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Abstract

A search for heavy resonances decaying into a vector boson and the standard model
Higgs boson is presented, in final states containing b quark-antiquark pairs from the
decay of the Higgs boson and leptons (electrons and muons) or missing transverse
momentum, because of undetected neutrinos, from the decay of the vector bosons.
The analysis is performed using a data sample corresponding to an integrated lumi-
nosity of 35.9 fb! collected in 2016 by the CMS experiment at the CERN LHC from
proton-proton collisions at a center-of-mass energy of 13 TeV. The data are found to
be consistent with the background expectations. Exclusion limits are set in the con-
text of spin-1 heavy vector resonances and spin-0 two Higgs doublet models, also
including the presence of dark matter. In a model with heavy vector triplet, W and
Z’ resonances with a degenerate mass smaller than 2.9 TeV are excluded at 95% con-
fidence level if the couplings to the standard model bosons dominate.
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1 Introduction

The discovery of a Higgs boson at the CERN LHC [1-3] and the measurement of its mass and
quantum numbers [4-7] consolidates the standard model (SM) of particle physics. Although
the SM provides reliable and accurate predictions of observables at energies up to the TeV scale,
the relatively light mass of the Higgs boson of 125GeV [7] indicates either a large amount of
fine tuning or the presence of new heavy particles, denoted as X, above the electroweak (EW)
scale [8]. The relation between these heavy particles and the EW and Higgs sectors of the SM
suggests that the new resonances may decay with a significant branching fraction into a SM
vector boson (W or Z) and a Higgs boson (h).

Several extensions of the SM with extra SU(2) or U(1) gauge groups, such as minimal W’ and
Z' models, strongly coupled composite Higgs models, and little Higgs models, postulate the ex-
istence of massive gauge bosons (W’ and Z') with weak couplings to the SM particles [9-18]. A
large number of these models are described by the heavy vector triplet (HVT) framework [19],
which extends the SM by introducing a triplet of heavy vector bosons, one neutral (Z') and two
electrically charged (W'F), which are degenerate in mass and are collectively referred to as V'.
In the HVT framework, gy is the coupling strength of the new interaction, cy is the coupling
coefficient between the HVT bosons, the Higgs boson, and longitudinally polarized SM vector
bosons, cr is the coupling coefficient between the HVT bosons and the SM fermions, and g is
the SM SU(2)1, gauge coupling. The coupling strength of the heavy vector bosons to SM bosons
and fermions is determined by the gycy and g?cr/ gy parameters, respectively. The HVT frame-
work is presented in two scenarios, henceforth referred to as model A and model B, depending
on the couplings to the SM particles [19]. In model A (gyv = 1, cy = —0.556, cg = —1.316), the
coupling strengths to the SM bosons and fermions are comparable and the new particles decay
primarily to fermions, as predicted by Z' and W’ models. In model B (gy = 3, cy = —0.976,
cr = 1.024), such as the composite Higgs models, the branching fraction to the SM bosons is
nearly 100% since the couplings to the SM fermions are small.

Heavy spin-0 resonances are also predicted in extensions of the SM Higgs sector, like two Higgs
doublet models (2HDM) [20], which introduce a second scalar doublet in addition to the one
from the SM. Different formulations of 2HDM predict different couplings of the two doublets
to quarks and to massive leptons. In Type-I 2HDM, all fermions couple to only one Higgs
doublet, while in Type-II, the up- and down-type quarks couple to different doublets. The two
Higgs doublets entail the presence of five physical states: two neutral and CP-even bosons (h
and H, the latter being more massive) a neutral and CP-odd boson (A), and two charged scalar
bosons (H*). Depending on the model free parameters tan § and &, which are the ratio of the
vacuum expectation values, and the mixing angle of the two Higgs doublets, respectively, the
dominant A boson production process can be either through gluon-gluon fusion or through b
quark associated production, as shown in Fig. 1. In both cases, the heavy pseudoscalar boson
A may decay with a large branching fraction to a pair of Z and h bosons [20].

A particular formulation of the two Higgs doublet model, denoted as Z’-2HDM model [21, 22],
is obtained by extending the 2HDM with an additional U(1)z symmetry group which postu-
lates a heavy spin-1 Z’ particle with gauge coupling g7/, and a candidate for dark matter (DM),
denoted as x, which couples to the A boson with coupling strength g,. In the process con-
sidered in this search, the Z' is produced from qq annihilation and decays into a pseudoscalar
A boson and a light Higgs boson. The Higgs boson decays to a b quark-antiquark pair (bb),
and the A boson decays into a pair of DM particles (xx), which escape the detection making
this signature kinematically indistinguishable from the Z' — Zh — vvbb signal. The Feynman
diagram of this process is reported in Fig. 1.
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Figure 1: Feynman diagrams of the considered processes: heavy spin-1 vector boson produc-
tion and decay to a SM vector boson and a Higgs boson, as in the HVT framework (upper left);
Z' boson that decays to a Higgs boson and a A boson, with the latter decaying into dark matter
particles (x¥), predicted by the Z'-2HDM model (upper right); production within the 2HDM
model of a pseudoscalar A boson through gluon-gluon fusion (lower left) and with accompa-
nying b quarks (lower right).

Previous ATLAS and CMS searches indicate that the mass of the resonance my should exceed
1TeV [23-35]. Hence, the V and h bosons originating from its decay have a large Lorentz
boost, and thus the h — bb is reconstructed using a single jet containing the collimated decay
products of the two hadronized b quarks.

This article describes a search on proton-proton (pp) collisions at a center-of-mass energy of
13 TeV collected by the CMS experiment at the LHC during 2016 for heavy resonances decaying
into a vector boson (W or Z) and a Higgs boson. The SM Higgs boson is assumed to decay to a
bb pair with a branching fraction of 58% [36], and the vector boson in final states with 0, 1, or 2
charged leptons (Z — vv, W — lv, Z — (¥).

This search is complementary to the CMS analysis targeting hadronic vector boson decays [30]
that excludes HVT triplets up to 3.1 and 3.3 TeV in model A and B, respectively, and retains a
better sensitivity especially at low mx thanks to the leptonic vector boson decays. This result
significantly extends the sensitivity of the CMS searches in the same final state performed with
2.2-2.5fb ! of data collected during 2015, which excluded a V’ boson with mass below 2.0 TeV
in the HVT model B [27], and a mz < 1.8 TeV and ma < 500 GeV in the Z’-2HDM model [34].

