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We analyze the signal sensitivity of multilepton final states at colliders that can arise from doubly and
singly charged Higgs decay in a type-II seesaw framework. We assume the triplet vacuum expectation value
to be very small and degenerate masses for both the charged Higgs states. The leptonic branching ratios of
doubly and singly charged Higgs states have a large dependency on the neutrino oscillation parameters and
the lightest neutrino mass scale, as well as the neutrino mass hierarchy. We explore this, as well as the
relation between the leptonic branching ratios of the singly and doubly charged Higgs states, in detail. We
evaluate the effect of these uncertainties on the production cross section of the multilepton signal. Finally,
we present a detailed analysis of multilepton final states for a future hadron collider, HE-LHC, that can
operate with center-of-mass energy

ffiffiffi
s

p ¼ 27 TeV.

DOI: 10.1103/PhysRevD.101.075050

I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider (LHC) has experimentally proven that fermions’
and gauge bosons’ masses in the Standard Model (SM) are
generated via the Brout-Englert-Higgs (BEH) mechanism.
However, one of the key questions that still remains
unexplained is the origin of light neutrino masses and
mixings. A number of neutrino oscillation experiments
have observed that the solar and atmospheric neutrino mass
splittings are Δm2

12 ∼ 10−5 eV2 and Δm2
13 ∼ 10−3 eV2, and

the mixing angles are θ12 ∼ 32°, θ23 ∼ 45°, and θ13 ∼ 9° [1].
A Dirac mass term of the SM neutrinos can be generated by
extending the SM to include right-handed neutrinos.
However, this requires very small Yukawa couplings, that
introduce an Oð10−11Þ order of magnitude hierarchy
between SM fermion Yukawa couplings, and hence is
unappealing. A different ansatz is that neutrinos are their
own antiparticles, and hence their masses can have a
different origin compared to the other SM fermions. One
such profound mechanism is seesaw, where tiny eV masses
of the Majorana neutrinos are generated from the lepton-
number-violating (LNV) d ¼ 5 operator LLHH=Λ [2,3].
Being a higher-dimensional nonrenormalizable operator,

there can be different UV completed theories behind this
operator, commonly known as type-I, -II, and -III seesaw
mechanisms. These models include extensions of the SM
fermion/scalar contents by SM singlet fermions [4–10],
SUð2ÞL triplet scalar bosons [11–14], and SUð2ÞL triplet
fermions [15], respectively.
Among the above, the type-II seesaw model, where a

triplet scalar field with the hypercharge Y ¼ þ2 is added to
the SM, has an extended scalar sector. There are seven
physical Higgs states that include singly and doubly charged
Higgs states, andCP-even and -odd neutral Higgs states. The
details of the Higgs spectra have been discussed in
Refs. [16,17]. The neutral component of the triplet acquires
a vacuum expectation value (VEV) vΔ, and it generates
neutrino masses through the Yukawa interactions. The same
Yukawa interaction between the lepton doublet and the triplet
scalar field also dictates the charged Higgs phenomenology
in thismodel. The presence of a doubly chargedHiggs (H��)
is the most appealing feature of this model, and hence, a
discovery of this exotic particle will be a smoking gun
signature of a type-II seesaw.
A number of searches have already been performed to

search for the signatures of the doubly charged Higgs (see
Ref. [18] for Tevatron, and Refs. [19–33] for LHC).
Depending on the triplet VEV, the doubly charged Higgs
boson can have distinct decay modes. For a low VEV,
vΔ ≲ 10−4 GeV, this can decay into a same-sign dilepton,
whereas for vΔ ≥ 10−4 GeV, it can decay to same-sign
gauge bosons. For nondegenerate masses of doubly and
singly charged Higgs states, another possible decay is the
cascade decay of a doubly charged Higgs to a singly
charged Higgs and SM states. This has been explored in
Refs. [19–21]. The CMS and ATLAS Collaborations have
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searched for the same-sign dilepton final stateswith different
flavors, and have excluded the mass of the doubly charged
Higgs (MH��) below 820 and 870 GeV, respectively, at
95% C.L. [34,35]. An alternative search, where the H�� is
produced in association with two jets—i.e., vector boson
fusion—gives relaxed constraints [36,37]. In another sce-
nario, the doubly charged Higgs decays to same-sign W�-
boson pairs. The collider signatures and the discovery
prospects of this scenario have been discussed in
Refs. [38–40], and in Refs. [41,42]. The ATLAS
Collaboration have searched for the same final state and
have excluded the doubly charged Higgs mass between 200
and 220GeVat 95%C.L. [43]. Previous searches forH�� in
the pair-production channel and their subsequent decays
into same-sign leptons at LEP-II have set a constraint
MH�� > 97.3 GeV at 95% C.L. [44]. For discussions on
theHiggs tripletmodel at a linear collider, seeRefs. [45–49],
and for an ep collider, see Ref. [50]. Displaced vertex
signatures have been discussed inRefs. [33,51]. A review on
this model is presented in Ref. [52].
While a number of searches at the LHC are ongoing to

experimentally verify the presence of the doubly charged
Higgs boson, in this work we explore the impact of light
neutrino mass hierarchy and neutrino oscillation parame-
ters, as well as the lightest neutrino mass scale m0, on H��
searches. We relate the branching ratios of doubly and
singly charged Higgs decays for both normal and inverted
mass hierarchy. We find that among the different leptonic
modes, the decay mode of doubly charged Higgs into two
same-sign electrons and the decay mode of a singly charged
Higgs into an electron and neutrino are the least uncertain
for inverted neutrino mass ordering, and have the potential
to differentiate the neutrino mass hierarchy. We also discuss
how the inclusion of uncertainties in the neutrino oscil-
lation parameters affect the theory cross section, which may
in turn change the mass limits of doubly charged Higgs in
individual channels. As it is well known that for c.m.
energy

ffiffiffi
s

p ¼ 13 ðor 14Þ TeV LHC, the production of
multi-TeV H�� will be difficult due to the suppressed
cross section. However, by increasing c.m. energy one can
probe heavier H��. Therefore, we consider the pair
production and associated production of the doubly
charged Higgs boson and its subsequent decays into
leptonic states, including taus, and analyze the discovery
prospects of doubly charged Higgs at a future hadron
collider (HE-LHC), that can operate with c.m. energyffiffiffi
s

p ¼ 27 TeV. We consider both the three- and four-lepton
final states, and present a detailed analysis taking into
account different possible SM background processes. We
find that in addition to the associated production, the pair
production of doubly charged Higgs states also gives a
significant contribution to the trilepton final states. We
consider a wide range of doubly charged Higgs masses and
explore the sensitivity reach with the projected luminosity
(15 ab−1) of HE-LHC [53,54].

Our paper is organized as follows: we briefly review the
basics of the type-II seesaw model in Sec. II. In Sec. III, we
discuss leptonic branching ratios of doubly charged (H��)
and singly charged (H�) Higgs states, and the relation
between H�� and H� decays. In Sec. IV, we discuss the
effect of uncertainties in neutrino oscillation parameters on
the production cross section of the multilepton signal. In
Sec. V, we present the simulation of the multilepton signal
at the

ffiffiffi
s

p ¼ 27 TeV LHC. Finally, we present our con-
clusions in Sec. VI.

II. MODEL DESCRIPTION

In this section, we briefly discuss the type-II seesaw
model [11–14]. The model is based on the gauge group as
of the SM gauge group, GSM ¼ SUð3ÞC × SUð2ÞL×
Uð1ÞY . Apart from the SM particles, the particle spectrum
also contains one additional SUð2ÞL triplet scalar Δ with
hypercharge YΔ ¼ þ2:

Δ ¼

0
B@ Δþffiffi

2
p Δþþ

1ffiffi
2

p ðvΔ þ δ0 þ iη0Þ − Δþffiffi
2

p

1
CA: ð1Þ

The SM Higgs doublet is represented as follows:

Φ ¼
 

ϕþ

1ffiffi
2

p ðvϕ þ ϕ0 þ iχ0Þ

!
: ð2Þ

After electroweak symmetry breaking, the neutral Higgs ϕ0

and δ0 acquire VEVs, denoted as vϕ and vΔ, respecti-
vely. The two VEVs satisfy v2 ¼ v2ϕ þ v2Δ ¼ ð246 GeVÞ2.
Below, we discuss different terms of the Lagrangian.

(1) The kinetic Lagrangian for the scalar sector is

Lkin ¼ ðDμΦÞ†ðDμΦÞ þ Tr½ðDμΔÞ†ðDμΔÞ�: ð3Þ

The covariant derivatives in Eq. (3) are defined as

DμΦ ¼ ∂μΦþ i
g
2
τaWa

μΦþ ig0
YΦ

2
BμΦ; ð4Þ

DμΔ ¼ ∂μΔþ i
g
2
½τaWa

μ;Δ� þ ig0
YΔ

2
BμΔ: ð5Þ

Both vϕ and vΔ contribute to the masses of weak
gauge bosons at tree level. Therefore, the ρ param-

eter (¼ M2
W

M2
Zcos

2θW
) in this model is given by

ρ ¼
1þ 2v2Δ

v2ϕ

1þ 4v2Δ
v2ϕ

: ð6Þ
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The current electroweak precision data [55] give the
value of the ρ parameter as ρ ¼ 1.00037� 0.00023,
which is 1.6σ away from the tree-level SM predic-
tion. We consider 2.18σ experimental error on the
measured central value of the ρ parameter and
estimate a conservative bound on vΔ, i.e.,
vΔ ≲ 2 GeV. Thus, the two VEVs satisfy vΔ ≪ vϕ.

