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We perform a detailed study of the various decay channels of the heavy charged and neutral gauge

bosons (WR and ZR, respectively) in a left-right supersymmetric framework. The decay branching ratios of

the WR and ZR bosons depend significantly on the particle spectrum and composition of the super-

symmetric (SUSY) states. We consider several combinations of mass spectrum for the SUSY particles

to facilitate the decay of theses heavy gauge bosons into various combinations of final states. Finally,

we choose two benchmark points and perform detailed collider simulations for these heavy gauge bosons

in the context of the high energy and high luminosity run of the Large Hadron Collider. We analyze two

SUSY cascade decay channels, mono-W þ =ET and mono-Z þ =ET , along with the standard dilepton and

dijet final states. Our results show that the existence of these heavy gauge bosons can be ascertained in the

direct decay channels of dilepton and dijet, whereas the other two channels are required to establish the

supersymmetric nature of this model.
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I. INTRODUCTION

The recent discovery of the Higgs-like scalar boson at

the Large Hadron Collider (LHC) [1] has essentially

completed the particle spectrum of the standard model

(SM). The measured properties of this Higgs-like scalar are

consistent with the minimal choice of the scalar sector, as in

the SM, with small uncertainties while they still comfort-

ably allow for an extended scalar sector. The Higgs boson,

through the spontaneous symmetry breaking mechanism, is

responsible for generating masses for the charged fermions,

theW and Z bosons, and the Higgs boson itself.
1
The Higgs

boson mass, though, is a very finely tuned parameter in

the SM framework and one needs to further extend the SM

with new particles or additional symmetries in order to

understand the large cancellations required for the observed

Higgs boson mass. There are also a number of other

experimental observations that lead us to believe that the

SM is only an effective low energy theory with new physics

coming in at higher energies. Numerous new physics

models have thus been suggested to address the short-

comings of the SM.

Left-right supersymmetric (LRSUSY) models [2] are a

class of well-motivated extensions of the SM as they can

provide answers to a number of unresolved issues in the

SM. These are actually the supersymmetric (SUSY) ver-

sions of the left-right symmetric (LRS) models [3], where

the SM gauge group is extended to G3221 ¼ SUð3Þc×
SUð2ÞL × SUð2ÞR ×Uð1ÞB−L. This extended gauge sym-

metry facilitates the preservation of parity symmetry at high

scales. The observed parity asymmetry in the SM is

generated as the LR symmetry is spontaneously broken

at some scale vR much above the electroweak (EW)

symmetry breaking scale. Parity being a good symmetry

in these models can potentially solve the strong CP
problem [4] without introducing an additional Peccei-

Quinn symmetry [5]. The gauge structure in LR models

also naturally requires the presence of right-handed neu-

trinos that can help generate light neutrino masses through

the seesaw mechanism [6]. SUSY models, on the other

hand, provide an elegant solution to the hierarchy problem.

On top of that, if R parity is conserved, as is the case in this

paper, the lightest SUSY particle (LSP) becomes stable

and can be a good dark matter (DM) candidate. Combining

the merits of both LRS and SUSY models, one gets a very

attractive LRSUSY framework that warrants a careful

examination as is discussed in detail in this paper.

A variety of LRSUSY models have been discussed

in literature with different scalar sectors for the symmetry

breaking mechanism [7,8]. The one we consider here is

the minimal LRSUSY model with automatic R-parity
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1
Neutrinos are massless in the SM framework. The generation

of neutrino masses requires an extended framework beyond the
SM (BSM) and is an important motivation for BSM scenarios.
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conservation [9] where the right-handed symmetry is

broken by scalar triplet fields as they acquire nonzero

vacuum expectation values (VEVs). This VEV is also

responsible for generating the Majorana masses for the

right-handed neutrinos that eventually help generate light

neutrino masses. The spontaneous breaking of the right-

handed symmetry gives rise to an additional charged gauge

bosonWR and a neutral gauge boson ZR whose masses are

also at the same scale. The discovery of these gauge bosons

could be one of the strongest indication towards the

existence of left-right symmetry. Experimental searches

for these heavy gauge bosons have been performed by the

ATLAS and CMS collaborations in various final states with

leptons, jets, and/or missing transverse energy (=ET), which

have helped put bounds on their masses. The CMS search

using 36 fb−1 of proton-proton collision data collected at a

center-of-mass (c.m.) energy of 13 TeV sets the exclusion

limit for a heavy neutral gauge boson massMZ0 > 4.5 TeV

[10] in the dilepton channel for the sequential standard

model (SSM). The ATLAS search puts stronger exclusion

limit MZ0 > 5.1 TeV for 139 fb−1 in the same dilepton

channel [11,12]. Searches at the ATLAS and CMS for

heavy charged gauge boson W0, decaying to τν (with

hadronic decay of τ), set lower bound as MW0 ≳ 4 TeV

[13,14]. The most stringent mass limit on a heavy charged

gauge boson (W0), on the other hand, comes from the CMS

collaboration for an integrated luminosity of 35.9 fb−1 atffiffiffi
s

p ¼ 13 TeV energy and is given as MW0 > 5.2 TeV

[15,16] in the leptonþ =ET final state for the SSM. This

limit, however, does not hold for our analysis as we have

chosen the masses of the right-handed neutrinos to be

heavier than the WR boson. Thus the leptonþ =ET cross

section in the final state forWR decay is extremely small in

our case, resulting in no significant bound from this

channel. Another recent analysis from the ATLAS collabo-

ration [17] gives a mass bound of MW0 > 3.6 TeV using

37 fb−1 integrated luminosity at 13 TeV CoM energy in the

dijet (qq0) final state. The mass limit of 3.6 TeV was

obtained by assuming a W0
→ qq0 branching ratio (BR) of

75%. For our analyses, on the other hand, this BR could

vary from around 50%–90% for different benchmark points

(BPs), which significantly affects the results. The heavy

right-handed WR bosons decaying into top and a bottom

quark searches at
ffiffiffi
s

p ¼ 13 TeV by the CMS collaboration

also provide a mass limit of MWR
> 2.6 TeV [18]. This

limit however is much weaker compared to the dijet decay

channel. On top of this, all these experimental searches

have been performed for the charged and neutral heavy

gauge bosons decaying directly into SM particles. For

LRSUSY models this is not true at all, since these particles

can also decay into SUSY particles, which eventually

decay into SM particles and the LSP giving rise to

completely new signals.

Phenomenological studies of heavy gauge bosons and

their possible discovery channels have also been discussed

in several papers. Analysis of the SUSY decays of a heavy

Z0 boson was discussed in Ref. [19], wherein the partial

decay widths into all SM and minimal supersymmetric

standard model (MSSM) channels were computed and

studied in the context of CDF and D0 experiments for a

few grand unified theory (GUT)-inspired Uð1Þ0 scenarios.
There have been studies on how the presence of exotic

particles and their superpartners could affect the mass limit

for the neutral gauge boson in generic E6 models [20]. The

discovery and measurement of the properties of sleptons,

binos, and winos through the production and decay of

heavy Z0 boson into these particles in the extended MSSM

with an additional Uð1Þ gauge symmetry has been studied

in Ref. [21]. Multilepton (n ¼ 2, 4) final state searches

through pp → Z0
→ xx, where x ¼ l̃, χ̃�

2
, ν̃ etc., in the

context of LHC were carried out for the GUT-inspired

models in [22–25]. The stability analysis of the electroweak

potential and corresponding bounds in LRSUSY were

studied in Ref. [26]. The CMS eejj excess was explained
in the LRSUSY framework [27,28] via the decay of a heavy

charged gauge boson.

In this paper, we perform a detailed study of the heavy

charged and neutral gauge bosons in a LRSUSY framework

with several decay channels in the context of present and

future collider experiments. The choice of the right-handed

neutrino masses being larger than the heavy gauge bosons

significantly changes the allowed decay channels for these

particles. We observe that the decay BR of the WR and ZR

bosons depends significantly on the particle spectrum and

composition of the SUSY particles (mainly charginos and

neutralinos). We thus choose our BPs to encompass all

possible compositions for charginos and neutralinos with

and without mixing among the fields in the gauge basis.

Several combinations of mass spectrum for the SUSY

particles are chosen to facilitate the decay of the heavy

gauge bosons into various combinations of final states for a

more comprehensive study of their properties. This gives us

a good understanding of each interaction and how it affects

the final decay BR of the heavy gauge bosons. First we

consider an almost pure one component LSP, keeping all the

squarks and sleptons heavier than both the WR and ZR

bosons, such that the heavy gauge bosons cannot decay into

final state squarks and sleptons. This allows us to explore

their SUSY decays with final states consisting of only

charginos and neutralinos. Next we consider the case where

the LSP is composed of a significantly mixed state of

gauginos and Higgsinos. Finally we allow the squarks and

sleptons to be light as well, maximizing the SUSY decay BR

for the heavy gauge bosons. Several new decay channels are

opened up in some of these cases, which provide completely

new collider prospects to search these heavy gauge bosons.

These new decay channels can also alter the heavy gauge

boson mass limits and allow for new possibilities to discover

SUSY particles at the LHC. They have not been discussed

previously in the literature, which motivates us to analyze
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this model in the context of high luminosity and high energy

LHC experiments.

The discovery prospect of SUSY particles at the LHC is

severely constrained by the direct production cross section

of these particles. The production cross section falls rapidly

as the mass of the particles increases, and hence this

translates into upper limits on the masses of SUSY particles

that may be discovered at the LHC. The presence of heavy

gauge bosons can help mitigate this problem as they can

decay into final states with SUSY particles that would

otherwise evade detection at the LHC. We analyze four

different final states in the context of high luminosity LHC

(HL-LHC) and high energy LHC (HE-LHC) experiments.

Two of these channels are the standard search channels

used for heavy resonance searches—dileptonþ =ET final

state and dijetþ =ET final state. These channels can have

large significances in specific benchmark regions in the

context of the LHC at 14 and/or 27 TeV energies with

integrated luminosity of 3000 fb−1. The other two final

states arise from the cascade SUSY decays of the heavy

gauge bosons resulting in final states with mono W þ =ET

and mono Z þ =ET . These signals have already been studied

at the LHC for DM searches to constrain them but they

have so far not been considered as a search channel for

heavy gauge bosons. Our analysis of these final states

though gives promising results as a discovery channel for a

WR or ZR boson in the LRSUSY framework. We find a

large number of events with significance greater than 5σ in

these new mono-X (X ¼ W, Z) plus =ET channels through

one-step cascade decays, with X decaying into leptonic

final states only.

The rest of the paper is organized as follows. In Sec. II

we present the details of the model and derive expressions

for the masses and relevant interactions for all the particles.

Section III gives all the different cases that are important for

the heavy gauge bosons decays. Here we consider various

possible mixings in the neutralino and chargino sectors that

affect theWR and ZR BR. We also change the masses of the

squarks and sleptons to be heavier or lighter than the gauge

bosons so as to study the variation of their decay BRs in

each case. The possible collider signals arising from the

SUSY decays of the heavy gauge bosons are analyzed in

Sec. IV. Here we first study the familiar dilepton and dijet

final states for the heavy gauge boson decays. We then

analyze a mono W þ =ET and a mono Z þ =ET final state

and how they can be used to search for these heavy

particles. Finally we conclude in Sec. V with a discussion

of our results. All the relevant interactions of the WR and

ZR bosons leading to their decays are provided in the

appendixes.

II. MINIMAL LRSUSY MODEL WITH

AUTOMATIC R PARITY

Left-right symmetric models have an extended gauge

symmetry that is SUð3ÞC × SUð2ÞL × SUð2ÞR ×Uð1ÞB−L.

The chiral fermion sector consists of three families of quark

and lepton superfields given as

Q ¼
�
u

d

�
∼

�
3; 2; 1;

1

3

�
;

Qc ¼
�

dc

−uc

�
∼

�
3�; 1; 2;−

1

3

�
;

L ¼
�
ν

e

�
∼ ð1; 2; 1;−1Þ;

Lc ¼
�

ec

−νc

�
∼ ð1; 1; 2; 1Þ; ð1Þ

where c stands for the charge conjugation and the numbers

in brackets are their SUð3ÞC, SUð2ÞL, SUð2ÞR, Uð1ÞB−L
gauge quantum numbers, respectively.

The minimal Higgs sector required for a consistent

symmetry breaking mechanism, generation of quark and

lepton masses, and mixings and preservation of an unbro-

ken R-parity symmetry is given as

Δð1; 3; 1; 2Þ ¼

0
B@

δþffiffi
2

p δþþ

δ0 − δþffiffi
2

p

1
CA;

Δ̄ð1; 3; 1;−2Þ ¼

0
B@

δ̄−ffiffi
2

p δ̄0

δ̄−− − δ̄−ffiffi
2

p

1
CA;

Δ
cð1; 1; 3;−2Þ ¼

0
B@

δc
−ffiffi
2

p δc
0

δc
−−

− δc
−ffiffi
2

p

1
CA;

Δ̄
cð1; 1; 3; 2Þ ¼

0
B@

δ̄c
þffiffi
2

p δ̄c
þþ

δ̄c
0

− δ̄c
þffiffi
2

p

1
CA;

Φið1; 2; 2; 0Þ ¼
�
ϕþ
1

ϕ0

2

ϕ0

1
ϕ−
2

�

i

ði ¼ 1; 2Þ; Sð1; 1; 1; 0Þ:

ð2Þ

The SUð2ÞR triplet Higgs field Δcð1; 1; 3;−2Þ is respon-
sible for breaking the SUð2ÞR ×Uð1ÞB−L symmetry into

Uð1ÞY as its neutral component acquires a nonzero VEV.

The coupling of this triplet field with the right-handed

neutrinos generates their Majorana masses as well. For a

SUSY model, an extra SUð2ÞR triplet field Δ̄
cð1; 1; 3;þ2Þ

is also required for anomaly cancellation, and two SUð2ÞL
triplet fields Δð1; 3; 1; 2Þ and Δ̄ð1; 3; 1;−2Þ are needed for

parity conservation. Two bidoublet fields Φað1; 2; 2; 0Þ are
required to generate the quark and lepton masses and

mixings through Yukawa interactions. The simpler case of

one bidoublet field, as is considered in our analysis, cannot
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produce the Cabibbo-Kobayashi-Maskawa (CKM) mix-

ing angles. In such a scenario, the CKM mixing

angles could arise from soft SUSY breaking terms as

discussed in Ref. [29]. The authors in Ref. [29] have

chosen their parameters with squark masses of 700 GeV

and significantly lighter gluinos, but this choice is ruled

out from current experimental bounds [30,31]. It can

however be seen from their analysis that we can still

obtain the required CKM mixing angles with much

heavier squarks and gluino masses by choosing appro-

priate values for the soft SUSY breaking parameters, the

μ parameter and tan β.

The singlet field Sð1; 1; 1; 0Þ is required to decouple the

SUSY breaking scale from the right-handed symmetry

breaking scale. In the absence of the singlet, the SUSY

breaking scale and the right-handed symmetry breaking

scale become equal to each other; hence the singlet S is

needed in order to decouple the two scales allowing the

right-handed symmetry breaking scale to be higher than the

SUSY breaking scale.

The nonzero VEVs of various fields are denoted as

hδc0i ¼ vR; hδ̄c0i ¼ v̄R; hϕ0

1i
i ¼ vui ;

hϕ0

2i
i ¼ vdi ; hSi ¼ vs; ð3Þ

with the hierarchy among them chosen as vR, v̄R > vs ≫
vu, vd. The right-handed symmetry breaking scale is

chosen larger than the SUSY breaking scale as we want

the superpartner masses to be lighter than the heavy WR

and ZR gauge bosons. For simplicity, the left-handed δ0

and δ̄0 fields do not get any VEVs and hence the neutrino

masses do not get any contribution from type-II seesaw.

This choice is a consistent one as it can also be shown that

the left-handed triplet fields do not get any induced VEV

in this model.

The Yukawa couplings in the model are given by the

superpotential

WY ¼
X2

j¼1

�
Y
ðjÞ
q QTτ2Φjτ2Q

c þ Y
ðjÞ
l LTτ2Φjτ2L

c
�

þ i
f

2
LTτ2ΔLþ i

fc

2
LcTτ2Δ

cLc: ð4Þ

Here Y
j
l and Y

j
q are the lepton and quark Yukawa

coupling matrices, respectively, while f is the Majorana

Yukawa coupling matrix responsible for generating large

Majorana masses for right-handed neutrinos. The trans-

formation of various fields under parity symmetry is given

as Φ→Φ
†, Δ→Δ

c� , Δ̄→ Δ̄
c� , S→S�, Q → Qc� , L → Lc� ,

θ → θ̄, along with W�
→ W��

R . Additionally the Yukawa

superpotential is invariant under parity if the Yukawa

coupling matrices Y
j
q and Y

j
l are Hermitian and fc ¼ f.

