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1 Introduction

The standard model (SM) of particle physics provides a remarkably accurate description
of physical interactions up to the highest energy scales observed. Nevertheless, there are
indications that extensions to the SM are necessary. A large variety of theories beyond the
SM (BSM) have been proposed and are being tested by searches at the CERN LHC [1–3].

From an experimental perspective, direct searches for new elementary particles are
typically not sensitive to all the parameters of the underlying theory, but instead only to
those that affect the production and decay rates of the new particles. As a consequence,
it is sufficient to simplify the complete theory as an effective interaction that captures the
dynamics of the BSM signal. One such simplified model is the heavy vector triplet (HVT)
model [4], which describes the production and decay of electroweak spin-1 resonances that
arise from different theories such as weakly coupled extended gauge sectors [5–8] and little
Higgs models [9, 10], as well as composite Higgs scenarios [11–15]. Previous searches for
a heavy resonance decaying to an SM Higgs (H) boson and an electroweak vector boson
(V = W, Z) have already been carried out in lepton+jets final states [16–22] and in fully
hadronic final states [23–25] by the ATLAS and CMS Collaborations. The results of these
searches are converted into upper limits on the production cross sections and lower limits
on the heavy-resonance masses in the HVT model [23, 26].

This article presents a new search for a heavy resonance decaying into a Z and an H boson,
where the H boson decays hadronically and the Z boson decays into a pair of oppositely
charged leptons, e+e− or µ+µ−, or into neutrinos. The search uses proton-proton (pp)
collision data at a centre-of-mass energy of 13 TeV, collected by the CMS experiment between
2016 and 2018, corresponding to a total integrated luminosity of 138 fb−1. Advanced jet
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identification algorithms using machine-learning techniques are used to exploit the H boson
decays to quarks that have not been generally targeted by previous searches. Specifically,
this search is more sensitive to H boson decays into charm quark pairs (H → cc) and to
four-quarks final states (H → VV∗ → 4 quarks) than previous searches. Furthermore, loosely
identified H boson decays to bottom quark pairs (H → bb) that were not included in previous
searches that targeted H → bb decays, are included in this search. In a previous search for
ZH resonances by the CMS Collaboration [18], two event categories based on the H boson
decay mode were used. One category focused on H → bb events in which both b quarks
were identified experimentally. The other category targeted the remaining hadronic H boson
decays. The combination of these categories resulted in mass exclusion limits of 3.5 and
3.7 TeV, depending on the benchmark scenario of the HVT model. The analysis presented in
this article demonstrates a significant improvement in the sensitivity for the category with
fewer than two identified b quarks, while rejecting events with two or more identified b quarks.

The analysis strategy is the following. A pair of oppositely charged leptons or the missing
transverse momentum are used to identify the Z → e+e− and µ+µ−, or νν decays, respectively.
A large-radius jet recoiling against the measured Z boson is used to reconstruct the H boson
decay. The internal structure of the H boson candidate jet, resulting from the hadronization
of two or four quarks, and its identified quark flavour content are highly discriminating
features employed to separate a BSM signal from SM background processes [27–29]. Jet
substructure and quark flavour identification play an essential role in this analysis, and
state-of-the-art techniques are employed to improve the sensitivity for high resonance masses.
The search is performed in a signal-enriched region by examining the distribution of the
invariant mass or transverse mass of the reconstructed ZH system for a localized excess over
a monotonically decreasing background distribution. The prediction of the SM background
is obtained by fitting a one-dimensional function to the observed data and does not rely
on simulation. The procedure is validated in a background-enriched region with kinematic
properties similar to those of the signal region.

Tabulated results are provided in the HEPData record for this analysis [30].

2 The CMS detector and object 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 (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), 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,
together with a definition of the coordinate system used and the relevant kinematic variables,
can be found in refs. [31, 32].

Events of interest are selected using a two-tiered trigger system [33]. The first level,
composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within a fixed latency of about 4µs [34].
The second level, known as the high-level trigger, consists of a farm of processors running a
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version of the full event reconstruction software optimized for fast processing, and reduces
the event rate to around 1 kHz before data storage [33].

