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Abstract A search for charged Higgs bosons produced
in vector boson fusion processes and decaying into vector
bosons, using proton—proton collisions at »/s = 13TeV at
the LHC, is reported. The data sample corresponds to an inte-
grated luminosity of 137 fb~! collected with the CMS detec-
tor. Events are selected by requiring two or three electrons
or muons, moderate missing transverse momentum, and two
jets with a large rapidity separation and a large dijet mass.
No excess of events with respect to the standard model back-
ground predictions is observed. Model independent upper
limits at 95% confidence level are reported on the product
of the cross section and branching fraction for vector boson
fusion production of charged Higgs bosons as a function of
mass, from 200 to 3000 GeV. The results are interpreted in
the context of the Georgi—Machacek model.

1 Introduction

The discovery [1-3] of a Higgs boson [4-9] at the CERN
LHC marks an important milestone in the exploration of
the electroweak (EW) sector of the standard model (SM)
of particle physics. Measurements of vector boson scattering
(VBS) processes at the LHC may reveal hints for extensions
of the SM. In particular, extended Higgs sectors with addi-
tional SU(2) doublets [10-13] or triplets [14—19] introduce
couplings of gauge bosons to heavy neutral or charged Higgs
bosons with specific signatures like singly or doubly charged
Higgs boson decays to WZ boson pairs or same-sign WEW®
boson pairs, respectively.

At the LHC, interactions from VBS are characterized by
the presence of two gauge bosons in association with two
forward jets with a large pseudorapidity separation (| Anj;|)
and a large dijet invariant mass (mjj). An excess of events
with respect to the SM predictions could indicate the pres-
ence of new resonances, such as singly or doubly charged

*e-mail: cms-publication-committee-chair@cern.ch

Higgs bosons. Extended Higgs sectors with additional SU(2)
isotriplet scalars give rise to charged Higgs bosons with cou-
plings to W and Z bosons at the tree-level [19]. Specif-
ically, the Georgi—-Machacek (GM) model [18,20], with
both real and complex triplets, preserves a global symme-
try SU(2)L xSU(2)r, which is broken by the Higgs vacuum
expectation value to the diagonal subgroup SU(2) 4+r. Thus,
the tree-level ratio of the W and Z boson masses is protected
against large radiative corrections. In this model, singly (dou-
bly) charged Higgs bosons that decay to W and Z bosons
(same-sign W boson pairs) are produced via vector boson
fusion (VBF).

The charged Higgs bosons H* and H* in the GM model
are degenerate in mass (denoted as mpy;) at tree level and
transform as a quintuplet under the SU(2)p. +r symmetry. The
H* and H** bosons are also collectively referred to as Hs
in the context of the GM model. Production and decays of
the Hs states depend on the two parameters my; and sy,
where sl%l characterizes the fraction of the W boson mass
squared generated by the vacuum expectation value of the
triplet fields. The Hs states are fermiophobic and are assumed
to decay to vector boson pairs with branching fraction of
100% [21]. Figure 1 shows representative Feynman diagrams
for the production and decay of the charged Higgs bosons.
There are additional charged Higgs bosons H* predicted in
the GM model that transform as a triplet under the SU(2) +r
symmetry. These H* bosons have only fermionic couplings
and are not considered here.

This paper presents a search for H¥ and H* that are
produced via VBF and decay to WZ and W¥W* boson
pairs, respectively, using proton—proton (pp) collisions at
/s = 13 TeV. The data sample corresponds to an integrated
luminosity of 137 +2 fb—1 [22-24], collected with the CMS
detector [25] in three separate LHC operating periods dur-
ing 2016, 2017, and 2018. The three data sets are analyzed
independently, with appropriate calibrations and corrections,
to account for the various LHC running conditions and the
performance of the CMS detector.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-021-09472-3&domain=pdf

723 Page 2 of 29

Eur. Phys. J. C (2021) 81:723

Fig. 1 Examples of Feynman
diagrams showing the
production of singly (upper) and
doubly (lower) charged Higgs
bosons via VBF

The WEW* and WZ channels are simultaneously studied
by performing a binned maximum-likelihood fit of distri-
butions sensitive to these processes, following the methods
described in Ref. [26]. The searches for HT and HE are per-
formed in the leptonic decay modes W¥Z — ¢Fv¢/£¢'F and
WEWE — ¢Eve'®y, where ¢, £/ = e, . Candidate events
contain either two identified leptons of the same charge or
three identified charged leptons with the total charge of +1,
moderate missing transverse momentum ( prT“iss), and two jets
with large values of |Anj;| and mj;.

