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Abstract

The first search for a heavy neutral spin-1 gauge boson (Z′) 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√

s = 13 TeV, collected from 2016 to 2018 with the CMS experiment and correspond-
ing 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 pro-
duction of the Z′ boson and its branching fraction to ττ or WW. The presence of a
Z′ boson decaying to τ+τ− (W+W−) is excluded for masses up to 2.45(1.60) TeV, de-
pending on the Z′ boson coupling to standard model weak bosons, and assuming a
Z′ → τ+τ− (W+W−) branching fraction of 50%.
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The standard model (SM) of particle physics has successfully explained many experimental ob-
servations. 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 R(D0) and R(D∗) 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
U(1) extensions [3, 4], top-assisted technicolor models [5], Randall–Sundrum models [6–8],
grand unified theories [9], and E(6) models [10]. Such models predict a new heavy neutral
gauge boson Z′ that could be observed in proton-proton (pp) collisions at the CERN LHC.

Previous searches for Z′ bosons have considered production via Drell–Yan processes with var-
ious Z′ boson couplings gq to light quarks [11–21]. A widely used benchmark model in those
searches is the sequential SM, which assumes a Z′ boson with the same couplings to quarks
and leptons as the SM Z boson. In this model, 95% confidence level bounds on the Z′ boson
mass mZ′ of up to 5 TeV have been established by the ATLAS [18] and CMS [19] collaborations,
assuming a Z′ 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 val-
ues of gq , and can have large Z′ boson decay widths [22–24]. These models could account for
the tensions between SM predictions and precision measurements, and motivate a search for Z′

resonances produced through vector boson fusion (VBF) processes, with the Z′ boson decaying
to a pair of τ leptons [22, 25].

This Letter presents the first search for a Z′ boson with nonuniversal fermion couplings pro-
duced through VBF processes at the LHC, using 138 fb−1 of data collected during 2016–2018
from pp collisions at

√
s = 13 TeV. In a VBF reaction, a quark from each of the colliding pro-

tons radiates an SM electroweak vector boson, and the merger of these produces a Z′ boson.
The Z′ 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 Z′ → τ+τ− final state,
the possibility of a Z′ boson decaying into a pair of W bosons motivates an alternate interpre-
tation of the results. A representative Feynman diagram can be found in Ref. [25]. Four Z′

boson decay channels are utilized: µτh, eτh, τhτh, and eµ, where τh refers to a τ lepton that
decays hadronically. In the Z′ → τ+τ− 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 Z′ → W+W− mode, where ℓ = 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 candi-
dates) in an event, combining information provided by the all-silicon inner tracker and by the
crystal electromagnetic (ECAL) and brass-scintillator hadron 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 corresponding to the hardest scattering in the event,
evaluated using tracking information alone, as described in Section 9.4.1 of Ref. [34]. Electron
candidates are reconstructed by matching 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 con-
versions [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
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impose an isolation requirement to suppress lepton candidates from misidentified jets, and
genuine leptons from hadron decays. The isolation variable Iℓ is defined as the scalar pT (trans-
verse momentum) sum, divided by the lepton pT, of charged and neutral PF candidates within
a cone in (η, ϕ), with η the pseudorapidity 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 in-
teractions 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 param-
eter 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
|η| < 2.5 (> 2.5), the identification efficiency is >98 (90)% depending on pseudorapidity. The
jet energy scale and resolution are corrected depending on the pT and η of the jet [40]. The miss-
ing transverse momentum p⃗ miss

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, depend-
ing on pT, η, the year of data collection, and the light-flavor quark or gluon jet misidentification
rate is 0.1–0.9% [41].

Each τh candidate is reconstructed using the hadrons-plus-strips algorithm [42] and is iden-
tified 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 work-
ing point is used to define the signal region, which results in a τh identification 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 electrons 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) trig-
ger requires an isolated muon (electron) 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 pT(τh)
thresholds of 32, 35, or 40 GeV, depending on the year.

