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1 Introduction

Over the past half century, searches at particle colliders for heavy resonances decaying into
two-body final states have led to several discoveries. For example, the discovery of the W
and Z bosons in the 1980s through their leptonic decay channels provided critical evidence
compatible with the standard model (SM) [1–4] predictions. More recently, the observation
of the Higgs (H) boson in 2012, decaying into both bosonic and fermionic channels, confirmed
the electroweak symmetry breaking mechanism [5–7].

The search for heavy resonances is a central component of the physics program at the
CERN LHC, aiming to uncover physics beyond the SM (BSM) across a wide range of
final states [8–11]. Among the theoretized BSM resonances, the spin-1 heavy partners of
the W and Z bosons are named W′ and Z′, respectively, and are collectively referred to
as V′. At the LHC, both the ATLAS and CMS Collaborations have conducted extensive
searches for V′ bosons that couple to SM particles via electroweak interactions [10–12]. These
analyses search for the decay of a V′ boson into two massive SM bosons (W, Z, or H),
two leptons, or two quarks.

Depending on the underlying model, these heavy resonances could couple predominantly
to SM fermions, as predicted by minimal W′ and Z′ models [13, 14], or to SM bosons, as
proposed in scenarios such as composite Higgs or little Higgs models [15–17]. In some cases,
these resonances could act as a bridge, or portal, between SM and dark-matter particles,
providing experimental access to otherwise undetectable particles in the dark sector [18].
The heavy vector triplet (HVT) framework [19] provides a general parameterization for the
production and decay of heavy spin-1 resonances that couple to quarks, leptons, vector bosons,
and H bosons. Depending on the specific choice of the model parameters, the dominant
production mechanism for a V′ boson at the LHC can be either quark-antiquark annihilation
through the Drell–Yan (DY) process, or vector boson fusion (VBF). Representative Feynman
diagrams for both production mechanisms and subsequent HVT boson decays are shown
in figure 1.
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Figure 1. Representative Feynman diagrams for the production and decay of W′ and Z′ bosons via
the Drell–Yan process (upper row) and the VBF process (lower row). The W′ (Z′) boson decays to WH
(ZH) (upper left, lower left), WZ (WW) (upper middle, lower right), and fermion-antifermion pairs
(upper right). The orange circle and the blue square indicate the fermionic and bosonic interaction
vertices, respectively. The definition of the couplings is provided in section 3.

This paper presents a combined statistical analysis of CMS searches for heavy spin-1
resonances decaying into pairs of bosons or fermions, interpreted in the context of the HVT
framework. A combined analysis of multiple channels is essential to maximize the sensitivity
and fully exploit the outcome of these searches, particularly in light of localized excesses
of events observed in individual channels. For instance, a combined search by the CMS
Collaboration for heavy resonance decays to WW, WZ, ZZ, WH, or ZH in the fully hadronic
final states [20], based on a data sample of proton-proton (pp) collisions at a center-of-mass
energy of 13 TeV, corresponding to an integrated luminosity of 138 fb−1, reported two excesses
of events, each with a local significance of 3.6 standard deviations (SD), at 2.1 and 2.9 TeV.
Similarly, in a combination of spin-1 resonance analyses using pp collision data at the same
center-of-mass energy, corresponding to an integrated luminosity of 139 fb−1, the ATLAS
Collaboration observed a local excess over the background prediction of 2.6 SD at 1.5 TeV [11].
While these deviations are not statistically significant enough to claim evidence for BSM
physics, a combined interpretation including different analyses and final states often improves
the sensitivity of the search, providing a more robust assessment of potential deviations
from the SM expectations.

The results presented here improve upon the previous CMS combination based on the
2016 data set [10] and provide the most stringent constraints to date on BSM scenarios
involving a triplet of heavy vector boson resonances. These results represent a significant
improvement over previous constraints from similar statistical combinations, driven by the
inclusion of a larger data set and advances in the underlying analyses. All input analyses
are based on the 2016–2018 data set, corresponding to an integrated luminosity of 138 fb−1

of pp collisions at a center-of-mass energy of 13 TeV. The combination includes the most
sensitive channels for spin-1 resonance decays, including WW, WZ, WH, ZH, and various
fermion pairs such as qq , bb , tt , tb , ℓ+ℓ−, and ℓν , where ℓ = e, µ, τ. Charge-conjugate
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states are implied throughout the paper. The tabulated results are provided in a HEPData
record [21].

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and
scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke outside
the solenoid. More detailed descriptions of the CMS detector are provided in refs. [22, 23].