Model independent upper limits at 95% confidence level
(CL) are reported on the product of the cross section and
branching fraction for vector boson fusion production of the
H* and H** bosons individually. The results are also inter-
preted in the context of the GM model including the simul-
taneous contributions of the H* and H** bosons. Searches
for charged Higgs bosons in these topologies have been per-
formed by the CMS Collaboration at 13 TeV using the data
sample collected during 2016 [27-29]. The ATLAS and CMS
Collaborations have also set constraints on the GM model by
performing searches for charged Higgs bosons in semilep-
tonic final states at 8 TeV [30] and 13 TeV [31], respectively.

2 The CMS detector

The central feature of the CMS apparatus is a supercon-
ducting solenoid of 6 m internal diameter, providing a mag-
netic field of 3.8 T. Within the solenoid volume are a sili-
con pixel and strip tracker, a lead-tungstate crystal electro-
magnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two end-
cap sections. Forward calorimeters extend the n coverage
provided by the barrel and endcap detectors up to || < 5.
Muons are detected in gas-ionization chambers embedded in
the steel magnetic flux-return yoke outside the solenoid. A
more detailed description of the CMS detector, together with
a definition of the coordinate system and the relevant kine-
matic variables, is reported in Ref. [25]. Events of interest are
selected using a two-tiered trigger system [32]. The first level,
composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select events at
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a rate of around 100 kHz within a fixed latency of 4 pws. The
second level, known as the high-level trigger, consists of a
farm of processors running a version of the full event recon-
struction software optimized for fast processing, and reduces
the event rate to around 1 kHz before data storage.

3 Signal and background simulation

Processes characterized by the presence of two gauge bosons
in association with two forward jets are an important back-
ground contribution. The processes contributing to diboson
plus two jets production that proceeds via the EW interaction
are referred to as EW-induced diboson production, leading
to tree-level contributions at O(a*), where « is the EW cou-
pling. Figure 2 shows representative Feynman diagrams of
EW-induced diboson production involving quartic vertices.
An additional contribution to the diboson plus two jets pro-
duction arises via quantum chromodynamics (QCD) radia-
tion, leading to tree-level contributions at O(azag), where
o is the strong coupling. This class of processes is referred
to as QCD-induced diboson production. Figure 3 shows rep-
resentative Feynman diagrams of the QCD-induced produc-
tion. The associated production of a Z boson and a single
top quark, referred to as tZq production, is also an important
background contribution. Additional background contribu-
tions arise from the tt, tW, ttW, ttZ, tty, triple vector boson
(VVV,V =W, Z), and double parton scattering processes.

Multiple Monte Carlo (MC) event generators are used to
simulate the signal and background contributions. The sig-
nal and background processes are produced with on-shell
particles. Three sets of simulated events for each process
are needed to match the data taking conditions in the three
years. The charged Higgs boson signal samples are simu-
lated using MADGRAPHS_aMC@NLO 2.4.2 [33,34] at lead-
ing order (LO) accuracy. The predicted signal cross sections
are taken at next-to-next-to-LO (NNLO) accuracy from the
GM model [21].

The SM EW WEW* and WZ processes, where both
bosons decay leptonically, are simulated using
MADGRAPH5_aMC@NLO at LO accuracy with six EW
(O(a®)) and zero QCD vertices. The same generator is also
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Fig. 2 Representative Feynman
diagrams of a VBS process
contributing to the EW-induced
production of events containing
WEWE (left) and WZ (right)
boson pairs decaying to leptons,
and two forward jets

Fig. 3 Representative Feynman
diagrams of the QCD-induced
production of WEW= (left) and
WZ (right) boson pairs decaying
to leptons, and two jets

used to simulate the QCD-induced W W= process with four
EW and two QCD vertices. Contributions with an initial-
state b quark are excluded from the EW WZ simulation
because they are considered part of the tZq background
process. Triboson processes, where the WZ boson pair is
accompanied by a third vector boson that decays into jets,
are included in the EW WZ simulation. The QCD-induced
WZ process is simulated at LO with up to three additional
partons in the matrix element calculations using the MAD-
GRAPHS5_aMC@NLO generator with at least one QCD ver-
tex at tree level. The different jet multiplicities are merged
using the MLM scheme [35] to match matrix element and
parton shower jets, and the inclusive contribution is normal-
ized to NNLO predictions [36]. The interference between
the EW and QCD diagrams is also accounted for with MAD-
GRAPH5_aMC@NLO.

A complete set of NLO QCD and EW corrections for
the leptonic WEW® scattering process has been com-
puted [37,38] and they reduce the LO cross section of the
EW WEW= process by 10—15%, with the correction increas-
ing in magnitude with increasing dilepton and dijet invariant
masses. Similarly, the NLO QCD and EW corrections for
the leptonic WZ scattering process have been computed at
the orders of O(ase®) and O(’) [39], reducing the cross
sections for the EW WZ process by 10%. The SM EW

WEW* and WZ processes are normalized by applying these
O(asa®) and O(a”) corrections to MADGRAPH5_aMC@NLO
LO cross sections.

