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Supersymmetric 3-3-1 model
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We build a complete supersymmetric version of a 3-3-1 gauge model using the superfield formalism. We
point out that a discrete symmetry, similar Rosymmetry in the minimal supersymmetric standard model, is
possible to be defined in this model. Hence we have Betlonserving andR-violating possibilities. Analysis
of the mass spectrum of the neutral real scalar fields show that in this model the lightest scalar Higgs boson has
a mass upper limit, and at the tree level it is 124.5 GeV for a given illustrative set of parameters.
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. INTRODUCTION and SU(3), coupling constantsy’ and g, respectively, are
related by
Although the standard modéEM), based on the gauge
symmetry SU(3).@SU(2), ®U(1)y, describes the ob- g2 Sire 6
served properties of charged leptons and quarks, it is not the 2=2___ > W (1)
ultimate theory. However, the necessity to go beyond it, from g?> 1-4sirt 6y

the experimental point of view, comes at the moment only
from neutrino datg1]. If neutrinos are massive then new Hence, this 3-3-1 model predicts that there exists an energy
physics beyond the SM is needed. From the theoretical poirdcale, sayu, at which the model loses its perturbative char-
of view, the SM cannot be a fundamental theory since it hasicter. The value ofu can be found through the condition
so many parameters and some important questions such sisf 6,(u)=1/4. However, it is not clear at all what is the
that of the number of families do not have an answer in itsyalue of u; in fact, it has been argued that the upper limit on
context. On the other hand, it is not clear what the physicshe vector bilepton masses is 3.5 TP instead of the 600
beyond the SM should be. An interesting possibility is that atGeV given in Ref[5]. Hence, if we want to implement su-
the TeV scale physics would be described by models whiclpersymmetry in this model, and to remain in a perturbative
share some of the flaws of the SM but give some insightegime, it is natural that supersymmetry is broken at the TeV
concerning some questions which remain open in the SMcale. This is very important because one of the motivations
context. for supersymmetry is that it can help to understand the hier-

One of these possibilities is that, at energies of a fewarchy problem: if it is broken at the TeV scale. Notwithstand-
TeVs, the gauge symmetry may b8U(3).©SU(3). ing, in the context of the SM it is necessary to assume that
®U(1)y (3-3-1 for shortnegsinstead of that of the SM the breakdown of supersymmetry happens at the TeV scale.
[2,3]. In fact, this may be the last symmetry involving the However, other 3-3-1 models, i.e., with different representa-
lightest elementary particles: leptons. The lepton sector ision content, have a different upper limit for the maximal
exactly the same as in the SM but now there is a symmetryenergy scalg¢6].
at large energies among, say, v., ande*. Once this (i) The quantization of the electric charge is possible
symmetry is imposed on the lightest generation and extendeglven in the SM context. This is because of the classhal
to the other leptonic generations it follows that the quarkpercharge invariance of the Yukawa interactioasd quan-
sector must be enlarged by considering exotic charge¢um constraintfanomalie [7]. However, this occurs only
quarks. It means that some gauge bosons carry lepton arfdmily by family and if there are no right-handed neutrinos
baryon quantum number. Although this model coincides atneutrinos if massive must be Majorana figldsr, when the
low energies with the SM it explains some fundamentalthree families are considered together the quantization of the
questions that are accommodated, but not explained, in thelectric charge is possible only if right-handed neutrinos with
SM. These questions are the following. Majorana mass term are introducg8] or another Higgs

(i) The family number must be a multiple of three in order doublet[9] or some neutral fermior{d.0] are introduced. On
to cancel anomalief2,3]. This result comes from the fact the other hand, in the 3-3-1 modé,3,6 the charge quanti-
that the model is anomaly free only if we have equal numbetation in the three families case does not depend on if neu-
of triplets and antitriplets, counting tH8U(3). colors, and  trinos are massless or massive partigtes.
furthermore requiring the sum of all fermion charges to van- (iv) In the context of the SM with only one generation, as
ish. However, each generation is anomalous, the anomaiy the previous item, both classical and quantum constraints
cancellation occurs for the three, or multiple of three, to-imply that the quantization of the charge and the vectorial
gether and not generation by generation like in the SM. Thisature of the electromagnetic interactions arise together.
may provide a first step towards answering the flavor queswhen right-handed neutrinos are added there is no charge
tion. guantization but the vectorial nature of electromagnetic in-

(i) Why sirf 8,<% is observed. This point comes from teractions survives. Both of them are restored if neutrinos are
the fact that in the model of R€f2] we have that thé& (1) Majorana particle§7]. In the three generation case neutrinos
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ought to be also Majorana particles in order to retain botthecause of the factor (14s3) Y2 [27]. (f) Although the
features of the electromagnetic interactidBs12]. On the  minimal scalar sector of the model is rather complicated,
other hand, in all sorts of 3-3-1 models the quantization ofwith at least three triplets, we would like to stress that it
the charge and the vectorial nature of the electromagneticontains all extensions of the electroweak standard model
interactions are related one to another and are also indepewith extra scalar fields: two or more doublé®8], neutral
dent of the nature of the neutrings3]. gauge singlef29], or doubly charged scalar field30], or a