Events of interest are selected using a two-tiered trigger system [24]. The first level (L1),
composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of approximately 100 kHz with a fixed latency of about
4 µs [25]. The second level, known as the high-level trigger, consists of a farm of processors
running a version of the full event reconstruction software optimized for fast processing, and
reduces the event rate to a few kHz before data storage [24, 26].

A particle-flow (PF) algorithm [27] aims to reconstruct and identify each individual
particle (photon, electron, muon, and charged and neutral hadron) in an event, with an
optimized combination of information from the various elements of the CMS detector. For
each event, hadronic jets are clustered from these reconstructed particles using the infrared
and collinear safe anti-kT algorithm [28, 29]. Small- and large-radius jets are clustered with
distance parameters of R = 0.4 and R = 0.8, respectively. Jet momentum is determined as the
vectorial sum of all particle momenta in the jet, and is found from simulation to be, on average,
within 5 to 10% of the true momentum over the entire pT spectrum and detector acceptance.

Additional pp interactions within the same or nearby bunch crossings (pileup) can
contribute additional tracks and calorimetric energy depositions, increasing the jet momentum.
Pileup effects are mitigated using dedicated algorithms such as the charged-hadron subtraction
and the pileup-per-particle identification (PUPPI) methods [30, 31]. The PUPPI algorithm
is applied to reduce the pileup dependence of the p⃗ miss

T observable, by weighting particle
momenta according to their probability of originating from the primary interaction vertex [32].

Jet energy corrections are derived from simulation studies so that the average measured
energy of jets becomes identical to that of jets at the particle level. In situ measurements of
the momentum balance in dijet, γ+jets, Z+jets, and multijet events are used to determine
any residual differences between the jet energy scale in data and simulation, and appropriate
corrections are made [33]. Additional selection criteria are applied to each jet to remove
those originating from instrumental effects or reconstruction failures [31].

For small-radius jets, neural-network-based taggers calibrated using collision data are
used to identify jets originating from the hadronization of b quarks (b tagging) [34–36]. For
large-radius jets, the soft-drop algorithm [37] is used to identify the subjets of a high-pT
W/Z/H boson candidate jet. This algorithm is applied to large-radius jets reclustered with
the Cambridge–Aachen algorithm [38, 39], using an angular exponent β = 0 and a soft-cutoff
threshold zcut < 0.1, which removes soft, wide-angle radiation from the jet. Neural-network-
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based taggers calibrated using collision data [34, 36, 40, 41] are used to assign each large-radius
jet to one of the following classes: a single quark or gluon, a W or Z boson decaying to qq ,
an H or Z boson decaying to bb or cc , and a top quark decaying hadronically.

The missing transverse momentum vector p⃗ miss
T is computed as the negative vector sum of

the PUPPI-weighted transverse momenta of all the PF candidates in an event; its magnitude
is denoted as pmiss

T [32]. The p⃗ miss
T is modified to account for corrections to the energy scale

of the reconstructed jets in the event. Anomalous high-pmiss
T events can be due to a variety

of reconstruction failures, detector malfunctions or noncollision backgrounds. Such events
are rejected by event filters that are designed to identify more than 85–90% of the spurious
high-pmiss

T events with a misidentification rate less than 0.1% [32].

3 Signal models and theoretical framework

Several theoretical models, including composite Higgs scenarios [17, 42, 43] and sequential
extensions of the SM [44, 45], predict the existence of additional resonances with masses in
the TeV range. The HVT framework [19] is based on an effective Lagrangian that provides
a phenomenological description encompassing a broad class of these models.

The HVT framework introduces three new heavy bosons, W′± and Z′, which are nearly
degenerate in mass and have other properties analogous to those of the SM weak vector
bosons. It allows for the exploration of a broad range of couplings between these heavy
bosons and SM fermions and bosons. The relevant interaction Lagrangian is:

Lint
W = −gq W

a
µqkγµ σa

2 qk − gℓ W
a
µlkγµ σa

2 lk − gH

(
Wa

µΦ
†σa

2 iDµ
Φ + h.c.

)
, (3.1)

where qk and lk denote the left-handed quark and lepton field doublets of generation k

(k = 1, 2, 3); Φ is the Higgs doublet; σa (a = 1, 2, 3) are the Pauli matrices; and gq, gℓ ,
and gH represent the couplings of the heavy triplet field W to SM quarks, leptons, and the
Higgs boson, respectively. Right-handed fermions do not couple directly to W . The fermion
couplings gq and gℓ are assumed to be generation-universal, unless stated otherwise. The
triplet also couples to the Higgs boson and, by the equivalence theorem, to longitudinally
polarized W and Z bosons.

