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Supersymmetric 3-3-1 model with right-handed neutrinos
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We consider the supersymmetric extension of the 3-3-1 model with right-handed neutrinos. We study
the mass spectra in the scalar and pseudoscalar sectors, and for a given set of the input parameters, we
find that the lightest scalar in the model has a mass of 130 GeV and the lightest pseudoscalar has mass of
5 GeV. However, this pseudoscalar decouples from the Z° at high energy scales since it is almost a

singlet under SU(2); ® U(1)y.
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L. INTRODUCTION

Models with SU(3), ® SU(3); ® U(1)y gauge symme-
try (called 3-3-1 models for short) are interesting possi-
bilities for the physics at the TeV scale [1-3]. At low
energies they coincide with the standard model and
some of them give at least partial explanation to some
fundamental questions that are accommodated but not
explained by the standard model. For instance, 1) in order
to cancel the triangle anomalies, together with asymp-
totic freedom in QCD, the model predicts that the number
of generations must be three and only three; (ii) the model
of Ref. [1] predicts that (g'/g)?> = sin?6y, /(1 — 4sin’8y,),
thus there is a Landau pole at the energy scale w at which
sin?6y () = 1/4. According to recent calculations u ~
4 TeV [4,5] ; (iii) the quantization of the electric charge
[6] and the vectorial character of the electromagnetic
interactions [7] do not depend on the nature of the neu-
trinos, i.e., if they are Dirac or Majorana particles; (iv) as
a consequence of item ii) above, the model possesses
perturbative N = 1 supersymmetry naturally at the wu
scale [8,9]; (v) the Peccei-Quinn [10] symmetry occurs
also naturally in these models [11]; (vi) since one genera-
tion of quarks is treated differently from the others this
may be lead to a natural explanation for the large mass of
the top quarks [12]. Moreover, if right-handed neutrinos
are considered transforming nontrivially [3], 3-3-1 mod-
els [1,2] can be embedded in a model with 3-4-1 gauge
symmetry in which leptons transform as (v, [, v§, [°), ~
(1,4, 0) under each gauge factor [13]. The SU(3); sym-
metry is possibly the largest symmetry involving the
known leptons (and SU(4); if right-handed neutrinos
do really exist). This make 3-3-1 or 3-4-1 models interest-
ing by their own.
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Models with SU(3) (or SU(4)) electroweak symmetry
may have doubly charged vector bosons. These sort of
bileptons may be detected by measuring several left-right
asymmetries in Mgller scattering [14] or, in future
lepton-lepton accelerators. It is interesting that one of
these parity nonconserving asymmetry was observed in
Mgller scattering for the first time only recently, and its
value is, at present, in agreement with the standard model
prediction [15]. However, in the future these asymmetries
in e” e~ colliders [14] may also be used for searching
doubly charged particles and a heavy neutral Z’° vector
bosons, which is also a prediction of these models, may be
discovered in e~ u~ colliders [16]. Singly and doubly
charged vector bileptons may also be produced in e™ y
[17] or yvy [18] or hadron [19] colliders. New heavy
quarks are also part of the electroweak quark multiplets
in the minimal model representation. They are singlets
under the standard model SU(2); ® U(1)y group symme-
try and in some versions of the 3-3-1 models the electric
charges of these heavy quarks are different from the usual
ones, so that it can be used to distinguish such models
from their viable competitors. In fact, the pp production
of these exotic quarks at the energies of the Tevatron have
been studied in Ref. [20] where a lower bound of 250 GeV
on their masses was found. This sort of models are also
predictive with respect to neutrino masses [21]: they can
implement the large mixing angle MSW solution to the
solar neutrino issue [22], and also the almost bimaximal
mixing matrix in the lepton sector [23].

Gauge models based on the 3-3-1 gauge symmetry can
have several representation contents [1,3] depending on
the embedding of the charge operator in the SU(3);
generators,

(A3 — FAg) + NI, H

o 1O
N —

where the ¢ parameter defines two different representa-
tion contents, N denotes the U(1)y charge and A3, Ag are
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the diagonal generators of SU(3). The supersymmetric
version of the model of Ref. [1], with & = /3, has already
been considered in Refs. [8,9]. In this work we build the
supersymmetric model based on the representation con-
tent of the 3-3-1 model of Refs. [3] which corresponds to
the case when 9 = 1/+/3.

