
Low-mass doubly charged Higgs bosons at the LHC

Saiyad Ashanujjaman ,1,2,3,* Kirtiman Ghosh,1,4,† and Rameswar Sahu 1,4,‡

1Institute of Physics, Bhubaneswar, Sachivalaya Marg, Sainik School, Bhubaneswar 751005, India
2Department of Physics, SGTB Khalsa College, Delhi 110007, India

3Department of Physics and Astrophysics, University of Delhi, Delhi 110007, India
4Homi Bhabha National Institute, Training School Complex, Anushakti Nagar, Mumbai 400094, India

(Received 3 November 2022; accepted 3 January 2023; published 23 January 2023)

Search for light (within the mass range 84–200 GeV) doubly charged Higgs bosons decaying into a pair
of W bosons has been deemed challenging using the conventional LHC searches with leptons, jets, and
missing transverse momentum in the final state. Such Higgses, together with slightly heavier singly-
charged and neutral Higgses, when arranged in an SUð2ÞL triplet as in the type-II seesaw model, have been
recently shown to accommodate the recent measurement of the W-boson mass by the CDF Collaboration.
When produced in a highly Lorentz-boosted regime, these tend to manifest as a single fat jet or a pair of
adjacent same-sign leptons plus missing transverse momentum. First, we perform a multivariate analysis to
discern such exotic jets from the standard model jets. Then, we present a novel search in the final state with
an exotic jet and two same-sign leptons plus missing transverse momentum. We find that such low-mass
doubly charged Higgses could be directly probed with the already collected Run 2 LHC data.
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I. INTRODUCTION

Despite being remarkably successful in understanding
particle physics phenomenology, the Standard Model (SM)
in its present form lacks a mass term for neutrinos.
However, a trivial Dirac mass term for the neutrinos can
be effectuated by dint of the usual Higgs mechanism by
introducing right-handed neutrinos to the SM. Although
plausible, this warrants philosophical displeasure as it calls
for diminutive Yukawa couplings. Conversely, a well-
founded remedy to this menace is offered by the so-called
seesaw mechanism, wherein a lepton number violating new
physics beyond the SM is invoked at an a priori unknown
scale—presumably away from both the electroweak (EW)
scale and the Planck scale, so that on integrating out the
heavy fields the SM neutrinos are left with the observed
sub-eV masses after the EW symmetry breaking. Pointedly,
numerous models of varying complexity and collider
testability have been proposed over the last few decades.
The type-II seesaw model [1–6], a UV completion of the

Weinberg operator at the tree level [7,8], extending the SM
with an SUð2ÞL triplet scalar field with hypercharge Y ¼ 1,
is arguably the most widely studied variant [9–62]. For one,
the flavor structure of the Yukawa coupling driving the
leptonic decays of the tripletlike scalars ensues being
governed by the neutrino oscillation data up to the scalar
triplet vacuum expectation value (VEV). Moreover, the
presence of the doubly charged scalars (H��) and their
characteristic decays to a pair of same-sign leptons (l�l�)
orW bosons offer interesting ways to probe them directly at
the current and near-future experiments.
The experimental collaborations have carried out several

searches for H�� [63–73], and nonobservations of any
significant excess over the SM expectations have led to
stringent limits on them. For H�� decaying into l�l�, the
ATLAS Collaboration has set a lower limit of 1020 GeV,
assuming equal branching fractions across modes [73].
This search considers only light leptons in the final states
and thus is not sensitive for H�� decaying into τ�τ�. The
CMS Collaboration has set a lower limit of 535 GeV on
such scalars [68]. For H�� decaying into W�W�, the
ATLAS Collaboration has excluded them within the mass
range 200–350 GeV [72]. An orderly reinterpretation of
this search considering all possible Drell-Yan production
modes for the tripletlike scalars results in an improved
exclusion range of 200–400 GeV [60]. Moreover, a
reinterpretation of the ATLAS same-sign dilepton search
in Ref. [65] has derived an exclusion limit of 84 GeV [37].
In a nutshell, H�� decaying intoWWð�Þ are still allowed