The up quarks, down quarks, charged leptons, neutrino

Dirac, and right-handed Majorana neutrino masses are

given as

Mu ¼ Y
ð1Þ
q vu1 þ Y

ð2Þ
q vu2 ; Md ¼ Y

ð1Þ
q vd1 þ Y

ð2Þ
q vd2 ;

Ml ¼ Y
ð1Þ
l vd1 þ Y

ð2Þ
l vd2 ; MD

ν
¼ Y

ð1Þ
l vu1 þ Y

ð2Þ
l vu2 ;

MR ¼ fvR; ð5Þ

respectively. Thus it is easy to see that two bidoublet Higgs

fields are needed to generate the CKM mixings as other-

wise the up- and down-type quark mass matrices would

become proportional to each other at the tree level. As has

been discussed earlier, the one loop corrections arising

from the soft SUSY breaking terms can help obtain the

correct quark masses and generate the CKM mixings even

with one bidoublet scalar in this scenario. We thus consider

the simplified version of the model with one bidoublet

scalar for our analysis.

The gauge sector of the model has an extra charged WR

and a neutral ZR gauge boson. The mass-squared matrices

for the neutral gauge boson M2

Z in the basis ðB;W3L;W3RÞ
and the charged gauge bosonM2

W in the basis ðWL;WRÞ are
given as

M2

Z ¼ 1

2

2
664

4g2Vðv2R þ v̄2RÞ 0 −4gRgVðv2R þ v̄2RÞ
0 g2

2
v2 g2gRv

2

−4gRgVðv2R þ v̄2RÞ g2gRv
2 g2Rð4v2R þ 4v̄2R þ v2Þ

3
775; M2

W ¼ 1

2

"
g2
2
v2 g2gRv1v2

g2gRv1v2 g2Rð2v2R þ 2v̄2R þ v2Þ;

#
; ð6Þ

where v2 ¼ v2u þ v2d ¼ 174.1 GeV while gV , g2, and gR are the gauge coupling constants corresponding to the

Uð1ÞB−L, SUð2ÞL, and SUð2ÞR gauge groups, respectively. The mass eigenvalues of the heavy gauge bosons can be

obtained as

M2
WR

≃
1

2
g2Rð2v2R þ 2v̄2R þ v2Þ; M2

ZR
≃
1

2
ðg2R þ g2VÞ½4ðv2R þ v̄2RÞ þ v2cos4θR�; ð7Þ
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where cos2 θR ¼ g2R=ðg2R þ g2VÞ. In getting these masses

we have neglected the mixing between the left- and

right-handed charged gauge bosons and neglected terms

of order v4=v4R or higher. The SM gauge bosons have

their usual expressions with the effective Uð1ÞY hyper-

charge coupling identified as g2Y ¼ g2Rg
2
V=ðg2R þ g2VÞ. The

ratio of the heavy gauge boson masses can be approxi-

mately written as [2]

MZR

MWR

≃

ffiffiffi
2

p
gR=g2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðgR=g2Þ2 − tan2 θW
p ; ð8Þ

where θW is the Weinberg angle. This relation shows

that the ratio gR=g2 should always be larger than tan θW .

The most general superpotential for the Higgs sector is

given as

W ¼ S

�
TrðλΔΔ̄Þ þ TrðλcΔc

Δ̄
cÞ þ λ0

2
TrðΦTτ2Φτ2Þ −M2

�

þ Tr

�
μ1ΔΔ̄þ μ2Δ

c
Δ̄

c þ μ

2
ðΦTτ2Φτ2Þ

�

þ μS

2
S2 þ κ

3
S3; ð9Þ

where λc ¼ λ�, μ1 ¼ μ�
2
while λ0, M2, μ and μS are all real

from the conservation of parity symmetry. The Higgs

potential derived from this superpotential consists ofF-terms,

D-terms, and soft supersymmetry breaking terms. Sowe have

VHiggs ¼ VF þ VD þ VSoft; ð10Þ

with each of the terms being

VF ¼
				TrðλΔΔ̄Þ þ TrðλcΔc

Δ̄
cÞ þ λ0

2
TrðΦTτ2Φτ2Þ −M2 þ μSSþ κS2

				
2

þ Tr½jμ1Δþ λSΔj2 þ jμ1Δ̄þ λSΔ̄j2 þ jμ�
1
Δ

c þ λ�SΔcj2

þ jμ�
1
Δ̄

c þ λ�SΔ̄cj2� þ TrjμΦþ λ0SΦj2; ð11Þ

VD ¼ g2
2

8

X3

a¼1

jTrð2Δ†τaΔþ 2Δ̄†τaΔ̄þΦ
†τaΦÞj2

þ g2R
8

X3

a¼1

jTrð2Δc†τaΔ
c þ 2Δ̄c†τaΔ̄

c þΦ
�τaΦ

TÞj2

þ g2V
2
jTrðΔ†

Δ − Δ̄
†
Δ̄ − Δ

c†
Δ

c þ Δ̄
c†
Δ̄

cÞj2; ð12Þ

VSoft ¼ m2

1
TrðΔc†

Δ
cÞ þm2

2
TrðΔ̄c†

Δ̄
cÞ þm2

3
TrðΔ†

ΔÞ þm2

4
TrðΔ̄†

Δ̄Þ
þm2

SjSj2 þm2

5
TrðΦ†

ΦÞ þ ½λAλSTrðΔΔ̄þ Δ
c
Δ̄

cÞ þ H:c:�
þ ½λ0Aλ0STrðΦTτ2Φτ2Þ þ H:c:� þ ðλCλM

2Sþ H:c:Þ þ ðμSBSS
2 þ H:c:Þ

þ ½μ1B1TrðΔΔ̄Þ þ μ�
1
B2TrðΔc

Δ̄
cÞ þ μBTrðΦTτ2Φτ2Þ þ κAκS

3 þ H:c:�: ð13Þ

The minimization of the scalar potential proceeds as

				
∂VHiggs

∂ϕi

				
ϕi¼vi

¼ 0; ð14Þ

∂V

∂ϕ0

1

¼ 1

2
ffiffiffi
2

p vufg22ð−v2d þ v2uÞ þ g2Rð2v̄2R − 2v2R − v2d þ v2uÞg þ
ffiffiffi
2

p
fλ02ðv2d þ v2sÞ þ μ2 þm2

5
gvu

− λ0½vdðλcvRv̄R −M2Þ þ vsf−2μvu þ vdðμs þ kvsÞg� − 2vdðvsλ0Aλ0 þ μBÞ ¼ 0; ð15Þ

∂V

∂ϕ0

2

¼ 1

2
ffiffiffi
2

p vdfg22ðv2d − v2uÞ þ g2Rð−2v̄2R þ 2v2R − v2u þ v2dÞg þ
ffiffiffi
2

p
vdðμ2 þ 2λ0μvs þm2

5
Þ

− λ0fvuðμsvs þ kv2s þ λcvRv̄R −M2Þ − λ0vdðv2s þ v2uÞg − 2vuðvsλ0Aλ0 þ μBÞ ¼ 0; ð16Þ
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∂V

∂δc
0
¼ 1ffiffiffi

2
p v̄Rf2g2Vðv̄2R − v2RÞ þ g2Rð2v̄2R − 2v2R − v2d þ v2uÞg þ

ffiffiffi
2

p
v̄Rð2λcμ2vs þm2

1
þ μ2

2
Þ

þ λc2v̄Rðv2R þ v2sÞ þ λcvRð−λ0vdvu þ μsvs þ kv2s −M2Þ þ vRðvsλAλ þ μ�
1
B2Þ ¼ 0; ð17Þ

∂V

∂δ̄c
0
¼ 1ffiffiffi

2
p vRf2g2Vðv2R − v̄2RÞ þ g2Rð−2v̄2R þ 2v2R − v2u þ v2dÞg þ

ffiffiffi
2

p
vRð2λcμ2vs þm2

2
þ μ2

2
Þ

þ λcv̄Rð−λ0vdvu þ μsvs þ kv2s −M2Þ þ λc2vRðv̄2R þ v2sÞ þ v̄RðvsλAλ þ μ�
1
B2Þ ¼ 0; ð18Þ

∂V

∂S
¼

ffiffiffi
2

p
fλcvRv̄Rð2kvs þ μsÞ þ λcμ2ðv2R þ v̄2RÞ þ μλ0ðv2d þ v2uÞ − λ0ð2kvs þ μsÞvdvug

− ð2kvs þ μsÞM2 þ λCλ þ vRv̄RλAλ þ vsfð2kvs þ μsÞðμs þ kvsÞ þ 2μsBs þ 3vskAk

þ λ02ðv2d þ v2uÞ þ λc2ðv2R þ v̄2RÞ þm2

S − 2vdvuλ
0Aλ0g ¼ 0: ð19Þ

A. Particle masses

In this section we calculate the masses of the particles in various sectors of our LRSUSY model.

1. Higgs sector

The mass-squared matrices for the charged and neutral Higgs bosons can be obtained from the scalar potential. The

minimization conditions in Eqs. (15)–(19) provide further constraints on the parameters in the model. The singlet (S), the

bidoublet (Φ), and the right-handed triplets (Δc and Δ̄
c) can mix with each other while the left-handed triplets (Δ and Δ̄)

get decoupled since they do not acquire any VEVs. Here we only consider the sector consisting of the right-handed triplets,

the bidoublet, and the singlet as these are important for our analysis of the heavy right-handed gauge bosons.

After electroweak symmetry breaking, the mass-squared matrix for the singly charged Higgs fields can be expressed as a

4 × 4 matrix in the basis ðδc� ; δ̄c� ;ϕ�
2
;ϕ�

1
Þ as

m2

Hm ¼

0
BBBBBB@

m
δc

−
δc

þ m�
δ̄c

−
δc

þ − 1ffiffi
2

p g2Rv̄Rvu − 1ffiffi
2

p g2Rvdv̄R

m
δc

−
δ̄c

þ m
δ̄c

−
δ̄c

þ 1ffiffi
2

p g2RvRvu
1ffiffi
2

p g2RvdvR

− 1ffiffi
2

p g2Rv̄Rvu
1ffiffi
2

p g2RvRvu mϕ−
2
ϕþ
2

m�
ϕ−
1
ϕþ
2

− 1ffiffi
2

p g2Rvdv̄R
1ffiffi
2

p g2RvdvR mϕ−
2
ϕþ
1

mϕ−
1
ϕþ
1

1
CCCCCCA
; ð20Þ

where

m
δc

−
δc

þ ¼ ðg2V þ g2RÞv̄2R − g2Vv
2
R þm2

1
þ ðλcvs þ μ2Þ2;

m
δc

−
δ̄c

þ ¼ −g2RvRv̄R þ λcð−λ0vdvu þ μsvs þ kv2s þ λcvRv̄R −M2Þ þ vsλAλ þ μ�
1
B2;

m
δ̄c

−
δ̄c

þ ¼ g2Vð−v̄2R þ v2RÞ þ g2Rv
2
R þm2

2
þ ðλcvs þ μ2Þ2;

mϕ−
2
ϕþ
2

¼ ðλ0vs þ μÞ2 þ 1

4
fg2

2
ðv2d þ v2uÞ þ g2Rð−2v̄2R þ 2v2R þ v2d þ v2uÞg þm2

5
;

mϕ−
2
ϕþ
1

¼ λ0ðμsvs − λ0vdvu þ kv2s þ λcvRv̄R −M2Þ þ 2vsλ
0Aλ0 þ 2μBþ ðg2

2
þ g2RÞ
2

vdvu;

mϕ−
1
ϕþ
1

¼ ðλ0vs þ μÞ2 þ 1

4
fg2

2
ðv2d þ v2uÞ þ g2Rð2v̄2R − 2v2R þ v2d þ v2uÞg þm2

5
:

The singly charged fields in the left-handed triplets get decoupled and are not important for our analysis. As a result they

have not been included here. The 4 × 4 mass-squared matrix in Eq. (20) can be diagonalized by the transformation

UHmm2

Hm
UHm† ¼ m2

Hm;diag, where U
Hm stands for the rotation matrix for the singly charged Higgs fields. This gives two

physical mass eigenstates (H�
1
, H�

2
) for the charged scalar fields while the remaining two states (G�

1
, G�

2
) become the

massless Goldstone bosons. These massless degrees of freedom are eaten up by their corresponding gauge bosonsW� and

WR, respectively, to give them mass.
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The mass-squared matrix for the doubly charged scalar fields is given by a 2 × 2matrix in the basis ðδc��
; δ̄c

��Þ. This can
be written as

m2

Hmm ¼
�
m

δc
−−

δc
þþ m�

δ̄c
−−

δc
þþ

m
δc

−−
δ̄c

þþ m
δ̄c

−−
δ̄c

þþ

�
; ð21Þ

where

m
δc

−−
δc

þþ ¼ g2R
2
ð−2v̄2R þ 2v2R − v2u þ v2dÞ þ g2Vðv̄2R − v2RÞ þm2

1
þ ðλcvs þ μ2Þ2;

m
δc

−−
δ̄c

þþ ¼ λcðμsvs − λ0vdvu þ kv2s þ λcvRv̄R −M2Þ þ vsλAλ þ μ�
1
B2;

m
δ̄c

−−
δ̄c

þþ ¼ g2R
2
ð2v̄2R − 2v2R − v2d þ v2uÞ þ g2Vðv2R − v̄2RÞ þm2

2
þ ðλcvs þ μ2Þ2:

It can be shown that this doubly charged Higgs mass-squared matrix, upon diagonalization, admits a negative eigenvalue

that is unphysical as it gives rise to a tachyonic state. This problem can however be solved by including the radiative

corrections to the doubly charged Higgs boson mass that make it positive [8,9]. A numerical analysis of the one-loop

corrections to the doubly charged Higgs boson mass in this model has been performed in Ref. [26]. Figure 5 of Ref. [26]

shows the different contributions to the doubly charged Higgs boson mass where one can easily see that the contribution

from the (s)lepton and (s)neutrino sector (denoted by the dotted blue line in the figure) is always negative in this case. An

analytical expression for this contribution has also been derived in Ref. [8], which shows that it can be positive or negative

depending on the ratio of the slepton mass to the right-handed neutrino mass. If the right-handed neutrino is heavier than the

slepton, the correction is always negative while it can become positive if the slepton mass is slightly larger than (greater than

1.65 times) the right-handed neutrino mass. Thus the one loop corrected doubly charged Higgs boson mass is highly

dependent on the chosen mass spectrum for the BSM particles and can be made consistent with the experimental bounds.