The POWHEG v2 [40—44] generator is used to simu-
late the tt, tW, ZZ, and WEWT processes at NLO accu-
racy in QCD. Production of ttW, ttZ, tty, and VVV
events is simulated at NLO accuracy in QCD using the
MADGRAPH5_aMC@NLO 2.2.2 (2.4.2) generator for the
2016 (2017 and 2018) samples. The tZq process is simulated
in the four-flavor scheme using MADGRAPHS_aMC@NLO
2.3.3 at next-to-LO (NLO). Events in which two hard parton-
parton interactions occur within a single pp collision, referred
to as double parton scattering WEW= production, are gen-
erated at LO using PYTHIA 8.226 (8.230) [45] for the 2016
(2017 and 2018) samples.

The NNPDF 2.3 LO [46] (NNPDF 3.1 NNLO [47]) PDFs
are used for generating 2016 (2017 and 2018) signal sam-
ples. The NNPDF 3.0- NLO [48] (NNPDF 3.1 NNLO) PDFs
are used for generating all 2016 (2017 and 2018) back-
ground samples. For all processes, the parton showering
and hadronization are simulated using PYTHIA 8.226 (8.230)
for 2016 (2017 and 2018). The modeling of the underlying
event is done using the CUETP8M1 [49,50] (CP5 [51]) tune
for simulated samples corresponding to the 2016 (2017 and
2018) data.
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All MC generated events are processed through a simu-
lation of the CMS detector based on GEANT4 [52] and are
reconstructed with the same algorithms used for data. The
simulated samples include additional interactions in the same
and neighboring bunch crossings, referred to as pileup. The
additional inelastic events are generated using PYTHIA with
the same underlying event tune as the main interaction and
superimposed on the hard-scattering events. The distribu-
tion of the number of pileup interactions in the simulation
is adjusted to match the one observed in the data. The aver-
age number of interactions per bunch crossing was 23 (32)
in 2016 (2017 and 2018) corresponding to an inelastic pp
cross-section of 69.2 mb.

4 Event reconstruction

The primary vertex (PV) is defined as the vertex with the
largest value of summed physics-object p%. The physics
objects are the jets, clustered using the jet finding algo-
rithm [53,54] with the tracks assigned to candidate vertices
as inputs, and the associated missing transverse momentum,
taken as the negative vector sum of the pr of those jets.

The CMS particle-flow (PF) algorithm [55] is used to
combine the information from the tracker, calorimeters, and
muon systems to reconstruct and identify charged and neutral
hadrons, photons, muons, and electrons (PF candidates). The
missing transverse momentum vector piSS is defined as the
projection onto the plane perpendicular to the beam axis of
the negative vector momentum sum of all reconstructed PF
candidates in an event. Its magnitude is referred to as p%‘iss.

Jets are reconstructed by clustering PF candidates using
the anti-kt algorithm [53] with a distance parameter of 0.4.
Additional proton—proton interactions within the same or
nearby bunch crossings can contribute additional tracks and
calorimetric energy depositions, increasing the apparent jet
momentum. To mitigate this effect, tracks identified to be
originating from pileup vertices are discarded and an off-
set correction is applied to correct for remaining contribu-
tions [56]. Jet energy corrections are derived from simulation
studies so that the average measured energy of jets becomes
identical to that of particle level jets. In situ measurements of
the momentum balance in dijet, photon+jet, Z+jet, and mul-
tijet events are used to determine any residual differences
between the jet energy scale in data and in simulation, and
appropriate corrections are made [57]. Corrections to jet ener-
gies to account for the detector response are propagated to
p%‘iss [58]. Jets with transverse momentum pt > 30GeV
and |n| < 4.7 are included in the analysis.

Events with at least one jet with pt > 20GeV and |n| <
2.4 that is consistent with the fragmentation of a bottom quark
are rejected to reduce the number of top quark background
events. The DEEPCSV btagging algorithm [59] is used for this
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selection. For the chosen working point, the efficiency of the
algorithm to select bquark jets is about 72% and the rate for
incorrectly tagging jets originating from the hadronization of
gluons or u, d, s quarks is about 1%. The rate for incorrectly
tagging jets originating from the hadronization of ¢ quarks
is about 10%.

Events with at least one reconstructed hadronic decay of
a 7 lepton, denoted as Ty, with pr > 18 GeV and || < 2.3,
are rejected to reduce the contribution of diboson processes
with 1 decays. The 1, decays are reconstructed using the
hadrons-plus-strips algorithm [60].