The particle-flow (PF) algorithm [35] aims to reconstruct and identify each particle in an
event, with an optimized combination of information from the various elements of the CMS
detector. The energy of photons is obtained from the ECAL measurement [36]. The energy
of electrons is determined from a combination of the electron momentum at the primary
interaction vertex as determined by the tracker, the energy of the corresponding ECAL cluster,
and the energy sum of all bremsstrahlung photons spatially compatible with originating
from the electron track [36]. The energy of muons is obtained from the curvature of the
corresponding track [37]. The energy of charged hadrons is determined from a combination
of their momentum measured in the tracker and the matching ECAL and HCAL energy
deposits, corrected for the response of the calorimeters to hadronic showers. Finally, the
energy of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL
energies. 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 apparent jet momentum.

The pileup-per-particle identification algorithm (PUPPI) [38, 39] is used to mitigate
the effect of pileup at the reconstructed PF candidates level, making use of local shape
information, event pileup properties, and tracking information. A local shape variable is
defined, which distinguishes between collinear and soft diffuse distributions of other particles
surrounding the particle under consideration. The former is attributed to particles originating
from the hard scatter and the latter to particles originating from pileup interactions. Charged
particles identified to be originating from pileup vertices are discarded. For each neutral
particle, a local shape variable is computed using the surrounding charged particles compatible
with the primary vertex within the tracker acceptance of |η| < 2.5, where η denotes the
pseudorapidity. Both charged and neutral particles are used in the region outside of the
tracker coverage. The momenta of the neutral particles are then rescaled according to their
probability of originating from the primary interaction vertex deduced from the local shape
variable, superseding the need for jet-based pileup corrections [38].

The large-radius jets used in this analysis are clustered with the FastJet package [40]
using the anti-kT algorithm [41] with a distance parameter of R = 0.8 (AK8 jets). The soft-
drop algorithm [42], which is a generalization of the modified mass drop tagger algorithm [43],
is used to identify the subjets of a Lorentz-boosted H boson candidate jet. This algorithm,
with an angular exponent β = 0 and a soft-cutoff threshold zcut < 0.1, is applied to AK8 jets
reclustered using the Cambridge-Aachen algorithm [44, 45], and removes soft, wide-angle
radiation from the jet.

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+jet, Z+jet, and multijet events are used to determine
any residual differences between the jet energy scale in data and simulation, and appropriate
corrections are made [46]. Additional selection criteria are applied to each jet to remove jets
originating from instrumental effects or reconstruction failures [38].
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The missing transverse momentum vector ~p miss

T is computed as the negative vector sum
of the transverse momenta of all the PF candidates in an event and its magnitude is denoted
as pmiss

T [47]. The PUPPI algorithm is applied to reduce the pileup dependence of the ~p miss

T

observable. The ~p miss

T is computed from the PF candidates weighted by their probability
to originate from the primary interaction vertex [47]. The ~p miss

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

3 Data and simulated samples

Data events were collected with the CMS detector in pp collisions in the years 2016 to 2018
at

√
s = 13 TeV, corresponding to an integrated luminosity of 138 fb−1. The data analyzed

in this search were recorded using triggers that required the presence of a single lepton or
significant pmiss

T . To collect events where the Z boson decays into a pair of electrons, a
combination of isolated and nonisolated [36] electron triggers and photon triggers is used to
achieve optimal efficiency over the whole range of electron energies. Single-muon triggers
without isolation [37] criteria are chosen to avoid efficiency losses in case of very collimated
dimuon events. The pT thresholds for the muon triggers (pT > 50 GeV) are lower than for
electron triggers (pT > 115 GeV) without isolation criteria, such that adding isolated-muon
triggers is not necessary in this analysis.

The signal samples are generated using the HVT model [4]. The couplings of the heavy
spin-1 resonance Z′ to the H and V bosons (gH = cHgV) and to the fermions (gF = g2cF/gV)
are expressed in terms of the SU(2)L gauge coupling g, and of the two dimensionless coefficients
cH and cF that control the relative contributions to the total interaction strength gV. Universal
couplings to different flavours of leptons and quarks are assumed. Two benchmark scenarios
are considered in this analysis [26]:

• Model A, with cH = −0.556, cF = −1.316, and gV = 1, and

• Model B, with cH = −0.976, cF = 1.024, and gV = 3.

