Physics and Key Laboratory of Nuclear Physics and Ion-beam Application (MOE)—Fudan University,

Shanghai, China
23Zhejiang University, Hangzhou, Zhejiang, China
24Universidad de Los Andes, Bogota, Colombia
25Universidad de Antioquia, Medellin, Colombia

26University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, Split, Croatia
27University of Split, Faculty of Science, Split, Croatia

28Institute Rudjer Boskovic, Zagreb, Croatia
29University of Cyprus, Nicosia, Cyprus

30Charles University, Prague, Czech Republic
31Escuela Politecnica Nacional, Quito, Ecuador

32Universidad San Francisco de Quito, Quito, Ecuador
33Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian Network of High Energy Physics,

Cairo, Egypt
34Center for High Energy Physics (CHEP-FU), Fayoum University, El-Fayoum, Egypt

35National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
36Department of Physics, University of Helsinki, Helsinki, Finland

37Helsinki Institute of Physics, Helsinki, Finland
38Lappeenranta-Lahti University of Technology, Lappeenranta, Finland
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41Université de Strasbourg, CNRS, IPHC UMR 7178, Strasbourg, France
42Centre de Calcul de l’Institut National de Physique Nucleaire et de Physique des Particules, CNRS/IN2P3, Villeurbanne, France

43Institut de Physique des 2 Infinis de Lyon (IP2I), Villeurbanne, France
44Georgian Technical University, Tbilisi, Georgia

45RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany
46RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
47RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany

48Deutsches Elektronen-Synchrotron, Hamburg, Germany
49University of Hamburg, Hamburg, Germany

50Karlsruher Institut fuer Technologie, Karlsruhe, Germany
51Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, Aghia Paraskevi, Greece

52National and Kapodistrian University of Athens, Athens, Greece
53National Technical University of Athens, Athens, Greece

54University of Ioánnina, Ioánnina, Greece
55HUN-REN Wigner Research Centre for Physics, Budapest, Hungary

56MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd University, Budapest, Hungary
57Faculty of Informatics, University of Debrecen, Debrecen, Hungary

58HUN-REN ATOMKI—Institute of Nuclear Research, Debrecen, Hungary
59Karoly Robert Campus, MATE Institute of Technology, Gyongyos, Hungary

60Panjab University, Chandigarh, India
61University of Delhi, Delhi, India

62Saha Institute of Nuclear Physics, HBNI, Kolkata, India
63Indian Institute of Technology Madras, Madras, India

64Tata Institute of Fundamental Research-A, Mumbai, India
65Tata Institute of Fundamental Research-B, Mumbai, India

66National Institute of Science Education and Research, An OCC of Homi Bhabha National Institute, Bhubaneswar, Odisha, India
67Indian Institute of Science Education and Research (IISER), Pune, India

68Isfahan University of Technology, Isfahan, Iran
69Institute for Research in Fundamental Sciences (IPM), Tehran, Iran

70University College Dublin, Dublin, Ireland
71aINFN Sezione di Bari, Bari, Italy
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85bUniversità di Trieste, Trieste, Italy
86Kyungpook National University, Daegu, Korea

87Department of Mathematics and Physics—GWNU, Gangneung, Korea
88Chonnam National University, Institute for Universe and Elementary Particles, Kwangju, Korea

89Hanyang University, Seoul, Korea
90Korea University, Seoul, Korea

91Kyung Hee University, Department of Physics, Seoul, Korea
92Sejong University, Seoul, Korea

93Seoul National University, Seoul, Korea
94University of Seoul, Seoul, Korea

95Yonsei University, Department of Physics, Seoul, Korea
96Sungkyunkwan University, Suwon, Korea

97College of Engineering and Technology, American University of the Middle East (AUM), Dasman, Kuwait
98Kuwait University—College of Science—Department of Physics, Safat, Kuwait

99Riga Technical University, Riga, Latvia
100University of Latvia (LU), Riga, Latvia
101Vilnius University, Vilnius, Lithuania

102National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia
103Universidad de Sonora (UNISON), Hermosillo, Mexico

104Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico
105Universidad Iberoamericana, Mexico City, Mexico

106Benemerita Universidad Autonoma de Puebla, Puebla, Mexico
107University of Montenegro, Podgorica, Montenegro

108University of Canterbury, Christchurch, New Zealand
109National Centre for Physics, Quaid-I-Azam University, Islamabad, Pakistan

110AGH University of Krakow, Krakow, Poland
111National Centre for Nuclear Research, Swierk, Poland

112Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
113Warsaw University of Technology, Warsaw, Poland

114Laboratório de Instrumentação e Física Experimental de Partículas, Lisboa, Portugal
115Joint Institute for Nuclear Research, Dubna, Russia

116Petersburg Nuclear Physics Institute, Gatchina, Russia
117Institute for Nuclear Research, Moscow, Russia

PHYSICAL REVIEW LETTERS 135, 061803 (2025)

061803-18



118Moscow Institute of Physics and Technology, Moscow, Russia
119National Research Center ‘Kurchatov Institute’, Moscow, Russia

120National Research Nuclear University ‘Moscow Engineering Physics Institute’ (MEPhI), Moscow, Russia
121P.N. Lebedev Physical Institute, Moscow, Russia

122Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, Russia
123Novosibirsk State University (NSU), Novosibirsk, Russia

124Institute for High Energy Physics of National Research Centre ‘Kurchatov Institute’, Protvino, Russia
125National Research Tomsk Polytechnic University, Tomsk, Russia

126Tomsk State University, Tomsk, Russia
127Faculty of Physics, University of Belgrade, Belgrade, Serbia

128VINCA Institute of Nuclear Sciences, University of Belgrade, Belgrade, Serbia
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