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Abstract We study the S3-symmetric two Higgs doublet
model by adding two generations of vector like leptons (VLL)
which are odd under a discrete Z2-symmetry. The lightest
neutral component of the VLL acts as a dark matter (DM)
whereas the full VLL set belongs to a dark sector with no mix-
ings allowed with the standard model fermions. We analyse
the model in light of dark matter and collider searches. We
show that the DM is compatible with the current relic density
data as well as satisfying all direct and indirect dark matter
search constraints. We choose some representative points in
the model parameter space allowed by all aforementioned
dark matter constraints and present a detailed collider analy-
sis of multi-lepton signals viz. the mono-lepton, di-lepton, tri-
lepton and four-lepton along with missing transverse energy
in the final state using both the cut-based analysis and mul-
tivariate analysis respectively at the high luminosity 14 TeV
LHC run.

1 Introduction

The Standard Model (SM) particle spectrum appears to be
complete after the Higgs discovery [1,2], albeit the several
shortcomings, both theoretical and experimental. The resolu-
tion to any of these shortcomings beg for an extension of the
SM framework, which invariably lead us to scenarios with
additional bosonic or fermionic degrees of freedom in the
particle spectrum. One such possible scenario is an exten-
sion with vector like fermions, whose left- and right-chiral
counterparts transform identically under the SM gauge sym-
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metry. These VLLs can appear naturally in grand unified
theories [3–6], theories with non-minimal supersymmetric
extensions [7–13], warped or universal extra-dimension [14–
22], composite Higgs model [23–29], little Higgs model [30–
34], etc. VLLs can acquire masses from the gauge-invariant
bilinear dimension-3 bare mass terms. Since they do not
achieve masses from the Yukawa couplings alone, unlike
fourth generation of chiral fermions, the vector like fermions
are weakly constrained from electroweak precision observ-
ables and Higgs data [35]. Although the vector like quarks
participate in both the production and decay of Higgs boson,
only the decay of Higgs boson is modified in presence of
vector like leptons (VLLs). The rate of the process where the
Higgs decays to two photons receives additional contribution
from the charged VLLs in loop and gets modified [36]. SM
extended with one or more generations of VLLs have been
studied earlier in [37–39]. The extensions of Higgs singlet
[40], Higgs doublet [41–44], Higgs triplet [35,45,46], left
right symmetric model [47–49] along with VLLs have been
very popular in literature for dark matter (DM) and collider
searches throughout.

In this work, we study the S3-symmetric two Higgs dou-
blet model (2HDM) [50,51] augmented with two generations
of VLLs. The need to add two generations of VLL instead
of one, is to maintain an exact S3-symmetry in the Yukawa
sector. One of the primary motivations of the S3-symmetric
2HDM is aimed at understanding the fermion mass hierar-
chy within the SM, as it provides a proper description of
the mass hierarchy and mixing among the quarks. Non-zero
quark masses and non-block-diagonal CKM matrix, compat-
ible with the experiment, makes this special kind of 2HDM
endowed with non-abelian S3 group very attractive. One also
notes that unlike the general 2HDM, S3-symmetric 2HDM
naturally provides a 125 GeV SM-like Higgs boson, which
we discuss later. As we want to study the DM phenomenol-
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ogy of the VLL in this model, we impose an additional Z2

symmetry in the model under which all the VLLs are odd
while the SM particles along with the 2HDM is even. In Ref.
[43], the authors have used a CP-conserving 2HDM along
with one generation of VLLs to study the DM phenomenol-
ogy. The difference in their study with ours lies not only in
the particle spectrum due to the presence of an extra gener-
ation of VLL which is mandated by the S3-symmetry, but
also in the way these VLLs interact with the visible sector
particles. To be more specific, the quartic part of the Yukawa
Lagrangian being S3-symmetric, there exist additional inter-
actions with respect to the reference [43] due to the presence
of an extra generation of VLLs. In addition, in our framework,
S3-symmetry is softly broken by the dimension-3 Dirac as
well as Majorana mass terms unlike reference [43], where
the authors considered only Dirac mass terms for soft break-
ing. In our framework the lightest neutral mass eigenstate
of the VLL is a viable DM candidate, which produces the
correct relic density, and its direct detection cross-sections
and thermally averaged annihilation cross-sections in indi-
rect detection are compatible with that of the experiments.

We choose some representative benchmark points from
the multi-dimensional parameter space which satisfy the relic
density, direct and indirect search constraints and perform
collider analysis for some specific multi-lepton channels con-
taining mono-lepton, di-lepton, tri-lepton and four leptons
along with missing transverse energy in the final state. Multi-
lepton signals have already been analysed in the context of
additional VLLs [52,53]. In addition, there already exists
several searches by ATLAS and CMS, in the context of a
few beyond SM models, for the final states comprising of
mono-lepton [54–56], di-lepton [57], tri-lepton [58,59] and
four leptons along with missing transverse energy [60,61].
We have considered the limits arising out of these studies
in our work and highlight how the signals differ in each of
our individual cases and the necessity to modify the cuts to
optimise our signal events over the SM background.

The paper is structured as follows. In Sect. 2 we briefly dis-
cuss the necessary extensions over the S3-symmetric 2HDM
[50,51] done in our model. Section 3 deals with the rele-
vant theoretical and experimental constraints to be consid-
ered which is followed by the DM phenomenology in Sect. 4.
Then we move on to Sect. 5 where we present the collider
analysis of the model in the leptonic channels, namely the
signals having mono-lepton, di-lepton, tri-lepton and four-
lepton along with missing transverse energy in the final state.
Finally we summarise and conclude in Sect. 6.

2 Model

We consider the S3-symmetric 2HDM augmented with two
generations of VLL. The reason for adding two generations

Table 1 SU (2)L × SU (3)C ×U (1)Y × Z2 quantum numbers assigned
to the particles in the model

Fields SU (2)L SU (3)C Y Z2

φ1 2 1 +1 1

φ2 2 1 +1 1

QiL , i = 1, 2, 3 2 3 + 1
3 1

ui R, i = 1, 2, 3 1 3 + 4
3 1

di R, i = 1, 2, 3 1 3 − 2
3 1

�i L , i = 1, 2, 3 2 1 −1 1

ei R, i = 1, 2, 3 1 1 −2 1

L ′
Li

, i = 1, 2 2 1 −1 −1

L ′′
Ri

, i = 1, 2 2 1 −1 −1

e′
Ri

, i = 1, 2 1 1 −2 −1

e′′
Li

, i = 1, 2 1 1 −2 −1

ν′
Ri

, i = 1, 2 1 1 0 −1

ν′′
Li

, i = 1, 2 1 1 0 −1

Table 2 S3 quantum number assigned to the particles in the model

Particles S3

(
φ1
φ2

)
;

(
Q1L
Q2L

)
;

(
u1R
u2R

)
;

(
d1R
d2R

)
;

(
�1L
�2L

)
;

(
e1R
e2R

)
2

Q3L , u3R , d3R , �3L , e3R 1(
L ′
L1

L ′
L2

)
;

(
L ′′
R1

L ′′
R2

)
;

(
e′
R1

e′
R2

)
;

(
e′′
L1
e′′
L2

)
;

(
ν′
R1

ν′
R2

)
;

(
ν′′
L1

ν′′
L2

)
2

of VLL is to ensure an S3-symmetric Yukawa Lagrangian.
Each generation of VLL consists of one left-handed lepton
doublet L ′

Li
, one right-handed charged lepton singlet e′

Ri
, one

right-handed singlet neutrino ν′
Ri

and their mirror counter
parts with opposite chirality but same gauge charges, i.e.
L ′′
Ri

, e′′
Li

and ν′′
Li

with i = 2. These two generations of VLLs
are doublets under S3-symmetry. Different quantum numbers
associated with the particles are shown in Tables 1 and 2. In
Table 1, QiL , LiL are left-handed quark and lepton doublets
respectively in SM with i = 1, 2, 3.ui R, di R are right-handed
up-type and down-type quark singlets respectively with i =
1, 2, 3.

2.1 Scalar Lagrangian

In the S3-symmetric 2HDM, there are two SU (2)L doublets
φ1 and φ2 with hypercharge Y = +1 1, which collectively

behave like a doublet under S3-symmetry, i.e.

(
φ1

φ2

)
= �.

1 The hyper-charge Y has been computed by using the relation: Q =
T3 + Y

2 . Here T3 and Q are the weak isospin and electric charge respec-
tively.
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For this specific doublet representation, the elements of S3 is
given by [62],

(
cosψ sinψ

−sinψ cosψ

)
,

(
cosψ sinψ

sinψ − cosψ

)
, for

(
ψ = 0,±2π

3

)

(1)

After symmetry breaking, φi can be expressed as,

φi =
(

φ+
i

1√
2
(vi + hi + iρi )

)
(2)

Here vi ’s are vacuum expectation values (VEV) and v1 =
v cos β, v2 = v sin β, v =

√
v2

1 + v2
2 = 246 GeV. tan β can

be defined as the ratio of two vacuum expectation values:
tan β = v2

v1
.

The quartic part of the most general renormalisable S3-
symmetric scalar potential is given by [50],

V4(φ1, φ2) = λ1(φ
†
1φ1 + φ

†
2φ2)

2 + λ2(φ
†
1φ2 − φ

†
2φ1)

2

+λ3

{
(φ

†
1φ2 + φ

†
2φ1)

2 + (φ
†
1φ1 − φ

†
2φ2)

2
}

.