The outline of this paper is as follows. In Sec. II we
review the nonsupersymmetric 3-3-1 model with right-
handed neutrinos, introduce the respective superpartners
and the superfields. The Lagrangian of this 3-3-1 super-
symmetric model, including the soft term, is considered
in Sec. III; the scalar potential and the scalar mass
spectra are given in Sec. IV. Finally, the last section is
devoted to our conclusions.

IL. THE MODEL

In this section (Sec. IT A) we review the nonsupersym-
metric 3-3-1 model with right-handed neutrinos of
Refs. [3] and add the superpartners (Sec. II B). The super-
fields are introduced in Sec. 11 C.

A. The representation content

Let us first summarize the nonsupersymmetric model
with the charge operator defined by Eq. (1) with & =
1/3/3 131 ie.,

o 1 ( 1 )
Z =3 ——F=Ag| + NI, 2
. 2\ Tz 2)

which implies leptons transforming under the 3-3-1 fac-
tors as

Va

v
L= <l: ) ~(13,-1/3), 3
L
with a = e, u, 7 and v = Cv,7, plus the singlets
Iy ~ (L1, 1) 4)

In the quark sector we have the first two families
transforming as antitriplets of SU(3),,

dq
QaL = <uoz ) -~ (3! 3*) 0)’ a = 1; 29 (5)
da/ 1

with the respective singlets
ug, ~ 31, -2/3),dg;, dig, ~ (3,1, 1/3). (6)

The third family transforms as triplet under SU(3); (in
such a way that, the triangle anomaly cancels out only
among the three families, taken also into account also the
color charges):

U3
Q3L = (d?a ) -~ (3) 3: 1/3): (7)
L

u
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and their respective singlets
u§,, uf ~ (3,1, -2/3),d5, ~ (3", 1,1/3). ®)

In the scalar sector only two triplets n ~ (1,3, —1/3)
and p ~ (1,3,2/3) are necessary to break appropriately
the gauge symmetry and also to give the correct mass to
all the fermions in the model. However, to eliminate
flavor changing neutral currents we add an extra scalar
triplet y transforming like 7:

Ui X
n=1|n | x=|x |~@3 -1/3),

0 0

m; ) X2 ©)
P1

p=1|p"|~132/3),
+
P>

and we will denote the vacuum expectation values which
are different from zero as v = (n%)/v2, w = (x3)/+/2,
and u = (p°)//2.

B. Supersymmetric partners

Here we will follow the usual notation writing for a
given fermion f, the respective sfermions by f i.e., [ and §
denote sleptons and squarks, respectively. Then, we have
the following additional representations

~ d~a
Q al = i%a -~ (3, 3*) O))
d, |/,

i3

Oy =|dy | ~331/3), (10)
i I
v,

Lyo=|L | ~13-1/3),
e

Ie, ~@,1,1), a5, ~@31,-2/3),

L (11)
qu’ df -~ (3*> 1’ 1/3);

witha=1,2;a=e¢ u,7;andi = 1,2, 3.
The supersymmetric partners of the scalar Higgs fields,
the Higgsinos, are

#? b4t
=19 | x=|x |~@3-1/3)
79 s -
b (12)
ﬁ: ﬁo ~(1)3;2/3);
~+

and the respective extra Higgsinos, needed to cancel the
chiral anomaly of the Higgsinos in Eq. (12), are

075004-2



SUPERSYMMETRIC 3-3-1 MODEL WITH RIGHT- ...

Ui x?
- (B} e-(B)-asm
4 X5

P ()
~ (1,3, -2/3),

ﬁ/ — ﬁIO

Py
and the corresponding scalar partners denoted by 7’,x/,
p', with the same charge assignment as in Eq. (13), and
with the following VEVs: v/ = <77/10>/\/§, w' = <X/20>/\/§’
and u’ = (p’°)/~/2. This completes the representation
content of this supersymmetric model.

