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Several supersymmetric models with extended gauge structures, motivated by either grand unifi-
cation or by neutrino mass generation, predict light doubly-charged Higgsinos. In this work we study
productions and decays of doubly-charged Higgsinos present in left-right supersymmetric models,
and show that they invariably lead to novel collider signals not found in the minimal supersymmetric
model (MSSM) or in any of its extensions motivated by the µ problem or even in extra dimensional
theories. We investigate their distinctive signatures at the Large Hadron Collider (LHC) in both
pair– and single–production modes, and show that they are powerful tools in determining the un-
derlying model via the measurements at the LHC experiments.
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I. INTRODUCTION

The LHC, the highest energy collider ever built starts
operating this year, and will provide a clean window into
‘new physics’ at the TeV scale. The ‘new physics’ scenar-
ios, designed to solve the gauge hierarchy problem, gener-
ically bring about new particles and interaction schemes.
Supersymmetric theories (SUSY), for instance, provide
an elegant solution to the gauge hierarchy problem by
doubling the particle spectrum of the standard model,
and their gauge sector could be minimal as in the MSSM
or non-minimal as in models with extended gauge struc-
tures. Experiments at the LHC will be probing these new
particles as well as new interaction laws among them.
A general, although not universally present, feature of

SUSY, is that, if R-parity R = (−1)(3B+L+2S) (with B,
L and S being baryon, lepton and spin quantum num-
bers, respectively) is conserved, the absolute stability
of the lightest supersymmetric partner (LSP) is guar-
anteed. This state qualifies to be a viable candidate for
cold dark matter in the universe (see, for instance, [1]
and references therein). Supersymmetric models provide
a viable dark matter candidate in the lightest neutral
fermion composed of neutral gauginos and Higgsinos. In
general, decays of all supersymmetric partners necessar-
ily end with the LSP, and given its absolute stability,
it leaves any particle detector undetected, and thus, ap-
pears as a ‘momentum imbalance’ or ‘missing energy’ in
collider processes, including the ones at the LHC [2]. In
this sense, all scattering processes involving the super-
partners are inherently endowed with incomplete final
states.
Though supersymmetry, as an organizing principle, re-

solves the gauge hierarchy problem, there is no unique
supersymmetric field theory to model ‘new physics’ at
the TeV scale. Indeed, MSSM, though it stands as
the minimal supersymmetric model directly constructed
from the SM spectrum, suffers from the well-known µ
problem and lacks a natural understanding of neutrino

masses in the absence of right-handed neutrinos (which
must be either ultra-heavy to facilitate see-saw mecha-
nism or must possess naturally suppressed Yukawa cou-
plings to left-handed ones). These features generically
require a non-trivial extension of the MSSM which typ-
ically involves additive, or embedding of, gauge struc-
tures beyond that of the MSSM. Indeed, low-energy
models following from SUSY GUTs or strings [3] gener-
ically predict either extension of the SM gauge group
by some extra gauge factors, such as a number of ex-
tra U(1) symmetries, or embedment of the SM gauge
group into larger gauge groups. Concerning the lat-
ter, one can consider several structures, for instance,
the left-right symmetric SUSY (LRSUSY) gauge theory
SU(3)C×SU(2)L×SU(2)R×U(1)B−L. In general, mod-
els of ‘new physics’ (in terms of their gauge and Higgs
sectors) are distinguished by certain characteristic signa-
tures in regard to their lepton and jet spectra of the final
state. In this work, we investigate signatures specific to
LRSUSY and compare with those of the MSSM wherever
appropriate. LRSUSY presents an attractive alterna-
tive/generalization of the MSSM [4, 5]. It can be viewed
as an alternative to the MSSM by itself or as a cover-
ing structure of the MSSM following from SUSY GUTs
or strings, such as SO(10). LRSUSY models disallow
explicit R-parity breaking in the Lagrangian, thus pre-
dicting naturally a supersymmetric dark matter candi-
date [1]. They provide a solution to the strong and weak
CP problems present in the MSSM [6]. If one chooses
Higgs triplet fields, with quantum numbers B−L = ±2,
to break the SU(2)R gauge group, the neutrino masses
turn out to be induced by the see-sawmechanism [7]. The
fermionic partners of the Higgs triplet bosons are specific
to the supersymmetric version, and some of them carry
double charge and two units of L number, making them
perfect testing/searching grounds for exotics. It has been
shown that, if the scale for left-right symmetry breaking
is chosen so that the light neutrinos have the experimen-
tally expected masses, these doubly-charged Higgsinos
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can be light, with masses in the range of O(100) GeV
[8, 9, 10]. Such particles could be produced in abun-
dance at the LHC and thus give definite identifiable sig-
natures of left-right symmetry. The doubly-charged Hig-
gsinos have been studied in some detail in the references
[11, 12, 13], where the production of Higgsinos at linear
colliders was analyzed. The doubly-charged Higgsinos
can also appear in the so-called 3-3-1 models (models
based on the SU(3)c ×SU(3)L ×U(1)N symmetry) [14].
In this work, we study doubly-charged Higgsinos at the

CERN Large Hadron Collider (LHC), produced singly or
in pair, via various leptonic final states. We focus on
three benchmark points of the model and analyze the
LHC signals resulting from the decays of the doubly-
charged Higgsinos. In order to obtain definitive predic-
tions for the signal, we perform the analysis in the context
of the LRSUSY model, though we expect the results for
the 3-3-1 model to be similar. The paper is organized
as follows: In Sec. II we present a brief introduction
to the model, for completeness and clarification of the
notation. In Sec. III we focus on the details and charac-
teristics of the production cross sections of the doubly–
charged Higgsinos, and discuss their possible decay chan-
nels (either through two-body or three-body, depending
on the spectrum characteristics) proceeding with charged
states. Herein we analyze single– and pair–production
modes separately. Finally, in Sec. IV we conclude and
discuss the significance of the results in regard to mea-
surements at the LHC.