Electrons and muons are reconstructed by associating a
track reconstructed in the tracking detectors with either a
cluster of energy deposits in the ECAL [61,62] or a track in
the muon system [63]. Electrons (muons) must pass loose
identification criteria with pt > 10GeV and |n| < 2.5 (2.4)
to be selected for the analysis. At the final stage of the lep-
ton selection, tight working points, following the definitions
provided in Refs. [61-63], are chosen for the identification
criteria, including requirements on the impact parameter of
the candidates with respect to the PV and their isolation with
respect to other particles in the event [64]. For electrons, the
background contribution arising from charge misidentifica-
tion is not negligible. The sign mismeasurement is evaluated
using three observables that measure the electron curvature
applying different methods as discussed in Ref. [61]. Requir-
ing all three charge evaluations to agree reduces this back-
ground contribution by a factor of four (six) with an effi-
ciency of about 97 (90)% in the barrel (endcap) region. The
sign mismeasurement is negligible for muons [65,66].

5 Event selection

Collision events are collected using single-electron and
single-muon triggers that require the presence of an isolated
lepton with pt > 27 and 24 GeV, respectively [67]. In addi-
tion, a set of dilepton triggers with lower pr thresholds is
used, ensuring a trigger efficiency above 99% for events that
satisfy the subsequent offline selection [67].

Several selection requirements are used to isolate the
WEW* and WZ topologies defining the signal regions
(SRs), while reducing the contributions from background
processes [26]. Candidate events must contain exactly two
isolated same-sign charged leptons or exactly three isolated
charged leptons with pt > 10 GeV, and at least two jets with
[n| < 4.7 and the leading jet pJT > 50 GeV. To exclude the
selected electrons and muons from the jet sample, the jets
are required to be separated from the identified leptons by
AR = V(An)? 4+ (Ap)? > 0.4, where ¢ is the azimuthal

angle in radians.
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For the WZ candidate events, one of the oppositely
charged same-flavor leptons from the Z boson candidate is
required to have pt > 25GeV and the other pt > 10GeV
with the invariant mass of the dilepton pair my, satisfying
lmgy — myz| < 15GeV. For candidate events with three
same-flavor leptons, the oppositely charged lepton pair with
the invariant mass closest to the world-average Z boson
mass myz [68] is selected as the Z boson candidate. The
third lepton associated with the W boson is required to have
pt > 20 GeV. In addition, the trilepton invariant mass mgg¢
is required to exceed 100 GeV to exclude a region where
production of Z bosons with final-state photon radiation is
expected to contribute.

One of the leptons in the same-sign WEW® candidate
events is required to have pr > 25GeV and the other
pr > 20GeV. The value of my, must be greater than
20 GeV. Candidate events in the dielectron final state with
Imgy — mz| < 15GeV are rejected to reduce the number
of Z boson background events where the sign of one of the
electron candidates is misidentified.

The VBF topology is targeted by requiring the two highest
pr jets to have a mass mj; > 500 GeV and a pseudorapidity
separation |An;j| > 2.5. The W and Z bosons in the VBF
topologies are mostly produced in the central rapidity region
with respect to the two selected jets. The candidate WEW*
(WZ) events are required to satisfy max(z;) < 0.75(1.0),
where zj = In® — (it + njz)/2|/|Anjj| is the Zeppenfeld
variable [69] for one of the selected leptons. Here 5’ is the
pseudorapidity of the lepton, and 7! and 72 are the pseudo-
rapidities of the two candidates VBF jets.

The p?isg is required to exceed 30 GeV for both SRs. The
selection requirements used to define the same-sign WEW*
and WZ SRs are summarized in Table 1.

6 Background estimation

A combination of methods based on simulation and on con-
trol regions (CRs) in data is used to estimate background con-
tributions. By inverting some of the requirements in Table 1
we select background-enriched CRs. Uncertainties related to
the theoretical and experimental predictions are estimated as
described in Sect. 8.

The nonprompt lepton backgrounds originating from lep-
tonic decays of heavy quarks, hadrons misidentified as lep-
tons, and electrons from photon conversions are suppressed
by the identification and isolation requirements imposed on
leptons. The remaining contribution from the nonprompt lep-
ton background is dominant in the W¥W# SR and is esti-
mated directly from data following the technique described
in Ref. [70], using events selected by the final selection cri-
teria, except for one of the leptons, which is requested to
pass a looser criterion having failed the nominal selection.

Table 1 Summary of the selection requirements defining the W*W=*
and WZ SRs. The looser lepton pr requirement in the WZ selection
refers to the trailing lepton from the Z boson decays. The |my, — mz|
requirement is applied only to the dielectron final state in the W* W+
SR

Variable wEw WZ

Leptons 2 leptons, 3 leptons, pt >
pr > 25/20GeV 25/10/20 GeV

pjT >50/30 GeV >50/30 GeV

Imgg — myz)| >15GeV (ee) <15GeV

myy >20GeV -

Mmoege - >100 GeV

pimiss >30GeV >30GeV

bjet veto Required Required

T veto Required Required

max(z}) <0.75 <1.0

mjj >500GeV >500GeV

| Anji | >2.5 >2.5

The yield in this sample is extrapolated to the signal region
using the efficiencies for such loosely identified leptons to
pass the standard lepton selection criteria. This efficiency is
calculated in a sample of events dominated by dijet produc-
tion. An uncertainty of 20% is assigned for the nonprompt
lepton background normalization to include possible differ-
ences in the composition of jets between the data sample
used to derive these efficiencies and the data samples in the
WEW= and WZ SRs [64].