2 CMS detector

A detailed description of the CMS detector, together with a definition of the coordinate system
used and the relevant kinematic variables, can be found in Ref. [37].

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, 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 scintilla-
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tor 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 detected in gas-ionization chambers embedded in the steel flux-return yoke outside
the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |r7| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated parti-
cles with transverse momenta of 1 < pr < 10GeV and |y| < 1.4, the track resolutions are typi-
cally 1.5% in pt and 25-90 (45-150) ym in the transverse (longitudinal) impact parameter [38].
The ECAL provides coverage up to |r7| < 3.0, and the energy resolution for unconverted or
late-converting electrons and photons in the barrel section is about 1% for particles that have
energies in the range of tens of GeV. The dielectron mass resolution for Z — ee decays when
both electrons are in the ECAL barrel is 1.9%, and is 2.9% when both electrons are in the end-
caps. The HCAL covers the range of |1| < 3.0, which is extended to |#| < 5.2 through forward
calorimetry. Muons are measured in gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid, and cover the pseudorapidity range || < 2.4. The muon detectors
make use of three different technologies: drift tubes, cathode strip chambers, and resistive-
plate chambers. Combining muon tracks with matching tracks measured in the silicon tracker
results in a pt resolution of 2-10% for muons with 0.1 < py < 1TeV [39].

The first level of the CMS trigger system [40], composed of custom hardware processors, uses
information from the calorimeters and muon detectors to select the most interesting events in a
fixed time interval of less than 4 us. The high-level trigger (HLT) processor farm decreases the
event rate from around 100 kHz to about 1 kHz, before data storage.

3 Data and simulated samples

The data sample analyzed in this search corresponds to an integrated luminosity of 35.9 fb™*,
collected with the CMS detector at the LHC in ppcollisions at a center-of-mass energy of 13 TeV.

The spin-1 gauge bosons W’ and Z” are simulated according to the HVT model B parameters at
leading order (LO) using MADGRAPH5_aMC@NLO [19]. Different mx hypotheses in the range
800 to 4500 GeV are considered, assuming a resonance width narrow enough (0.1% of the reso-
nance mass) to be negligible compared to the experimental resolution. This assumption is valid
in a large fraction of the HVT parameter space, and fulfilled in both benchmark models A and
B [19].

The spin-0 signal is generated at LO with MADGRAPH5_.aMC@NLO in both the gluon-gluon
fusion and b quark associated production processes according to the 2HDM model [20], as-
suming a narrow signal width. In the gluon fusion production mode, up to one additional jet
is included in the final state, and only the top quark runs in the loop reported in Fig. 1. The
A — Zh decay is simulated with MADSPIN.

The Z'-2HDM signal is generated at LO with MADGRAPH5_aMC@NLO assuming ¢z = 0.8,
an unitary coupling of the A boson to the DM candidate (g, = 1) and tan = 1, and the
heavy Higgs bosons are degenerate in mass [41]. In the case where cos(f — «) — 0, denoted as
alignment limit, the light Higgs boson is virtually indistinguishable from the SM Higgs boson,
and the Higgs boson branching fractions match the ones of the SM. This signal is characterized
by the masses my and m,, while the mass of the DM candidate m, does not affect the kinematic
distributions significantly if the A boson is on-shell. The DM candidate mass is therefore set to
a fixed value m, = 100 GeV while my is varied between 800 and 4000 GeV, and m between



300 and 800 GeV [41].

The SM backgrounds in this search are the inclusive production of V+ets, with Z — wvv,
W — lv, Z — ¢/, and tt. V+ets events are simulated at LO with MADGRAPH5_aMC@NLO
v5.2.2.2 matrix element generator [42] with up to 4 partons and normalized to the next-to-next-
to-leading-order (NNLO) cross section, computed using FEWZ v3.1 [43]. The V boson pt spectra
are corrected to account for next-to-leading-order (NLO) QCD and EW contributions [44]. Top
quark pair (tt) and single top quark in the t- and tW final states are simulated at NLO POWHEG
v2 generator [45-47]. The top quark pair production is rescaled to the cross section computed
with TOP++ v2.0 [48] at NNLO, and top quarks transverse momenta are corrected to match
the distribution observed in data [49]. Other SM processes, such as VV and Vh production,
and single top quark (t+X) production in s-channel, are simulated at NLO in QCD with MAD-
GRAPH5_aMC@NLO using the FXFX merging scheme [50]. The minor multijet contribution is
estimated through leading order samples produced with the same generator.

The hard process of all simulated samples use the NNPDF 3.0 [51] parton distribution functions
(PDFs), and is interfaced with PYTHIA 8.205 [52, 53] for the parton showering and hadroniza-
tion. The CUETP8M1 underlying event tune [54, 55] is used in all samples, except top quark
pair production which adopts the CUETP8M2T4 tune [56].

Additional pp interactions within the same bunch crossing (pileup) are superimposed on the
simulated processes, and events are weighted to match the average number (23) of interactions
per bunch crossing that was observed in 2016 data taking. Generated events are processed
through a full CMS detector simulation based on GEANT4 [57] and reconstructed with the
same algorithms used for collision data.

4 Event reconstruction

In CMS, a global event reconstruction is performed using a particle-flow (PF) algorithm [58],
which uses an optimized combination of information from the various elements of the CMS
detector to identify all stable particles reconstructed in the detector as an electron, a muon, a
photon, a charged hadron, or a neutral hadron.

Jets are reconstructed from PF candidates clustered using the anti-kt algorithm [59, 60] with
a distance parameter R = 0.4 (AK4 jets) or R = 0.8 (AKS jets). Two independent algorithms
are applied to mitigate the pileup effects. The AK4 and AKS jet four-momenta are obtained
by clustering candidates passing the charged hadron subtraction (CHS) algorithm [61], which
discards charged hadrons not originating from the primary vertex, depending on the longitudi-
nal impact parameter of the track. The reconstructed vertex with the largest value of summed
physics-object p3 is taken to be the primary pp interaction vertex. The physics objects chosen
are those that have been defined using information from the tracking detector, including jets,
the associated missing transverse momentum piss, which was taken as the negative vector
sum of the pt of those jets, and charged leptons.