Events satisfying the trigger selections must pass additional offline lepton requirements tar-
geting the Z′ → τ+τ− and Z′ → W+W− 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 > 35 (30)GeV within |η| < 2.1. The electron in the eτh (eµ) channel is
required to have pT > 55 (10)GeV within |η| < 2.1. The τh candidates in the τhτh (µτh and
eτh) channel are required to have pT > 70 (20)GeV within |η| < 2.1, where the trigger is fully
efficient. These requirements constitute the dilepton selection.

To reduce background from SM processes containing top quarks, events must contain no iden-
tified b jet with pT > 30 GeV and |η| < 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
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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 (∆η), 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 |η| < 5, with a reconstructed dijet mass (mjj) greater than 500 GeV,
|∆η(jj)| > 4.2, and ηj1 ηj2 < 0. These jets and the leptons must all be well separated from each

other, satisfying the requirement ∆R ≡
√
(∆η)2 + (∆ϕ)2 > 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 mZ′ . 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
requirement, the pmiss

T requirement, and the VBF selection criteria.

As an approximation to the Z′ boson mass, we form the invariant mass of the system compris-
ing the visible lepton pair and the missing momentum,

m(ℓ1, ℓ2, pmiss
T ) =

√
(Eℓ1

+ Eℓ2
+ pmiss

T )2 − ( p⃗ℓ1
+ p⃗ℓ2

+ p⃗ miss
T )2,

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 m(ℓ1, ℓ2, pmiss

T ).

The dominant SM background processes contributing to the search are W and Z boson pro-
duction (W+ jets and Z+ jets), production of top quark-antiquark pairs (tt), and QCD multijet
production. The W+ jets and Z+ 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 sig-
nal if jets are misidentified as leptons. Smaller backgrounds include the production of events
with a single t quark and those with the production of two vector bosons.

Simulated samples of Z+ jets, W+ jets, and single t quark events are produced with the MAD-
GRAPH5 aMC@NLO 2.6.0 program [45] at leading order (LO) in QCD. Events from tt are gen-
erated with POWHEG 2.0 [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 interactions is simulated with
LO MADGRAPH5 aMC@NLO 2.6.0, and the leading electroweak QCD interference terms in the
cross section are found to be small [50]. Pure electroweak pp → Z′ jj signal samples are gener-
ated using MADGRAPH5 aMC@NLO at LO precision. We use the simplified model in Ref. [25],
where the Z′ boson has Z-like couplings, and the Z′ boson masses and couplings to SM par-
ticles are free parameters. The Z′ 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 cou-
pling. The coupling to tau leptons is similarly defined with g3 as the modifier for the SM Z
boson coupling to tau leptons. Finally, the Z′ boson coupling to the SM W boson is defined as
gZ′WW = κV gmax

Z′WW , where gmax
Z′WW is the maximal Z′ boson coupling to the SM W boson dic-

tated 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 anoma-
lous couplings between the Z′ boson and the Z/γ bosons of the SM, and thus Z′ decays to Z/γ
are not considered. Four sets of signal models are utilized: (i) Z′ → τ+τ− decays with g1, 2 = 0,
henceforth referred to as simplified phenomenological model 1 (SPM1); (ii) Z′ → τ+τ− decays
with g1, 2 = 1 (SPM2); (iii) Z′ → WW decays with g1, 2 = 0 (SPM3); and (iv) Z′ → WW de-
cays with g1, 2 = 1 (SPM4). The g1, 2 = 0 cases are a proxy for nonuniversal fermion coupling
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scenarios, where the couplings of the Z′ boson to light fermions are suppressed. For all sets of
signal models described above, five κV values are considered, κV = {0.1, 0.25, 0.50, 0.75, 1.0},
for Z′ masses ranging from 250 to 2500 GeV in steps of 250 GeV. The parameter g3 is also varied
to study the effect of different Z′ → τ+τ− 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 PYTHIA 8.212 (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 functions (PDFs) are used in the event gen-
eration 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+ jets and tt with one leptonic W boson
decay. This background contribution is estimated from data using control regions (CRs) ob-
tained 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] 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 W(→ µν)+ jets CR with
transverse mass mT( p⃗µ , p⃗ miss