The background contribution from the electron sign mis-
measurement is estimated from the simulation by apply-
ing a data-to-simulation efficiency correction due to elec-
trons with sign mismeasurement. These corrections are deter-
mined using Z — ee events in the Z boson peak region that
were recorded with independent triggers. These corrections
amount to 40% for data collected in 2017 and 2018, while
they are negligible for 2016 data. The electron sign mismea-
surement rate is about 0.01 (0.3)% in the barrel (endcap)
region [61,62].

Three CRs are used to select nonprompt lepton, tZq, and
7.7 background-enriched events to further estimate the nor-
malization of these background processes from data. The
nonprompt lepton CR is defined by requiring the same selec-
tion as for the WEW= SR, but with the bjet veto require-
ment inverted. The selected events are enriched in the non-
prompt lepton background coming mostly from semilep-
tonic tt events. Similarly, the tZq CR is defined by requir-
ing the same selection as for the WZ SR, but with the bjet
veto requirement inverted. The selected events are dominated
by the tZq background process. Finally, the ZZ CR selects
events with two opposite-sign same-flavor lepton pairs with
the same VBS-like requirements. The three CRs are used

@ Springer



723 Page 6 of 29

Eur. Phys. J. C (2021) 81:723

137 fo” (13 TeV)

T T =]
% CMS ¢ Data N\ Bkg. unc.
O] B —H"(500>W'W', s =1/ W'w* B
~ - — H'(500-W'z, s =1 EEWZ .
[2] il z
-— 2 —
[ [ Nonprompt
g - B tvx 1
] L I Other bkg. .

Fig. 4 The mj; distributions after requiring the same selection as for
the WW (upper) and WZ (lower) SRs, but with a requirement of
200 < mjj < 500 GeV. The predicted yields are shown with their best
fit normalizations from the simultaneous fit (described in Sect. 7) for
the background-only hypothesis i.e., assuming no contributions from
the H* and H** processes. Vertical bars on data points represent the
statistical uncertainty in the data. The histograms for tVx backgrounds
include the contributions from ttV and tZq processes. The histograms for

together with the SRs to constrain the normalization of the
nonprompt lepton, tZq, and ZZ background processes from
data. All other background processes are estimated from sim-
ulation after applying corrections to account for the small dif-
ferences between data and simulation. The shapes of the tZq
and ZZ background processes are estimated from simulation
as well.

The prediction for the QCD WZ background process is
validated in a CR defined by requiring the same selection as
for the WZ SR, but with a requirement of 200 < my <
500 GeV. The predicted yields are shown with their best
fit normalizations from the simultaneous fit (described in
Sect. 7) for the background-only hypothesis i.e., assuming
no contributions from the H* and H** processes. Good
agreement between the data and post-fit predicted yields is
observed in this CR as can be seen in Fig. 4.

7 Signal extraction

A binned maximum-likelihood fit is performed using the
WEW* and WZ SRs, and the nonprompt lepton, tZq, and
77 CRs to discriminate between the signal and the remaining
backgrounds. Signal contributions with electrons and muons
produced in the decay of a 7 lepton are included. The nor-
malization factors for the tZq and ZZ background processes,
affecting both the SRs and CRs, are included as free param-
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other backgrounds include the contributions from double parton scat-
tering, VVV, and from oppositely charged dilepton final states from
tt, tW, WTW~, and Drell-Yan processes. The overflow is included in
the last bin. The lower panels show the ratio of the number of events
observed in data to that of the total SM prediction. The hatched gray
bands represent the uncertainties in the predicted yields. The solid lines
show the signal predictions for values of sy = 1.0 and mp; = 500 GeV
in the GM model

eters in the maximum-likelihood fit together with the sig-
nal strength. The SM W¥W# (WZ) contribution is obtained
from the sum of the EW W*W* (WZ), QCD W*W* (WZz),
and the interference contributions according to the SM pre-
dictions [26] and allowed to vary within the uncertainties.