The estimated contribution of neutral particles originating from pileup interactions is estimated
to be proportional to the jet area estimated using the FASTJET package [60, 62], and subtracted
from the jet energy. Jet energy corrections, extracted from simulation and data in multijet,
y+jets, and Z+jets events, are applied as functions of the transverse momentum and pseudora-
pidity of the jet to correct the jet response and to account for residual differences between data
and simulation. The jet energy resolution amounts typically to 5% at 1 TeV [63].

The mass of the AK8 jet is measured after applying the pileup per particle identification (PUPPI)
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algorithm [61, 64]. The PUPPI algorithm uses a combination of the three-momenta of the parti-
cles, event pileup properties, and tracking information in order to compute a weight, assigned
to charged and neutral candidates, describing the likelihood that each particle originates from
a pileup interaction. The weight for charged particles not coming from the primary vertex is
0, and ranges from 0 to 1 for neutral candidates. The weight is used to rescale the particle
four-momenta, superseding the need for further jet-area based pileup corrections. The PUPPI
constituents are subsequently clustered with the same algorithm used for CHS AKS jets. The
soft-drop algorithm [65, 66], which is designed to remove contributions from soft radiation and
additional interactions, is applied to PUPPI jets. The angular exponent parameter of the algo-
rithm is set to § = 0, and the soft threshold to z.,+ = 0.1. The soft-drop jet mass is defined as the
invariant mass associated with the four-momentum of the soft-drop jet. Dedicated mass correc-
tions, derived from simulation and data in a region enriched with tt events with merged W(qq)
decays, are applied to the jet mass in order to remove residual jet pr dependence [30, 67], and
to match the jet mass scale and resolution observed in data. The measured soft-drop PUPPI
jet mass resolution is approximately 10%. The AKS soft drop jets are split into two subjets by
reverting the last step of the clustering algorithm applied on the jet constituents.

The combined secondary vertex algorithm [68] is used for the identification of jets that originate
from b quarks (b tagging), and is applied to both AK4 jets and AKS8 subjets. The algorithm
uses the tracks and secondary vertices associated with AK4 jets or AKS8 subjets as inputs to a
neural network to produce a discriminator with values between 0 and 1, with higher values
indicating a higher b quark jet probability. A selection on the discriminator output is applied,
corresponding to a b jet tagging efficiency of 85 or 50%, and a false-positive rate in a sample
of quark and gluon jets of about 10 or 0.1%. The b tagging efficiency is corrected to take into
account a difference at the percent level in algorithm performance for data and simulation [68].

Electrons are reconstructed in the fiducial region |7| < 2.5 by matching the energy deposits in
the ECAL with tracks reconstructed in the tracker [69]. The electron identification is based on
the distribution of energy deposited along the electron trajectory, the direction and momentum
of the track, and its compatibility with the primary vertex of the event. Electrons are further
required to be isolated from other energy deposits in the detector. The electron isolation pa-
rameter is defined as the sum of transverse momenta of all the PF candidates, excluding the
electron itself, within AR = v/ (A5)? + (A¢)? < 0.3 around the electron direction, where ¢ is
the azimuthal angle and after the contributions from pileup and other reconstructed electrons
are removed [69].

Muons are reconstructed within the acceptance of the CMS muon systems, || < 2.4, using the
information from both the muon spectrometer and the silicon tracker [39]. Muon candidates are
identified via selection criteria based on the compatibility of tracks reconstructed from silicon
tracker information only with tracks reconstructed from the combination of the hits in both
the tracker and muon detector. Additional requirements are based on the compatibility of the
trajectory with the primary vertex, and on the number of hits observed in the tracker and muon
systems. Similarly to electrons, muons are required to be isolated as well. The muon isolation
is computed from reconstructed tracks within a cone AR < 0.4 around the muon direction,
ignoring the muon itself and tracks identified as originated from other muons [39].

Hadronically decaying T leptons are reconstructed combining one or three hadronic charged
PF candidates with up to two neutral pions, the latter also reconstructed by the PF algorithm
from the photons arising from the 71° — 7y decay [70].



5 Event selection

Events are divided into categories depending on the number and flavor of the reconstructed
charged leptons. The zero-lepton (0¢), the single-lepton (1¢) and double-lepton (2¢) channels
are separated according to the electron and muon content in the event. These channels have
different selections, aiming to maximize the V' signal significance and the SM background
discrimination. Events are further categorized depending on the number of b tagged subjets (1
or 2). In total, 10 exclusive categories are defined.

The identification criteria for the boosted Higgs boson candidate (h jet) is the same for all event
categories. The highest-py AKS8 jet in the event is required to have py > 200GeV and || < 2.5.
The soft drop jet mass m; must fall in the interval 105 < m; < 135 GeV to enter the signal region
(SR). In order to discriminate against the copious vector boson production in association with
quark and gluon jets, and in order to retain the maximum signal efficiency over the whole h pr
range, the h jet is required to have 1 or 2 b tagged subjets, otherwise the event is discarded. The
2 b tagged subjet categories dominate the sensitivity at low my, but because of the degradation
of track reconstruction at very large jet pr, and the overlap between the two subjets of the h jet,
at high my a significant amount of signal events is retained in the 1 b tagged subjet categories.
The h jet tagging efficiency ranges between 13-24% in the 1 b tag categories, and 29-19% in the
2 b tag categories, respectively at low and high myx. The average probability for a V+jets event
to pass the h jet selections is 1.7% and 0.2% in the 1 and 2 b tag categories; the mistag rate for tt
events is generally larger, and corresponds to 2.9% and 0.5%, respectively.