T ) 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 pT(τh) and η(τh) in a Z(→ µµ) + 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 p⃗ miss

T , and as a result can slightly bias
the m(ℓ1, ℓ2, pmiss

T ) shape. Therefore, any residual m(ℓ1, ℓ2, pmiss
T ) shape biases in the misID τh

background prediction are accounted for using correction factors as a function of ∆ϕ( p⃗ℓ , p⃗ miss
T ),

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 tt 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
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+ 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 m(τhτh) of the two τh candidates
between 50 and 100 GeV. An SF is measured from these events, which is used to normalize
the Z+ 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 m(ℓ1, ℓ2, pmiss

T ). We correct the yields in these Z(→ τhτh)+ 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
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and m(τhτh) > 100 GeV.

The contribution of QCD multijet 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+ jets background contribution in the τhτh SR is determined by correcting the
prediction from simulation with SFs derived from high-purity W(→µν)+ jets control samples.

In the eµ channel, the main background comes from tt production with two leptonic t quark
decays. An estimation of the tt 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 tt yield NA in the SR for each m(e, µ, pmiss

T ) bin is obtained as
NA = (NB/NC)ND, 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 val-
idated in simulation, with additional tests performed in data CRs. These closure tests demon-
strate that the background determination techniques reproduce the expected distributions in
both rate and shape.

Various effects impact the shape and normalization of the predicted m(ℓ1, ℓ2, pmiss
T ) background

distribution. A leading 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 W(→ µν) + τh CR, which has a higher fraction of light-quark jets relative
to gluon jets, with the nominal one measured in the Z(→µµ) + τh CR. The difference is found
to depend on pT(τh), 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 estimation methods.

The signal and background yields estimated from simulation are affected by similar sources
of systematic uncertainty, 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% in-
dividual 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 uncertainties in the identification and en-
ergy scales for µ, e, and τh are correlated across processes with genuine µ, e, and τh candidates,
and correlated across m(ℓ1, ℓ2, pmiss

T ) bins. The uncertainty in the τh energy scale amounts to
2% uncertainty in the yields. For the electrons misidentified as τh candidates, the identification
uncertainties are 1%–6.5% depending on pT(τh). The jet energy scale uncertainties (2%–5%
depending on η and pT) result in an uncertainty of 1%–3% in the signal yields, depending on
m(ℓ1, ℓ2, pmiss

T ). 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 re-
sults 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,
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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 |η| > 2.0 caused a specific trigger inefficiency,
for which correction factors and uncertainties are computed from data and applied to the ac-
ceptance derived from simulation, resulting in a 5%–8% uncertainty in the yields, depending
on the process.
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Figure 1: Observed m(ℓ1, ℓ2, pmiss
T ) for the data, and the postfit backgrounds (stacked his-

tograms), 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 back-
ground prediction and postfit background yields as red open squares and blue points, respec-
tively. The gray band in the lower panels indicates the systematic component of the postfit
uncertainty. The dashed lines correspond to the signal expectation for Z′ boson masses of 1 TeV
(black) and 2.5 TeV (magenta) decaying to τ+τ−, normalized to cross sections of 199.4 fb and
0.7504 fb respectively. The dashed brown line corresponds to a Z′ boson mass of 1.25 TeV decay-
ing to W+W−, normalized to a cross section of 61.14 fb. The signal cross sections correspond
to {κV , g3, g1, 2} = {1, 1, 0}.

Figure 1 shows the m(ℓ1, ℓ2, pmiss
T ) distribution for events in the SRs for all channels. The bin-
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ning was chosen among several binning options as the one with the best signal significance
and discovery reach in mZ′ . 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 Z′ cross section and the branching
fraction for the decay of the Z′ boson to τ+τ− or W+W−. The limits are estimated following
the modified frequentist construction CLs [63–65] using the CMS statistical analysis tool COM-
BINE [66]. Maximum likelihood fits are performed using the SR distributions to construct a
combined profile likelihood ratio test statistic in bins of m(ℓ1, ℓ2, pmiss

T ). 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.