II. THE LEFT–RIGHT SUPERSYMMETRIC

MODEL

In this section, we review briefly the relevant features
of the model necessary for the analysis which follows in
the later sections. For a more detailed information about
the model see, for instance, [4, 5]. The chiral matter in
LRSUSY consist of three families of quark and lepton
superfields:

Q =

(
u
d

)
∼
(
3, 2, 1,

1

3

)
, Qc=

(
dc

uc

)
∼
(
3∗, 1, 2,−1

3

)
,

L =

(
ν
e

)
∼ (1, 2, 1,−1) , Lc =

(
ec

νc

)
∼ (1, 1, 2, 1) ,

where the numbers in the brackets denote the quantum
numbers under SU(3)C × SU(2)L × SU(2)R × U(1)B−L

gauge factors.
The symmetry breaking is achieved by a Higgs sector

consisting of bidoublet and triplet Higgs superfields. The
choice of the triplet Higgs fields has the advantage that
it facilitates the see–saw mechanism for neutrino masses
with renormalizable couplings. Here are the decomposi-
tions of the Higgs superfields:

Φ1 =

(
Φ0

11 Φ+
11

Φ−
12 Φ0

12

)
∼ (1, 2, 2, 0) ,

Φ2 =

(
Φ0

21 Φ+
21

Φ−
22 Φ0

22

)
∼ (1, 2, 2, 0) ,

∆L =

(
1√
2
∆−

L ∆0
L

∆−−
L − 1√

2
∆−

L

)
∼ (1, 3, 1,−2),

δL =

(
1√
2
δ+L δ++

L

δ0L − 1√
2
δ+L

)
∼ (1, 3, 1, 2),

∆R =

(
1√
2
∆−

R ∆0
R

∆−−
R − 1√

2
∆−

R

)
∼ (1, 1, 3,−2),

δR =

(
1√
2
δ+R δ++

R

δ0R − 1√
2
δ+R

)
∼ (1, 1, 3, 2), (1)

where numbers in the brackets again denote the quantum
numbers of fields under SU(3)C × SU(2)L × SU(2)R ×
U(1)B−L.
The superpotential of the model is given by

W = Y
(i)
Q QTΦiiτ2Q

c +Y
(i)
L LTΦiiτ2L

c

+i(hllL
T τ2δLL+ hllL

cT τ2∆RL
c)

+µ3Tr [∆LδL +∆RδR] + µijTr
[
iτ2Φ

T
i iτ2Φj

]

+WNR, (2)

whereWNR denotes (possible) non-renormalizable terms
arising from integrating-out of the heavier fields. The La-
grangian of the model, as usual, consists of the standard
F -terms, D-terms as well as the soft SUSY–breaking
terms. Considering the decay and production pro-
cesses under investigation, the relevant parts of the soft–
breaking Lagrangian read as

− Lsoft = (m2
Φ)ijΦ

†
iΦj + (m2

L)ij l̃
†
Lil̃Lj + (m2

R)ij l̃
†
Ri l̃Rj

+
[
Ai

LY
(i)
L L̃TΦiiτ2L̃

c

+iALRhll

(
L̃T τ2δLL̃+ L̃cT τ2∆RL̃

c
)
+ h.c.

]

−
[
M2

LRTr [∆RδR +∆LδL]

− [BµijΦiΦj + h.c.] (3)

where the first line stands for mass-squared terms, the
second and third for trilinear couplings (holomorphically
corresponding to similar terms in (2)), and the last two
for bilinear couplings.
Combining (3) with F -term and D-term contributions,

minimization of the Higgs potential gives vacuum expec-
tation values (VEVs) for the neutral components of the
Higgs fields in (1), as discussed in detail in [1, 13].
In the following, we give a detailed discussion of the

charged and neutral fermions as well as sleptons in LR-
SUSY in preparation for a thorough analysis of the pro-
ductions and decays of the doubly-charged Higgsinos.

A. Charginos

As follows from the decompositions of the Higgs fields
in (1), the particle spectrum consists of doubly-charged
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Higgsinos ∆̃−−
L , δ̃++

L , ∆̃−−
R and δ̃++

R . In the Lagrangian
basis they possess the bilinear terms

L∆̃ = −M∆̃−−∆̃
−−
L δ̃++

L −M∆̃−−

R

∆̃−−
R δ̃++

R + h.c. , (4)

where the Higgsino mass M∆̃−− ≡ µ3 in the notation of
(2). In addition to these doubly-charged ones, the model
consists also a total of six singly-charged Higgsinos and
gauginos, corresponding to λL, λR, φ̃u, φ̃d, ∆̃

−
L , δ̃

+
L , δ̃

+
R

and ∆̃−
R. The bilinears in these charged states combine

to give

LC = −1

2
(ψ+T , ψ−T )

(
0 XT

X 0

)(
ψ+

ψ−

)
+ h.c. , (5)

where ψ+T = (−iλ+L ,−iλ+R, φ̃+1d, φ̃+1u, δ̃+L , δ̃+R), ψ−T =

(−iλ−L ,−iλ−R, φ̃−2d, φ̃−2u, ∆̃−
L , ∆̃

−
R), and

X=




ML 0 0 gLκd

√
2gLvδL 0

0 MR 0 gRκd 0
√
2gRvδR

gLκu gRκu 0 −µ1 0 0
0 0 −µ1 0 0 0√

2gLv∆L
0 0 0 −µ3 0

0
√
2gRv∆R

0 0 0 −µ3




in the mass mixing matrix. We have set, for simplicity,
µij ≡ µ1 for all (i 6= j). Here κu = 〈Φ0

11〉, κd = 〈Φ0
22〉,

v∆L,R
= 〈∆0

L,R〉, vδL,R
= 〈δ0L,R〉, and ML,R are the

SU(2)L,R gaugino masses, respectively. The physical
chargino states χ̃i are obtained by

χ̃+
i = Vijψ

+
j , χ̃

−
i = Uijψ

−
j (i, j = 1, . . . 6) , (6)

with V and U unitary matrices satisfying

U∗XV −1 =MD (7)

where MD is a 6 × 6 diagonal matrix with non-negative
entries. The mixing matrices U and V are obtained by
computing the eigensystem of XX† and X†X , respec-
tively.

While κu and κd are the VEVs responsible for giv-
ing masses to quarks and leptons, the non-MSSM Higgs
VEVs, vδL and v∆R

are responsible for neutrino masses.
v∆L

and vδL enter in the formula for the mass of WL (or
the ρ parameter), while v∆R

, vδR enter in the formula for
the mass of WR. It is thus justified to take v∆L

, vδL to
be negligibly small. For v∆R

there are two possibilities:
either v∆R

is ≈ 1013 GeV [8, 15], which supports the
seesaw mechanism, leptogenesis and provides masses for
the light neutrinos in agreement with experimental con-
straints, but offers no hope to see right-handed particles;
or v∆R

is ≈ 1 − 10 TeV, but one must introduce some-
thing else (generally an intermediate scale, or an extra
symmetry) to make the neutrinos light [8, 9, 16].