The interaction structure is defined by three main parameters: gV , which sets the overall
strength of the new interaction, and the dimensionless parameters cH and cF. The coupling
to the Higgs and longitudinal vector bosons is given by gH = gVcH , while the generation-
universal coupling to fermions is given by gF = gq = gℓ = g2cF/gV . Here, g = 2mW/v ≈ 0.65,
where mW is the W boson mass and v is the vacuum expectation value of the Higgs field [46].

Within this framework, three benchmark models are defined to represent different pro-
duction and decay scenarios [19], referred to as models A, B, and C. Models A and B assume
quark-antiquark annihilation via the DY process as the dominant production mechanism, while
model C assumes production exclusively through VBF. The distinction between models A and
B lies in the relative strengths of the couplings to bosons and fermions. Model A represents a
weakly coupled extension of the SM based on an extended gauge symmetry [44]. In model A,
the parameter values are set to gH = −0.56, gF = −0.55, and gV = 1. Model B corresponds to
a strongly coupled scenario, as in composite Higgs models [17], with gH = −2.93, gF = 0.15,
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and gV = 3. Both model A and B parameter values are set to the explicit theory scenario
described in ref. [19]. In model B, the W′ and Z′ bosons have larger intrinsic widths than in
model A; however, they remain narrower than the experimental resolution, except in purely
leptonic final states. Over the explored parameter space, the relative width Γ/m of the V′

resonances remains below 5%. For decays to fermion pairs, model A yields larger branching
fractions, with each lepton generation contributing about 4%, compared to approximately
0.2% in model B. Conversely, decays to VV or VH final states have branching fractions
of about 2% in model A and nearly 50% in model B. Lastly, model C sets gH = 1, 3, or 6
and gV = 1, and assumes exclusive VBF production by setting gF = 0, resulting in a V′

boson that does not couple to SM fermions.
The production cross sections for the DY and VBF processes scale with the squares

of the relevant couplings:

σDY = g2
F σ̂DY, σVBF = g2

H σ̂VBF, (3.2)

where σ̂DY and σ̂VBF are the reduced cross sections calculated with the coupling parameters
factored out.

4 Input channels

The individual channels included in this statistical combination are briefly summarized in the
following. For comprehensive descriptions, the reader is referred to the original publications
listed in table 1.

This combined statistical analysis targets heavy resonances with masses between 1 and
8 TeV. In this regime, the W, Z, and H bosons, as well as top quarks produced in V′ boson
decays, typically have a high Lorentz boost in the laboratory frame. When these bosons
decay hadronically, their decay products are often collimated and reconstructed as single
large-radius jets, which are identified using jet substructure and machine-learning-based
algorithms. In most searches, the resonance mass is reconstructed from a pair of such
large-radius jets. Exceptions include channels, such as W′ → WZ [57] and Z′ → tt (1ℓ) [54],
where hadronic reconstructed candidates are also resolved as multiple small-radius jets, and
channels W′ → ℓν [49], W′ → τν [50], Z′ → ZH [55, 56], and W′ → WZ [58], where the
presence of neutrinos from the Z boson decay prevents full mass reconstruction, and the
transverse mass is used instead. Several channels of diboson final states further enhance
sensitivity to the VBF production mode by selecting events with two additional small-radius
jets that have a large invariant mass and a large separation in pseudorapidity.

The analysis channels are categorized according to the reconstructed final-state candidates:

• ℓ: muons or electrons,

• τh: hadronically decaying τ leptons,

• j: small-radius jets,

• jb : small-radius jets identified as originating from b quarks (b-tagged),

• jV : large-radius jets identified as W or Z bosons decaying to qq (V tagged),
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Channel Prod. modes mV′ range [TeV] Leptons Jets Reference
Z′ → τ

+
τ
− DY 0.5–4.0 ℓτh or 2τh — [47]

Z′ → ℓ+ℓ− DY 0.8–5.5 2ℓ — [48]
W′ → ℓν DY 0.8–6.0 1ℓ — [49]
W′ → τν DY 0.8–6.0 1τh — [50]

V′ → qq (′) DY 1.8–8.7 0ℓ jj [51]
W′ → tb (0ℓ) DY 1.0–4.0 0ℓ jtjb [52]
W′ → tb (1ℓ) DY 2.0–6.0 1ℓ jbjb [53]
Z′ → tt (1ℓ) DY 0.8–5.0 1ℓ jtor jjjb [54]

