
J
H
E
P
1
1
(
2
0
0
7
)
0
7
3

Published by Institute of Physics Publishing for SISSA

Received: September 18, 2007

Revised: November 6, 2007

Accepted: November 14, 2007

Published: November 23, 2007

Sfermion masses in the supersymmetric economical

3 − 3 − 1 model

P.V. Dong, Tr.T. Huong, N.T. Thuy and H.N. Long

Institute of Physics, VAST,

P.O. Box 429, Bo Ho, Hanoi 10000, Vietnam

E-mail: pvdong@iop.vast.ac.vn, tthuong@iop.vast.ac.vn,

ntthuy@iop.vast.ac.vn, hnlong@iop.vast.ac.vn

Abstract: Sfermion masses and eigenstates in the supersymmetric economical 3-3-1 model

are studied. By lepton number conservation, the exotic squarks and superpartners of or-

dinary quarks are decoupled. Due to the fact that in the 3-3-1 models, one generation

of quarks behaves differently from other two, by R-parity conservation, the mass mixing

matrix of the squarks in this model are smaller than that in the Minimal Supersymmetric

Standard Model (MSSM). Assuming substantial mixing in pairs of highest flavours, we are

able to get mass spectrum and eigenstates of all the sfermions. In the effective approxi-

mation, the slepton mass splittings in the first two generations, are consistent with those

in the MSSM, namely: m2
l̃L

− m2
ν̃lL

= m2
W cos 2γ (l = e, µ). In addition, within the above

effective limit, there exists degeneracy among sneutrinos in each multiplet: m2
ν̃lL

= m2
ν̃lR

.

In contradiction to the MSSM, the squark mass splittings are different for each generation

and not to be m2
W cos 2γ.
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1. Introduction

The Standard Model (SM) of high energy physics provides a remarkable successful descrip-

tion of presently known phenomena. In spite of these successes, it fails to explain several

fundamental issues like generation number puzzle, neutrino masses and oscillations, the

origin of charge quantization, CP violation, etc.

One of the simplest solutions to these problems is to enhance the SM symmetry

SU(3)C ⊗ SU(2)L ⊗ U(1)Y to SU(3)C ⊗ SU(3)L ⊗ U(1)X (called 3-3-1 for short) [1 – 3]

gauge group. One of the main motivations to study this kind of models is an explana-

tion in part of the generation number puzzle. In the 3-3-1 models, each generation is not
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anomaly free; and the model becomes anomaly free if one of quark families behaves dif-

ferently from other two. Consequently, the number of generations is multiple of the color

number. Combining with the QCD asymptotic freedom, the generation number has to be

three. For the neutrino masses and oscillations, the electric charge quantization and CP

violation issues in the 3-3-1 models, the interested readers can find in refs. [4, 5] and [6],

respectively.

In one of the 3-3-1 models, the right-handed neutrinos are in bottom of the lepton

triplets [3] and three Higgs triplets are required. It is worth noting that, there are two

Higgs triplets with neutral components in the top and bottom. In the earlier version, these

triplets can have vacuum expectation value (VEV) either on the top or in the bottom, but

not in both. Assuming that all neutral components in the triplet can have VEVs, we are

able to reduce number of triplets in the model to be two [7, 8]. Such a scalar sector is

minimal, therefore it has been called the economical 3-3-1 model [9]. In a series of papers,

we have developed and proved that this non-supersymmetric version is consistent, realistic

and very rich in physics [8 – 11].

In the other hands, due to the “no-go” theorem of Coleman-Mandula [12], the internal

G and external P spacetime symmetries can only be trivially unified. In addition, the

mere fact that the ratio MP /MW is so huge is already a powerful clue to the character

of physics beyond the SM, because of the infamous hierarchy problem. In the framework

of new symmetry called a supersymmetry [13, 14], the above mentioned problems can be

solved. One of the intriguing features of supersymmetric theories is that the Higgs spectrum

(unfortunately, the only part of the SM is still not discovered) is quite constrained.

It is known that the economical (non-supersymmetric) 3-3-1 model does not furnish

any candidate for self-interaction dark matter [15] with the condition given by Spergel and

Steinhardt [16]. With a larger content of the scalar sector, the supersymmetric version

is expected to have a candidate for the self-interaction dark matter. An supersymmetric

version of the minimal version (without extra lepton) has been constructed in ref. [17]

and its scalar sector was studied in ref. [18]. Lepton masses in framework of the above

mentioned model was presented in ref. [19], while potential discovery of supersymmetric

particles was studied in [20]. In ref. [21], the R - parity violating interaction was applied

for instability of the proton.

The supersymmetric version of the 3-3-1 model with right-handed neutrinos [3] has

already been constructed in ref. [22]. The scalar sector was considered in ref. [23] and

neutrino mass was studied in ref. [24]. Note that there is three-family versions in which

lepton families are treated differently [25] and their supersymmetric versions are presented

in ref. [26]. It is worth mentioning that in the previous papers on supersymmetric version of

the 3-3-1 models, the main attention was given to the gauge boson, lepton mass and Higgs

sectors. To our knowledge, there was no work concerning sfermions. An supersymmetric

version of the economical 3-3-1 model has been constructed in ref. [27]. Some interesting

features such as Higgs bosons with masses equal to that of the gauge bosons — the W and

the bileptons X and Y , have been pointed out in ref. [28].

In a supersymmetric extension of the (beyond) SM, each of the known fundamental

particles must be in either a chiral or gauge supermultiplet and have a superpartner with

– 2 –



J
H
E
P
1
1
(
2
0
0
7
)
0
7
3

spin differing by 1/2 unit. All of the matter fermions (the known quarks and leptons)

have spin-0 partners called sfermions. Hence in supersymmetric models, besides scalar

Higgs bosons, there are scalar sfermions. In ref. [27], the Higgs sector was a subject of our

interest; in this paper, we will focus an attention to the sfermions — sleptons and squarks.

It is to be noted that, as mentioned above, sfermions in the supersymmetric 3-3-1 models

are firstly studied in this work.

This article is organized as follows. In section 2 we present a fermion and scalar content

in the supersymmetric economical 3-3-1 model. The necessary parts of Lagrangian is also

given. The F and D terms of scalar potential for sfermions are calculated in section 3.

Masses and eigenstates for sleptons and squarks are given in section 4 and 5, respectively.

Section 6 is devoted for the case of R-parity conservation and sfermion mass splittings.

Finally, we summarize our results and make conclusions in the last section - section 7.

2. A review of the model

In this section we first recapitulate the basic elements of the supersymmetric economical

3-3-1 model [27]. R − parity and some constraints on the couplings are also presented.

2.1 Particle content

The superfield content in this paper is defined in a standard way as follows

F̂ = (F̃ , F ), Ŝ = (S, S̃), V̂ = (λ, V ), (2.1)

where the components F , S and V stand for the fermion, scalar and vector fields while

their superpartners are denoted as F̃ , S̃ and λ, respectively [13, 22].

The superfield content in the considering model with an anomaly-free fermionic content

transforms under the 3-3-1 gauge group as

L̂aL =
(
ν̂a, l̂a, ν̂

c
a

)T

L
∼ (1, 3,−1/3), l̂caL ∼ (1, 1, 1),

Q̂1L =
(
û1, d̂1, û′

)T

L
∼ (3, 3, 1/3),

ûc
1L, û′c

L ∼ (3∗, 1,−2/3),

d̂c
1L ∼ (3∗, 1, 1/3),

Q̂αL =
(
d̂α,−ûα, d̂′α

)T

L
∼ (3, 3∗, 0), α = 2, 3,

ûc
αL ∼ (3∗, 1,−2/3) ,

d̂c
αL, d̂′cαL ∼ (3∗, 1, 1/3) , (2.2)

where the values in the parentheses denote quantum numbers based on (SU(3)C , SU(3)L,

U(1)X) symmetry. ν̂c
L = (ν̂R)c and a = 1, 2, 3 is a generation index. The primes superscript

on usual quark types (u′ with the electric charge qu′ = 2/3 and d′ with qd′ = −1/3) indicate

that those quarks are exotic ones.
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The two superfields χ̂ and ρ̂ are at least introduced to span the scalar sector of the

economical 3-3-1 model [9]:

χ̂ =
(
χ̂0

1, χ̂
−, χ̂0

2

)T ∼ (1, 3,−1/3),

ρ̂ =
(
ρ̂+
1 , ρ̂0, ρ̂+

2

)T ∼ (1, 3, 2/3).

To cancel the chiral anomalies of Higgsino sector, the two extra superfields χ̂′ and ρ̂′ must

be added as follows

χ̂′ =
(
χ̂′0

1 , χ̂′+, χ̂′0
2

)T ∼ (1, 3∗, 1/3),

ρ̂′ =
(
ρ̂′−1 , ρ̂′0, ρ̂′−2

)T ∼ (1, 3∗,−2/3).

In this model, the SU(3)L ⊗ U(1)X gauge group is broken via two steps:

SU(3)L ⊗ U(1)X
w,w′

−→ SU(2)L ⊗ U(1)Y
v,v′,u,u′

−→ U(1)Q, (2.3)

where the VEVs are defined by

√
2〈χ〉T = (u, 0, w) ,

√
2〈χ′〉T =

(
u′, 0, w′) , (2.4)

√
2〈ρ〉T = (0, v, 0) ,

√
2〈ρ′〉T =

(
0, v′, 0

)
.

The VEVs w and w′ are responsible for the first step of the symmetry breaking while u, u′

and v, v′ are for the second one. Therefore, they have to satisfy the constraints:

u, u′, v, v′ ≪ w, w′. (2.5)

It is emphasized that the VEV structure in (2.4) is not only the key to reduce Higgs

sector but also the reason for complicated mixing among gauge, Higgs bosons, etc. As it

will be shown in the following, the mentioned VEV structure causes flavour violation in

the D-term contributions.

The vector superfields V̂c, V̂ and V̂ ′ containing the usual gauge bosons are, respectively,

associated with the SU(3)C , SU(3)L and U(1)X group factors. The colour and flavour vector

superfields have expansions in the Gell-Mann matrix bases T a = λa/2 (a = 1, 2, . . . , 8) as

follows

V̂c =
1

2
λaV̂ca, V̂ c = −1

2
λa∗V̂ca; V̂ =

1

2
λaV̂a, V̂ = −1

2
λa∗V̂a,

where an overbar − indicates complex conjugation. For the vector superfield associated

with U(1)X , we normalize as follows

XV̂ ′ = (XT 9)B̂, T 9 ≡ 1√
6
diag(1, 1, 1).

The gluons are denoted by ga and their respective gluino partners by λa
c , with a = 1, . . . , 8.

In the electroweak sector, V a and B stand for the SU(3)L and U(1)X gauge bosons with

their gaugino partners λa
V and λB , respectively.
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With the superfields as given, the full Lagrangian is defined by Lsusy +Lsoft, where the

first term is supersymmetric part, whereas the last term breaks explicitly the supersym-

metry [27]. The interested reader can find more details on this Lagrangian in the above

mentioned article. In the following, only terms relevant to our calculations are displayed.