B. Neutralinos

In LRSUSY there are eleven neutral fermions, corre-
sponding to λZ , λZ′ , λB−L, φ̃

0
1u, φ̃

0
2u, φ̃

0
1d, φ̃

0
2d, ∆̃

0
L, ∆̃

0
R,

δ̃0L and δ̃0R. Their bilinears give the contribution to the
Lagrangian

LN = −1

2
ψ0TZψ0 + h.c. , (8)

where ψ0 = (−iλ0L,−iλ0R,−iλB−L, φ̃
0
1u, φ̃

0
2d, ∆̃

0
L, δ̃

0
L,

∆̃0
R, δ̃

0
R, φ̃

0
1d, φ̃

0
2u)

T , and the mass mixing matrix Z is
given by

Z =




ML 0 0 − gLκu√
2

gLκd√
2

−2
1
2 gLv∆L

−2
1
2 gLvδL 0 0 0 0

0 MR 0 gLκu√
2

gLκd√
2

0 0 −2
1
2 gRv∆R

−2
1
2 gRvδR 0 0

0 0 MB−L 0 0 2
3
2 gV v∆L

2
3
2 gV vδL 2

3
2 gV v∆R

2
3
2 gV vδR 0 0

− gLκu√
2

gRκu√
2

0 0 µ1 0 0 0 0 0 0
gLκd√

2
− gRκd√

2
0 µ1 0 0 0 0 0 0 0

−2
1
2 gLv∆L

0 2
3
2 gV v∆L

0 0 0 −µ3 0 0 0 0

−2
1
2 gLvδL 0 2

3
2 gV vδL 0 0 −µ3 0 0 0 0 0

0 −2
1
2 gRv∆R

2
3
2 gV v∆R

0 0 0 0 0 −µ3 0 0

0 −2
1
2 gRvδR 2

3
2 gV vδR 0 0 0 0 −µ3 0 0 0

0 0 0 0 0 0 0 0 0 0 µ1

0 0 0 0 0 0 0 0 0 µ1 0




(9)

withMB−L being the U(1)B−L gaugino mass. The phys-
ical neutralinos are defined via

χ̃0
i = Nijψ

0
j (i, j = 1, 2, . . . 11), (10)

where N is the unitary matrix that diagonalizes Z

N∗ZNT = ZD, (11)
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with ZD being a 11 × 11 diagonal matrix with non-
negative entries. The lightest of the eleven neutralinos,
χ̃0
1, is a candidate for cold dark matter in the universe

[1].

C. Scalar leptons

Combining F -term, D–term and soft-breaking contri-
butions pertaining to sleptons, their mass-squared matrix
is found to be

M2
L =



M2

LL M2
LR

M2
RL M2

RR


 (12)

where

M2
LL = M2

L +m2
ℓ +m2

Z(T3ℓ + sin2 θW) cos 2β,

M2
LR = M2 †

RL = mℓ(A+ µ tanβ),

M2
RR = M2

R +m2
ℓ −m2

Z sin2 θW cos 2β (13)

as follows from (3) with ℓ = e, µ, τ . We neglect intergen-
erational mixings, and intragenerational left-right mixing
can be important only for ℓ = τ flavor.

III. PRODUCTION AND DECAY OF

DOUBLY-CHARGED HIGGSINOS

Having described neutralino, chargino and slepton sec-
tors in detail, we now analyze productions and decays of
doubly-charged Higgsinos. The relevant Feynman rules
are listed in the Appendix. The pair–production pro-
cesses at the LHC involve

• p p −→ ∆̃++ ∆̃−− (illustrated in Fig. 1)

which proceeds with s-channel γ and ZL,R exchanges,
and

• p p −→ χ̃+
1 ∆̃−− (illustrated in Fig. 2)

which rests on s-channelWL,R exchanges. Both processes
are generated by quark–anti-quark annihilation at the
parton level. The s-channel Higgs exchanges cannot give
any significant contribution.
These doubly– and singly–charged fermions subse-

quently decay via a chain of cascades until the lightest

neutralino χ0
1 is reached. Given that charged leptons

(ℓ = e and ℓ = µ, especially) give rise to rather clean sig-
nals at the ATLAS and CMS detectors, we classify final
states according to their lepton content in number, elec-
tric charge and flavor. In general, the two-body decays
of doubly-charged Higgsinos are given by

• ∆̃−− −→ ℓ̃− ℓ−,

• ∆̃−− −→ ∆−− χ̃0
i ,

• ∆̃−− −→ χ̃−
i ∆−,

• ∆̃−− −→ χ̃−
i W−,

whose decay products further cascade into lower-mass
daughter particles of which leptons are of particular in-
terest. The production and decay processes mentioned
here are illustrated in Fig. 1 and Fig. 2. Clearly, pair-
produced doubly-charged Higgsinos lead to 4ℓ+E/T final
states whereas single-produced doubly-charged Higgsinos
give rise to 3ℓ+ E/T signals.

We assume that triplet Higgs bosons are heavier and
degenerate in mass, which renders them kinematically
inaccessible for decay modes of the relatively lighter
doubly-charged Higgsinos. The possibility of light ob-
servable doubly charged Higgs bosons has been explored
extensively in both phenomenological analyzes [17] and
experimental investigations [18] and is beyond the scope
of this study. Therefore, we concentrate on the remaining
accessible decay channels. For the numerical estimates
we consider three sample points in the LRSUSY parame-
ter space, as tabulated in Table I. A quick look at the re-
sulting mass spectrum for the sparticles suggest that the
chargino states are also heavier than or comparable to the
doubly-charged Higgsinos, and hence, the favorable de-

cay channel for ∆̃ is ∆̃−− −→ ℓ̃− ℓ−, provided that ml̃ <
M

∆̃−−
. For relatively light Higgsinos, one can, in princi-

ple, have ml̃ > M
∆̃−−

in which case the only allowed de-
cay mode for the doubly-charged Higgsinos would be the
3-body decays, which would proceed dominantly through

off-shell sleptons: ∆̃−− → ℓ̃⋆− ℓ− → ℓ−ℓ−χ̃0
1. We have

explicitly checked that the 3-body decay of the doubly-
charged Higgsinos through the heavy off-shell charginos
or W bosons is quite suppressed with respect to the two
body decay, and can be safely neglected.