Model A has comparable branching fractions into fermions and bosons and reproduces a
model with a weakly coupled extended gauge theory [5]. Model B has branching fractions
predominantly into bosons and very suppressed fermionic decays. It mimics a minimal
strongly coupled composite Higgs model [11].

We generate signal samples for different heavy resonance masses mZ′ in the range of
1.4 to 5 TeV, produced via qq annihilation. The signal simulations use the narrow-width
approximation, and we have verified that the natural widths of the signals are negligible as
compared with the detector resolution. The spin-1 resonance Z′ decays to a Z boson and an
H boson in all simulated events. Only Z boson decays to charged leptons and neutrinos are
simulated, whereas all possible decays of the H boson in the SM are considered.

The main backgrounds in this search originate from V boson production with additional
jets (V+jets), which includes W+jets and Z+jets production. Both signal and V+jets
events are generated with MadGraph5_amc@nlo 2.6.5 [48, 49] at leading order (LO) in
perturbative quantum chromodynamics (QCD). The V+jets background is generated with up
to four additional partons. Subdominant background processes include diboson and top quark
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pair production, which are generated with pythia 8.240 [50] at LO and powheg v2 [51–55]
at next-to-LO (NLO), respectively. The cross section for the tt background is adjusted to a
prediction at next-to-NLO (NNLO) accuracy in perturbative QCD, using a next-to-next-to-
leading logarithmic soft-gluon resummation, obtained with the Top++ 2.0 program [56].

The parton showering and hadronization processes are simulated with pythia, the
underlying event simulation uses the CP5 tune [57], and the NNPDF 3.1 [58] NNLO parton
distribution function (PDF) set is employed.

All simulated samples are processed through a Geant4-based [59] simulation of the CMS
detector. To simulate the effect of pileup collisions, additional inelastic events are generated
using pythia with a total inelastic cross section of 69.2 mb [60] and superimposed on the
hard-scattering events. The generated number of pp interactions is corrected such that the
simulated distribution in the number of primary vertices matches that observed in the data.

4 Event selection and reconstruction

The final state targeted in this search consists of an energetic AK8 jet from the hadronic
H boson decay, recoiling against a pair of charged leptons or pmiss

T from the Z boson decay.
Events in the charged-lepton channels ℓ+ℓ− (ℓ = e, µ) are placed into mutually exclusive
categories based on the flavour of the reconstructed leptons. Each category requires the
presence of two leptons of the same flavour and opposite sign. Additionally, events with
different-flavour leptons are discarded. In the ℓ+ℓ− channels, events are required to have at
least two leptons with pT > 52 GeV and |η| < 2.4 each. The invariant mass of the dilepton
pair must be within 81–101 GeV, consistent with the Z boson mass. In events with more
than one pair of leptons, corresponding to less than 0.1% of the cases, the pair with mass
closest to the nominal Z boson mass is chosen. The Z boson four-momentum is reconstructed
from the dilepton system. A heavy resonance decay would result in a large pT for the Z

boson, satisfying pT(Z) > 200 GeV. The leptons are required to be isolated, and to pass the
“loose” criteria of the cutoff-based algorithm and the “tight” criteria of the “track-based”
algorithm for electrons and muons, respectively. The isolation methods and algorithms are
detailed further in refs. [36, 37]. When building the isolation variable for one lepton, the
other lepton is not considered in the list of particles inside the isolation cone. This procedure
prevents the rejection of events from very collimated Z boson decays where the two leptons
are reconstructed within each other’s isolation cone. In Z+jets events, the two leptons are
expected to have a large angular separation compared with signal events, where the angular
separation is defined as ∆R(ℓ1, ℓ2) =

√
[∆η(ℓ1, ℓ2)]2 + [∆φ(ℓ1, ℓ2)]2, with ∆η and ∆φ denoting

the differences in η and the azimuthal angle φ. We require that the angular separation between
the two leptons must be less than 0.45. The neutrino channel requires the absence of any
electrons or muons, and pmiss

T > 250 GeV. A veto on the presence of additional leptons is
imposed on leptons passing the same quality criteria of each of the charged-lepton channels.