Concerning the gauge bosons and their superpartners,
if we denote the gluons by g” the respective superpar-
ticles, the gluinos, are denoted by M withb=1,...,8;
in the electroweak sector we have V?, the gauge boson of
SU(3),, and their gauginos partners A%; finally we have
the gauge boson of U(1)y, denoted by V', and its super-
symmetric partner Ag. This is the total number of fields in
the minimal supersymmetric extension of the 3-3-1
model of Refs. [3].

C. Superfields

The superfields formalism is useful in writing the
Lagrangian which is manifestly invariant under the
supersymmetric transformations [24] with fermions and
scalars put in chiral superfields while the gauge bosons in
vector superfields. As usual the superfield of a field ¢ will
be denoted by dA) [25]. The chiral superfield of a multiplet
¢ is denoted by

b = ¢(x,0,6)
= ¢(x) +i00™09,,P(x) + %000_9D<Z>(x)

i

+ﬁwm+ﬁ

0005 d,,¢(x) + OOF 4(x),
(14)

while the vector superfield is given by
V(x, 6,8) = —00"8V,,(x) + 066 V(x) — i6 8 6V (x)
1 _
+50000D(x). (15)

The fields F and D are auxiliary fields which are needed
to close the supersymmetric algebra and eventually will
be eliminated using their motion equations.

For fermion superfields we use the notation

N ~ A A ne Be e A
L al» lZL’ QaL’ Q3L’ M?L’ dlc'L’ uli’ dch' (16)

For scalar superfields we write: 7, ¥, p and similar
expressions for %/, ¥/, p’ changing (field) by (field)'.

The vector superfield for the gauge bosons of each
factor SU(3)s, SU(3); and U(l)y are denoted by
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Ve, Ve V, Viand V7, respectively, where we have defined
Vo= TOVh, V = TOVP; Ve = TV, U = TOVP, TV =
APJ2, TP = —)**/2 are the generators of triplet and
antitriplets representations, respectively, and A? are the
Gell-Mann matrices.

III. THE LAGRANGIAN

The Lagrangian of the model has the following form
L3315 = Lsusy + Lootw 17

where Lgygy is the supersymmetric part and L the soft
terms breaking explicitly the supersymmetry.

A. The supersymmetric Lagrangian

The supersymmetric part of the Lagrangian is decom-
posed in the lepton, quark, gauge, and the scalar sectors
as follows:

L SUSY — £Lepton + LQuark + £Gauge + LScala.r: (18)

where
£Leptons = fd40[iaLeng_%V/£aL + 2_ZLegl‘?/lAZL:l’ (19)

in the lepton sector, we have omitted the sum over the
three lepton family for simplicity, and

— 40 A 22, Vete]A
‘£Quarks = [d Q[QaLe[ (g;Veteg )]QaL
a N N R n
+ QzLe[z(ngchgV)Jr%V’]Q%L
a & _2elv o A 5 L dloma
+ que[zngc 3 V]uqu + de, el28VetsVge,
~ o 2w A Ay A
+ filcel2e VeVt 4 gel | l28Vers Vg
(20)

in the quark sector, and we have denoted g, g, g’ the
gauge coupling constants for the SU(3)., SU3);, U(1)n
factors, respectively. In the gauge sector we have

£Gauge - % fdze[wCWC + WW+ W/WI]
+% fdzé[wcwc + WW+WW1] @

where W, W e W/ are fields that can be written as
follows

1 - - . .
’W{C = — @DDSiQGSVCD{gZGS’Vc,
W, = - L DDe6Vp,e6V,
8G
W, = —%@@Dﬁ/, F=12 22)
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w=22+22 W=
2 3