We present our results for the Higgsino pair produc-
tion for the two sample points SPA and SPB described
in Table I. Since the cross sections for the single pro-
duction modes are highly suppressed for SPA and SPB,
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SPA SPB SPC

tan β = 5,MB−L = 25 GeV tan β = 5,MB−L = 100 GeV tan β = 5,MB−L = 0 GeV

Fields ML = MR = 250 GeV ML = MR = 500 GeV ML = MR = 500 GeV

v∆R
= 3000 GeV, vδR = 1000 GeV v∆R

= 2500 GeV, vδR = 1500 GeV v∆R
= 2500 GeV, vδR = 1500 GeV

µ1 = 1000 GeV, µ3 = 300 GeV µ1 = 500 GeV, µ3 = 500 GeV µ1 = 500 GeV, µ3 = 300 GeV

χ̃0
i (i = 1, 3) 89.9, 180.6, 250.9 GeV 212.9, 441.2, 458.5 GeV 142.5, 265.6, 300.0 GeV

χ̃±

i (i = 1, 3) 250.9, 300.0, 953.9 GeV 459.4, 500.0, 500.0 GeV 300.0, 459.3, 500.0 GeV

M
∆̃

300 GeV 500 GeV 300 GeV

WR, ZR 2090.4, 3508.5 GeV 1927.2, 3234.8 GeV 1927.2, 3234.8 GeV

S2 S3 S2 S3 S2 S3

ẽL, ẽR (156.9, 155.6 GeV), (402, 402 GeV) (254.2, 253.4 GeV), (552, 552 GeV) (214.9, 214.0 GeV), (402.6, 402.2 GeV)

µ̃L, µ̃R (156.9, 155.6 GeV), (402, 402 GeV) (254.2, 253.4 GeV), (552, 552 GeV) (214.9, 214.0 GeV), (402.6, 402.2 GeV)

τ̃1, τ̃2 (155.4, 159.9 GeV), (401, 406 GeV) (252.5, 257.9 GeV), (550, 556 GeV) (212.8, 216.2 GeV), (401.5, 403.3 GeV)

TABLE I: The numerical values assigned to the model parameters in defining the sample points SPA, SPB and SPC. In
each case, S2 and S3 designate parameter values which allow for 2-body and 3-body decays of doubly-charged Higgsinos,
respectively. The VEVs of the left-handed Higgs triplets are taken as v∆L

∼ vδL ≃ 10−8 GeV. For the couplings we use
gL = gR = g and for hll = 0.1 [13].

γ , ZL, ZR

q

q
˜

∆++

˜

∆−−

˜

∆++

˜

∆−−

˜χ0
LSP

l̃j

l̃i l−i
˜χ0

LSP

l+j

l+j

l−i

FIG. 1: Direct production of ∆̃−− pair at the LHC. Subse-

quent decays of ∆̃−− give rise to two dileptons plus missing
energy signal, if M

l̃j
< M

∆̃
−− .

q′
l+j νj

˜
∆

−−

L,R

l̃i

ν̃j l̃j l+j

l−i

χ̃+
1 l+j χ̃+

1 νj χ̃+
1 χ̃0

LSP

Wχ̃0
LSP

l−i

νj

χ̃0
LSP

q ˜
∆

−−

L,R

χ̃+
1

χ̃0
LSP

WL,R

FIG. 2: Direct production of single ∆̃−− in association with

χ̃+
1 at the LHC. Subsequent decays of ∆̃−− and χ̃+

1 give rise
to a trilepton plus missing energy signal, if M

ν̃j
< M

χ̃
+

1

and

M
l̃j

< M
∆̃

−− .

we consider yet another sample point, called SPC in Ta-
ble I, which maximizes the single production cross section

of ∆̃−−
L . It is also possible to find a sample point which

maximizes the cross section for single ∆̃−−
R production.

We discuss the single ∆̃−−
L production in detail and com-

ment on the ∆̃−−
R case, as their features are fairly similar.

For the benchmark point in Table I, the doubly-
charged Higgsinos assume the following 2– and 3–body

decay branchings:

BR(∆̃−−
L/R → ℓ̃−iL/iRℓ

−
i ) ≃ 1

3
, ml̃i

< M∆̃−−

BR(ℓ̃−iL/iR → ℓ−i χ̃
0
1) = 1, (14)

BR(∆̃−−
L/R → ℓ−i ℓ

−
i χ̃

0
1) ≃ 1

3
, ml̃i

> M∆̃−−

where i = e, µ, τ . One notes that only 3-body decay chan-
nel is allowed when mℓ̃i

> M
∆̃
. (We discuss the chargino

decay later for the single production mode). To fix our
notations, we denote by S2 the signal corresponding to

the 2-body decay of ∆̃ and by S3 the signal correspond-

ing to the 3-body decay of ∆̃. The two separate cases
correspond to two different choices of the slepton masses
for the same sample point. These features are shown in
parentheses as columns in Table I for SPA, SPB and
SPC.
In what follows we shall analyze single– and pair–

productions of doubly-charged Higgsinos separately by
using Monte Carlos techniques.

A. Pair-production of doubly-charged Higgsinos

The pair–production of doubly–charged Higgsinos at
the LHC occurs through the s-channel exchanges of the
neutral gauge bosons in the model, as depicted in Fig. 1.
The heavy Z boson (ZR) can enhance the production
cross section through resonance effect, if kinematically
accessible at the LHC. In Fig. 3 we plot production cross

sections for ∆̃−− chiralities and exchanged gauge bosons.
It is seen that cross section is quite sizeable for sufficiently
light doubly–charged Higgsinos: it starts at ∼ 104 fb
at M

∆̃
≃ 100 GeV and stays above ∼ 10 fb even if
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FIG. 3: The pair-production cross sections for doubly-charged
Higgsinos in LRSUSY at the LHC. The plots are performed by
using the parameter sets SPA/SPB except that M∆̃−− ≡ µ3

is allowed to vary from 100 GeV up to 1 TeV. See the text
for explanation of curves.