In the 0/ channel, signal events are expected to have a large p7iss, defined as the magnitude of
pmiss from the boosted Z boson decaying into a pair of neutrinos, which escape undetected.
Data are collected using triggers that require missing hadronic activity Hi"*® [40] or p7"**, either
with or without considering muons, larger than 90-110 GeV depending on the instantaneous
luminosity. A selection is applied to the reconstructed p™is, which is required to be larger
than 250 GeV, to ensure that the trigger is fully efficient. The multijet production is suppressed
by requiring that the minimum azimuthal angular separations between all AK4 and AKS jets
and the missing transverse momentum vector must satisfy A¢(jet, p) > 0.5. The h jet must
fulfill a tighter requirement A¢(jet, P™) > 2 and the fraction of its momentum given by the
charged hadron candidates has to be larger than 0.1 to remove events arising from detector
noise. Events containing isolated leptons with pt > 10 GeV, hadronically-decaying T leptons
with pr > 18 GeV are removed in order to reduce the contribution of other SM processes. The
tt background contribution is reduced by removing events in which any additional AK4 jet is
b tagged using an operating point 85% efficient on genuine b jets. Because of the lack of visible
decay products from the Z boson, reconstruction of the resonance mass is not directly viable.

Instead, the resonance mass my is estimated from the Higgs boson jet momentum and the pIiss

which are used to compute the transverse mass mJ, = i 2p$iSSEj1?t [1 — cos Ap(h jet, pmiss)].

Events in the le channel are collected using a trigger requiring either an isolated electron with
pr larger than 32 GeV or a non-isolated electron with pr larger than 115 GeV. The 1y channel re-
quires at least one nonisolated muon with pt > 50 GeV. Moreover, the trigger criteria for the 0¢
channel is also used for the 1¢ channels to take advantage of the large pss and HI® because
of the escaping neutrino from the W decay. Offline, events are retained if exactly one lepton
satisfying a pt threshold of 55 GeV and restrictive identification and isolation criteria. The se-
lection efficiency for the electron and the muon is approximately 75% and 95%, respectively.
Simulated events are reweighted to account for small differences between data and simulation
in the trigger selection, and lepton reconstruction, identification and isolation. In the 1le chan-
nel, the multijet background is further suppressed by requiring pTss > 80GeV. Azimuthal
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angular separations A¢(¢, piiss) < 1.5, Ap(¢, hjet) > 2, and A¢p(hjet, pis%) > 2 are required
to select a topology where the vector boson recoils against the Higgs boson jet. Similar to the 0¢
selection, events with additional b tagged AK4 jets are vetoed to reduce the tt background con-
tamination. The four-momentum of the neutrino is estimated using a kinematic reconstruction
technique [27]. The p} and pj components of the neutrino momentum in the transverse plane
are assumed to be equal to the ones of M. By constraining the invariant mass of the sum
of the charged lepton and neutrino four-momenta to be consistent with the W boson mass, a
quadratic equation is derived for the longitudinal component of the neutrino momentum, py.
The reconstructed py is chosen to be the real solution with the lower magnitude or, where both
the solutions are complex, the real part with the lowest value. The sum of the neutrino and the
lepton four-momenta is used to reconstruct the W boson candidate and subsequently, with the
h jet four-momentum, the resonance candidate mass myy,. The former has to have a transverse
momentum larger than 200 GeV and a pseudorapidity separation |An(W,jet)| < 3, otherwise
the event is discarded.

The 2/ channel accepts events collected with the same triggers as in the 1/ channel. An addi-
tional isolated electron or muon is required to have pt > 20 GeV and the same flavor and oppo-
site charge as the leading one. The identification and isolation requirements are looser than the
14 channel, and the selection efficiency is between 85 and 90% for the electron pair, and 90 and
95% for the muon pair. The leptonic Z boson candidates require the dilepton invariant mass
between 70 and 110 GeV, and a transverse momentum greater than 200 GeV. Additionally, the
separation in 7 between the Z boson candidate and the Higgs boson jet is required to satisty
|An(Z,jet)| < 1.3 and A¢(Z,jet) < 2.0 to partially reduce the dominant Z +jets background and
increase the signal significance at low my, where the 2/ channels are more competitive. Since
the tt contribution is small, no veto on additional b tagged AK4 jets is applied. The resonance
candidate mass myy, is defined as the invariant mass of the Z boson and the h jet.

A further requirement, applied in all channels, is to have a m{, or myy, larger than 750 GeV, in
order to ensure a sufficiently large Lorentz boost for the Higgs boson. The average signal effi-
ciency, derived taking into account the leptonic branching fractions with respect to the leptonic
decay modes of the vector bosons (v or e, i, and 7) and summed for the two b tag categories,
is reported in Fig. 2 for the different signal models.

6 Estimated and observed background

The main background consists of a leptonically-decaying vector boson in association with jet
from b or light flavor quarks, or gluons, where the light quark or gluon jets are misidentified as
b jets (V+jets). A sizable background originates from the top quark events (tt and t+X), whose
contribution can be as large as 60% in the 1/ category. Minor contributions come from VV,
Vh, and multijet processes. The V+jets and tt backgrounds are estimated using two different
procedures based on data and simulation.

The normalization of the top quark background is corrected with a scale factor determined
in eight dedicated control regions, defined by inverting one selection and dropping the m;
requirement. In 0/, le and 1y categories, the veto on additional b tagged AK4 jets is inverted
by requiring at least one additional AK4 jet b tagged with a tight selection to obtain a higher
tt purity. In the 2¢ categories, the leptons are required to have opposite sign and different
flavor (one electron and one muon), and the two leptons have to have me, > 110GeV and
py’ > 120GeV. The scale factors are derived for each region from the ratio in event yields
between data and simulation, after subtracting the contribution of the other backgrounds from
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the data, and are applied to the corresponding signal region. The scale factors derived in the
le, 1y top quark control regions are employed in the 2e and 2y categories. The top quark scale
factors are reported in Table 1.

Table 1: Scale factors (SF) derived to correct for the event yields of the tt and t+X backgrounds
for different top quark control regions. The uncertainties because of the limited size of the data
samples (stat.) and systematic effects (syst.), described in Sec. 7, are reported.

Control region  tt, t+X SF + stat. £ syst.