in the 84–200 GeV mass window. In this mass window, the
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type-II seesaw model predicts a cross section between
1.5 pb and 65 fb for pp → HþþH−− at the 13 TeV LHC.
Despite a sizeable cross section, searching such an H��
using the conventional LHC searches with leptons, jets, and
missing transverse momentum in the final state has been
deemed challenging. Presumably, for one, their eventual
decay products tend to be not so hard and are likely to be
drowned in the LHC environment, owing to the inherent
towering EWand QCD backgrounds. Moreover, ineludible
contamination from the SM resonances makes the state of
affairs worse. To the extent of our knowledge, the only
notable effort in probing this mass window was made in
Ref. [74]. Lately, Refs. [75–78] have demonstrated that the
recently reported measurement of the W-boson mass by
the CDF experiment [79] which substantially differs from
the global EW fit [80] can be explained within the type-II
seesaw model predicting such low-mass H�� and slightly
heavier singly-charged and neutral scalars. This anomaly
can also be accommodated within the Georgi-Machacek
model (including two isospin triplet Higgs fields) extended
with custodial symmetry-breaking terms in the potential;
see Refs. [81,82]. Therefore, it is paramount to look for
such H�� at the LHC.
In this work, we present a novel search strategy for

such H��. We consider their pair production in a highly
Lorentz-boosted regime such that they are produced back to
back with large transverse momenta, manifesting them-
selves as a single fat jet or a pair of adjacent same-sign
leptons plus missing transverse momentum. Obviously,
this would reduce the signal cross section significantly.
However, should we be able to discern such exotic jets from
the SM jets, a final state with such a jet and two same-sign
leptons plus missing transverse momentum would have a
compensating advantage of reducing the SM background
more aggressively, thereby ameliorating the signal-to-
background ratio. Keeping that in mind, first, we perform
a multivariate analysis incorporating the jet mass, jet
charge, N-subjettiness, etc., variables as inputs to the
boosted decision tree (BDT) classifier to discern such
exotic jets (dubbed H�� jets hereafter) from the SM jets.
Then, we perform a search in the final state with anH�� jet
and two same-sign leptons plus missing transverse
momentum.
The rest of this work is structured as follows. In Sec. II,

we briefly discuss the doubly charged Higgses in the
type-II seesaw model. We perform a detailed collider
analysis in Sec. III. Finally, we summarize in Sec. IV.

II. DOUBLY CHARGED HIGGSES

In the type-II seesaw model, the SM is augmented with
an SUð2ÞL triplet scalar field with hypercharge Y ¼ 1,

Δ ¼
 
Δþ=

ffiffiffi
2

p
Δþþ

Δ0 −Δþ=
ffiffiffi
2

p
!
: ð1Þ

The scalar potential involving Δ and the SM Higgs doublet
Φ ¼ ðΦþΦ0ÞT is given by

VðΦ;ΔÞ ¼ −m2
ΦΦ†Φþ λ

4
ðΦ†ΦÞ2 þm2

ΔTrðΔ†ΔÞ
þ ½μðΦTiσ2Δ†ΦÞ þH:c:� þ λ1ðΦ†ΦÞTrðΔ†ΔÞ
þ λ2½TrðΔ†ΔÞ�2 þ λ3Tr½ðΔ†ΔÞ2� þ λ4Φ†ΔΔ†Φ;

ð2Þ

where m2
Φ; m

2
Δ, and μ are the mass parameters; λ and λi

(i ¼ 1;…; 4) are the dimensionless quartic couplings;
and σ2 is one of the Pauli matrices. The neutral components
Φ0 and Δ0 procure respective VEVs vd and vt such thatffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2d þ 2v2t

q
¼ 246 GeV. After the EW symmetry is bro-

ken, the degrees of freedom carrying identical electric
charges mix, thereby resulting in several physical
Higgs states:
(1) The neutral states Φ0 and Δ0 mix into two

CP-even and two CP-odd states (h and H0 and
G0 and A0).

(2) The singly-charged states Φ� and Δ� mix into two
mass states G� and H�.

(3) The doubly charged state Δ�� is aligned with its
mass state H��.