(3)

The most general quadratic part of the scalar potential is [50]:

V2(φ1, φ2) = m2
11(φ

†
1φ1) + m2

22(φ
†
2φ2)

−{m2
12(φ

†
1φ2) + h.c.}

(4)

In Eq. (3), the quartic couplings λ1, λ2 and λ3 are real
owing to the hermiticity of the scalar potential. In the
quadratic part of the potential in Eq. (4), m2

11,m
2
22 are real,

m2
12 can be complex in principle. Throughout the analysis,

we have taken m2
12 to be real to avoid CP-violation. Though

m2
11 = m2

22 and m2
12 = 0 ensure that the quadratic part of the

potential is S3-symmetric, this configuration ends up with a
massless scalar [50]. Thus for our analysis, we stick to the
configuration m2

11 = m2
22 and m2

12 �= 0 (which breaks the
S3-symmetry softly), which fixes the value of tan β = 1, fol-
lowing the minimisation condition of the scalar potential:2

m2
11 = m2

12 tan β − (λ1 + λ3)v
2 ,

m2
22 = m2

12 cot β − (λ1 + λ3)v
2 (5)

The scalar sector of this model consists of SM-like Higgs
(h), heavy Higgs (H ), pseudoscalar Higgs (A) and charged
Higgs (H±). The limit at which h behaves as SM-like Higgs
boson is defined as the alignment limit. This limit is naturally
achieved in this model [50].

2 In Ref. [63], it has been shown that with the configuration m2
11 = m2

22
and m2

12 �= 0, one can still achieve the correct mass hierarchy in the
quark sector by computing the correction to the eigenvalues using first
order (non-degenerate) perturbation theory.

Transformations from flavour basis to mass basis of the
scalars occur through the following 2 ×2 orthogonal matrix:

(
w±(z)
H±(A)

)
=

(
cos β sin β

− sin β cos β

) (
φ±

1 (ρ1)

φ±
2 (ρ2)

)
(6)

w± and z being the charged and neutral Golstone boson
respectively.

The light Higgs and the heavy Higgs of the model are
connected to there flavour eigenstates via,

(
h
H

)
=

(
cos β sin β

− sin β cos β

)(
h1

h2

)
(7)

In Eq. (3), the quartic couplings λ1, λ2, λ3 can be
expressed in terms of the physical scalar masses as:

λ1 = M2
h − M2

H + M2
H±

2v2 ,

λ2 = (M2
H± − M2

A)

2v2 ,

λ3 = (M2
H − M2

H±)

2v2 , (8)

2.2 Yukawa Lagrangian

The dimension-4 terms in S3-symmetric Yukawa Lagrangian
involving two generations of VLLs can be written as,

L4 = −y2[(L ′
L1

φ̃2 + L ′
L2

φ̃1)ν
′
R1

+ (L ′
L1

φ̃1 − L ′
L2

φ̃2)ν
′
R2

]
−y4[(L ′′

R1
φ̃2 + L ′′

R2
φ̃1)ν

′′
L1

+(L ′′
R1

φ̃1 − L ′′
R2

φ̃2)ν
′′
L2

] − y′
2[(L ′

L1
φ2 + L ′

L2
φ1)e

′
R1

+(L ′
L1

φ1 − L ′
L2

φ2)e
′
R2

]
−y′

4[(L ′′
R1

φ2 + L ′′
R2

φ1)e
′′
L1

+ (L ′′
R1

φ1 − L ′′
R2

φ2)e
′′
L2

]
+h.c. (9)

Next we write down the dimension-3 Dirac and Majorana
mass terms present in the Yukawa Lagrangian, which break
S3-symmetry softly:3

3 Note that with exact S3-symmetry, the mass of the vector like lep-
tons will be proportional to the product of Yukawa coupling and the
electroweak vacuum expectation value (VEV), which in turn will lead
to non-perturbative Yukawa couplings (for vector lepton masses ∼ 1
TeV). With S3 softly broken we can write down gauge-invariant bilin-
ear dimension-3 interaction terms in the Lagrangian.
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L3 = −M1 L ′
L1

L ′′
R1

− M2 L ′
L1

L ′′
R2

− M3 L ′
L2

L ′′
R1

−M4 L ′
L2

L ′′
R2

− 1

2
M5 νc

′′
L1

ν′′
L1

−1

2
M6 νc

′′
L2

ν′′
L2

−1

2
M7 νc

′
R1

ν′
R1

− 1

2
M8 νc

′
R2

ν′
R2

− M9 ν′′
L1

ν′
R1

−M10 ν′′
L1

ν′
R2

− M11 ν′′
L2

ν′
R1

−M12 ν′′
L1

ν′
R2

−ML1 e
′′
L1

e′
R1

− ML2 e
′′
L2

e′
R2

− ML3 e
′′
L1

e′
R2

−ML4 e
′′
L2

e′
R1

+ h.c. (10)

Here the fields with superscript “c” are the charge conjugated
fields. The subscripts of “L” in Eqs. (9) and (10) denote
the mass dimensions of the operators. Thus whole Yukawa
lagrangian can be written as the sum of L3 and L4 as:

LYuk = L3 + L4 . (11)

Here we can construct eight neutral mass eigenstates
(Ni , i = 1..8) out of two generations of vector leptons. To
ensure that the lightest VLL N1 is the DM candidate, we
impose a Z2-symmetry (mentioned in Table 1) under which
all the VLLs are odd and all the SM leptons are even. This
forbids the mixing between the SM leptons and VLLs 4. The
two Higgs doublets are assumed to be even under this Z2-
symmetry.

In this set up, 8 × 8 neutral VLL mass matrix in the basis
(ν

′c
L1

, ν′
R1

, ν′′
R1

, ν
′′c
L1

, ν
′c
L2

, ν′
R2

, ν′′
R2

, ν
′′c
L2

)T reads :

1

2

(
ν′
L1

ν
′c
R1

ν
′′c
R1

ν′′
L1

ν′
L2

ν
′c
R2

ν
′′c
R2

ν′′
L2

)
Mν

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ν
′c
L1

ν′
R1

ν′′
R1

ν
′′c
L1

ν
′c
L2

ν′
R2

ν′′
R2

ν
′′c
L2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

4 The couplings of the SM fermions with the scalar doublets φ1 and
φ2 are also governed by S3-symmetry. The most general S3-symmetric
Yukawa lagrangian containing dimension-4 interactions between the
SM fermions and the scalar doublets can be found in [50].

With

Mν =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 y2v2√
2

M1 0 0 y2v1√
2

M2 0
y2v2√

2
M7 0 M9

y2v1√
2

0 0 M11

M1 0 0 y4v2√
2

M3 0 0 y4v1√
2

0 M9
y4v2√

2
M5 0 M10

y4v1√
2

0

0 y2v1√
2

M3 0 0 −y2v2√
2

M4 0
y2v2√

2
0 0 M10

−y2v2√
2

M8 0 M12

M2 0 0 y4v1√
2

M4 0 0 −y4v2√
2

0 M11
y4v1√

2
0 0 M12

−y4v2√
2

M6

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(12)

Since Mν is hermitian, it can be brought to diagonal form
by the following transformation via unitary matrix V :

V †MνV = diag (MN1 , MN2 , MN3 , MN4 , MN5 , MN6 , MN7 , MN8 ).

(13)

Among all states N1 is the lightest and MN j+1 > MNj for
j = 1, 2, . . . 7.

In the charged VLL sector, the mass matrix is,

(
e′
L1

e′′
L1

e′
L2

e′′
L2

)
Mc

⎛
⎜⎜⎝
e′
R1

e′′
R1

e′
R2

e′′
R2

⎞
⎟⎟⎠

where,

Mc =

⎛
⎜⎜⎜⎜⎜⎜⎝

y′
2v2√

2
M1

y′
2v1√

2
M2

ML1

y′
4v2√

2
ML3

y′
4v1√

2
y′

2v1√
2

M3 − y′
2v2√

2
M4

ML4

y′
4v1√

2
ML2 − y′

4v2√
2

⎞
⎟⎟⎟⎟⎟⎟⎠

(14)

The non-hermitian Mc can be diagonalised by using the fol-
lowing bi-unitary transformation, with the unitary matrices
UL and UR ,

U †
LMcUR = diag (ME+

1
, ME+

2
, ME+

3
, ME+

4
) (15)

Here we follow the same convention as the neutral sector, i.e.
ME+

i+1
> ME+

i
for i = 1, 2, 3.

3 Constraints to be considered

The S3-symmetric 2HDM model has an extended scalar sec-
tor and we have included VLLs in our model with some
being SU (2)L doublets . The addition of particles under a
new symmetry which are not singlets under the SM gauge
symmetry would lead to interactions and mixings that could
affect several existing experimental observations. In addition,
the new parameters in the model would also have to adhere
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to theoretical constraints to make the model mathematically
consistent. We look at the most relevant ones and extract the
constraints they could put on the model parameters.

3.1 Theoretical constraints

• Perturbativity: The quartic couplings λ1.λ2, λ3 are
taken to be perturbative: |λi | < 4π, i = 1, 2, 3.

For Yukawa couplings the corresponding bound reads:
|y2|, |y′

2|, |y4|, |y′
4| <

√
4π.

• Stability conditions of the potential: The quartic cou-
plings λ1, λ2 and λ3 are also constrained from the sta-
bility conditions, so that the potential remains bounded
from below in any field direction:

λ1 + λ3 ≥ 0 ,

λ1 ≥ 0 ,

2λ1 − λ2 + λ3 ≥ 0 . (16)

• Higgs mass : We keep the SM-like Higgs mass within
the range: 125.1 ± 0.14 GeV [64]. We have used the SM-
like Higgs mass as an input parameter and fix its value to
Mh = 125 GeV throughout the analysis.

3.2 Constraints from electroweak precision observables

The additional extra scalars and VLLs that are not SM sin-
glets would interact with the W and Z boson. There contri-
butions in the self-energy correction diagrams would modify
the mass of the weak gauge bosons and related electroweak
precision observables parametrised by the oblique parame-
ters S, T andU [65,66]. Using Mh = 125 GeV and top mass
as 172.5 GeV, the allowed ranges [67] are

�S = 0.04±0.11,�T = 0.09±0.14,�U = −0.02±0.11

(17)

Notably the deviations in the T -parameter from its SM
value enforces the mass splitting between the neutral and the
charged scalar to be less than ∼ 50−100 GeV. Regarding the
contributions coming from the VLL counterpart, the differ-
ences between the Yukawa couplings |y2 − y′

2| and |y4 − y′
4|

should be small to evade the bound coming from T -parameter
[35].