—+

Finally, in the scalar sector we have W, W; - W, 24)
2

W,
A N n NP 3 ,
‘ESCala_r = fd“e[f]e[z‘gv_%v]f’ + X,e[ZgV—%V ]X/

N [‘:e[%’“%”/mﬁ N %,e[zg‘h%/‘;l]ﬁ, W,(W,) having two chiral superfields and W5(W3), three

superfields. Explicitly we have that the term with two

+ Y o267+ Y+p e[zg‘?_sz/]ﬁ’] superfields is given by:
+ fdlew + /dzé W, (23) ,
. . W2 = Z[/-LOaLﬁl-’_lulaL/\A//]_'_Mnﬁﬁl+/-l“)(/i\//\A//
where W is the superpotential. a=e
+ 00 (25)

B. Superpotential

The superpotential of the model is decomposed as  where L7/ = lj,»ﬁﬁ. The term with three superfields is

follows | written explicitly as

T T
W3 = Z Z bLuLpllbL + Z[AZaGLaLXp +A3a€LaL77p] + Z Z /\4ab€LaLLth + Z K11Q3L77 u;L
a=e b=e

a=e a=eb=e
. 3 . . 2 3 . )
+r Qs AL + Z < Q3 X'y, + 1o Qa X'y + Z k3 Q3p'dly, + Z K5, 03P’ doy + Z Z K3aiQar NdiL
i=1 =1 a=1i=1

N

Ko Qar N +

+

M e
M
M
M‘n

2 3
4atQaLpu1L + Z K4aQaLﬁ Z Z KSaiQaL//\\/dl?L
a=1i=1

a=1 B=1 a=1i=1
2 . . 2 2 2 3 2 3
+ Z KgaﬁQaL)?d,I[gL + Z Z Z Gflaﬁ'yQaLQﬂLQ'yL + f2€p/\/7’ +f2 ﬁ /\A/ ﬁ Z Z Z gltﬂjdtLd/BCLuJL
1 B=1y=1 18=1j=1

S
Il
M= BN
N
I

303 2 2 3
ge Ge o~ A~ Glc Glc A
Exipdipdipgy, + Z aijdipds g + DD Esapidardprig,
i=1j=1 i

™M

3 3
Eapdipdgiy +>>

i=1j=1j

+
M

1

+
M

w
I

<.
I

S}

T

EeapdardfL iy + Z
1 a=e

T

3 2 2
Z §7aajl,:uLQAaL£i;:L + Z Z Z fsuaﬁLaL LC?,IBCD (26)

u[\/]N

a=1p
Finally, as usual it is necessary to introduce the so-called soft terms that break the supersymmetry explicitly.

C. The soft terms

The soft terms can be written as

Lore = Lour + LY + Lsu, (27)

Scalar

where

1 8 8
Lour = — §|:m)\c D (AZAZ) + my > (A5AL) + m'AgAg + Hee. } (28)
h=1 h=1
give mass to the boson superpartners and

L = —myntn = mpptp —mixTx —mn'tn' —m? ptp" = m? X' Tx' + [ki€eypix;mi + ki €epl X
+ He] (29)

in order to give mass to the scalars (omitting the sum upon repeated indices, i, j, k = 1, 2, 3). Finally, we have to add
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2 ~Ict ~/c
up

+m2, J/CT&/CL + M2y '™ + MZL X' + €14Lap'l] + €206l xp + €306 mp + €40p€Lar Ly p

+01,03. 'S, + 0103 i + 02,03, X1, + 0503, X' il

¢ + 034100 mdiy, + Qéa/;QaLTIC?/[?L

+Q4aiQaLpuiL + Q4aQaLpuL + QSiQ3Lp diL + QsaQ3Lp dZL + QéaiQaLXC?fL + Qlﬁa'BQNaLXgIBCL

+Q7aﬁyQaLQ,BLQ7L + vlzﬁ/dzLdBLujL + UzwdzLdéLﬁ/L + v3l/kdzLdjLukL + v4l/dzLdCLuL + USaBzdaLd,BLuzL
+v6aﬂdaLd,BL iy + V7aaj aLQaLdjL + USaa,BLaLQaLdBL +H C] (30)

in order to give appropriate masses to the sfermions.