The diboson transverse mass (m}r/V) is constructed from
the four-momentum of the selected charged leptons and the
ﬁrT“iss. The four-momentum of the neutrino system is defined
using the ﬁ%‘iss, assuming that the values of the longitudinal
component of the momentum and the mass are zero. The
value of m‘T’V, defined as

S Y P

where E; and p;; are the energies and longitudinal com-
ponents of the momenta of the leptons and neutrino system
from the decay of the gauge bosons in the event, is effective
in discriminating between the resonant signal and nonreso-
nant background processes. The value of mj; is effective in
discriminating between all non-VBS processes and the sig-
nal (plus EW VV) processes because VBF and VBS topolo-
gies typically exhibit large values for the dijet mass. A two-
dimensional distribution is used in the fit for the W¥W=* SR
with 8 bins in m}’v ([0, 250, 350, 450, 550, 650, 850, 1050,
oo] GeV) and 4 bins in mj; ([500, 800, 1200, 1800, co] GeV).
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Similarly, a two-dimensional distribution is used in the fit for
the WZ SR with 7 bins in mY." ([0, 325, 450, 550, 650, 850,
1350, 0o] GeV) and 2 bins in m;j; ([500, 1500, co] GeV). The
mj; distribution is used for the CRs in the fit with 4 bins ([500,
800, 1200, 1800, co] GeV).

A profile likelihood technique is used where systematic
uncertainties are represented by nuisance parameters [71].
For each individual bin, a Poisson likelihood term describes
the fluctuation of the data around the expected central value,
which is given by the sum of the contributions from signal
and background processes. The systematic uncertainties are
treated as nuisance parameters and are profiled with the shape
and normalization of each distribution varying within the
respective uncertainties in the fit. The normalization uncer-
tainties are treated as log-normal nuisance parameters. Cor-
relation across bins is taken into account. The uncertainties
affecting the shapes of the distributions are modeled in the fit
as nuisance parameters with external Gaussian constraints.
The dominant nuisance parameters are not significantly con-
strained by the data, i.e., the normalized nuisance parameter
uncertainties are close to unity.

8 Systematic uncertainties

Several sources of systematic uncertainty are taken into
account in the signal extraction procedure. For each source
of uncertainty, the effects on the signal and background dis-
tributions are considered to be correlated.

The total Run 2 (2016-2018) integrated luminosity has an
uncertainty of 1.8%, the improvement in precision relative
to Refs. [22-24] reflecting the (uncorrelated) time evolution
of some systematic effects.

The simulation of pileup events assumes an inelastic pp
cross section of 69.2 mb, with an associated uncertainty of
5% [72], which has an impact on the expected signal and
background yields of about 1%.

Discrepancies in the lepton reconstruction and identifica-
tion efficiencies between data and simulation are corrected
by applying scale factors to all simulation samples. These
scale factors, which depend on the pr and 5 for both elec-
trons and muons, are determined using Z — ££ events in the
Z boson peak region that were recorded with independent
triggers [61,63,73]. The uncertainty in the determination of
the trigger efficiency leads to an uncertainty smaller than
1% in the expected signal yield. The trigger efficiency in the
simulation is corrected to account for the effect of a grad-
ual time shifts in the forward region in the ECAL endcaps
for the 2016 and 2017 data [74]. The uncertainty in this cor-
rection is included in the trigger efficiency uncertainty. The
lepton momentum scale uncertainty is computed by varying
the lepton momenta in simulation with their uncertainties,
and repeating the analysis selection. The resulting uncertain-

ties in the yields are ~1% for both electrons and muons.
These uncertainties are assumed to be correlated across the
three data sets.

The uncertainty in the calibration of the jet energy scale
(JES) directly affects the acceptance of the jet multiplicity
requirement and the prT“iss measurement. These effects are
estimated by shifting the JES in the simulated samples up
and down by one standard deviation. The uncertainty in the
jet energy resolution (JER) smearing applied to simulated
samples to match the pr resolution measured in data causes
both a change in the normalization and in the shape of the
distributions. The overall uncertainty in the JES and JER is
2-5%, depending on pt and n [57,75], and its impact on the
expected signal and background yields is about 3%.

The b tagging efficiency in the simulation is corrected
using scale factors determined from data [59]. These values
are estimated separately for correctly and incorrectly tagged
jets. Each set of values results in uncertainties in the b tagging
efficiency of about 1-4% depending on pt and 5, and the
impact on the expected signal and background yields is about
1%. The uncertainties in the JER, JES and b tagging are
treated as uncorrelated across the three data taking years,
since the detector conditions have changed among the three
years.

The theoretical uncertainties associated with the choice
of the renormalization and factorization scales are estimated

Table 2 Summary of the impact of the systematic uncertainties on the
extracted signal strength; for the case of a background-only simulated
data set, i.e., assuming no contributions from the H* and H** processes,
and including a charged Higgs boson signal for values of sy = 1.0 and
my; = 500GeV in the GM model. The impacts shown result from a
fit to two simulated samples: background-only (first column, expected
1 = 0) and signal-plus-background (second column, expected ;= 1)