3.3 Higgs signal strength

Since we demand that the lightestCP-even scalar h is the SM
like Higgs, it is imperative that we should check whether the
production and decay of h in our model is consistent with the
current experimental data. The compatibility can be checked

by computing the signal strength in the i th decay mode of h
as,

μi = σ S3 2HDM(pp → h) BRS
32HDM(h → i)

σ SM(pp → h) BRSM(h → i)
. (18)

Assuming gluon-gluon fusion to be the most dominant Higgs
production process at the LHC, one can rewrite the signal
strength μi as,

μi = σ S32HDM(gg → h)

σ SM(gg → h)


S32HDM
i (h → i)


S32HDM
tot

SM
tot

SM
i (h → i)

= S32HDM(h → gg)

SM(h → gg)


S32HDM
i (h → i)


S32HDM
tot

SM
tot

SM
i (h → i)

(19)

where tot stands for the total decay width of SM like Higgs.
Since the Alignment limit is maintained naturally in this

model, the signal strengths in the decay channels of h into
WW [68,69], Z Z [70,71], bb [72,73], τ+τ− [74,75] are sat-
isfied without any loss of generality. On the other hand, the
loop-induced decay mode of the h → γ γ will get additional
contribution from the charged vector leptons and the non-
standard charged scalars. For the chosen benchmark points,
the h → γ γ signal strength remains within 2σ -range of
the current experimental value [76,77]. The detailed formula
for the decay width of h → γ γ channel is relegated to
Appendix A.

4 Dark matter phenomenology

As mentioned earlier, the lightest neutral VLL N1 is a viable
DM candidate due to its stable nature ensured by the imposed
Z2-symmetry. In this section we investigate the parameter
space spanned by relevant and independent model parame-
ters which are compatible with relic density [78], direct and
indirect DM searches. Setting the mass of the SM-like Higgs
to 125 GeV, we scan the independent parameters of the model
in the following range:

|y2| ∈ [1.0 : 3.0] , |y′
2| ∈ [1.0 : 3.0] , |y4| ∈ [0.5 : 2.0] , |y′

4|
∈ [1.0 : 3.0] ,

ML1 ∈ [50 GeV : 500 GeV], ML2 ∈ [50 GeV : 500 GeV] ,

M5 ∈ [10 GeV : 500 GeV], M6 ∈ [10 GeV : 500 GeV] ,

M7 ∈ [10 GeV : 1 TeV], M8 ∈ [10 GeV : 500 GeV] ,

MH ∈ [500 GeV : 800 GeV], MH+ ∈ [500 GeV : 800 GeV] ,

MA ∈ [500 GeV : 800 GeV] . (20)

For the analysis, we derive the interactions, mass and mix-
ings in the model which is then implemented in FeynRules
[79]. The CALCHEP [80] model files obtained from
FeynRules is made compatible to use with micrOMEGAs
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Table 3 DM masses along with DM relic density, spin-dependent, spin-dependent cross-sections, thermally averaged annihilation cross-sections
and dominant annihilation modes for five benchmarks

Benchmark points MDM �DMh2 σSD σSI Annihilation cross-section Annihilation mode
(GeV) (cm2) (cm2) 〈σv〉 (cm3/s)

BP1 81.3 1.04 × 10−1 3.4 × 10−42 4.4 × 10−49 2.41 × 10−28 W+W−

BP2 90.7 7.7 × 10−2 3.6 × 10−43 2.2 × 10−49 5.67 × 10−27 W+W−

BP3 108.6 4.7×10−2 1.2 × 10−42 4.6 × 10−49 2.72 × 10−26 Z Z ( 63%)

W+W− (28%)

BP4 193.8 9.36 × 10−4 5.98 × 10−42 2.54 × 10−49 3.79 × 10−26 Z Z ( 53.8%)

W+W− (46.1%)

BP5 282.8 5.21 × 10−4 9.07 × 10−43 2.74 × 10−48 2.08 × 10−26 Z Z (52.5%)

W+W− (47%)

[81]. The DM observables like relic density (�DMh2)5, spin-
dependent (σSD) and independent cross-sections (σSI), ther-
mally averaged annihilation cross-sections (〈σv〉) etc. are
computed with the help of micrOMEGAs. The observed
relic abundance obtained from the PLANCK experiment [78]
lies in the band: 0.1166 ≤ �DMh2 ≤ 0.1206. Furthermore
the parameter space is also constrained by the bounds com-
ing from several direct detection experiments like LUX [82],
PANDAX-II [83], Xenon-1T [84], PICO [85], etc. and from
the indirect detection bounds coming from FERMI-LAT [86],
MAGIC [87] and PLANCK [78] experiments.

Having discussed what could be the possible constraints
coming from the DM sector, let us illustrate it more in
a model specific manner. The relic density can be com-
puted as the function of the thermally averaged DM pair
annihilation cross-sections. Since the lightest neutral VLL
N1 in this model is the admixture of SU (2) singlets and
doublets, it has couplings with both W± and Z -bosons.
Depending on the mass of DM, the s-channel pair annihi-
lation of the DM to W+W−, Z Z , Zh, hh, f f mediated by
h, H, A and Z -boson can occur. Besides, t-channel anni-
hilation to Z Z , Zh, hh (W+W−) via Ni , i = 1, 2, . . . , 8
(E±

j , j = 1, 2, .., 4) as mediator also contribute to the 〈σv〉.
In Table 3, we present five representative points BP1, BP2,

BP3, BP4 and BP5 with increasing DM mass, which satisfy
the relic density constraints as well as the direct and indi-
rect detection bounds. Corresponding values of σSI, σSD and
〈σv〉 are also tabulated in the same table. Since the DM is
Majorana-like, due to the Z -mediated process, for all the
benchmarks σSI < σSD. As mentioned earlier, from the
minimisation conditions of the scalar potential of the S3-
symmetric 2HDM, with m2

11 = m2
22 and m2

12 �= 0, tan β

is fixed to 1. Now H f f and A f f (“ f ” is SM fermion)
couplings being proportional to (cos β − sin β), vanish at

5 �DM is defined as the ratio of non-baryonic DM density to the critical
density of the universe and h is the reduced Hubble parameter (not to
be confused with SM Higgs h).

tan β = 1 limit. Thus s-channel annihilations into SM
fermions mediated by H or A are absent in this framework.
The only surviving s-channel annihilation to SM fermions is
mediated by h. For the first two points, since MN1 < MZ , the
DM pair dominantly annihilate into W+W−. After crossing
the Z Z -threshold, the major annihilation occurs to the final
state Z Z along with W+W−. Since the H, A-mediated s-
channel annihilation to W+W− and Z Z are forbidden at
alignment limit, t-channel annihilation to W+W− and Z Z
via E±

i becomes the major contributor. Moderate ZNi N j

couplings (with i �= j) participating in the annihilation come
out to be the main reason behind this dominance. To put this
in perspective, we list the dominant annihilation modes for
the aforementioned five benchmark points in Table 3 too.
We note that since the alignment limit is maintained natu-
rally in this model, the s-channel H, A-mediated processes
leading to W+W− and Z Z final state will not contribute to
〈σv〉. The scattering of DM with the nuclei within the detec-
tor material mediated by Z or h, gives rise to spin-dependent
and spin-independent cross-sections (σSD and σSI) respec-
tively, which in turn are constrained from direct detection
experiments. This forces hN1N1 and ZN1N1 couplings to
be small enough to circumvent the direct detection bound.
This is merely a choice and the smallness of the aforemen-
tioned couplings is achieved by tuning relevant parameters of
the model. Due to the Majorana nature of the DM, the WIMP-
nucleon cross-section is dominated by spin-dependent inter-
actions mediated by Z boson. Hence we have to consider the
direct detection bound on the σSD coming from the PICO
experiment [85].

In Fig. 1, we depict the variation of spin-independent
cross-section (σSI) with DM mass predicted by our model
(magenta curve). The black line and the green band corre-
spond to 90% confidence level (C.L.) and 2σ sensitivity pre-
dicted by Xenon-1T experiment. We can conclude that for the
dark matter mass range allowed by relic density constraint,
σSI are smaller and allowed by the experimental limit shown
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Fig. 1 Spin-independent cross-section of the proton as a function of the
DM mass in our model(magenta curve), and the experimental upper lim-
its from LUX(red curve) [82], PANDA-X(blue curve) [83], XENON1T
(dotted black curve with 90% C.L. and 2σ sensitivity bands (green
band)) [84]

Fig. 2 Spin-dependent cross-section of proton as a function of the DM
mass in our model (magenta curve), and the experimental upper bound
from PICO-60 [85] experiment

by the black line in Fig. 1. Therefore the spin-independent
cross-sections for all the chosen benchmarks evade the con-
straint coming from the direct detection experiments. As
mentioned earlier, the strongest bound on spin-dependent
cross-section comes from PICO experiment [85]. For the
chosen benchmark points, the spin-dependent cross-section
remain below the experimental limit as can be seen from
Fig. 2.