M
∆̃

is stretched up to 1 TeV provided that contribu-
tions of all three neutral gauge bosons, γ, ZL and ZR,
are included. The figure also shows that cross sections,
for both chirality, fall rapidly with increasing M

∆̃
if ZR

gauge boson is decoupled from the low-energy spectrum.
The plots highlight the fact that the heavy ZR contri-
bution becomes more significant for pair production of
heavier states, as seen in Fig. 3. Pair–production of heav-
ier states requires a much higher effective center of mass
energy

√
ŝ =

√
x1x2s, where xi’s are the momentum frac-

tions carried by the partons at the hadron collider. This
would yield a stronger s-channel suppression of the SM
contributions coming from the photon and Z exchange
and enhance the contribution coming from the heavy ZR

exchange.
The doubly-charged Higgsinos decay according to

Eq. 14 into two same-sign same-flavor (SSSF) leptons and
the lightest neutralino χ̃0

1, the LSP. This decay pattern
gives rise to final states involving four isolated leptons of
the form

(
ℓ−i ℓ

−
i

) (
ℓ+j ℓ

+
j

)
where ℓi and ℓj are not neces-

sarily identical lepton flavors. More precisely, final states
generated by the decays of doubly-charged Higgsino pairs
generically contain tetraleptons plus missing momentum
carried away by the LSP:

pp −→ ∆̃++∆̃−− −→
(
ℓ+i ℓ

+
i

)
+
(
ℓ−j ℓ

−
j

)
+ E/T , (15)

where ℓi, ℓj = e, µ, τ .
The 4ℓ+E/T signal receives contributions from the pair-

production of both chiral states of the doubly-charged
Higgsino. Since at the LHC it is difficult to determine
chiralities of particles, it is necessary to add up their indi-
vidual contributions to obtain the total number of events.

This yields a rather clean and robust 4l+ missing pT sig-
nal at the LHC with highly suppressed SM background.
In fact, one finds that the SM background with tetralep-
tons, where ℓi = e and ℓj = µ in Eq. 15 with large miss-
ing transverse energy (E/T ≥ 50 GeV), is very suppressed
(O ∼ 10−3 fb) and can therefore be safely neglected com-
pared to the signal generated by doubly-charged Higgsino
pairs. This fact makes this channel highly promising for
an efficient and clean disentanglement of LRSUSY ef-
fects.
For triggering and enhancing the 4ℓ + E/T signal we

impose the following kinematic cuts:

• The charged leptons in the final state must respect
the rapidity cut |ηℓ| < 2.5,

• The charged leptons in the final state must have a
transverse momentum pT > 25 GeV.

• To ensure proper resolution between the final state
leptons we demand ∆Rℓℓ > 0.4 for each pair of
leptons, where ∆R =

√
(∆φ)2 + (∆η)2, φ being

the azimuthal angle.

• The missing transverse energy must be E/T > 50
GeV.

• The pairs of oppositely-charged leptons of same fla-
vor have at least 10 GeV invariant mass.

For numerical analysis, we have included the LRSUSY
model into CalcHEP 2.4.5 [19] and generated the event
files for the production and decays of the doubly-charged
Higgsinos using the CalcHEP event generator. The event
files are then passed through the CalcHEP+Pythia inter-
face where we include the effects of both initial and final
state radiations using Pythia switches [20] to smear the fi-
nal states. We use the leading order CTEQ6L [21] parton
distribution functions (PDF) for the quarks in protons.
Below we list production cross sections as well as total

event cross sections ( after applying the kinematic cuts
mentioned above). For four-lepton plus missing energy
signal we take specifically 2µ−+2e++E/T final state, and
find the following results for SPA and SPB:

• SPA:

σ(∆̃−−
L ∆̃++

L ) = 117.9 fb

and

σ(∆̃−−
R ∆̃++

R ) = 44.5 fb.

After imposing the kinematic cuts, the total cross
section for the final state (summing over contri-
butions coming from doubly-charged Higgsinos of
either chirality) turns out to be:

– S2 σ(2µ−2e+ + E/T ) = 7.71 fb,

– S3 σ(2µ−2e+ + E/T ) = 7.02 fb.
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FIG. 4: Binwise distribution of ∆R with binsize 0.1 and in-
tegrated luminosity of

∫
Ldt = 30fb−1.

• SPB:

σ(∆̃−−
L ∆̃++

L ) = 32.4 fb

and

σ(∆̃−−
R ∆̃++

R ) = 12.95 fb.

After applying the kinematic cuts we find:

– S2 σ(2µ−2e+ + E/T ) = 2.43 fb,

– S3 σ(2µ−2e+ + E/T ) = 2.66 fb.

The same numerical results hold also when the final state
is charge-conjugated i.e. 2µ+2e− +E/T . In principle, one
can also work with final states where one of the lepton
flavors is τ . Then one needs to fold in the efficiencies for
τ identification at LHC with the above numbers to get
the correct event rates.
In Fig. 4 we plot the binwise distribution of the spa-

tial resolution between the charged lepton pairs for the
different cases indicated on the curves. We choose to
use the events for the case S2 for both SPA and SPB,
as the characteristic features of the distributions remain
the same for S3. Here the notation l±l± stands for µ−µ−

or e+e+. The figure manifestly shows the difference be-
tween the SSSF leptons whose distributions are peaked
at low values of ∆R and the opposite-sign different-flavor
(OSDF) leptons whose distributions maximize at higher
values of ∆R. The SSSF leptons originate from the cas-
cade decay of one single doubly-charged Higgsino whereas
OSDF lepton configurations are formed by two isolated

leptons, one originating from ∆̃−−, the other from ∆̃++.
To this end, SSSF leptons with small spatial separation
qualify to be a direct indication of the doubly-charged
Higgsinos in the spectrum (of the LRSUSY or of 3-3-
1 model, for example). This feature is a clear-cut sig-
nal of extended SUSY models as it does not exist in the
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FIG. 5: Binwise distribution of transverse momenta pT of
the final state leptons with binsize of 20 GeV and integrated
luminosity of

∫
Ldt = 30fb−1. The panel (a) represents for

2-body (S2) decay whereas panel (b) stands for 3-body (S3)
case.

MSSM or in any of its extensions that contain only singly-
charged fields.

In Fig. 5(a) and 5(b) we plot the binwise distributions
of the transverse momenta of the final state leptons for
S2 and S3, respectively. Since the same-sign leptons
would be hard to distinguish based on their origin (from

∆̃ or ℓ̃i) for S2, we prefer to plot the average transverse
momentum of the same flavor leptons. Theoretically, one

expects leptons coming from the primary decay of ∆̃ to
be much harder than the ones coming from intermediate
slepton decay, ℓ̃±i → ℓ±i χ̃

0
1 for S2. The hardness of the

leptons, when the ∆̃ decays through the 2-body channel,

is clearly dictated by the mass differences between the ∆̃,
the sleptons and the LSP. Though this distinction is not
possible at the LHC, one can understand the larger total
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FIG. 6: Binwise invariant mass distribution of lepton pairs
with binsize of 20 GeV and integrated luminosity of

∫
Ldt =

30fb−1. The panel (a) represents the 2-body (S2) case, and
panel (b) does the 3-body (S3) case.

cross section for SPB (S3) as compared to SPB (S2),
because more soft leptons would be expected in the case
of 2-body decays. Thus, the pT cut on the charged lep-
tons has a stronger effect on the signal for SPB (S2). A
quick look at Fig. 5(a), where we plot the pT for S2 for
both sample points, and 5(b), which shows the distribu-
tion for S3, indicates that one finds more events at large
pT in Fig. 5(a) (2-body decay). This effect is due to the
much harder leptons coming from the primary decay of

the heavy ∆̃.