0¢ 1.02 £0.04 =0.25

1b tag le 091 +£0.02£0.25
1u 0.89 £ 0.02 £0.25

le, 1u 0.94 + 0.06 £0.23

0¢ 1.05 £0.10 £ 0.26

2b tag le 0.94 £0.04 =0.26
1u 0.85 £ 0.03 = 0.26

le, 1u 1.03 +£0.17 £ 0.23

The event yields and myy, and my, distributions of the V+jets background are determined using
a procedure based on data. The background in the SR is estimated through a parametrization
of the m; distributions, considering separately V+jets, tt and t+X, and the sum of the SM dibo-
son production processes. The m; distributions are modeled using analytic functions, chosen
based on studies in simulations, depending on the different features of the samples. The m;
spectrum in V+jets events consists of a falling distribution and is parametrized with a polyno-
mial with 3-5 parameters depending on the signal event category. On the other hand, the m;
distribution from top quark background background has two peaks, one corresponding to a
Lorentz-boosted W — qq decay, while the other, corresponds to the top quark mass where the
top quark is boosted enough for the full t = Wb — qqb to be merged inside the AKS jet. The
top quark mass spectrum is fixed from simulation, and the normalization is constrained from
the dedicated control regions, as reported in Table 1. Diboson samples generally present peaks
corresponding to the W, Z, and Higgs boson masses, and both the m; distribution and their
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event yield are taken from simulation.

The background model, built upon the sum of the V+jets, top quark, and diboson background
components, is fit to the data in the two sideband regions (SB), defined as the h jet mass regions
with 30 < mj < 65GeV and 135 < m; < 250 GeV, referred to as lower and higher jet mass side-
bands (LSB and HSB). The mass interval 65 < m; < 105GeV (VR), which contains vector boson
merged decays, is excluded form the fit to avoid biases from a X — VV potential signal. In the
fit, only the normalization and shape parameters of the V+jets background are free to fluctuate,
and those relative to the top quark and diboson backgrounds are fixed. The expectation for
each background, and the corresponding uncertainties, are determined by the integral of the
fitted shapes in the SR. The procedure is repeated selecting an alternative function, consisting
of the sum of an exponential and a gaussian, to model the V+jets background distribution and
estimate the bias induced by the choice of the V+jets fit function. The difference between the
results obtained with the nominal and the alternative function is considered as a systematic un-
certainty. The expected and observed events in the SR are reported separately for each category
in Table 2. The fits to the m; distributions are reported in Fig. 3.

Table 2: Expected and observed numbers of events in the signal regions, for all event cate-
gories. Three separate sources of uncertainty in the expected numbers are reported: the V+jets
background uncertainty from the variation of the parameters used to model the m; distribution,
taking into account their correlations (fit); the difference between the nominal and alternative
function choice for the fit to m; (alt); the tt, t+X uncertainties from the m; modeling, the statis-
tical component of the top quark scale factor uncertainties, and the extrapolation uncertainty
from the control regions to the SR; the VV normalization uncertainties relative to the 7; model-
ing and the uncertainties affecting the normalization. A detailed description of the systematic
uncertainties is provided in Sec. 7.

Category  V+jets (£fit) (£alt)  tt, t+X \A% Bkg. sum Observed

0¢ 694+17 +4 91+5 34+8 | 819+20 849
le 603 £37 £72 70024 38+10 | 1369 £85 1389

lbtag 1u 944 +41£18 835+28 58+£15 | 1836 £55 1800
2e 71+£5+5 2+1 3+1 76+7 68
2u 78+5+£5 3+1 4+1 85+7 95
0¢ 88+6+4 17+£2 114+£3 | 116 £8 126
le 97 +8+23 146 +£7 7+2 | 249+25 263

2btag 1u 131£9+13 1658 10+3 | 305+18 316
2e 8+1+£1 1£1 1£1 10£2 7
2u 11+£2+1 1£1 2+1 13£2 14

The myy, (or myy,) distribution of the V+jets background is derived from data in the SB, and a
transfer function a(myy, ) determined from simulation as:

Fsim,V+jets ( My, )
_ ISR
[x<th) - Fsim,V+jets (1)
SB Gy
where Fssgn NS (1m), P;;m’vﬂets(m\/h) represent the parametrization of the probability density

functions with two-parameter exponential functions determined from the myy, spectra in the
SR and the SB of the simulated V+jets sample, respectively. The a(myy,) ratio accounts for the
correlations and the small kinematic differences involved in the interpolation from the side-
bands to the SR, and is largely independent of the correlated uncertainties affecting the myy,

shape as they cancel out in the ratio. The V+jets background prediction in the SR Fgﬁed(m\/h)



10

o o o
— i iaanase”soudt i o] — TR D — i iasase"ssatt it o)
V::7:,;,,,;,:;::i:;::i:;: ,v.tw-,,n/_\v} V,,,i,,7,,;,:7,,,7:;:;:;:;:;:;: ,,vrt.!,,n/_\v} Vi,;:;:;:;:;:;:;:;, ,t.t.,kj,,n/_
o 5 e v &r g - v &r -y
" 3 3 g
g s © g LR Qg 3
o e = o E = < ERA
o T BN ey @\ T %) s [N S
el 2 e 2 -] = 2o @ 2 %) e
ol W\ . o N o8 of L - o o 8 of © o > o
> e > e > P
wr xS 8 g 8E 4- ExS g 8 E 4 x> g 15
™ = S N = ™ © v N = ™ © i N
8> ¥ = S e =2+ . 8 e ~+ . g e
rgs2<>_2 O Q \Mw.(tv W e Q \Mw.”;lv W ae
| 87 =2 s a2 S 3+ L ONES | i
= Ee = £ e = -
*< e = e "
i B + -0 B 3 I8 3
L T | s | &
Yo e
- I - 13 - I s 13 - I + 13
[ = [0 e | [0 oSt
L 2 . L T >4 t I o
o o 3
B e B o B —a
L o o @ . L @ e
4] sl 4] al 4] nd
L e . | Y
i 7 s e i N s
% g E % g
[ > [ >
= [=2} = (=2}
I 7 -
rng = . I rwg = g
L= Y m <+ 13 o] LS9 Y o -~ 13
- o ) = .
L Oa s 9 TANQ mﬂ L Oad « 9 T.M?
NIRRT FEET N N AR Lol [N N A N NS SR
8 R 8 8 ¢ S o vNeqy 8 8 § ] ovNogY R E & 3 8 8 © yNogY
(Ae9 §) /suang O/(5N-erepN) (A89 §) /sueng O/(gyNerepN) (Ae9 §) /sueng O/(gyN-erepN)
o o o
\VI:;,:;,:;,:;::i:;::i:;:: ;:;,:;i:i%w \V17,,,7,,,7,,,7,,, T 1T T 1T T 1T ;::t'r:;:{gw \Vlf T T 7T 7 T T 7T 7 T T 7T T T 7T T ;:;:Q:i:iﬁ
er g e v 2 g e v 2 g 3
" 5 p 3
ol b e O ol It O ol e
o) 9 Pl  d o e  d o —e
~ ERN ~ g ~ S e
< X Se- [ 0 s Ve o o E
ol =2 o 0 ol = e 0 al %) & e
& 5} Mos o8 & Lo S S ©_<£9 g T g
J e ] - J %