From the supersymmetric Lagrangian [27], we can obtain the following superpotential

W =
W2

2
+

W3

3
,

where

W2 = µ0aL̂aLχ̂′ + µχχ̂χ̂′ + µρρ̂ρ̂′, (2.6)

and

W3 = γabL̂aLρ̂′l̂cbL + λaǫL̂aLχ̂ρ̂ + λ′
abǫL̂aLL̂bLρ̂

+κiQ̂1Lχ̂′ûc
iL + κ′Q̂1Lχ̂′û′c

L + ϑiQ̂1Lρ̂′d̂c
iL

+ϑ′
αQ̂1Lρ̂′d̂′cαL + παiQ̂αLρ̂ûc

iL + π′
αQ̂αLρ̂û′c

L

+ΠαiQ̂αLχ̂d̂c
iL + Π′

αβQ̂αLχ̂d̂′cβL + ǫfαβγQ̂αLQ̂βLQ̂γL

+ξ1iβj d̂
c
iLd̂′cβLûc

jL + ξ2iβ d̂c
iLd̂′cβLû′c

L + ξ3ijkd̂
c
iLd̂c

jLûc
kL

+ξ4ij d̂
c
iLd̂c

jLû′c
L + ξ5αβid̂

′c
αLd̂′cβLûc

iL + ξ6αβ d̂′cαLd̂′cβLû′c
L

+ξaαjL̂aLQ̂αLd̂c
jL + ξ′aαβL̂aLQ̂αLd̂′cβL. (2.7)

The coefficients µ0a, µρ and µχ have mass dimension, while all coefficients in W3 are di-

mensionless and λ′
ab = −λ′

ba.

It is worth noting that the first term of (2.7) is the Yukawa coupling giving charged

leptons mass, while the third one is responsible for neutrino mass. At the tree level, their

couplings satisfy the following estimation [11, 24]:

γab ≫ λ′
ab. (2.8)

In the SM, neutrinos are rigid massless, hence λ′
ab has to be vanish. In other words, we

can put λ′
ab = 0 in the SM limit.

From the soft supersymmetry-breaking terms [27], the Lagangian relevant to the

sfermions is obtained by

−LSMT = M2
abL̃

†
aLL̃bL + m2

abl̃
c∗
aL l̃cbL + m2

Q1LQ̃†
1LQ̃1L + m2

QαβLQ̃†
αLQ̃βL

+m2
uij

ũc∗
iLũc

jL + m2
dij

d̃c∗
iLd̃c

jL + m2
u′ũ′c∗

L ũ′c
L + m2

d′αβ d̃′
c∗
αLd̃′

c

βL

+
{
M ′2

a χ†L̃aL + ηabL̃aLρ′l̃cLb + υaǫL̃aLχρ + εabǫL̃aLL̃bLρ + piQ̃1Lχ′ũc
iL

+pQ̃1Lχ′ũ′c
L + pαiQ̃αLρũc

iL + rαQ̃αLρũ′c
L + hiQ̃1Lρ′d̃c

iL

+h′
iQ̃1Lρ′d̃′

c

iL + hαiQ̃αLχd̃c
iL + h′

αβQ̃αLχd̃′
c

βL

+p5αβγQ̃αLQ̃βLQ̃γL + κiβj d̃
c
iLd̃′

c

βLũc
jL + ϑiβ d̃c

iLd̃′
c

βLũ′c
L

+πijkd̃
c
iLd̃c

jLũc
kL + κ4ikd̃

c
iLd̃c

jLũ′c
L + κ5αβid̃′

c

αLd̃′
c

βLũc
iL

+κ6αβ d̃′
c

αLd̃′
c

βLũ′c
L + ωaαjL̃aLQ̃αLd̃c

jL + ω′
aαβL̃aLQ̃αLd̃′

c

βL + H.c.
}

, (2.9)

where εab = −εba. This Lagrangian is also responsible for sfermion masses.
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2.2 R-parity

For the further analysis, it is convenience to introduce R-parity in the model. Following

ref. [24], R-parity can be expressed as follows

R − parity = (−1)2S(−1)3(B+L) (2.10)

where invariant charges L and B (for details, see ref. [29]) are given by

Triplet L Q1 χ ρ

B charge 0 1
3 0 0

L charge 1
3 −2

3
4
3 −2

3

Anti − Triplet Qα χ′ ρ′

B charge 1
3 0 0

L charge 2
3 −4

3
2
3

Singlet lc uc dc u′c d′c

B charge 0 −1
3 −1

3 −1
3 −1

3

L charge −1 0 0 2 −2

Combining (2.10) and the above tables, it is easy to conclude that the fields χ, χ′, ρ,

ρ′, L, Qα, Q3, l, u, u′, d and d′ have R-charge equal to one, while their superpartners have

opposite R-charge, as in the Minimal Supersymmetric Standard Model (MSSM).

Under R-parity transformation, the Higgs and matter superfields change, respec-

tively [24]:

Ĥ1,2(x, θ, θ̄)
Rd7−→ Ĥ1,2(x,−θ,−θ̄),

Φ̂(x, θ, θ̄)
Rd7−→ −Φ̂(x,−θ,−θ̄), Φ = Q,uc, dc, L, lc, (2.11)

Let us separate W and LSMT into the R-parity conserving (R) and violating (R/) part.

Thus

W = WR + WR/, (2.12)

where

WR =
1

2

(
µχχ̂χ̂′ + µρρ̂ρ̂′

)

+
1

3

(
γabL̂aLρ̂′ l̂cbL + λ′

abǫL̂aLL̂bLρ̂

+κ′Q̂1Lχ̂′û′c
L + ϑiQ̂1Lρ̂′d̂c

iL + παiQ̂αLρ̂ûc
iL + ΠαiQ̂αLχ̂d̂c

iL

+κiQ̂1Lχ̂′ûc
iL + ϑ′

αQ̂1Lρ̂′d̂′cαL + π′
αQ̂αLρ̂û′c

L + Π′
αβQ̂αLχ̂d̂′cβL

)
, (2.13)

and

WR/ =
1

2
µ0aL̂aLχ̂′ +

1

3

(
λaǫL̂aLχ̂ρ̂ + ǫfαβγQ̂αLQ̂βLQ̂γL

+ξ1iβj d̂
c
iLd̂′cβLûc

jL + ξ2iβ d̂c
iLd̂′cβLû′c

L + ξ3ijkd̂
c
iLd̂c

jLûc
kL

+ξ4ij d̂
c
iLd̂c

jLû′c
L + ξ5αβid̂

′c
αLd̂′cβLûc

iL + ξ6αβ d̂′cαLd̂′cβLû′c
L

+ ξaαj L̂aLQ̂αLd̂c
jL + ξ′aαβL̂aLQ̂αLd̂′cβL

)
. (2.14)
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By (2.11), the R/ part contains odd number of matter superfields. For the soft terms, we

have also

LSMT = LR
SMT + LR/

SMT,

where

−LR
SMT = M2

abL̃
†
aLL̃bL + m2

abl̃
c∗
aL l̃cbL + m2

Q1LQ̃†
1LQ̃1L + m2

QαβLQ̃†
αLQ̃βL

+m2
uij

ũc∗
iLũc

jL + m2
dij

d̃c∗
iLd̃c

jL + m2
u′ ũ′c∗

L ũ′c
L + m2

d′αβ d̃′
c∗
αLd̃′

c

βL

+
{
ηabL̃aLρ′l̃cLb + εabǫL̃aLL̃bLρ + pQ̃1Lχ′ũ′c

L

+pαiQ̃αLρũc
iL + hiQ̃1Lρ′d̃c

iL + hαiQ̃αLχd̃c
iL

+ piQ̃1Lχ′ũc
iL + h′

αQ̃1Lρ′d̃′
c

αL + h′
αβQ̃αLχd̃′

c

βL + rαQ̃αLρũ′c
L + H.c.

}
, (2.15)

and

−LR/
SMT = M ′2

a χ†L̃aL + υaǫL̃aLχρ

+p5αβγQ̃αLQ̃βLQ̃γL + κiβj d̃
c
iLd̃′

c

βLũc
jL + ϑiβ d̃c

iLd̃′
c

βLũ′c
L

+πijkd̃
c
iLd̃c

jLũc
kL + κ4ik d̃c

iLd̃c
jLũ′c

L + κ5αβid̃′
c

αLd̃′
c

βLũc
iL

+κ6αβ d̃′
c

αLd̃′
c

βLũ′c
L + ωaαjL̃aLQ̃αLd̃c

jL + ω′
aαβL̃aLQ̃αLd̃′

c

βL + H.c. (2.16)

The R/ soft terms consist of odd number of supersymmetric partners - sfermions.

Note that the last lines in (2.13) and (2.15) contain lepton-number violating terms

(with ∆L = ±2). Hence we have (see also [11])

κi, ϑ
′
α, π′

α,Π′
αβ , pi, rα, h′

α, h′
αβ ≪ κ′, ϑi, παi,Παi, p, pαi, hi, hαi. (2.17)

3. Scalar potential for sfermions

The scalar potential of the model is a result of summation over F and D terms:

V = Fφ∗Fφ +
1

2

∑

a

DaDa, (3.1)

where [14]

Fφ =
∂W

∂φ
, W = W2 + W3,

and

Da = −g




∑

φ

φ∗T aφ


 . (3.2)

The field φ stands for all the scalars or sfermions in the model.
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3.1 F-term contribution

From W2 and W3 we get

Fχ′ =
1

2
(µ0aL̃aL + µχχ) +

1

3
(κiQ̃1Lũc

iL + κ′Q̃1Lũ′c
L),

Fχσ =
1

2
µχχ′

σ +
1

3

(
λaǫmσnL̃m

aLρn + ΠαiQ̃αLσd̃c
iL + Π′

αβQ̃αLσd̃′cβL

)
,

Fρσ =
1

2
µρρ

′
σ +

1

3

(
λaǫmnσL̃m

aLχn + λ′
abǫmnσL̃m

aLL̃n
bL

+ παiQ̃αLσũc
iL + π′

αQ̃αLσũ′c
L

)
,

Fρ′ =
1

2
µρρ +

1

3

(
γabL̃aL l̃cbL + ϑiQ̃1Ld̃c

iL + ϑ′
αQ̃1Ld̃′cαL

)
,

FLσ
aL

=
1

2
µ0aχ

′
σ +

1

3
(γabρ

′
σ l̃cbL + λaǫσmnχmρn + 2λ′

abǫσmnL̃m
bLρn

+ξaαjQ̃αLσd̃c
jL + ξ′aαβQ̃αLσ d̃′cβL)

Flc
Lb

=
1

3
γabL̃aLρ′,

FQ1L
=

1

3

(
κiχ

′ũc
iL + κ′χ′ũ′c

L + ϑiρ
′d̃c

iL + ϑ′
αρ′d̃′cαL

)
,

FQσ
αL

=
1

3

(
παiρσũc

iL + π′
αρσũ′c

L + Παiχσd̃c
iL + Π′

αβχσd̃′cβL

+ 3fαβγǫσjkQ̃
j
βLQ̃k

γL + ξaαiL̃aLσ d̃c
iL + ξ′aαβL̃aLσd̃′

c
βL

)
,

Fuc
iL

=
1

3

(
κiχ

′Q̃1L + παiρQ̃αL + ξ1jβid̃
c
jLd̃′

c
βL + ξ3kjid̃

c
kLd̃c

jL + ξ5αβid̃′
c
αLd̃′

c
βL

)
,

Fu′c
L

=
1

3

(
κ′χ′Q̃1L + π′

αρQ̃αL + ξ2iβ d̃c
iLd̃′

c
βL + ξ4ij d̃

c
iLd̃c

jL + ξ6αβ d̃′
c
αLd̃′

c
βL

)
,

Fdc
iL

=
1

3

(
ϑiρ

′Q̃1L + ΠαiχQ̃αL + ξ1iβj d̃′
c
βLũc

jL + ξ2iβ d̃′
c
βLũ′c

L

+2ξ3ijkd̃
c
jLũc

kL + 2ξ4ij d̃
c
jLũ′c

L + ξaαiL̃aLQ̃αL

)
,

Fd′c
αL

=
1

3

(
ϑ′

αρ′Q̃1L + Π′
βαχQ̃βL + ξ1iαj d̃

c
iLũc

jL + ξ2iαd̃c
iLũ′c

L

+2ξ5αβ d̃′
c
βLũc

iL + 2ξ6αβ d̃′
c
βLũ′c

L + ξ′aβαL̃aLQ̃βL

)
. (3.3)

With these F -terms, besides the second order mass terms in V , we also get trilinear and

quartic couplings of the sfermions. Below only the mass terms and the linear (by fields)

terms are our interest.