The mass states G0 and G� are the would-be Nambu-
Goldstone bosons, h is identified as the 125 GeV Higgs
observed at the LHC, and the rest follows the sum rule

m2
H�� −m2

H� ≈m2
H� −m2

H0=A0 ≈ −
λ4
4
v2d: ð3Þ

The main dynamical features of the scalar potential—
in particular, the tree-level unitarity constraints as well
as the boundedness from below constraints on the
scalar couplings—have been studied in detail in
Refs. [23,27,30,43,46]. When combined, these constraints
delineate the theoretically allowed parameter space within
the perturbative approximation regime. Reference [23]
shows that the mass of the lighter CP-even state must
satisfy a theoretical upper bound of ∼1 TeV (which is
trivially satisfied when the lighter CP-even state is iden-
tified as the 125 GeV Higgs observed at the LHC), while
the upper bound for the remaining Higgses extends up to
several tens of TeV. In Fig. 1, we show the theoretically
allowed parameter space in the plane of mH�� and Δm ¼
mH�� −mH� for vt ¼ 1 GeV. This work focuses on H��
in the 84–200 GeV mass range, which is theoretically
allowed as long as Δm is less than few tens of GeV.
However, note that the present work is largely insensitive
to Δm and vt, and thus do not commit to any fixed value
for them.
The Yukawa interaction Yν

ijL
T
i Ciσ

2ΔLj (Li stands for
the SM lepton doublet with i ∈ e, μ, τ, and C stands for
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the charge-conjugation operator) induces masses for
the neutrinos:

mν ¼
ffiffiffi
2

p
Yνvt: ð4Þ

The doubly charged Higgses are pair produced aplenty at
the LHC by quark-antiquark annihilation via the neutral
current Drell-Yan mechanism1:

qq̄ → γ�=Z� → HþþH−−:

We evaluate the leading order (LO) cross sections using
the SARAH 4.14.4 [83,84] generated UFO [85] modules in
MadGraph5_aMC_v2.7.3 [86,87] with the NNPDF23_lo_as_0130_qed

parton distribution function [88,89]. Figure 2 shows the LO
doubly charged Higgs pair production cross section at the
13 TeV LHC as a function of their mass. Following the
relevant QCD corrections estimated in Refs. [13,90], we
naively scale the LO cross section by an overall next-to-
leading (NLO) K factor of 1.15. Therefore, the resulting
pp → HþþH−− cross section varies from 1.72 pb to 74.5 fb
for 84 to 200 GeV mass.
After being produced, H�� decays into l�l�,

W�W�ð�Þ, and H�W��, if kinematically allowed. In broad
terms, the dominance of one decay mode over the
others depends on three parameters, namely, mH�� , vt,
and Δm ¼ mH�� −mH� ; see Refs. [20,25,60] for detailed
discussions. For the present work, without committing to a
fixed value for vt and Δm, we assume exclusive prompt
decays of H�� to W�W�ð�Þ.

III. COLLIDER ANALYSIS

In this section, we present a novel search strategy forH��

with mH�� ∈ [84–200] GeV. We only consider H�� which
are produced in a highly Lorentz-boosted regime, manifest-
ing themselves as a single fat jet or a pair of adjacent same-
sign leptons plus missing transverse momentum. Such a
requirement significantly reduces the signal cross section.2

As argued earlier, despite such a notable reduction in the
signal cross section, the final state with an H�� jet and two
same-sign leptons plus missing transverse momentum (see
Fig. 3) is expected to have a compensating advantage of
reducing the SM background more aggressively with the
proviso that we discern the H�� jets from the SM jets.
In the following,we briefly describe the reconstruction and

selection of various physics objects, then perform a multi-
variate analysis to discern theH�� jets from the SM jets, viz.,
QCD jets,W=Z jets, h jets, and t jets, and finally delineate a
search in the final state with an H�� jet and two same-sign
leptons plus missing transverse momentum.

A. Object reconstruction and selection

We pass the parton-level events into PYTHIA 8.2 [91] to
simulate subsequent decays for the unstable particles,

FIG. 2. LO pp → HþþH−− cross section at the 13 TeV LHC.

FIG. 3. Schematic Feynman diagram for qq̄ → HþþH−− and
its subsequent decays to one H�� jet, two same-sign leptons, and
neutrinos.

FIG. 1. Theoretically allowed mH�� -Δm parameter space for
vt ¼ 1 GeV.

1They are also produced via t=u-channel photon fusion as well
as vector-boson fusion processes. However, such processes are
rather subdominant.