Last but not least(v) if we accept the criterion that par- combination of all that. However, some couplings which are
ticle symmetries are determined by the known leptonic secallowed in the multi-Higgs extensions are not in the present
tor, and if each generation is treated separately, 816(3), model when we consider aBU(2)®@U(1) subgroup. In-
is the largest chiral symmetry group to be considered amongersely, there are some interactions that are allowed in the
(v,e,e_. The lepton family quantum number is gauged; present models that are not in the multi-Higgs extensions of
only the total lepton numbet,, remains a global quantum the SM, for instance, trilinear couplings among the doublets
number(or equivalently we can definE=B+L as the glo- which have no analog in the SM, or even in the minimal
bal conserved quantum number wheBeis the baryonic supersymmetric standard mod®ISSM). It means that the
number[14]). On the other hand, if right-handed neutrinos model preserves the memory of the 3-3-1 original symmetry.
do exist, as it appears to be the cd44, the symmetry Hence, in our opinion, the large Higgs sector is not an intrin-
among @.,e,vS,e%). would beSU(4), ®U(1)y [15]. This  sic trouble of this modekg) Even if we restrict ourselves to
is possibly the last symmetry among leptons. There is ndeptons of charge ;1 we can have exotic neutrgl8] or
room forSU(5), ® U(1) if we restrict ourselves to the case charged heavy leptori47]. (h) Neutrinos can gain Majorana
of leptons with electric charges 1,0 [16]. Hence, in this masses if we allow one of the neutral components of the
case all versions of the 3-3-1 model, for instance the one iscalar sextet to gain a nonzero vacuum expectation value
Refs.[2,3,17, and the one in Refd6,18,19, are different [31], or if we introduce right-handed neutrinf32], or if we
SU(3),-projections of the largeBU(4), symmetry[15]. add either terms in the scalar potential that break the total

Besides the characteristic features given above, which wkepton number or an extra charged lepton transforming as a
can consider predictions of the model, the model has somsinglet under the 3-3-1 symmetf83].
interesting phenomenological consequent@sin extended Of course, some of the benefits of this type of model, such
version of some 3-3-1 models may solve the strdbB as itemg(i), (ii), and(iv) above, can be considered only as a
problem. It was shown by PdR0] that in 3-3-1 models hint to the final resolution of those problems: they depend on
[2,3,6,19 the more general Yukawa couplings admit athe representation content and we can always ask ourselves
Peccei-Quinn symmetr21] and that symmetry can be ex- what is the main principle behind the representation content.
tended to the Higgs potential and, therefore, making it @Anyway, we think that the 3-3-1 models have interesting
symmetry of the entire Lagrangian. This is obtained by in-features by themselves and that it is well motivated to gen-
troducing extra Higgs scalar multiplets transforming undereralize them by introducing supersymmetry. In the present
the 3-3-1 symmetry ad\~(1,10,—3), for the model of paper we built exhaustively the supersymmetric version of
Refs.[2,3], or A~(1,10,— 1), for the model of Refg6,19.  the 3-3-1 model of Refd2,3]. A first supersymmetric 3-3-1
In this case the resulting axion can be made invisible. Thénodel, without the introduction of the scalar sextet, was con-
interesting thing is that in those sort of models the Pecceisidered some years ago by Duong and [34].
Quinn symmetry is an automatic symmetry, in the sense that The outline of the paper is as follows. In Sec. Il we
it does not have to be imposed separately on the Lagrangigeresent the representation content of the supersymmetric
but it is a consequence of the gauge symmetry and a discrefe3-1 model. We build the Lagrangian in Sec. Ill. In Sec. IV
symmetry.(b) There exist new contributions to the neutrino- we analyze the scalar potential; in particular, we found the
less double beta decay in models with three scalar tripletf1ass spectrum of the neutral scalar and have shown that the
[14] or in the model with the sextd®?]. If the model is lightest scalar field has an upper limit of 124.5 GeV. Our
extended with a neutral scalar singlet it is possible to have gonclusion and a comparison with the supersymmetric model
safe Majoron-like Goldstone boson and there are also contref Ref. [34] are in the last section. In the Appendixes we
butions to that decay with Majoron emissip®2]. (c) It is  show the scalar mass matrices and the constraint equations
the simplest model that includes bileptons of both types: scafor completeness.
lar and vector ones. In fact, although there are several models
which include doubly charged scalar fields, not many of
them incorporate doubly charged vector bosons: this is a par-
ticularity of the 3-3-1 model of Refd2,3]. (d) The model The fact that in the 3-3-1 model of Ref&,3] we have the
has several sources 6fP violation. In the 3-3-1 moddl2,3]  constraint at tree level si,,<1/4 means, as we said before,
we can implement the violation of theP symmetry, spon- that the model predicts that there exists an energy scale, say
taneously[23,24] or explicitly [25]. In models with exotic  , at which the model loses its perturbative character. This
leptons it is possible to implement s@tP violation[26]. (€)  characteristic remains valid when supersymmetry is intro-
The extra neutral vector bosoff conserves flavor in the duced and hence the breaking of the supersymmetry occurs
leptonic but not in the quark sector. The couplings to thein a natural way at the TeV scale in this supersymmetric
leptons are leptophobic because of the suppression fact@3-1 model. Some aspects of the supersymmetric 3-3-1
(1—45\2,\,)1’2 but with some quarks there are enhancementsnodel (3-3-1s for shoit have been already considered in

Il. THE SUPERSYMMETRIC MODEL
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Refs.[34,35 and we will comment on these later.