Figure 2 shows exclusion bounds for the four signal models described above, as a function of
mZ′ and the Z′ → τ+τ− and Z′ → W+W− branching fractions, assuming different κV values.

The τhτh channel contributes most strongly to the Z′ → τ+τ− exclusion limits, while for
Z′ → W+W− it is the eµ channel that contributes most. For SPM1, the data exclude Z′ bosons
with masses below 1 (2.45) TeV for a Z′ → τ+τ− branching fraction of 50%, assuming κV = 0.1
(1.0). For SPM2, the bounds on mZ′ increase by about 5% due to an increase in the pp → Z′ jj
cross section from pure electroweak non-VBF processes when g1, 2 = 1. For SPM3 and SPM4,
we exclude Z′ with masses below about 1.6 TeV for a 50% Z′ → W+W− branching fraction,
assuming κV = 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 Z′ boson
increases, affecting the signal shapes. For Z′ → τ+τ−, this leads to weakening limits with
increasing g1, 2. For Z′ → W+W−, because of the mass of the W boson, the additional mo-
mentum improves the differentiation of the signal shape from that of the background, in total
improving the limits with rising g1, 2. This analysis is sensitive to models that could resolve
tensions between SM predictions 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 Z′ produced via vector boson
fusion processes has been performed using data collected by the CMS experiment, correspond-
ing to an integrated luminosity of 138 fb−1. The search considers nonuniversal couplings of
Z′ bosons to fermions, including scenarios with dominant couplings to the third generation.
Two decay channels, Z′ → τ+τ− and Z′ → W+W−, are investigated. The invariant 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 Z′ models with nonuniversal fermion cou-
plings, in particular those with Z′ bosons having enhanced couplings to the third generation,
the presence of Z′ bosons decaying to a τ lepton (W boson) pair is excluded for Z′ masses up
to 2.45 (1.60) TeV, depending on the Z′ boson coupling to SM weak bosons and assuming a
Z′ → τ+τ− (W+W−) branching fraction of 50%. These are the first limits to date on models
with nonuniversal fermion couplings.
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Figure 2: Combined 95% CL lower limits on mZ′ as a function of the Z′ branching fraction to
τ+τ− (upper row) and W+W− (lower row) for the g1, 2 = 0 (left column) and g1, 2 = 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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M. Link, A. Lintuluoto , S. Maier , S. Mitra , M. Mormile , Th. Müller , M. Neukum,
M. Oh , E. Pfeffer , M. Presilla , G. Quast , K. Rabbertz , B. Regnery , N. Shadskiy ,
I. Shvetsov , H.J. Simonis , L. Sowa, L. Stockmeier, K. Tauqeer, M. Toms , N. Trevisani ,
R.F. Von Cube , M. Wassmer , S. Wieland , F. Wittig, R. Wolf , X. Zuo

Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, Aghia Paraskevi,
Greece
G. Anagnostou, G. Daskalakis , A. Kyriakis , A. Papadopoulos29, A. Stakia

National and Kapodistrian University of Athens, Athens, Greece
P. Kontaxakis , G. Melachroinos, Z. Painesis , I. Papavergou , I. Paraskevas ,
N. Saoulidou , K. Theofilatos , E. Tziaferi , K. Vellidis , I. Zisopoulos

National Technical University of Athens, Athens, Greece
G. Bakas , T. Chatzistavrou, G. Karapostoli , K. Kousouris , I. Papakrivopoulos ,
E. Siamarkou, G. Tsipolitis , A. Zacharopoulou

University of Ioánnina, Ioánnina, Greece
I. Bestintzanos, I. Evangelou , C. Foudas, C. Kamtsikis, P. Katsoulis, P. Kokkas ,
P.G. Kosmoglou Kioseoglou , N. Manthos , I. Papadopoulos , J. Strologas