Z′ → ZH (2ℓ2b) DY + VBF 0.8–5.0 2ℓ jbb [55]
Z′ → ZH (2ν2b) DY + VBF 0.8–5.0 0ℓ jbb [55]
Z′ → ZH (2ℓ2q) DY 1.2–6.0 2ℓ jH [56]
Z′ → ZH (2ν2q) DY 1.2–6.0 0ℓ jH [56]
W′ → WZ (2q2ℓ) DY 0.6–2.0 2ℓ jVor jj [57]
W′ → WZ (2q2ν) DY + VBF 1.0–4.5 0ℓ jV [58]
V′ → WV/WH DY + VBF 1.0–4.5 1ℓ jV [59]
V′ → VV/VH DY + VBF 1.3–6.0 0ℓ jVjV [20]

Table 1. Summary of the searches for difermion and diboson resonances used as inputs to this
combined statistical analysis. The targeted production modes, resonance mass ranges, reconstructed
particles, and references are listed. In the “Jets” column, only jets from the heavy resonance decay
are indicated. Detailed definitions of reconstructed particles in the “Leptons” and “Jets” columns,
such as τh and various types of jets, are provided later in the main text.

• jbb : large-radius jets identified as H or Z bosons decaying to bb (double-b tagged),

• jH : large-radius jets identified as H bosons decaying hadronically (H tagged), and

• jt : large-radius jets identified as hadronically decaying top quarks (t tagged).

In all channels, the signal is searched for as a localized excess over a smoothly falling
background in the reconstructed mass or transverse mass spectrum. Background estimation
strategies vary by channel. Analyses involving leptons and small-radius jets primarily rely
on Monte Carlo (MC) simulations to model the background. In contrast, analyses that use
neural-network-based, large-radius jet taggers employ control samples in data to estimate
the background, as the misidentification rates for these taggers are challenging to simulate
accurately.

To ensure statistical independence among channels, event selections were designed to
avoid overlaps in both the signal and control regions. Mutual exclusivity is enforced in most
channels through requirements on lepton and jet multiplicities. If overlaps are identified, the
overlapping phase space is retained in the combination only in the channel that provides the
highest expected sensitivity for a given signal model and mass hypothesis. This procedure is
implemented such that signal regions from analyses that are less sensitive in the overlapping
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phase space are not included in the statistical combination for that specific signal model
and mass point.

In channels targeting fermionic decays of V′ bosons, overlaps primarily occur among fully
hadronic final states. The inclusive dijet search V′ → qq (′) [51], which requires only two
high-pT jets, overlaps with all other fully hadronic channels because of its inclusive event
selection and is therefore excluded whenever a more sensitive channel covers the same phase
space. Two additional searches for Z′ → bb [60] and Z′ → tt (0ℓ) [54] are not included in
this combination because they have a large overlap with the inclusive V′ → qq (′) search [51].
These channels are specifically optimized to study exclusive final states. They provide
enhanced sensitivity relative to the inclusive V′ → qq (′) search for BSM scenarios other than
the ones probed in this combination. Overlaps also occur in channels with one lepton, such
as W′ → tb [53] and Z′ → tt [54], where one of the top quarks decays leptonically.

In the diboson channels, each channel requires either at least two high-pT small-radius jets
or a single large-radius jet consistent with a hadronically decaying boson. Event categories are
constructed to be mutually exclusive using selections based on lepton and jet multiplicities,
as well as the invariant mass and jet tagging requirements of final-state candidates. In
the Z′ → ZH (2ℓ2b + 2ν2b) [55] channel, events are categorized based on the number of
b-tagged subjets within the large-radius jet, defining a 2-b-tag and a ≤1-b-tag categories.
The latter category overlaps with the signal region of the Z′ → ZH (2ℓ2q + 2ν2q) [56]
channel and is not included in the combination, as the signal regions of ref. [56] provide
greater sensitivity in this phase space. In contrast, events with two b-tagged jets of ref. [56]
are vetoed, ensuring that the selected events are statistically independent of the 2-b-tag
category of ref. [55]. Thus, only nonoverlapping signal regions are retained in the statistical
combination. In addition, the W′ → WZ [57] channel uses a 2-b-tag category as a control
region, which overlaps with the signal region of the Z′ → ZH (2ℓ2b + 2ν2b) [55] channel.
To maintain statistical independence, the b-tagged categories of the W′ → WZ [57] channel
are therefore excluded from the combination.

5 Systematic uncertainties

An overview of the main experimental and theoretical systematic uncertainties considered in
the analyses included in the combination is provided in the following. Detailed descriptions
can be found in the original publications listed in table 1. The sensitivity of the combined
analysis is limited by the statistical uncertainty, with all systematic uncertainties being
subdominant. A summary of the main systematic uncertainties is presented in table 2.