Indirect detection experiments look for annihilation of
the DM pair to SM particles through various channels that
could produce distinctive signatures in cosmic rays. In Fig. 3,
we show the variation of the thermally averaged annihila-
tion cross-section as a function of dark matter mass. The
magenta curve signifies the variation of annihilation cross-
section for our model. Combined results from the FERMI-
LAT and MAGIC experiments [87] are represented by the
dashed lines. Here the blue, black, red and green dashed

Fig. 3 Variation of thermally averaged annihilation cross-section with
DM masses. The magenta and the dashed curves represent the variations
of 〈σv〉 for the model and various annihilation cross-sections predicted
by combined results of FERMI-LAT and MAGIC experiments [87]
respectively. Colour coding is expressed in legends

curves show the variation of 〈σv〉 with DM masses for the
annihilation toμμ, ττ, bb andW+W− respectively. We find
that the parameter space characterised by our benchmarks
survive the bounds coming from the indirect detection exper-
iments. We however note that for the DM mass range of 100-
200 GeV lies quite close to the experimental bounds from the
indirect detection and may become sensitive to future data
from indirect detection experiments. We have also incorpo-
rated the experimental results obtained from PLANCK data
[78] in our analysis, though we have not shown it in Fig. 3. We
have checked that the curve representing our model in Fig. 3
lies well below the experimental limits from PLANCK.

5 Collider searches

In this section we focus on the collider phenomenology of
our model. We study the most likely signals of the model
that may manifest itself at the current and future runs of the
large hadron collider (LHC). As the model consists of an
extension of the spectrum in the electroweak and leptonic
sector, it becomes quite clear that the production of these
new exotic particles would be limited by their cross section
if they are too heavy. In fact, the limits on weakly interact-
ing BSM particles are still quite weak from LHC. In this
model, VLLs with unbroken Z2-symmetry have no mixing
with the SM fermions. Thus, the production of these VLL’s
will have to be in pairs and they would decay to a SM particle
and a lighter component of the VLL. We therefore focus on
the relatively lighter spectrum of the exotics whose lightest
neutral component is the DM candidate, represented by the
states for the five benchmark points (BP) shown in Table 3
and consistent with the DM phenomenology presented in the
previous section. The mass of the remaining VLL compo-
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Table 4 Masses of neutral and charged VLLs for five benchmarks

Benchmark MN1 MN2 MN3 MN4 MN5 MN6 MN7 MN8 ME±
1

ME±
2

ME±
3

ME±
4

points (GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV)

BP1 81.3 86.9 119.3 154.4 211.6 268.7 688.4 856.9 171.0 211.8 260.0 322.0

BP2 90.7 105.9 132.2 168.0 209.8 258.2 638.2 696.9 187.5 213.9 261.1 298.0

BP3 108.3 119.4 156.8 188.4 247.4 249.0 598.9 648.7 210.7 262.5 353.6 452.3

BP4 193.8 204.8 239.8 245.7 268.3 274.9 454.5 494.7 280.2 313.0 356.8 398.5

BP5 282.8 323.0 327.7 333.4 364.7 375.0 463.1 483.7 376.8 388.0 458.5 472.2

nents which correspond to the same five BP’s viz. MNi , with
i = 1, 2, . . . , 8 and ME±

j
with j = 1, 2, . . . , 4 are tabulated

in Table 4.
The pair production of the VLL would give rise to lepton

rich final states, that may include mono-lepton, di-leptons,
tri-leptons and four-leptons along with ET/ in the final states.
Note that in the absence of any mixing between the SM lep-
tons and VLL’s, the all hadronic multi-jet +ET/ is the domi-
nant signal. However this signal would be swamped by huge
SM backgrounds, which leads us to consider multi-lepton
final states starting with at least one charged lepton (e/μ)
as a more useful signal for this model. We shall perform
the analysis for the collider signals based on five benchmark
points (BP1, BP2, BP3, BP4, BP5) given in Table 4. We tab-
ulate the two-body and three-body decay branching ratios
of the charged and neutral VLLs in Appendix B (Tables 18
and 19 and 20). We must however note that for all bench-
mark points, the relative mass splittings among the mother
and daughter particles of the VLL in the cascade decays
are not very large, leading to a somewhat compressed spec-
trum. This would imply relatively softer decay products in
the final state for some of the benchmark points leading to
challenges in signal-background discrimination, as we will
see in our analysis. We therefore try to use machine learning
methods in a few channels to check what kind of improve-
ment one may achieve over the traditional cut-based analy-
sis.

To check that our choice of benchmark points do not con-
flict any existing LHC analysis in a given leptonic chan-
nel, we validate these points against existing multi-lepton
searches by the ATLAS and CMS collaborations. For exam-
ple, the final state containing 1� + ET/ originated from the
decay of W ′ has been studied by ATLAS at

√
s = 8 TeV

and integrated luminosity of 20.3 fb−1 in [54], with a sim-
ilar study carried out by CMS both at

√
s = 8 TeV and 13

TeV [55,56]. The electroweak production of charginos and
sleptons decaying into final states with �+�− + ET/ has been
explored by ATLAS at 13 TeV LHC [57]. Similarly search
results for 3� + ET/ final state arising from the decay of
pair produced chargino-neutralino with degenerate masses
(with mass splitting at electroweak scale) has been reported

by ATLAS at
√
s = 13 TeV in Ref. [59] ( [58]). In addi-

tion, search for the more robust final state with four or more
charged leptons in supersymmetric framework by ATLAS at
13 TeV LHC has also been summarised in Ref. [60]. Finally, a
detailed study of the multi-lepton final state coming from the
decay of doubly- and singly-charged Higgs bosons has also
been performed by ATLAS at 13 TeV LHC [61]. Although
the above studies are in context of other BSM scenarios, the
overlap with our signal topology allows us to use these stud-
ies to check whether our representative points are allowed or
not. The checks have been performed for the five benchmarks
using the mono-lepton [88], di-lepton [89] and multi-lepton
[90] searches in Madanalysis5 [91–96].

For the chosen benchmark points, we implement the
model using FeynRules [79], which gives the required UFO
that is fed in MG5aMC@NLO [97] to generate the signal and
background events with the cross-section at the leading order
(LO).

The LO production cross-sections at the LHC for signal
and SM backgrounds are calculated using the NNPDF3.0
parton distribution functions (PDF). To simulate the show-
ering and hadronisation, the parton level events are passed
through Pythia8 [98]. Finally, we implement the detec-
tor effects in our analysis using the default CMS detector
simulation card for LHC available in Delphes-3.4.1
[99]. For jet reconstruction, the anti-kt clustering algorithm
has been used throughout. Besides the traditional cut-based
analysis to compute the signal significance, more sophis-
ticated technique, i.e. Decorrelated Boosted Decision Tree
(BDTD) algorithm is used for improvement. For such analy-
sis, the Toolkit for Multivariate Data Analysis (TMVA) pack-
age [100] has been used. Details of the package will be dis-
cussed later in Sect. 5.1. The signal significance S is derived

using S =
√

2
[
(S + B) log

(
S+B
B

)
− S

]
, with S(B) denot-

ing the number of signal (background) events surviving the
cuts applied on the kinematical variables. The number of
signal (S) and the background (B) events can be calculated
as:

S(B) = σS(B) × L × εS(B) , (21)
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where σS(B), L, εS(εB)6 denote the signal (background)
cross-section, integrated luminosity and signal (background)
cut-efficiency respectively. Following this strategy, let us pro-
ceed to perform the collider analysis of the aforementioned
channels at 14 TeV high luminosity (HL)-LHC.

5.1 Mono-lepton final state

To include all possible processes leading to a signal con-
taining mono-lepton and missing transverse energy (ET/ ) in
the final state, we take into account the pair production and
associated production of the VLL’s:

pp → E+
i E−

j

pp → NkNm

pp → E±
i Nk (22)

where i, j = 1 . . . 4 and k,m = 1 . . . 8. Following the decay
cascades listed in Appendix B, of all the final states arising
from the decay of VLLs, we choose the final states yielding
one lepton �1 (electron or muon) with a minimum transverse
momentum p�1

T > 10 GeV and reject any additional lepton
with p�

T ≥ 10 GeV. We also put veto on any hadronic activity

by rejecting all jets with p j
T > 20 GeV. This ensures that the

signal consists of a single charged lepton with p�1
T > 10 GeV

and ET/ .
The irreducible SM background for this final state is the

W boson mediated pp → �ν, with � = e, μ. There can
be additional contributions from the di-boson productions,
such as W± Z , W+ W− and Z Z , which yield one or more
charged leptons in the final state if only leptonic decays are
allowed and where the additional charged leptons are missed.
Similarly, the multi-jet QCD background could also be a
source of the mono-lepton background provided one of the
jets is mis-tagged as a charged lepton. Although the probabil-
ity of mis-identifying a jet as a charged lepton is rather small
(� 10−5) [101], the sheer size of the QCD cross section
makes it non-negligible. However, we also require a large
missing transverse energy in the final state along with a jet
veto which helps in suppressing the QCD background to neg-
ligible values. Thus in the study, we can afford to ignore this
background completely.

To generate the signal and backgrounds, we apply the fol-
lowing criterion to identify the isolated objects (� Ri j >

0.4):

p j
T > 20 GeV, |η j | < 5.0,

p�
T > 10 GeV, |η�| < 2.5, (23)

6 ε = Number of events surviving after applying cuts
Total number of events generated .

Table 5 The LO cross-sections for the signal pp → 1� + ET/

Benchmark points Cross − section( f b)

BP1 71.57

BP2 53.30

BP3 22.25

BP4 4.74

BP5 2.58

In Table 5, the cross-sections of the signal (pp → 1� + ET/ )
for the chosen benchmark points are tabulated for 14 TeV
LHC.

To perform the cut-based analysis, we apply the following
selection cuts on chosen kinematic variables to disentangle
the signal from SM backgrounds:7

• A1: From Fig. 4a it can be seen that the pT -distribution of
the lepton for the SM background coming from the decay
of W boson has the sharp Jacobian peak at ∼ MW /2,
whereas the corresponding distribution is smeared for the
signal where the charged lepton comes from the cascade
decays of the heavy VLLs. However, a large part of the
signal overlaps where the background peaks. Thus we
demand that the charged lepton has a minimum transverse
momentum p�

T > 20 GeV to exclude a significant part
of the sharply peaked background (magenta line) without
losing too many signal events.