HUN-REN Wigner Research Centre for Physics, Budapest, Hungary
C. Hajdu , D. Horvath30,31 , K. Márton, A.J. Rádl32 , F. Sikler , V. Veszpremi
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C. Baldenegro Barreraa,b , P. Barriaa , C. Basilea,b , F. Cavallaria , L. Cun-
queiro Mendeza ,b , D. Del Rea,b , E. Di Marcoa,b , M. Diemoza , F. Erricoa,b ,
R. Gargiuloa ,b, E. Longoa,b , L. Martikainena,b , J. Mijuskovica,b , G. Organtinia,b ,
F. Pandolfia , R. Paramattia,b , C. Quarantaa,b , S. Rahatloua,b , C. Rovellia ,
F. Santanastasioa,b , L. Soffia , V. Vladimirova,b

https://orcid.org/0000-0002-0791-3350
https://orcid.org/0000-0002-1909-6343
https://orcid.org/0000-0002-2363-8889
https://orcid.org/0000-0002-8300-4124
https://orcid.org/0000-0002-8233-7277
https://orcid.org/0000-0001-5404-543X
https://orcid.org/0000-0003-4296-7028
https://orcid.org/0000-0002-7663-0805
https://orcid.org/0000-0001-9038-4500
https://orcid.org/0000-0002-7275-9193
https://orcid.org/0000-0003-1124-8450
https://orcid.org/0000-0001-9523-6451
https://orcid.org/0000-0002-3061-1553
https://orcid.org/0000-0001-5927-8865
https://orcid.org/0000-0002-8575-7250
https://orcid.org/0000-0001-7375-4899
https://orcid.org/0000-0001-5269-8517
https://orcid.org/0000-0001-8359-3734
https://orcid.org/0000-0002-8184-7953
https://orcid.org/0000-0002-0227-1301
https://orcid.org/0000-0002-3086-8260
https://orcid.org/0000-0002-7497-7450
https://orcid.org/0000-0001-6794-8419
https://orcid.org/0000-0002-0218-4910
https://orcid.org/0000-0002-0782-0883
https://orcid.org/0000-0002-9918-1686
https://orcid.org/0000-0002-8387-762X
https://orcid.org/0000-0003-2461-275X
https://orcid.org/0009-0009-1025-6337
https://orcid.org/0000-0003-2414-4175
https://orcid.org/0009-0002-5210-6213
https://orcid.org/0000-0003-1692-6206
https://orcid.org/0000-0001-8219-2074
https://orcid.org/0000-0001-6262-4685
https://orcid.org/0000-0001-9526-556X
https://orcid.org/0000-0002-8801-9894
https://orcid.org/0000-0003-1327-9058
https://orcid.org/0000-0001-9821-4151
https://orcid.org/0000-0002-3798-1135
https://orcid.org/0000-0001-6471-5492
https://orcid.org/0000-0002-8773-4781
https://orcid.org/0000-0002-0807-8772
https://orcid.org/0000-0001-8348-2962
https://orcid.org/0000-0002-3129-828X
https://orcid.org/0000-0002-2205-5737
https://orcid.org/0000-0002-2359-8477
https://orcid.org/0000-0002-5360-1454
https://orcid.org/0000-0003-3474-2099
https://orcid.org/0000-0001-5924-4286
https://orcid.org/0000-0001-7915-1650
https://orcid.org/0000-0002-8312-1531
https://orcid.org/0000-0002-1659-8727
https://orcid.org/0000-0002-1315-563X
https://orcid.org/0000-0002-6284-1126
https://orcid.org/0000-0001-8791-7978
https://orcid.org/0000-0003-1797-4330
https://orcid.org/0000-0002-5861-8140
https://orcid.org/0000-0002-5441-7755
https://orcid.org/0000-0002-1118-6205
https://orcid.org/0000-0001-7002-2051
https://orcid.org/0000-0003-3466-7500
https://orcid.org/0000-0002-8279-2464
https://orcid.org/0000-0003-4050-1769
https://orcid.org/0000-0001-5140-9154
https://orcid.org/0000-0002-8938-2193
https://orcid.org/0000-0003-4281-4582