In Fig. 6(a) and 6(b) we plot the binwise distributions
of the invariant masses of the lepton pairs for S2 and
S3, respectively. These plots manifestly show differences
between the SSSF and OSDF lepton pairs in regard to
their invariant mass distributions. Indeed, the SSSF lep-
ton pairs exhibit a sharp kinematic edge in theirMℓℓ dis-

tributions whereas the OSDF lepton pairs do not. The
reason, also mentioned when discussing Fig. 4 above, is
that SSSF lepton pairs originate from the cascade decay

of the same ∆̃. Since dilepton invariant mass does not
change under boosts, this edge can be well-approximated
for both S2 and S3 by the formula (in the rest frame of
the decaying particle)

Mmax
ℓ±ℓ± =

√
M2

∆̃
+M2

χ̃0
1

− 2M
∆̃
E

χ̃0
1

, (16)

where E
χ̃0
1

is the energy of the LSP. This formula yields

an edge in the invariant mass distribution of the SSSF
lepton pairs at the bin around Mℓ±ℓ± = M

∆̃
−M

χ̃0
1

for

both the SPA and SPB points in the case of the 3-body

decay of ∆̃ (S3), as can be seen in 6(b). This corresponds
to the situation when the LSP is produced at rest in the

frame of ∆̃. For the case S2 the situation is different,
as the energy of the LSP also depends on the mass of

the slepton when the ∆̃ decays via on-shell slepton (S2).
In this case the invariant mass distribution of the SSSF
lepton pairs exhibits an edge at a different bin compared
to S3, as shown in Fig. 6(a) and its location is given by
the formula

Mmax
ℓ±ℓ± =M

∆̃

√√√√1−
(
mℓ̃

M
∆̃

)2
√√√√1−

(
M

χ̃0
1

mℓ̃

)2

(17)

The edge in the SSSF dilepton invariant mass distribu-
tion yields a clear hint of a ∆L = 2 interaction and
a doubly-charged field in the underlying model of ‘new
physics’. The distributions of the OSDF dileptons ex-
hibit no such edge at all since in this case the two lep-
tons originate from the decays of the oppositely-charged,

pair-produced ∆̃s.
In Fig. 7 we plot the binwise distribution of the missing

transverse energy for all the cases under consideration.
The heavier neutralinos in SPB yield more events at
larger missing transverse energy, as expected.

B. Associated productions of doubly-charged

Higgsinos and Charginos

In this section we study productions and decays of
doubly-charged Higgsinos in association with the light-
est chargino. The process under consideration, whose
Feynman diagram is depicted in Fig. 2, has the form

p p −→ ∆̃−− χ̃+
1 −→

(
ℓ−i ℓ

−
i

)
+ ℓ+j + E/T , (18)

where ℓi is not necessarily identical to ℓj. As men-
tioned above, this scattering process proceeds with the
s-channel WL,R exchange, and yields invariably a trilep-
ton signal, which has long been considered as a signal of
SUSY, in general [22].
The cross section for singly-produced doubly-charged

Higgsino turns out to be small at the sample points
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FIG. 7: Binwise distribution of the missing transverse energy
of the signal with binsize of 20 GeV and integrated luminosity
of
∫
Ldt = 30fb−1.

SPA and SPB, and hence, we devise a different bench-
mark point, SPC, to maximize single production of left-
chirality doubly-charged Higgsinos. Sampling a wide re-
gion of LRSUSY parameter space, we could not find a
significant region that enhances the single production of
right-chirality doubly-charged Higgsino. In fact, a fine-
grained scan of the entire parameter space, with M

∆̃
=

300 GeV, yields a maximal cross section for the right-
chirality Higgsino which is still a factor of three smaller

∆̃Rχ̃+
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FIG. 8: The cross sections for associated productions of ∆̃L,R

and χ̃±

1 in the LRSUSY model at LHC. The model parameters
are as in SPC in Table I, except that M∆̃−− ≡ µ3 is varied
from 100 GeV up to 1 TeV.

than that of the left-chirality Higgsino. They both be-
come negligible around M

∆̃
= 300 GeV since therein the

composition of the lightest chargino changes abruptly.
Consequently, in this section we use the sample point
SPC and discuss the left-chirality doubly-charged Hig-
gsino production in association with the lightest chargino
χ̃+
1 .
Fig. 8 shows that, for all SPC parameter space with

varying µ3, the left-chirality doubly-charged Higgsino
produced in association with the lightest chargino yields
a large cross section for small Higgsino masses, and re-
mains appreciable for doubly-charged Higgsinos as heavy
as M

∆̃
∼ 450 GeV. For the purpose of comparison, we

also include the cross section for the right-chirality Hig-
gsino, which starts dominating the cross section for the
left-chirality one as M

∆̃
becomes larger than 450 GeV.

One notes here that, since the chargino couplings to

∆̃L/R depend on the entries in the mixing matrices of
charginos, the input parameters in Table I play a crucial
role in determining the production cross section. Since
we assume µ3 = 300 GeV for SPC, the 3ℓ + E/T signal
comes from the decay of the left-chirality Higgsino, only.

The cross section for p p→ ∆̃−−
L χ̃+

1 is around 30− 40 fb
for SPC. Based on further analysis the single production
cross section for SPC is quite stable against large vari-
ations in the other parameters of the model. Of course,
this does not mean that the same holds for the signal
cross section. For example, even though the tanβ depen-
dence of production cross section is very weak (as long

as it does not significantly change the ∆̃−
L composition of

χ̃+
1 ), there is a stronger dependence in the decay modes,

as can be seen from the couplings listed in Appendix.

As in pair-production, the ∆̃−− decays again into a
pair of SSSF leptons and an LSP following Eq. 14, either
through the 2-body decay mode (S2) or the 3-body decay
mode (S3). The three possible chargino decay modes are
depicted in Fig. 2. We find that the chargino has almost
100% branching ratio to a neutrino and slepton for SPC.
Then sleptons decay as in Eq. 14. This gives a 3ℓ + E/T
final state where the missing transverse energy is due to
an undetected LSP and the neutrino. For the benchmark
point SPC the signal gets all the contribution from the
left-chirality state.