• A2: A lower cut on the missing transverse energy, i.e.
ET/ > 60 GeV helps to reduce the background drastically
as the ET/ distribution for the background (magenta line)
in Fig. 4b peaks sharply at lower value than the signal.
Unlike the background where the neutrinos carry most of
the imbalanced missing transverse energy, the signal gets
contributions from neutrinos as well as from the much
massive DM candidate (N1) which is the end-product of
all cascades giving rises to a much larger ET/ in the signal
distribution.

• A3: The next kinematic variables used for separating sig-
nal from background is transverse mass (MT ) which is
defined as [56],

MT =
√

2p�1
T ET/ (1 − cos �φ�1,ET/ ) (24)

where �φ�1,ET/ is the azimuthal angle between the lepton
and ET/ . In Fig. 4c, the MT distribution sharply peaks
around MW for the background as expected, while the
signal has a comparatively smeared distribution. Thus

7 We plot the relevant kinematic distributions for only BP1 and BP3
as representative points while only the dominant SM background via
pp → W± → �±ET/ which is ∼ O(104) bigger than the rest is shown.
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Fig. 4 Normalised distributions of (a) p�1
T , (b) ET/ , (c) MT , and (d) Meff for 1� + ET/ channel at 14 TeV HL-LHC

we demand MT > 100 GeV to eliminate the sharp back-
ground peak which in turn enhances the signal signifi-
cance.

• A4: Distribution of Meff is depicted in Fig. 4d. Meff is
defined by the scalar sum of the lepton pT and ET/ . We
find that putting a lower cut Meff > 110 GeV for all the
benchmark points helps enhance the signal over back-
ground.

We summarize the cut flow for both signal and background
and calculate the signal significances for all five benchmarks
in Table 6. The table also shows the efficacy of the applied
cuts for enhancing the signal significance. With 3 ab−1 inte-
grated luminosity BP1, BP2 and BP3 can be probed with sig-
nificances 7.0, 5.3, 2.4 respectively. Remaining two bench-
marks BP4 and BP5 yield negligible significances owing to
small signal cross-sections.

Having completed the cut-based analysis, we now proceed
to perform the multivariate analysis (MVA) using Decorre-
lated Boosted Decision Tree (BDTD) algorithm within the

Toolkit for Multivariate Data Analysis (TMVA) framework,
with the hope of improvement in signal significance com-
pared to the cut-based one. Before doing the BDTD analysis
of the channels, let us present a brief overview of the method.

To classify the signal-like or background-like events, deci-
sion trees are used as classifier. One discriminating vari-
able with an optimised cut value applied on it is associated
with each node of the decision tree, to provide best possi-
ble separation between the signal-like and background-like
events depending on the purity of the sample. Within TMVA,
this can be done by tuning the BDTD variable NCuts.
The training of the decision trees starts from the root node
(zeroth node) and continues till a particular depth specified
by the user is reached. This particular depth is termed as
MaxDepth. Finally from the final nodes or the leaf nodes
an event can be specified as signal or background according to
their purity. 8 An event can be tagged as signal (background)
when p > 0.5 (p < 0.5).

8 The purity p can be defined as: p = S
S+B .
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Table 6 The cut-flow for signal and backgrounds along with the significances for BP1, BP2, BP3, BP4 and BP5 at 14 TeV HL-LHC for 3 ab−1

integrated luminosity for the pp → 1� + ET/ channel

Number of events after cuts (L = 3 ab−1)

SM-background A1 A2 A3 A4

W± → �± + ET/ 3.17 × 1010 9.46 × 107 6.89 × 107 4.47 × 107

W+W− 4.3 × 106 654237 559027 431371

Z Z 377693 92344 84679 70205

W±Z 546222 110314 105889 86382

Signal Significance (S)

BP1 177662 58170 56161 47184 7.0

BP2 133266 44078 42216 35382 5.3

BP3 54678 20253 19481 16587 2.4

BP4 11840 3804 3568 2926 0.4

BP5 6593 2506 2399 2051 0.3

Now the decision trees are termed as weak classifiers as
they are prone to statistical fluctuations of the training sam-
ple. To circumvent this problem, one can combine a set of
weak classifiers into a stronger one and create new deci-
sion trees by modifying the weight of the events. This pro-
cedure is termed as Boosting. For this analysis, we choose
Adaptive boost with the input variables transforming in a
decorrelated manner, since this is very useful for weak classi-
fiers. In TMVA it is implemented as Decorrelated AdaBoost.
Several BDTD parameters like the number of decision trees
NTrees, the maximum depth of the decision tree allowed
MaxDepth, the minimum percentage of training events in
each leaf node MinNodeSize and NCuts for five bench-
marks of our analysis have been tabulated in Table 7. To
avoid over training of the signal and background samples, the
results of the Kolmogorov–Smirnov test, i.e. Kolmogorov–
Smirnov score (KS-score) should always be > 0.19 and stable.

According to the degree of discriminatory power between
the signal and backgrounds, following are the kinematic vari-
ables of importance :

MT , Meff , ET/ (25)

These relevant kinematic variables are constructed for each
and every channel to discriminate between the signal and the
backgrounds.

Figure 5 shows the KS-scores for both signal (blue distri-
bution) and backgrounds (red distribution) for two represen-
tative benchmark points BP1 and BP3. For convenience, we
have tabulated the KS-scores for both signal and background
in the sixth column of Table 7 for all benchmark points. To
make the KS-score stable, one can tune the BDTD param-

9 KS-score > 0.01 will also serve the purpose if it remains stable even
after changing the internal parameters of the algorithm.

eters given in Table 7. With the aforementioned discrimi-
nating variables at hand, we tune the BDT cut value (BDT
score) in such a way that the significance is maximized. We
plot the Receiver’s Operative Characteristic (ROC) curve for
all benchmarks in Fig. 6a10, which classifies the degree of
rejecting the backgrounds with respect to the signal. Vari-
ation of the signal significance with BDT cut value for all
the benchmarks are shown in Fig. 6b. It can be clearly seen
that the signal significance attains a maximum value for each
benchmark at a particular value of BDT score.

Signal and background yields with 3 ab−1 integrated
luminosity after performing BDTD analysis have been tab-
ulated in Table 8. The significances for BP1, BP2, BP3,
BP4 and BP5 are 7.8, 5.9, 2.6, 0.5 and 0.4 respectively. It
becomes quite clear that compared to the cut-based anal-
ysis, the signal significances get typical improvements of
11.4 %, 11.3 %, 8.3 %, 25 % and 33.3 % for BP1, BP2,
BP3, BP4 and BP5 respectively. An integrated luminosity
of ∼1232 fb−1 is required to achieve 5σ significance for
BP1 after performing the BDTD analysis.

5.2 Di-lepton final state

We now consider the final states containing same or different
flavour and opposite sign (OS) di-leptons along with ET/ that
can arise from the following subprocesses in our model:

pp → E+
i E−

j , E±
i, j → �±N1

pp → N1Nk, Nk → N1�
+�− (26)

where i, j = 1, 2, . . . 4, k = 2, 3, . . . 8. The dominant signal
contribution comes from the pair production of the charged

10 ROC curve is a plot of signal efficiency (εS) vs. efficiency of rejecting
the backgrounds (1 − εB), εB being the background efficiency.
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Table 7 Tuned BDT parameters for BP1, BP2, BP3, BP4 and BP5 for the 1� + ET/ channel

NTrees MinNodeSize (%) MaxDepth nCuts KS-score for Signal(Background)

BP1 120 4 3.0 40 0.328 (0.256)

BP2 100 1 3.0 40 0.017 (0.502)

BP3 120 4 3.0 40 0.176 (0.105)

BP4 120 4 3.0 40 0.102 (0.607)

BP5 120 4 3.0 40 0.213 (0.087)
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Fig. 5 KS-scores corresponding to a BP1 and b BP3 for 1� + ET/ channel

Fig. 6 a ROC curves for chosen benchmark points for 1� + ET/ channel. b Variation of significance with BDT-score for 1� + ET/ channel

VLLs followed by their decay to DM and a lepton. Produc-
tion of the vector like neutrino along with the DM can also
give rise to the similar final state albeit small cross-section.
However for the sake of completeness we take into account
all such processes that may give rise to a di-lepton final state.

The major SM background for the signal comes from the
inclusive 2�+ ET/ process which includes contributions from
W+W− and Z Z pair production. Due to large cross-section,
t t followed by the leptonic decay of top-quark (leading to
2b+ 2�+ ET/ final state) also contributes as one of the major
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Table 8 The signal and background yields at 14 TeV-LHC with 3 ab−1 integrated luminosity for BP1,BP2, BP3, BP4 and BP5 along with signal
significances for the pp → 1� + ET/ channel after performing the BDTD analysis

Benchmark point Signal yield Background yield Significance

BP1 71148 8.24 × 107 7.8

BP2 47827 6.62 × 107 5.9

BP3 20514 6.25 × 107 2.6

BP4 3816 6.75 × 107 0.5

BP5 1995 2.52 × 107 0.4

Table 9 The LO cross-sections for the signal pp → 2� + ET/

Signal Cross-section (fb)

BP1 14.48

BP2 7.39

BP3 3.19

BP4 1.82

BP5 0.58

background. Even after a b-jet veto along with a jet-veto, the
small fraction of events surviving from the t t process can
still lead to a significant number of events in the 2� + ET/

final state. In addition, processes with smaller cross-sections
such as W±Z , and W+W−Z followed by the leptonic decay
of W± and Z can also be a possible source of background
for the 2� + ET/ final state, if one or more leptons escape
detection. For the analysis, we consider the above three SM
subprocesses as major contributions to the SM background.
In Table 9 the LO signal cross-sections for the di-lepton final
state are tabulated for all our benchmark points.