Theoretical uncertainties arise from variations in the renormalization and factorization
scales used in the matrix element calculations, as well as from the choice of the parton
distribution functions (PDFs) and their internal parameters. The PDF uncertainties are
evaluated with either the NNPDF3.0 [61] or NNPDF3.1 [62] sets, depending on the analysis.
Uncertainties from scale variations are treated as correlated across all analyses. The PDF
uncertainties are treated as correlated among analyses that use the same PDF set and as
uncorrelated otherwise. The impact of these theoretical uncertainties is separated into the
acceptance and normalization effects. In analyses where the acceptance uncertainty for the
signal was found to be negligible, it is not included. The normalization components of these
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Type Effects Z′
→

τ
+

τ
−

[4
7]

Z′
→

ℓ+
ℓ−

[4
8]

W
′
→

ℓν
[4

9]

W
′
→

τ
ν

[5
0]

V
′
→

qq
(′

)
[5

1]

W
′
→

tb
[5

2]

W
′
→

tb
[5

3]

Z′
→

tt
[5

4]

Effects Z′
→

ZH
[5

5]

Z′
→

ZH
[5

6]

W
′
→

W
Z

[5
7]

W
′
→

W
Z

[5
8]

V
′
→

W
V

/W
H

[5
9]

V
′
→

V
V

/
V
H

[2
0]

Sig. PDF and scale Y, Sh 2–20% S — — S — S — S 0.3–30% S S S S S S
Bkg. PDF and scale Y, Sh 2–50% B — B B — B B B 0.1–20% B — — B — —

Bkg. modeling Y, Sh 1–100% B U B B U B B B 4–50% U U B B B B
Jet energy scale/res. Y, Sh 1–40% — — SB SB S SB SB SB 0.2–35% SB S SB SB S SB
Jet mass scale/res. Y, Sh 2–5% — — — — — — — — 0.3–2.6% SB — SB SB SB S
H tagging Y — — — — — — — — — 0.4–15% S S — — S SB
V tagging Y — — — — — — — — — 1.2–33% — — SB SB S SB
t tagging Y, Sh 21–36% — — — — — — — SB 1–3% — — — — — B
b tagging and veto Y, Sh 1–23% SB — — — — SB SB SB 0.1–15% SB S SB SB S —

e, µ id., iso., trigger Y, Sh 0.5–8% SB S SB SB — — SB SB 0.9–7% SB S SB — SB —
e, µ energy scale/res. Y, Sh 1–6% S S SB SB — — SB — 0.1–3% S — SB — S —
τh reco., id., iso. Y 5–10% S — — SB — — — — — — — — — — —
τh energy scale/res. Y, Sh 1.5–5% S — — SB — — — — — — — — — — —

Int. luminosity Y 1.2–2.5% SB S SB SB S SB SB SB 1.2–2.5% SB S SB SB S SB
pmiss

T scale Y, Sh 2–5% — — SB SB — — — — 0.1–2.4% SB — — SB S —
Pileup Y, Sh 0.6–5% — — SB SB — SB SB SB 0.1–4% SB S SB SB S SB
L1 trigger inefficiency Y, Sh 0.5–5% — — SB SB — SB — — 0.2–1% — S SB SB — SB

Table 2. Summary of the main systematic uncertainties. The second column specifies whether the
uncertainty affects the yield (Y), the shape (Sh) of the distributions, or both. The “Effects” columns
summarize the typical impact of the uncertainty on the yield, migration, and signal shape parameters.
Analyses are split by fermion and boson signatures. The letters “S”, “B”, and “SB” indicate whether
the uncertainty affects the signal, the dominant background, or both, respectively. The letter “U”
denotes cases where background parameters are unconstrained and allowed to float freely in the fit. A
dash “—” refers to cases where an uncertainty has a negligible effect or is not applicable.

uncertainties for the signal are included in the theoretical cross section predictions for each
model, following the prescription of ref. [19].

Most analyses rely on simulation to model background processes, incorporating theoretical
uncertainties from PDFs and from scale variations. Minor backgrounds, such as single top
quark and diboson processes, are typically subdominant and are assigned inclusive cross section
uncertainties. The treatment of subdominant backgrounds varies across analyses and is not
detailed here. The modeling of the QCD multijet background also differs between analyses. For
instance, in the V′ → qq (′) analysis, this background is predicted from the data by fitting the
dijet invariant mass distribution, while in the fully hadronic diboson channels, it is estimated
using simulation. Because of differences in phase space definitions and normalization strategies,
background-related uncertainties are generally treated as uncorrelated across analyses, even
when originating from the same underlying physics process.