2For example, a parton-level cut of pTðH��Þ > 300 GeV
reduces the pp → HþþH−− cross section by a factor of
48 (4.4) to 37.4 (17.0) fb for mH�� ¼ 84ð200Þ GeV.
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initial- and final-state radiation (ISR and FSR), showering,
fragmentation, and hadronization and then into DELPHES

3.4.2 with the default CMS card [92] for simulating detector
effects as well as reconstructing various physics objects,
viz., photons, electrons, muons, and jets.
Constituents of the would-be fat jets are clustered using

the anti-kT algorithm [93] with a characteristic jet radius
R ¼ 1.0 as implemented in FastJet 3.3.2 [94]. To remove the
soft yet wide-angle QCD emissions from the fat jets, we use
the jet pruning algorithm [95,96] with the default values for
the pruning parameters: zcut ¼ 0.1 and Rcut ¼ 0.5 [95].
Further, to unfold the multiprong nature of the fat jets,
we use an inclusive jet shape termed as N-subjettiness
τN [97,98]3 choosing one-pass kT axes for the minimisation
procedure and β ¼ 1. Reconstructed jets are required to be
within the pseudorapidity range jηj < 2.5 and have a
transverse momentum pT > 30 GeV, whereas the leptons
(electrons and muons) are required to have jηj < 2.5 and
pT > 10 GeV. Moreover, we demand the scalar sum of the
pTs of all other objects lying within a cone of radius 0.3
(0.4) around an electron (a muon) to be smaller than 10%
(15%) of its pT . This ensures that the leptons are isolated.
Finally, the missing transverse momentum p⃗miss

T (with
magnitude pmiss

T ) is estimated from the momentum imbal-
ance in the transverse direction associated to all recon-
structed objects in an event.

B. Multivariate analysis:
Discerning the H�� jets from the SM jets

Here, we perform a multivariate analysis with the BDT
classifier implemented in the TMVA 4.3 toolkit [99] inte-
grated into the analysis framework ROOT 6.24 [100]. For

training and testing the classifier, we use 600,000 events for
each category of the SM jets and 300,000 for each mH��

within the [85,195] GeV range in steps of 10 GeV. Of these,
80% are picked randomly for training, and the rest are used
for testing.
We use the following kinematic features of the jets as

inputs to the BDT classifier:
(1) invariant mass m,
(2) b tag4

(3) jet charge Qk [101]5

(4) N-subjettiness variables τ1, τ21, τ32, and τ43.
6

Normalized distributions for some of the input features
are shown in Fig. 4, and the rest are not shown for brevity.
These variables constitute a minimal set with (a) good
discrimination power between theH�� jets and the SM jets
and (b) low correlations among themselves. The method-
unspecific separation is a good measure of the former. For a
given feature x, this is defined as

hS2i ¼ 1

2

Z ½x̂HðxÞ − x̂SMðxÞ�2
x̂HðxÞ þ x̂SMðxÞ

dx; ð5Þ

where x̂HðxÞ and x̂SMðxÞ are the probability density
functions of x for the H�� jets and the SM jets, respec-
tively. Table I shows method-unspecific separation for the
input features, while Fig. 5 shows their Pearson’s linear
correlation coefficients defined as

ρðx; yÞ ¼ hxyi − hxihyi
σxσy

; ð6Þ

where hxi and σx, respectively, are the expectation value
and standard deviation of x.
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FIG. 4. Normalized distributions for some of the input features. The signal distributions are for mH�� ¼ 150 GeV.

3It is defined as τN ¼ 1
d0

P
kpT;kminðΔRβ

1;k;ΔR
β
2;k;…;ΔRβ

N;kÞ,
where N is the number of subjets a jet is presumably composed
of, k runs over the jet constituents with transverse momentum
pT;k, ΔRi;k is the distance in the rapidity-azimuth plane between a

candidate subjet i and a jet constituent k, d0 ¼
P

k pT;kR
β
0 with

R0ð¼ 1.0Þ being the characteristic jet radius used in the original
jet clustering algorithm, and β is an angular weighting exponent
dubbed thurst parameter.

4It is a Boolean indicating whether or not at least one of the
constituent subjet is a b jet.

5Jet charge is defined asQk ¼
P

i
qiðpT;iÞkP
i
pT;i

, where i runs over the

associated tracks with transverse momentum pT;i and charge qi
and k is a free regularisation exponent which we take to be 0.2.