To generate the signal and backgrounds we apply the same
set of generation cuts as mentioned in Sect. 5.1. We select
events with exactly two charged leptons with p�

T > 10 GeV
and |η�| < 2.5 and reject any additional lepton with p�

T > 10
GeV. To ensure a hadronically quiet final state, we veto all
light-jets, b-jets and τ -jets with pT > 20 GeV. We then anal-
yse the signal containing OS di-leptons and compute the sig-
nal significance using traditional cut-based method. To dif-
ferentiate our signal from the SM background, we focus on
the following kinematic variables: p�1

T , p�2
T , ET/ and invariant

mass of two OS same or different flavoured leptons M�+�− .
We define the cuts applied on them as B1, B2, B3, B4 respec-
tively and we describe them below:

• B1: In Fig. 7a, b, we depict normalised pT distribution
for the leading and sub-leading leptons �1 and �2 for both
signal and SM background. In can be seen that
the distributions have a significant overlap owing to their
origin being from W decay. Thus we apply p�1

T > 20
GeV suppress the SM backgrounds.

• B2: The normalised distribution of missing transverse
energy is shown in Fig. 7c. The ET/ distributions for the
BP1 and BP3 (green and blue lines) are much harder as
in the mono-lepton case. Thus we demand ET/ > 40
GeV, which helps to reduce the 2� + ET/ background. As
the mass splitting between the VLLs become smaller for
heavier DM, the ET/ distribution is shifted towards the
softer side.

• B3: The normalised distribution of M�+�− is shown in
Fig. 7d. The distribution for the WZ background (red
line) shows a peak at MZ , since two same flavour oppo-
site sign leptons out of the three in the final state, orig-
inate from the Z -boson decay. As the signal does not
have a Z peak in its distribution, we reject events 75 <

(M�+�−)1,2 < 105 GeV to exclude the Z -peak. This cut
helps in suppressing the WZ background. Along with,
we also demand (M�+�−)1,2 > 12 GeV to reduce the
Drell–Yan background contribution [102].

We sum up the number of surviving signal and background
events after applying the aforementioned cuts in Table 10. It
can be seen that with 3 ab−1 integrated luminosity, the sig-
nificance reach for BP1 and BP2 is 6.7 and 2.5 respectively.
The search prospect of this channel at the same integrated
luminosity for BP3, BP4 and BP5 is considerably poor with
the signal significances being 1.3, 0.8 and 0.3 respectively,
owing not only to the small signal production cross-sections
but also to the huge SM background which is not reducible.
Note that for the di-lepton channel, the signal and background
distributions have significant overlap in most kinematic vari-
ables, which makes it somewhat difficult to suppress the
backgrounds without reducing the signal events.

After discussing the cut-based analysis, let us move on to
the multivariate (BDTD) analysis, which improves the signal
significance by enhancing the discriminatory power between
the signal and the backgrounds. For this analysis, we consider
the following kinematic variables with maximal discerning
ability:

M�+�− , ET/ , p�1
T , �R�1�2 (27)
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Fig. 7 Normalised distributions of p�1
T , p�2

T , ET/ , M�1�2 for 2� + ET/ channel at 14 TeV HL-LHC

Table 10 The cut-flow for signal and backgrounds for 2� + ET/ channel along with the significance for BP1, BP2, BP3, BP4 and BP5 at 14 TeV
LHC for 3 ab−1 integrated luminosity

Number of events after cuts (L = 3 ab−1)

SM-background B1 B2 B3

2� + ET/ 2197304 1072431 751683

t t leptonic 184414 134828 105741

W±Z 71918 38373 17819

Signal Significance (S)

BP1 11623 8169 6253 6.7

BP2 5058 3368 2366 2.5

BP3 2152 1598 1210 1.3

BP4 1480 1059 794 0.8

BP5 464 327 244 0.3
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Table 11 Tuned BDT parameters for BP1, BP2, BP3, BP4 and BP5 for the channel 2� + ET/

NTrees MinNodeSize MaxDepth nCuts KS-score for Signal(Background)

BP1 110 3 % 2.0 40 0.231(0.44)

BP2 110 4 % 2.0 40 0.15(0.482)

BP3 110 3 % 2.0 40 0.017(0.018)

BP4 110 3 % 2.0 40 0.016(0.22)

BP5 100 3 % 2.5 35 0.914(0.462)
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Background (training sample)
Kolmogorov-Smirnov test: signal (background) probability = 0.231 ( 0.44)

TMVA overtraining check for classifier: BDTD
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Fig. 8 KS-scores corresponding to a BP1 and b BP3 for 2� + ET/ channel
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Fig. 9 a ROC curves for chosen benchmark points for 2�+ ET/ channel. b BDT-scores corresponding to BP1, BP2, BP3, BP4 and BP5 for 2�+ ET/

channel

Using these variables we train the signal and backgrounds so
that the signal significance is maximized.

We present the set of tuned BDT parameters for all the
benchmarks in Table 11 to make the KS-score stable follow-
ing the criteria mentioned in Sect. 5.1. The KS-scores for BP1
and BP3 (both for signal and background) are given in Fig. 8.

In the sixth column of Table 11 KS-scores for all benchmarks
have been quoted. Having fixed the KS-score, we next pro-
ceed to tune the BDT score to yield maximum significance.
Background rejection efficiency vs. signal efficiency have
been plotted in the ROC curves in Fig. 9a using the afore-
mentioned kinematic variables. From the ROC curves of the
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Table 12 The signal and background yields at 14 TeV-LHC and 3 ab−1 integrated luminosity for BP1, BP2, BP3, BP4 and BP5 along with signal
significances for the pp → 2� + ET/ channel after the BDTD analysis

Benchmark point Signal yield Background yield Significance

BP1 12515 2.58 × 106 7.8

BP2 6271 2.48 × 106 4.0

BP3 2552 2.39 × 106 1.7

BP4 1272 1.97 × 106 0.9

BP5 507 2.53 × 106 0.32

2� + ET/ channel, it is evident that the background rejection
efficiency is somewhat poor compared to the 1� + ET/ chan-
nel. The significances have been plotted against BDT score
for all benchmarks in Fig. 9b.

Signal and background yields with 3 ab−1 integrated lumi-
nosity for our chosen benchmark points along with the sig-
nificances are listed in Table 12. From Table 12 it can be
inferred that the signal significance has improved a bit com-
pared to the cut-based counter part. For BP1, BP2, BP3,
BP4 and BP5 the improvements in signal significance are
16.4%, 60.0%, 30.8%, 12.5% and 6.7% respectively.

5.3 Tri-lepton final state

The tri-lepton final state can originate from the following
subprocesses:

pp → E±
i N j ,

E±
i → W±N1, W± → �±ν�

N j → N1�
+�−,

with i = 1, 2, 3, 4, j = 2, 3, 4, . . . , 8. (28)

We generate the events with tri-lepton final state using the
same generation-level cuts and following the method dis-
cussed in Sect. 5.1. Among all possible decay products of the
pair produced neutral and charged VLLs, we select only those
events which have three charged leptons and missing trans-
verse energy in the final state. We consider pp → 3� + ET/

with zero jets as the dominant irreducible SM background for
our signal, which includes both on-shell and off-shell contri-
butions from diboson and triboson production. In addition,
the pair production of Z boson where Z Z → 4� can also give
rise to a similar final state if one of the leptons is missed. All
LO cross-sections for this signal and backgrounds at 14 TeV
LHC are given in Table 1311.

For this channel with more leptons, which is cleaner with
smaller SM background, we restrict ourselves to the cut-

11 Before proceeding towards the analysis at 14 TeV, we first validate
the chosen benchmarks using the existing search for chargino-neutralino
pair production in final states with three leptons and missing transverse
momentum at

√
s = 13 TeV performed by the ATLAS detector [59].

Table 13 The cross-sections for the signal pp → 3� + ET/

Signal Process at LHC LO cross-section (fb)

BP1 1.63

BP2 0.60

BP3 pp → 3� + ET/ 0.49

BP4 0.18

BP5 0.064

based analysis only. To discriminate the signal from back-
ground, we demand our final state to have exactly three
charged leptons with p�

T > 10 GeV out of which two leptons
are of the same sign and the third lepton is of opposite sign.
Among these three leptons, at least two are expected to be of
same flavour. We also impose b-jet veto (reject pT (b) > 20
GeV) to eliminate the b-jets in the final state coming from the
t t background. Next we identify a few kinematic variables
which would help to discriminate the signal from background
as follows:

• C1: Out of two same sign leptons and one opposite sign
lepton in the final state, one can construct two invariant
mass system (M�+�−)1,2, considering one same and one
opposite sign lepton at a time. Demanding ((M�+�−)1,2 <

75 GeV and (M�+�−)1,2 > 105 GeV one can get rid of the
Z -peak, which in turn reduces theW±Z , Z Z background
drastically. We also impose a lower cut (M�+�−)1,2 > 12
GeV to suppress the Drell–Yan background [102].

• C2: We define a variable Meff as the scalar sum of all
the lepton pT ’s and the ET/ . In Fig. 10a the distribution
of 3� + ET/ background (magenta line) is flatter and
smeared with respect to the distributions of the signal
(green and blue lines) and other background Z Z (brown
line). Setting Meff < 500 GeV helps in reducing the
background.