(2) The Yukawa Lagrangian of this model is given by

LYðΦ;ΔÞ ¼ LSM
Y ðΦÞ þ YνLT

LCiσ2ΔLL þ H:c: ð7Þ

Here, the first term in LYðΦ;ΔÞ represents the
Yukawa interactions of the SM Higgs doublet (Φ),
and the second term is the needed Yukawa inter-
action of the triplet Higgs (Δ), that generates
neutrino mass. Yν is the Yukawa coupling matrix,
C is the charge conjugation operator, and σ2 is the
Pauli matrix. LL is the left chiral lepton doublet.
Once the triplet Higgs (Δ) acquires a vacuum
expectation value vΔ, the second term in
LYðΦ;ΔÞ generates a Majorana mass for the neu-
trino, which is given by

Mν ¼
ffiffiffi
2

p
YνvΔ: ð8Þ

In the above, Mν is a complex symmetric 3 × 3
matrix, which can be diagonalized by an unitary
transformation defined as Mν ¼ V�

PMNSm
ν
dV

†
PMNS.

Here mν
d ¼ diagðm1; m2; m3Þ is the diagonal light

neutrino mass matrix, and VPMNS is the neutrino
mixing matrix parametrized by the three mixing
angles (θ12; θ13; θ23) and three phases (ϕ1;ϕ2; δ).

(3) The scalar potential [16] with the two Higgs fieldsΦ
and Δ is

VðΦ;ΔÞ ¼ m2Φ†ΦþM2TrðΔ†ΔÞ

þ ðμΦT iσ2Δ†Φþ H:c:Þ þ λ

4
ðΦ†ΦÞ2

þ λ1ðΦ†ΦÞTrðΔ†ΔÞ þ λ2½TrðΔ†ΔÞ�2
þ λ3Tr½ðΔ†ΔÞ2� þ λ4Φ†ΔΔ†Φ: ð9Þ

All operators in the above scalar potential are self-
conjugate except the operator containing μ. There-
fore, all parameters except μ are real. Although μ can
pick up a would-be CP phase, this phase is
unphysical and can always be absorbed in a redefi-
nition of the scalar fields. Together Yν and the μ term
violate lepton number symmetry in this model.
Minimization of VðΦ;ΔÞ gives the following two
conditions [16]:

M2 ¼ 2μv2ϕ −
ffiffiffi
2

p ðλ1 þ λ4Þv2ϕvΔ − 2
ffiffiffi
2

p ðλ2 þ λ3Þv3Δ
2
ffiffiffi
2

p
vΔ

;

ð10Þ

m2 ¼ λv2ϕ
4

−
ffiffiffi
2

p
μvΔ þ ðλ1 þ λ4Þv2Δ

2
: ð11Þ

Thus, the two mass parameters m2 and M2 can be
eliminated, which leaves eight free parameters (vΔ,
vϕ, μ, λ, λ1, λ2, λ3, λ4). Further, v2 ≡ v2Φ þ v2Δ ¼
ð246 GeVÞ2 reduces this set of free parameters down
to seven. There are ten real scalar degrees of freedom
present in this model, out of which three are the
would-be Goldstone bosons, and they give masses to
the SM weak gauge bosons after electroweak sym-
metry breaking. The remaining seven states are the
physical Higgs bosons. Doubly charged scalars
[Δ��ð≡H��Þ] are purely triplet, and are already
in mass eigenbasis. The singly charged scalars (ϕ�,
Δ�) and neutral scalars (χ0, η0, ϕ0, δ0) are not
physical fields, as they share nontrivial mixings
among them. We denote the mass eigenstates of
the singly charged scalars by G� and H�, which are
linear combinations of ϕ� and Δ�. Similarly, the
two CP-odd physical fields are denoted byG0 and A
(linear combinations of χ0 and η0). The SM Higgs
field (h) and a heavy Higgs (H) are the mass basis of
the two neutral CP-even states ϕ0 and δ0.G� andG0

are the three Goldstone bosons. These scalar mix-
ings are small, as they are proportional to the triplet
VEV ðvΔÞ. The presence of the doubly charged
Higgs (H��) is the unique feature of this model. For
detailed discussion on the masses of these scalars
and doublet-triplet mixing angles, see Ref. [16].
Assuming vΔ ≪ vϕ, the masses of the physical

Higgs bosons are given by [16]

M2
H�� ≃M2

Δ −
λ4
2
v2ϕ; M2

H� ≃M2
Δ −

λ4
4
v2ϕ;

M2
h ≃ 2v2ϕλ; M2

H ¼ M2
A ≃M2

Δ;

where M2
Δ ≡ μv2ϕffiffi

2
p

vΔ
. We identify the h field as the

neutral SM Higgs, with its mass denoted asMh. The
mass of the SM Higgs is primarily governed by λ.
The parameter MΔ determines the mass scale of all
other Higgs bosons. Mass-squared differences be-
tween the scalars are given by

M2
H� −M2

H�� ≃
λ4
2
v2ϕ; M2

H=A−M2
H� ≃

λ4
4
v2ϕ: ð12Þ

Note that the quartic coupling λ4 of the potential
dictates the mass splitting between H� −H�� and
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HðAÞ −H�. These two mass-squared differences
are of similar order. Taking into account the electro-
weak precision data [56], the mass splitting of the
triplet Higgs is constrained as δM < 40 GeV
[20,57]. Therefore, the value of λ4 defines three
different mass spectra of the triplet Higgs:
(a) λ4 ¼ 0 (Degenerate scenario): MH�� ≃MH�≃

MH=A.
(b) λ4 > 0 (Positive scenario): MH�� < MH� <

MH=A.
(c) λ4 < 0 (Negative scenario): MH�� > MH� >

MH=A.
In our entire analysis, we assume the degenerate scenario
for triplet Higgs masses, where all the triplet-like scalars
have the same masses. The lightest neutral Higgs, that is
primarily originated from the doublet Φ, is considered as
the SM-like Higgs. In the degenerate Scenario, one triplet
Higgs will not be able to decay into another triplet Higgs
and a gauge boson. Going beyond the degenerate scenario
opens up a number of other decay possibilities, such as the
cascade decays Hþþ → HþWþ⋆, Hþ → H=AWþ⋆ in the
negative scenario andHþ → HþþW−⋆,H=A → HþW−⋆ in
the positive scenario. As discussed in Ref. [23], these
decays can be dominant if the mass differences between the
charged Higgs states are sufficiently large, δM > 1 GeV.
In other mass ranges, these are very suppressed. In the next
section, we discuss the decay widths and branching ratios
of different Higgs states, assuming a degenerate scenario.
Therefore, cascade decay is not very relevant in our
analysis.

III. BRANCHING RATIOS OF H�� AND H�

The decay properties of charged Higgs states in different
vΔ regions has been discussed extensively in the literature
[19,58]. For vΔ < 10−4 GeV, the dominant decay channel
of the doubly charged Higgs isH�� → l�i l

�
j , and that of the

singly charged Higgs is H� → l�i ν, which is clear from
Figs. 4 and 5 of Ref. [19]. In this region of vΔ, it will be
possible to find out the correct neutrino mass ordering by
measuring the leptonic branching ratios of the charged
Higgs states [59]. Note that, in the leptonic channel, the
same Yukawa coupling governs both the doubly charged
and singly charged Higgs decays. Therefore, the leptonic
decays of these two Higgs states are related. Below, we
discuss the different decay channels and the relation
between H�� and H� decays in detail.

A. H�� Decays

Partial decay width ofH�� to a pair of same-sign leptons
[19] is given by

Γlilj ≡ ΓðH�� → l�i l
�
j Þ ¼

1

4πð1þ δijÞ
jYν

ijj2MH�� : ð13Þ

We consider vΔ < 10−4 GeV, and hence, H�� predomi-
nantly decays to leptonic final states. The decay branching
ratio (BR) has the following form:

BRðH�� → l�i l
�
j Þ ¼

ΓliljP
klΓlkll

¼ 2

ð1þ δijÞ
jYν

ijj2P
kljYν

klj2
; ð14Þ

where

X
kl

jYν
klj2 ¼

1

2v2Δ

X
i

m2
i : ð15Þ

In Fig. 1, we plot the BRðH�� → l�i l
�
j Þ as a function of

the lightest neutrino mass (m0) for both normal (NH) and
inverted (IH) mass hierarchy. Blue and red bands represent
IH and NH, respectively. Similar plots have already been
presented in Refs. [19,58] considering the 3σ range of
neutrino mixing angles and mass square differences. But
here we also vary all phases in between 0 and 2π, and we
consider the current values of neutrino oscillation param-
eters [1], including nonzero θ13. Some notable points about
these plots are as follows:
(1) m0 > 0.1 eV represents the quasidegenerate neu-

trino mass spectrum, which is disallowed by cosmo-
logical data [60].

(2) For m0 < 0.1 eV, and for the modes e�e�, e�μ�,
e�τ�, the maximum value of the branching ratio in
IH is larger than that in NH. For the μ�μ�, μ�τ�,
τ�τ� modes, it is the reverse. This behavior can be
understood from Eqs. (16)–(18), which are the ratios
between the maximum branching ratios in IH and
NH for a given decay channel in the hierarchical
regime with m0 ≈ 0. The exact equations are pre-
sented in the Appendix.