3.2 D-term contribution

By eq. (3.2), we separate two subgroups, namely SU(3)L and U(1)X .

1. D-term contribution from SU(3)L:

The interested contribution to sfermion masses has a form

Da = −g




∑

sfermions

f̃ †T af̃ +
∑

Higgs

H†T aH


 . (3.4)
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Since Ta = T †
a , we have

(Da)∗Da = 2g2







∑

sfermions

f̃ †T af̃







∑

Higgs

H†T aH





 + · · ·, (3.5)

where · · · are the terms which do not contribute to sfermion masses. The factor 2

in (3.5) is the Newton’s binomial coefficient. Since sfermion masses are our interest,

therefore, in the second factor in (3.5), only the diagonal T3 , T8 and non-diagonal

T4 satisfy this purpose. Let us calculate the second factor in (3.5):

H3 ≡
∑

H=χ,χ′,ρ,ρ′

< H† > T3 < H >

=
1

4
(u2 − u′2) − 1

4
(v2 − v′2)

= −1

4

(
u2 cos 2β

s2
β

+ v2 cos 2γ

c2
γ

)
, (3.6)

H8 ≡
∑

H=χ,χ′,ρ,ρ′

< H† > T8 < H >

=
1

2
√

3

{
1

2
(u2 − u′2) +

1

2
(v2 − v′2) − (w2 − w′2)

}

=
1

4
√

3

[
v2 cos 2γ

c2
γ

− (u2 − 2w2)
cos 2β

s2
β

]
(3.7)

H4 ≡
∑

H=χ,χ′,ρ,ρ′

< H† > T4 < H >

=
1

2
(uw − u′w′) = −1

2
uw

cos 2β

s2
β

. (3.8)

In (3.6), (3.7) and (3.8) we have used [27, 28]

tan β =
u

u′ =
w

w′ , tan γ =
v′

v
. (3.9)

Remind that eq. (3.9) is resulted from the condition for minimum of the supersum-

metric potential [27]. Thanks to this relationship, the mixing among gauge bosons

in the supersymmetric version remains the same as in the non-supersymmetric one.

Note again that w and w′ are VEVs of symmetry breakdown from SU(3)L to the

SM group, while u and u′ are parameters of lepton number violating. They must be

very small ≃ O(1) GeV [8]. Here we have taken into account that for antitriplets,

Ta, a = 3, 8, 4 changes a sign. Note that the contribution from T4 is proportional to

u — the lepton number violating parameter. The existence of H4 is due to the VEV

structure in (2.4).

Let us consider the first factor in (3.5). Since the singlet fields do not give contribu-
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tion, hence for sleptons we have:

SL3 ≡ L̃†
aLT3L̃aL =

1

2
ν̃∗

aLν̃aL − 1

2
l̃∗aL l̃aL,

SL8 ≡ L̃†
aLT8L̃aL =

1√
3

(
1

2
ν̃∗

aLν̃aL +
1

2
l̃∗aL l̃aL − ν̃c∗

aLν̃c
aL

)
,

SL4 ≡ L̃†
aLT4L̃aL =

1

2
ν̃∗

aLν̃c
aL +

1

2
ν̃c∗

aLν̃aL.

Analogously for squarks, the contributions from one triplet and two antitriplets are:

from the first triplet

SQ3 ≡ Q̃†
1LT3Q̃1L =

1

2
ũ∗

1Lũ1L − 1

2
d̃∗1Ld̃1L,

SQ8 ≡ Q̃†
1LT8Q̃1L =

1√
3

(
1

2
ũ∗

1Lũ1L +
1

2
d̃∗1Ld̃1L − ũ′∗

L ũ′
L

)
,

SQ4 ≡ Q̃†
1LT4Q̃1L =

1

2
ũ∗

1Lũ′
L +

1

2
ũ′∗

L ũ1L,

from two antitriplets:

SaQ3 ≡ −Q̃†
αLT3Q̃αL = −1

2
d̃∗αLd̃αL +

1

2
ũ∗

αLũαL,

SaQ8 ≡ −Q̃†
αLT8Q̃αL = − 1

2
√

3

(
ũ∗

αLũαL + d̃∗αLd̃αL − 2d̃′∗αLd̃′αL

)
,

SaQ4 ≡ −Q̃†
αLT4Q̃αL = −1

2
d̃∗αLd̃′αL − 1

2
d̃′∗αLd̃αL.

Thus, the contribution from SU(3)L subgroup to slepton masses are:

g2(SL3 × H3 + SL8 × H8 + SL4 × H4), (3.10)

and to squark masses:

g2[(SQ3 + SaQ3) × H3 + (SQ8 + SaQ8) × H8 + (SQ4 + SaQ4) × H4]. (3.11)

Looking at explicit expressions of SL4, SQ4 and SaQ4 we see that they contain the

lepton-number violation, hence are non-diagonal. Remember that in usual supersym-

metric models, the D-term contributions are diagonal [14].

2. D-term contribution from U(1)X :

First, for the Higgs part, we have

H1 ≡
∑

H=χ,χ′,ρ,ρ′

< H† > X < H >

= −1

6
(u2 − u′2) +

2

6
(v2 − v′2) − 1

6
(w2 − w′2)

=
1

6

[
(u2 + w2)

cos 2β

s2
β

+ 2v2 cos 2γ

c2
γ

]
(3.12)
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Similarly, for sleptons

SL1 ≡ −1

3
(ν̃∗

aLν̃aL + l̃∗aL l̃aL + ν̃c∗
aLν̃c

aL) + l̃c∗aL l̃caL. (3.13)

For squarks in the first generation we get:

SQ1 ≡ 1

3
(ũ∗

1Lũ1L + d̃∗1Ld̃1L + ũ′∗
L ũ′

L) − 2

3
(ũc∗

1Lũc
1L + ũ′c∗

L ũ′c
L) +

1

3
d̃c∗
1Ld̃c

1L. (3.14)

For squarks in the last two generations we get also:

SaQ1 ≡ −2

3
ũc∗

αLũc
αL +

1

3
(d̃c∗

αLd̃c
αL + d̃′c∗αLd̃′cαL). (3.15)

The contribution from subgroup U(1)X to slepton masses is

g′2 × SL1 × H1 = g2t2 × SL1 × H1 (3.16)

where [30]

t2 = (g′/g)2 =
3s2

W

3 − 4s2
W

(3.17)

and to squark masses:

g′2 × H1(SQ1 + SaQ1) = g2t2 × H1(SQ1 + SaQ1). (3.18)

The total contribution is a result of summation over two above mentioned subgroup

parts. In contradiction to the MSSM, the contribution from T4 is lepton number violating

(∆L = ±2). We will deal with this in next section. It is easy to realize that the D-term

contributions are diagonal.

4. Slepton masses

Relevant mass terms for sleptons arisen from the F,D-terms and the soft terms are as

follows:

Lslepton = M2
abL̃

∗
aLL̃bL + m2

ab l̃
c∗
aL l̃cbL +

1

4
µ0aµ0bL̃

∗
aLL̃bL

+
[
M ′2

a χ∗L̃aL + ηabL̃aLρ′l̃cLb

+υaǫL̃aLχρ + εabǫL̃aLL̃bLρ

+
1

4
µ0aµχχ∗L̃aL +

1

6
µχλaǫL̃aLχ′∗ρ

+
1

6
µρ

(
λaǫL̃aLχρ′∗ + λ′

abǫL̃aLL̃bLρ′∗
)

+
1

6
µρρ

∗
(
γabL̃aL l̃cbL

)

+
1

6
µ0a

(
γabχ

′∗.ρ′l̃cbL + 2λ′
abǫχ

′∗L̃bLρ
)

+
1

9
γabλaǫρ

′χ∗ρ∗.l̃cbL

+
2

9
λ′

abλa[(χ
∗L̃bL)(ρ∗ρ) − (ρ∗L̃bL)(χ∗ρ)] + H.c

]

+
1

9
γabγab′ρ

′∗ρ′l̃cbL l̃c∗b′L +
1

9
γabγa′b(L̃aLρ′)(L̃a′Lρ′)∗
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+
1

9
λaλb[(L̃

∗
aLL̃bL)(ρ∗ρ) − (L̃∗

aLρ)(ρ∗L̃bL)]

+
1

9
λaλb[(L̃

∗
aLL̃bL)(χ∗χ) − (L̃∗

aLχ)(χ∗L̃bL)]

+
4

9
λ′

caλ
′
cb[(L̃

∗
aLL̃bL)(ρ∗ρ) − (L̃∗

aLρ)(ρ∗L̃bL)]

+g2(SL3 × H3 + SL8 × H8 + SL4 × H4) + g2t2 × SL1 × H1. (4.1)

Expanding the D-term contribution [in the last line of (4.1)] yields

DL ≡ g2(SL3 × H3 + SL8 × H8 + SL4 × H4) + g2t2 × SL1 × H1

= g2

{
ν̃∗

aLν̃aL

(
1

2
H3 +

1

2
√

3
H8 −

t2

3
H1

)
+ l̃∗aLl̃aL

(
−1

2
H3 +

1

2
√

3
H8 −

t2

3
H1

)

+ ν̃c∗
aLν̃c

aL

(
− 1√

3
H8 −

t2

3
H1

)
+ l̃c∗aL l̃caLt2H1 +

1

2
(ν̃∗

aLν̃c
aLH4 + H.c.)

}
(4.2)

The terms containing mixture of scalar Higgs bosons among sleptons followed from

Lslepton is:

Lmix = M ′2
a χ∗L̃aL + υaǫL̃aLχρ

+
1

4
µ0aµχχ∗L̃aL +

1

6
µχλaǫL̃aLχ′∗ρ

+
1

6
µρλaǫL̃aLχρ′∗ +

1

9
γabλaǫρ

′χ∗ρ∗.l̃cbL

+
1

6
µ0a

(
γabχ

′∗.ρ′ l̃cbL + 2λ′
abǫχ

′∗L̃bLρ
)

+
2

9
λ′

abλa[(χ
∗L̃bL)(ρ∗ρ) − (ρ∗L̃bL)(χ∗ρ)] + H.c.

=

(
M ′2

a +
1

4
µ0aµχ

)
(χ0∗

1 ν̃aL + χ+ l̃aL + χ0∗
2 ν̃c

aL)

+υa[(−ν̃aLχ0
2 + ν̃c

aLχ0
1)ρ

0 + l̃aL(−χ0
1ρ

+
2 + χ0

2ρ
+
1 )]

+

(
1

6
µχλa −

1

3
µ0bλ

′
ba

)
[(−ν̃aLχ′0∗

2 + ν̃c
aLχ′0∗

1 )ρ0 + l̃aL(−χ′0∗
1 ρ+

2 + χ′0∗
2 ρ+

1 )]

+
1

6
µρλa[(−ν̃aLχ0

2 + ν̃c
aLχ0

1)ρ
′0∗ + l̃aL(−χ0

1ρ
′+
2 + χ0

2ρ
′+
1 )]

+
1

9
γabλa[(−ρ′−1 χ0∗

2 + ρ′−2 χ0∗
1 )ρ0∗ + ρ′0(χ0∗

2 ρ−1 − χ0∗
1 ρ−2 )]l̃cbL

+
1

6
µ0aγab(χ

′0∗
1 ρ′−1 + χ′−.ρ′0 + χ′0∗

2 ρ′−2 )l̃cbL

+
2

9
λ′

abλa[(χ
0∗
1 ν̃bL + χ+ l̃bL + χ0∗

2 ν̃c
bL)(ρ0∗ρ0)

−ρ0∗l̃bL(χ0∗
1 ρ+

1 + χ+ρ0 + χ0∗
2 ρ+

2 )] + H.c. (4.3)

Now we have to expand neutral Higgs fields around the VEVs as

χT =
(

u+S1+iA1√
2

, χ−, w+S2+iA2√
2

)
, ρT =

(
ρ+
1 , v+S5+iA5√

2
, ρ+

2

)
,

χ′T =
(

u′+S3+iA3√
2

, χ′+, w′+S4+iA4√
2

)
, ρ′

T
=

(
ρ′−1 , v′+S6+iA6√

2
, ρ′−2

)
. (4.4)
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where for short, the neutral scalar is expressed through the VEV and physical field (in

breve) as follows

h0 =
1√
2
(vev + h̆).