• C3: Since the background Z Z does not have ET/ in the final
state explicitly, corresponding ET/ distribution peaks at
lower value than the signal as can be seen from Fig. 10b.
Thus a minimum cut of ET/ > 30 GeV helps to reduce the
Z Z background drastically as can be found in Table 14.
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Fig. 10 Normalised distributions of Meff , ET/ , pvector
T,tot , pscalar

T,tot , �φ�1,ET/ for 3� + ET/ channel at 14 TeV HL-LHC
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Table 14 The cut-flow for signal and backgrounds along with the significance for BP1, BP2, BP3, BP4 and BP5 at 14 TeV LHC for 3 ab−1

integrated luminosity for the pp → 3� + ET/ channel

Number of events after cuts (L = 3 ab−1)

SM-background C1 C2 C3 C4 C5

3� + ET/ 129968 74974 64107 19530 13879

Z Z → 4� 6142 6117 520 308 270

Signal Significance (S)

BP1 2793 2732 2242 1376 1316 11.1

BP2 955 951 808 549 533 4.5

BP3 746 717 616 447 415 3.5

BP4 324 310 263 160 147 1.2

BP5 117 114 94 61 28 0.5

• C4: We choose the vector sum of three leptons (pvector
T,3� )

and the scalar sum of the same (pscalar
T,3� ) and show their

distributions in Fig. 10c, d respectively. We find that kine-
matic selections of pvector

T,3� < 200 GeV and pscalar
T,3� < 250

GeV helps to reduce the 3� + ET/ background efficiently.
• C5: We also construct the azimuthal angle between the

unpaired third lepton out of total three leptons in the final
state and ET/ as �φ�,ET/ . Corresponding distributions are
shown in Fig. 10e. We find that the choice �φ�,ET/ >

1.5 on the events help in eliminating the SM background
further.

The number of events for signal and background, surviv-
ing after imposing the selection cuts on the aforementioned
variables with 3 ab−1 integrated luminosity are quoted along
with the significances in Table 14. For the five benchmarks
BP1, BP2, BP3, BP4, BP5, using the cut-based analysis, the
signal significances are 11.1, 4.5, 3.5, 1.2, 0.5 respectively.
This is a substantial improvement over the previous two final
state topologies considered earlier. In fact for BP1, L ∼ 609
fb−1 of integrated luminosity is enough to achieve a 5σ sig-
nificance in the tri-lepton channel.

5.4 Four-lepton final state

In this section, we analyse the final state comprising of 4� +
ET/ . The 4� + ET/ final state for the signal can be obtained
from the following processes:

pp → Ni Ni , Ni → N1�
+�−, with i = 2, 3, . . . 8. (29)

The events are generated using the same generation-level
cuts and following the same method discussed in Sect. 5.1.
The most dominant SM background [60] that gives rise to
the similar final state is VVV, (V = W±, Z ). The next irre-
ducible background that follows the signal is Z Z → 4�. In

Table 15 The LO cross-sections for the signal pp → 4� + ET/

Signal Process at LHC LO cross-section σ (fb)

BP1 0.054

BP2 0.033

BP3 pp → 4� + ET/ 0.02

BP4 0.008

BP5 0.003

principle, t t Z can also mimic the signal, but putting a b-veto(
rejecting pT (b) > 20 GeV) kills the background. The other
SM process Z+2 jets also results in the same topology if the
jets are mis-tagged as leptons. However, we find out that this
background can be reduced considerably when proper ET/ cut
is applied. Due to large cross-section, t t could also be a pos-
sible background. But demanding four lepton with p�

T > 10
GeV and putting a b-jet veto reduces the background drasti-
cally. Thus from now on we shall only consider the dominant
background VVV and Z Z → 4� 12. In Table 15 we have
tabulated the LO cross-sections for signal and background at
14 TeV LHC.

To disentangle the signal and background, we select four
leptons with p�

T > 10 GeV and |η�| < 2.5 and reject any
additional charged lepton satisfying the same. We also apply
a veto on light-jets and b−jet in the final state. We consider
the following set of kinematic variables to improve the the
signal sensitivity over the background:

• D1: Out of total four leptons in the final state, we first
select two pairs of leptons (pairwise of same flavour
and opposite sign), performing all possible combina-
tions. Then we calculate the invariant mass of the pairs

12 The chosen benchmarks are also validated with an existing study by
ATLAS at

√
s = 13 TeV [60].
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Table 16 The cut-flow for signal and backgrounds along with the significances for BP1, BP2, BP3, BP4 and BP5 at 14 TeV HL-LHC for 3 ab−1

integrated luminosity for the pp → 4� + ET/ channel

Number of Events after cuts (L = 3 ab−1)

SM-background D1 D2 D3

VVV 27 24 15

Z Z → 4� 5015 12 6

Signal Significance (S)

BP1 111 61 61 10.1

BP2 64 40 40 7.1

BP3 32 28 28 5.2

BP4 23 18 17 3.2

BP5 8 5 5 1.0

Table 17 Significance reach with 3 ab−1 luminosity for all the five benchmark points for mono-lepton, di-lepton, tri-lepton and four lepton channel
respectively

Significance reach with 3 ab−1 luminosity

Benchmark points mono-lepton di-lepton tri-lepton four-lepton

BDTD (Cut-based) BDTD (Cut-based)

BP1 7.8 (7.0) 7.8 (6.7) 11.1 10.1

BP2 5.9 (5.3) 4.0 (2.5) 4.5 7.1

BP3 2.6 (2.4) 1.7 (1.3) 3.5 5.2

BP4 0.5 (0.4) 0.9 (0.8) 1.2 3.2

BP5 0.4 (0.3) 0.32 (0.3) 0.5 1.0

and compare whether they are close to MZ or not. Con-
sidering the invariant mass of the first and second pair
as (M�+�−)1,2 respectively, we reject all events where
105 > (M�+�−)1,2 > 75 GeV to exclude the Z -peak
of Z Z -background. For the signal, the four charged lep-
tons are not produced from the decay of two Z -bosons,
which makes this cut very useful in boosting the signal
significance.

• D2: For the Z Z -background, the only source of ET/ is
the mis-tagging of one or more leptons and so the ET/

distribution for the dominant Z Z background peaks at
lower value than the signal which is expected as the ET/ in
Z Z process mainly comes from mis-measurements. The
VVV background on the other hand would still have a
substantial overlap with the signal distribution which has
a softer ET/ due to the compression in the spectrum which
leads to the cascade decays. Thus we choose a moderately
low cut of ET/ > 30 GeV which helps to reduce the Z Z
background significantly while not killing too many of
the signal events as we can see in Table 16.

• D3: We define the kinematic variable Meff as the sum of
the transverse momenta of four leptons and ET/ . The back-
ground in this case seems to have a longish tail compared

to the signal. To exclude the tail of the Meff distribution
of the Z Z -background
we demand Meff < 500 GeV to enhance the signal sig-
nificance.

The cuts applied on the aforementioned kinematic vari-
ables along with the significances are listed in Table 16. For
the five benchmarks, the significances at the integrated lumi-
nosity 3 ab−1 are 10.1, 7.1, 5.2, 3.2, 1.0 respectively. Note
that the first four benchmarks seem to achieve a significance
> 3σ (the first three having S > 5σ ). Thus we find that the
higher lepton multiplicity of the final states tend to achieve
a more significant signal sensitivity in our model which is
expected due to the addition of vector like fermions which
decay to charged leptons.

Before concluding this section, let us present a compara-
tive study among all the aforementioned channels according
to the degree of performance. For convenience, we have tab-
ulated the signal significances corresponding to all BPs for
all channels at an integrated luminosity 3 ab−1 in Table 17.
For 1� + ET/ and 2� + ET/ channels we present the signal
significances both for by the BDTD and cut-based analysis,
whereas for 3� + ET/ , 4� + ET/ channels we present the
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significances obtained from the cut-based analysis only. For
all the benchmarks and all the channels there exist a generic
pattern, which shows that the signal significance goes down
with increasing DM masses. As mentioned earlier, smaller
signal cross-section for larger DM masses are accountable
for this particular pattern. According to the degree of per-
formance, the 4� + ET/ channel fares the best among all
for BP2, BP3, BP4 and BP5. With 3 ab−1 luminosity, first
four benchmark points can be probed with significance > 3σ .
Next better performing channel after 4� + ET/ is 3� + ET/

for last four benchmarks. In fact for BP1, 3� + ET/ channel
turns out to be best performing with signal significance 11.1
at 3 ab−1 integrated luminosity. For 1� + ET/ and 2� + ET/

channel the significance for BP1 are 7.0 and 6.7 respectively
with cut-based analysis, which is improved to 7.8 using the
BDTD analysis.

6 Conclusion

In this work, we extend the S3-symmetric 2HDM with
two generations of VLLs. The introduction of two gen-
erations of VLLs in the minimal version of the model
is essential to ensure S3-symmetric Yukawa Lagrangian.
Since the VLLs are odd under the imposed Z2-symmetry
and the SM fermions are even under the same, the mix-
ing between the SM leptons and the VLLs is forbidden.
Thus we end up with a dark sector in our model which
talks to the SM matter fields only through the SM force
mediators and the scalar sector. In this set up, the lightest
neutral VLL mass eigenstate serves as a viable DM candi-
date.

Having satisfied the constraints like perturbativity, vac-
uum stability, electroweak precision data and Higgs sig-
nal strength, we show that a large portion of parameter
space spanned by the model parameters is allowed from the
observed relic density, direct and indirect detection exper-
iments. We choose five representative points BP1, BP2,
BP3, BP4 and BP5 according to the low, medium and high
DM masses to perform the collider analysis of some par-
ticular channels with 1� + ET/ , 2� + ET/ , 3� + ET/

and 4� + ET/ in the final state at 14 TeV HL-LHC. We
must point out here that our choice of benchmarks for
the LHC analysis only represents a part of the parameter
space allowed by DM data, as it gives a relatively lighter
spectrum which can give appreciable signal sensitivity to
our model at LHC. To highlight this, we have chosen a
benchmark point (BP5) which represents a point near the
threshold (for the spectrum) which will be out of reach
at LHC, even with the very high luminosity (vHL-LHC)
option.