BRmaxðH�� → e�μ�ÞIH
BRmaxðH�� → e�μ�ÞNH
≈
c213ðc212s13s23 þ 2c23c12s12 − s212s13s23Þ2
2ð0.2c12c23s12 þ s13s23ð0.2s212 þ 1ÞÞ2 ≈ 6.6;

ð16Þ

BRmaxðH�� → e�e�ÞIH
BRmaxðH�� → e�e�ÞNH

≈
c413

2ð0.2c213s212 þ s213Þ2
≈ 50;

ð17Þ

BRmaxðH�� → μ�μ�ÞIH
BRmaxðH�� → μ�μ�ÞNH

≈
c423

2ð0.2c212c223 þ c213s
2
23Þ2

≈ 0.45: ð18Þ

In the above, we consider the values of the osci-
llation parameters that maximize the numerator and
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denominator separately, as we are interested in the
relative comparison of maximum branching ratios in
NHand IH.The approximate expressions in the above
equations clearly show that for IH neutrino mass
spectrum, the e�e� and e�μ� final stateswill bemore
favorable, as these channels can have large branching
ratios. Although the final state e�τ� has large branch-
ing ratio, further leptonic decays of τ� will give
suppression in cross section.

(3) There exists a large uncertainty in branching ratios
that somewhat reduces for the choice of CP phases
to be zero. Among the different leptonic modes,
H�� → e�e� in IH is the most favorable mode for

the entire range of m0, as this decay mode has less
uncertainty in the branching ratio, and there is a
definite predicted lower value of BRðH�� → e�e�Þ.
Irrespective of the value of the lightest neutrinomass,
and the variation of oscillation parameters, the
discovery of H�� will therefore be more favorable
in this channel. An observation of H�� in any other
leptonic decay mode except e�e� mode with a
branching ratio limit BRðH�� → e�e�Þ < 0.015
will indicate normal mass hierarchy in the light
neutrino sector.

(4) Note that, except for H�� → e�e� in IH, all other
decay modes heavily depend on the oscillation

FIG. 1. Variation of branching ratios ofHþþ → lþlþ (where l ¼ e, μ, τ) as a function of lightest neutrino massm0. [m0 ism1 in normal
hierarchy (NH) and m3 in inverted hierarchy (IH).] The band represents the uncertainty in the branching ratio due to 3σ variation of
neutrino oscillation parameters. We vary the CP phases (Dirac and Majorana phases) in between 0 and 2π. The blue (red) band
represents the IH (NH) pattern of neutrino mass.
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parameters andm0. Moreover, for those decays, there
may exist a cancellation region, in which the branch-
ing ratio becomes highly suppressed. This occurs
whendifferent terms in thepartial decaywidthscancel
out eachother.This is tonote that, forH�� → e�e� in
IH, such cancellation regions do not exist. As an
example, the cancellation region forH�� → e�e� in
NH, that exists within the range 10−3 eV≲m0 ≲
10−2 eV can be explained as follows: For the choice
m1 ¼ 10−3 eV, the largest neutrino massP

i m
2
i ≈m2

3 ≈ 4 × 10−3 eV2. Considering the CP
phases, ϕ1 ¼ 2δ − ϕ2 ¼ π, one obtains

BRðH�� → e�e�ÞNH
≈ 10−6

ð−c212 þ 8s212c
2
13 − 60s213Þ2

4 × 10−3
≈ 10−4: ð19Þ

Thebranching ratio in IH is instead significantly large
for the above choice of parameters. For similar values
ofm0 ¼ m3 ¼ 10−3 eV,ϕ1,ϕ2, andδasmentioned in
the case of NH, one obtains

BRðH��→ e�e�ÞIH
≈10−6

ð−60c212þ60s212c
2
13− s213Þ2

7×10−3
≈10−2: ð20Þ

(5) For the NH scenario, H�� → μ�μ�=μ�τ�=τ�τ�
channels have the least uncertainty for
m0 < 0.01 eV, and hence the discovery of H��
in these above mentioned final states is more
favorable for NH withm0 < 0.01 eV. Due to further
decay of τ into leptonic states, which involves a
smaller branching ratio, the overall cross section in
the channel with τ will be relatively smaller than the
channel with μμ. Furthermore, a doubly charged
Higgs cannot be fully reconstructed with the channel
involving leptons from τ, due to the presence of
missing energy. Therefore, H�� → μ�μ� decay
mode will be more effective compared to the other
two H�� → μ�τ�=τ�τ�.

As we will discuss in Sec. IV, the variation of decay
branching ratios of H�� with oscillation parameters, as
well as the dependency on neutrino mass hierarchy have a
large effect on the theory cross section of the four-lepton
final states.

B. H� Decay

H� decays predominantly to a lepton and neutrino for
vΔ < 10−4 GeV. The partial decay width of H� to a lepton
and neutrino [19] is given by

Γljνi ≡ ΓðH� → l�j νiÞ ¼
1

16π
jYþ

ijj2MH� : ð21Þ

In the above, Yþ ¼ cos θþ mν
dV

†
PMNS
vΔ

, where θþ is the singly

charged Higgs mixing angle. For vΔ < 10−4 GeV, the
branching ratio for the decay H� → l�j νi is given by

BRðH� → l�j νiÞ ¼
ΓljνiP
klΓlkνl

¼ jYþ
ijj2P

kljYþ
klj2

; ð22Þ

where

X
kl

jYþ
klj2 ¼

cos2θþ

v2Δ

X
i

m2
i : ð23Þ

In Fig. 2, we plot BRðH� → l�j νÞ≡
P

i BRðH� →
l�j νiÞ as a function of the lightest neutrino mass m0, where
we consider a 3σ variation of neutrino oscillation param-
eters, and the variation of CP phases between 0 and 2π.
Important points to be noticed are as follows:
(1) Note that, for m0 < 0.1 eV and for IH, H� → e�ν

has a large branching ratio (∼0.5). This decay
channel, however, has a smaller branching ratio
for NH. In the Appendix, this branching ratio has
been calculated for m0 ≈ 0. The maximum possible
value of BRðH� → e�νÞ in IH compared to that in
NH is given by

BRmaxðH� → e�νÞIH
BRmaxðH� → e�νÞNH

≈
c213

2ð0.04c213s212 þ s213Þ
≈ 13:

ð24Þ

(2) Another important point to be noticed is that for H�,
the uncertainty in the branching ratio is less compared
to that for H��. This occurs because the Yukawa
couplings in the case ofH� decay are independent of
the two Majorana phases ϕ1 and ϕ2. This is evident
from the equations given in the Appendix.

(3) Among the three decay modes ofH�,H� → e�ν has
less uncertainty in the branching ratio, as the respec-
tive Yukawa is independent of Dirac CP phase δ (see
the Appendix). This branching ratio depends on m0,
θ12, θ13. The other two branching ratios for the muon
and tau decay modes depend on θ23 and δ as well.

(4) The uncertainties in branching ratios for H� → μ�ν
and H� → τ�ν are nearly equal. This is clear from
the top-right and bottom plots of Fig. 2, where both
the blue bands (in case of IH) have similar spread.
This feature also exists in the case of NH.

Assuming 100% branching ratios in leptonic decays, CMS
and ATLAS searches have constrained H�� below
820 GeV and 870 GeV, respectively. This is evident from
the above discussion, that the branching ratio in any of the
leptonic channels cannot reach up to 100%. In Sec. IV, we
reevaluate the production cross section of the four-lepton
final state, originating from the pair production of doubly
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charged Higgs, for different leptonic channels, taking into
account the uncertainties of branching ratios. As an
example, we consider the decay channels H�� → e�e�=
e�μ�=e�τ� in IH, as they offer the largest branching ratio
compared to NH. Note that the maximum values of the
branching ratio for the other three decay modes μ�τ�,
μ�μ�, and τ�τ� are relatively smaller in IH. We provide a
sample benchmark point in Table II, which shows that
e�μ� and e�τ� have large branching ratios in IH as
compared to the other modes. This is to clarify that the
decay modes cannot simultaneously have maximum
branching ratios. For the estimation in NH, we assume
the decay modes H�� → μ�τ�=μ�μ�=τ�τ�, as they offer
relatively large branching ratios.

C. Relating H�� and H� decays

The doubly charged Higgs H�� as well as singly
charged Higgs H� interact with the leptons through the
same Yukawa couplings that determine light neutrino
masses. Therefore, the branching ratios of H�� into
l�l�, and the branching ratio of H� into l�ν are related.

Figure 3 shows the variation of H� branching with H��
branching for different leptonic decay channels. Here, we
consider four illustrative samples of lightest neutrino masses
(m0 ¼ 0.0008, 0.007, 0.02, 0.05 eV) that cover almost the
entire allowed light neutrino spectrum. Different color codes
indicate different values of m0. The spread of these color
bands along the horizontal and vertical directions represents
the uncertainty in BRðH�� → l�i l

�
j Þ and BRðH� → l�i νÞ,

respectively. In the upper-left panel of Fig. 3, we show the
variation of BRðH�� → e�e�Þ with the variation of
BRðH� → e�νÞ, where we assume IH for neutrino mass
ordering. There is a small variation in BRðH� → e�νÞ for a
given value of BRðH�� → e�e�Þ that occurs due to the
variation of oscillation parameters. The upper-right panel of
Fig. 3 represents the variation of BRðH� → e�νÞ with
BRðH�� → e�μ�Þ, again assuming IH as neutrino mass
ordering. This also shows similar features to the previous
plot. The plot in the lower panel in Fig. 3 shows the large
variation of BRðH� → μ�νÞ with BRðH�� → μ�μ�Þ for
NH. For smaller m0, the BRðH�� → μ�νÞ has a large
dependency on oscillation parameters.