However, let us first consider the particle content of the

model without supersymmetr2,3]. We have the leptons
transforming as

4
L|: I

Cc
l L

~(1,3,0), (2

l=e,u,T.
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h  hy
o —— ——
BRCERE
h; ++ Ug

s=| = H{Y 22 | ~(16%0). 8
2 2 7

In parentheses it appears the transformation properties under Now, we introduce the minimal set of particles in order to

the respective factorgSU(3)c,SU(3),,U(1)y]. We have

implement the supersymmetfi36]. We have the sleptons

not introduced right-handed n.eutrinos and for the momengorresponding to the leptons in E), squarks related to the
we assume here that the neutrinos are massless; however, sgfrks in Eqs(4)—(6), and the Higgsinos related to the sca-

[31-33.

lars given in Egs(7) and (8). Besides, in order to cancel

In the quark sector, one quark family is also put in thechiral anomalies generated by the superpartners of the sca-

triplet representation

up

2
Qu = (11 ~(3,3,§),

3
L

and the respective singlets are given by

c 5
, JL~(3*,1,—§).
(4)

u°~3*1—E °~3*11
1L 1 3’ 1L '!3

writing all the fields as left handed.

The other two quark generations we put in the antitriplet

representation
d, ds )
Qo =| U2| , Qz=| Us ~(3,3*,—§>, (5)
and also with the respective singlets,
2 1
UgLaU§L~<3*,1a_§), d3, gL“<3*,1.§),
P 4
J§L=15L~<3*,1,§)- (6)

lars, we have to add the following Higgsinos in the respec-
tive antimultiplets:

~10

7 b
7= m"| ~@3,0, p'=[ p»° | ~(13,
_1)1
';(r+
XY= x| ~(,3,+1), (9a)
}/0 .
2 2
=4 h:_ H, o5 (1,6,0) (9b)
vz V2
2 2 ]

There are also the scalar partners of the Higgsinos defined
in Eq. (9) and we will denote them by’,p’,x’,S’. This is
the particle content which we will consider as the minimal
3-3-1s model if the charged lepton masses are generated by

On the other hand, the scalars which are necessary ipe antisextes

generate the fermion masses are

7 p*
n=| 7 | ~(130, p=| p° |~(13+1),
+ ++
72 P
-
x=| x| ~(13-1), (7)
XO

Summarizing, we have in the 3-3-1s model the following
superfields:Le , ;, Q123 7, 0o X, S 7', 'y X'» S5
u$,3, 5,3, I andj$,, i.e., 23 chiral superfields, and 17

vector superfieldsv?, V¢, andV'. In the MSSM there are
14 chiral superfields and 12 vector superfields.

Ill. THE LAGRANGIAN

With the superfields introduced in the last section we can
build a supersymmetric invariant Lagrangian. It has the fol-
lowing form:

and one way to obtain an arbitrary mass matrix for the lep-

tons is to introduce the following symmetric antisextet:

L331= Lsysyt Lsoft- (10
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Here Lgysyis the supersymmetric piece, whig,;; explic-

ity breaks SUSY. Below we will write each of these

Lagrangians in terms of the respective superfields.

A. The supersymmetric term

The supersymmetric term can be divided as follows:

ESUSY: ELepton+ LQuarks"_ ‘CGauge"' L:Scalarv (11)
where each term is given by
ELepton: f dAQ[E_GZQVE], (12

Louarks= f d*0[Quexpl[20(Ve+ V) + (29" 13V 1}Qy

+ Quexpl[20(Vo+V) — (g'IBV' IQ,
+ U expl[ 29V, (29'13) V' }G¢

+dP expl[ 29V, + (g'/3) V'

+ 3¢ exp([ 29V, — (5g'/3)V' ]} 3¢

+1% expl[2gVc+ (49" 13V 11]¢] (13

and
1 2 ayp ja ay\/a ’ ’
Loauge=7| | d2OIWEWE+WAWA+W'W']
i f SZGIWEWE + WA W] |, (14

whereV,=TaV2 VvV =TaV2 V=TaV2 V=T2/2 andT?
=\?%/2 (T?=—\*?/2) are the generators of tripletantitrip-
lets) of SU(3),i.e.,a=1,...,8, andyandg’ are the gauge
couplings of SU(3) andU(1), respectively W2, W?, and
W' are the strength fields, and they are given by

Wa = — iDDe‘ZQVCD e?aVe
aC Sg a 1
1 . .
Wi=— —DDe ?9'D e*V
89 “r

(19

Finally
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EScaIar:f d4t9[77629v;7+ pe29V+g \ ;H_XeZgV—g v X

~ ~,

+Se29Vé+ 77’829\_/7]’4‘[),629\_/79’\/’[)
+X/e29v+g’v’5(r+S/e2gvé/]+f d2ow

+ f dZew, (16)

whereW is the superpotential, which we discuss in the next
subsection.