6τN;N−1 ¼ τN=τN−1 is a useful discriminant between N- and
(N − 1)-prong jets.
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To enhance the BDT classification, we use the adaptive
boost algorithm with a learning rate of 0.1 and combine
1000 decision trees with 5% minimum node size and a
depth of four layers per tree into a forest. As for the
separation criterion for node splitting, we use the so-called
Gini index. The relevant BDT hyperparameters are sum-
marized in Table II. Table I also shows the method-specific
ranking of the input features. In other words, this shows the
relative importance of the input features in separating
the H��-jets from the SM jets. As we see from Table I,
the N-subjettiness variable τ21 is the best separating
variable, while the jet-charge Qk is the one with least
separating power. Finally, we check the classifier for
overtraining by performing the Kolmogorov-Smirnov test
which compares the BDT response curves for the training
and testing subsamples; see Fig. 6. These response curves
exhibit no considerable overtraining.
In the left panel of Fig. 7, we show the receiver-operator-

characteristic (ROC) curve, which quantifies the BDT
performance, for mH�� ¼ 150 GeV. The right panel of
Fig. 7 shows the signal (with mH�� ¼ 150 GeV) and
background efficiencies (ϵSig and ϵBckg) as a function of
the BDT response.7 The area below the ROC curve is less
than 13% of the total area, indicating considerably well
separation between the signal and background. For a BDT
response greater than 0, not only ϵBckg but also ϵSig falls to
lower values, whereas for a BDT response less than 0, both
rises to higher values. Therefore, we choose an optimum
value of 0.1 for the BDT response. For the chosen value of
the BDT response, different background efficiencies are
13–20%: 17.8%, 20.4%, 13.4%, and 13.2% for t, h, W=Z,
and QCD jets, respectively. In Fig. 8, we show the variation
of ϵSig with mH�� for the same value of the BDT response.
The abrupt drop in ϵSig for mH�� ≲ 100 GeV is ascribed to
the small mass difference between mH�� and the W mass.

For small mass difference, the decay products of the off-
shell W boson emanating from H�� tend to be very soft
and thus are not likely to pass the object reconstruction
and selection criteria discussed in Sec. III A. As a conse-
quence of this, the features of an H�� jet resemble to those
of an SM jet, thereby making the former indiscernible from
the latter.

C. SM backgrounds

As the background for the present analysis, we consider
numerous SM processes such as diboson, triboson, and
tetraboson processes, Higgsstrahlung processes, single-
and multitop productions in association with/without gauge
bosons, and Drell-Yan processes. All these processes are
generated in association with up to two jets at the LO using
MadGraph5_aMC_v2.7.3 [86,87] at least of worth 3000 fb−1

luminosity of data at the 13 TeV LHC, followed by the so-
called MLM jet matching using PYTHIA 8.2 [91], and then
naively scaled by appropriate NLO (or higher, whichever is
available in the literature) K factors [87,102–116].
The relevant backgrounds can be broadly classified into

two classes: prompt and nonprompt. While most of these
processes contribute to the former, only the processes
where a jet is misidentified as a lepton or additional leptons
originate from ISR/FSR photon conversions and in-flight
heavy-flavor decays constitute the latter. Though the lepton
isolation requirement (mentioned in Sec. III A) and the
b-jet veto (mentioned later in Sec. III D) significantly

FIG. 5. Correlations in percent among the input features for the
H�� jets (left) and the SM jets (right).

TABLE I. Method-unspecific separation and method-specific
ranking of the input features.

Feature
Method-unspecific

separation
Method-specific

ranking

m 0.064 0.152
b-tag 0.099 0.167
Qk 0.052 0.101
τ1 0.134 0.151
τ21 0.104 0.208
τ32 0.075 0.120
τ43 0.066 0.102

TABLE II. Summary of optimized BDT hyperparameters.

BDT hyperparameter Optimized choice

NTrees 1000
MinNodeSize 5%
MaxDepth 4
BoostType AdaBoost
AdaBoostBeta 0.1
UseBaggedBoost True
BaggedSampleFraction 0.5
SeparationType GiniIndex
nCuts −1

7Note that these plots only display efficiencies due to the
classifier performance and do not reflect those arising from object
reconstructions and selections. For the mass range of our interest,
a partonic H�� decaying into a pair of hadronically decaying W
bosons being reconstructed and selected as a fat jet has an overall
efficiency of ∼80%.
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subdue the latter, a considerable fraction of this still passes
the object selection. The estimation of this contribution
requires a data-driven approach, namely, the so-called fake
factor method, which is beyond the realm of this work. We
adopt a conservative approach, assuming a pT-dependent
probability of 0.1–0.3% for a jet to be misidentified as a
lepton [117]. Further, to account for the electron charge

misidentification due to their bremsstrahlung interactions
with the inner detector material, all prompt electrons
are naively corrected with a pT- and η-dependent charge
misidentification probability: PðpT; ηÞ ¼ σðpTÞ × fðηÞ,
where σðpTÞ and fðηÞ range from 0.02 to 0.1 and 0.03
to 1, respectively [118].