FIG. 2. Branching ratios of Hþ → lþν (where l ¼ e; μ; τ). The blue (red) band represents the IH (NH) pattern of neutrino mass.
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As we quantify in the next section, the uncertainty in
branching ratios can have a large impact on the theory cross
section.

IV. PAIR-PRODUCTION CROSS SECTION FORffiffi
s

p
= 13 TeV LHC

In Fig. 4, we plot the production cross section of H�� as
a function of MH�� at LHC with

ffiffiffi
s

p ¼ 13 TeV. We also
show the cross section for a future pp collider HE-LHC
that can operate with center-of-mass energy 27 TeV. Here
we show both pair (pp → HþþH−−) and associated
(pp → HþþH− þ H:c:) production modes. Cross sections

for the production of HþþH−− (mediated by γ⋆=Z⋆) and
HþþH− (mediated by Wþ⋆) are comparable. As shown in
Fig. 4, the production cross section of HþH−− (mediated
by W−⋆) is smaller than that of HþþH−, which can be
understood from parton distribution functions of the proton.
At the pp̄ collider, both are the same. We consider a K
factor as 1.25 [61] for the left panel of Fig. 4. In our
analysis, we assume a degenerate mass spectrum for the
singly and doubly charged Higgs.
The CMS andATLASCollaborations have already placed

constraints on MH�� by analyzing the leptonic decay
channels of H�� [34,35]. A degenerate mass spectrum for
charged scalars and BRðH�� → l�i l

�
j Þ ¼ 100% have been

FIG. 3. Variation of leptonic branching ratios of singly charged Higgs with the leptonic branching ratios of doubly charged Higgs.
Here ν implies all the neutrino states ν1;2;3. See the texts for the details.

FIG. 4. Pair and associated production cross section of H�� as a function of MH�� .
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assumed in the analysis. The CMS analysis focused on the
trilepton and tetralepton final states originating from the
leptonic decays of H�� and H�. ATLAS searches consid-
ered pair production ofH�� and their subsequent decay into
e�e�, e�μ�, μ�μ� states.As a result of these searches, limits
onMH�� vary between 770 and 870 GeVat a 95% C.L. The
CMS Collaboration studied both pair and associated pro-
duction channels of H�� and the subsequent decay of H��

andH� to different leptonic states. Limits onMH�� obtained
from the combined study of both the channels vary between
535 and 820 GeVat a 95%C.L., for 100% branching to each
leptonic state. This limit varies between 396 and 712 GeV if
only the pair-production channel is considered. The most
stringent constraint, MH�� > 820 GeV, has been given by
assuming H�� → e�μ� decay, and this takes into account
both pair and associated productions. The CMS analysis [35]
has further considered few benchmark points, and has given
limits on MH�� . However, the PMNS mixing angle θ13 has
been assumed as zero, which is inconsistent with the present
neutrino oscillation data. The above mentioned searches

include pair and associated production of H�� and only its
leptonic decaymodes, so the observed limit onMH�� is valid
only for low triplet VEV vΔ ≤ 10−4 GeV, where the dilep-
tonic branching is maximum. As this is evident from the
discussion presented in the previous section, the maximum
possible branching in each channel can never be 100%;
rather, it can be at most 73% (for H�� → μ�τ� in NH).
Instead of considering BRðH�� → l�i l

�
j Þ ¼ 100%, we

rescale the theory cross section with appropriate branching
ratios. This somewhat weakens the individual bounds from
different channels. In the context of the BNT model [62], it
has been shown that by taking into account neutrino
oscillation data, one can lower the current CMS bound on
MH�� . For illustration, we focus on the final states with
e�e�e∓e∓, e�τ�e∓τ∓, and e�μ�e∓μ∓. Due to the absence
of any cancellation region, the first channel is the least
uncertain. We note that, apart from the dependency on
neutrino oscillation parameters, the limit from an individual
channel also depends on the value of lightest neutrino
mass m0.

FIG. 5. The blue (red) bands for IH (NH) correspond to the theory cross sections for the channel pp → HþþH−− → lþi l
þ
j l

−
k l

−
l obtained

by including 3σ variations of neutrino oscillation parameters. The black line represents the observed limit from CMS analysis [35]. The
horizontal panels in rows 1–3 represent m0 ¼ ð0.0008; 0.007; 0.02Þ eV. In the first, second, and third columns we consider the decay of
H�� to e�e�, e�μ�, and e�τ�, respectively.
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In Fig. 5, we show the production cross sections of
pp → HþþH−− → eþeþe−e−, eþμþe−μ−, and eþτþe−τ−

at the LHC for
ffiffiffi
s

p ¼ 13 TeV. The colored band represents
the variation of cross sections due to 3σ uncertainty in
neutrino oscillation parameters. As illustrative points, we
choose three values of lightest neutrino mass,m0 ¼ 0.0008,

0.007, 0.02 eV, that fall in the hierarchical mass regime.
The blue (red) band corresponds to the IH (NH) neutrino
mass spectrum. The black line represents the observed limit
from 13 TeV CMS analysis [35]. For a given value of the
lightest neutrino mass m0, the upper boundary in these
bands is determined from σðpp → HþþH−−Þ folded with

TABLE I. Maximum possible branching ratios for the decay modeH�� → l�i l
�
j . We also show the corresponding

lower limits on MH�� in parentheses obtained from the channel pp → HþþH−− → lþi l
þ
j l

−
i l

−
j (here

lþi ¼ eþ=μþ=τþ). We use Ref. [35] to derive the limits.

Maximum value of BRðH�� → l�i l
�
j Þ ðMH�� ½GeV�Þ

Decay mode m0 ¼ 0.0008 eV m0 ¼ 0.007 eV m0 ¼ 0.02 eV Mass hierarchy

e�e� 0.478 (435) 0.476 (435) 0.454 (424) IH
e�μ� 0.537 (495) 0.547 (503) 0.552 (503) IH
e�τ� 0.583 (373) 0.594 (376) 0.594 (376) IH
μ�μ� 0.410 (465) 0.424 (478) 0.434 (482) NH
μ�τ� 0.604 (428) 0.656 (440) 0.735 (450) NH
τ�τ� 0.363ð< 200Þ 0.382ð< 200Þ 0.404ð< 200Þ NH

FIG. 6. The blue (red) bands for IH (NH) correspond to the theory cross sections for the channel pp → HþþH−− → lþi l
þ
j l

−
k l

−
l obtained

by including 3σ variation of neutrino oscillation parameters. The black line represents the observed limit from CMS analysis [35]. The
horizontal panels in rows 1–3 represent m0 ¼ ð0.0008; 0.007; 0.02Þ eV. In the first, second, and third columns we consider the decay of
H�� to μ�μ�, μ�τ�, and τ�τ�, respectively.
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the square of maximum possible BRðH�� → l�i l
�
j Þ.

Similarly, the lower line represents the minimum value
of BR(H�� → l�i l

�
j ). A couple of points are in order:

(1) The total cross section has a large variation, specially
for the eþμþe−μ− and eþτþe−τ− channels. The
eþeþe−e− channel in IH is the least uncertain, as
this has a definite lower value of the cross section.

(2) Due to a relatively smaller branching ratio, the cross
sections in NH for these modes are lower than the
maximal possible cross section in IH.

(3) The drop in cross section for eþμþe−μ− and
eþτþe−τ− occurs due to the cancellation between
different terms in Mν

12 and Mν
13.

Taking into account the branching ratios, the limit from
each of the leptonic channels somewhat weakens, as
compared to the analysis presented in Ref. [35].
However, the combined limit might be comparable to that
analysis. For the above modes, IH can give the best
constraint. The cross section for NH is an order of
magnitude smaller in the hierarchical limit, and therefore
competitive limits cannot be placed on MH�� in the above
channels if light neutrinos follow NH. We tabulate the
predicted value of maximum possible branching ratios in
Table I, where each entry represents the maximum possible
value of BRðH� → l�i l

�
j Þ for a given value of m0. The

value within the bracket denotes the best lower limit on
MH�� , from each channel.
In Fig. 6, we present plots similar to that of Fig. 5,

considering the decay of H�� to μ�μ�, μ�τ�, and τ�τ�.
The different plots represent the production cross section of
pp → HþþH−− → μþμþμ−μ−, μþτþμ−τ−, and τþτþτ−τ−

at the LHC for
ffiffiffi
s

p ¼ 13 TeV. We use the same color code
and the same values of lightest neutrino masses as used in
Fig. 5. For these modes, the maximal possible cross
sections in NH are higher as compared to IH. Therefore,
competitive limits on MH�� can be derived in the above
mentioned channels, if NH is assumed. The derived limits
on MH�� are tabulated in Table I.
In the CMS search, combined limits have been presented

which result from the combined analysis of both the pair
and associated production channels. Also, for the bench-
mark studies, their analysis combines different leptonic
modes. Such a study for the combined limit is beyond the
scope of this paper.
As discussed in Refs. [63,64], the 3σ sensitivity reach of

a doubly charged Higgs in the minimal left-right symmetric
model is less than 1.3 TeV, where c.m. energy

ffiffiffi
s

p ¼
14 TeV and 3 ab−1 integrated luminosity have been
assumed. Another study on charged Higgs in the context
of the minimal supersymmetric model [65] compares the
discovery potential of the HL-LHC and HE-LHC. In
Ref. [66], the phenomenology of a SUð2Þ-singlet doubly
charged scalar has been discussed at the HL-LHC. In
Ref. [41], the pair production of H�� and its subsequent
decay to same-sign dileptons has been explored at the 13TeV