TheCP-even neutral scalars consist of the real part of the neutral Higgs fields. The mass-squared matrix for these fields in

the basis ðRe½δc0 �;Re½δ̄c0 �;Re½ϕ0

2
�;Re½ϕ0

1
�;Re½S�Þ is given as

m2

H ¼

0
BBBBBB@

m
δc

0
δc

0 m
δ̄c

0
δc

0 m
ϕ0

2
δc

0 m
ϕ0

1
δc

0 m
Sδc

0

m
δc

0
δ̄c

0 m
δ̄c

0
δ̄c

0 m
ϕ0

2
δ̄c

0 m
ϕ0

1
δ̄c

0 m
Sδ̄c

0

m
δc

0
ϕ0

2

m
δ̄c

0
ϕ0

2

mϕ0

2
ϕ0

2

mϕ0

1
ϕ0

2

mSϕ0

2

m
δc

0
ϕ0

1

m
δ̄c

0
ϕ0

1

mϕ0

2
ϕ0

1

mϕ0

1
ϕ0

1

mSϕ0

1

m
δc

0
S

m
δ̄c

0
S

mϕ0

2
S mϕ0

1
S mSS

1
CCCCCCA
: ð22Þ

The matrix elements are defined as

m
δc

0
δc

0 ¼ g2R
2
ð6v̄2R − v2d − 2v2R þ v2uÞ − g2Vð−3v̄2R þ v2RÞ þ λc2v2R þm2

1
þ ðλcvs þ μ2Þ2;

m
δc

0
δ̄c

0 ¼ λcfð2λcvRv̄R þ μsvsÞ − λ0vdvu þ kv2s −M2g − 2ðg2V þ g2RÞvRv̄R þ vsλAλ þ μ�
1
B2;

m
δ̄c

0
δ̄c

0 ¼ g2Vð3v2R − v̄2RÞ þ
g2R
2
ð−2v̄2R þ 6v2R − v2u þ v2dÞ þ λc2v̄2R þm2

2
þ ðλcvs þ μ2Þ2;

m
δc

0
ϕ0

2

¼ −λcλ0vRvu − g2Rvdv̄R; m
δ̄c

0
ϕ0

2

¼ −λcλ0v̄Rvu þ g2RvdvR;

mϕ0

2
ϕ0

2

¼ λ02v2u þ ðλ0vs þ μÞ2 þ g2
2

4
ð3v2d − v2uÞ þ g2Rð−2v̄2R þ 2v2R þ 3v2d − v2uÞ þm2

5
;

m
δc

0
ϕ0

1

¼ −λcλ0vdvR þ g2Rv̄Rvu; m
δ̄c

0
ϕ0

1

¼ −λcλ0vdv̄R − g2RvRvu;

mϕ0

2
ϕ0

1

¼ −λ0ðμsvs þ kv2s − 2λ0vdvu þ λcvRv̄R −M2Þ − 2vsλ
0Aλ0 − 2μB −

ðg2
2
þ g2RÞ
2

vdvu;

mϕ0

1
ϕ0

1

¼ fλ02v2d þ ðλ0vs þ μÞ2g − g2
2

4
ð−3v2u þ v2dÞ −

g2R
4
ð−2v̄2R þ 2v2R − 3v2u þ v2dÞ þm2

5
;

ANATOMY OF HEAVY GAUGE BOSONS IN A LEFT-RIGHT … PHYS. REV. D 100, 075010 (2019)

075010-7



m
δc

0
S
¼ 2λcv̄Rðλcvs þ μ2Þ þ λcvRð2kvs þ μsÞ þ vRλAλ;

m
δ̄c

0
S
¼ λcv̄Rð2kvs þ μsÞ þ 2λcvRðλcvs þ μ2Þ þ v̄RλAλ;

mϕ0

2
S ¼ −λ0ð2kvs þ μsÞvu þ 4λ0vdðλ0vs þ μÞ þ vuλ

0Aλ0 ;

mϕ0

1
S ¼ −λ0ð2kvs þ μsÞvd − 4λ0ðλ0vs þ μÞvu þ vdλ

0Aλ0 ;

mSS ¼ m2

S þ λcf2kvRv̄R þ λcðv2R þ v̄2RÞg þ 54k2sv
2
s þ λ0f−2kvdvu þ λ0ðv2d þ v2uÞg

þ μ2s þ kð18μsvs − 6M2Þ þ 2μsBs þ 6vskAk:

This scalar matrix can be diagonalized by the rotation matrix ZH as ZHm2

H
ZH† ¼ m2

H;diag. We choose the numerical values

of the parameters in such a way that the lightest component becomes the SM-like Higgs boson. We calculate the radiatively

corrected Higgs mass up to two loops for the top and stop sector as given in the Ref. [8]. The theoretical error in Higgs

boson mass calculation allows for a mass range of 122–128 GeV [32]. In our study, the lightest mass eigenstate for the

CP-even Higgs boson is mostly composed of the bidoublet scalar fields. This is quite natural as the bidoublet fields are

responsible for the EW symmetry breaking once they acquire nonzero VEVs at that scale.

Similarly, the imaginary component of the neutral Higgs fields produces the pseudoscalar (CP-odd) states. Their mass-

squared matrix in the gauge basis ðIm½δc0 �; Im½δ̄c0 �; Im½ϕ0

2
�; Im½ϕ0

1
�; Im½S�Þ is given as

m2

A
¼

0
BBBBBBBB@

M
δc

0
δc

0 M
δ̄c

0
δc

0 −λcλ0vRvu −λcλ0vdvR M
Sδc

0

M
δc

0
δ̄c

0 M
δ̄c

0
δ̄c

0 −λcλ0v̄Rvu −λcλ0vdv̄R M
Sδ̄c

0

−λcλ0vRvu −λcλ0v̄Rvu Mϕ0

2
ϕ0

2

Mϕ0

1
ϕ0

2

MSϕ0

2

−λcλ0vdvR −λcλ0vdv̄R Mϕ0

2
ϕ0

1

Mϕ0

1
ϕ0

1

MSϕ0

1

M
δc

0
S

M
δ̄c

0
S

Mϕ0

2
S Mϕ0

1
S MSS

1
CCCCCCCCA

; ð23Þ

where the elements of the above matrix are

M
δc

0
δc

0 ¼ g2Vð−v2R þ v̄2RÞ þ
g2R
2
ð2v̄2R − 2v2R − v2d þ v2uÞ þ λc2v2R þm2

1
þ ðλcvs þ μ2Þ2;

M
δc

0
δ̄c

0 ¼ −μ�
1
B2 þ λcðλ0vdvu − μsvs − kv2s þM2Þ − vsλAλ;

M
δ̄c

0
δ̄c

0 ¼ g2Vðv2R − v̄2RÞ þ
g2R
2
ð2v2R − 2v̄2R − v2u þ v2dÞ þ λc2v̄2R þm2

2
þ ðλcvs þ μ2Þ2;

Mϕ0

2
ϕ0

2

¼ λ02v2u þ ðλ0vs þ μÞ2 þ g2
2

4
ðv2d − v2uÞ þ

g2R
4
ð2v2R − 2v̄2R − v2u þ v2dÞ þm2

5
;

Mϕ0

2
ϕ0

1

¼ λ0ðμsvs þ kv2s þ λcvRv̄R −M2Þ þ 2vsλ
0Aλ0 þ 2μB;

Mϕ0

1
ϕ0

1

¼ λ02v2d þ ðλ0vs þ μÞ2 þ g2
2

4
ðv2u − v2dÞ þ

g2R
4
ð2v̄2R − 2v2R − v2d þ v2uÞ þm2

5
;

M
δc

0
S
¼ λcvRð2kvs þ μsÞ − λAλvR;

M
δ̄c

0
S
¼ λcv̄Rð2kvs þ μsÞ − λAλv̄R;

Mϕ0

2
S ¼ −λ0vuð2kvs þ μsÞ þ 2vuλ

0Aλ0 ;

Mϕ0

1
S ¼ −λ0vdð2kvs þ μsÞ þ 2vdλ

0Aλ0 ;

MSS ¼ m2

S − 2λckvRv̄R þ λc2ðv2R þ v̄2RÞ þ 18k2sv
2
s þ 2λ0kvdvu þ λ02ðv2d þ v2uÞ þ μ2s

þ 2kðμsvs þM2Þ − 2μsBs − 6vskAk:

This pseudoscalar mass-squared matrix can be diagonalized by the rotation matrix ZA as ZAm2

A
ZA† ¼ m2

A;diag. After rotating

the gauge fields into mass basis, we get three physical mass eigenstates A1, A2, and A3. The remaining two neutral states

(G0

1
, G0

2
) become the massless Goldstone bosons that are absorbed as the longitudinal components of the corresponding

gauge bosons Z and ZR, respectively.
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2. Sfermion sectors

The sfermions in our model consist of the scalar super-

partners of the up- and down-type quarks and charged and

neutral leptons. The existence of a right-handed neutrino

and hence its superpartner is guaranteed by the extended

gauge symmetry in this model, which leads to all the

sfermion mass-squared matrices (including sneutrinos)

being 6 × 6 matrices in general. We calculate the mass-

squared matrices for the scalar down-type squarks, up-type

squark, charged slepton, and sneutrino in the ðd̃L; d̃RÞ,

ðũL; ũRÞ, ðẽL; ẽRÞ, and ðν̃L; ν̃RÞ gauge basis, respectively.

Thus, one can write the mass-squared matrices for the

squarks as

m2

d̃
¼

�md̃Ld̃
�
L

md̃Ld̃
�
R

m†

d̃Ld̃
�
R

md̃Rd̃
�
R

�
ð24Þ

m2

ũ
¼

�mũLũ
�
L

mũLũ
�
R

m†

ũLũ
�
R

mũRũ
�
R

�
; ð25Þ

where each matrix element is itself a 3 × 3 matrix given as

md̃Ld̃
�
L
¼ δα1β1

�
v2dyqy

T
q þM2

QL þ g2V
6
ðv2R − v̄2RÞ þ

g2
2

4
ðv2u − v2dÞ

�
;

md̃Rd̃
�
R
¼ δα2β2

�
v2dy

T
qyq þM2

QR þ g2V
6
ðv̄2R − v2RÞ þ

g2R
4
ð2v̄2R − 2v2R − v2d þ v2uÞ

�
;

md̃Ld̃
�
R
¼ δα1β2 ½ðλ0vs þ μÞvuyq − vdλT

yq�;

mũLũ
�
L
¼ δα1β1

�
v2uyqy

T
q þM2

QL þ g2V
6
ðv2R − v̄2RÞ þ

g2
2

4
ðv2d − v2uÞ

�
;

mũRũ
�
R
¼ δα2β2

�
v2uy

T
qyq þM2

QR þ g2V
6
ðv̄2R − v2RÞ þ 3

g2R
4
ð2v2R − 2v̄2R − v2u þ v2dÞ

�
;

mũLũ
�
R
¼ δα1β2 ½−vdðλ0vs þ μÞyq þ vuT

yq�: ð26Þ

Here α1, α2, β1, and β2 represent the color indices. These 3 × 3matrices in general can be nondiagonal with the off-diagonal

elements allowing for mixing between the various flavors. We do not consider a flavor violating process in our study and

hence, for simplicity, we just consider the case where the matrices are diagonal and their elements are real.

Similarly, the slepton mass-squared matrices are given as

m2

ẽ
¼

�mẽLẽ
�
L

mẽLẽR

m†

ẽLẽ
�
R

mẽRẽ
�
R

�
ð27Þ

m2
ν̃ ¼

�mν̃L ν̃
�
L

mν̃Lν̃R

m†

ν̃Lν̃
�
R

mν̃Rν̃
�
R

�
; ð28Þ

with the matrix elements in the slepton sector being

mẽLẽ
�
L
¼ g2V

2
ðv̄2R − v2RÞ þ

g2
2

4
ðv2u − v2dÞ þ v2dyly

T
l þM2

LL;

mẽRẽ
�
R
¼ g2V

2
ðv2R − v̄2RÞ þ

g2R
4
ð2v̄2R − 2v2R − v2d þ v2uÞ þ v2dy

T
l yl þM2

LR;

mẽLẽR
¼ ylðλ0vs þ μÞvu − vdT

yl;

mν̃Lν̃
�
L
¼ g2V

2
ðv̄2R − v2RÞ þ

g2
2

4
ðv2d − v2uÞ þ v2uyly

T
l þM2

LL;

mν̃Rν̃
�
R
¼ v̄2Rf

cTfc þ g2V
2
ðv2R − v̄2RÞ þ

g2R
4
ð2v2R − 2v̄2R − v2u þ v2dÞ þ v2uy

T
l yl þM2

LR;

mν̃Lν̃R
¼ −ylvdðλ0vs þ μÞ þ vuT

yl:

The sfermion mass matrices, namely, the down squarks, up squarks, charged sleptons, and sneutrinos given in

Eqs. (24)–(28), can be diagonalized by the rotation matrices UDL, UUL, UEL, and UVL, respectively.
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3. Electroweakino sectors

The particle spectrum of our model allows for a large

number of physical chargino and neutralino states (together

referred to as electroweakinos from here on), which arise

from the mixing of the charged and neutral gauginos and

Higgsinos, respectively. Since R parity is naturally con-

served in this model, the lightest neutralino is stable and

can be a good dark matter candidate. The electroweakinos

are also very important for our study as the primary SUSY

decay channels for the heavy gauge bosons will be into

these particles, as is seen in the next section.

The chargino mass matrix in the basis ðW̃−
R; W̃

−
L; δ̃

c− ; ϕ̃−
2 Þ

and ðW̃þ
R ; W̃

þ
L ;

˜̄δ
cþ
; ϕ̃þ

2
Þ can be written as

mχc
¼ ð W̃−

R W̃−
L δ̃c

−

ϕ̃−
2
Þ

0
BBBBBB@

M
WR
11

þM
WR
22

2
0

ffiffiffi
2

p
gRvR gRvd

0
1M

WL
11

þM
WL
22

2
0 g2vu

−
ffiffiffi
2

p
gRv̄R 0 λcvs þ μ2 0

gRvu g2vd 0 ðλ0vs þ μÞ

1
CCCCCCA

0
BBBBBB@

W̃þ
R

W̃þ
L

˜̄δ
cþ

ϕ̃þ
2

1
CCCCCCA
: ð29Þ

It is easy to see that this chargino mass matrix is asymmetric and can only be diagonalized by a biunitary transformation

withmχ̃c;diag
¼ ULmmχ̃c

URp†

. Please note that the left-handed triplet Higgsinos remain decoupled from these charginos and

neutralinos due to the left-handed triplet Higgs boson not acquiring any VEV. Hence we have a total of eight neutral

electroweakinos that mix among each other in the gauge basis

ðB̃; fW0
R;

fW0
L; δ̃

c0 ; ˜̄δ
c0
; ϕ̃0

2; ϕ̃
0

1; S̃Þ; ð30Þ

with their corresponding mass matrix as

mχ̃ ¼

0
BBBBBBBBBBBBBBBBBBBBBB@

M1 0 0 m
δ̃c

0
H̃0

d

ffiffiffi
2

p
gVvR 0 0 0

0 M
WR

33
0

ffiffiffi
2

p
gRv̄R m

˜̄δ
c0fW0

R

m
ϕ̃0

2

fW0

R

1ffiffi
2

p gRvu 0

0 0 M
WL

33
0 0

1ffiffi
2

p g2vd m
ϕ̃0

1

fW0

L

0

m
H̃0

d
δ̃c

0

ffiffiffi
2

p
gRv̄R 0 0 m

˜̄δ
c0
δ̃c

0 0 0 λcvR
ffiffiffi
2

p
gVvR mfW0

R
˜̄δ
c0

0 m
δ̃c

0 ˜̄δ
c0 0 0 0 λcv̄R

0 mfW0

R
ϕ̃0

2

1ffiffi
2

p g2vd 0 0 0 mϕ̃0

1
ϕ̃0

2

−λ0vu

0
1ffiffi
2

p gRvu mfW0

L
ϕ̃0

1

0 0 mϕ̃0

2
ϕ̃0

1

0 −λ0vd

0 0 0 λcvR λcv̄R −λ0vu −λ0vd mS̃ S̃

1
CCCCCCCCCCCCCCCCCCCCCCA

: ð31Þ

Here

m
H̃0

d
δ̃c

0 ¼ −
ffiffiffi
2

p
gV v̄R; mfW0

R
˜̄δ
c0
¼ −

ffiffiffi
2

p
gRvR; m

δ̃c
0 ˜̄δ

c0 ¼ λcvs þ μ2; mfW0

R
ϕ̃0

2

¼ −
1ffiffiffi
2

p gRvd;

mfW0

L
ϕ̃0

1

¼ −
1ffiffiffi
2

p g2vu; mϕ̃0

2
ϕ̃0

1

¼ −ðλ0vs þ μÞ; mS̃ S̃ ¼ ð2kvs þ μsÞ: ð32Þ

This matrix is diagonalized by the ZfN rotation matrix asmχ̃;diag ¼ ZfNmχ̃Z
fN†

. Also in this model, it is possible to get two

types of doubly charged chargino particles, one from the SUð2ÞL triplet and another from SUð2ÞR triplet sectors. These do

not mix among each other, resulting in the left-handed triplets being quite massive while the right-handed doubly charged

Higgsinos can remain light [33] with a mass of

Mχ̃�� ¼ λcvs þ μ2: ð33Þ
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III. HEAVY GAUGE BOSON DECAYS FOR

DIFFERENT LSP COMPOSITIONS

In this study, we mainly concentrate on the heavy WR

and ZR gauge bosons. Depending on the numerical values

of the additional gauge couplings gR, gV and the vacuum

expectation values, i.e., the minimum of the potential in the

particular scalar field directions (except the singlet scalar

field), the masses of these gauge bosons could change. In

the presence of light LRSUSY particles, and if kinemat-

ically allowed, these heavy gauge bosons can decay to

these particles with a significantly high branching fraction.

In order to estimate these BSM decays, we choose the

parameters in such a way that all the sparticle sectors are

sufficiently heavy except the electroweakinos [see Eq. (30)]

so that the heavy gauge bosons can only decay into these

light electroweakinos. We specifically focus on this sector

as the SUSY decays of the heavy gauge bosons is

maximum here. First, we consider different benchmark

points where the light electroweakinos are primarily

composed of only one type of fermionic fields (a particular

type of gaugino or Higgsino). Then we allow for mixing

between the various fermionic states such that the decay

branching fractions of the gauge bosons can change

significantly. We also vary the masses of the squarks

and sleptons so as to open up the gauge bosons decay

channels into sfermionic final states. Thus in this section

we study a host of scenarios with various possible final

states for the heavy gauge boson decays and study the

corresponding decay BRs.

A systematic study of the heavy gauge bosons decay

channels requires one to deal with a large number of free

parameters in the minimal LRSUSY model that has been

considered in the paper. The experimentally measured

particle masses and other low energy observables can be

used to constrain the Yukawa sector of the model to a

certain extent. The scalar couplings, on the other hand, have

some bounds coming from the measured Higgs boson

properties. We further require the lightest neutralino to be

the LSP as it can then be a good dark matter candidate. Yet

there are a large number of free parameters in the model,

most of which do not have any significant effect on our

results. We thus keep the numerical values of these

parameters constant for the rest of our analysis as can be

seen in Table I. Varying the rest of the parameters, we

consider different field combinations for the electrowea-

kino sector while also varying the sfermion masses to study

the corresponding gauge boson decays.