To provide a H boson candidate, events must contain at least one AK8 jet with pT >

200 GeV and |η| < 2.4. The H boson candidate is reconstructed as a single AK8 jet, referred
to as H jet, and is required to have a large azimuthal separation from the reconstructed
Z boson system, ∆φ(H,Z) > 2.
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The previous CMS result [18] was obtained by using a combination of two mutually
exclusive event categories, based on the number of b-tagged subjets of a boosted H boson
candidate jet that includes all decay products of the H boson decay chain. The two categories
were obtained by separating events into cases where the H jet contains two (2b category)
or one or fewer (≤1b category) b-tagged subjets. While the first category targets H → bb

decays, the latter category includes all remaining hadronic H boson decays, including decays
to b quarks that failed identification by the DeepCSV algorithm [61]. The working point of
the algorithm was chosen to correspond to a 10% misidentification rate for jets originating
from light quarks or gluons, and to yield an efficiency between 80 and 90% for selecting
b-quark-initiated jets. This led to an optimal sensitivity of the 2b category. In this analysis,
we veto events that contain H boson candidates with two b-tagged subjets using the identical
DeepCSV algorithm with the same working point. The requirement of ≤1 b-tagged subjets
results in a rejection of 40–70% of H → bb events, depending on the resonance mass, while
retaining 80–90% of both H → cc and H → qqqq events. This requirement ensures that
the selected events are statistically independent of the 2b category of the previous CMS
analysis [18]. We then reanalyze the data in the ≤1b category with enhanced techniques
to improve the sensitivity.

The primary source of background arises from V+jets production. For such events, the
V boson is produced in association with a highly energetic jet, which is misidentified as
an H boson jet. In the neutrino channel, the second largest source of background events
consists of W+jets events where the charged lepton from the leptonic W boson decay is
not reconstructed. The signal would appear as a local enhancement in the distribution of
the reconstructed invariant mass of the ZH system, denoted by mrec

Z′ , in the charged-lepton
channels. In the neutrino channel, the sensitive observable is the transverse mass,

mT
Z′ =

√

2pH
T
pmiss

T
[1 − cos ∆φ(~pH

T
, ~p miss

T
)], (4.1)

where pH
T is the transverse momentum of the H jet and ∆φ(~p H

T , ~p
miss

T ) is the angular difference
in azimuth between the ~pT of the H jet and ~p miss

T . Figure 1 shows the distributions in mrec

Z′

for the charged-lepton channels (upper) and the distribution in mT
Z′ for the neutrino channel

(lower). The shapes and normalizations of these distributions are generally well described
by the simulation. In the next step, the signal-to-background ratio is improved by selecting
events that contain a jet consistent with originating from the decay of a boosted H boson.

The quark flavour tagging of subjets in the selected H jet provides discrimination between
the signal and background processes. In V+jets events, jets are produced from initial- or
final-state radiation and originate most commonly from the fragmentation of gluons or light-
flavour quarks. Conversely, jets originating from decays of boosted H bosons are characterized
by a more complex substructure and a larger component from the fragmentation of heavy-
flavour quarks.

We improve the signal-to-background ratio by applying the ParticleNet-MD [62, 63]
algorithm to the H jet. This heavy-flavour jet identification algorithm is based on a neural
network (NN), and provides several classification output nodes, corresponding to probability-
like scores p. In particular, the mass-decorrelated [64] version of this algorithm is used in
this work. This version ensures that the background distribution is not altered by a selection
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Figure 1. Distributions in mrec

Z′ for the dielectron (upper left), dimuon (upper right), and in mT

Z′ for
the neutrino (lower) channels, after the kinematic selections. The data are compared with simulation.
The ratios of the data to the total SM background are shown in the lower panels, where the statistical
and total uncertainties are displayed as grey regions. The signal distributions are shown for an
arbitrary cross section of 1 pb.