B. Superpotential
The superpotential of our model is given by

W, W
W:_2+_3

2 3" an

with W, having only two chiral superfields and the terms
permitted by our symmetry are

Wo= ol '+ oy’ +pppp’ + pyxx' + psSS', .
1

and in the case of three chiral superfields the terms are

W3:)\lEI:I:I:+)\2€I:I:A77+)\3I:I:AS+)\46£;(;)+flE;i/;?
HommSt TakpSHHep v o + 0 7' S
+f§;(/;"é,+2i [k1iQ1 7 U+ k2iQ1p"df]
+K3Ql;(/jc+2i [K4aiQaAnaf+ K5aiQa;)aic]

+ 2}3 K6aﬂ©a;(j%+ EI} K7aian|:iajc

+i§j:k §1ijkaicajcaﬁ+% fzug&“ﬁfﬁ% gsiﬂa?jcj%,
(19

with i,j,k=1,2,3,«=2,3, andB=1,2.
All  the seven neutral  scalar components
o 0.0 O 10 /0 10 H
n,p X ,05,m' ",p'", andy’" gain nonzero vacuum expec-
tation values. This arises from the mass matrices for quarks.
In fact, defining( 7°)=v ,/\2, (n°')=v!/ /2, etc, from the
superpotential in Eq19) the following mass matrices arise:

!
Ki3v,
K52l

K533l p

!
K120 5,
Ks2U

K53l p

’
K]_]_U”

Fuzi Ks21Up ; (20)

Ks31U )

for theu quarks, and
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! ! ’
KU,  Ka22U, K23U )
1
rd=—| Kav, Ksp, Kipd, (21)
2
\/— K431l K43V, K433 5

for the d quarks, and for the exotic quark$,andj;,, we
haveM ;= kgv |, and
Sl ol
\/E b
respectively.
From Eqs.(20), (21), and(22) we see that all the vacuum

expectation value6VEVs) have to be different from zero in
order to give mass to all quarks. Notice also that wHike

rie Ke21 Ke2 22)

Ke31 Ke3

and d-like mass matrices have no common VEVs. On the
other hand, the charged lepton mass matrix is already give

by Mi;=v, \gij/\2, wherev,, is the VEV of the (o))
component of the antisext&tin Eq. (8). However,u [,1’2 can
both be zero since the sex®t does not couple to leptons at
all.

The terms which are proportional to the following con-
stants:ug in Eq. (18) and\y, N4, fy, f5, k7, @andé;,3in
Eq. (19 violate the conservation of th#=B+L quantum

1
Loot=— = mACEa‘, )\‘g‘)\§+m)\§a‘, (N\,)+M' AN +H.c.

2

“eta2 T
sMi, g~

m73er3e— E j > m3 QlQ.~

—mi,p’Tp'—m)z(,X’T)(’ —mi, Tr(S''s") —

-mLC-mj Q 1Q1+E [u'm2 uc—d'm

2t
m%,n' 1
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number. For instance, if we allow thiy term it implies in

proton decay35]. However, if we assume the global(1) »

symmetry, it allows us to introduce tHe-conserving sym-
metry[37], defined aR=(—1)3/"25, The F number attri-
bution is

HU T )=FV)=-FI)=FI9=Fp )

=Fx )=Fx)=Fin)=Fo)=2,

(23

)

with F=0 for the other Higgs scalar, while for leptons and
the known quarksF coincides with the total lepton and
baryon numbers, respectively. As in the MSSM this defini-
tion implies that all known standard model’s particles have
evenR parity while their supersymmetric partners have odd
R parity. The terms;,\, were not considered in Reff35].
However, the term witlE, involves an exotic quarkheavier
than the protopso the analysis in that reference is still valid.

As usual, the supersymmetry breaking is accomplished by
including the most general renormalizable soft-
supersymmetry breaking terms but now, they must be also
consistent with the 3-3-1 gauge symmetry. We will also in-
clude terms which explicitly violate th&®-like symmetry.
These soft terms are given by

mg df]

mxTx—m2pTp—mi Tr(S's)—m?, 5Ty’

kiepxn+konnS'+kaxpS'+kiep' x ' +kin'n'S T+kax'p'S'T

+M2L77T+802 €|Jktttk+8l% Eijktitjnk+82§j: E|EJS|J+83% eijkEinPk

+§i: Qu(L1in' U+ Loip"df+ §3JX'-JC)+§0; QQ[Z

2 3|Jau

]

+§i: % Glijkd Uk+2 [gZIa

The terms proportional tck,, kb, M?, &g, €5, w3, and
s123 Violates theR-parity symmetry.
The SU(3) invariance tell us that
n;, O 0
0 0 myc

and we neednjc=m;=nt, and the same for the other mass

(wlaindic—i_wZaipuic_l—Ej: W34ij Lid] +§ﬁ: ®aapX] 3

+H.c. (24)

parameters. More details of the Lagrangian are given else-
where[38].