A. Case-1: Single component LSP

We first identify the parameter spaces where the LSP is

mostly composed of only one type of component among

the neutral fermion fields in the basis given in Eq. (30). We

make sure all other SUSY particles are much heavier so that

the heavy gauge bosons do not decay into these states. It

can be seen from Eq. (7) that the mass of the neutral ZR

boson always remains
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1þ g2Rg

−2
V Þ

p
times heavier than

the mass of the WR boson. We keep the numerical values

of the VEVs fixed at vu ¼ 173.457 GeV, vd ¼ 15 GeV,

vR ¼ 7300 GeV, v̄R ¼ 3730 GeV, and vs ¼ 1000 GeV

and the gauge couplings gV ¼ 0.36, g2 ¼ gR ¼ 0.64.

Thus the masses of the heavy gauge bosons remain

unchanged at MWR
¼ 5.25 TeV and MZR

¼ 8.5 TeV

throughout this section. One could also choose different

values of the VEVs and the gauge couplings to get different

gauge boson masses. We however choose relatively heavy

masses for the gauge bosons to evade the experimental

bounds [12,16,18]. As discussed earlier, we have fixed the

numerical values of a number of parameters in the model,

which are shown in Table I. Note that the large values of the

right-handed Yukawa couplings fcii in the table result in the

right-handed neutrinos being heavier than the WR boson

mass. Thus it is impossible for the heavy gauge bosons to

decay into right-handed neutrino final states. The dominant

TABLE I. These parameters remain fixed throughout this section. The unit of the mass parameter is in GeV and mass squared

is in GeV2.

Parameters

M2

qL;11 ¼ M2

qL;22 ¼ 108, M2

qL;33 ¼ 2.50 × 107, M2

qR;11 ¼ M2

qR;22 ¼ 108, M2

qR;33 ¼ 2.90 × 107,

M2

lL;11 ¼ 9.60 × 107, M2

lL;22 ¼ 9.20 × 107, M2

lL;33 ¼ 9.0 × 107, M2

LR;11 ¼ 9.20 × 107, M2

LR;22 ¼ 9.10 × 107, M2

LR;33 ¼ 9.0 × 107,

yl;11 ¼ 3.34 × 10−5, yl;22 ¼ 0.007, yl;33 ¼ 0.118, T
yl
11

¼ T
yl
22

¼ T
yl
33

¼ −100,

yl;ij ¼ 0 ¼ T
yl
ij , for i ≠ j,

yq;11 ¼ 1.45 × 10−5, yq;22 ¼ 0.0073, yq;33 ¼ 1.0006, T
yq
11

¼ T
yq
22

¼ T
yq
33

¼ −100,

yq;ij ¼ 0 ¼ T
yq
ij , for i ≠ j,

fc
11

¼ 1.4, fc
22

¼ 1.6, fc
33

¼ 1.8, T
fc

11
¼ T

fc

22
¼ T

fc

33
¼ −100,

fcij ¼ 0 ¼ T
fc

ij , for i ≠ j.

λ0 ¼ 0.10, k ¼ 1.8,

μ�
1
B2 ¼ −2000, μsBs ¼ 103, M2 ¼ −108, λCλ ¼ 103, λAλ ¼ −100, kAk ¼ 104, λ0Aλ0 ¼ −350, MG ¼ 6000,

vu ¼ 173.457, vd ¼ 15, vR ¼ 7300, v̄R ¼ 3730, vs ¼ 1000, gV ¼ 0.36, g2 ¼ gR ¼ 0.64
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contribution to the LSP from each fermion field is shown in

Table II and is discussed in detail below.

1. Binolike, SUð2ÞL, winolike, or singlinolike LSP

One can consider the case where the neutralino LSP is

mostly composed of B̃, W̃0
L, or S̃. As is quite evident from

the neutralino mass matrix given in Eq. (31), a bino(wino-

L)-type LSP would require one to choose a small value of

the parameter M1ðMWL

33
Þ. Similarly one can adjust λ’s and

μ’s to get a singlinolike LSP. These scenarios result in the

BR of heavy gauge bosons decaying into BSM particles

being almost negligible and do not give rise to any new

decay channels. The heavy gauge bosons here almost

entirely decay into SM particles resulting in no new signals,

and hence are not discussed in detail.

2. SUð2ÞR winolike LSP

As a consequence of the right-handed symmetry being

broken above the SUSY breaking scale, one can choose

different values of the soft SUSY breaking terms for the

charged and the neutral components of the SUð2ÞR wino

fields. The parameter M
WR

33
can thus be adjusted to get a

TABLE II. The LSP is mostly composed of only one type of component among the neutral fermion fields in the basis given in Eq. (30).

Mχ̃i
ðχ̃i ¼ χ̃0

1;2; χ̃
�
1
Þ stands for the masses of the electroweakinos for these benchmark points. It is to be noted that the other parameters are

fixed as in Table I. The decay into BSM particles having branching ratios less than 0.0001% is not included here.

Branching ratio of WR, ZR into different BSM fields

LSP type Benchmark points W�
R → BSM ZR → BSM

1a. Wino-R (95%) M1 ¼ 60 TeV, M
WL

33;22;11 ¼ 60 TeV,

M
WR

33;22;11 ¼ −2250,

26.80% (W�
R → χ̃0

1
χ̃�
1
) 23.46% (ZR → χ̃

∓
1
χ̃�
1
)

μs ¼ −12 TeV, μ2 ¼ 20 TeV, μ ¼ −16 TeV, 0.01% (W�
R → ZH�

1
)

λc ¼ −1.2, λ0 ¼ −0.2, k ¼ 0.03, 0.01% (W�
R → A1W

�)
0.01% (W�

R → H3W
�)

Mχ̃0
1

¼ 346.4 GeV, Mχ̃0
2

¼ 13.93 TeV,

Mχ̃�
1

¼ 984.25 GeV

1b. Wino-R (95%) M1 ¼ 60 TeV, M
WL

33;22;11 ¼ 60 TeV,

M
WR

33
¼ −2250,

28.2% (W�
R → χ̃0

1
χ̃�
1
) 23.7% (ZR → χ̃

∓
1
χ̃�
1
)

M
WR

22;11 ¼ −955, μs ¼ −12 TeV, μ2 ¼ 20 TeV, 0.01% (W�
R → ZH�

1
)

μ ¼ −16 TeV, λc ¼ −1.2, λ0 ¼ −0.2, k ¼ 0.03, 0.01% (W�
R → A1W

�)

0.01% (W�
R → H3W

�)
Mχ̃0

1

¼ 346.4 GeV, Mχ̃0
2

¼ 13.93 TeV,

Mχ̃�
1

¼ 346.5 GeV

2. Higgsino-(ϕ1;2)

(49.9% each)
M1 ¼ 60 TeV, M

WL

33;22;11 ¼ 60 TeV,

M
WR

33;22;11 ¼ 60 TeV,

9% (W�
R → χ̃0

1
χ̃�
1
) 7.96% (ZR → χ̃0

1
χ̃0
2
)

μs ¼ −12 TeV, μ2 ¼ 20 TeV, μ ¼ −0.2 TeV, 9% (W�
R → χ̃0

2
χ̃�
1
) 7.96% (ZR → χ̃

∓
1
χ̃�
1
)

λc ¼ −1.2, λ0 ¼ −0.04, k ¼ 0.03, 0.01% (W�
R → ZH�

1
)

0.01% (W�
R → A1W

�)

Mχ̃0
1

¼ 239.9 GeV, Mχ̃0
2

¼ 240.1 GeV,

Mχ̃�
1

¼ 240 GeV

0.01% (W�
R → H3W

�)

3. Higgsino-(Δ1;2
R )

(57.7 and 41.6%)
M1 ¼ 60 TeV, M

WL

33;22;11 ¼ 60 TeV,

M
WR

33;22;11 ¼ 60 TeV,

10.37% (W�
R → χ̃0

1
χ̃�
1
) 31.16% (ZR → χ̃0

1
χ̃0
2
)

μs ¼ −12, μ2 ¼ 1 TeV, μ ¼ 0 TeV, 10.37% (W�
R → χ̃0

2
χ̃�
1
) 1.72% (ZR → χ̃

∓
1
χ̃�
1
)

λc ¼ −0.078, λ0 ¼ −1.7, k ¼ 0.03, 20.84% (W�
R → χ̃

∓
1
χ̃��) 4.56% (ZR → χ̃

∓
2
χ̃�
2
)

4.9% (W�
R → χ̃

∓
2
χ̃0
3
) 8.61% (ZR → χ̃∓∓χ̃�∓)

Mχ̃0
1

¼ 920 GeV, 0.01% (W�
R → A2W

�)

Mχ̃0
2

¼ 1.265 TeV, Mχ̃�
1

¼ 1.284 TeV,

Mχ̃�� ¼ 922 GeV

0.01% (W�
R → H3W

�)
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neutralino LSP primarily consisting of a neutral SUð2ÞR
wino (or wino-R) field. Again, in this case, due to the off-

diagonal (2,4) and (2,5) entries in the neutralino mass

matrix [
ffiffiffi
2

p
gRv̄R and

ffiffiffi
2

p
gRvR respectively as can be seen

from Eq. (31)], the lightest neutralino mass Mχ̃0
1

≥

2.29 TeV for any positive value of M
WR

33
for our chosen

parameters. Similarly for positive values of the parameters

M
WR

ii (i ¼ 1, 2), the wino-Rlike chargino mass remains

Mχ̃�
1

≥ 1.11 TeV due to the off-diagonal (1,3) and (3,1)

terms in the chargino mass matrix given in Eq. (29). In fact

if all the three soft terms are equal and positive, the

chargino mass always remains lighter than the neutralino

mass for an SUð2ÞR winolike LSP. Thus we are compelled

to choose either negative or unequal numerical values for

M
WR

ii ði ¼ 1–3Þ. To analyze the distinct regions in the

parameter space, we choose two corresponding BPs 1(a)

and 1(b) as shown in Table II. The right-handed neutrinos,

squarks, and sleptons masses are all heavier than the WR

and ZR boson masses so these final states are absent here.

For BP 1(a) and 1(b) we keep the numerical value of

M
WR

33
¼ −2250 GeV the same while the charged wino-R

soft masses M
WR

11
¼ M

WR

22
are chosen to be −2250 GeV for

BP 1(a) and −955 GeV for BP 1(b). This gives us a lightest

chargino mass of 984.25 and 346.5 GeV for the two cases,

respectively. The lightest neutralino mass remains at

346.4 GeV for all the three benchmarks we have considered

here. The W�
R → χ̃0

1
χ̃�
1
and ZR → χ̃�

1
χ̃
∓
1
channels open up

for these two BPs, resulting in significant branching

ratios into these decay channels. Both these cases have

similar couplings for W�
R χ̃

0

1
χ̃
∓
1
, which come out

∼ð0.56PL þ 0.58PRÞ while the ZRχ̃
�
1
χ̃
∓
1

coupling is

∼ð0.50PL þ 0.53PRÞ, where PL and PR are the left and

right chiral projection operators of the fermions. As a result

the branching ratio of W�
R → χ̃0

1
χ̃�
1
is around 26.8% while

ZR → χ̃�
1
χ̃
∓
1
remains around 23.46% for both BP 1(a) and

1(b) as can be seen from Table II. The branching ratios to

the other Higgs boson and/or vector boson final state decay

channels remain negligibly small.

3. Bidoublet Higgsino-like LSP

We now consider the case where the LSP is primarily

composed of the bidoublet Higgsino fields. This can be

achieved by choosing a relatively small value for the off-

diagonal bidoublet Higgsino cross term j λ0
2
vs þ μ

2
j while

keeping the other mass terms in the neutralino mass matrix

quite large. As the diagonal mass terms for ϕ̃0

1 and ϕ̃
0

2 in the

mχ̃ matrix are 0, their entire mass comes from the off-

diagonal term mentioned above. This results in two light

neutralino mass eigenstates that are almost degenerate in

mass and composed of maximally mixed states of ϕ̃0

1
and

ϕ̃0

2 while their mixing with the other states is negligibly

small. Hence, both the LSP and the next-to-lightest SUSY

particle (NLSP) arise from an equal mixing (∼49.9%) of ϕ̃0

1

and ϕ̃0

2, with their masses being 239.9 and 240.1 GeV,

respectively. The lightest chargino also primarily consists

of bidoublet charged fields and has a mass of 240 GeV.

Our choice of parameters (the BP 2 in Table II) directly

affects the tree-level and loop-level Higgs mass; we thus

slightly modify the numerical value of λ0Aλ0 to get the

lightest Higgs mass of Mh1
¼ 125 GeV.

The branching ratio of W�
R → χ̃0

1
χ̃�
1

and W�
R → χ̃0

2
χ̃�
1

becomes identical (9% in each channel) since their cou-

pling strengths (∼0.31PL þ 0.31PR) are also equal here.

This is because the composition of χ̃0
1
and χ̃0

2
is almost the

same. The ϕ̃0

1ϕ̃
0

1ZR and ϕ̃0

2ϕ̃
0

2ZR terms in the gauge basis

appear with equal and opposite sign couplings and as a

result, in the mass basis, the ZRχ̃
0

1
χ̃0
1
and ZRχ̃

0

2
χ̃0
2
couplings

vanish in this case. This fact can also be seen from

Eq. (B16). Hence, these are suppressed (as χ̃1;2 has tiny

contributions from the other neutral Higgsino and gaugino

fields) and the corresponding decay BRs remain negligibly

small. However, the vertices ZRχ̃
0

1
χ̃0
2
and ZRχ̃

�
1
χ̃�
1

have

quite large couplings resulting in a sizable branching ratio

of around 8% in each of these channels.

4. Right-handed triplet Higgsino-like LSP

The SUð2ÞR triplet Higgsino-like neutralino LSP can be

obtained by adjusting the value of the parameter μ2, λ
c, and

vs appearing in the (4,5) and the (5,4) matrix elements of

the neutralino mass matrix given in Eq. (31). We change μ2
and λc while keeping vs constant. As these parameters

directly affect the tree-level Higgs mass, we adjust the loop-

corrected and tree-level Higgs mass by appropriately

choosing the value of theMqL=R, λ
0Aλ0 , μ, and λ

0 parameters

to achieve a lightest Higgs boson mass of 125 GeV. In this

case, we can get large splitting between the neutralinos χ̃0
1

and χ̃0
2
due to the large off-diagonal (2,4), (2,5), (4,2), and

(5,2) elements of the neutralino mass matrix [see Eq. (31)].

This also allows us to have quite different contributions

from δ̃c
0

and ˜̄δ
c0

in the χ̃0
1
eigenstate unlike the previous

case of bidoublet Higgsinos. We present this case as BP 3 in

Table II. The light neutralino masses are Mχ̃0
1

¼ 920 GeV

and Mχ̃0
2

¼ 1265 GeV while the lightest chargino mass is

Mχ̃�
1

¼ 1284 GeV for this benchmark point. An important

consequence of our chosen benchmark point is that the

doubly charged Higgsino also remains light here as it is

a part of the same fermion multiplet that gives the LSP in

this scenario. We get the mass of the doubly charged

Higgsino Mχ̃�� ¼ 922 GeV.

As χ̃0
1
, χ̃0

2
, and χ̃�

1
are all composed of right-handed triplet

states, their couplings with WR are relatively large com-

pared to other cases. The coupling strengths of W�
R χ̃

0

1
χ̃�
1

vertex are ∼0.45PL þ 0.39PR while that ofW�
R χ̃

0

2
χ̃�
1
vertex

is ∼0.39PL þ 0.45PR [see the second term of both the lines

of Eq. (A12)] for the BP 3. Thus the branching ratios of
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W�
R → χ̃0

1
χ̃�
1
andW�

R → χ̃0
2
χ̃�
1
are almost the same here and

equal to around 10.37% each. The doubly charged fermion

being light allows an additional decay channel for W�
R →

χ̃
∓
1
χ̃�� and gives an even larger branching ratio of 20.84%

for this channel owing to the larger coupling of the

W�
R χ̃

∓
1
χ̃�� vertex as given in Eq. (A13).