To start with, we first analyse the final state containing
1�+ ET/ , which can originate from the pair production of the

charged VLLs and neutral VLLs as well as from the associ-
ated production of the charged and neutral VLLs. The major
background for this channel is pp → W± → 1�± + ET/ .
With traditional cut-based analysis, we show that with 3 ab−1

luminosity BP1 and BP2 can be probed with significance
> 5σ , which in turn improves with multivariate (BDTD)
analysis. Next we move on to perform the collider analysis
of the final state comprising of 2� + ET/ (di-lepton along
with missing transverse energy), which mainly comes from
the pair production of the charged VLLs and neutral VLLs
individually. The main background is pp → 2� + ET/

which takes care of W+W−, Z Z pair production. t t and
W±Z also contribute as subdominant SM background for
the di-lepton channel. After performing cut-based analysis
we find that only BP1 can be probed with a significance
> 5σ while the sensitivity in the di-lepton channel dimin-
ishes for the rest of the benchmarks. The primary reason for
this is the fact that the mass splittings amongst the VLL’s is
not too large which leads to a relatively compressed spec-
trum. The resulting decay products in the cascade are there-
fore not very hard, leading to a significant overlap of the
kinematic distributions with that of the SM background.
This led to less signal significance in the di-lepton mode,
though it can be improved marginally with a BDTD analy-
sis. The final state containing tri-lepton with missing trans-
verse energy can be generated from the associated produc-
tion of the charged and neutral VLLs. Corresponding irre-
ducible background originates from pp → 3� + ET/ pro-
cess. The situation is found to improve here as the SM back-
ground is now smaller compared to the di-lepton final state.
With simple cut-based analysis we find out that with 3 ab−1

luminosity, BP1 can be probed with significance > 10σ ,
while now even BP3 has a > 3σ sensitivity. The situation
improves further with an increase in charged lepton multi-
plicity, which we show with the analysis of 4� + ET/ final
state, arising mostly from neutral VLL pair production. The
major SM background for this process is pp → Z Z → 4�

and pp → V V V (V ≡ W, Z) which have small cross-
sections. We find that now the four benchmark points can be
probed with significance > 3 σ with 3 ab−1 integrated lumi-
nosity. Thus comparing all four channels of the multi-lepton
final states we find that 4� + ET/ channel turns out to be the
most promising among all owing to it being the most clean
and background free final state.

We conclude our discussion by stating that this model
can provide a viable Majorana type DM candidate and
that a part of the allowed parameter space (with DM
masses up to ∼ 300 GeV) can be tested at the 14
TeV HL-LHC in the multi-lepton channel. The relative
compression in the mass spectrum of the VLL’s do not
allow very clean kinematic thresholds that could provide
as a good discriminator for signal against the SM back-
ground. This limits the search sensitivity of the model to
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relatively light VLL masses of about 350 GeV, beyond
which it is very difficult to achieve any signal sensitiv-
ity even with the HL-LHC option. To probe higher DM
masses one may benefit by looking for such a model at
the 1 TeV ILC which warrants a separate study in future
[103].
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Appendix A: Decay width of h → γ γ

Amplitude and decay width of the process h → γ γ can be
written as [104]:

Mh→γ γ =
∑
f

N f Q
2
f fh f f A1/2

(
M2

h

4M2
f

)

+ fhV V A1

(
M2

h

4M2
W

)

+λhH+H−v

2M2
H+

A0

(
M2

h

4M2
H+

)

+
4∑

i=1

λhE+
i E−

i
v

MEi

A1/2

(
M2

h

4ME2
i

)
(30a)

h→γ γ = GFα2M3
h

128
√

2π3
|Mh→γ γ |2, (30b)

where N f , Q f ,GF and α are respectively color factor,
charge of fermion, the Fermi constant and the QED fine-
structure constant. For quarks N f = 3. λhH+H− and
λhE+

i E−
i

(i = 1, 2, 3, 4) are hH+H− and hE+
i E−

i couplings
respectively. fh f f , fhV V are scale factors of h f f, hV V cou-
plings with respect to SM. At exact alignment limit,

fh f f = fhV V = 1 (31)

The loop functions can be written as,

A1/2(x) = 2

x2

(
(x + (x − 1) f (x)

)
, (32a)

A1(x) = − 1

x2

(
(2x2 + 3x + 3(2x − 1) f (x)

)
, (32b)

A0(x) = − 1

x2

(
x − f (x)

)
, (32c)

with f (x) = arcsin2(
√
x); x ≤ 1

= −1

4

[
log

1 + √
1 − x−1

1 − √
1 − x−1

− iπ

]2

; x > 1.

(32d)

where A1/2(x), A1(x) and A0(x) are the respective ampli-
tudes for the spin- 1

2 , spin-1 and spin-0 particles in the loop
respectively while λhH+H− = 2v (λ1 − λ3).

Appendix B: Decay modes of the charged and neutral
VLLs

We list below the tables (Tables 18 and 19 and 20) which
summarise the decay probabilities of the VLLs, both charged
and neutral for the five benchmark points chosen for our
analysis.
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Table 18 Decay modes for charged VLL

Benchmark points E±
1 decay E±

2 decay E±
3 decay E±

4 decay

BP1 63.5% W±N1, 46.7% W±N2, 35.0% W±N1, 33.7% W±N1, 26.4% W±N4, 60.8% W±N1,

36.5% W±N2 10.3% W±N4, 7.9% W±N3 18.3% W±N2, 39.2% W±N2

12.7(1.28)% E±
1 h(Z),

3.97% W±N3, 3.39% W±N5

BP2 94.6% W±N1, 39.7% W±N1, 35.6% W±N2, 36.3% W±N3, 35.4% W±N1, 53.0% W±N2, 40.7% W±N1,

5.4% W±N2 21.5% W±N3, 3.1% W±N4 20.7% W±N2, 3.0% W±N4, 6.3% W±N3

2.5% W±N5, 2.1% E±
1 Z

BP3 89.4% W±N1, 60.0(1.1)% E±
1 h(Z), 30.8(1.8)% E±

1 h(Z), 53.3% W±N1,

10.6% W±N2 14.1% W±N2, 10.8% W±N1, 16.9% W±N1, 14.6% W±N2, 46.7% W±N2

4.9% W±N4, 3.5% W±N3, 13.4% W±N4, 6.6% W±N6,

3.4% W±N6, 2.2% W±N5 6.2% W±N5, 4.4% E±
2 h, 3.6% W±N3

BP4 100.0% W±N1 62.0% W±N1,24.5% W±N5, 94.9% W±N6, 99.3% W±N2,

11.6% W±N3, 1.4% W±N2 3.3% W±N1 0.7% W±N1

BP5 100.0% W±N1 30.1% W±N1, 19.6% W±N4, 56.4% W±N1, 17.3% W±N2, 100.0% W±N1

16.7% W±N3, 14.4% W±N2, 14.7% W±N4, 8.0% W±N3,

11.2% W±N5, 7.9% W±N6 2.4% W±N6, 1.2% E±
1 Z

Table 19 Decay modes for neutral VLL

Benchmark points N2 decay N3 decay N4 decay N5 decay

BP1 49.5% ��N1, 68.5% qqN1, 70.2(23.9)% N2h(Z), 81.8% N2Z ,

49.0% qqN1 31.5% ��N1 2.6% N4h, 2.2% E±
1 W∓ 18.2% N1h

BP2 84% qqN1, 58.5% qqN1, 67.8% qqN1, 64.6(23.7)% N2h(Z),

15.1% ��N1 41.5% ��N1 30.9% ��N1 10.7% N3h

BP3 47.0% qqN1, 68.8% qqN1, 68.8% qqN1, 67.7(4.9)% N2Z(h)

53.0% ��N1 31.2% ��N1 31.2% ��N1 27.4% N1h

BP4 89.1% qqN1, 68.4% qqN1, 68.3% qqN2, 67.9% qqN2,

10.9% ��N1 31.6% ��N1 31.7% ��N2 32.1% ��N2

BP5 68.6% qqN1, 95% qqN1, 83.1% qqN1, 4.3% ��N1, 67% qqN3,31.2% ��N3

31.4% ��N1 5% ��N1 7% qqN3, 6.4% ��N3 1.6% qqN1
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Table 20 Decay modes for neutral VLL (cont.d)

Benchmark points N6 decay N7 decay N8 decay

BP1 68.8% qqN1, 32(26)(18)% E±
1(2)(3)W

∓, 16.5% N7h, 14.9(6.2)% N4h(Z),

31.2% ��N1 11.2% N2Z , 6.9% N6Z , 12.4(6.1)% N1h(Z), 5.0% N1H ,

2.4% N4h, 1.9% N1h 8.4(8.3)(5.2)% E±
2(1)(4)W

∓,

3.9(1.5)% N6h(H), 3.2(1.6)% N2h(H)

BP2 100% N2Z 32.3(27.2)(9.6)% E±
1(2)(3)W

∓, 18.3(8.3)% N3h(Z), 15.6(8.0)% N1h(Z),

13.4% N2Z , 8.2% N6Z , 10.7(10.6)(5.6)% E±
2(1)(4)W

∓,

4.2% N3h, 3.2% N1h, 7.3% N6h, 6.3% N2h,

4.6% N1H 3.4% N3H , 3.4% N1H ,

1.6% N2H

BP3 70.4(27.9)% N2h(Z), 40.4(29.2)(2)% E±
1(2)(3)W

∓, 22.9(8.9)% N4h(Z), 18.5(9.7)% N1h(Z),

1.6 N1Z 13.2% N2Z , 8.2% N6Z , 13.6(12)(1.3)% E±
1(2)(4)W

∓,

3.4% N4h, 2.7% N1h 5.1% N6h, 4.6% N2h, 2.0% N1H

BP4 68.9% qqN1, 59.3(7)% N5Z(h), 73.1(14.9)% N6h(Z),

31.1% ��N1 31.6% E±
3 W∓ 9.6(2)% E±

2,(4)W
∓

BP5 54.3% qqN3, 24.6% ��N3, 79.1% N4h, 10.5(1.5)% N1Z(h), 26.8(21.1)% N1h(Z),

11.2% qqN4, 6.3% ��N3 5.8% N2Z , 2.2% E±
1 W∓ 21.8(14.7)% N2h(Z),

5.7% N3h, 5.8(4.1)% E±
1(2)W

∓
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