IV. THE SCALAR POTENTIAL
The scalar potential is written as
V331=Vp+ Vet Ve,

(263

where
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12
g )
Vp=—Lp= 2(Df"D"j”rDD)—(p p—p"Tp" = x"x+x"Tx )2+—2 (NS 7+ pINE o+ XN X

+SINASa— 7 N i = ol TN 0] = xd TN X — SIS, (26D)
'y fy 2f; z Mp fi f3 2
E FmF —Z 2 g+ 3 fijkPij+?7liSij 7ppi+§fijk)(j7]k+ §Xi5ij
M 'y fy 3 2 , f3 2 M f1 2f; ' ? M
+ ZXX| 3Eijkpj7ik+§PiSij S 37I|771 3Xin + 77]% 3€Ijkp]Xk+ 3 7i Sij 7ppi
f, f' 2 MX f_‘;_ o é , ,2 / f’ 2
T3 €ijkX| Tkt 3Xi S|+ 5 Xit 3 €ikpjmct 3PSy + Su 3 Z ] 7+ 3 =Xipi| | (260
Voor= = LEGE=m2n -+ mipTp+ mx Ty +mZ Tr(STS) +m2, 7' Ty +m, p o'+ m2 x' Ty’ +m2, Tr(S'TS))
+[kie pxn+kopSTn+kax 'STp+kiep x' 7' +kon'S Ty +kix' TS Tp’ +H.cl. (260
|
Note thatkj ,3,k;, 5 has dimension of mass and that the
2372, t fyey_ STt T
terms which are proportional tio, ,k; andf,,f/ violate the Ej (X XD(XX;) Tr(S S)E (XiXi)
R parity.
It is instructive to rewrite Eqs(26b) as follows: 2
4s.260) +2TA(S'S)2) 5 (TrsTs)2+pt], 27)
gIZ
VD=7(pTP—XTx—p’Tp’+X’Tx’)2+— z(xmz

where “pt” in the expression above denotes the replacements
X{ < X; but not ing’" which is always the coupling constant

+22, (XIX)(XIx)+22, (XI's)(s'X
iZ,j( X XX) Ei( 1 S(SX) of theU(1)y, factor. In the same way we rewrite E@60) as

2

K |1
vF=Ei — OXIX+p+ == [Tr(sTS)+pt]+— 12 [fle”kX "X X+ F1 € XX X ]

*

ne
wyn' 'Syt == n'S

f3
"y |ptt g lug ' TSx+ pix "Sp+ uEx'S pl+ptt+ H.e.

3

4t zl2

+pt+ [(79)T(7S)+(n"n)?]

+|f1|2[§j (XX (XTX) = (XX (XTX))

IEs 1

2f7f,
+ptt ——[(x9) ' (x5 +(p9) ' (pS) + (xX) ' (p"p) 1+ pt+ 2 e(px) TS+ pt

f* *

f5f3
6()(71) xS+ pt+ —(71 x)(7'p)+pt+H.c. (29)

+

where “pt” in the expression above denotes as before the replacemdgnt;, andf] , z—~f; ;5 andk; , 3Ky » 3 We have
omitted SU(3) indices since we have denoted the unprimed triplets wherever it is possib}=ag,p,x and X/
=75',p’,x’ butin each term only an unprimddrimed field appears.
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We can now work out the mass spectra of the scalar anc R
pseudoscalar fields by making a shift of the forx 800 |— e a
—(IN2)(wyx+Hx+iFy) (similarly for the case of the i M ]
primed fields for all the neutral scalar fields of the multiplets C ]
X;. Note thatHy and Fy are not mass eigenstates yet. We 400 — —
will denote H;,i=1,...,8 andA;,i=1,...,6 therespec- = I ]
tive massive fieldsG; , will denote the two neutral Gold- 2 r ]
stone bosons. The mass matrices appear in the Appendix As  soo |- .-~ —
for the real scalars, and in the Appendix B for the pseudo- i ]
scalar case. The constraint equations are given in the Apper [ ]
dix C. We will use the following set of parameters in the 200 [ —
scalar potential below: X Mgt |

fi=fz=1, f;=f;=10"% (dimensionless (29 100 ";g T
and v, (GeV)
—k;=k;=10, kz=k;=-100, FIG. 1. The eigenvalues of the mass matrix given in Appendix
A My, is the mass of the lightest scalar akt), the mass of the
— M= pm,=— ps=p,=1000 (in GeV), (30) lightest pseudoscalar.

we also use the constramt,+V2+ 2V5= (246 GeVy com-
ing from My, where, we have defineW’=v?+v? V2
/%, and V§=v§2+vié. Assuming thaw ,=20, v,
=1000, v,,=10, and U;]:U;:U;ZZU;ZJ. in GeV, the
value ofv,, is fixed by the constraint above.