The neutral ZR boson has several possible decay chan-

nels with electroweakino final states in this case. The

δ̃c
0

δ̃c
0

ZR and ˜̄δ
c0 ˜̄δ

c0
ZR terms in the gauge basis appear with

equal and opposite sign as in the previous case. Hence the

ZRχ̃
0

1
χ̃0
1
and ZRχ̃

0

2
χ̃0
2
couplings are again small due to

cancellations in the mass basis. On the other hand, the

ZR → χ̃0
1
χ̃0
2
channel has a large branching ratio of 31.16%

due to a large coupling of ∼0.61PL þ 0.61PR [see

Eq. (B16)] in this vertex. The ZR → χ̃�
1
χ̃
∓
1

remains quite

small at around 2%. A sizable 8.61% branching in the

channel ZR → χ̃∓∓χ̃�� is also obtained in this scenario.

B. Case II: Mixed LSP

In the previous section, we analyzed the regions of the

parameter space where the major contribution to the LSP

was primarily coming from only one type of component of

the neutral gaugino or Higgsino fields. In this section, we

discuss the parameter space where the LSP consists of two

type of components [see Eq. (30)] and study its effect on the

heavy gauge boson decay channels. As before, the rest of

the BSM particle spectrum (squarks, sleptons, right-handed

neutrinos, etc.,) have been kept much heavier to make sure

that the heavy gauge bosons do not decay into them. Cases

with dominant contribution to the LSP from two gaugino

fields are shown in Table III while the cases with mixed

gaugino and Higgsino fields relevant for our study are

presented in Table IV. The Higgsinos, as well, can mix

among each other, resulting in the LSP being composed of

equal parts coming from the bidoublet fields and the right-

handed triplet fields. The choice of parameters leading to

this mixed Higgsino-like LSP is given in Table V. We now

present a detailed discussion of each of these cases.

1. Combination of bino, wino L, and/or singlino

The LSP comprising a mixture of the bino, wino-L field,

and/or singlino can be found by adjusting the parameters

M1, M
WL

33
, λc, λ0, k, and μs. As has been discussed earlier,

TABLE III. The LSP is mostly composed of only two type of the neutral fermion fields in the basis given in Eq. (30). The other

parameters are fixed as in Table I. The decay into BSM particles having branching ratios less than 0.0001% is not included here.

Branching ratio of W�
R , ZR

into different BSM fields

LSP type Benchmark points W�
R → BSM ZR → BSM

1. Bino (49.5%) and

wino R (49.5%)
M1 ¼ −300, M

WL

33;22;11 ¼ 60 TeV,

M
WR

33;22;11 ¼ −2250,

15.83% (W�
R → χ̃0

1
χ̃�
1
) 23.34% (ZR → χ̃

∓
1
χ̃�
1
)

μs ¼ −12 TeV, μ2 ¼ 20 TeV, μ ¼ −16 TeV, 9.26% (W�
R → χ̃0

2
χ̃�
1
)

λc ¼ −1.2, λ0 ¼ −0.2, k ¼ 0.03, 0.01% (W�
R → ZH�

1
)

0.01% (W�
R → A1W

�)

Mχ̃0
1

¼ 998.7 GeV, Mχ̃0
2

¼ 1.681 TeV,

Mχ̃�
1

¼ 984.1 GeV

0.01% (W�
R → H3W

�)

2. Wino L (49.5%) and

wino R (49.5%)
M1 ¼ 60 TeV, M

WL

33;22;11 ¼ 502.51,

M
WR

33;22;11 ¼ −2067.6,

14.68% (W�
R → χ̃0

2
χ̃�
1
) 23.35% (ZR → χ̃

∓
2
χ̃�
2
)

μs ¼ −12 TeV, μ2 ¼ 20 TeV, μ ¼ −16 TeV, 12.18% (W�
R → χ̃0

2
χ̃�
2
)

λc ¼ −1.2, λ0 ¼ −0.2, k ¼ 0.03, 0.01% (W�
R → ZH�

1
)

0.01% (W�
R → A1W

�)
Mχ̃0

1

¼ 502.4 GeV, Mχ̃0
2

¼ 526.2 GeV,

Mχ̃�
1

¼ 502.5 GeV

0.01% (W�
R → H3W

�)

3. Wino R (49.5%) and

singlino (49.5%)
M1 ¼ 60 TeV, M

WL

33;22;11 ¼ 60 TeV,

M
WR

33;22;11 ¼ −6500,

0.1% (W�
R → χ̃0

1
χ̃�
1
) 0.1% (ZR → χ̃

∓
1
χ̃�
1
)

μs ¼ −5 TeV, μ2 ¼ 20 TeV, μ ¼ −16 TeV, 0.1% (W�
R → χ̃0

2
χ̃�
1
)

λc ¼ −1.2, λ0 ¼ −0.2, k ¼ 2.4, 0.01% (W�
R → ZH�

1
)

0.01% (W�
R → A1W

�)
Mχ̃0

1

¼ 1.66 TeV, Mχ̃0
2

¼ 5.56 TeV,

Mχ̃�
1

¼ 4.83 TeV

0.01% (W�
R → H3W

�)

BHATTACHERJEE, KHAN, and PATRA PHYS. REV. D 100, 075010 (2019)

075010-14



the heavyWR and ZR gauge bosons do not have significant

couplings to either a bino, wino L, or singlino. Thus, the

decay of these heavy gauge bosons into the light neutra-

linos is again almost nonexistent in these cases and is not

discussed further.

2. Combination of wino R and a bino, wino L or singlino

The three benchmark points in Table III represent the

cases where the LSPs are all composed of around 50% from

the SUð2ÞR wino, which does interact quite significantly

with the heavy gauge bosons. BPs 1, 2, and 3 in Table III

give a lightest neutralino LSP χ̃0
1
consisting of ∼50%

wino R and ∼50% from either a bino, wino-L, or singlino

field, respectively. The lightest chargino χ̃�
1
in BP 1 and 3

primarily consists of charged wino-R fields. Thus for these

two points the decay of theW�
R → χ̃0

1
χ̃�
1
andW�

R → χ̃0
2
χ̃�
1
is

quite significant with a BR around 16% and 9%, respec-

tively. The coupling strengths of the vertices W�
R χ̃

0

1
χ̃�
1
and

W�
R χ̃

0

2
χ̃�
1

become almost half compared to the coupling

strength of theW�
R χ̃

0

1
χ̃�
1
vertex in the pure wino-R case that

was discussed earlier. The couplings become half due the

mixing of the wino R with the other gaugino fields,

resulting in a change of the mixing angles in ZfN appearing

in the vertices [see Eq. (A12)] leading to W�
R boson decay

into electroweakinos. As the combination of the lightest

chargino χ̃�
1
remains almost similar as in the wino-R case,

the ZR boson here decays significantly into χ̃�
1
χ̃
∓
1
with a BR

of around 23.5%. For BP 2 it is actually the second lightest

chargino χ̃�
2
that is coming from the charged component

of the SUð2ÞR wino. Also in this case, WR thus decays

into χ̃�
2
χ̃0
1
and χ̃�

2
χ̃0
2
with BR of around 15% and 12%,

respectively, while the ZR boson decays into χ̃�
2
χ̃
∓
2
with a

BR of around 23.5%.

3. Combination of gauginos and Higgsinos

The only interesting cases here are the ones where the

bidoublet or SUð2ÞR triplet Higgsinos mix with the wino-R

state as the other cases are very similar to pure Higgsino

LSP, only with reduced branchings into SUSY final states.

We show these points in Table IV.

BP 1 in Table IV represents the case where the bidoublet

Higgsinos mix with the wino R to form the lightest

neutalino χ̃0
1
consisting almost 30% of each, ϕ̃0

1, ϕ̃
0

2, and

W̃R. In order to get the LSP with almost equal contributions

from the two bidoublet Higgsinos and the wino R we had to

make sure that all the mass terms related to these states

remained small. This in turn results in two other neutralino

states remaining light. The LSP χ̃0
1
has a mass of 207.2 GeV

TABLE IV. The bidoublet or triplet Higgsinos mix with the wino R to form the lightest neutalino.

Branching ratio of W�
R , ZR

into different BSM fields

LSP type Benchmark points W�
R → BSM ZR → BSM

1. Higgsino-(ϕ1;2) (36%, 26%)

wino R (26%)
M1 ¼ 60 TeV, M

WL

33;22;11 ¼ 60 TeV,

M
WR

33;22;11 ¼ −2345,

4.26% (W�
R → χ̃0

1
χ̃�
1
) 4.19% (ZR → χ̃0

1
χ̃0
2
)

μs ¼ −12 TeV, μ2 ¼ 20 TeV, μ ¼ −0.2 TeV, 3.08% (W�
R → χ̃0

3
χ̃�
1
) 2.06% (ZR → χ̃0

2
χ̃0
3
)

λc ¼ −1.2, λ0 ¼ −0.04, k ¼ 0.03, 8.06% (W�
R → χ̃0

1
χ̃�
2
) 6.38% (ZR → χ̃

∓
1
χ̃�
1
)

6.6% (W�
R → χ̃0

2
χ̃�
1
) 20.15% (ZR → χ̃

∓
2
χ̃�
2
)

Mχ̃0
1

¼ 207.2 GeV, Mχ̃0
2

¼ 246.2 GeV,

Mχ̃0
3

¼ 304.2 GeV

14.4% (W�
R → χ̃0

3
χ̃�
2
)

Mχ̃�
1

¼ 237.4 GeV, Mχ̃�
2

¼ 1.077 TeV 0.01% (W�
R → ZH�

1
)

0.01% (W�
R → A1W

�)

0.01% (W�
R → H3W

�)

2. Higgsino-(Δ1;2
R ) (80%, 10.0%)

and wino R (6.0%)
M1 ¼ 60 TeV, M

WL

33;22;11 ¼ 60 TeV,

M
WR

33;22;11 ¼ −2250,

7.30% (W�
R → χ̃0

3
χ̃�
1
) 7.77% (ZR → χ̃0

1
χ̃0
1
)

μs ¼ −34, μ2 ¼ 1 TeV, μ ¼ 0 TeV, 7.30% (W�
R → χ̃0

2
χ̃�
1
) 2.76% (ZR → χ̃0

1
χ̃0
4
)

λc ¼ −0.078, λ0 ¼ −1.7, k ¼ 0.03, 6.44% (W�
R → χ̃0

1
χ̃�
2
) 5.83% (ZR → χ̃0

2
χ̃0
3
)

0.3% (W�
R → χ̃0

3
χ̃�
2
) 5.81% (ZR → χ̃�

1
χ̃
∓
1
)

Mχ̃0
1

¼ 761.6 GeV, Mχ̃0
2

¼ 1.69 TeV,

Mχ̃0
3

¼ 1.70 TeV

6.90% (W�
R → χ̃��χ̃∓

1
) 11.01% (ZR → χ̃��χ̃∓∓)

Mχ̃�
1

¼ 1.69 TeV, Mχ̃�
2

¼ 2.77 GeV 0.01% (W�
R → ZH�

1
)

0.01% (W�
R → A2W

�)
0.01% (W�

R → H3W
�)
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for our chosen parameters. The next lightest neutralino χ̃0
2
is

mostly coming from the bidoublet fields and has a mass of

246.2 GeV. The next heavier member in the neutralino

spectrum χ̃0
3
gets a large contribution from the wino-R field

and has a mass of 304.2 GeV. The chargino χ̃�
2
primarily

consists of a charged component of wino-R field, whereas

χ̃
∓
1

consist of bidoublet fields. They have masses in the

same order as the neutralino masses as expected. Thus a

number of different channels open up for the WR and ZR

decay albeit with smaller branching ratios compared to the

pure Higgsino or pure wino-R case. However, the total

branching into final state BSM particles becomes large

since a host of new decay channels have now opened up.

The largest non-SM decay of WR is in the W�
R → χ̃0

3
χ̃�
2

channel with 14.4% BR (much smaller than the pure wino-

R case with BR of 26.8%) due to the mixing suppression in

the neutralino and the chargino sectors. Similarly the

W�
R → χ̃0

1;2χ̃
�
1

channels are smaller here as can be seen

in Table IV. A few other new combinations of neutralino

plus chargino final states open up due to the smaller mass of

the electroweakinos in this case. We find the total branching

of WR into BSM final state particles to be roughly 36.6%.

Notably the W�
R → χ̃0

2
χ̃�
2
channel is very small since there

is no direct W�
R W̃

∓
R Φ̃ coupling in the gauge basis and only

arises from mixings that are quite small. Similarly ZR has a

number of possible decay channels including ZR → χ̃0
1
χ̃0
2
,

ZR → χ̃0
2
χ̃0
3
, ZR → χ̃�

1
χ̃
∓
1
, and ZR → χ̃�

2
χ̃
∓
2

with 4.2%,

2.1%, 6.4%, and 20.15% BR in each channel, respectively.

The coupling strength of the vertex ZRχ̃
�
2
χ̃�
2

is again

slightly smaller than the pure wino-R (here χ̃�
2

is wino-

R dominated) case due to its mixing with Higgsino states in

this case.

One can adjust the parameters M
WR

33
, λ0, λc, and μ2 to get

neutralino LSP that consists of neutral fermionic compo-

nents wino R and two Higgsino from triplet fields. In this

case, it is not possible to get 33% contribution to the LSP

from each of the fields due to the large off-diagonal (gVvR,
gRvR, gV v̄R, and gRv̄R) terms in the neutralino mass matrix

[see Eq. (31)]. We represent this as BP 2 and the

corresponding contributions of each of these fields are

shown in Table IV. Similar to the previous case with

light triplet, the doubly charged chargino remains light

here as well. We get the light neutralino and chargino

particles masses as Mχ̃0
1

¼ 761.6 GeV, Mχ̃0
2

¼ 1.69 TeV,

Mχ̃0
3

¼ 1.7 TeV, Mχ̃�
1

¼ 1.69 TeV, Mχ̃�
2

¼ 2.77, and

Mχ̃�� ¼ 0.922 TeV for this choice of BP. The χ̃0
1
and χ̃0

2

are both coming from a combination of the triplet and the

wino-R fields. The lightest chargino χ̃�
1
has around 90%

Higgsino components from the triplet and 6% from SUð2ÞR
wino component. The decay channels for the WR and the

ZR fields are given in BP2 of Table IV. As the χ̃0
3
; χ̃�

2
,

and χ̃�� are mostly coming from the triplet sector, the

corresponding decay of the heavy gauge bosons into these

particles remains large. The partial decay widths (and hence

the branching ratios), though, are slightly smaller compared

to the case with the pure triplet Higgsino LSP due to larger

mixing with the SUð2ÞR wino.

4. Combination of bidoublet and triplet Higgsinos

We discuss a parameter choice where the contribution to

the LSP is mainly coming from the mixing between the

bidoublet and right-handed triplet Higgsino fields. In this

case, we get four light neutralinos having masses

Mχ̃0
1

¼ 236 GeV, Mχ̃0
2

¼ 240 GeV, Mχ̃0
3

¼ 246.5 GeV,

and Mχ̃0
4

¼ 4.25 TeV. Here χ̃0
1
and χ̃0

3
are composed of

25% from each of the Higgsino fields; χ̃0
2
is almost entirely

coming from the bidoublet field while χ̃0
4
is from the

triplet fields. The lightest chargino mainly has charged

bidoublet Higgsino contribution withMχ̃�
1

¼ 240 GeV and

the second lightest chargino state is mainly from the triplet

Higgsino with mass Mχ̃�
2

¼ 1.77 TeV. The light doubly

charged chargino arising from the SUð2ÞR triplet Higgsino

has Mχ̃�� ¼ 2.16 TeV.

A host of new decay channels for the heavy gauge

bosons decaying into these light electroweakinos are

obtained here. The W�
R χ̃

0

i χ̃
∓
j and W�

R χ̃
∓∓χ̃�j couplings are

given in Eqs. (A12) and (A13) while the ZRχ̃
0
i χ̃

0
j , ZRχ̃

�
i χ̃

∓
j ,

and ZRχ̃
��χ̃∓∓ are presented in Eqs. (B16)–(B18). Since

the gauge bosons couple more strongly with the triplets

compared to the bidoublets, the branching ratio of χ̃��χ̃�
2
is

quite large of the order of 8.29%, respectively. As stated

earlier, χ̃�
2
and χ̃�� are mostly coming from the triplet fields.

However,WR into χ̃0
4
χ̃�
2
are negligible due to the mass of the

final states. Similarly ZR decays involving χ̃0
4
in the final

state are much larger than the others. All the important BSM

decay channels of the heavy gauge bosons for this case are

given in Table V. Combining all these channels, the total

branching ratios of the WR and ZR bosons into BSM final

states become 49.93% and 50.54%, respectively, which are

larger than the scenarios with almost pure bidoublet or triplet

Higgsino-like LSP.