and 14 TeV LHC for MH�� up to 700 GeV. Figure 6 of
Ref. [41] shows that the 13TeVand 14TeV cross sections are
not very different. It is evident from Fig. 4 that the pair-
production cross section ofH�� at the 13TeVLHCbecomes
smaller for higher masses. For MH�� ¼ 1.3 TeV, the cross
section is less than 10−5 pb, whereas at the HE-LHC it is
around 10−4 pb. Therefore, assuming 3 ab−1 (15 ab−1)
integrated luminosity, approximately 60 (3000) H�� with
mass 1.3 TeV can be produced at the HL-LHC (HE-LHC).
An increase in sensitivity for higher mass ranges will be
possible for the HE-LHC. Therefore, to study the discovery
prospects of heavier H�� and H�, we consider the
higher center-of-mass energy—i.e., the HE-LHC setup withffiffiffi
s

p ¼ 27 TeV.1

In the next section, we present the collider analysis
for multilepton signatures of H��, where we assume
BRðH�� → e�μ�Þ ¼ 0.547, corresponding to m0 ¼
0.007 eV, and IH as neutrino mass ordering. The other
branching ratios are given in Table II. For completeness in
our analysis, we however consider all leptonic modes, with
their corresponding branching ratios. Note that, other than
the pair production by the Drell-Yan process, the photon
fusion can also contribute to the pair production of doubly
charged Higgs bosons. It has been pointed out in Ref. [52],
that for 13 TeV, the channel contributes at most 10% to the
pair production of doubly charged Higgs states. However,
there are different issues, regarding large uncertainties in
PDFs. Therefore, one needs to evaluate this channel care-
fully. We do not consider this channel in our present
analysis.

V. MULTILEPTON SIGNALS FROM H�� AND H�

FOR THE
ffiffi
s

p
= 27 TeV HE-LHC

We consider the setup for a future pp collider HE-LHC,
that can operate with a c.m. energy

ffiffiffi
s

p ¼ 27 TeV, and we
analyze the trilepton and tetralepton channels in detail. To
simulate the signal samples, we implement the model in
FeynRules (v2.3) [68]. The UFO output is then fed into
MadGraph5_aMC@NLO (v2.6) [69], which generates the par-
ton-level events. We use the default PDFs NNPDF23LO1 [70]
for computation. We perform parton showering and

TABLE II. Branching ratio ofH�� into different leptonic states
in the case of IH for m0 ¼ 0.007 eV.

e�e� e�μ� e�τ� μ�τ� μ�μ� τ�τ�

BR 0.026 0.547 0.365 0.001 0.001 0.053

1While preparing the manuscript for this work, Ref. [67]
appeared in arXiv. It considers the pair production of doubly
charged Higgs and subsequent decays at the HE-LHC. We
consider both pair and associated production, oscillation param-
eter dependency, and the correct values of the leptonic branching
ratios, which have largely been overlooked in the literature.
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hadronization with PYTHIA8 [71] and carry out the detector
simulations with DELPHES (v3.4.1) [72]. Finally, data analysis
and ploting is done in ROOT (v6.14/04) [73]. We choose the
degenerate mass spectrum for charged Higgs states for
which the most promising signals are tetralepton and
trilepton final states, arising from the pair and associated
production of doubly charged Higgs.

A. 4l final state

This originates from the pair production of Hþþ and its
subsequent decays H�� → l�l�. Therefore, the signal is
represented by the following chain:

Signal:pp→HþþH−−→lþi l
þ
j l

−
k l

−
l , (with l

�
i ¼e�=μ�=τ�).

The τ in the final state further decays into fully hadronic or
leptonic final states. For our analysis, we consider leptonic
decays of τ, and therefore, we collect all the event samples
with e; μ in the final state. There are a number of SM
processes that can mimic the signal, and hence are
considered as SM backgrounds. Here we list the following
processes as the dominant SM backgrounds:
(1) ZZ∶ pp → ZZ → lþi l

−
i l

þ
j l

−
j .

(2) tt̄Z∶ pp → tt̄Z → lþi l
−
j l

þ
k l

−
k þ bb̄þ ET .

(3) tt̄W∶ pp → tt̄W� → lþi l
−
j l

�
k þ bb̄þ ET .

(4) tt̄∶ pp → tt̄ → lþi l
−
j þ bb̄þ ET .

(5) VVVðV¼Z orW�Þ∶ pp→VVV;V→ lþi l
−
i or l�i ET

or jj.
(6) WZ∶ pp → W�Z → l�i l

þ
j l

−
j þ ET .

(7) tt̄tt̄∶ pp → tt̄tt̄ → lþi l
−
j l

þ
k l

−
m þ 2bb̄þ ET .

Among all these, the ZZ; tt̄Z, and W�W∓Z processes
lead to irreducible backgrounds. However, a few other SM
processes, such as tt̄, tt̄W, and WZ with their subsequent
decays can also give rise to four-lepton final states, due to
the misidentification of jets as leptons. Multilepton events
(Nl > 4) from pp → ZZZ → 6l (l ¼ e; μ) can also mimic
the signal due to detector inefficiency in lepton recon-
struction, or if the lepton is too soft, and does not pass the
selection cuts. Additionally, one of the Z bosons in the
above mentioned background can decay to two hadronic
taus, which can also mimic the signal. As we will show
below, most of the backgrounds are reduced significantly
after imposing a Z veto, as well as selecting a window on
the l�l� invariant mass.
In Fig. 4, we show the pair-production cross section of

H�� for
ffiffiffi
s

p ¼ 27 TeV. The cross section varies from
10−2 pb for MH�� ¼ 400 GeV to 10−6 pb for MH�� ¼
3 TeV. As the cross section is gradually decreasing with
increasingmass, it will be difficult to probe very heavyH��.
Here we present a benchmark point withMH�� ¼ 1 TeV to
show a detailed cut efficiency. We consider a triplet VEV vΔ
as 10−8 GeV.We reiterate that, for the analysis, we consider
IHneutrinomass ordering and the following set of oscillation
parameters, for which H�� → e�μ� is the most dominant
decay channel with a branching ratio 0.547:

(1) θ12 ¼ 0.6567, θ13 ¼ 0.1567, θ23 ¼ 0.7385.
(2) ϕ1 ¼ 3.0614, ϕ2 ¼ 5.9, δ ¼ 0.2029.
(3) m1 ¼ 0.04902 eV, m2 ¼ 0.04973 eV, and m3 ¼

0.007 eV.
This set of parameters is assumed because it puts the stro-
ngest limit on MH�� , as is evident from Table I. Another
reason for selecting this particular set of parameters is to
reduce the value of BR(H�� → τ�τ�). The branching ratio
ofH�� decays to different leptonic flavor states for this set of
parameters is shown inTable II. Note that the doubly charged
Higgs predominantly decays to e�μ� and e�τ� final states.
We apply the following set of basic cuts on transverse

momentum, pseudorapidity, and separation between two
leptons:PTðlÞ > 10 GeV (l ¼ e or μ), jηðlÞj < 2.5,ΔRll >
0.4, at the time of event generation in MadGraph5. For detector
level analysis, the isolation condition for a lepton (e; μ) is

defined as
P

PT ðxÞ
PT ðlÞ < 0.2, where

P
PTðxÞ is the scalar sumof

transverse momenta of all particles within a cone of radius
ΔR < 0.4 around the lepton direction and PTðlÞ is the
transverse momentum of the lepton. We assume a jet
misidentification rate2 of 10−3 [74].
In Fig. 7, we plot the distribution of different kinematical

variables for both signal and SM backgrounds. The top-left
plot in Fig. 7 shows the transverse momentum distribution
of the leading lepton. It is evident from this figure that most
of the background lies in the low-PTðl1Þ region, and the
signal peaks at high PTðl1Þ for high MH�� . The top-right
plot in Fig. 7 shows the distribution of the same-sign
dilepton invariant mass Mðl�l�Þ. Here the signal distribu-
tion peaks at MH�� , which is very clear and well separated
from backgrounds. Such a distinguished peak ofMH�� at a
high value of Mðl�l�Þ distribution helps us to discover
H��. In the lower panel of Fig. 7, we show the distribution
of opposite-sign dilepton invariant mass, which shows
that most of the dominant backgrounds peak around the
Z-boson mass. Therefore, a veto on opposite-sign dilepton
invariant mass around MZ will reduce most of the back-
grounds involving Z.
The above distributions motivate us to consider the

following set of selection cuts that suppress backgrounds:
A1: Nl ¼ 4. We demand four isolated leptons in the final

state. The leptons are e; μ.
A2: We demand that the sum of charges of the four leptons

be zero.
A3: jMðlþl−Þ −MZj > 10 GeV. To remove the back-

grounds including at least one Z boson, we veto the
lepton pairs with the same flavor but opposite charges
inside the mass window jMðlþl−Þ −MZj < 10 GeV.

2The jet misidentification rate is defined as the rate by which
jets are identified as leptons. There is a small chance for low-PT
jets to be identified as leptons. Although it is small, a significant
background cross section can result from misidentification
because of the large production cross section of QCD jets at
the LHC.
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A4: jMðl�l�Þ −MH��j ≤ 50. The signal events are se-
lected by demanding a window on same-sign dilepton
invariant mass within MH�� � 50 GeV.