With this set of values for the parameters the real mass We have built the complete supersymmetric version of the
eigenstatesH; are obtained by the diagonalization of the 3-3-1 model of Refs[2,3]. Another possibility in this 3-3-1
mass matrix given in the Appendix A. Besides the constraintnodel which avoids the introduction of the scalar sex$et,
equations(Appendix Q and imposing the positivity of the Wwas considered some years ago by Duong and Ma,[B&f.
eigenvaluegmass squajeand the values for the parameters who built the supersymmetric version of that model. The
given above, we obtain the following values for the massesextet was substituted by a single charged lepton siriglet
of the scalar sector (in GeV): My, =121.01, ~(1,1) andE{~(1,—1). Here we would like to point out
277.14,515.26,963.68,1218.8,1243.24,3797.86, and 4516.481¢ differences between our version of the supersymmetric

wherei=1,...,8 andViy >My with j>i. In the pseudo- 3-3-1 model and that of Ref34]. (a) Duong and Ma as-

scalar sector we have verified analytically that the mass mas_umed that the breaking 08U(3) ®U(1)y—SU(2).

trix in the Appendix B, has two Goldstone bosons as it®U(1)Y occurred before the breaking of supersymmetry and

should be. The other six physical pseudoscalars have tr;[ge resulting .quEI s a supersymmet@(Z)L®U(l)y
odel. Even in this case the scalar potential involving dou-

following masses, with the same parameters as befor lets of th idual v d t coincide with
in GeV, M, =276.4,515.3,963.65,1243.24,3797.85, and> cw O! the residual gauge symmelry does not coincide wi
i the potential of the MSSM. In the present work, we have
4516.43. , , considered that the supersymmetry is broken at the same
The behavior of the lightest scalar () and pseudoscalar (ime as the 3-3-1 gauge symmetry. Hence, we have to con-
(A1) as afunction ob , is shown in Fig. 1 for a given choice  gjger the complete 3-3-1 scalar potential. It means that in the
of the parameters, we see that, at the tree level, there is FHuong and Ma supersymmetric model there are no doubly
upper limit for the mass of the lightest scaMrH1< 124.5 charged charginos and exotic charged squafigsin Ref.
GeV and that for these values of the parametbty  [34] it was assumed that some of the VEVs have zero value,
>M,. Other values of the parameters give higher or lowerunlikely we have considered albut o5° and o) of them
values for the upper limit oM, . Of course, radiative cor- different from zero. Hence we are able to obtain realistic
rections have to be taken into account, however, this has tguark and charged lepton masses, as can be seen from Egs.
be done in the context of the supersymmetric 3-3-1 modef20): (21), and(22). In Ref.[34] some of these masses have
which is not in the scope of the present work. Hence thd® be generated by radiative correctidd€)]. From (a) and

mass square of the lightest real scalar boson has an upp_@r) we see that the supersymmetric 3-3-1 model considered

lightest neutral scalar i#1, at the tree level but radiative

2, corrections raise it to 130 Gepf39].
=v,tv

V. CONCLUSIONS

bound (see Fig. 1 in this work has different phenomenological features from
the supersymmetric 3-3-1 model of Duong and Ma.
les(124.5+ €)? Ge\?, (31) On the other hand, we would like to recall that in the

MSSM with soft-breaking terms, it has been shown that at
where 124.5 GeV is the tree value<£0). We recall that in  the tree level the lightest scalar has a mass which is less than
the MSSM if M5 >M; the upper limit on the mass of the Mz if the mass of the top quark has an upper bound of 200
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GeV [41] and this upper limit does not depend on the scaldén the Appendix C have been already taken into account:

of supersymmetry masses and on the scale of supersymmetry

breaking and holds independently of the short distance or gzvf7 2 ,

large mass behavior of the thed#2] and it does not depend M= 3 + m(flh%v o, 18K v+ 3F v 0y

on the number of the Higgs doubld#3]. Radiative correc- K

tio_ns [42] an_d the addition of_extra Higgs multiplef$2,44] +f1fsvazvi_3fiﬂnv,;v;+ 3f1,uvav;(),

shift the limit above depending on the top mass or on the

type of extra scalars. However, in the331sthat we have

built here the limit of Ref[41] is avoided. Mp,=—
From the phenomenological point of view there are sev-

eral possibilities. Since it is possible to define Rearity

symmetry, the phenomenology of this model wihparity

conserved has similar features to that of Reonserving

MSSM: the supersymmetric particles are pair produced and

the lightest neutralino is the lightest supersymmetric particle, gv,v, ,

The mass spectra of all particles in this model are consideretfl 13~ ~ 6 + ﬁ Okyv,— §fl:“pvp

in Ref. [38]. However, there are differences between this

model and the MSSM with or withowR-parity breaking: due )

to the fact that there are doubly charged scalar and vector + \/Eflv 2Wx™ flfsvuz x|

fields. Hence, we have doubly charged charginos which are

2
gu,v,

1
6 +ﬁ(\/§f%v,}vp—f1f3vpv,,2

3
+9kle—§,uXv)’(),

mixtures of the superpartners of thevector boson with the g% oy fifs 9% v
doubly charged Higgsinos. This implies new interactions tham ; )= ——— — (v2+ vi), Mg=— A/
are not present in the MSSM, for instange ~x°U* ™, 6 182 ° 3