Jet-related systematic uncertainties play a critical role in analyses involving hadronic or
lepton+jets final states, where precise jet reconstruction and flavor tagging are essential for
signal identification and background suppression. For small-radius jets, the dominant sources
of uncertainty include variations in the jet energy scale and resolution. For large-radius jets,
uncertainties in the jet energy and mass scales, as well as their respective resolutions, are
particularly important. These uncertainties are propagated to both signal and background
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processes and are treated as correlated across analyses that use the same jet type. Jet-tagging
uncertainties, including those for H, V, b, and t tagging, are derived from measurements
of tagging efficiencies and misidentification rates. Uncertainties associated with the same
tagging algorithm and calibration strategy are treated as correlated across analyses.

For electrons and muons, systematic uncertainties arise from the energy or momentum
scale and resolution measurements, as well as from the reconstruction, trigger, and identifica-
tion efficiencies. These uncertainties are typically correlated between signal and background,
and also across the analyses that use the same lepton selection criteria. Lepton-related
uncertainties are particularly important in the W′ → ℓν and Z′ → ℓ+ℓ− analyses, as detector
resolution and energy scale calibration significantly impact the modeling of the W → ℓν

and Z → ℓ+ℓ− backgrounds.
Additional systematic uncertainties arise from the energy scale of unclustered particles

contributing to pmiss
T , the integrated luminosity, pileup modeling, and the inefficiency of the

L1 trigger due to detector timing drift [25]. The uncertainties in the integrated luminosity
for the 2016, 2017, and 2018 data-taking periods range from 1.2 to 2.5% [63–65], with a
combined uncertainty of 1.6% for the full data set.

6 Results and interpretation

The combined results are obtained through a simultaneous maximum likelihood fit across
the individual analyses using the CMS statistical analysis tool Combine [66], which is based
on the RooFit [67] and RooStats [68] frameworks. In each individual channel, the data
are found to be globally in agreement with the expectations from the SM. A goodness-of-fit
test of the combined analysis, based on a saturated test statistic [69], yields a p-value of
approximately 34% under the background-only hypothesis. This result indicates that the
data are compatible with the SM prediction.

The observed and expected 95% confidence level (CL) upper limits on the signal produc-
tion cross section and other parameters of interest (POIs) are computed using a modified
frequentist CLs method [70, 71], with an asymptotic approximation [72]. This approach
uses a profile likelihood ratio test statistic where systematic uncertainties are modeled as
nuisance parameters [66]. The POIs include the signal strength (µ), defined as the ratio of the
measured product of cross section and branching fraction (σB) to its theoretical expectation,
and the coupling strength parameters (gF, gV , gH). Upper limits on the production cross
section or couplings strengths are derived as functions of the resonance mass. The evolution
of the expected signal shape, acceptance, and branching fraction with the mass hypothesis
is fully incorporated into the statistical model.

In certain channels, the asymptotic approximation becomes inaccurate in low-yield
regimes, particularly in the high-mass tails of the reconstructed mass distributions. In these
cases, MC pseudo-experiments are performed to validate the accuracy of the asymptotic
method, with nuisance parameters related to systematic uncertainties fixed to their post-fit
values. For the Z′ → ℓ+ℓ− and W′ → ℓν channels in the high-mass regime (above 4 TeV),
the asymptotic approximation is found to overestimate the sensitivity by approximately
15% compared to the results obtained from MC pseudo-experiments. This discrepancy is
negligible in all other channels.
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Figure 2. Expected and observed 95% CL upper limits on the V′ boson production cross section as
functions of the resonance mass mV′ shown separately for the V′ → quarks (upper) and V′ → leptons
(lower) categories. The limits are evaluated in the HVT model A scenario.

Figures 2 and 3 present the expected and observed 95% CL upper limits on the V′ boson
production cross section as functions of the resonance mass mV′ for the individual analyses
targeting hadronic, leptonic, and bosonic final states, as well as for their combination. The
analyses are categorized according to the V′ boson decay mode, denoted as V′ → quarks,
V′ → leptons, and V′ → bosons. The limits for the V′ → quarks and V′ → leptons categories
are evaluated under the HVT model A scenario, while the V′ → bosons limits assume model B.
The dominant sensitivity in the V′ → quarks category arises from the fully hadronic W′ → tb
channel for resonance masses below 2 TeV and from the V′ → qq (′) channel at higher masses.
In the V′ → leptons category, the leading contributions come from the W′ → ℓν and
Z′ → ℓ+ℓ− channels across the entire mass range. For V′ → bosons category, the sensitivity
is primarily driven by the fully hadronic VV and VH channels.