In Table III, we show the changes in signal and back-
ground cross sections after each selection cut:
c1: Nl ¼ 4.
c2: c1 and Σlcharge ¼ 0.
c3: c2 and jMðlþl−Þ −MZj > 10 GeV.
c4: c3 and jMðl�l�Þ −MH��j ≤ 50.
From Table III, the signal cross section before applying

the cut is 0.2683 fb for MH�� ¼ 1 TeV. Most of the
dominant irreducible background appears from ZZ with
a cross section 83.559 fb. The channels tt̄ and WZ have

huge cross sections compared to other backgrounds, but
they result in a much lower number of four-lepton events.
Demanding four leptons in the final state reduces the back-
ground cross section to a significant extent. An invariant
mass window on same-sign dileptons finally helps to
suppress almost all background events. It should be noted
that we consider tt̄ and WZ backgrounds with 0 partons. In
our analysis, the particles of interest are not jets but leptons,
as the final state contains multileptons. We implemented
stringent selection criteria on leptons. Hence, we expect that
the involvement of multiparton processes will not substan-
tially change the final results. However, we check the
contribution ofmultiparton tt̄ andWZ processes, performing

FIG. 7. Normalized distributions of transverse momentum of the leading lepton PTðl1Þ, the same-sign dilepton invariant mass
Mðl�l�Þ, and the opposite-sign dilepton invariant mass Mðlþl−Þ for both 4l signal and background events.

TABLE III. Signal (pp → HþþH−− → lþi l
þ
j l

−
k l

−
l ) and background cross sections for

ffiffiffi
s

p ¼ 27 TeV after the
different selection cuts for the channel. Here lþi ¼ eþ=μþ.

σ [fb] for signal σ [fb] for backgrounds

MH�� ¼ 1 TeV ZZ tt̄ tt̄Z WZ VVV

Before cut 0.2683 83.559 142075 14.413 702.333 9.49
After c1 0.0597 18.56 9.9452 2.2616 0.9341 0.2668
After c2 0.0591 18.5035 9.9453 2.2368 0.48461 0.2568
After c3 0.0589 0.2031 7.1037 0.363 0.0913 0.0407
After c4 0.0194 ≈0 ≈0 ≈0 ≈0 ≈0
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MLM matching in MadGraph5_aMC@NLO (v2.6) [69] and
PYTHIA8 [71]. The result we obtain is similar to that in the
case of 0-parton backgrounds.
Note that, although we present the pp → ZZ → 4l

background in Table III, we also estimate pp → 4l, which
includes the virtual photon contribution. The channel
pp → lþi l

þ
j l

−
k l

−
l has the cross section 117.1 fb. We find a

cross section 2.8 fb after applying cut c3. However, after cut
c4, the cross section becomes negligibly small. This is
expected, as we choose a very large value of same-sign
dilepton invariant mass, for which this background already
falls off. We check the contribution of the tt̄tt̄ background,
for which the cross section is 0.276 fb. After applying cuts
c2 and c3, the cross sections are 0.027 fb and 0.023 fb,
respectively. After cut c4, this cross section is reduced to an
insignificant value. In addition, we also check the tt̄W
background, which after cut c4 gives an insignificant
contribution. Although the SM background cross section
is much higher than that of the signal before applying cut
c1, the backgrounds become insignificant after applying
selection cuts. We find that, with 1000 fb−1 luminosity, 19
events can be obtained for MH�� ¼ 1 TeV. We give the
variation of the number of events versus the mass of the
doubly charged Higgs in Fig. 9.

B. 3l final state

Here we consider the signal containing trileptons (two
same-sign leptons and another of opposite sign) and
missing transverse energy ET in the final state.
Associated production of H�� with H� and their sub-
sequent leptonic decay dominantly contribute to the desired
signal events. However, pair production of H�� also
contributes to the same when at least one hadronically
decaying tau lepton is present in the decay products of
H��. Therefore, the signal events we are analyzing
originate from the following decay chains:
PP: pp → HþþH−− → lþi l

þ
j l

−
k l

−
l (where lþi ¼ eþ=μþ=τþ).

AP:pp → HþþH− þ H:c: → lþi l
þ
j l

−
k ν (where lþi ¼

eþ=μþ=τþ).
We consider the following dominant SM backgrounds:
(1) WZ∶ pp → W�Z → l�i l

þ
j l

−
j þ ET .

(2) ZZ∶ pp → ZZ → lþi l
−
i l

þ
j l

−
j .

(3) VVVðV¼Z or W�Þ∶pp→VVV;V→lþi l
−
i =l

�
i ET=jj.

(4) tt̄W∶ pp → tt̄W� → lþi l
−
j l

�
k þ bb̄þ ET .

(5) DY∶ pp → Z=γ → lþi l
−
i .

(6) tt̄∶ pp → tt̄ → lþi l
−
j þ bb̄þ ET .

(7) tt̄Z∶ pp → tt̄Z → lþi l
−
i l

þ
j l

−
j þ bb̄þ ET .

The WZ and VVV channels result in irreducible back-
ground events with comparatively higher ET. ZZ and tt̄Z
also contribute to the background when one among the
leptons in the final state is a hadronic tau or is left
undetected. The Drell-Yan (DY), and tt̄ processes give
trilepton events when a jet fakes as a lepton.

To simulate the signal and backgrounds, we generate
events in MadGraph5, where we are applying the basic cuts
PTðlÞ > 10 GeV, jηðlÞj < 2.5, ΔRll > 0.4. Here we con-
sider the same neutrino mass pattern and oscillation
parameters that we have considered for 4l signal analysis
in the previous subsection. For this set of parameters, H�

branching ratios are e�ν∶μ�ν∶τ�ν ¼ 0.48∶0.28∶0.24. As
the branching into muon and tau are very similar, we
consider all the leptonic states in our analysis. We consider
the mass of charged Higgs as 1 TeV and show the
distribution of transverse momentum of the leading lepton
PTðl1Þ, the missing transverse energy ET, the opposite-sign
dilepton invariant mass Mðlþl−Þ, and the same-sign dilep-
ton invariant massMðl�l�Þ in Fig. 8. The two contributions
to the signal events—i.e., AP and PP—are plotted sepa-
rately. Most of the background events are distributed in the
region of PTðl1Þ ≤ 200 GeV, as the leptons in the back-
ground originate from SM particles, but not from a heavy
resonance. The signal sample, on the contrary, shows a
peak at PTðl1Þ > 200 GeV. A comparison in the ET

distribution between signal and background shows that
most of the background events contain ET < 200 GeV.
Signal events coming from the AP channel contain more
ET compared to those of the PP channel. This occurs
because in the AP channel, ET results from the direct decay
of H� into a lepton and neutrino. For the PP channel, the
source of ET is the decay of τ into semileptonic/leptonic
final states, or the mismeasurement of jet energy. We also
show other distributions, such as opposite-sign and same-
sign dilepton invariant mass distributions. In the opposite-
sign dilepton invariant mass distribution, background
events peak around Z mass. In the same-sign dilepton
invariant mass distribution, signal events peak at a higher
value of Mðl�l�Þ, as they directly originate from H��.
Most of the background events are accumulated in the
lower-Mðl�l�Þ region.
To suppress the backgrounds, we consider the following

selection criteria:
A1: Number of leptons, Nl ¼ 3. We demand exactly three

isolated leptons in the final state.
A2: Sum of the lepton charge is �1, jΣlchargej ¼ 1. The

charge configurations of leptons are either þþ − or
− −þ.

A3: Invariant mass of opposite-sign leptons falls within a
10 GeV mass window around MZ, jMðlþl−Þ −MZj >
10 GeV. This cut effectively removes most of the
backgrounds from Z decay.

A4: The transverse momentum of the leading lepton,
PTðl1Þ ≥ 150 GeV. We implement a 150 GeV cut
on PT of the leading lepton, as SM background events
contain soft leptons compared to those of signal events.

A5: The missing transverse energy, ET > 100 GeV. We
collect events with ET > 120 GeV.
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A6: Same-sign dilepton invariant mass, jMðl�l�Þ−
MH��j ≤ 50; i.e., events within 100 GeV are selected.

In Table IV, we show the signal and background cross
sections after applying each of the selection cuts:
c1: Nl ¼ 3.
c2: c1 and jΣlchargej ¼ 1.

c3: c2 and jMðlþl−Þ −MZj > 10 GeV.

c4: c3 and PTðl1Þ ≥ 150 GeV.

c5: c4 and ET ≥ 120 GeV.

c6: c5 and jMðl�l�Þ −MH��j ≤ 50 GeV.

The partonic cross section for the AP channel is
0.4501 fb before applying any cut. For the PP channel,
it is 0.2683 fb. Most of the backgrounds have very large
cross sections compared to the signal. At the detector level,
demanding three leptons reduces the cross sections sig-
nificantly. The Z veto (cut c3) and demanding a high PT of
the leading lepton (cut c4) removes many backgrounds. The
missing transverse energy cut (c5) also helps to suppress
backgrounds. SM processes like the Drell-Yan (DY) and tt̄,
which give 3l due to jets faking as leptons, are left with
negligible cross sections after applying the above

TABLE IV. Backgrounds and signal cross sections for
ffiffiffi
s

p ¼ 27 TeV after the final selection cuts for the 3l final
state. For signal MH�� ¼ 1 TeV.