https://orcid.org/0000-0003-3953-5996
https://orcid.org/0000-0003-0380-1172
https://orcid.org/0000-0003-3075-2679
https://orcid.org/0000-0002-9606-5604
https://orcid.org/0000-0002-1162-2505
https://orcid.org/0000-0002-7104-257X
https://orcid.org/0000-0001-9647-9420
https://orcid.org/0000-0003-0697-3420
https://orcid.org/0000-0003-0165-3962
https://orcid.org/0000-0001-9207-7256
https://orcid.org/0000-0003-0037-5032
https://orcid.org/0000-0001-9247-7778
https://orcid.org/0000-0002-2726-2858
https://orcid.org/0000-0002-4159-9123
https://orcid.org/0000-0002-0843-4108
https://orcid.org/0000-0002-9007-629X
https://orcid.org/0000-0003-4108-3925
https://orcid.org/0000-0001-7108-8116
https://orcid.org/0000-0002-9004-735X
https://orcid.org/0000-0002-7676-3106
https://orcid.org/0000-0002-2031-2955
https://orcid.org/0000-0002-9770-2249
https://orcid.org/0000-0002-2991-6384
https://orcid.org/0000-0002-7125-2905
https://orcid.org/0000-0003-0449-4717
https://orcid.org/0000-0003-4981-2790
https://orcid.org/0000-0003-2379-9903
https://orcid.org/0000-0002-1717-5654
https://orcid.org/0000-0003-4298-1620
https://orcid.org/0000-0002-7575-8639
https://orcid.org/0000-0002-6598-6865
https://orcid.org/0000-0002-9930-9299
https://orcid.org/0000-0002-2303-2588
https://orcid.org/0000-0001-7248-2967
https://orcid.org/0000-0003-0146-845X
https://orcid.org/0000-0003-0002-5462
https://orcid.org/0000-0002-0151-4439
https://orcid.org/0000-0002-7342-2592
https://orcid.org/0000-0003-1414-9343
https://orcid.org/0000-0001-7646-4977
https://orcid.org/0000-0001-9428-2296
https://orcid.org/0000-0002-1549-7107
https://orcid.org/0000-0003-2351-0487
https://orcid.org/0000-0003-2514-6930
https://orcid.org/0000-0001-7551-5613
https://orcid.org/0000-0002-3510-4833
https://orcid.org/0000-0001-7938-5684
https://orcid.org/0000-0002-6361-438X
https://orcid.org/0000-0002-4543-2718
https://orcid.org/0000-0002-0635-274X
https://orcid.org/0000-0001-5742-5593
https://orcid.org/0000-0003-0582-4167
https://orcid.org/0000-0002-4338-6332
https://orcid.org/0000-0001-7962-5203
https://orcid.org/0000-0003-2574-4383
https://orcid.org/0000-0003-2606-9156
https://orcid.org/0000-0002-9395-5230
https://orcid.org/0009-0008-8227-0755
https://orcid.org/0000-0002-0249-4142
https://orcid.org/0000-0002-0042-9507
https://orcid.org/0000-0002-6033-8885
https://orcid.org/0000-0002-3924-7380
https://orcid.org/0000-0003-4486-6482
https://orcid.org/0000-0002-1061-3877
https://orcid.org/0000-0001-6764-5370
https://orcid.org/0000-0003-0870-5796
https://orcid.org/0000-0002-5920-2438
https://orcid.org/0000-0002-3810-8530
https://orcid.org/0000-0001-8199-370X
https://orcid.org/0000-0001-6238-6787
https://orcid.org/0000-0003-1609-3515
https://orcid.org/0009-0009-1589-9980
https://orcid.org/0000-0002-3229-0781
https://orcid.org/0000-0001-8713-3874
https://orcid.org/0000-0002-0080-9550
https://orcid.org/0000-0002-0042-6891
https://orcid.org/0000-0001-9794-3360
https://orcid.org/0000-0003-2173-7530
https://orcid.org/0000-0003-2505-8359
https://orcid.org/0000-0003-2532-9876


22
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