Figures 4 and 5 show the combined limits from all contributing channels for each HVT
model. For model A, the dominant contribution from leptonic channels excludes V′ resonances
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Figure 3. Expected and observed 95% CL upper limits on the V′ boson production cross section as
functions of the resonance mass mV′ shown separately for the V′ → bosons category. The limits are
evaluated under the HVT model B scenario.

with masses below 5.5 TeV. Above this mass, the sensitivity of the Z′ → ℓ+ℓ− channel is
statistically limited, and the combined limit is driven by the W′ → ℓν channel. For model B,
the bosonic channels dominate the sensitivity, excluding masses below 4.8 TeV. In model C,
where only bosonic decays contribute, masses between 1.2 and 1.4 TeV are excluded for
gH = 3, and masses below 2 TeV are excluded for gH = 6. A decomposition of the combined
limits into the individual W′ and Z′ contributions is provided in appendix A.

No significant excess above the SM expectation is observed in the combined analysis.
The most significant local excesses in individual channels, those with a local significance
greater than 2 SD, were not consistent across channels, leading to a reduction of their
significance in the combined result. The largest excesses observed in model A have local
significances of 2.4 SD and 2.1 SD at masses of 2.6 and 3.4 TeV, respectively. These excesses
are primarily driven by the Z′ → ℓ+ℓ− channel, and their significance is reduced in the
combination compared to the previous CMS result [48]. For model B, the largest excesses
have a local significance of 2.3 SD at 2.9 TeV and 2.4 SD at 3.0 TeV, dominated by the
V′ → bosons categories. This combination also reduces the local significance of the previously
reported CMS excesses of 3.6 SD at 2.1 and 2.9 TeV [20]. The largest excess in model C,
with a local significance of 3 SD at a mass of 1 TeV in the WV and WH final states, is
reduced to 2.8 SD in the combination. The combination does not confirm the excess of
events over the background prediction previously reported by the ATLAS Collaboration
in the region around 1.5 TeV [11].

Overall, this combination sets the most stringent limits to date for HVT models B and
C. The improved sensitivity is primarily driven by the fully hadronic final states [20], which
benefit from the use of advanced jet substructure tagging techniques and a three-dimensional
signal extraction strategy. The combined limits in model A, whose sensitivity is instead
dominated by the leptonic channels, are comparable with those obtained by the ATLAS
Collaboration [11].
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Figure 4. Expected and observed 95% CL upper limits on the V′ boson production cross section
as functions of the resonance mass mV′ in the HVT models A (upper) and B (lower). The line
corresponding to the V′ → bosons category almost entirely overlaps with the combined result in the
lower plot.

Additionally, exclusion limits are set in the HVT gF-gH coupling parameter space for
representative resonance masses of 3 and 4 TeV, with µ and gV fixed to 1. The 3 and 4 TeV
mass points are chosen as commonly used HVT benchmark values, enabling direct comparison
with previous CMS and other LHC results. The expected and observed 95% CL upper
limits are shown in figures 6 and 7, with results presented separately for the V′ → quarks,
V′ → leptons, and V′ → bosons categories, as well as for their combination. The same
qualitative conclusions discussed for figures 2 and 3 hold here. The V′ → quarks category
is dominated by the fully hadronic V′ → qq (′) channel, the V′ → leptons category by the
W′ → ℓν and Z′ → ℓ+ℓ− channels, and the V′ → bosons category by the fully hadronic VV
and VH final states. The sensitivity to the couplings is complementary across the channels.
At large values of gH , the sensitivity is primarily driven by the V′ → bosons category, while
the V′ → leptons category dominates at small gH values. The full combination results for
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Figure 5. Expected and observed 95% CL upper limits on the V′ boson production cross section as
functions of the resonance mass mV′ in the HVT model C.

the gF-gH plane for resonance masses of 3 and 4 TeV are shown in figure 7. Compared to
previous results with 2016 data alone, the constraint on gF is improved by a factor of 1.9
to 2.6, depending on the resonance mass and the value of gH .

To explore scenarios beyond the assumption of fermion universality, the coupling strength
gF is split into four distinct components: gq12

for light quarks, gq3
for third-generation quarks,

gℓ12
for light leptons, and gℓ3

for third-generation leptons. Together with µ, gV , and gH , this
extension totals seven POIs in the HVT framework. For this study, the signal strength µ

and the overall coupling gV are fixed to 1, leaving five POIs. We focus on two-dimensional
parameter scans involving gq3

, since the largest sensitivity gains are observed in channels
with third-generation quarks, such as tt and tb . This leads to three key coupling planes:
gq3

-gq12
, gq3

-gℓ3
, and gq3

-gH .