C. Case-III: Pure LSP and a light pair of squarks

In the previous sections, the squarks and sleptons masses

were larger than theWR and ZR masses so that their decays

into final state squarks and sleptons were kinematically

disallowed. We now study the effect of low mass sfermions

on the possible decays of the heavy gauge bosons. In order

to achieve this, we significantly decrease the values of the

soft masses MqL and MqR for the squarks and sleptons so

that they are light enough for the heavy gauge bosons to

decay into these particles. The small top squark mass

significantly affects the Higgs boson loop-corrected mass

and we have to adjust the parameters MqL and MqR (T
yq
33

remains small to avoid the color breaking minima along
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the squark-field directions [34–36]) to account for this

change. One has to choose a reasonably large Tyq for this,

resulting in the left-handed squarks becoming quite massive

(more than MWR
=2). The right-handed squarks though can

remain light since the corrections to the right-handed squarks

coming from the triplet VEV through the D-term are

negative for our choice of parameters. Thus the heavy gauge

bosons can decay into these right-handed squark final states.

We change the values of the soft mass-squared terms

M2

lL,M
2

lR,M
2
qL, andM

2
qR to get lighter (Oð1Þ TeV) squarks

and sleptons. Therefore the heavy vector boson decays into

final state squarks and sleptons are kinematically allowed.

It must be noted here that the heavy sneutrino masses have

not been altered and hence sneutrino final states are still

absent. The relevant heavy gauge boson couplings with the

squarks and sleptons are given in Eqs. (A2), (B4), (B7),

and (B5). It is easy to see that these coupling strengths are

proportional to the momentum of the final state particles.

Hence the decay widths significantly depend on the

momentum of the final state particles, which are

jp⃗cmj ¼
1

2MV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M4

V þM4
q̃i
þM4

q̃i
− 2M2

VM
2
q̃i
− 2M2

VM
2
q̃j
− 2M2

q̃i
M2

q̃j

q
: ð34Þ

Here MV is the gauge boson mass and Mq̃i;j
are the

squark or slepton masses. The masses of the light up-type

squarks (primarily consisting of right-handed squark fields)

remain always larger than the light down-type squarks (also

right-handed) for our choice of parameters due to the

opposite sign contribution from the SUð2ÞR D-term. This

term is additive for themũRũ
�
R
term while it is subtractive for

the md̃Rd̃
�
R
.

Let us consider the benchmark point where we have a

binolike, SUð2ÞL winolike, and singlinolike LSP. We keep

the numerical values of all the parameters the same except

we now choose M2
qL;ii ¼ M2

qR;ii ¼ 16 TeV2 (i ¼ 1, 2),

M2

qL;33 ¼ 16 andM2

qR;33 ¼ 12 TeV2, andM2

lL;ii ¼ M2

lR;ii ¼
9.6 TeV2 (i ¼ 1, 2, 3) to get the lightest down-type squark

massmd̃1
¼1TeV while the other two aremd̃2;3

¼ 2.6 TeV.

The lightest up-type squark mass mũ1
¼ 2.2 TeV while

mũ2;3
¼ 4.1 TeV. The charged slepton masses are mẽ1

¼
2.02 TeV, mẽ2

¼ 2.02 TeV, and mẽ3
¼ 2.5 TeV. These

relatively light squarks and sleptons are mostly composed

of the right-handed fields. All other squark and slepton

masses remain heavier than 3.0 TeV. Hence the WR boson

decays into ũi plus d̃i (i ¼ 1, 2, 3) final state particles

become accessible while slepton final states are still

forbidden owing to the large sneutrino masses. We find

that the decay channels of the WR boson into squarks

(W�
R → q̃iq̃j

�) each has a BR of around 0.1% due to the

mass andW�
R q̃i q̃j coupling strength. The ZR boson, on the

other hand, can decay into the final states with ũiũ
�
i , d̃id̃

�
i ,

or ẽiẽ
�
i (i ¼ 1, 2, 3) particles. We get roughly ∼10%

branching in the final state d̃id̃
�
i channels while the final

state ũiũ
�
i , ẽiẽ

�
i decay channels are suppressed due to their

small couplings and larger masses. We show the total

branching ratio into the final state squarks in Table VII.

Also in this case, the masses of the neutralinos and

charginos remain almost the same as case 1 in Table II.

The WR and ZR boson decays into a combination of χ̃0
1

TABLE V. Combination of bidoublet and triplet Higgsinos: The LSP are composed of 25% from each of the Higgsino fields.

Branching ratio of W�
R , ZR into different BSM fields

LSP type Benchmark point W�
R → BSM ZR → BSM

1. Higgsino-(ϕ1;2 and Δ
1;2
R )

(∼25% each)
M1 ¼ 60 TeV, M

WL

33;22;11 ¼ 60 TeV,

M
WR

33;22;11 ¼ 60 TeV,

4.98% (W�
R → χ̃0

1
χ̃�
1
) 4.8% (ZR → χ̃0

1
χ̃0
2
)

μs ¼ −12 TeV, μ2 ¼ −1 TeV, μ ¼ −0.2 TeV, 7.21% (W�
R → χ̃0

2
χ̃�
1
) 2.28% (ZR → χ̃0

2
χ̃0
3
)

λc ¼ −1.16, λ0 ¼ −0.04, k ¼ 0.03, 2.62% (W�
R → χ̃0

3
χ̃�
1
) 5.40% (ZR → χ̃0

3
χ̃0
3
)

4.31% (W�
R → χ̃0

1
χ̃�
2
) 1.59% (ZR → χ̃0

3
χ̃0
4
)

7.5% (W�
R → χ̃0

3
χ̃�
2
) 5.66% (ZR → χ̃

∓
1
χ̃�
1
)

8.29% (W�
R → χ̃��χ̃∓

2
) 2.09% (ZR → χ̃

∓
2
χ̃�
2
)

Mχ̃0
1

¼ 236 GeV, Mχ̃0
2

¼ 240 GeV,

Mχ̃0
3

¼ 246.5 GeV

0.01% (W�
R → H3W

�) 10.01% (ZR → χ̃∓∓χ̃��)

Mχ̃�
1

¼ 240 GeV, Mχ̃�
2

¼ 1.74 TeV 0.01% (W�
R → ZH�

1
) 0.01% (ZR → H2A1)

0.01% (W�
R → A2W

�)
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and χ̃�
1

final states remain negligibly small as discussed

before. Thus the only BSM decays of the heavy gauge

bosons are into the light squarks in this case.

The left-handed winolike LSP primarily consists of W̃0
L

gauge boson fields. We use similar numerical values of

the parameters as in the previous case to get the lightest

down-type squark withmd̃1
¼ 1 TeV. The decay width and

branching of the heavy vector bosons WR and ZR into the

final state squarks remain almost similar as in the previous

binolike LSP case.

The choice of BP 1(a) and 1(b) in Table II [with SUð2ÞR
winolike LSP] can also admit light squarks by choosing

appropriate values of M2
qL;ii and M2

qR;ii. These give almost

similar decay width of the heavy vector bosonsWR and ZR

into the final state squarks as discussed above. As a result,

the branching of W�
R → χ̃0

1
χ̃�
1
remains the same while the

ZR → χ̃�
1
χ̃
∓
1
channel decreases by ∼3%.

Since λc, μ2, and μ have different numerical values for

the choice of BP 2 and 3, we use the sameM2
qL;ii andM

2
qR;ii

to get the lightest squark mass md̃1
¼ 1 TeV. The Higgs-

like scalar mass remain 125 GeV. Also in these cases, the

decay width into new final state squark channels remains

almost the same and hence the branching ratios of both

the SM and BSM, i.e., combination of neutralinos and/or

charginos final state, have changed as can be seen in

Table VI.

IV. COLLIDER SIGNATURE OF THE

HEAVY GAUGE BOSONS

The decay modes of the heavy gauge bosons into pairs of

leptons or jets can be considered a direct probe of these

heavy gauge bosons in the context of collider searches. It

has already been studied in the literature for various kinds

of models with extra gauge bosons [12,16–18]. Multilepton

final states arising through WR mediated processes have

also been considered in the context of dark matter studies in

LRSUSY models [37,38]. The heavy gauge bosons in our

model can also have significant branching ratios into final

states involving quarks and charged leptons. Processes

involving right-handed neutrino final states though are

absent here due to these particles being heavier than the

heavy gauge bosons. Hence, similar to the previous studies,

TABLE VI. The remaining parameters are fixed as in Table I. The electroweakino masses remain the same as the

single component LSP in Table II.

Branching ratio of W�
R , ZR into different BSM fields for the common choice of

M2
qL;ii ¼ M2

qR;ii ¼ 16 TeV2 (i ¼ 1, 2) and M2

qL;33 ¼ 4 TeV2 and M2

qR;33 ¼ 12 TeV2

LSP type W�
R → BSM ZR → BSM

Bino, wino L, singlino < 1% (W�
R →

P
ũid̃i) 10% (ZR →

P
d̃id̃i)

0.1% (W�
R → ZH�

1
) < 1% (ZR →

P
ũiũi)

0.1% (W�
R → A1W

�)

0.1% (W�
R → H3W

�)

Wino R (3b) 26.80% (W�
R → χ̃0

1
χ̃�
1
) 21.01% (ZR → χ̃

∓
1
χ̃�
1
)

< 1% (W�
R →

P
ũid̃i) 9% (ZR →

P
d̃id̃i)

0.01% (W�
R → ZH�

1
) < 1% (ZR →

P
ũiũi)

0.01% (W�
R → A1W

�)

0.01% (W�
R → H3W

�)

Higgsino-(ϕ1;2) 9.03% (W�
R → χ̃0

1
χ̃�
1
) 7.07% (ZR → χ̃0

1
χ̃0
2
)

9.03% (W�
R → χ̃0

2
χ̃�
1
) 7.07% (ZR → χ̃

∓
1
χ̃�
1
)

< 1% (W�
R →

P
ũid̃i) 14% (ZR →

P
d̃id̃i)

0.01% (W�
R → ZH�

1
) < 1% (ZR →

P
ũiũi)

0.01% (W�
R → A1W

�)

0.01% (W�
R → H3W

�)

Higgsino-(Δ1;2
R ) 10.37% (W�

R → χ̃0
1
χ̃�
1
) 29.01% (ZR → χ̃0

1
χ̃0
2
)

10.35% (W�
R → χ̃0

2
χ̃�
1
) 1.61% (ZR → χ̃

∓
1
χ̃�
1
)

20.84% (W
p
Rm → χ̃

∓
1
χ̃��) 8.04% (ZR → χ̃∓∓χ̃�∓)

< 1% (W�
R →

P
ũid̃i) 6% (ZR →

P
d̃id̃i)

0.01% (W�
R → ZH�

1
) < 1% (ZR →

P
ũiũi)

0.01% (W�
R → A2W

�)

0.01% (W�
R → H3W

�)
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one can probe the gauge bosons in the LRSUSY model in

the dilepton and dijet final states. However, in the presence

of light supersymmetric particles, various other decay

channels with significant branching are also present. It

would be interesting to study these new channels involving

the light electroweakinos as they may reveal interesting

features of this model in the context of collider searches.

These may even be helpful in suggesting new direction to

search for these extra gauge bosons. To address these

questions, we analyze several possible decay channels for

the heavy gauge bosons in the context of the HL-LHC with

ffiffiffi
s

p ¼ 14 TeV energy and a luminosity of 3000 fb−1 and

the HE-LHC with 27 TeV CoM energy and luminosity of

3000 fb−1. Before we discuss the new SUSY decay

channels, we first analyze the familiar dilepton and dijet

final states arising from the decay of the heavy gauge

bosons in our model.

We consider two benchmark points (BP1 and BP2) in

Table VII corresponding to two distinctly different com-

positions for the LSP. In both of these two BPs, the

electroweakino masses are taken around a TeV so that

TABLE VII. The branching fraction of relevant processes for these benchmark points to analyze the mono-X (X ¼ W, Z) plus =ET and

dilepton signatures through the cascade and direct decay of the heavy gauge bosons. The other input parameters and the heavy gauge

bosons masses are fixed as in the previous section.

Branching ratios for major decay channels

LSP type Benchmark points for collider analysis W�
R decays ZR decays

1. Wino R (95%) BP1 M1 ¼ 60 TeV, M
WL

33;22;11 ¼ 60 TeV,

M
WR

33;22;11 ¼ −2250 GeV,

26.80% (W�
R → χ̃0

1
χ̃�
1
) 23.46% (ZR → χ̃

∓
1
χ̃�
1
)

μs ¼ −12 TeV, μ2 ¼ 20 TeV, μ ¼ −16 TeV, 24.20% (Wþ
R → ud̄) 8.82% (ZR → uū)

λc ¼ −1.2, λ0 ¼ −0.2, k ¼ 0.03, 24.20% (Wþ
R → cs̄) 13.40% (ZR → dd̄)

24.20% (Wþ
R → tb̄) 8.82% (ZR → cc̄)

0% (W�
R → lν) 13.40% (ZR → ss̄)

0.01% (W�
R → ZH�

1
) 8.82% (ZR → tt̄)

0.01% (W�
R → A1W

�) 13.40% (ZR → bb̄)

0.01% (W�
R → H3W

�) 4.10% (ZR → ll, l ¼ e, μ)

Mχ̃0
1

¼ 346.4 GeV Other relevant decays 100% (χ̃�
1
→ χ̃0

1
W�)

Mχ̃�
1

¼ 984.25 GeV

Mχ̃2
¼ 1393.2 GeV

Mχ̃�� ¼ 1.88 × 104 GeV

W�
R decays ZR decays

10.37% (W�
R → χ̃0

1
χ̃�
1
) 31.16% (ZR → χ̃0

1
χ̃0
2
)

2. Higgsino-(Δ1;2
R )

(57.7 and 41.6%) BP2
M1 ¼ 60 TeV, M

WL

33;22;11 ¼ 60 TeV,

M
WR

33;22;11 ¼ 60 TeV,

10.37% (W�
R → χ̃0

2
χ̃�
1
) 1.72% (ZR → χ̃

∓
1
χ̃�
1
)

μs ¼ −12 TeV, μ2 ¼ 1 TeV, μ ¼ 0, 20.84% (W�
R → χ̃

∓
1
χ̃��) 8.61% (ZR → χ̃∓∓χ̃�∓)

λc ¼ −0.078, λ0 ¼ −1.7, k ¼ 0.03, 16.06% (Wþ
R → ud̄) 5.60% (ZR → uū)

16.06% (Wþ
R → cs̄) 8.51% (ZR → dd̄)

16.06% (Wþ
R → tb̄) 5.60% (ZR → cc̄)

0% (Wþ
R → lν) 8.51% (ZR → ss̄)

0.01% (W�
R → ZH�

1
) 5.60% (ZR → tt̄)

0.01% (W�
R → A2W

�) 8.51% (ZR → bb̄)

0.01% (W�
R → H3W

�) 2.66% (ZR → ll, l ¼ e, μ)

Other relevant decays

Mχ̃0
1

¼ 920 GeV 4.10% (χ̃0
2
→ χ̃0

1
h)

Mχ̃�
1

¼ 1184 GeV 95.90% (χ̃0
2
→ χ̃0

1
Z)

Mχ̃2
¼ 1265 GeV 85% (χ̃�

1
→ χ̃0

1
W�)

Mχ̃�� ¼ 922 GeV 15% (χ̃�
1
→ W∓χ̃��)

18.68% (χ̃��
→ χ̃�

1
lνl)

62.57% (χ̃��
→ χ̃�

1
ud)

18.75% (χ̃��
→ χ̃0

1
ll)
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one could avoid the present experimental constraints. The

BPs are chosen such that the heavy gauge bosons have

significant decay BRs into SUSY final states as they are

also used later in our analysis of SUSY decays of WR and

ZR bosons.

The gauge bosons are produced via the s-channel quark-

quark scattering processes. The production cross sections

of the heavy gauge boson as a function of their masses are

shown in Fig. 1 for the 14 and 27 TeV c.m. energies at the

LHC. We also list the respective production cross sections

for gauge bosons masses of MWR
¼ 5.25 TeV and MZR

¼
8.5 TeV in Table VIII, as those are the ones we consider

extensively for our analysis. We use SARAH-4.8.6 [39,40] to

get the input codes for SPheno-4.0.3 [41,42] and MadGraph-2.3.3

[43]. The SPheno software helps to produce the particle

spectrum. Using this spectrum in the MadGraph-2.3.3, we

calculate the production cross section of the heavy gauge

bosons. We use MadGraph-2.3.3 to generate the signal as well

as background events and PYTHIA-6.4.28 [44] for showering

and hadronization. All generated signal and background

events are processed through a fast simulation package

Delphes-3.4.1 [45] and we choose the ALTAS configuration

card for the analysis.

A. Dilepton searches

The major contributions to the dilepton final states from

the heavy gauge bosons in this model are coming from the

ZR bosons decaying into the same-flavor opposite-sign

(SFOS) leptonic final states with BRs of 4.04% and 2.66%

for BP1 and BP2, respectively. The charged gauge boson

WR decaying into leptonic final statesW�
R → lν, l ¼ e, μ is

negligibly small due to the heavier right-handed neutrinos

as was discussed earlier. We thus analyze the dilepton

(electron or muon) final state signals at the 14 and 27 TeV

LHC to investigate the possibility of identifying possible

dilepton signal from the ZR decays in this model. The

events are selected with each isolated lepton (electron or

muon) having transverse momentum pT larger than

30 GeV. Also the candidate electron (muon) is required

to satisfy a rapidity cut jηj < 2.5.