From eq. (4.3) we see that, there is mixing among charged Higgs boson χ′− with l̃cbL as well

as neutral Higgs fields χ̆′0
1 with neutral sleptons such as ν̃c

bL, etc. To remove this mixing,

we have to impose R-parity condition.

Imposing R-parity conservation on (4.3) yields

M ′2
a +

1

4
µ0aµχ = 0, υa = 0, µρλa = 0, (4.5)

1

6
µχλa −

1

3
µ0bλ

′
ba = 0, γabλa = 0, λ′

abλa = 0, (4.6)

µ0aγab = 0. (4.7)

Note that the conditions in (4.5)–(4.7) contain also the constraint equations at the tree

level for ν̃aL and ν̃c
aL.

Taking into account of (4.5)–(4.7), the slepton mass Lagrangian becomes

Lslepton = DL +

(
M2

ab +
1

4
µ0aµ0b

)
(ν̃∗

aLν̃bL + l̃∗aL l̃bL + ν̃c∗
aLν̃c

bL) + m2
ab l̃

c∗
aLl̃cbL

+

{
1√
2

(
ηabv

′ +
1

6
µργabv

)
l̃aLl̃cbL − 1√

2
εabv(ν̃aLν̃c

bL − ν̃bLν̃c
aL)

− 1

6
√

2
µρλ

′
abv

′(ν̃aLν̃c
bL − ν̃bLν̃c

aL) + H.c.

}

+
1

9
γabγab′ l̃

c∗
bL l̃cb′L

v′2

2
+

1

9
γabγa′b(l̃aL l̃†a′L)

v′2

2

+
1

18
v2(λaλb + 4λ′

caλ
′
cb)(ν̃

∗
aLν̃bL + ν̃c∗

aLν̃c
bL)

+
1

18
λaλb

[
w2ν̃∗

aLν̃bL + u2ν̃c∗
aLν̃c

bL

+(u2 + w2)l̃∗aL l̃bL − uw(ν̃∗
aLν̃c

bL + ν̃c∗
aLν̃bL)

]
. (4.8)

4.1 Charged sleptons

From eq. (4.8), the mass Lagrangian for charged sleptons is given by

LCharlepton =

[
M2

ab +
1

4
µ0aµ0b +

v′2

18
γcaγcb +

g2

2
δab

(
−H3 +

1√
3
H8 −

2t2

3
H1

)]
l̃∗aL l̃bL

+

(
m2

ab +
v′2

18
γcaγcb + g2t2H1δab

)
l̃c∗aL l̃cbL

+

[
1√
2

(
ηabv

′ +
1

6
µργabv

)
l̃aL l̃cbL + H.c.

]

+
1

18
λaλb(u

2 + w2)l̃∗aL l̃bL (4.9)

– 13 –



J
H
E
P
1
1
(
2
0
0
7
)
0
7
3

Eigenstate l̃1L l̃2L l̃1R l̃2R

(Mass)2 B11 B22 C11 C22

Table 1: Masses and eigenstates of charged sleptons

For analysis below, let us denote

Bab = M2
ab +

1

4
µ0aµ0b +

v′2

18
γcaγcb +

1

18
λaλb(u

2 + w2)

+
g2

2
δab

(
−H3 +

1√
3
H8 −

2t2

3
H1

)
,

Cab = m2
ab +

v′2

18
γcaγcb + g2t2H1δab,

Dab =
1√
2

(
ηabv

′ +
1

6
µργabv

)
. (4.10)

For the sake of convenience, let us denote l̃c∗aL ≡ l̃aR. Then, in the base (l̃aL, l̃bR) = (l̃1L,

l̃2L, l̃3L, l̃1R, l̃2R, l̃3R), the mass matrix is given by

(
Bab Dab

Dab Cab

)
. (4.11)

To deal with this 6 × 6 matrix, following ref. [14], we assume that there is substantial

mixing among (τ̃L, τ̃R) only. Hereafter, we adopt τ̃ = l̃3, t̃ = ũ3, b̃ = d̃3, etc. This means

that, non-vanishing matrix elements in (4.11) are B11, B22, B33, C11, C22, C33, D33. We

do hope that in the coming experiments at the LHC, situation on the sfermion mixing will

be more transparent.

Diagonalizing the above matrix, we get eigenmasses and eigenstates given in table 1.

and two others are

τ̃L = sθs
l̃3R − cθs

l̃3L,

τ̃R = cθs
l̃3R + sθs

l̃3L,

with respective masses

m2
τ̃L

=
1

2
(B33 + C33 − ∆),

m2
τ̃R

=
1

2
(B33 + C33 + ∆),

where

∆ =
√

(C33 − B33)2 + 4D2
33,

t2θs
=

2D33

C33 − B33
.
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With the mentioned assumption, we have

m2
l̃1L

= M2
11 +

1

4
µ2

01 +
v′2

18
γ2

c1 +
1

18
λ2

1(u
2 + w2) − g2

2

(
H3 −

1√
3
H8 +

2t2

3
H1

)
, (4.12)

m2
l̃2L

= M2
22 +

1

4
µ2

02 +
v′2

18
γ2

c2 +
1

18
λ2

2(u
2 + w2) − g2

2

(
H3 −

1√
3
H8 +

2t2

3
H1

)
, (4.13)

m2
l̃1R

= m2
11 +

v′2

18
γ2

c1 + g2t2H1,

m2
l̃2R

= m2
22 +

v′2

18
γ2

c2 + g2t2H1,

For the highest sleptons - staus:

m2
τ̃L

=
1

2

[
M2

33 + m2
33 +

v′2

9
γ2

c3 +
1

4
µ2

03 +
1

18
λ2

3(u
2 + w2)

−g2

2

(
H3 −

1√
3
H8 −

4t2

3
H1

)
− ∆

]
,

m2
τ̃R

=
1

2

[
M2

33 + m2
33 +

v′2

9
γ2

c3 +
1

4
µ2

03 +
1

18
λ2

3(u
2 + w2)

−g2

2

(
H3 −

1√
3
H8 −

4t2

3
H1

)
+ ∆

]
,

with

∆ =

{[
M2

33 +
1

4
µ2

03 +
1

18
λ2

3(u
2 + w2) − m2

33

−g2

2

(
H3 −

1√
3
H8 +

8t2

3
H1

)]2

+ 2

(
η33v

′ +
1

6
µργ33v

)2
} 1

2

.

4.2 Sneutrinos

Eq. (4.8) provides the following mass Lagrangian for sneutrinos:

Lsneutrinos =

[
g2

2
δab

(
H3 +

1√
3
H8 −

2t2

3
H1

)
+ M2

ab +
1

4
µ0aµ0b

]
ν̃∗

aLν̃bL

+

[
−g2δab

(
1√
3
H8 +

t2

3
H1

)
+ M2

ab +
1

4
µ0aµ0b

]
ν̃c∗

aLν̃c
bL

−
[

1√
2
εabv(ν̃aLν̃c

bL − ν̃bLν̃c
aL)

+
1

6
√

2
µρλ

′
abv

′(ν̃aLν̃c
bL − ν̃bLν̃c

aL) + H.c.

]

+
1

18
v2(λaλb + 4λ′

caλ
′
cb)(ν̃

∗
aLν̃bL + ν̃c∗

aLν̃c
bL)

+
1

18
λaλb

[
w2ν̃∗

aLν̃bL + u2ν̃c∗
aLν̃c

bL − uw(ν̃∗
aLν̃c

bL + ν̃c∗
aLν̃bL)

]

−g2

4
uw

cos 2β

s2
β

(ν̃∗
aLν̃c

aL + H.c.)
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=

[
g2

2
δab

(
H3 +

1√
3
H8 −

2t2

3
H1

)
+ M2

ab +
1

4
µ0aµ0b

+
1

18
v2(λaλb + 4λ′

caλ
′
cb) +

1

18
λaλbw

2

]
ν̃∗

aLν̃bL

+

[
−g2δab

(
1√
3
H8 +

t2

3
H1

)
+ M2

ab +
1

4
µ0aµ0b

+
1

18
v2(λaλb + 4λ′

caλ
′
cb) +

1

18
λaλbu

2

]
ν̃c∗

aLν̃c
bL

−
[(

√
2εabv +

√
2

6
µρλ

′
abv

′
)

ν̃aLν̃c
bL

−1

2
uw

(
λaλb

9
+

g2

2

cos 2β

s2
β

)
ν̃∗

aLν̃c
bL + H.c.

]
. (4.14)

It is to be noticed that the last term in (4.14) is the mass-like (in the second order of fields)

lepton-number violating (∆L = ±2). It is similar to the neutrino Majorona mass term;

and this is a special feature of the supersymmetric version. The linear dependence on u

shows that it appears only in the economical version, in which one Higgs triplet has two

VEVs at the top and the bottom.

For the sake of convenience, we will use the following notation

Aab =
g2

2
δab

(
H3 +

1√
3
H8 −

2t2

3
H1

)
+ M2

ab +
1

4
µ0aµ0b

+
1

18
v2(λaλb + 4λ′

caλ
′
cb) +

1

18
λaλbw

2,

Gab = −g2δab

(
1√
3
H8 +

t2

3
H1

)
+ M2

ab +
1

4
µ0aµ0b

+
1

18
v2(λaλb + 4λ′

caλ
′
cb) +

1

18
λaλbu

2,

Eab = −
√

2

(
εabv +

1

6
µρλ

′
abv

′
)

. (4.15)

In the base (ν̃aL, ν̃bR) = (ν̃1L, ν̃2L, ν̃3L, ν̃1R, ν̃2R, ν̃3R), the mass matrix is given by

(
Aab Eab

Eab Gab

)
.

Eigenstates and eigenmasses in this case are completely analogous to the charged sleptons

with replacements: B33 ⇒ A33, C33 ⇒ G33 and D33 ⇒ E33.

As before, ignoring mixing among sneutrinos of two first generations, we get eigen-

masses and eigenstates given in table 2. and two other sneutrinos are

ν̃τL = sθn
ν̃3R − cθn

ν̃3L,

ν̃τR = cθn
ν̃3R + sθn

ν̃3L,
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Eigenstate ν̃1L ν̃2L ν̃1R ν̃2R

(Mass)2 A11 A22 G11 G22

Table 2: Masses and eigenstates of sneutrinos

with respective masses

m2
ν̃τL

=
1

2
(A33 + G33 − ∆n),

m2
ν̃τR

=
1

2
(A33 + G33 + ∆n),

where

∆n =
√

(G33 − A33)2 + 4E2
33,

t2θn
=

2E33

G33 − A33
.

With the mentioned assumption, we have

m2
ν̃1L

= M2
11 +

1

4
µ2

01 +
g2

2

(
H3 +

1√
3
H8 −

2t2

3
H1

)

+
1

18
v2(λ2

1 + 4λ′2
c1) +

1

18
λ2

1w
2, (4.16)

m2
ν̃2L

= M2
22 +

1

4
µ2

02 +
g2

2

(
H3 +

1√
3
H8 −

2t2

3
H1

)

+
1

18
v2(λ2

2 + 4λ′2
c2) +

1

18
λ2

2w
2, (4.17)

m2
ν̃1R

= M2
11 +

1

4
µ2

01 − g2

(
1√
3
H8 +

t2

3
H1

)

+
1

18
v2(λ2

1 + 4λ′2
c1) +

1

18
λ2

1u
2,

m2
ν̃2R

= M2
22 +

1

4
µ2

02 − g2

(
1√
3
H8 +

t2

3
H1

)

+
1

18
v2(λ2

2 + 4λ′2
c2) +

1

18
λ2

2u
2.