IV. THE SCALAR POTENTIAL

In the present model the scalar potential is written as

Vis1 = Ve + Vp + Vioro 31)
where
Vi = _LF = ZF,LFm
— Iu”'] f2 2 I"LX f2 /_Lp f2 2 /-Ln
= Uzk|: ) 1’1 3 Eijkpj/\/k + 7){5 +_€ijk77jpk + 7pl 3 El'jk/\/jnk + 77’[
/2 Hx f Mo I3 2
NENE R 3 S R 3 kXM } (32)
and
1
Vp=—-Lp= E(D“D“ + DD)

2

+p1 /\ljpj + plT/\*bpl)z
finally,
Vsoft = _~£soft

2
g g
=gty = Xty + XX+ 20T = 20" 'V + (0]

It y#b /1' *b
1/77] 771 /\ 77; +X AUX] [ A[' !

(33)

=myntn +myptp + mixtx +ml 'ty +m2 p"tp’ + m 'Y — €ukipix e + Kipixim, + He), (34)

where we have used the scalar multiplets in Eqgs. (9) and
those related to Higgsinos in Eq. (13).

With Egs. (32)—(34) we can work out the mass spectra
of the scalar and pseudoscalar fields by making the usual
shift X0 — %(vx + Hy + iFy). The analysis is similar
to that of Ref. [8] and we will not write the constraints
equation.

By using as input the following values for the parame-
ters: sin’fy, = 0.2314, g = 0.6532, g’ = 1.1466; f, = 2

fh= 1073, k= ki =10 GeV; Mpg = My = My =
—10° GeV; m, =15GeV, m,=10GeV, m,=
244.99 GeV;  m,, =my = 10° GeV  and  m, =
13 GeV, we obtain the masses
m; = 1702, m, = 1449, ms = 387, (35)
my = 380, ms = 361, mg = 130,

|
for the scalar sector (all masses are in GeV). Note that the

lightest neutral scalar is heavier than the lower limit of
the Higgs scalar of the standard model, i.e.,
114 GeV [26]. For the pseudoscalar sector we obtain

my =<

M, ~ 1702, M, ~ 1449, M, ~ 363,

M, =5, Ms =0, Mg =0, (36)
only the two massless pseudoscalars are exact values, i.e.,
there are two would be Goldstone bosons as it should be.
Notice that there is a light pseudoscalar. Although the
values of the masses above are only an exercise, and it is
possible that other values of the input parameters would
give another set of masses, we would like to point out the
following. In the basis (F, ,F,, F,,, Fo Fy, FX/Z) the
lightest pseudoscalar is given by (0.0099, 0.0012,
0.7070, 0.0071, 0.0170, 0.7070), hence we see that it is
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mainly F,, and F X So, we need to investigate the couplings of these pseudoscalars with the Z°.
In the (W3, Wg, B) basis we have the mass square of the real vector bosons given by:

Vi + U?

where we have defined V2 = v2 + v2, U? = u? + u? and
W2 = w? + w?, and

\2 sin?6
2= (g_) = ﬁ_ (38)
g 38in”6y

The eigenstates of Eq. (36) are
V3

4 +3

t

A= <tW3 At B), (39)

for the photon, and

VAR ! —t2+3W—iW + B
4t2+15t2+9[ ( 3t ) B }

and

t (/3
70 ~ oy <7 Wy + B>, (41)

for the Z° and Z%, where we have neglected the mixing
among Z° and Z%, so that M2/M3% ~ (3 +412)/(3 +
t*) = 1/cos?8y,. With this at hand, we were able to verify
that the couplings of F, , F x, are given by the usual

vertex of the Higgs scalar in the standard model times a
factor proportional to (W/vy)(U/W)* or (W/vy) X
(V/W)*, where vy, = 246 GeV, and these couplings go
to zero as W — oo. This behavior is expected since both
X3, xY are singlets of SU(2); ® U(1)y and do not couple
to the Z° in this limit.

For completeness we show that the lightest scalar,
in the basis (Hm, H,H,, Hn’l’ H, HXE), is written
as (—0.0581, —0.9775, 0.0610, —0.0394, —0.0592,
0.1800), that is, it is mainly H, which transforms as
doublet under SU(2); ® U(1)y.