Several SM processes can contribute as background for

the dilepton signal arising from the decay of the ZR boson.

Among them, the pp→ Z=γ� → ll channel becomes

dominant due to the presence of virtual photon mediated

processes. The other processes like pp→ ZZðZ → ll;
Z → νν̄Þ, pp→ZWðZ→ ll;W→ lνÞ, pp→WWðW→ lνÞ,
and pp→ tt̄ðt → WbÞ also add to the SM background.

Invariant mass distribution for the signal and background

events are shown in Fig. 2 for LHC energy of
ffiffiffi
s

p ¼
14 TeV (left) and

ffiffiffi
s

p ¼ 27 TeV (right). One can under-

stand the shape of the invariant mass distribution as a

consequence of the lepton smearing and final state

radiation.

In our analysis, a significant contribution to the

dilepton background events can also arise from the

pp→ jj where the jets j can fake as leptons (0.5% into

electron, and 0.1% into muon). In fact, the jets faking

lepton background for p
j
T > 20 GeV become larger than

the pp → Z=γ� → ll events due to their large production

cross section. It could effectively be reduced by the large

p
j
T cut on the selected background events. The signal

events pp → ZR → ll though are also affected by the

same pl
T cut. We have thus selected only the signal as well

as the background events with p
j;l
T > 1 TeV. The signal

region 8.0 < Mll < 8.8 TeV is used to further reduce

the backgrounds and optimize the signals. In this signal

region with pl
T >1TeV, the pp→ VV, tt̄ background

becomes almost negligible. The number of signal and

background events after implementing these cuts are

shown in Table IX.

The expected number of signal events for both BP1 and

BP2 at the 14 TeV run of the LHC with luminosity L ¼
3000 fb−1 becomes less than unity because of the small

production cross section (see Table IX). However, for the

LHC run at 27 TeV with L ¼ 3000 fb−1, the dilepton final

state channels produce a large number of signal events

satisfying all the above-mentioned cuts. The significance of

the signal over background ( Sffiffiffi
B

p for S, B > 3) attains a value

of 13.45(8.87) for BP1(BP2) for the HE-LHC. Hence,

one can use these results to discover/exclude the heavy ZR

boson through this channel.

FIG. 1. Production cross section for the heavy WR and ZR

bosons at the 14 and 27 TeV LHC experiment.

TABLE VIII. Production cross sections of the heavy gauge

bosons with mass MWR
¼ 5.25 TeV and MZR

¼ 8.5 TeV atffiffiffi
s

p ¼ 14 and 27 TeV, respectively.

Cross section in [fb]

Sl. no. Processes 14 TeV 27 TeV

1 pp → W�
R 1.72 67.39

2 pp → ZR 1.05 × 10−3 0.673
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In these searches, only the ZR → ll, (l ¼ e, μ) decay

modes have been considered. However, the ZR → ττ can

potentially enhance the signal as τ can give one lepton

(electron or muon) in the final state through its decay via

the virtualW boson. This contribution remains small as the

final state electron or muon can come via the decay of the

virtual gauge bosons, which is suppressed by the branching

and the chosen selection and optimization cuts pl
T > 1 TeV

and 8.0 < Mll < 8.8 TeV. The number of events coming

from the ττ channel at the 14 TeV run of the LHC is always

less than one event and not considered further. On the other

hand, the number of events for the ZR → ττ channel can be

enhanced by 0.002(0.00) for BP1(BP2) at 27 TeV LHC and

the corresponding significance for BP1 and BP2 remains

the same.

B. Dijet searches

The heavy gauge bosons ZR and WR both can decay

directly into two quarks giving rise to dijet final states that

we study in the context of 14 and 27 TeV LHC experi-

ments. An experimental search for the heavy gauge bosons

has already been performed [17] in the dijet channel and

here we follow a similar strategy. The events are selected

with at least two anti-kt jets with jet cone size 0.4 and

having transverse momentum pT greater than 1 TeV. Also

the candidate jet is required to satisfy a pseudorapidity cut

of jηj < 2.5. Similar to the dilepton search, the dijet

invariant mass distribution Mjj can be a useful probe to

search for WR and ZR gauge bosons. The dominant SM

background for the dijet signal arises from the pp→ jj
process. Other processes including pp→ VV, V ¼ W, Z,
and tt̄ also add to the SM background but these contribu-

tions are extremely small and can be safely neglected. The

invariant mass distribution of the signal as well as back-

ground events is shown in Fig. 3 for LHC energy
ffiffiffi
s

p ¼
14 TeV (left) and

ffiffiffi
s

p ¼ 27 TeV (right). The purple and

blue dotted lines indicate the hadronic decay of the WR,

whereas the purple and blue solid lines are those for the ZR

gauge boson. A signal region 4.2 < Mjj < 5.3 TeV has

been used to optimize the significance for the WR gauge

boson search. In this choice, the expected number of

signal events attains values of 1067.25 (705.99) for BP1

(BP2) at 14 TeV LHC with L ¼ 3000 fb−1. The signifi-

cances become 1.18(0.78) due to the large irreducible SM

(a) (b)

FIG. 2. The invariant mass distribution of the SFOS pair of leptons. The signal as well as the backgrounds are selected with

pl
T > 30 GeV (l ¼ e, μ) and jηj < 2.5. The purple and blue lines stand for the signal pp → ll events corresponding to BP1 and BP2,

respectively, whereas the backgrounds are indicated by the green and magenta lines. The left plot is in the context of the LHC at 14 TeV

and right plot is for 27 TeV. The integrated luminosity 3000 fb−1 remains the same for all these processes.

TABLE IX. The signal as well as the backgrounds are selected with pl
T > 1 TeV (l ¼ e, μ) and jηj < 2.5 to reduce the background

contribution. The signal pp → ZR → ll and the background are obtained after optimization cuts 8.0 < Mll < 8.8 TeV. The dijet (jet

misidentified as lepton) background is also reduced by these choice of selection p
j
T > 1 TeV and optimization 8.0 < Mjj < 8.8 TeV.

SM background for the signal pp → ZR → ll Total signal events Significance

Energy [TeV] pp → Z=γ� → ll pp → jj ZZ WZ WW tt̄ BP1 BP2 BP1 BP2

14 0.009 0.001 0 0 0 0 0.0037 0.0025 � � � � � �
27 0.88 2.18 0 0 0 0 23.51 15.51 13.45 8.87
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background events with large number of events Npp→jj ¼
8.178 × 104. At the 27 TeV LHC with a luminosity of

3000 fb−1, the signal events increase to 4.129 × 104

(2.753 × 104) for BP1 (BP2) while the background events

become 3.172 × 106. This results in an increase of the signal

to background significance to 23.19 (15.46) for BP1 (BP2),

respectively, in this case.

A more stringent cut on the signal and background

regions with p
j
T > 1.5 TeV for the WR search can result in

a better significance. Though this cut reduces the signal as

well as background events, the background is affected more

since the signal jets are arising from the decay of a heavy

resonance and can have larger pT. If we choose the same

signal region 4.2 < Mjj < 5.3 TeV as before, the signal

significances attain values of 1.77 (1.17) for 14 TeV LHC

with L ¼ 3000 fb−1 while the same becomes 33.67 (22.42)

for 27 TeV LHC with L ¼ 3000 fb−1 for BP1 (BP2)

parameter space. The corresponding numbers are quoted

in Table X.

The large mass of the ZR boson results in a small

production cross section at the 14 TeV LHC. Thus the

expected numbers of the signal pp → ZR → jj events with

p
j
T > 1 TeV at the 14 TeV LHC with L ¼ 3000 fb−1

remain small as can be seen in the distribution plot in

Fig. 3. For a favorably chosen signal region with a dijet

invariant mass 7.15 < Mjj < 8.65 TeV, the expected num-

ber of events is negligible compared to around 8000

background events at the 14 TeV LHC with 3000 fb−1

luminosity. The expected numbers for 27 TeV LHC

are found to be around 300 signal events compared to

6.542 × 104 background events. Hence the significances

are extremely poor and one is not able to identify a ZR

boson in this case. As before, we can try to increase the

required pT of the jets to check if the signal significance

improves. We select the signal and background events with

p
j
T > 3 TeV. This yields only one expected signal event

compared to about 200 background events at the LHC

14 TeV (see Table XI). However, the expected number

as well as the significance increase at 27 TeV with

L ¼ 3000 fb−1. The number of signal events is found to

be 260.12 (166.32) and the corresponding significance

attains a value of 1.42 (0.91) for BP1 (BP2). Hence, we

(a) (b)

FIG. 3. The dijet invariant mass distribution and the signal process pp → W�
R → jj are denoted by doted purple and blue lines.

Whereas the solid line stands for the pp → ZR → jj. The left plot is drawn in the context of the LHC at 14 TeVand right plot for 27 TeV.

The integrated luminosity 3000 fb−1 remains the same for all these processes. The dominant SM background pp → jj distribution is

indicated by the brown line. Here in these plots, the signal as well as the background are selected with p
j
T > 1 TeV and jηj < 2.5 along

with the jet’s con size 0.4.

TABLE X. Total number of events of the signal pp → W�
R → jj and SM background with p

j
T > 1.5 TeV and jηj < 2.5 along with

cone size of 0.4 at the 14 and 27 TeV run of the LHC with L ¼ 3000 fb−1 obtained after the optimization cut 4.2 < Mjj < 5.3 TeV.

SM background for the signal W�
R → jj Total signal events Significance

Energy [TeV] pp → jj ZZ WZ WW tt̄ BP1 BP2 BP1 BP2

14 2.895 × 105 0 0 0 0 952.681 632.021 1.77 1.17

27 1.215 × 106 0 0 0 0 3.711 × 104 2.471 × 104 33.67 22.42
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need large energy and luminosity to observe signatures of

such a heavy 8.5 TeV neutral gauge boson through the dijet

final state channel in this LRSUSY model.
In the above analysis, anti-kt jets with cone size 0.4 have

been considered and the corresponding invariant mass
distribution was shown in Fig. 3 for the selected events

with p
j
T > 1 TeV and jηj < 2.5. It is important to note that

if we increase the jets’ cone size to 1.0, the number of
events corresponding to the signal as well as the back-
ground increases by ∼20%. Hence the significance is
enhanced by ∼10%.

We are now ready to discuss the various SUSY

decay channels for the heavy gauge bosons and their

implications in the context of the LHC experiment. The

presence of light SUSY particles in the spectrum allows

the heavy gauge bosons to decay into these light states,

which can lead to interesting new channels. The branching

fraction of the heavy gauge bosons decaying into light

electroweakinos can be quite large depending upon the

choice of LRSUSY parameters. The charginos and neu-

tralinos produced from the decay of heavy gauge bosons

can themselves undergo cascade decays giving rise to final

state leptons and jets with the LSP remaining undetected.

Thus these signals are quite different compared to conven-

tional search channels due to the presence of large missing

energy in the final state. A large ensemble of final states can

arise from the SUSY decays of the heavy gauge bosons.

Here we mainly focus on the leptonic cascade decay modes

arising from the mono-X þ =ET (X ¼ W, Z) channels [46]
in the context of the HL-LHC and HE-LHC experiments.

The main motivations for choosing these channels are as

follows:

(i) These final states are well understood as they have

already been experimentally studied in the context

of dark matter searches by the ATLAS and CMS

collaborations [47,48].

(ii) We restrict ourselves to leptonic decay channels for

the SM gauge bosons as these produce relatively

clean channels that are easy to identify in a hadron-

rich environment like the LHC experiment.

Figure 4 depicts a couple of examples where the heavy

gauge boson SUSY decays can lead to final states with a

SM gauge boson plus large =ET .

One can also encounter relatively complex cascade

decays, with multiple decay chains in between, which

may eventually lead to final states with multiple leptons

and jets along with large missing transverse energy. As

an example let us consider the following decay chains

W�
R → χ̃

∓
1
χ̃�� or ZR → χ̃∓∓χ̃��, with χ̃��

→ χ̃0
1
H��

1
or

χ̃��
→ χ̃�

1
W�, and finallyH��

1
→ l�l� while χ̃�

1
→ W�χ̃0

1

with W�
→ l�νl=qq

0. The detailed collider analysis of

these channels is beyond the scope of the current paper

and is not discussed here.

For our collider analysis we chose two benchmark points

as was discussed before. The first benchmark point BP1 is

optimized for the mono-W þ =ET searches, where the lightest

neutralino and the lightest chargino are SUð2ÞR wino

dominated. In BP1, BRðχ̃�
1
→ χ̃0

1
W�Þ ¼ 100% and the total

contribution coming from W�
R to χ̃�

1
χ̃0
1
is about 26.8%. Our

second benchmark point, BP2, is more suitable for the

mono-Z þ =ET searches where both χ̃0
1
and χ̃0

2
are substan-

tially consisting of Higgsino components δ̃c
0

and ˜̄δ
c0
of the

triplet Higgs bosons while the lightest chargino χ̃�
1
is also

TABLE XI. Total number of events of the signal pp → ZR → jj and background with p
j
T > 3 TeV along with cone size 0.4 at the 14

and 27 TeV run of LHC with L ¼ 3000 fb−1 are obtained after the optimization cut 7.15 < Mjj < 8.65 TeV.

SM background for the signal ZR → jj Total signal events Significance

Energy [TeV] pp → jj ZZ WZ WW tt̄ BP1 BP2 BP1 BP2

14 297.34 0 0 0 0 0.40 0.26 � � � � � �
27 3.334 × 104 0 0 0 0 260.12 166.32 1.42 0.91

(a) (b)

FIG. 4. Mono-X þ =ET (X ¼ W, Z) channels through one-step cascade of the heavy gauge bosons.
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Higgsino (triplet) dominated. Thus the BRðW�
R → χ̃0

1
χ̃�
1
Þ is

only around 10.37% while BRðZR → χ̃0
1
χ̃0
2
Þ ¼ 31.16%

2

and BRðχ̃0
2
→ Z þ χ̃0

1
Þ ¼ 95%.

C. Mono-X plus missing transverse energy

Events with a single W=Z boson accompanied by large

missing transverse energy constitute a very clean and

distinctive signature in new physics searches at the

LHC. This topology has been thoroughly analyzed by

both the ATLAS and CMS collaborations [47,48], mainly

in the context of DM searches. In this work, we follow

these search channels to probe the heavy gauge bosons for

the chosen benchmark points. We present these searches for

the future collider perspective, assuming the LHC will

operate at the CoM energies of
ffiffiffi
s

p ¼ 14 and 27 TeV with

an integrated luminosity of 3000 fb−1.

1. Mono-W +=ET searches

We perform a search for the heavy charged gauge bosons

WR in events where a W boson is produced through one-

step cascade decay [see Fig. 4(a)] of the chargino χ̃�
1
. Here

we only consider the leptonic decay channel of the W
boson (W → lν, l ¼ e, μ).
The signal event would be characterized by the presence

of a high pT lepton (electron and muon) and a large =ET

imbalance due to the undetected escaping neutrino and

lightest neutralinos. The search strategy reported in

Ref. [47], which focused on the DM searches, has been

followed with suitable modifications aimed to optimize the

signal significance. The event is selected with one isolated

lepton (electron or muon) having transverse momentum pT

greater than 400 GeV. The lepton isolation criteria are

the same as in the previous case. Also the candidate

electron (muon) is required to satisfy the rapidity cut

jηj < 2.5. The main discriminating variable used in this

search is the transverse mass defined as MT ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pl

T=ETð1 − cosΔϕ
l;=ET

Þ
q

, where pl
T is the transverse

momentum of the charged lepton and Δϕ
l;=ET

is the differ-

ence in azimuthal angle between the lepton transverse

momentum and missing transverse energy =ET.

One of the main sources of SM background is the

pp→ lνþ jj production channel. Besides, processes like

VV (V ¼ W, Z), tt̄, etc., also contribute to the background.
Among the VV processes, the contribution comes from

ZZ → llνν, WZ → lννν, and WW → lνlν channels where

the additional charged leptons get misidentified or remain

unreconstructed.