For the highest (tau) sneutrinos:

m2
ν̃τL

=
1

2

[
2M2

33 +
1

2
µ2

03 +
1

9
v2(λ2

3 + 4λ′3
c3) +

1

18
λ2

3(w
2 + u2)

+
g2

2

(
H3 −

1√
3
H8 −

4t2

3
H1

)
− ∆n

]
,

m2
ν̃τR

=
1

2

[
2M2

33 +
1

2
µ2

03 +
1

9
v2(λ2

3 + 4λ′3
c3) +

1

18
λ2

3(w
2 + u2)

+
g2

2

(
H3 −

1√
3
H8 −

4t2

3
H1

)
+ ∆n

]
,
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with

∆n =

√[
g2

2

(
H3 +

√
3H8

)
+

1

18
λ2

3(w
2 − u2)

]2

+ 8

(
ε33v +

1

6
µρλ

′
33v

′
)2

.

Comparing (4.12), (4.13) with (4.16), (4.17), we see that, besides R/ — coefficients, without

D-term contribution, there are degeneracies among left-handed and right-handed sneutri-

nos, namely, ν̃1L among ν̃1R and ν̃2L among ν̃2R.

5. Squark masses

Due to the fact that the exotic quarks in the model under consideration have electric

charges equal to that of the ordinary ones, squark mass mixing matrices are expected to

be larger than 6 × 6.

5.1 Squark mass lagrangian

As before, the D-term contribution is diagonal, and let us denote it by DQ:

DQ ≡ g2[(SQ3 + SaQ3) × H3 + (SQ8 + SaQ8) × H8 + (SQ4 + SaQ4) × H4]

+g2t2 × H1(SQ1 + SaQ1)

= g2

{
ũ∗

1Lũ1L

(
1

2
H3 +

1

2
√

3
H8 +

t2

3
H1

)
− 2t2

3
H1ũ

c∗
1Lũc

1L

+d̃∗1Ld̃1L

(
−1

2
H3 +

1

2
√

3
H8 +

t2

3
H1

)
+

t2

3
H1d̃

c∗
1Ld̃c

1L

+ũ′∗
L ũ′

L

(
− 1√

3
H8 +

t2

3
H1

)
− 2t2

3
H1ũ

′c∗
L ũ′c

L

+ũ∗
αLũαL

(
1

2
H3 −

1

2
√

3
H8

)
− 2t2

3
H1ũ

c∗
αLũc

αL

−d̃∗αLd̃αL

(
1

2
H3 +

1

2
√

3
H8

)
+

t2

3
H1d̃

c∗
αLd̃c

αL

+
1√
3
H8d̃

′∗
αLd̃′αL +

t2

3
H1d̃

′c∗
αLd̃′cαL +

1

2
H4

(
ũ∗

1Lũ′
L − d̃∗αLd̃′αL + H.c.

)}
. (5.1)

Relevant mass terms for squarks arisen from the F,D -terms and the soft terms are

given in the appendix B.

Looking at the above mentioned Lagrangian, we see that there is mixing among or-

dinary squarks with exotic squarks (with primes) and this produces 8 × 8 matrix for up-

squarks and 10×10 matrix for down-squaks. Noting that exotic squarks carry lepton num-

ber ±2, we conclude that coefficients of the mixture among ordinary and exotic squarks

are very small. In the following, we will neglect such mixing.
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5.2 The lepton number conservation limit

Remind that, in the SM, neutrinos are massless and lepton number is conserved. Let us

consider the SM limit. The lepton-number conservation conditions imposed to (B.1) are

the following:

w′pi +
wµχκi

6
= u′p +

uµχκ′

6
= vrα +

v′µρπ
′
α

6
= v′h′

α +
vµρϑ

′
α

6
= 0,

whαi +
w′µχΠαi

6
+

w′µ0aξaαi

6
+

1

18
λauvξaαi = 0, (5.2)

uh′
αβ +

u′µχΠ′
αβ

6
+

u′µ0aξ
′
aαβ

6
+

1

18
λawvξ′aαβ = 0, (5.3)

(w′2 + u′2)κiκ
′ + v2παiπ

′
α = v′2ϑiϑ

′
β + (w2 + u2)ΠαiΠ

′
αβ = 0,

1

9
u′w′(κ2

i + κ′2) − g2

2
uw

cos 2β

s2
β

= w′v(κiπαi + κ′π′
α) = 0,

1

2
uw

[
1

9
(ΠαiΠαi + Π′

αδΠ
′
αδ) +

g2

2

cos 2β

s2
β

]
= v′w(ϑiΠαi + ϑ′Π′

αδ) = 0,

uw(Π2iΠ3i + Π′
2δΠ

′
3δ) = 0. (5.4)

With imposition lepton-number conservation, the difficulties of large squark mixing, will

be very much eased. Let us denote

Aij = m2
uij

+
1

18
(w′2 + u′2)κiκj +

1

18
v2παiπαj −

2

3
g2t2H1δij ,

Bij = m2
dij

+
1

18
v′2ϑiϑj +

1

18
(w2 + u2)ΠαiΠαj +

1

3
g2t2H1δij ,

C = m2
u′ +

1

18
κ′2(u′2 + w′2) +

1

18
v2π′2

α − 2

3
g2t2H1,

Pαβ = m2
d′αβ +

1

18
v′2ϑ′

αϑ′
β +

1

18
(w2 + u2)Π′

δβΠ′
δα +

1

3
g2t2H1δαβ ,

Eu1L
= m2

Q1L +
1

18
u′2(κ2

i + κ′2) + g2

(
1

2
H3 +

1

2
√

3
H8 +

1

3
t2H1

)
, (5.5)

Ed1L
= m2

Q1L +
1

18
v′2(ϑ2

i + ϑ′2
α ) + g2

(
−1

2
H3 +

1

2
√

3
H8 +

1

3
t2H1

)
,

Eu′

L
= m2

Q1L +
1

18
w′2(κ2

i + κ′2) − g2

(
1√
3
H8 −

1

3
t2H1

)
,

F uαβ
= m2

QαβL +
1

18
v2(παiπβi + π′

απ′
β) + g2δαβ

(
1

2
H3 −

1

2
√

3
H8

)
,

F dαβ
= m2

QαβL +
1

18
u2(Π′

βδΠ
′
αδ + ΠαiΠβi) − g2δαβ

(
1

2
H3 +

1

2
√

3
H8

)
,

F d′
αβ

= m2
QαβL +

1

18
w2(Π′

βδΠ
′
αδ + ΠαiΠβi) + g2δαβ

1√
3
H8, , (5.6)

Gαi = −
(

vpαi√
2

+
v′µρπαi

6
√

2

)
,

H i =
v′hi√

2
+

vµρϑi

6
√

2
,
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Kαi =
uhαi√

2
+

u′µχΠαi

6
√

2
+

u′µ0aξaαi

6
√

2
+

1

18
λawvξaαi,

Nαβ =
wh′

αβ√
2

+
w′µχΠ′

αβ

6
√

2
+

w′µ0aξ
′
aαβ

6
√

2
+

1

18
λauvξ′aαβ (5.7)

Then the mass Lagrangian (B.1) can be rewritten in the form

Lsquarks = Cũ′c∗
L ũ′c

L + Eu′

L
ũ′∗

L ũ′
L + Eu1L

ũ∗
1Lũ1L + Ed1L

d̃∗1Ld̃1L

+Aij ũ
c∗
iLũc

jL + Pαβ d̃′c∗αLd̃′cβL + F uαβ
ũ∗

αLũβL

+Bij d̃
c∗
iLd̃c

jL + F d′
αβ

d̃′∗αLd̃′βL + F dαβ
d̃∗αLd̃βL

+[Kαid̃αLd̃c
iL + Nαβ d̃′αLd̃′cβL + GαiũαLũc

iL + H id̃1Ld̃c
iL + H.c.] (5.8)

From (5.8) we see that all the exotic squarks are decoupled of ordinary squarks. The reason

of this is that in the 3-3-1 models, the exotic quarks carry also lepton number, while the

ordinary ones do not, so their superpartners have the same property.

Looking at (5.8), we conclude that the ũ′c
L and ũ′

L gain masses respectively,

m2
ũ′c

L
= C, m2

ũ′

L
= Eu′

L
(5.9)

For the ordinary up-squarks, the ũ1L does not mix and gains mass:

m2
ũ1L

= Eu1L
. (5.10)

The remaining up-squarks are all mixing and in the base (ũ∗
2L, ũ∗

3L, ũc
1L, ũc

2L, ũc
3L), the mass

matrix is given by



F u22
F u23

G21 G22 G23

F u32
F u33

G31 G32 G33

G21 G31 A11 A21 A31

G22 G32 A12 A22 A32

G23 G33 A13 A23 A33




. (5.11)

For superpartners of the down-quarks (q = −1
3), we have: The d̃′∗2L, d̃′∗3L, d̃′c2L and d̃′c3L mix

with mass matrix



F d′
22

F d′
23

N22 N23

F d′
32

F d′
33

N32 N33

N22 N32 P 22 P 32

N23 N33 P 23 P 33


 . (5.12)

For the ordinary down-squark,in the base (d̃∗1L, d̃∗2L, d̃∗3L, d̃c
1L, d̃c

2L, d̃c
3L), the mass matrix is

defined by



Ed1L
0 0 H1 H2 H3

0 F d22
F d23

K21 K22 K23

0 F d32
F d33

K31 K32 K33

H1 K21 K31 B11 B21 B31

H2 K22 K32 B12 B22 B32

H3 K23 K33 B13 B23 B33




. (5.13)
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Eigenstate ũ1L ũ1R ũ2L ũ2R ũ′
L ũ′

R

( Mass)2 Eu1L
A11 F u22

A22 Eu′

L
C

Table 3: Masses and eigenstates of up-squarks

Eigenstate d̃1L d̃1R d̃2L d̃2R d̃′2L d̃′2R

( Mass)2 Ed1L
B11 F d22

B22 F d′
22

P 22

Table 4: Masses and eigenstates of down-squarks

As in the MSSM, the ordinary down-squarks mix by 6 × 6 matrix.

It is to be noted that the decoupling of ũ1L is a result of the condition for minimum

of Higgs potential: u′/u = w′/w and the absence of Q1L in two last terms of eq. (2.7).

In general, we cannot deal with 5× 5 and 6× 6 matrices. Following Refs [14] and [31],

we expect the q̃L − q̃R mixing to be small, with possible exception of the third-generation,

where mixing can be enhanced by factors of mt and mb. Keeping in mind this assumption,

from eq. (5.11) to eq. (5.13), we conclude that, all non-vanishing matrix elements are: F u22
,

F u33
, A11, A22, A33, G33, F d′

22
, F d′

33
,P 22, P 33,N33, Ed1L

,F d22
, F d33

, B11, B22, B33 and

K33 With the help of the above assumption, diagonalization of the mass mixing matrices

is quite easy. Our results are as follows:

1. For up-squarks:

The eigenmasses and eigenstates are given in table 3. and two others are

ũtL = sθu
ũ3R − cθu

ũ3L,

ũtR = cθu
ũ3R + sθu

ũ3L,

with respective masses

m2
ũtL

=
1

2
(F u33

+ A33 − ∆),

m2
ũtR

=
1

2
(F u33

+ A33 + ∆),

where

∆ =

√
(A33 − F u33

)2 + 4G
2
33,

t2θu
=

2G33

A33 − F u33

2. For down-squarks:

Eigenstates and masses are presented in table 4.

and four others are

d̃tL = sθd
d̃3R − cθd

d̃3L,

d̃tR = cθd
d̃3R + sθd

d̃3L,
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with respective masses

m2
d̃tL

=
1

2
(F d33

+ B33 − ∆),

m2
d̃tR

=
1

2
(F d33

+ B33 + ∆),

where

∆ =

√
(B33 − F d33

)2 + 4K
2
33,

t2θd
=

2K33

B33 − F d33

.