Source of uncertainty Ap Au
Background-only syg = 1.0 and
my; = 500 GeV

Integrated luminosity 0.002 0.019
Pileup 0.001 0.001
Lepton measurement 0.003 0.033
Trigger 0.001 0.007
JES and JER 0.003 0.006
btagging 0.001 0.006
Nonprompt rate 0.002 0.002
WEW*/WZ rate 0.014 0.015
Other prompt background rate  0.002 0.015
Signal rate - 0.064
Limited sample size 0.005 0.005
Total systematic uncertainty 0.016 0.078
Statistical uncertainty 0.021 0.044
Total uncertainty 0.027 0.090
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Fig. 5 The mj; (upper left) and m¥/w (upper right) distributions in the
WW SR, and the mj; (lower left) and my'% (lower right) distributions in
the WZ SR for signal, backgrounds, and data. The predicted yields are
shown with their best fit normalizations from the simultaneous fit for
the background-only hypothesis, i.e., assuming no contributions from
the H* and H** processes. Vertical bars on data points represent the
statistical uncertainty in the data. The histograms for tVx backgrounds
include the contributions from ttV and tZq processes. The histograms for

by varying these scales independently up and down by a fac-
tor of two from their nominal values. The envelope of the
resulting distributions, excluding the two extreme variations
where one scale is varied up and the other one down, is taken
as the uncertainty [76,77]. The variations of the PDF set and
ag are used to estimate the corresponding uncertainties in
the yields of the signal and background processes, following
Refs. [48,78]. The uncertainty in the yields due to missing
higher-order EW corrections in the GM model is estimated to
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other backgrounds include the contributions from double parton scat-
tering, VVV, and from oppositely charged dilepton final states from
tt, tW, WFW~, and Drell-Yan processes. The overflow is included in
the last bin. The lower panels show the ratio of the number of events
observed in data to that of the total SM prediction. The hatched gray
bands represent the uncertainties in the predicted yields. The solid lines
show the signal predictions for values of sy = 1.0 and mp, = 500 GeV
in the GM model

be 7% [21]. These theoretical uncertainties may affect both
the estimated signal and background rates. The statistical
uncertainties that are associated with the limited number of
simulated events and data events used to estimate the non-
prompt lepton background are also considered as systematic
uncertainties.

A summary of the impact of the systematic uncertain-
ties on the signal strength, u, defined as the ratio of the
observed charged Higgs signal yield to the expected yield,
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Fig. 6 Distributions for signal, backgrounds, and data for the bins used
in the simultaneous fit. The bins 1-32 (4 x 8) show the events in the WW
SR (mjj x mr), the bins 3346 (2x7) show the events in the WZ SR
(mjj x mt), the 4 bins 47-50 show the events in the nonprompt lepton
CR (mj;), the 4 bins 51-54 show the events in the tZq CR (mj;), and the 4
bins 55-58 show the events in the ZZ CR (m;;). The predicted yields are
shown with their best fit normalizations from the simultaneous fit for
the background-only hypothesis, i.e., assuming no contributions from
the H* and H** processes. Vertical bars on data points represent the
statistical uncertainty in the data. The histograms for tVx backgrounds
include the contributions from ttV and tZq processes. The histograms
for other backgrounds include the contributions from double parton
scattering, VVV, and from oppositely charged dilepton final states from
tt, tW, WTW—, and Drell-Yan processes. The overflow is included in
the last bin in each corresponding region. The lower panels show the
ratio of the number of events observed in data to that of the total SM
prediction. The hatched gray bands represent the uncertainties in the
predicted yields. The solid lines show the signal predictions for values
of sy = 1.0 and my5 = 500 GeV in the GM model

Table 3 Expected signal and background yields from various SM pro-
cesses and observed data events in all regions used in the analysis. The
expected background yields are shown with their normalizations from
the simultaneous fit for the background-only hypothesis, i.e., assuming

is shown in Table 2 for the case of a background-only sim-
ulated data set, i.e., assuming no contributions from the H*
and H™* processes. Table 2 also shows systematic uncer-
tainties including a charged Higgs boson signal for values of
sg = 1.0andmpyy = 500 GeV inthe GM model. The impacts
shown in Table 2 result from a fit to two simulated samples:
background-only (first column, expected ;« = 0) and signal-
plus-background (second column, expected u = 1). They
differ from the impacts in percent on the expected signal and
background yields given above, which are estimated before
the fit. The total systematic uncertainty is smaller for the
background-only simulated data set because the uncertain-
ties partially cancel out between the SRs and the CRs for the
background processes.