The single ∆̃−− production gives rise to a trilepton sig-
nal at the LHC experiments. In the numerical analysis,
following the same notation and same kinematic cuts as
in the previous subsection, we illustrate the case where
ℓi = µ and ℓj = e. Thus, we know that the e+ always
comes from the chargino while the same-sign muons orig-
inate from the doubly-charged Higgsino.
The production cross section for the sample point SPC

is

• SPC:

σ(∆̃−−
L χ̃+

1 ) = 36.57 fb,

and, after imposing the kinematic cuts, the total
signal cross section becomes



10

N
u

m
b

e
r 

o
f 

E
ve

n
ts

 /
 b

in

 −  µ
 −  µ

 +  e
 −  µ

 ∆ R ll

 SPC (S2)

 1

 1  1.5  2  2.5  3  3.5  4
 0.1

 0.5

 10

FIG. 9: Binwise distribution of ∆R with binsize 0.1 and in-
tegrated luminosity of

∫
Ldt = 30fb−1.

– S2 σ(2ℓ−i ℓ
+
j E/T ) = 2.24 fb,

– S3 σ(2ℓ−i ℓ
+
j E/T ) = 2.03 fb,

where ℓi = µ and ℓj = e. These numerical estimates hold
for the specific choice for the final state i.e. 2µ−+e++E/T .

In parallel to the analysis of 4ℓ + E/T signal in pre-
vious subsection, we here plot various distributions in
Figs. 9, 10, 11, 12 and 13 by considering specifically
2ℓ−i + ℓ+j +E/T signal with ℓi = µ and ℓj = e. Several fea-
tures observed in these figures have already been covered
by discussions in the previous subsection. In particular,
the distributions of the SSSF leptons are quite similar to
the ones for the 4ℓ+E/T signal. This is actually expected
since SSSF leptons are exclusively generated by decays
of the doubly-charged Higgsino, a common feature for
both tetralepton and trilepton final states. Compared to
4ℓ+ E/T signal, however, distributions for OSDF leptons
are slightly different since the oppositely-charged electron
comes exclusively from selectron decay, and possesses dif-
ferent kinematics. For example, as compared to 4ℓ+ E/T
signal, there are less events at large missing energy and
also at large transverse momentum, for the electron from
the chargino decay as well as the muons from the doubly-
charged Higgsino decay. This stems from the fact that
the final leptons are soft kinematically. It is also seen
from the figures that the distributions for S2 and S3 are
similar since the mass splitting M

∆̃
−M

l̃
∼ 85 GeV is

comparable to M
l̃
−M

χ̃0 ∼ 72 GeV.

IV. DISCUSSION AND CONCLUSION

We have studied the LHC signals of doubly-charged
Higgsinos present in extended SUSY models such as
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FIG. 10: Binwise invariant mass distribution of pair of lep-
tons in the final state with binsize 20 GeV and integrated
luminosity of

∫
Ldt = 30fb−1.

the LRSUSY. The doubly-charged Higgs fermions in
the spectrum are a characteristic feature of LRSUSY
which can directly and unambiguously distinguish the
model from the MSSM (and its various extensions like
NMSSM and U(1)′ models) by measuring certain lep-
tonic events. We have given a detailed account of the
leptonic signals originating from production-and-decay
of (i) doubly-charged Higgsino pairs and of (ii) single
doubly-charged Higgsino plus chargino. For the produc-
tion mode (i) the leptonic final state invariably involves(
ℓ−i ℓ

−
i

)
+
(
ℓ+j ℓ

+
j

)
+ E/T , that is, a pair of SSSF dileptons

plus missing energy taken away by the LSP, χ̃0
1. On the

other hand, for (ii) the leptonic final state is composed
of
(
ℓ−i ℓ

−
i

)
+ ℓ+j +E/T , that is, a trilepton signal. Our sim-

ulation studies yield rather generically, for ℓi 6= ℓj , that
the SSSF dileptons exhibit a) a narrow spatial extension
and b) a sharp edge in dilepton invariant mass, in con-
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FIG. 12: Binwise distribution of transverse momentum of e+
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∫
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trast to OSDF dileptons. There are additional distinc-
tive features which become visible via transverse momen-
tum/energy distributions. These ‘experimental’ results
provide a testing ground for an attempt to determine the
underlying SUSY model at the TeV scale.

For a clearer view of the distinguishing power of these
features, it proves useful to compare them with expecta-
tions of another SUSY model such as the MSSM. Con-
cerning the tetralepton signal

(
ℓ−i ℓ

−
i

)
+
(
ℓ+j ℓ

+
j

)
+ E/T in

LRSUSY, one notes that a similar signal also arises in
the MSSM via pair-production-and-decay of the next-
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FIG. 13: Binwise distribution of transverse momentum of lep-
tons for the 3-body cases with binsize is 20 GeV and inte-
grated luminosity of

∫
Ldt = 30fb−1.

to-lightest neutralino χ̃0
2 (which is dominated by λZ at

least in minimal supergravity) with a different topology(
ℓ−i ℓ

+
i

)
+
(
ℓ−j ℓ

+
j

)
+ E/T [23]. Therefore, in contrast to

leptons originating from decays of doubly-charged Hig-
gsinos whose spatial distributions are shown in Fig. 4, in
the MSSM opposite-sign same-flavor (OSSF) dileptons
are expected to have a narrow spatial extension. This
and other features which follow from the plots in previ-
ous section enable one to distinguish between LRSUSY
and MSSM in tetralepton signals.

Concerning the trilepton signal
(
ℓ−i ℓ

−
i

)
+ ℓ+j +E/T , one

notices that a similar signal,
(
ℓ−i ℓ

+
i

)
+ℓ+j +E/T , also arises

in the MSSM via associated productions χ0
2 and χ̃+

1 , and
their subsequent decays into leptons and χ̃0

1. As in the
tetralepton case, the two models predict different topolo-
gies for final-state leptons. The χ̃0

2 decay gives rise to
OSSF leptons and in contrast to LRSUSY expectation
depicted in Fig. 9, in the MSSM OSSF leptons are ex-
pected to have a narrow spatial extension. The trilepton
signal with missing transverse energy has long been iden-
tified as one of the most promising signals of SUSY [22]
in general. Here we see how it can be used to test for a
different scenario than MSSM.