V. CONCLUSIONS

We have put forward a supersymmetric version of the
3-3-1 model of Refs. [3] which includes right-handed
neutrinos transforming nontrivially under SU(3);. This
sort of models is an interesting possibility since neutrinos
are massive particles and right-handed neutrinos should
to be added eventually to any extension of the standard
model (See Ref. [26]).

1 2 _ 172
5 E(V U?)
il LV + U + 4W?)

—Z(V2+2U?)
_ 2t (V2 2 _ 2
3g3(v 207 - 2W?)
(V2 +40% + W?)

, (37)

Concerning the scalar and pseudoscalar mass spectra
we have found two different situations: for the scalar
sector we were able to find all the Higgs scalars with
masses above the Z° mass and above the lower limit of the
standard model Higgs boson obtained by LEP: my =
114 GeV [26]; for the pseudoscalars, for the same set of
the input parameters, we have found a considerably light
one (M, =5 GeV) which in principle can bring some
problems. However, a carefully analysis have shown that
the mass eigenstate corresponding to M, is mainly
formed by the symmetry eigenstates F,, and F or and
studying the couplings of these pseudoscalars with the Z°
we have noted that they vanish in the limit where w and
w' go to infinity, i.e., both pseudoscalars decouple from Z°
in this limit since they are singlets under SU(3); ® U(1)y.

In the other supersymmetric 3-3-1 model [8], the pro-
ton decay modes are p — K" 7, and p— K e"pu™ o,
but in the present one, only the mode p — 7™ v, is
possible. It means that the constraints coming from
SuperKamiokande data on p — K*7,, which implies
that 7p > 103 years in this decay mode [27], are avoided.
The proton decay in the context of the present model has
been considered recently in Ref. [28].

However, there are higher-dimension (nonrenormaliz-
able) operators, that arise from new physics at some scale
A. For instance, there are dimension-5 operators that
violate baryon or lepton number, that are allowed by
the gauge invariance, and that contribute to the proton
decay unless they are sufficiently suppressed. In the con-
text of the Minimal Supersymmetric Standard Model, we
have [29]

UK e asdg . 42
i kta

These terms contribute to the proton decay with diagrams
at 1-loop level involving gauginos and gluinos, known as
dressing diagrams. These are the dangerous terms that
induce the decay mode p — K'o,. This channel is
enough to almost exclude the minimal supersymmetric
SU(5) model [30] since the SuperKamiokande data [27].

In the present model dimension-5 operators that violate
lepton and baryon number, that are allowed by the 3-3-1
symmetry, may arise in unification theories [31], and are
given by
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2

K008 (10,030, + U Fsagasds + (L0 + T (0,05 + (L, 7)) + 5 (L, 5 )

A aa 3B Aaijk Aab 36 A a3/ Ml A @ M AaX bX
Kl o A A a K .

+ =2 (0:0)(Qp7) + 2 (0:0.)(Qp ) 43)

while in the SUSY 3-3-1 model of Ref. [8] these operators are

K2 A A A A
QTN DsTp) +

5
(L)L) @)

K4 ~ A A
B (70,)(0305) +

3
Kdpi o o A e
abi (L, Ly)(Q3i6) + A

1
= (£,0.)(0:0p) + o
The suppression of the effective operators in Eqs. (42) and (43) in the context of SUSY 3-3-1 models will be considered
elsewhere.

Finally, we would like to say that the 3-3-1 model with nonsupersymmetric right-handed neutrinos furnishes a good
candidate for self-interacting dark matter since there are two Higgs bosons, one scalar, and one pseudoscalar, which
have the properties of the candidates for dark matter like, stability, neutrality, and that they must not overpopulate the
universe [32] and, in particular, for a self-interacting dark matter candidates, they have large scattering cross-section
and negligible annihilation or dissipation. It means that the candidate for self-interacting dark matter has not to be
introduced ad hoc as in other models [33]. This feature remains valid in the supersymmetric version that we have
developed in this work, but it deserves a more careful study.
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