9 Results

The distributions of m;j; and m‘T/V in the WW and WZ SRs
are shown in Fig. 5. The mj; distributions in the WW and
WZ SRs are shown with finer binning compared to the bin-
ning used in the two-dimensional distribution in the fit. Dis-
tributions for signal, backgrounds, and data for the bins
used in the simultaneous fit are shown in Fig. 6. The data
yields, together with the background expectations with the
best fit normalizations for the background-only hypothesis,
i.e., assuming no contributions from the H* and H** pro-
cesses, are shown in Table 3. The product of kinematic accep-
tance and selection efficiency within the fiducial region for
the H¥* — W*W* — 2¢2v and HY — WZ — 3/v pro-
cesses, as a function of myy, is shown in Fig. 7. The drop of
selection efficiency for the HY — WZ — 3£v process for
masses above 1000 GeV is coming from the lepton isolation
requirement as the leptons from high-momentum Z boson
decay are produced with a small angular separation.

no contributions from the H* and H** processes. The expected signal
yields are shown for sg = 1.0 in the GM model. The combination of
the statistical and systematic uncertainties is shown

Process WW SR WZ SR Nonprompt CR tZq CR 77 CR
H*¥+(500) - WEW* 666 + 68 - 489 +5.1 - -
H*(500) > WZ 192+24 107 + 11 1.7+£02 8.0+ 0.9 -

wEw+ 230+ 16 - 2824+ 1.8 - -

wZ 67.8+5.8 196 + 15 103+ 1.0 272+24 -

77 0.7402 6.4 +2.0 0.140.1 11403 13.3+£4.0
Nonprompt 262 + 36 223+77 263 +21 8.4 +3.1 02402
tVx 84419 17.7 £33 28.8+£5.6 62+ 11 02+0.1
Other background 31.1+£73 68+ 1.4 21.1 +42 22404 0.3+0.1
Total background 600 + 40 249 + 18 352422 101 + 12 14.0 £4.0
Data 602 249 352 101 14
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WZ — 3{v processes, as a function of my;. The combination of the
statistical and systematic uncertainties is shown. The theoretical uncer-
tainties in the acceptance are also included

Fig. 8 Expected and exclusion

No significant excess of events above the expectation from
the SM background predictions is found. The 95% CL upper
limits on the charged Higgs production cross sections are cal-
culated using the modified frequentist approach with the CL;
criterion [79,80] and asymptotic method for the test statis-
tic [71,81].

Constraints on resonant charged Higgs boson production
are derived. The exclusion limits on the product of the dou-
bly charged Higgs boson cross section and branching frac-
tion oygr(HT*) BH** — W*W%) at 95% CLas a func-
tion of my++ are shown in Fig. 8 (upper left). The exclu-
sion limits on the product of the charged Higgs boson cross
section and branching fraction oypr (H*) BHT* — WZ) at
95% CLas a function of my+ are shown in Fig. 8 (upper
right). The contributions of the H* and H** boson sig-
nals are set to zero for the derivation of the individual
exclusion limits on oygr(HT*) BH** — W*W*) and
over(HY) B(HT — WZ), respectively. The results assume
that the intrinsic width of the H (H**) boson is < 0.05my+
(0.05my=+), which is below the experimental resolution in
the phase space considered. The results are also interpreted
in the context of the GM model including the simultaneous
contributions of the H* and H** bosons. The predicted cross
sections of the HT and H** bosons at NNLO accuracy in
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the GM model [21] are used for given GM parameter values
of sy and my,. The excluded sy values as a function of my;
are shown in Fig. 8 (lower). The blue shaded region shows
the parameter space for which the Hs total width exceeds
10% of m(Hs), where the model is not applicable because of
perturbativity and vacuum stability requirements [21]. For
the probed parameter space and m¥V distribution used for
signal extraction, the varying width as a function of sy is
assumed to have negligible effect on the result. The observed
limit excludes sy values greater than 0.20-0.35 for the my;
range from 200 to 1500 GeV. The limit improves the sensi-
tivity of the previous CMS results at 13 TeV, where sy values
greater than about 0.4 and 0.5 are excluded using the leptonic
decay mode of the oypp(H¥*) B(HT* — WTW™) [28]and
OVBF (Hi) B (HjE — WZ) [29] processes, respectively, for
the my, range from 200 to 1000 GeV. Tabulated results are
available in the HepData database [82].

10 Summary

A search for charged Higgs bosons produced in vector boson
fusion processes and decaying into vector bosons, using
proton—proton collisions at /s = 13TeV at the LHC, is
reported. The data sample corresponds to an integrated lumi-
nosity of 137 b1 , collected with the CMS detector between
2016 and 2018. The search is performed in the leptonic decay
modes WEWE — ¢Ev0/'EFy and WEZ — ¢Fv/E0F, where
£, ¢ =e, . The WEW= and WZ channels are simultane-
ously studied by performing a binned maximum-likelihood
fit using the transverse mass mt and dijet invariant mass m;j;
distributions. No excess of events with respect to the stan-
dard model background predictions is observed. Model inde-
pendent upper limits at 95% confidence level are reported
on the product of the cross section and branching fraction
for vector boson fusion production of charged Higgs bosons
decaying into vector bosons as a function of mass from
200 to 3000 GeV. The results are interpreted in the Georgi—
Machacek (GM) model for which the most stringent limits to
date are derived. The observed 95% confidence level limits
exclude GM sy parameter values greater than 0.20-0.35 for
the mass range from 200 to 1500 GeV.
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