Y x Ut T717%*", where y** denotes any doubly o

gv,v, 1

charged chargino. Moreover, in the chargino production, be _ = _ '
g g gino p M 1= 6\/5('%0)( MU y)s

sides the usual mechanism, we have additional contributions 10 6
coming from theU-bilepton in thes channel. Due to this fact

we expect that there will be an enhancement in the cross gzv an
section of production of these particles éne™ colliders, Mi7= 6 6\/_(f1,u,,v fiuw,),
such as the Next Linear CollidéNLC) [38]. We will also

have the singly charged charginos and neutralinos, as in the

2
~ ~n o~ o~ U,V
MSSM, where there are processes likel " x°, vl x*, M18:g My
with T denoting any sleptony~ denotes singly charged 6
chargino andy, denotes any sneutrino. The only difference 2
is that in the MSSM there are five neutralinos and in they,,= g_+g,2 2_ (120, +6\/—k3v(,
3-3-1s model there are eight neutralinos. 3 \/—v 2
Finally, we would like to call attention that, whatever the ,
energy scaleu at which sif 8,(«)=1/4 is in the nonsuper- p , Uy , ,
symmetric 3-3-1 model, when supersymmetry is added it F2fpgpyt ‘Ef&“sv“z)jL 12420 (2Fampvs
will result in a rather different value fgx. In conclusion, we ’
can say that the present model has a rich phenomenology —\/ffg,upv(’,;r 2f 1,0, \/_,u)(v(,2 Y
that deserves to be studied in more detail.
2
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3
+9\/§k3UX+ _f3’u’XUX
APPENDIX A: MASS MATRIX OF THE SCALAR \/E

NEUTRAL FIELDS

Here we write down the complete symmetric mass matri 92 1 / '
p Y XM 5= EU vt —=fiu,—fipv)),
in the scalaitC P-even sector; the constraint equations given 612
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2

9 \ve, g
MZG__ ?‘l'g 2 %, M46: 12 pvo'2 12(f3lu‘pv +f3Iu‘SU )
2 _ gz ’ ’
M27: E"‘g,z UPU),( 12\/_(2fll) — U,Z) M47_ 12U0.2UX+12(f3,LLSUp+f3MXUp),
M 4= g2 v/
2fw,—fav,.), 48~ 7 1oVaoploy
1 \/—( 1 3 2)
2
g% ,v! 1 M —g—v + ~(f] fov'%0! —3fu,v,v
pY o, , , 557 1'3%p Yo, 1MpYpY n
Mag=— —5— + o (famsvy+Tan,v,), 8\/—
+3f1,uX —18k1v) ’+3f1,up
2
g 5 1 12 ’ ro.12
M33: _+g,2)l)x_ 12(10,]vp+—k3vpvg +flf3vazv)( )’
3 12\/50)( 2 2
’ _ 2
+2f v, —2f 0 0 +\/_f3,up Vo, MSGZ_% \/_(\/‘f/z ' év;)v(,Tz
+\/Efgusvpv[,z—ZfiMXv;?v;)—k\/§f3,uxv;)v[,2), 3, o
—Efl,u,xvx+9klvx ,
" g2 1 ( 9 k 3 f , gz 1 3
o = v 1ol 4 ’ / ’
347120 oyt 18\/— \/_ vpt J2 3tolp M57=—€vﬂvx (Qk 2f1,upvp+\/—f 2
9\2
—2f,fqv 0 +\/—f3002 ar —fifévgzv;),
2
1 g’ fifs
. _f! 4 __ 2 . 12
M35 6 U7]UX+ 6\/§(fllupvp fl,LLXl)p), M58_ 6 Unvg'z 18\/5( UX )1
2 2
g 1 g 1
M Z(—+g’2 viv,+ ——=(—2fu,0 +\/§f MU o Mge=|—=+g'? v!'%+ 2f v v
36 6 leZ\/E 1#p% g 3FpY o, 66 3 p 12\/51); 1#p% Y x
—2fipp it \/Efé,u,xv(’rz), - \/§f3,upvgzvx+ 2f vy~ \/Eféuxv[,zvx
92 2 rooro 12
Ma7=— +9/ VU _]ﬂ(lvﬂvx_ﬁk oV v 2figy,
2
g ! 1 ! ! —_—
M38:_1_2U02UX+E(f3ﬂsUp+f3MXUp), \/—f3'“5U02 X)’
2 2
g° , 1 , 18 (9 A 1 ., 12
My=—=vs + ——| ff ——Kk Mg=—| =+ vivl+——=| 12kjv. + —kiv
a= 75V, 18\/51)02( 1fav ) \/5 3V 67 6 g Uy 12\/5 1y \/5 3V,
3 2 3 ’ o +2f’,LL U +\/§f’,u,v 3 f,2 , !
\/_f3,u.pv Uy +f1f3vnvp+ﬁf3,u.svpv)( 15V 5 3MsV g, \/—
3 , +if'2 o
_Ef&“‘)(vpvx , \/_ pVx |
- T TR
Mas="5 000, Mes=15050 0, 18@(‘/§f3vvz_2flvn)'
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1 1
(12100, + 12K v, Moy,=———| =6k, v
12\/50),( 1 22 6\/§Up 1¥n