o xS % 18E gr JAxSE ET 1BE g 4¥x>E &0 18
™ = o N = ™ «© + = NS N o ™o @ + S I N
8> % 7. g - 2 - g - S A - I e

BN 1ol ]2 | 8553z 1w 2L | 8So3e e
LaNES HE FO2ES T 3+ L ONESIET Ry
§ . § §or
i N | 3 i I | f i I | 3
L = = L o L =
o o o o s o
— 0 U ] - 0 ol 1B - 0 + .
2] . - 2] ot — 2} - |
B T o B T .- B T el
L =3 L S L i
- - e
L 4 o .- L e
. %) . e
5 Je. . e
B —.— o B .-
S S S
— L=l o zziel = L=l
A4S A4S A4S
A A A
L A0 A0 L A0
A A0 A
T4 A0 i T4
- T4 T4 - A
s 2 4 4 I s § 4
£ = g g E=E- g
m.m 3 e - r m.m 5 .
T e O - o L= e~ o
38 3 B T B 38 < ¥ B
-+ et h ]
vt il N SAmn [ 0] ol
< —
(A®D g) /sweng O/ N-erepN) O/ N-erepN) (A®D G) /swang O/ N-erepN)

jet mass (GeV)

jet mass (GeV)
Figure 3: Soft drop PUPPI jet mass distribution of the leading AKS jet in the 0¢ (upper), 1¢

(middle), and 2/ (lower) categories, and separately for the 1 (left) and 2 (right) b tagged subjet
selections. The electron and muon categories are merged together. The shaded band represents
the uncertainty from the fit to data in the jet mass sidebands. The observed data are indicated
by black markers. The dashed vertical lines separate the lower (LSB) and upper (HSB) side-
bands, the W and Z bosons mass region (VR), and the signal region (SR). The bottom panels

report the pulls in each bin, (N92% — NPk8) /o, where ¢ is the statistical uncertainty in data, as

given by the Garwood interval [71].
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is extracted from data in the m; sidebands, after multiplying the obtained distribution by the
a(myy ) ratio:

EEed (myn) = Ng = Fge™" 1 (i) a(myn) + NERFS™ (1) + N FomYY () (2)

where Fgg S’V+j6ts(m\;h) is the probability distribution function obtained from a fit to data in the

m; sidebands of the sum of the background components, and Pgﬁn’ﬁ(m\;h) and Pgﬁn’vv(m\;h) are

the shapes of the tt and diboson components, respectively. The parameters N;]]; jets, NgR, N
are instead fixed from the fit to m;j, the top quark control regions, and the simulated samples,
respectively. The data in the SR and the background predictions are shown in Fig. 4.

The signal mass shape is estimated from the simulated signal samples, parametrizing sepa-
rately in each channel and signal hypotheses the signal distribution with a Gaussian peak and
a power law to model the lower tails. The resolution of the reconstructed myy, is given by the
width of the Gaussian core for the 1¢ and 2¢ channels and by the RMS of the m{, distribution
in the 0 channel, and is found to be 10-16%, 8-5%, 5-3% of my in the 04, 1¢, and 2¢ channels,
respectively, when going from low to high resonance masses.

7 Systematic uncertainties

The systematic uncertainty in the V+jets and top quark background yields is dominated by
the statistical uncertainty associated with the numbers of data events in the m; sidebands. The
uncertainties in the V+jets background shape and the secondary backgrounds are estimated
from the covariance matrix of the fit to data of the myy or m\T,h distribution in the sideband
regions and from the uncertainties in the modeling of the a(myy,) ratio, which depends on the
numbers of data and simulation events, respectively.

The uncertainty on the top quark event yields is because of the limited number of events in the
respective control regions, as reported in Table 1. The uncertainties due to the event modeling
and reconstructions are not considered in the SR, because the event yield of this background
is taken from data. An additional uncertainty is considered for the extrapolation from the
top quark control regions to the signal region by inverting the b tag veto (3%) or changing
the lepton flavor requirement (3%). Minor contributions arise from the propagation of the
uncertainties in the single top and in the shape of the function modeling the m; distributions of
the tt and VV backgrounds.

Other sources of uncertainty affect both the normalization and shape of the simulated signal
and the SM diboson background. The uncertainties in the trigger efficiency and the electron,
muon, and T lepton reconstruction, identification, and isolation are evaluated through studies
of events with Z — ¢/ and dilepton invariant mass around the Z boson mass, and amount to
approximately 2-5% for the categories with charged leptons, and 1% in the 0¢ categories. The
jet energy scale and resolution [63] affect both shape and selection efficiencies. The jet energy
corrections are also taken into account, and are responsible for a 1% variation in the numbers of
background and signal events. The jet mass scale and resolution uncertainties are responsible
for a1 % and up to 6% uncertainty for the SM diboson and 11% in the signal normalization. An
additional uncertainty on the shower model is evaluated with additional samples involving an
Higgs boson decaying to b quark pairs showered with an alternative hadronizer are simulated
with the HERWIG ++ generator [72, 73], resulting in a 6% uncertainty.