D. Event selection and analysis

Here, we discuss the selection criteria that are adept
in ameliorating the signal-to-background ratio. Only the
events satisfying the following selection cuts (S0) are
considered for further analysis:
(1) one fat jet with pT > 300 GeV,
(2) two same-sign leptons,
(3) the angular separation between the leptons

ΔRll > 0.05, and
(4) the dilepton invariant mass mll > 1 GeV as well

as mll ∉ ½3; 3.2� GeV.
The requirements ΔRll > 0.05 and mll > 1 GeV

vanquish the background contributions from muon brems-
strahlung interactions as well as ISR/FSR photon conver-
sions, and mll ∉ ½3; 3.2� GeV suppresses contributions
from J=ψ decays.
The events satisfying the S0 cut are then fed to the

trained BDT classifier described in Sec. III B. Following
the discussion in Sec. III B, we impose a modest cut on the
BDT response:

S1∶ BDT response > 0.1:

Figure 9 shows the normalized distribution of mll for
the signal with mH�� ¼ 150 GeV and background events
satisfying the S1 cut. For the signal, it is a monotonically
falling distribution with an end point near 120 GeV as
occasioned by the low mass of H��. On the contrary, the
background boasts a peak at the Z-boson mass with the
lion’s share of the contributions accruing from Z → e−eþ
when one of the electrons charge get misidentified. To
suppress the Z → e−eþ contribution, we require that

S2∶ mll < 80 GeV:

In the second panel of Fig. 9, displayed is the normalized
distribution for pmiss

T , suggesting that the signal looks much
harder than the background. Therefore, a reasonably strong
cut on pmiss

T would be helpful in curtailing the latter without
impinging much on the former. In Fig. 9, also displayed
are the distributions for the angular separation between the
two leptons (ΔRll) and the azimuthal separation between
the dilepton system and pmiss

T (Δϕðll; pmiss
T Þ). As we see,

unlike the background, most of the signal events are
contained withinΔRll ∼ 1 andΔϕðll; pmiss

T Þ ∼ 1 showing
that, as we expect, the leptons and neutrinos emanating
from highly Lorentz-boosted H�� are adjacent to each

FIG. 6. BDT response curves for the training and testing
subsamples.

FIG. 7. BDT performance in terms of the ROC curve (left) and
the signal (with mH�� ¼ 150 GeV) and background efficiencies
as a function of the BDT response.

FIG. 8. The signal efficiency as a function ofmH�� for the BDT
response of 0.1.
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other. Guided by these distributions, we impose the
following set of cuts:

S3∶ ΔRll < 1.2; pmiss
T > 80 GeV; Δϕðll;pmiss

T Þ< 0.8:

Table III shows the progression of the background and
signal (with mH�� ¼ 90, 120, and 150 GeV) cross sections
at the 13 TeV LHC as subsequent selection cuts are
imposed. As we see, all these cuts turn out be very
efficacious in subjugating the background while keeping
the signal relatively less harmed.

E. Discovery and exclusion projection

Next, we estimate the discovery and exclusion projection
for different mH�� . Following Refs. [119–121], we use the
approximated expressions for the median expected discov-
ery and exclusion significances,

Zdis ¼
�
2

�
ðsþ bÞ ln

�ðsþ bÞðbþ δ2bÞ
b2 þ ðsþ bÞδ2b

�

−
b2

δ2b
ln

�
1þ δ2bs

bðbþ δ2bÞ
���

1=2
; ð7Þ

Zexc ¼
�
2

�
s − b ln

�
bþ sþ x

2b

�
−
b2

δ2b
ln

�
b − sþ x

2b

��

− ðbþ s − xÞð1þ b=δ2bÞ
�
1=2

; ð8Þ

where x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsþ bÞ2 − 4sbδ2b=ðbþ δ2bÞ