In the first case, exclusion limits are evaluated in the gq3
-gq12

plane, with gℓ12
, gℓ3

, and
gH set to zero. This probes the possibility of nonuniversal couplings between light and
third-generation quarks. In this plane, the most sensitive channels are the Z′ → tt channel
at large gq3

values and the V′ → qq (′) channel at large gq12
values, as shown in figure 8.

Additional scans are performed in the gq3
-gℓ3

and gq3
-gH planes, this time fixing the

remaining couplings to their HVT model A values. Here, setting all other couplings to zero
is not viable; for instance, setting gq12

= 0 would eliminate DY production entirely. The
resulting parameter regions are fully excluded at 95% CL, driven by the combined sensitivity
of V′ → quarks, V′ → leptons, and V′ → bosons categories. The complementarity of the
individual channels allows for the complete exclusion of these parameter spaces, which could
not be achieved by any single channel alone.
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Figure 6. Expected and observed 95% CL upper limits on the coupling parameter gF as functions of
gH , under the assumption gV = 1. The results are shown separately for the V′ → quarks (upper),
V′ → leptons (middle), and V′ → bosons (lower) categories for resonance masses of 3 TeV (left) and
4 TeV (right). The results from the individual channels are also shown. The gray dotted lines denote
coupling values above which the relative width of the resonance, ΓV′/mV′ , exceeds 4 and 10%. The
couplings corresponding to the HVT models A and B are indicated by crosses.
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Figure 7. Expected and observed 95% CL upper limits on the coupling parameter gF as functions of
gH , under the assumption gV = 1. The combined results from all channels are shown for resonance
masses of 3 TeV (left) and 4 TeV (right). The results from the individual channels are also shown. The
gray dotted lines denote coupling values above which the relative width of the resonance, ΓV′/mV′ ,
exceeds 4 and 10%. The couplings corresponding to the HVT models A and B are indicated by crosses.
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Figure 8. Expected and observed 95% CL upper limits on the coupling parameter gq12
as functions

of gq3
, under the assumption gV = 1, gℓ12

= 0, gℓ3
= 0, and gH = 0. The results are shown for the

V′ → quarks category for resonance masses of 3 TeV (left) and 4 TeV (right). The contributions from
individual channels are also shown. The line corresponding to the V′ → qq (′) channel almost entirely
overlaps with the combined result in the right plot. Regions with large absolute values of gq12

are
excluded for any value of gq3

.

7 Summary

A combined statistical analysis of searches for heavy vector boson resonances decaying into
pairs of W, Z, or H bosons, as well as into quark pairs (qq , bb , tt , or tb) or lepton pairs
(ℓ+ℓ−, ℓν), with ℓ = e, µ, τ, has been presented. The results are based on proton-proton
collision data at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity
of 138 fb−1, collected by the CMS experiment from 2016 to 2018. No significant deviation
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from the expectations of the standard model is observed. The results are interpreted in the
simplified heavy vector triplet framework, setting 95% confidence level upper limits on the
production cross sections of heavy vector bosons. These limits are further interpreted as
constraints on their couplings to standard model particles. The results exclude heavy vector
boson resonances with a mass below 5.5 TeV in a weakly coupled scenario, below 4.8 TeV in
a strongly coupled scenario, and up to 2.0 TeV in the case of production via vector boson
fusion. These results represent a significant improvement over previous constraints, driven
by the inclusion of a larger data set and advances in the underlying analyses. Compared to
results with the 2016 data alone, the sensitivity is improved by a factor of 1.7 to 3.6 for the
strongly coupled scenario and 4.4 to 7.7 for the weakly coupled scenario. This combination
provides the most stringent and comprehensive constraints to date on the production of
heavy vector triplet resonances.
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A Additional figures

A breakdown of the exclusion limits by W′ and Z′ combinations under the three HVT
benchmark models is shown in figures 9 and 10.
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Figure 9. Expected and observed 95% CL upper limits on the W′ boson production cross section as
a function of the resonance mass mW′ for the W′ interpretations. The limits are evaluated in the
HVT model A (upper), B (middle), and C (lower) scenarios.
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Figure 10. Expected and observed 95% CL upper limits on the Z′ boson production cross section as
a function of the resonance mass mZ′ for the Z′ interpretations. The limits are evaluated in the HVT
model A (upper), B (middle), and C (lower) scenarios.
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