σ (fb) for signal σ (fb) for backgrounds

AP PP WZ ZZ VVV tt̄W tt̄Z

Before cut 0.4501 0.2683 702.333 83.5597 9.49 20.38 14.4134
After c1 0.1456 0.1052 195.368 22.104 2.48 3.868 4.637
After c2 0.1453 0.1051 195.2 22.09 2.476 3.853 4.629
After c3 0.14497 0.1048 17.158 1.8943 1.174 3.391 1.577
After c4 0.14493 0.1047 0.899 0.122 0.265 0.725 0.354
After c5 0.14074 0.0672 0.3582 0.0192 0.1138 0.3053 0.1503
After c6 0.0793 0.0308 ≈0 ≈0 0.0005 0.001 ≈0

FIG. 8. Normalized distribution of the transverse momentum of the leading lepton PTðl1Þ, the missing transverse energy ET, the
opposite-sign dilepton invariant mass Mðlþl−Þ, and the same-sign dilepton invariant mass Mðl�l�Þ for both 3l signal and background
events.
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mentioned cuts. Therefore, we do not show them explicitly
in Table IV. Similarly, the virtual photon contribution to the
3l signal does not survive at the end. Cut c5 reduces
the AP and PP cross sections to one sixth and one ninth of
their initial values, respectively. Although at the partonic
level, signal cross sections are very small compared to
those of SM backgrounds, we suitably choose selection
criteria that suppress most of the backgrounds and keep a
significant number of signal events. The SM back-
ground cross section is finally reduced to around
0.0015 fb. For an integrated luminosity of 1000 fb−1, we
get around 79 and 30 signal events for the AP and PP
channels, respectively. Note that most of the backgrounds

in both the trilepton and tetralepton channels drop off after
including the invariant mass cuts. For completeness, how-
ever, we consider all the backgrounds and show the effects
of selection cuts.
We show the variation of effective cross sections of the 4l

and 3l final states withMH�� in Fig. 9. The green line in the
top-left plot represents the cross section for the 4l final state.
The blue dashed line denotes the cross section for the 3l final
state, taking into account both pair and associated produc-
tion. Although the dominant contribution for the 3l final state
comes from associated production ofH��, the pair-produc-
tion channel also contributes a significant amount. In the top-
right plot, we show the variation of the number of events as a

FIG. 9. Upper panels: Variation of trilepton and tetralepton cross sections after all cuts (left plot) and number of events (right plot) for
3 ab−1 (solid line) and 15 ab−1 (dashed, dot-dashed lines) luminosity as a function of MH�� . Middle panels: Variation of required
luminosity to reach 3σ and 5σ significance, and number of events N ¼ 3; 5 vs MH�� for a trilepton signal. Lower panel: Variation of
required luminosity to observe a number of events N ¼ 3; 5 vs MH�� for a tetralepton signal. The gray shaded band represents the
excluded region from the CMS search [35].
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function of MH�� . We consider two different luminosities:
3 ab−1, and the projected 15 ab−1 of HE-LHC.
Finally, we calculate the statistical significance for the

trilepton channel:

S ¼ sffiffiffiffiffiffiffiffiffiffiffi
sþ b

p : ð25Þ

In the above, s and b are the numbers of signal and
background events after all of the above mentioned
selection cuts. The required luminosity (L) to achieve a
desired significance (S) therefore scales as

ffiffiffiffi
L

p
¼ S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σb þ σs

p
σs

; ð26Þ

where σs and σb are the signal and background cross
sections after all the cuts. We obtain 3.3σ significance for a
1 TeV doubly charged Higgs with 100 fb−1 luminosity, in
the trilepton channel. After including systematic uncer-
tainty,3 the significance decreases to 3.2σ. For the tetra-
lepton final states, and for the trilepton channel in the
higher-mass range, there is no SM background. This
happens due to the very high invariant mass cut of the
same-sign dilepton. Therefore, for these cases, we simply
scale the required luminosity as

L ¼ N
σs

; ð27Þ

where N is the number of signal events, and σs is the cross
section after all cuts. The two plots in the middle panels of
Fig. 9 show the required luminosity to observe trilepton
states for the MH�� between 820 and 2500 GeV. In the left
plot, we impose a flat 100 GeV window of invariant mass
l�l� around MH�� . The orange and red lines have been
obtained by using Eq. (26), where the background is
sizeable. In the higher-mass range, there is almost no
background. We therefore use Eq. (27). H�� with a mass
∼2.2 TeV can be discovered with five events. We also
present a conservative estimate in the right plot of the
middle panels, where we impose a cut on the same-sign
dilepton invariant massMðl�l�Þ > 820 GeV, for which we
have a constant background, 0.008 fb. This shows that
∼2 TeV MH�� can be discovered in the trilepton channel
with an integrated luminosity of 15 ab−1. For the tetralep-
ton final state (lower panel of Fig. 9), we find that
approximately five events can be observed for MH�� ¼
1.7 TeV with the same luminosity.
The analysis that we present here depends on the chosen

final state and the branching ratios, as well as the selection

cuts. Additionally, the results presented are at the leading-
order (LO) level. However, we would like to present an
estimate of the results taking into account the K factor for
leading background. For signal, the K factors at the 14 TeV
and 100 TeV LHC have been calculated in Ref. [76], which
are not widely different. For background cross sections, we
calculate the next-to-leading-order (NLO) corrections at the
27 TeV LHC using MADGRAPH5_AMC@NLO (v2.6) [69]. The
K factor for tt̄W (VVV) is 1.86 (2.2). Considering the LO
cross sections, the statistical significance (S) for the 3l
signal (with MH�� ¼ 1 TeV and L ¼ 100 fb−1) is 3.29. If
we include K factors, the significance will increase to 3.6.
Including NLO corrections to the pair production of doubly
charged Higgs (K ¼ 1.25), the discovery reach of H�� in
the tetralepton final state can extend up to 1.8 TeV. We also
cross-check the discovery potential of a very heavy H�� at
the HE-LHC. We would like to point out that for a very
large mass, such as MH�� ¼ 4 TeV, the pair-production
cross section via the DY process drops to σ ∼ 3 × 10−5 fb.
Folded with approximately 50% branching ratios (note that
the branching ratio in any of the leptonic final states cannot
be 100%), the final cross section for the four-lepton channel
becomes very small. Due to this, we do not obtain any
signal event with 15 ab−1 luminosity for 4 TeV doubly
charged Higgs mass.

VI. CONCLUSION

We analyze the discovery prospects of the doubly
charged Higgs—a particle content of the type-II seesaw
model in pp colliders (HE-LHC). We focus on the region
of small triplet VEV, where the doubly and singly charged
Higgs naturally decay to same-sign dileptons and lepton
plus neutrino, respectively. We analyze in detail multilepton
signatures containing trilepton and tetralepton final states.
The model signatures in this low-VEV regime strongly
depend on the neutrino oscillation parameters, the neutrino
mass hierarchy, and the lightest neutrino mass scale. We
perform a robust estimation of the maximal possible
branching ratios that each of the leptonic modes can
accommodate. The constraint on doubly charged Higgs
mass from individual leptonic channels somewhat weakens
after taking into account correct branching ratios. The
doubly charged Higgs and singly charged Higgs couple to
the leptons through the same Yukawa coupling. We explore
the relation between the branching ratios of singly and
doubly charged Higgs decays. Our major findings are
(1) The branching of doubly charged Higgs into same-

sign leptons is augmented with large variation due to
the uncertainty of neutrino oscillation parameters.
We find that in the IH neutrino mass spectrum, and
among all the leptonic decay modes of H��, the
e�e� mode is the least uncertain for the entire
range of lightest neutrino mass m0. This decay
mode predicts a lower value of branching ratio,
which is BRðH�� → e�e�Þ > 0.015. Therefore, the

3We consider 2%–6% uncertainty for the lepton identifica-
tion [35] and 5% uncertainty on the missing transverse enery
scale [75].
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observation of doubly charged Higgs in any other
leptonic decay mode except e�e� with an upper
limit on the branching ratio BRðH�� → e�e�Þ <
0.015 will rule out IH. The singly charged Higgs
decay to H� → e�ν is the least uncertain among all
charged Higgs decays, with a predicted branching
ratio that varies within ∼33%–50% for the variation
of the lightest neutrino mass m0 ∼ 10−4 eV–1 eV.

(2) The interaction of H�� and H� with leptons is
governed by the same Yukawa couplings, and
hence their leptonic branching ratios are related.
In IH, for a fixed m0, and for a fixed value of
BRðH�� → e�e�Þ, there is a small variation in
BRðH� → e�νÞ. A similar result also exists be-
tween BRðH�� → e�μ�Þ and BRðH� → e�νÞ.

(3) We perform a detailed analysis to find out the
discovery prospect of trilepton and tetralepton final
states at a future pp collider that can operate with a
c.m. energy

ffiffiffi
s

p ¼ 27 TeV. We consider both the
pair and associated productions, and a benchmark
point of H�� with a mass 1 TeV. In the tetralepton
final state, we find that using 1000 fb−1 integrated
luminosity, 19 events can be observed. In the
trilepton final state, we find that the same mass
can be discovered at the 27 TeV LHC with a
significance of more than 5σ for 1000 fb−1 lumi-
nosity. The higher-mass region of H�� can be
probed with more luminosity. We find that the
sensitivity reach for H�� in the trilepton channel
is more compared to that in the tetralepton channel,
as both the pair and associated production of H��
contribute to the former. H�� up to mass ∼2.2 TeV
can be probed in the trilepton channel with 15 ab−1

integrated luminosity. In the tetralepton channel, five
events can be observed forMH�� ≲1.7 TeV with the
same luminosity.
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APPENDIX: BRANCHING RATIOS
CALCULATION FOR THE LEPTONIC DECAYS

OF H�� AND H�

Here we expand the neutrino mass matrix in terms of the
PMNS mixing angles, CP phases, and the mass square
differences [19]. We first consider the H�� decay and then
the H� decay.