Analogously for exotic squarks:

d̃′tL = sθd′
d̃′3R − cθd′

d̃′3L,

d̃′tR = cθd′
d̃′3R + sθd′

d̃′3L,

with respective masses

m2
d̃′

tL

=
1

2
(F d′

33
+ P 33 − ∆),

m2
d̃′

tR

=
1

2
(F d′

33
+ P 33 + ∆),

where

∆ =

√
(P 33 − F d′

33
)2 + 4N

2
33,

t2θd′
=

2N 33

P 33 − F d′
33

.

To outline mass spectrum, let us assume

A11 < C < B11 < Eu′

L
< Eu1L

< Ed1L
,

A22 < B22 < P 22 < F u22
< F d22

< F d′
22

. (5.14)

Squarks mass spectrum is shown in figure 1, where mass scales between generations are

not taken into account.

We summarize this section by notice that the huge squark mixing matrices (8× 8 and

10 × 10) were significally reduced by the lepton number conservation, equivalently to the

SM limit. The situation will be much better by R-parity imposition.

6. R-parity and sfermion mass splitting

Consequence of R-parity is that all coefficients in WR/ and LR/
SMT vanish.
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Mass

ũ1R

ũ′
R

d̃1R

ũ′
L

ũ1L

d̃1L

ũ2R

d̃2R

d̃′2R

ũ2L

d̃2L

d̃′2L

ũtL

ũtR

d̃tL

d̃tR

d̃′tL

d̃′tR

Figure 1: A schematic sample mass spectrum for squarks in which mass scales between generations

are not taken into account.

6.1 Slepton mass splitting

R-parity conservation and the constraint (2.8) give

λa = λ′
ab = M ′2

a = υa = µ0a = 0. (6.1)

Then vanishing of nondiagonal elements in lepton mixing matrices leads to:

γc1γc2 = γc1γc3 = γc3γc2 = 0. (6.2)

Consequence of (6.2) is that at least, one of the coefficients γab vanishes. Let us consider

two special cases:

1. γc3 6= 0

From (6.2) we get

γc1 = γc2 = 0, ⇒ γ33 6= 0. (6.3)

In the considering case, the first two family slepton masses are given by:

m2
l̃1L

= M2
11 −

g2

2

(
H3 −

1√
3
H8 +

2t2

3
H1

)
, (6.4)

m2
ν̃1L

= M2
11 +

g2

2

(
H3 +

1√
3
H8 −

2t2

3
H1

)
,

m2
ν̃1R

= M2
11 − g2

(
1√
3
H8 +

t2

3
H1

)
,

m2
l̃1R

= m2
11 + g2t2H1,

m2
l̃2L

= M2
22 −

g2

2

(
H3 −

1√
3
H8 +

2t2

3
H1

)
,
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m2
ν̃2L

= M2
22 +

g2

2

(
H3 +

1√
3
H8 −

2t2

3
H1

)
,

m2
ν̃2R

= M2
22 − g2

(
1√
3
H8 +

t2

3
H1

)
,

m2
l̃2R

= m2
22 + g2t2H1. (6.5)

The stau masses are defined:

m2
τ̃L

=
1

2

[
M2

33 + m2
33 +

v′2

9
γ2
33 −

g2

2

(
H3 −

1√
3
H8 −

2t2

3
H1

)
− ∆1

]
,

m2
τ̃R

=
1

2

[
M2

33 + m2
33 +

v′2

9
γ2
33 −

g2

2

(
H3 −

1√
3
H8 −

2t2

3
H1

)
+ ∆1

]
,

where

∆1 =

√[
M2

33 − m2
33 − g2

(
H3 −

1√
3
H8 +

8t2

3
H1

)]2

+ 2

(
η33v′ +

1

6
µργ33v

)2

.

For the mixing sneutrino eigenstates

ν̃τL = sθn
ν̃3R − cθn

ν̃3L,

ν̃τR = cθn
ν̃3R + sθn

ν̃3L,

we obtain

m2
ν̃τL

=
1

2

[
2M2

33 +
g2

2

(
H3 −

1√
3
H8 −

4t2

3
H1

)
− ∆n1

]
,

m2
ν̃τR

=
1

2

[
2M2

33 +
g2

2

(
H3 −

1√
3
H8 −

4t2

3
H1

)
+ ∆n1

]
,

with

∆n1 =

√
g4

4

(
H3 +

√
3H8

)2
+ 8

(
ε33v +

1

6
µρλ′

33v
′
)2

.

From eq. (6.4) to eq. (6.5), the mass splittings for the sleptons are governed by

sum-rules

m2
l̃1L

− m2
ν̃1L

= m2
l̃2L

− m2
ν̃2L

= −g2H3 =
g2

4

(
v2 cos 2γ

c2
γ

+ u2 cos 2β

s2
β

)

= m2
W cos 2γ +

g2u2

4

cos 2β

s2
β

, (6.6)

m2
ν̃1L

− m2
ν̃1R

= m2
ν̃2L

− m2
ν̃2R

=
g2

2

(
H3 +

√
3H8

)
=

g2

4
(w2 − u2)

cos 2β

s2
β

(6.7)

Remind that, in the effective approximation, we have [27, 28]: w ≃ w′, u ≃ u′. Thus,

noting that our notation tan γ is cot β in MSSM as in ref. [14], eq. (6.6) coincides

with the MSSM result [14]. In this approximation, there is degeneration among ν̃1(2)L
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Mass

l̃L
ν̃lL

ν̃lR ν̃τL

ν̃τR µ̃R

ẽR

τ̃R

τ̃L

Figure 2: A schematic sample mass spectrum for sleptons, in which mass scales between genera-

tions are not taken into account and l = e, µ.

and ν̃1(2)R. As in the MSSM, cos 2γ > 0 in the allowed range tan γ < 1, we get then

m2
l̃L

> m2
ν̃lL

, l = e, µ. Assuming further cos 2β > 0, we obtain: m2
ν̃lL

> m2
ν̃lR

.

Note that the right-handed sneutrinos are singlet of the SM group SU(2)L. Conse-

quently, they interact very weakly with ordinary particles (in the SM). Hence they

are a realistic candidate for dark matter. With assumption cos 2β > 0, these particles

are stable without introduction of extra symmetry. So the model under considera-

tion contains the candidate of so-called self-interacting dark matter (for details, see

ref. [32]). Alternative possibilities are approachs in which the right-handed sneutrinos

are curvaton [33], or non-thermal dark matter [34].

To outline slepton mass spectrum, we assume the following relationship:

cos 2γ > 0, cos 2β > 0, m2
11 < m2

22. (6.8)

With the above assumption, the slepton mass spectrum is shown in figure 2. Since,

no convincing evidence for production of superpartners has been found, our figure

has only illustrative meaning.

2. γc1 6= 0

As before, from (6.2) we have

γc2 = γc3 = 0, ⇒ γ11 6= 0. (6.9)

In this case, all the charged sleptons have different masses:

m2
l̃1L

= M2
11 +

v′2

18
γ2
11 −

g2

2

(
H3 −

1√
3
H8 +

2t2

3
H1

)
,
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m2
l̃2L

= M2
22 −

g2

2

(
H3 −

1√
3
H8 +

2t2

3
H1

)
,

m2
l̃1R

= m2
11 +

v′2

18
γ2
11 + g2t2H1,

m2
l̃2R

= m2
22 + g2t2H1,

and

m2
τ̃L

=
1

2

[
M2

33 + m2
33 −

g2

2

(
H3 −

1√
3
H8 −

2t2

3
H1

)
− ∆2

]
,

m2
τ̃R

=
1

2

[
M2

33 + m2
33 −

g2

2

(
H3 −

1√
3
H8 −

2t2

3
H1

)
+ ∆2

]
,

with

∆2 =

√[
M2

33 − m2
33 −

g2

2

(
H3 −

1√
3
H8 +

8t2

3
H1

)]2

+ 2η2
33v

′2.

For sneutrinos, we have

m2
ν̃1L

= M2
11 +

g2

2

(
H3 +

1√
3
H8 −

2t2

3
H1

)
,

m2
ν̃1R

= M2
11 − g2

(
1√
3
H8 +

t2

3
H1

)
,

m2
ν̃2L

= M2
22 +

g2

2

(
H3 +

1√
3
H8 −

2t2

3
H1

)
,

m2
ν̃2R

= M2
22 − g2

(
1√
3
H8 +

t2

3
H1

)
.

For the tau sneutrinos, we get

m2
ν̃τL

=
1

2

[
2M2

33 +
g2

2

(
H3 −

1√
3
H8 −

4t2

3
H1

)
− ∆n

]
,

m2
ν̃τR

=
1

2

[
2M2

33 +
g2

2

(
H3 −

1√
3
H8 −

4t2

3
H1

)
+ ∆n

]
,

with

∆n =

√
g4

4

(
H3 +

√
3H8

)2
+ 8

(
ε33v +

1

6
µρλ

′
33v

′
)2

.

In the considered case, only relation among sneutrinos (6.7) is satisfied.

In this case, slepton mass spectrum is similar to figure 2.

The situation is similar for case of γc2 6= 0, in which the second generation plays a role of

the first one. Next, let us consider squarks in the model under consideration.
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6.2 Squark mass mixing matrices

Imposition of R − parity yields

ξaαi = ξ′aαβ = λa = 0. (6.10)

Looking at (5.2)–(5.3) we have

Kαi = Nαβ = 0. (6.11)

So that the mass matrix of down-squarks is significally reduced.

With the help of (6.11), matrix in (5.12) is decomposed to two 2 × 2 ones. d̃′c2L and

d̃′c3L mix with mass matrix

(
P 22 P 23

P 32 P 33

)
.

For d̃′2L and d̃′3L, the mass matrix is

(
F d′

22
F d′

23

F d′
32

F d′
33

)
.

For the ordinary down-squark, matrix in (5.13) is decomposed into 2 × 2 and 4 × 4 ones.

We have two blocks: in the base (d̃2L, d̃3L), the mass matrix is given by

(
F d22

F d23

F d32
F d33

)
.

Four others mix and, in the base (d̃∗1L, d̃c
1L, d̃c

2L, d̃c
3L), the mass matrix is defined by




Ed1L
H1 H2 H3

H1 B11 B21 B31

H2 B12 B22 B32

H3 B13 B23 B33


 .

It is interesting to note that our highest mass mixing matrices are smaller than that in the

MSSM (6 × 6 matrices).

Let us consider the squark mass splitting. Looking at eqs. (5.5)–(5.6) yields the mass

splitting of squarks in the first generation:

m2
d̃1L

− m2
ũ1L

= Ed1L
− Eu1L

= −g2H3 +
1

18

[
v′2(ϑ2

i + ϑ′2
α ) − u′2(κ2

i + κ′2)
]

=
g2

4

(
v2 cos 2γ

c2
γ

+ u2 cos 2β

s2
β

)
+

1

18

[
v′2(ϑ2

i + ϑ′2
α ) − u′2(κ2

i + κ′2)
]

= m2
W cos 2γ +

g2u2

4

cos 2β

s2
β

+
1

18

[
v′2(ϑ2

i + ϑ′2
α ) − u′2(κ2

i + κ′2)
]

≃ m2
W cos 2γ +

1

18
v′2ϑ2

i . (6.12)
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Similarly, for the second generation, we get

m2
d̃2L

− m2
ũ2L

= F d22
− F u22

= −g2H3

+
1

18
[u2(Π′

βδΠ
′
αδ + ΠβiΠαi) − v2(πβiπαi + π′

βπ′
α)]

≃ m2
W cos 2γ − 1

18
v2πβiπαi. (6.13)

In the model under consideration, squark mass splitting is different from those in

the MSSM and the reason of this is the quark generation discrimination. For sleptons,

the splitting is the same as in the MSSM. In addition, in the SM limit, we have triple

degeneracy among all particles in the lepton triplet.