The transverse mass and missing energy distribution for

the number of signal S as well as background B events atffiffiffi
s

p ¼ 14 TeV (left) and 27 TeV (right) with integrated

luminosity L ¼ 3000 fb−1 are shown in Figs. 5 and 6,

respectively. The purple and blue solid lines indicate the

signal events for BP1 and BP2, respectively. In general, the

direct decay of the heavy charged boson can also give final

state with one lepton plus missing energy (for example,

W�
R → lν) but this channel is absent for the chosen

parameter spaces in this model. Hence, we do not observe

any peak in theMT distribution atMWR
∼ 5.25 TeV. This is

a major difference of this model compared to the other

models. In both the figures, the dominant SM pp→ lνjj
background is represented by the red line, whereas the

green line is for the SM pp→ VVðV ¼ W;ZÞ background.
The pp → tt̄ remain almost 0 for the chosen signal regions

(see Table XII); hence it is not demonstrated in these

figures. The number of events are calculated as S; B ¼
ϵAσL, where ϵ, A stand for the efficiency and acceptance

for the signal or background events, σ indicates the cross

section of the final state events, and luminosity is denoted

by L.
Several combinations of selection variables MT and =ET

are investigated. Among them, a signal region with 1.75 <

MT < 3.0 TeV and =ET > 0.95 TeV is chosen, which

yields the most efficient optimization of signal significance.

The expected number of signal and background events in

this region are shown in Table XII. The expected number of

the signal events for BP1 at the 14 TeV run of the LHC with

luminosity L ¼ 3000 fb−1 is 24.12. This number remains

less than unity for BP2. The LHC run at 27 TeV with L ¼
3000 fb−1 gives a large number of signal events, 1096.73

for BP1 and 42.5 for BP2 due to large production cross

section. The SM pp→ lνjj process background remains

dominant at 14 TeV as well as 27 TeV even after the

optimization cuts. The pp → VV background is negligibly

small compared to the pp → lνjj process. It is to be noted

that the jet faking lepton (assuming 0.1% to electron and

0.5% to muon [49]) in the pp → jj channel also gives

additional contribution to the background. It is found to be

22.5 and 936.2 events at 14 and 27 TeV, respectively, for

similar optimization cuts with 1.75 < M
j;=ET

T < 3.0 TeV

and =ET > 0.95 TeV. Signal significance attains a value

of 0.54 for BP1 at 14 TeV while it becomes 5.83 at 27 TeV.

The expected number for the significance of BP2 at 14 TeV

as well as 27 TeV remains less than unity. The signal

events and corresponding significance for BP1 indicate

that the heavy gauge bosons could be discovered at the

HE-HL-LHC. Or one can exclude this parameter space if

we do not get any signal at a future collider. The BP2

demands that one needs higher energy collider with high

integrated luminosity to discover or exclude such a region.

In this analysis, only theW → lν, (l ¼ e, μ) decay modes

have been considered. However the W → τντ can also

enhance the signal as tau can give one lepton (electron or

muon) in the final state through its decay, e.g., τ → Wντ,

W → lν. It could be quantified as follows. Using the same

2
The large coupling of ZR with the neutralinos is due to them

being triplets of SUð2ÞR in this case.
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selection and optimization cuts pl
T > 400 GeV, 1.75 <

M
j;=ET

T < 3.0 TeV, and =ET > 0.95 TeV, it is found that the

number of events at the 14 TeV run of the LHC with

luminosity L ¼ 3000 fb−1 is enhanced by 0.91 (0.001) for

BP1 (BP2). The significance now becomes 0.88 for the

BP1. Whereas the number of events for these channels goes

to 9.35 (0.02) for BP1 (BP2) at 27 TeV LHC and the

significance corresponding to BP1 and BP2 attains values

of 14.61 and 0.57, respectively.

The lν final state can also come through another cascade

decay process with pp→ WR → tb̄, t → Wb, W → lν.

(a) (b)

FIG. 6. The transverse missing energy distribution for the signal pp → 1lþ =ET (l ¼ e, μ) and background events at (a) 14 TeV and

(b) 27 TeV with integrated luminosity 3000 fb−1. The selection criteria of the events and color coding for the shown lines are the same as

in Fig. 5.

(a) (b)

FIG. 5. The event selection criteria of the signal and background requires at least one lepton (e or μ) in the event, with each lepton

having pl
T > 400 GeV and jηj < 2.5. The total number of the signal of events for the process pp → 1lþ =ET (l ¼ e, μ) through the

cascade (indicated by the purple and blue lines) of the WR gauge boson in the context of the LHC at (a) 14 TeV and (b) 27 TeV with

integrated luminosity 3000 fb−1. The other purple and blue dotted lines stand for the additional signal events through another cascade

decay process pp → WR → tb̄, t → Wb,W → lν. The number of events with 1lþ =ET final state in this channel remains less than unity

as the lepton isolation cut significantly wanes the signal. The dominant SM pp → lνjj background is indicated by the red line, whereas
the green line stands for SM pp → VVðV ¼ W;ZÞ. The contribution comes from ZZ → llνν, WZ → lννν, and WW → lνlν channels
where the additional charged leptons get misidentified or remain unreconstructed.
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It can be seen from the BPs that the branching of the
heavy charged gauge boson into the top-bottom quark final
state is quite large. Also these particles are emitted almost

back to back and remain boosted with pt;b̄
T ∼ 2 TeV for

MWR
¼ 5.25 TeV. Hence the separation ΔRlb between the

final state bottom quark and lepton (both coming from
decay of the top quark) becomes very small. It can also be
understood from the parton level distributions shown in
Fig. 7. The ΔRlb distribution of the bottom quark and
lepton is demonstrated in Fig. 7(a) while the correlation
plot between the final state lepton transverse momentum
against ΔRlb is shown in Fig. 7(b). As the charged lepton
isolation demands that there is no other charged particle
with pT > 0.5 GeV within a cone ofΔR < 0.5, the number
of lepton events in the final state passing this criterion is

extremely small. Furthermore, the selection cut of pl
T >

400 GeV also significantly decreases the events at the
analysis level. The isolation and selection criteria decrease
the final state lepton events by ∼85%. The remaining

number of lepton events can be identified as the purple

points on the upper and right side of the black dashed lines

in the Fig. 7(b). The corresponding transverse mass and

missing energy distribution of these events for the BP1

(dotted purple line) and BP2 (dotted blue line) are shown in

Figs. 5 and 6, respectively. This cascade decay process can

thus contribute to our signal events though the enhance-

ment in the signals remains negligible. Further, a simple

b-jet veto will completely kill these events at the analysis

level.

2. Mono-Z +=ET searches

We perform a search for the heavy neutral gauge boson

ZR in events where a Z boson is produced through one-step

cascade decays [see Fig. 4(b)] of the neutralino χ̃0
2
. Here

we assume that the Z boson decays leptonically (Z → ll,
l ¼ e, μ). These events also contain significant missing

transverse energy coming from the LSP χ̃0
1
.

TABLE XII. The event selection criteria of the signal and background require at least one lepton (ϵ or μ) in the event, with each lepton

having pl
T > 400 GeV and jηj < 2.5. The total number of events of the signal and background at the 14 and 27 TeV run at the LHC with

L ¼ 3000 fb−1 is obtained after the optimization cuts 1.75 < MT < 3.0 TeV and =ET > 0.95 TeV. The jet faking lepton pp → jj
channels also add to the background. It is found to be 8.77 and 17.39 at 14 and 27 TeV, respectively for the similar optimization cuts

1.75 < M
j;=ET

T < 3.0 TeV and =ET > 0.8 TeV.

W þ =ET , W → lνl final state through charginos χ̃�
1

SM backgrounds Total signal events Significance

Energy [TeV] W → lνl ZZ WZ WW tt̄ BP1 BP2 BP1 BP2

14 758.63 0.02 0.15 2.04 0 24.12 0.60 0.87 � � �
27 5577.42 7.08 19.59 23.93 0 1096.73 42.5 14.6 0.56

(a) (b)

FIG. 7. (a) The ΔRlb parton level distribution for the signal pp → Wþ
R → tb̄, t→ Wb, W → lν events in the parton level atffiffiffi

s
p ¼ 14 TeV.
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The events are selected with two SFOS isolated electrons

or muons with transverse momentum pT larger than

30 GeV satisfying jMll −MZj < 15 GeV. Here Mll stands

for the invariant mass of the SFOS leptons pair and

MZ ¼ 91.1876 GeV is the SM Z boson mass. The

isolation criteria are the same as in the previous cases.

The charged lepton candidates are required to be within a

pseudorapidity range of jηj < 2.5 [48]. The transverse

missing energy distribution =ET can be a useful probe to

search for the ZR gauge boson. Here processes like

pp→ ZZðZ → ll; Z → νν̄Þ, pp → ZWðZ → ll;W → lνÞ,
and pp→ WWðW → lνÞ can add to the SM background

if additional charged leptons get misidentified or remain

unreconstructed. Also other reducible backgrounds like

pp→ tt̄, t → Wb, W → lν may also produce two leptons

and jets in the final state. The missing energy distribution

for the signal as well as background events at a c.m. energy

of
ffiffiffi
s

p ¼ 14 TeV and
ffiffiffi
s

p ¼ 27 TeV (right) with luminosity

L ¼ 3000 fb−1 are shown in Fig. 8. Please note that the

signal events for BP1 are 0 as BRðZR → χ̃0
1
χ̃0
2
Þ ¼ 0 in

this case. The blue line indicates the signal events dis-

tribution for the choice of BP2. The other lines (cyan and

green) stand for the SM backgrounds. Also in this case, a

signal region =ET > 0.107 TeV is used to optimize the

significance. The expected signal and background events

are shown in Table XIII. We find that all these SM

processes including pp → jj (where jets fake as leptons)

backgrounds remain small for LHC run at 14 TeV for

these signal regions. Also the number of signal events

remains small due to the small production cross section

σðpp → ZRÞ ¼ 0.001 fb at this energy. However, the

expected number of signal events for BP2 becomes 7.26

for the LHC run at 27 TeV with integrated luminosity

L ¼ 3000 fb−1. The corresponding dominant background

from pp→ VV goes to 3.0. The signal significance thus

comes out to be 4.2. It is clear from this section that the

expected numbers for BP1 can give an indication of a heavy

charged boson, whereas BP2 can give hints for the heavy

(a) (b)

FIG. 8. The event selection criteria of the signal and background require at least two leptons (e or μ) in the event, with each lepton

having pl
T > 30 GeV and jηj < 2.5. The total number of events for the signal process pp → 2l (l ¼ e, μ) through the cascade and direct

decay (indicated by the purple and blue lines) of the ZR gauge boson in the context of the LHC at (a) 14 TeV and (b) 27 TeV with

integrated luminosity 3000 fb−1. The dominant SM pp → VV, V ¼ W, Z backgrounds are indicated by the green line.

TABLE XIII. The event selection criteria of the signal and background require at least two leptons (ϵ or μ) in the

event, with each lepton having pl
T > 30 GeV and jηj < 2.5. The total number of events of the signal and

background at the 14 TeV and 27 TeV run of LHC with L ¼ 3000 fb−1 are obtained after the optimization cut

=ET > 0.107 TeV. The pp → jj (where jets fake as leptons) background becomes negligibly small for the

optimization cut =ET > 0.107 TeV along with jMjj −MZj < 15 GeV. The signal events always remain ∼0 for BP1

as BRðZR → χ̃0
1
χ̃0
2
Þ ∼ 0.

Z þ =ET , Z → ll final state through χ̃0
2

SM backgrounds Total signal events Significance

Energy [TeV] ZZ WZ WW tt̄ BP1 BP2 BP1 BP2

14 0.0 0.02 0 0 � � � 0.01 � � � � � �
27 1.39 1.59 0 0 � � � 7.26 � � � 4.2
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neutral gauge boson. Hence these cascade decay channels

may lead to discovery or exclusion of these heavy gauge

bosons through mono-X (X ¼ W, Z) plus =ET final state

searches in the context of the HL-LHC and HE-LHC.

Similar to the previous cases, only the Z → ll, (l ¼ e, μ)
decay modes have been considered. However the Z → ττ

can also enhance the signal as taus can give two SFOS

leptons by decaying into electrons or muons. Using the

same selection and optimization cuts of jMll −MZj <
15 GeV and =ET > 0.107 TeV, it is found that the number

of events at the 14 TeV run of the LHC with luminosity

L ¼ 3000 fb−1 remains the same for BP2, whereas the

number of events increases by 0.1 at 27 TeV LHC. Hence it

is clear that the enhancement remains relatively small even

if the tau leptons in the final state are considered.

The SFOS lepton pair final state can also come through

the cascade decay process with pp→ ZR → tt̄, t → Wb,
W → lν. It can be seen from the BPs that the branching of

the heavy neutral gauge boson into the pair of top quark final

state is quite large (see Table VII). As was already discussed

in the mono-W plus =ET searches, the isolation criteria of

leptons significantly wane the number of events arising from

top quark decays at the detector level. Furthermore, a b-jet

veto completely removes any events in the final state and

hence the enhancement in this channel remains negligible.

The process pp → ZR → χ̃þ
1
χ̃−
1

with χ̃�
1
→ Wχ̃0

1
and

W → lν can also provide SFOS lepton pair plus missing

transverse energy in the final state. The branching of the

heavy neutral gauge boson into a pair of charginos (χ̃�
1
) is

around 24% for BP1 and 2% for BP2 (see Table VII).

The main discriminating variables important in this search

are the transverse mass M
li
T of the leptons and the missing

transverse energy =ET. For our analysis we choose the

same selection cuts for the signal and background VV,
tt̄ (V ¼ W, Z) as discussed before. Further we impose

200<M
l1
T <3000GeV, M

l2
T >200GeV and =ET >600GeV

optimization cuts to maximize the signal significance. It is

found that the number of events at the 27 TeV run of the

LHC with luminosity L ¼ 3000 fb−1 becomes less than 1

for BP1, whereas the number of events goes to 1.22 for BP2

and the total background attains a values of ∼90. We find

the corresponding significance 0.129 for BP2. It is to be

noted that the number of signal events remains negligible at

14 TeV LHC due to the small production cross section.

V. SUMMARY AND CONCLUSIONS

In this work, we have performed a detailed study of the

heavy gauge boson decays and corresponding collider

phenomenology in a minimal left-right supersymmetric

model with automatic R-parity conservation. In our chosen

scenario, the LR symmetry is broken in the SUSY limit,

making the additional WR and ZR gauge bosons heavier

than the SUSY particles. The heavy gauge bosons can thus

decay into these SUSY states. We have studied the possible

decay modes of the WR and ZR bosons into lighter

electroweakinos and sfermions. In our initial analysis,

the sfermions were kept heavier than the right-handed

gauge bosons so as to prevent their decay into sfermion

final states. Our results show that the heavy gauge bosons

decaying into electroweakinos are strongly dependent on

the composition of these states. We have thus considered all

possibilities where the lightest neutralino (also the LSP in

our model) is almost entirely composed of only a single

type of gaugino or Higgsino state. The decay width of the

heavy gauge bosons into these lighter electroweakinos

becomes significant for the cases where the neutralino is

either composed of the right-handed wino or is mostly

composed of the Higgsino superpartner of bidoublet or

triplet scalar. We then looked at the cases where the LSP

can be a mixture of various Higgsino and gaugino states.

Again, significantly large branching ratios for the heavy

gauge boson decays were obtained for light neutralino

states composed of a mixture of right-handed winos and

Higgsinos. Allowing the sfermions to be lighter than these

gauge bosons opened up new decay channels with the

sfermions in the final state. The BR for these channels

though remained quite small except for the ZR decays into

down-type squarks. These extra decay channels can sup-

press the heavy gauge boson direct decays into SM

particles and can potentially change the measured exper-

imental bounds on their masses. Additionally, these decays

can also suggest new collider signatures hinting towards the

existence of the supersymmetric LR model.

We have performed detailed collider analysis of several

SUSY and non-SUSY decays of the heavy gauge bosons in

the context of HL-LHC and HE-LHC with c.m. energy of

14 and 27 TeV, respectively. We have analyzed the familiar

dilepton and dijet channels arising from the direct decays

of the WR and ZR bosons. We have also studied their one-

step SUSY cascade decays into mono-W þ =ET and mono-

Z þ =ET final states. These signals have already been probed

experimentally in the context of dark matter searches but not

been considered as possible search channels for the heavy

gauge bosons. To explore this possibility, we study the

mono-X þ =ET (X ¼ W, Z) final states where the X particles

decay leptonically. The leptonic final states produce rela-

tively clean signals that are easy to identify in a hadron-rich

environment like the LHC experiment. We have chosen two

benchmark points—BP1, which is more suited for the mono-

W þ =ET search, and BP2 for mono-Z þ =ET analysis. We

have further optimized the selection cuts in order to enhance

the signal significance over the SM backgrounds.

Our study shows that the dilepton final state gives

promising results for the discovery of the heavy ZR boson

at the HE-LHC while the dijet channel is better suited to

search forWR bosons. Even if a heavy gauge boson is seen

in these channels, the supersymmetric nature of the model

still remains hidden. The mono-X þ =ET channels, in con-

junction with the dilepton and dijet channels, will not only
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be able to tell us about the existence of these heavy gauge

bosons, but it can also provide significant hints towards the

existence of SUSY particles.
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