1. H�� decays

The branching ratio has the following form:

BRðH�� → l�i l
�
j Þ ¼

ΓliljP
klΓlkll

¼ 2

ð1þ δijÞ
jYν

ijj2P
kljYν

klj2
;

ðA1Þ
where

X
kl

jYν
klj2 ¼

1

2v2Δ

X
i

m2
i : ðA2Þ

The Yukawa and neutrino mass matrix are related as

Yν ¼ Mνffiffiffi
2

p
vΔ

¼ V�
PMNSm

ν
dV

†
PMNSffiffiffi

2
p

vΔ
: ðA3Þ

Neutrino mass matrix elements can be written as a
function of light neutrino masses and mixing parameters
in the following forms (Here cij ≡ cos θij and sij ≡ sin θij):

Mν
11 ¼ m1e−iΦ1c212c

2
13 þm2s212c

2
13 þm3eið2δ−Φ2Þs213;

Mν
22 ¼ m1e−iΦ1ð−s12c23 − e−iδc12s13s23Þ2 þm2ðc12c23 − e−iδs12s13s23Þ2 þm3e−iΦ2c213s

2
23;

Mν
33 ¼ m1e−iΦ1ðs12s23 − e−iδc12s13c23Þ2 þm2ð−c12s23 − e−iδs12s13c23Þ2 þm3e−iΦ2c213c

2
23;

Mν
12 ¼ m1e−iΦ1c12c13ð−s12c23 − e−iδc12s13s23Þ þm2s12c13ðc12c23 − e−iδs12s13s23Þ

þm3eiðδ−Φ2Þs13c13s23;

Mν
13 ¼ m1e−iΦ1c12c13ðs12s23 − e−iδc12c23s13Þ þm2c13s12ð−c12s23 − e−iδs12s13c23Þ

þm3eiðδ−Φ2Þs13c13c23;

Mν
23 ¼ m1e−iΦ1ðs12s23 − e−iδc12s13c23Þð−s12c23 − e−iδc12s13s23Þ

þm2ð−c12s23 − e−iδs12s13c23Þðc12c23 − e−iδs12s13s23Þ þm3e−iΦ2c213s23c23:
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Following Ref. [1], we consider the following set of 3σ
variations of PMNS mixing angles and mass-squared
differences:

sin2θ12 ⇒ ½0.273–0.379�;
sin2θ23 ⇒ ½0.445–0.599�NH; ½0.453–0.598�IH;
sin2θ13 ⇒ ð½1.96–2.41�× 10−2ÞNH; ð½1.99–2.44�× 10−2ÞIH;
Δm2

21 ⇒ ½7.05–8.14�× 10−5 eV2;

jΔm2
31j⇒ ½2.41–2.60�× 10−3 eV2 ðNHÞ;

jΔm2
31j⇒ ½2.31–2.51�× 10−3 eV2 ðIHÞ:

Below, we analytically calculate the maximum value of
branching ratios for different leptonic decay modes ofH��.
For this calculation, we assume those values of the
oscillation parameters that give a maximum branching
ratio for a given decay mode. The set of parameters is
not necessarily the same for each mode:
(1) Inverted hierarchy neutrino mass spectrum (m3 ≈ 0):

Here, due to very small mass splitting between m1

and m2, m1 ≈m2 ¼ m. This gives the summation of
light neutrino mass as

P
j m

2
j ¼ 2m2. We identify

different phases, for which the branching ratios in
ee, μμ, eμ modes are maximal.
(a) For ϕ1 ¼ 0, the (1,1) element of neutrino

mass matrixMν
11 ¼ mc213. The branching ratio is

BRðH�� → e�e�Þ ≈ c4
13

2
≈ 0.44.

(b) For δ ¼ ϕ1 ¼ ϕ2 ¼ 0, the (2,2) element of
neutrino mass matrix is Mν

22¼ðc223þ s213s
2
23Þm.

This gives the maximal branching ratio as

BRðH�� → μ�μ�Þ ≈ c4
23

2
≈ 0.18.

(c) For ϕ2 ¼ π, δ ¼ 0, the (1,2) element of
neutrino mass matrix isMν

12¼c12c13m1ðc23s12þ
c12s13s23Þþc13m2s12ðc12c23−s12s13s23Þ. The
branching ratio in eμ mode is

BRðH�� → e�μ�Þ

≈ 2c213
ððc212 − s212Þs13s23 þ 2c23c12s12Þ2

2
≈ 0.48:

(2) Normal hierarchy neutrino mass spectrum (m1 ≈ 0):
The two other masses are m2 ≈ 0.2m3.
(a) For 2δ − ϕ2 ¼ 0, the (1,1) element of the neu-

trino mass matrix is Mν
11 ¼ m2s212c

2
13 þm3s213,

that gives BRðH�� → e�e�Þ ≈ 0.008.
(b) For δ ¼ π and ϕ2 ¼ 0, the (2,2) element

of neutrino mass matrix is Mν
22¼c212c223m2þc213×

m3s223þ2c12c23m2s12s13s23þm2s212s
2
13s

2
23. Ignor-

ing the third and fourth terms, the branching
ratio in μμ becomes

BRðH�� → μ�μ�Þ

≈
ðc212c223m2 þ c213m3s223Þ2

m2
3

≈ 0.4:

(c) For ϕ2 ¼ δ ¼ π, the (1,2) element of neutrino
mass matrix isMν

12 ¼ c13m3s13s23 þ c13m2s12×
ðc12c23 þ s12s13s23Þ. The branching ratio is

BRðH�� → e�μ�Þ ≈ 2ð0.2c12c23m3s12 þ s13s23ð0.2m3s212 þm3ÞÞ2
m2

3

≈ 0.072:

The different ratios of branching ratio are

BRmaxðH�� → e�μ�ÞIH
BRmaxðH�� → e�μ�ÞNH

≈
ðc212s13s23 þ 2c23c12s12 − s212s13s23Þ2
2ð0.2c12c23s12 þ s13s23ð0.2s212 þ 1ÞÞ2 ≈ 6.6;

BRmaxðH�� → e�e�ÞIH
BRmaxðH�� → e�e�ÞNH

≈
c413

2ð0.2c213s212 þ s213Þ2
≈ 50;

BRmaxðH�� → μ�μ�ÞIH
BRmaxðH�� → μ�μ�ÞNH

≈
c423

2ðc212c2230.2þ c213s
2
23Þ2

≈ 0.45:

Similarly, one can obtain such ratios for all other modes.

2. H� decays

The coupling through which H� interact with charged lepton and neutrino is

Yþ ¼ cos θþ
mν

dV
†
PMNS

vΔ
: ðA4Þ
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In the above, θþ is the singly charged Higgs mixing angle. The branching ratio has the following form:

BRðH� → l�j νÞ≡
X3
i¼1

BRðH� → l�j νiÞ ¼
XjP
3
i m

2
i
; ðlj ¼ e; μ; τÞ; ðA5Þ

where Xj is defined as Xj ¼ v2Δ
cos2θþ

P
3
i¼1 jYþ

ijj2. The X1;2;3 has the following form:

X1 ¼ m2
1c

2
12c

2
13 þm2

2c
2
13s

2
12 þm2

3s
2
13;

X2 ¼ m2
1c

2
23s

2
12 þ 2 cosðδÞðm2

1 −m2
2Þc12c23s12s13s23 þ ðm2

3c
2
13 þm2

2s
2
12s

2
13Þs223 þ c212ðm2

2c
2
23 þm2

1s
2
13s

2
23Þ;

X3 ¼ m2
3c

2
13c

2
23 − 2 cosðδÞðm2

1 −m2
2Þc12c23s12s13s23 þ s212ðm2

2c
2
23s

2
13 þm2

1s
2
23Þ þ c212ðm2

1c
2
23s

2
13 þm2

2s
2
23Þ:

The maximum value of branching ratio for H� → l�j ν is presented below, assuming a different type of neutrino mass
spectrum.
(1) Inverted Hierarchy neutrino mass spectrum (m3 ≈ 0): Here, m1 ≈m2 ¼ m ⇒

P
j m

2
j ¼ 2m2.

(a) X1 ¼ c213m
2 gives BRðH� → e�νÞ ¼ c2

13

2
≈ 0.49. Since there is only θ13 dependency in X1, and θ13 is very well

measured, therefore H� → e�ν decay modes have much less uncertainty.
(b) For δ ¼ 0, X2 has the form X2 ¼ ð1 − s223ð1þ s213ÞÞm2, that gives BRðH� → μ�νÞ ¼ 1−s2

23
ð1þs2

13
Þ

2
≈ 0.3.

(c) For δ ¼ π, X3 has the form X3 ¼ ðs223ð1 − s213Þ þ s213Þm2, that gives BRðH�→τ�νÞ¼s2
23
ð1−s2

13
Þþs2

13

2
≈0.3.

Note that H� → μ�ν=τ�ν decay modes have nearly equal uncertainty, as both depend on θ23 and θ13.
(2) Normal hierarchy neutrino mass spectrum (m1 ≈ 0): For this spectrum, m2¼ 0.2m3, which gives

P
j m

2
j ≈m2

3. The
CP phase δ ¼ πð0Þ will maximize X2 ðX3Þ, and hence branching ratios.
(a) X1 ≈m2

2c
2
13s

2
12 þm2

3s
2
13 gives BRðH� → e�νÞ ≈ c213ð0.2Þ2s212 þ s213 ≈ 0.037,

(b) X2 ≈m2
3c

2
13s

2
23 gives BRðH� → μ�νÞ ≈ c213s

2
23 ≈ 0.57,

(c) X3 ≈m2
3c

2
13c

2
23 gives BRðH� → τ�νÞ ≈ c213c

2
23 ≈ 0.53.
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