based on the ParticleNet-MD algorithm score [65]. A combination of these probabilities
is used to identify a region enriched in events with H-boson-initiated jets and depleted in
events with light-quark- and gluon-initiated jets. The chosen variable is defined as

HvsQCD =
p(X → bb) + p(X → cc) + p(X → qq)

p(X → bb) + p(X → cc) + p(X → qq) + p(QCD)
, (4.2)

where X is a spin-0 particle with unknown mass decaying to single jets containing pairs of b

quarks, c quarks, and light quarks; and p(QCD) is the probability that the jet is produced
in a QCD multijet event. Additional details on the ParticleNet-MD network and its
calibration can be found in refs. [62, 63].
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Figure 2. The product of signal acceptance and efficiency for signal events as a function of mZ′

for the charged-lepton and neutrino channels in the SR. The efficiency is calculated with respect
to Z boson decays to charged leptons and neutrinos for the charged-lepton and neutrino channels,
respectively. For comparison, the results from the ≤1b category of the previous CMS search in the
ZH channel [18] are shown as dashed lines.

The HvsQCD discriminant is used to define our signal region (SR) by requiring the score
of the AK8 jet to be greater than 0.95, which corresponds to a background misidentification
rate of 1%. The X → bb probability alone provides substantial background rejection while
selecting a significant fraction of signal events. The inclusion of the X → cc and X → qq

probabilities further improves the overall signal selection and enables precise calibration of
the identification and misidentification rates of the tagger. This novel technique enables a
generalized approach to the tagging of hadronic final states, remaining largely independent of
specific branching fractions, which allows for a more model-independent search.

Given the dominant branching fraction of H → bb, approximately 60% of the selected
signal events consist of H → bb decays despite the rejection of jets with two b-tagged subjets.
The selection based on the HvsQCD discriminant retains most of the remaining H → bb events
and provides a substantial background rejection at the same time. After applying the selection
on the HvsQCD score, the observed relative contributions of signal events from H → bb, qqqq,
cc, and ττ decays are about 60%, 20%, 15%, and 5%, respectively. The analysis selection
increases the fraction of signal events from H → cc and qqqq decays by factors of five and
three, respectively, as compared with the SM branching fractions. Specifically, 25% of the
H → qqqq events have all four quarks matched to the same AK8 jet, whereas in the remaining
75%, at most three quarks are matched. A significant fraction of these quarks matched to
the AK8 jet are c quarks, which results in an increased HvsQCD tagging probability.

The product of the geometrical acceptance and the selection efficiency for different
channels in the SR for all simulated signal samples is shown in figure 2. In the neutrino
channel, the efficiency is calculated with respect to Z boson decays to neutrinos, and in the
charged-lepton channels with respect to Z boson decays to electrons, muons, and τ leptons.
We observe a gain in the product of signal acceptance and efficiency of about a factor of two
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as compared with the ≤1b category of the previous CMS analysis [18]. Using the flavour
and substructure of the selected H jet allows us to achieve the same level of background
suppression with a gain in signal efficiency.

5 Signal and background modelling

The search is performed by examining the distributions in mrec

Z′ and mT
Z′ in the SRs for localized

excesses over monotonically decreasing background distributions. Each SM background
prediction is obtained by fitting the free parameters of a one-dimensional function to the data.
This procedure reduces statistical fluctuations and systematic uncertainties associated with
the simulation of background processes. The parametric background model is tested in a
background-enriched validation region (VR), defined by inverting the selection on the HvsQCD
discriminant. Since the kinematic properties of the SRs and VRs are similar, the functional
form of the background prediction can be tested on data in the VRs before examining the SRs.

The functional form used to fit the background components in the mrec

Z′ and mT
Z′ dis-

tributions is given by

fN (x) = exp

(

N
∑

i=0

pix
i

)

, (5.1)

where N represents the degree of the polynomial function in the exponent and the coefficients
pi are free parameters. The fit range excludes the kinematic turn-on in the mrec

Z′ and mT
Z′

distributions, resulting from the selection criteria on the leptons, pmiss

T , and AK8 jet. The
lower bound of the fit range is chosen uniformly across all channels at 1.2 TeV, such that
the peak position of the signal with the lowest resonance mass considered in this search,
mZ′ = 1.4 TeV, is about three times the mass resolution higher than the lower bound.