The impact on the signal efficiency because of b tagging [68] depends on the h jet pr and thus
on the mass of the resonance, and range from 2-5% in the 1 b tag category to 3-7% in the
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Figure 4: Resonance candidate mass myy, and transverse mass m\T,h distributions in the 0¢ (up-
per), 14 (middle), and 2/ (lower) categories, and separately for the 1 (left) and 2 (right) b tagged
subjet selections. Electron and muon categories are merged together. The expected background
events are shown with the filled area, and the shaded band represents the total background un-
certainty. The observed data are indicated by black markers, and the potential contribution of
a resonance produced in the context of the HVT model B with ¢y = 3, or a Z’-2HDM signal
with ma = 300GeV, m, = 100GeV, and gz = 0.8, are shown as dotted red lines. The bottom
panels report the pulls in each bin, (N9 — NPk8) /o, where ¢ is the statistical uncertainty in
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2 b tag category. The signal, VV, and t+X background event yield and selection efficiency are
affected by the choice of PDFs [74] and the factorization and renormalization scale uncertainties
associated with the event generators. The former are derived with SYSCALC [75], and the latter
are estimated by varying the corresponding scales up and down by a factor of 2. The effect
of these uncertainties is approximately 21% for the tt background, and can be as large as 30%
depending on the signal resonance mass. The top quark background is also affected by the
uncertainty on the pt spectrum [49], which accounts for up to 14% uncertainty propagated
to the top quark scale factors. Additional systematic uncertainties affecting the event yield of
backgrounds and signal from pileup contributions, integrated luminosity [76], the impact of
jet energy scale and resolution on pi* are also included in the analysis. A summary of the
systematic uncertainties is reported in Table 3.

Table 3: Summary of systematic uncertainties for the backgrounds and signal samples. The
entries labeled with § are also propagated to the shapes of the distributions. Uncertainties
marked with 1 only affect the top quark scale factors. The uncertainties marked with { have
impact on the signal cross section.

V+jets tt, t+X \'A% Signal
bkg. normalization 2-15% - - -
top scale factors - 2-17% - -
jet energy scale § - - 3% 1%
jet energy resolution § - - <1% <1%
jet mass scale - - 6% 1%
jet mass resolution - - 6% 11%

lepton identification

and isolation - 1-3% * 2-4% (e), 4-5% (]/l), 1% (OE)

lepton scale and res. § - - - 1-5%

T veto - - 3% (00)

pmiss scale and res. - - 1% 1%
trigger - 4% (e), 4% (u), 3% (0F)

3% (00, 1¢) 4% (1b) 2-5% (1b)

b tagging - 25%t 5% (@2b)  3-7%(2b)
Higgs boson jet - - - 6%
top quark pr - 6-14% * - -
pileup - <1% t <1% <1%
factorization and - 21% + 19% 3-28% t
renormalization scales

PDF normalization - 5% 5% 8-36% 1
PDF acceptance - 2% T <2% <1%
luminosity - - 2.5% 2.5%

8 Results and interpretation

Results are obtained from a combined signal and background fit to the unbinned myy, or my,
distribution, based on a profile likelihood. Systematic uncertainties are treated as nuisance pa-
rameters and are profiled in the statistical interpretation [77-79]. The background-only hypoth-
esis is tested against the X — Vh signal in the ten categories. The asymptotic modified frequen-
tist method [80] is used to determine limits at 95% confidence level (CL) on the contribution
from signal. Limits are derived on the product of the cross section for a heavy boson X and the
branching fractions for the decays X — Vh and h — bb, denoted ¢(X) B(X — Vh) B(h — bb).
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The 0¢ and 2/ categories are combined to provide upper limits for the case where X is a heavy
spin-1 vector singlet Z' or a pseudoscalar boson A; similarly, the 1¢ categories are combined
to provide limits for the case where X is a heavy W’. The 0/ categories are also used to place
limits on the Z’-2HDM model. The uncertainties on the signal cross section (marked with }
in Table 3) are not profiled in the fit when presenting the results as upper limits on the cross
sections, and are reported on the theory line as uncertainty band. On the other hand, when
placing constraints on the model parameters, the uncertainties are profiled in the fit.

The exclusion limits for spin-1 singlet hypotheses (Z" or W’) are reported in Fig. 5. The HVT
triplet hypothesis is tested by combining the 0¢, 1¢, and 2/ categories and adding the Z" and
W’ cross sections in Fig. 6, and taking into account the event migrations between categories in
the signal if leptons do not pass the acceptance or analysis requirements. The predictions of
the HVT models A and B are superimposed on the exclusion limits, and a heavy triplet with
my < 2.8 and 2.9 TeV is excluded at 95% CL in the HVT model A and B, respectively. These
results are similar to those reported in the ATLAS search performed on the same final states
and a comparable dataset [28].

W'~ Wh - v bb 35.9 th (13 TeV) Z' - zZh - (w,l)bb 35.9 fb! (13 TeV)
S 2000 T T T T T T S 2000F T T T T T T T T
= 1000 -EMS 95% CL upper limits = 1000 -CMS 95% CL upper limits
g Preliminary Observed g Preliminary Observed
1 F Mcategories s Expected 1 ol, 2| categories T Expected
= 200 I -+ 1 std. deviation = I : 1 std. deviation
& 100 + 2 std. deviation Q + 2 std. deviation
= == HVT model A = === HVT model A
< 20 ~—— HVT model B N ~——— HVT model B
1
'
. 10 N
=3 Y
Q —
o~ 2 N
2 1 ©
<]
0.2
0.1 01AleAAlexAleAAlexxleAA
7 1000 1500 2000 2500 3000 3500 4000 4500 : 1000 1500 2000 2500 3000 3500
m,, (GeV) m,. (GeV)

Figure 5: Observed and expected 95% CL upper limits on o(W') B(W' — Wh) B(h — bb)
(left) and o (Z") B(Z' — Zh) B(h — bb) (right) for various mass hypotheses of a single narrow
spin-1 resonance. The inner green and outer yellow bands represent the +1 and 42 standard
deviation (std.) variation on the expected limits. The solid curves and their shaded areas
correspond to the product of the cross sections and the branching fractions predicted by the
HVT model A and B and the relative uncertainties.