q
; s and b are the

number of signal and background events, respectively; and
δb is the uncertainty in the measurement of the background.
The estimation of the background uncertainty arising

from several sources such as the reconstruction, identifi-
cation, isolation, and trigger efficiency; the energy scale
and resolution of different physics objects; the luminosity
measurements; the pileup modeling; the parton-shower
modeling; the higher-order QCD corrections; etc. is beyond
the scope of this work. We adopt a conservative approach,
following the typical LHC searches [122,123], for which
both the theoretical and experimental uncertainties are
Oð10Þ% each, and we assume an overall 20% total
uncertainty for the same.
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FIG. 9. Normalized distribution for the signal with mH�� ¼ 150 GeV and background events. (From the left to right) first: mll after
the S1 cut; second, third, and fourth: pmiss

T , ΔRll, and Δϕðll; pmiss
T Þ, respectively, after the S2 cut.

TABLE III. Signal and background cross sections (fb) after
different selection cuts.

Event sample S0 S1 S2 S3

γ�=Z� 11.49 2.432 0.154 0.004
tt̄ 3.931 0.436 0.120 0.028
W�Z 3.238 0.784 0.216 0.057
tt̄W� 2.461 0.311 0.084 0.018
W�W�jj 1.992 0.480 0.107 0.023
W� 1.985 0.473 0.334 0.116
W�W�W∓ 1.474 0.284 0.076 0.022
Others 3.579 0.598 0.168 0.046

Total background 30.15 5.798 1.259 0.314

Signal: mH�� ¼ 90 GeV 0.946 0.387 0.387 0.312
Signal: mH�� ¼ 120 GeV 1.087 0.735 0.731 0.586
Signal: mH�� ¼ 150 GeV 0.976 0.652 0.560 0.434 FIG. 10. Required luminosity (fb−1) for the 5σ discovery and

95% exclusion for different mH�� .
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In Fig. 10, we show the required luminosities (in fb−1)
needed to achieve a median expected Zexc ≥ 1.645
(95% C.L. exclusion) as well as Zdis ≥ 5 (5σ discovery)
for different mH�� . The rise in the required luminosity for
mH�� ≲ 100 GeV could be attributed to, as discussed in the
end of Sec. III B, the poor separation between the H�� jets
and the SM jets, whereas that for larger masses is due to the
fall in the signal cross section (see Fig. 2).
We find that H�� within the [84,200] GeV mass range

could be probed with 5σ discovery significance with the
already collected Run 2 LHC data. On the other hand, in
the case of the data found to be consistent with the SM
background, only a fraction of the collected data suffices to
exclude them at 95% C.L.

IV. SUMMARY

Doubly charged Higgs bosons within the mass range
84–200 GeV decaying into a pair of W bosons have been
overlooked by the LHC searches. Lately, Refs. [75–78]
have demonstrated that the recently reported measurement
of the W-bosoon mass by the CDF experiment can be
accommodated within the type-II seesaw model predicting
such low-mass H�� and slightly heavier singly-charged
and neutral scalars. In view of this, it has been paramount to
look for such H�� at the LHC. In this work, we have
presented a novel search strategy for suchH�� considering
their pair production in a highly Lorentz-boosted regime
such that they are produced back to back with large
transverse momenta, manifesting as a single fat jet or a
pair of adjacent same-sign leptons plus missing transverse

momentum. First, we perform a multivariate analysis to
discern such exotic H�� jets from the SM jets. Then, we
perform a search in the final state with an H�� jet and two
same-sign leptons plus missing transverse momentum. We
find that such low-mass H�� could be directly probed with
the already collected Run 2 LHC data.
In closing this section, we mention that the search

strategy presented here is applicable to any low-mass
beyond the SM Higgses (charged as well as neutral)
decaying into a pair of SM gauge bosons.
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Note added.—Recently, an article [124] with similar
motivation appeared on the arXiv, concluding that most
of the favored space for the CDF discrepancy is already
excluded by the existing LHC Run 2 data. While our
proposed search strategy is completely different from
Ref. [124], we also arrived at a similar conclusion that
the already collected LHC Run 2 data are sufficient to
probe low-mass doubly charged Higgs bosons in the type-II
seesaw model. Moreover, our strategy is applicable to any
low-mass beyond the SM Higgses (charged as well as
neutral) decaying into a pair of SM gauge bosons.
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