Remind that formulas of sfermion mass splitting (6.6), (6.7), (6.12) and (6.13) have

been obtained in the limit of R-parity conservation. To be consistent with the MSSM, the

high energy limit has to be imposed; in the other words, when the relationship in (2.5):

u, u′ ≪ w,w′ is satisfied.

For possible phenomenology at colliders such as the LHC/ILC, we refer the interested

reader to refs. [35]. Further phenomenology of sfermions in the model under consideration

at hadron colliders is our next studies.

7. Conclusions

In this paper we have studied the sfermion sector in the supersymmetric economical 3-

3-1 model. Our calculation of the full superpotential for sfermions is useful for further

study on searching of supersymmetric particles at high energy colliders such as the CERN

Large Hadron Collider (LHC),. . . By R- parity conservation imposition, the Higgs scalars

are decoupled of the sfermions; and the exotic squarks are also decoupled of superpartners

of the ordinary quarks.

In contradiction to the MSSM, in the model under consideration, due to the VEV

structure, there are lepton number violating mass terms in the contribution from D-part.

As in the MSSM, the mass mixing matrix for charged sleptons is 6 × 6, while for

sneutrinos, due to the existence of the right-handed neutrinos, their mass mixing matrix is

6 × 6 too (Remind that in the MSSM, it is 3 × 3 matrix).

It is worth noting that, in the SM limit, due to the quark family discrimination, the

highest mass mixing matrices for the up-squarks and the down-squarks are, respectively,

5 × 5 and 4 × 4, but not 6 × 6 as in the MSSM. Due to the same reason, in contradiction

with the MSSM, there is no mixing among b̃L and b̃R.

Assuming that there is only mixing among highest flavors ( ν̃τL − ν̃τR, τ̃L − τ̃R and

t̃L − t̃R) we were able to outline mass spectra for the sfermions in the model.

In the SM limit, without D-term contribution, there is triple degeneracy among all

particles in the lepton triplet. In the high energy limit, the mass splitting among sleptons,

as in the MSSM, is proportional the D-term contribution

m2
l̃L

− m2
ν̃L

≃ m2
W cos 2γ,

m2
ν̃eL

= m2
ν̃eR

. (7.1)
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However, due to the quark generation discrimination, squark mass splittings are dif-

ferent in each family and from those in the MSSM.

With assumption cos 2β > 0, the right-handed sneutrinos are lightest sfermions and

can be a realistic candidate for self-interacting dark matter.

We do hope that, in coming years, the CERN LHC will provide important information

on the supersymmetric particles including sfermions and our prediction in eq. (7.1) can be

experimentally checked.

To conclude this work, we note again that due to the minimal content of the scalar

sector, in the supersymmetric economical 3-3-1 model, Higgs sector is quite constrained

and the significant number of free parameters is reduced. Its supersymmetric extension

has the same feature and deserves further studies. We emphasize again that in the earlier

3-3-1 versions, due to the large Higgs content, their eigenmasses and eigenstates can be

only approximate solutions. However, in the economical version, all solutions are exact,

hence predictability of the model is very high.
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A. The F-term contribution

Here we present full F -term contributions to sfermion masses:

Fχ′∗Fχ′ =
1

4
µ0aµ0bL̃

∗
aLL̃bL +

1

4
µ0aµχ(L̃∗

aLχ + L̃aLχ∗)

+
1

6
µχχ∗(κiQ̃1Lũc

iL + κ′Q̃1Lũ′c
L) +

1

6
µχχ(κiQ̃

∗
1Lũc∗

iL + κ′Q̃∗
1Lũ′c∗

L ),

Fχσ∗Fχσ =

[
1

6
µχχ′σ∗

(
λaǫmσnL̃m

aLρn + ΠαiQ̃αLσd̃c
iL + Π′

αβQ̃αLσd̃′cβL

)
+ H.c.

]

+
1

9
λaλb[(L̃

∗
aLL̃bL)(ρ∗ρ) − (L̃∗

aLρ)(ρ∗L̃bL)]

=

[
1

6
µχ

(
λaǫL̃aLχ′∗ρ + Παiχ

′∗.Q̃αLd̃c
iL + Π′

αβχ′∗.Q̃αLd̃′cβL

)
+ H.c.

]

+
1

9
λaλb[(L̃

∗
aLL̃bL)(ρ∗ρ) − (L̃∗

aLρ)(ρ∗L̃bL)],

F ρσ∗Fρσ =

[
1

6
µρρ

′σ∗
(
λaǫmnσL̃m

aLχn + λ′
abǫmnσL̃m

aLL̃n
bL

+ παiQ̃αLσũc
iL + π′

αQ̃αLσũ′c
L

)
+ H.c.

]

+
1

9
λaλb[(L̃

∗
aLL̃bL)(χ∗χ) − (L̃∗

aLχ)(χ∗L̃bL)]

=

[
1

6
µρ

(
λaǫL̃aLχρ′∗ + λ′

abǫL̃aLL̃bLρ′∗

+ παiρ
′∗.Q̃αLũc

iL + π′
αρ′∗.Q̃αLũ′c

L

)
+ H.c.

]
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+
1

9
λaλb[(L̃

∗
aLL̃bL)(χ∗χ) − (L̃∗

aLχ)(χ∗L̃bL)],

F ρ′∗Fρ′ =
1

6
µρρ

∗
(
γabL̃aL l̃cbL + ϑiQ̃1Ld̃c

iL + ϑ′
αQ̃1Ld̃′cαL

)
+ H.c., (A.1)

FLσ
aL

∗FLσ
aL

=

[
1

6
µ0aχ

′σ∗
(
γabρ

′
σ l̃cbL + λaǫσmnχmρn + 2λ′

abǫσmnL̃m
bLρn

+ ξaαjQ̃αLσd̃c
jL + ξ′aαβQ̃αLσd̃′cβL

)

+
1

9

(
γabλaǫρ

′χ∗ρ∗.l̃cbL + 2γabλ
′
abǫρ

′L̃∗
bLρ∗.l̃cbL

+2λaλ
′
ab[(χ

∗L̃bL)(ρ∗ρ) − (ρ∗L̃bL)(χ∗ρ)]

+λaξaαjǫQ̃αLχ∗ρ∗.d̃c
jL + λaξ

′
aαβǫQ̃αLχ∗ρ∗.d̃′cβL

)
+ H.c.

]

+
1

9
γcaγcbρ

′∗.ρ′l̃c∗aL l̃cbL

+
4

9
λ′

caλ
′
cb[(L̃

∗
aLL̃bL)(ρ∗ρ) − (L̃∗

aLρ)(ρ∗L̃bL)],

F lc
Lb

∗Flc
Lb

=
1

9
γabγa′b(L̃aLρ′)(L̃a′Lρ′)∗,

FQ1L∗FQ1L
=

1

18
[(w′2 + u′2)(κiκj ũ

c∗
iLũc

jL + κ′2ũ′c∗
L ũ′c

L + κiκ
′ũc∗

iLũ′c
L + κiκ

′ũc
iLũ′c∗

L )

+v′2(ϑiϑj d̃
c∗
iLd̃c

jL + ϑ′
αϑ′

β d̃′c∗αLd̃′cβL + ϑiϑ
′
αd̃c∗

iLd̃′cαL + ϑiϑ
′
αd̃c

iLd̃′c∗αL),

FQαL∗FQαL
=

1

18
[v2(παiπαj ũ

c∗
iLũc

jL + π′2
α ũ′c∗

L ũ′c
L + παiπ

′
αũc∗

iLũ′c
L + παiπ

′
αũc

iLũ′c∗
L )

+(w2 + u2)(ΠαiΠαj d̃
c∗
iLd̃c

jL + Π′
αβΠ′

αδd̃
′c∗
βLd̃′cδL

+ΠαiΠ
′
αβ d̃c∗

iLd̃′cβL + ΠαiΠ
′
αβ d̃c

iLd̃′c∗βL)] + · · ·,

F uc
iL∗Fuc

iL
=

1

9

[
κ2

i (χ
′Q̃1L)(χ′Q̃1L)∗ + παiπβi(ρQ̃αL)(ρQ̃βL)∗

+κiπαi(χ
′Q̃1L)(ρQ̃αL)∗ + κiπαi(χ

′Q̃1L)∗(ρQ̃αL)
]

+ · · ·

=
1

18

[
u′2κ2

i ũ
∗
1Lũ1L + w′2κ2

i ũ
′∗
L ũ′

L + v2παiπβiũαLũ∗
βL

+(u′w′κ2
i ũ

∗
1Lũ′

L − u′vκiπαiũ
∗
1LũαL − w′vκiπαiũ

′∗
L ũαL + H.c.)

]
+ · · ·,

F u
′c
L ∗F

u
′c
L

=
1

18

[
u′2κ′2ũ∗

1Lũ1L + w′2κ′2ũ′∗
L ũ′

L + v2π′
απ′

βũαLũ∗
βL

+(u′w′κ′2ũ∗
1Lũ′

L − u′vκ′π′
αũ∗

1LũαL − w′vκ′π′
αũ′∗

L ũαL + H.c.)
]

+ · · ·,

F dc
iL

∗Fdc
iL

=
1

18

[
v′2ϑ2

i d̃1Ld̃∗1L + u2ΠαiΠβid̃αLd̃∗βL + w2ΠαiΠβid̃
′
αLd̃′∗βL+

+(uwΠαiΠβid̃αLd̃′∗βL + v′uϑiΠαid̃1Ld̃∗αL + v′wϑiΠαid̃1Ld̃′∗αL + H.c.)
]

+ · · ·,

F d
′c
δL

∗F
d
′c
δL

=
1

18

[
v′2ϑ′2

δ d̃1Ld̃∗1L + u2Π′
αδΠ

′
βδd̃αLd̃∗βL + w2Π′

αδΠ
′
βδd̃

′
αLd̃′∗βL+

+(uwΠ′
αδΠ

′
βδd̃αLd̃′∗βL + v′uϑ′

δΠ
′
αδ d̃1Ld̃∗αL + v′wϑ′

δΠ
′
αδ d̃1Ld̃′∗αL + H.c.)

]
+ · · ·.
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B. Mass lagrangian of squarks

The full mass Lagrangian for squarks in the supersymmetric 3-3-1 model is given by

Lsquarks = DQ + m2
Q1LQ̃†

1LQ̃1L + m2
QαβLQ̃†

αLQ̃βL

+m2
uij

ũc∗
iLũc

jL + m2
dij

d̃c∗
iLd̃c

jL + m2
u′ũ′c∗

L ũ′c
L + m2

d′αβ d̃′
c∗
αLd̃′

c

βL

+
[
piQ̃1Lχ′ũc

iL + pQ̃1Lχ′ũ′c
L + pαiQ̃αLρũc

iL + rαQ̃αLρũ′c
L + hiQ̃1Lρ′d̃c

iL

+h′
αQ̃1Lρ′d̃′

c

αL + hαiQ̃αLχd̃c
iL + h′

αβQ̃αLχd̃′
c

βL

+
1

6
µχχ∗(κiQ̃1Lũc

iL + κ′Q̃1Lũ′c
L)

+
1

6
µχ

(
Παiχ

′∗.Q̃αLd̃c
iL + Π′

αβχ′∗.Q̃αLd̃′cβL

)

+
1

6
µρ

(
παiρ

′∗.Q̃αLũc
iL + π′

αρ′∗.Q̃αLũ′c
L

)

+
1

6
µρρ

∗
(
ϑiQ̃1Ld̃c

iL + ϑ′
αQ̃1Ld̃′cαL

)

+
1

6
µ0aχ

′σ∗(ξaαjQ̃αLσd̃c
jL + ξ′aαβQ̃αLσd̃′cβL)

+
1

9
λa(ξaαiǫQ̃αLχ∗ρ∗.d̃c

iL + ξ′aαβǫQ̃αLχ∗ρ∗.d̃′cβL) + H.c.