The exclusion limits on the resonance cross section shown in Fig. 6 can be interpreted as a limit
in the [gvcn, §%cr/gv] plane of the HVT parameters. The excluded region of the parameter
space for narrow resonances relative to the combination of all the considered channels is shown
in Fig. 7. The fraction of the parameter space where the natural width of the resonances is larger
than the average experimental resolution of 4%, and thus the narrow width approximation is
not valid, is also indicated in Fig. 7. The exclusion of the parameter space significantly improves
on the reach of the previous /s = 13 TeV and /s = 8 TeV searches in the same final states [27,
28, 33].

Figure 8 reports the exclusion limits as a function of the A boson mass on the products of the A
boson cross sections in the two considered production processes, the gluon-gluon fusion and
b quark associated production, and the branching fractions B(A — Zh) and B(h — bb). The
2HDM cross sections and branching fractions are computed at NNLO with 2HDMC 1.7.0 [81]
and SUSHI 1.6.1 [82], respectively. The parameters used for the models are: my, = 125GeV,

My = My: = Ma, m%z = mzA 14221@ 5 to break the discrete Z, symmetry as in the MSSM, and
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Figure 6: Observed and expected 95% CL upper limit with the =1 and +2 standard deviation
uncertainty bands on o(X) B(X — Vh) B(h — bb) as a function of the HVT triplet mass, for the
combination of all the considered channels. The solid curves and their shaded areas correspond
to the cross sections predicted by the HVT model A and B and the relative uncertainties.
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Figure 7: Observed exclusion limits in the HVT parameter plane [gVCH, gch / gv] for three
different resonance masses (1.5, 2.0, and 3.0 TeV). The benchmark scenarios corresponding to
HVT model A and model B are represented by a purple cross and a red point. The gray shaded
area corresponds to the region where the resonance natural width (I'y/) is predicted to be larger

than the typical experimental resolution (4%), and thus the narrow-width approximation is not
fulfilled.

Ag7 = 0 to ensure CP conservation at tree level in the 2HDM Higgs sector [20]. In the scenario
with cos(f —a) = 0.25 and tanp = 1, an A boson up to 1150 GeV and 1230 GeV is excluded
in 2HDM Type-I and Type-II, respectively. These exclusion limits are used to place constraints
on the two-dimensional plane of the 2HDM parameters [cos(f — «), tan ] as reported in Fig. 9,
with fixed m = 1000 GeV in the range 0.1 < tanf < 100 and —1 < cos(f — «) < 1, using the
convention 0 < B —a < 7. These results extend the search for a 2HDM pseudoscalar boson A
up to 2 TeV, which is a kinematic region previously unexplored by CMS in the Run I search [32],
and provide comparable limits to the ATLAS search [28].
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Figure 8: Observed and expected 95% CL upper limit with the =1 and 42 standard deviation
bands on o(A) B(A — Zh) B(h — bb) as a function of m, for the combination of the 0¢ and
2/ channels. The solid line represent the exclusion for a spin-0 signal produced through gluon-
gluon fusion, and dashed line represent the b quark associated production. The solid lines
and their shaded area represent the corresponding values predicted by the Type-I and Type-
II 2HDM model fixing the parameters cos(f — a) = 0.25 and tan § = 1 parameters. In this
scenario, the b quark associated production is negligible, and the A is predominantly produced
through gluon-gluon fusion.

102 CMS Preliminary | 35.9 fb* (13 TeV) 102 CMS Preliminary 35.9 fb? (13 TeV)
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Figure 9: Observed and expected exclusion limit for Type-I (left) and Type-II 2HDM models
(right) in the [tan 8, cos(B — «) ] plane and assuming a fixed ma = 1TeV. The light shaded

areas identify regions with different resonance natural width (5%, 10%, 20% of the resonance
mass).

The exclusion of the parameter space of the Z’-2HDM model is presented in Fig. 10 in the
considered benchmark point with g7 = 0.8, g, = 1, m,, = 100GeV, and tan8 = 1. The
branching fraction of the A boson decaying to DM particles accounts for other decay chan-
nels as predicted by the Z'-2HDM model, and SM branching fractions are assumed for the
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Higgs boson [41]. The exclusion limits are presented as an exclusion of the my and m4 pa-
rameter space in Fig. 10. With the current dataset, mz up to 3.2TeV and ma up to 800 GeV
are excluded, providing a more sensitive result compared to the ATLAS search performed on a
similar dataset [35], which excluded a mz < 2.5TeV and m < 600 GeV, and setting the most
stringent constrain to date on the Z’-2HDM model.

CMS Prelimina 35.9 fb1 (13 TeV

() 0

10?

ton o(Z) B(Z' - Ah - Xxx bb) (fb)

=
o
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Figure 10: Observed and expected exclusion on the parameter plane [mz,ma]. The excluded
region in the considered benchmark scenario (¢ = 0.8, ¢, = 1, tan = 1, m, = 100GeV, and
ma = my = myz) is represented by the shaded area.

9 Summary

A search for a resonance with mass between 800 and 4500 GeV, decaying to a standard model
(SM) vector boson and a SM Higgs boson, is reported. The data sample was collected by the
CMS experiment at /s = 13 TeV, and corresponds to an integrated luminosity of 35.9 fb~!. The
final states contained the leptonic decays of the vector bosons, in events with zero, exactly one,
and two electrons or muons. The standard model Higgs boson is reconstructed from its decay
to b quark-antiquark pairs. Depending on the resonance mass, upper limits in the range 0.8-60
fb are set on the product of the cross sections and the branching fractions for the decay of the
resonance into a Higgs and a vector boson, and for the decay of the Higgs boson into a pair of b
quarks. In a triplet of narrow spin-1 resonances, vector bosons with a mass lower than 2.8 and
2.9TeV are excluded in the benchmark scenarios A and B, respectively. Furthermore, the results
of this search provide an exclusion in the two Higgs doublet model (2HDM) parameter space
up to 2TeV, which is a kinematic region previously unexplored by previous CMS searches,
and a heavy pseudoscalar boson with mass lower than 1.1 TeV and 1.2 TeV is excluded in the
cos(f —a) = 0.25 and tan p = 1 scenario. A significant reduction of the allowed parameter
space is also placed on the Z’-2HDM model that includes a dark matter candidate, excluding
a Z' boson mass up to 3.2TeV, and a pseudoscalar boson A up to 800GeV in the considered
benchmark scenario, placing the most stringent limits on this model to date.
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