This procedure of discriminating different models of
‘new physics’ with lepton spectrum naturally extends to
other models, not necessarily of supersymmetric nature.
For example, in universal extra dimensions (UED), pair-
production of two excited Z bosons – the first Kaluza-
Klein (KK) level Z1 – invariably leads to tetralepton sig-
nals through the cascade decay Z1 → ℓ−1 ℓ

+ → LKP ℓ−ℓ+

of each Z1 (with LKP being the lightest KK particle
whose stability is guaranteed by the KK symmetry) [24].
By the same token, the trilepton signal follows from
the associated production of charged and neutral gauge
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bosons,W±
1 Z1, and their subsequent decays into leptons

and LKP. In terms of the event topologies, trilepton and
tetralepton signals of UED are similar to those of the
MSSM, and thus, distinguishing UED from LRSUSY is
accomplished with the same strategy used for the MSSM.
Also interesting are models with low-scale U(1)B−L in-

variance, which accommodate a light right-handed Ma-
jorana neutrino N [25]. The pair-produced right-handed
neutrinos can give rise to tetralepton signal via N →
ℓ+i W

− → ℓ+i ℓ
−
j ν̄j decay. The trilepton signal can come

from associated ℓiN production and is strongly sup-
pressed. The LHC signatures of this model are similar to
those of the MSSM and UED, and SSSF lepton distribu-
tions enable one to distinguish it from LRSUSY [26].
These case studies can be extended to a multitude of

‘new physics’ models at both qualitative and quantitative
level. In each case, LRSUSY, whose spectrum consists of
doubly-charged Higgsinos, is found to differ from the rest
by having SSSF proximate dileptons at the final state.
Our results show convincingly clear that doubly-charged
Higgsinos give rise to rather special leptonic events at
the LHC, making them firmly distinguishable from other
SUSY particles and also from particles in several other
models of physics at the TeV scale.
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APPENDIX

In this Appendix we list down all the Feynman rules nec-
essary for analyzing productions and decays of doubly-
charged Higgsinos in the LRSUSY model.
Scalar-Scalar-Z Boson, γ:

•Aµ q̃ q̃⋆ : − ieQq(pq + pq∗)
µ

•Zµ
L q̃ q̃

⋆ : − i gL
cos θW

(TL
3q −Qf sin

2 θW )(pq + pq∗)
µ

•Zµ
R q̃ q̃

⋆ : − i gR
√
cos 2θW

cos θW
(TR

3q − 1
6
sin2 θW
cos 2θW

)(pq + pq∗)
µ

Scalar-Scalar-W bosons:

•Wµ
L l̃L ν̃L : − i

gL√
2
(pl + pν)

µ

•Wµ
R l̃R ν̃R : − i

gR√
2
(pl + pv)

µ

Fermion-Fermion-W bosons:

•Wµ
L l ν̄ : − i

gL√
2
γµPL

•Wµ
R l ν̄ : − i

gR√
2
γµPR

•Wµ
L q q̄′ : − i

gL√
2
γµPL

•Wµ
R q q̄′ : − i

gR√
2
γµPR

•Wµ
L χ̃+

k ∆̃−−
L : igLγ

µ(V ⋆
k5PL + Uk5PR)

•Wµ
Rχ̃

+
k ∆̃

−−
R : igRγ

µ(V ⋆
k6PL + Uk6PR)

•Wµ
L χ̃+

k χ̃0
j : − igLγ

µ(LL
jkPL + LR

jkPR)

•Wµ
R χ̃+

k χ̃0
j : − igRγ

µ(RL
jkPL + RR

jkPR)
with the matrix elements given in terms of chargino and
neutralino mixing matrices as

LL
jk = −N⋆

k1Vj1 +
1√
2
N⋆

k5Vj4 ++N⋆
k6Vj5 +

1√
2
N⋆

k11Vj3

LR
jk = −U⋆

j1Nk1 −
1√
2
U⋆
j4Nk4 +N⋆

k7Vj5 −
1√
2
U⋆
j4Nk10

RL
jk = −N⋆

k2Vj2 +
1√
2
N⋆

k5Vj4 +N⋆
k8Vj6 +

1√
2
N⋆

k11Vj3

RR
jk = −U⋆

j2Nk2 −
1√
2
U⋆
j3Nk4 + U⋆

j6Nk9 −
1√
2
U⋆
j4Nk10

Fermion-Fermion-Z Boson, γ:

•γµ∆̃−−
L,R

¯̃∆
−−
L,R : 2ieγµ

•Zµ
L∆̃

−−
L

¯̃∆
−−
L : i

gL cos 2θW
cos θW

γµ

•Zµ
L∆̃

−−
R

¯̃∆
−−
R : − i

2gL sin2 θW
cos θW

γµ

•Zµ
R∆̃

−−
L

¯̃∆
−−
L : i

gL
√
cos 2θW

cos θW
γµ

•Zµ
R∆̃

−−
R

¯̃∆
−−
R : − i

gL(1− 3 sin2 θW )

cos θW
√
cos 2θW

γµ
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Fermion-Fermion-Scalar Fermion:

•∆̃−−
L l̃ l : − 2hllC−1PL

•∆̃−−
R l̃ l : − 2hllC−1PR

• ∆̃−
L l̃ ν : hllC−1PL

• ∆̃−
L lν̃ : hllC−1PL

• ∆̃−
R l̃ ν : hllC−1PR

• ∆̃−
R l ν̃ : hllC−1PR

• χ̃0
k l̃ l̄ : − i

{[√
2gL

(
1

2
Nk1 −

1

2
(
cos 2θW
cos2 θW

+ tan2 θW )Nk2 −
sin θW

√
cos 2θW

cos2 θW
Nk3 +

ml

2MW cosβ
Nk5

)]
PL

−
[√

2gR

(
(
cos 2θW
2 cos2 θW

− tan2 θW )Nk2 −
sin θW

√
cos 2θW

cos2 θW
Nk3 +

ml

2MW cosβ
N⋆

k5

)]
PR

}

• χ̃0
k ν̃ ν̄ : − i

{[√
2gL

(
1

2
Nk1 +

1

2
(
cos 2θW
cos2 θW

− tan2 θW )Nk2 −
sin θW

√
cos 2θW

cos2 θW
Nk3 +

ml

2MW cosβ
Nk5

)]
PL

−
[√

2gR

(
cos 2θW
2 cos2 θW

Nk2 −
sin θW

√
cos 2θW

2 cos2 θW
Nk3 +

ml

2MW cosβ
N⋆

k5

)]
PR

}
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[4] M. Cvetič and J. Pati, Phys. Lett. B 135, 57 (1984); R. N.
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