An F -test [66] is used to determine the minimum number of free parameters needed to
describe the distributions of data in the VRs and of the simulations in the SRs and VRs. The
result is N = 2, where functions with N = 1 are not able to describe the high-mass tail in the
VR of the neutrino channel, and N = 3 does not lead to a statistically significant improvement
of the fit quality. Fits of the background functions to the distributions in mrec

Z′ and mT
Z′ are

shown in figure 3 for simulated events in the SRs and collision data in the VRs. The simulation
in the SRs and the data in the VRs have higher statistical precision than the data in the SRs,
giving confidence that the chosen background function can reliably describe the background
shape and normalization in the SRs. The best fit parameters and their uncertainties obtained
from the simulation in the SRs and the data in the VRs are not used further in the analysis.
The F -test is repeated later using the data in the SR, confirming the choice of N = 2.

The line shape of the simulated signals in mrec

Z′ and mT
Z′ can be described by a Gaussian

core centred around the generated mZ′ and a long tail towards smaller masses. These
asymmetric tails result from the off-shell production of the heavy resonance and from decay
particles not reconstructed in the jet. The distributions in mrec

Z′ and mT
Z′ of the signals are

modelled with a double-sided Crystal Ball function [67–69], which accurately describes the
line shape of the simulated signals.
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Source Uncertainty
ParticleNet-MD H jet identification 2.0–5.0%
b tagging veto 0.4–1.0%
Jet energy scale and resolution 0.2–2.0%
Pileup 0.3–1.8%
Integrated luminosity 1.6%
L1 ECAL trigger inefficiency 0.3–0.8%

Source Uncertainty
Trigger 0.9–1.5%
Muon identification 0.1–0.3%
Electron identification 5.2–6.0%
Lepton reconstruction 0.9–2.0%
PDF 0.3–13.4%
Ren. and fact. scales 6.6–17.2%

Table 1. Sources of signal systematic uncertainties considered in this analysis, and their effect
on the signal normalization. The uncertainty ranges correspond to different signal masses. These
uncertainties are subleading compared with those in the background predictions.

6 Systematic uncertainties

The analysis sensitivity is dominated by the statistical uncertainty from the number of events
in the SRs. The background parameters from eq. (5.1) have the largest impact on the results
of the analysis because the data in the SRs only loosely constrain the background model
in the high-mass tails of the distributions. The statistical uncertainties in the background
predictions for the charged-lepton SRs range from 15% for mZ′ = 1.5 TeV to 100% for
mZ′ = 3.0 TeV. Likewise, for the neutrino SR, these uncertainties vary between 5% and 45%.
The uncertainties in the background predictions translate into uncertainties in the signal
normalization ranging from about 15% up to about 35%, depending on mZ′ and the signal
cross section. The systematic uncertainty due to the choice of the background model is
negligible compared with the statistical uncertainty.

Several additional sources of systematic uncertainty are considered, as these can affect
the normalization and lineshapes of the signal distributions. These are briefly described
in the following. Table 1 summarizes the effect of each source of systematic uncertainty
on the signal normalization.