]

+
1

18

[
(w′2 + u′2)(κiκjũ

c∗
iLũc

jL + κ′2ũ′c∗
L ũ′c

L + κiκ
′ũc∗

iLũ′c
L + κiκ

′ũc
iLũ′c∗

L )

+v′2(ϑiϑj d̃
c∗
iLd̃c

jL + ϑ′
αϑ′

β d̃′c∗αLd̃′cβL + ϑiϑ
′
αd̃c∗

iLd̃′cαL + ϑiϑ
′
αd̃c

iLd̃′c∗αL)
]

+
1

18

[
v2(παiπαjũ

c∗
iLũc

jL + π′2
α ũ′c∗

L ũ′c
L + παiπ

′
αũc∗

iLũ′c
L + παiπ

′
αũc

iLũ′c∗
L )

+(w2 + u2)(ΠαiΠαj d̃
c∗
iLd̃c

jL + Π′
αβΠ′

αδd̃
′c∗
βLd̃′cδL

+ΠαiΠ
′
αβ d̃c∗

iLd̃′cβL + ΠαiΠ
′
αβ d̃c

iLd̃′c∗βL)
]

+
1

18

[
u′2κ2

i ũ
∗
1Lũ1L + w′2κ2

i ũ
′∗
L ũ′

L + v2παiπβiũαLũ∗
βL

+(u′w′κ2
i ũ

∗
1Lũ′

L − u′vκiπαiũ
∗
1LũαL − w′vκiπαiũ

′∗
L ũαL + H.c.)

]

+
1

18

[
u′2κ′2ũ∗

1Lũ1L + w′2κ′2ũ′∗
L ũ′

L + v2π′
απ′

βũαLũ∗
βL

+(u′w′κ′2ũ∗
1Lũ′

L − u′vκ′π′
αũ∗

1LũαL − w′vκ′π′
αũ′∗

L ũαL + H.c.)
]

+
1

18

[
v′2ϑ2

i d̃1Ld̃∗1L + u2ΠαiΠβid̃αLd̃∗βL + w2ΠαiΠβid̃
′
αLd̃′∗βL+

+(uwΠαiΠβid̃αLd̃′∗βL + v′uϑiΠαid̃1Ld̃∗αL + v′wϑiΠαid̃1Ld̃′∗αL + H.c.)
]

+
1

18

[
v′2ϑ′2

δ d̃1Ld̃∗1L + u2Π′
αδΠ

′
βδd̃αLd̃∗βL + w2Π′

αδΠ
′
βδd̃

′
αLd̃′∗βL+

+(uwΠ′
αδΠ

′
βδd̃αLd̃′∗βL + v′uϑ′

δΠ
′
αδ d̃1Ld̃∗αL + v′wϑ′

δΠ
′
αδd̃1Ld̃′∗αL + H.c.)

]

= DQ + m2
uij

ũc∗
iLũc

jL + m2
dij

d̃c∗
iLd̃c

jL + m2
u′ ũ′c∗

L ũ′c
L + m2

d′αβ d̃′
c∗
αLd̃′

c

βL
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+

[
pi√
2

(
u′ũ1L + w′ũ′

L

)
ũc

iL +
p√
2

(
u′ũ1L + w′ũ′

L

)
ũ′c

L

−vpαi√
2

ũαLũc
iL − vrα√

2
ũαLũ′c

L +
v′hi√

2
d̃1Ld̃c

iL

+
v′h′

α√
2

d̃1Ld̃′
c

αL +
hαi√

2
(ud̃αL + wd̃′αL)d̃c

iL +
h′

αβ√
2

(
ud̃αL + wd̃′αL

)
d̃′

c

βL

+
1

6
√

2
µχ(κi(uũ1L + wũ′

L)ũc
iL + κ′(uũ1L + wũ′

L)ũ′c
L)

+
1

6
√

2
µχ

(
Παi(u

′d̃αL + w′d̃′αL)d̃c
iL + Π′

αβ(u′d̃αL + w′d̃′αL)d̃′cβL

)

− 1

6
√

2
µρ

(
παiv

′ũαLũc
iL + π′

αv′ũαLũ′c
L

)
+

v

6
√

2
µρ

(
ϑid̃1Ld̃c

iL + ϑ′
αd̃1Ld̃′cαL

)

+
1

6
√

2
µ0a(ξaαj(u

′d̃αL + w′d̃′αL)d̃c
jL + ξ′aαβ(u′d̃αL + w′d̃′αL)d̃′cβL)

+
1

18
λawv(ξaαid̃αLd̃c

iL + ξ′aαβ d̃αLd̃′cβL)

+
1

18
λauv(ξaαid̃

′
αLd̃c

iL + ξ′aαβ d̃′αLd̃′cβL)

+
1

18
u′w′(κ2

i + κ′2)ũ∗
1Lũ′

L − 1

18
u′v(κiπαi + κ′π′

α)ũ∗
1LũαL

− 1

18
w′v(κiπαi + κ′π′

α)ũ′∗
L ũαL +

1

18
uw(ΠαiΠβi + Π′

αδΠ
′
βδ)d̃αLd̃′∗βL

+
1

18
v′u(ϑiΠαi + ϑ′Π′

αδ)d̃1Ld̃∗αL +
1

18
v′w(ϑiΠαi + ϑ′Π′

αδ)d̃1Ld̃′∗αL + H.c.

]

+
1

18

[
(w′2 + u′2)(κiκjũ

c∗
iLũc

jL + κ′2ũ′c∗
L ũ′c

L + κiκ
′ũc∗

iLũ′c
L + κiκ

′ũc
iLũ′c∗

L )

+v′2(ϑiϑj d̃
c∗
iLd̃c

jL + ϑ′
αϑ′

β d̃′c∗αLd̃′cβL + ϑiϑ
′
αd̃c∗

iLd̃′cαL + ϑiϑ
′
αd̃c

iLd̃′c∗αL)
]

+
1

18

[
v2(παiπαjũ

c∗
iLũc

jL + π′2
α ũ′c∗

L ũ′c
L + παiπ

′
αũc∗

iLũ′c
L + παiπ

′
αũc

iLũ′c∗
L )

+(w2 + u2)(ΠαiΠαj d̃
c∗
iLd̃c

jL + Π′
αβΠ′

αδd̃
′c∗
βLd̃′cδL

+ΠαiΠ
′
αβ d̃c∗

iLd̃′cβL + ΠαiΠ
′
αβ d̃c

iLd̃′c∗βL)
]

+m2
Q1L(ũ∗

1Lũ1L + d̃∗1Ld̃1L + ũ′∗
L ũ′

L)

+m2
QαβL(ũ∗

αLũβL + d̃∗αLd̃βL + d̃′∗αLd̃′βL)

+
1

18

[
u′2(κ2

i +κ′2)ũ∗
1Lũ1L+w′2(κ2

i +κ′2)ũ′∗
L ũ′

L+v2(παiπβi+π′
απ′

β)ũαLũ∗
βL

]

+
1

18

[
v′2(ϑ2

i + ϑ′2
δ )d̃1Ld̃∗1L + u2(ΠαiΠβi + Π′

αδΠ
′
βδ)d̃αLd̃∗βL

+w2(ΠαiΠβi + Π′
αδΠ

′
βδ)d̃

′
αLd̃′∗βL

]

= DQ +

[
m2

uij
+

1

18
(w′2 + u′2)κiκj +

1

18
v2παiπαj

]
ũc∗

iLũc
jL

+

[
m2

dij
+

1

18
v′2ϑiϑj +

1

18
(w2 + u2)ΠαiΠαj

]
d̃c∗

iLd̃c
jL
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+

[
m2

u′ +
1

18
κ′2(u′2 + w′2) +

1

18
v2π′2

α

]
ũ′c∗

L ũ′c
L

+

[
m2

d′αβ +
1

18
v′2ϑ′

αϑ′
β +

1

18
(w2 + u2)Π′

δβΠ′
δα

]
d̃′

c∗
αLd̃′

c

βL

+[m2
Q1L +

1

18
u′2(κ2

i + κ′2)]ũ∗
1Lũ1L

+[m2
Q1L +

1

18
v′2(ϑ2

i + ϑ′2
δ )]d̃∗1Ld̃1L

+[m2
Q1L +

1

18
w′2(κ2

i + κ′2)]ũ′∗
L ũ′

L

+[m2
QαβL +

1

18
v2(παiπβi + π′

απ′
β)]ũ∗

αLũβL

+[m2
QαβL +

1

18
u2(ΠαiΠβi + Π′

αδΠ
′
βδ)]d̃

∗
αLd̃βL

+[m2
QαβL +

1

18
w2(ΠαiΠβi + Π′

αδΠ
′
βδ)]d̃

′∗
αLd̃′βL

+

{(
u′pi√

2
+

uµχκi

6
√

2

)
ũ1Lũc

iL+

(
w′pi√

2
+

wµχκi

6
√

2

)
ũ′

Lũc
iL+

(
w′p√

2
+

wµχκ′

6
√

2

)
ũ′

Lũ′c
L

+

(
u′p√

2
+

uµχκ′

6
√

2

)
ũ1Lũ′c

L−
(

vpαi√
2

+
v′µρπαi

6
√

2

)
ũαLũc

iL−
(

vrα√
2

+
v′µρπ

′
α

6
√

2

)
ũαLũ′c

L

+

(
v′hi√

2
+

vµρϑi

6
√

2

)
d̃1Ld̃c

iL +

(
v′h′

α√
2

+
vµρϑ

′
α

6
√

2

)
d̃1Ld̃′cαL

+

(
uhαi√

2
+

u′µχΠαi

6
√

2
+

u′µ0aξaαi

6
√

2
+

1

18
λawvξaαi

)
d̃αLd̃c

iL

+

(
whαi√

2
+

w′µχΠαi

6
√

2
+

w′µ0aξaαi

6
√

2
+

1

18
λauvξaαi

)
d̃′αLd̃c

iL

+

(
uh′

αβ√
2

+
u′µχΠ′

αβ

6
√

2
+

u′µ0aξ
′
aαβ

6
√

2
+

1

18
λawvξ′aαβ

)
d̃αLd̃′cβL

+

(
wh′

αβ√
2

+
w′µχΠ′

αβ

6
√

2
+

w′µ0aξ
′
aαβ

6
√

2
+

1

18
λauvξ′aαβ

)
d̃′αLd̃′cβL

+
1

18

[
(w′2 + u′2)κiκ

′ + v2παiπ
′
α

]
ũc

iLũ′c∗
L

+
1

18

[
v′2ϑiϑ

′
β + (w2 + u2)ΠαiΠ

′
αβ

]
d̃c

iLd̃′c∗βL

+
1

2
ũ∗

1Lũ′
L

[
1

9
u′w′(κ2

i + κ′2) − g2

2
uw

cos 2β

s2
β

]
− 1

18
u′v(κiπαi + κ′π′

α)ũ∗
1LũαL

− 1

18
w′v(κiπαi + κ′π′

α)ũ′∗
L ũαL +

1

18
uw(ΠαiΠβi + Π′

αδΠ
′
βδ)d̃αLd̃′∗βL

+
1

18
v′u(ϑiΠαi + ϑ′Π′

αδ)d̃1Ld̃∗αL +
1

18
v′w(ϑiΠαi + ϑ′Π′

αδ)d̃1Ld̃′∗αL

+
g2

4
uw

cos 2β

s2
β

d̃αLd̃′∗αL + H.c.

}
(B.1)
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