Differences in the selection efficiencies between data and simulation are corrected with
data-to-simulation scale factors (SFs). The experimental uncertainties are evaluated by
varying the SFs up and down by one standard deviation for each uncertainty source and
propagating the resulting change through the analysis. The resulting systematic uncertainties
are treated as fully correlated across the channels. The largest experimental systematic
uncertainty is related to the H jet identification using the ParticleNet-MD algorithm and
amounts to 2–5%. The uncertainty related to the rejection of double-b-tagged jets amounts
to 0.4–1.0%. The jet energy scale and resolution uncertainties amount to up to 2% each.
These uncertainties affect all channels equally and therefore have the largest impact on the
analysis. Uncertainties in the trigger efficiency, lepton identification, and reconstruction are
considered in the charged-lepton channels, leading to uncertainties of 5–6% for the electron
channel and up to 2% for the muon channel. Additional systematic uncertainties originate
from estimations of the pileup reweighting, the integrated luminosity [70–72], and L1 ECAL
trigger inefficiency due to detector timing issues [34], each having an effect of less than 2%.
While most of these uncertainties affect both the normalization and shape of the signal
distributions, the effect on the normalization is the dominant effect.
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In addition, we consider theoretical uncertainties related to the production of the heavy
resonance. The signal cross sections are affected by the choice of the QCD renormalization
and factorization scales, as well as by the uncertainties in the PDFs used to generate the signal
samples. The effect of these is estimated following the PDF4LHC recommendations [73].
We find that acceptance effects from these uncertainties are small as compared with other
uncertainties and we do not consider them as part of the signal uncertainties. Instead, we
include these theoretical uncertainties in the predictions of the production cross sections for
Models A and B, based on ref. [4]. The size of these is 6.6–17.2% and 0.3–13.4% for the scale
variations and PDFs, respectively. The uncertainties increase at higher signal masses.

7 Results

The modified frequentist approach [74–76], known as the CLs criterion with the profile
likelihood ratio as the test statistic, is used in this search to set 95% confidence level
(CL) upper limits on the product of production cross section σ (pp → Z′) and branching
fraction B (Z′ → ZH). We use the asymptotic approximation to the profile likelihood test
statistic [77]. The following results have been determined using the CMS statistical analysis
tool Combine [78], which is based on the RooFit [79] and RooStats [80] frameworks.

We use the mZ′ and mT
Z′ distributions measured in the three SRs for the statistical

interpretation. The distributions in data are shown in figure 4. The background functions
have been obtained from a fit with the background-only hypothesis, where the parameters
of the fit functions have been left unconstrained to ensure an unbiased result. The data
are in agreement with the background-only fits.

We set upper limits at 95% CL on the product σ (pp → Z′) B (Z′ → ZH) as functions of
mZ′ . The expected 95% CL limits obtained for the individual channels and their combination
are shown in figure 5. The neutrino channel is the most sensitive channel over the entire
mass range because of the larger branching fraction and the higher selection efficiency.

The final expected and observed exclusion limits at 95% CL resulting from the combination
of the muon, electron, and neutrino channels are shown in figure 6. The observed 95% CL
limits agree with the expectations from the background-only hypothesis within about one
standard deviation over the full mass range considered. We observe an improvement in the
sensitivity as compared with the non-VBF production category studied in the previous CMS
analysis [18]. The analysis has better expected sensitivity than the ≤1b category from the
previous analysis by up to about 60% on σ (pp → Z′) B (Z′ → ZH). The analysis has better
sensitivity than the 2b category for mZ′ > 3.4 TeV, where previously this crossing point was
at 3.85 TeV. The lower Z′ boson mass limits from this analysis alone are at 2.8 and 3 TeV for
Models A and B, respectively. We used a combination of b, c, and light-flavour tagging for
hadronic H boson final states to improve the sensitivity of a BSM search at high resonance
masses. This approach enhances H boson decays into cc and VV∗ → 4 quarks while also
recovering misidentified H → bb decays.

The upper limits on the cross sections are translated into two-dimensional upper limits
on the coupling parameters for fermions (gF), and bosons (gH) in the HVT model. The
resulting exclusion contours are shown in figure 7.
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Figure 7. Observed upper limits at 95% CL on gF for different Z′ boson masses as functions of the
product of gH with the sign of gF. The two benchmark scenarios of the HVT model are shown by the
black markers.

to improve the sensitivity for high resonance masses. This analysis employs state-of-the-
art algorithms to identify hadronic H boson decays. The use of these advanced taggers
significantly improves the signal-to-background ratio for H boson jets with less than two
b-tagged subjets. The signal H boson jets comprise about 60, 20, and 15% H → bb, qqqq,
and cc decays, respectively, where the H → bb decays correspond to jets that are rejected by
a selection based on two b-tagged subjets and are recovered by this analysis. A significantly
improved sensitivity for high resonance masses in the ZH channel is provided by the new
techniques employed by this analysis.
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