+2f1,u,7v,,v;,—2fi,upv;]vp+\/Efé,upvpv,,z 1 ¢ ) T
E 3/*LSU(rZUX+ 1MpU U

gz 12 12 6
M77: §+g UX - X_Eksvgz X fl#’?vﬂv)(

1
——fiu,vl v!
X [ 3FpY o," x
! ’ 2 2
TN2tusv v, = 2f v 0, NV 2f 300 0,,),

1
2 +fu v, ——=Ffu v, ),
M7e= 12 "2UX 12(6kévl+f3'u“PUp) nr \/— r

. fav), T o 6
_ 1 ek Sk,
18\/5( o, 10y, %5 2 Wy~ 5K
g° /2 1 2 3 ISR
M88 12 Ty 18\/— f f3 77 p + \/§f3MSvPUX 1#9Y g \/E Vg, |
1
3 18 1 ,
+Eféf“xv;”x+ Ekgupu)’ﬁﬁféﬂxvgvx M24—12(6k3vx+f3ﬂxvx),
18”'3' oovt? M——l(f —fim,vy),  Mo=0
\/_k \/Efg,upv —f1fsv . 25_6\/5 1M~ Tippvy), 26="0,

This mass matrix has no Goldstone bosons and eight mass 1
eigenstates. Some typical values of the masses of these scaiM ;= ——=(—2fju v+ \/Efé,upv[,
lars, for a set of values of the parameters, are given in the V2 2
text. In Fig. 1 we show the behavior of the mass of the o 2 )
lightest scalaH; with thev , , the largest VEV in the model. XUy 3V ay)
APPENDIX B: MASS MATRIX OF THE PSEUDOSCALAR

1
Mg= —(f +fiu,vl),
NEUTRAL FIELDS 26 15(Tarsvy T Tam,vy)

The complete symmetric mass matrix in @€-odd sca-

lar sector, with the constraint equations of Appendix C taken Mo,

into account, is given by

1
My=———
" 18V20,
1
M1zzﬁ(f1lbx—6f1vx),
1 !
Myz= w(flﬂpvp_ 6kyv,),
fifs 2, 2
=——(v,tv}),
14 18\/5( P X)

M15: O,

1
M16: ﬁ(flﬂ’nv;_fi/‘l’pvx)!

1
Ml7:$(filu’nv;)_fllu’xvp)r Myg=0,

(flfgv§v02—18klvpvx+ 3fiuv,v0),

6
—6f kv ,v,— Ekgvpvgz—fl,unv W

1

6\/§vX
! 1 ! 1 ’

+fipv v, Ef&upvpv(,z— Ef&usvpv(,z

! ’ ! 1
+f1,uxv,lvp \/_f3,uxvp oy |

1 !

M34:1_2(6k3Up+ f3,LLpUp),

1
MBSZE(flIU‘nUp_ f:’L,LLXU),(),

B 1
M36_E( - 2fl/"LpU 7)+ \/§f3Mpv(1'2

—2f w2t ),

1
Mz=0, Mag=15(Tapsv,+Tamwy),
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18 3

M= Ek3vpvx—ﬁ,upv;vx

2
flf3U7]Up_

1
18\2v,,,

18 3

’ 2
+ ﬁkSvpvx_ EfSMPUpUX+flfSU 7Vx

__fé/.LSU,;U),( f3/'l’)( p X ’
V2 V2

Mys=0, Myg=— 1—2( famov +iaus)),

1
Myz=— 1_2(f3MpUp+f3MXUp), Myg=0,

1 f’ 12 !
18@0’,, e

=18 v, +3f1u,v 0+ fifau, v

M= —3f w0, +3f1n0 0

2
+3fip,pvpv)’(+f1févfrzv;(2),

f,fs

M56: 18\/_(MXU

kiv)’(),

(—6kp! +fip,0,),

_l
612

E

18y2

2 2
(v,°=v}%),

1

12\/§v;

+2f v, — \/Efé,u,xvt;zvx— 12kv,v )

M66: 1lu‘pv Wx— \/—f 3MpU 0'2 X

_Ek (r2 X 2f]_/*l’77 \/—/'LSUU'Z X)’
1 ! ! 12 ! ! !
M67:E —12<1u,,—ﬁ 3o, 2f 10,0,
- \/Efélu’sv(rz )

1
M68=1—2(—fé,uxvx+ 6kél)),(),

1
My=——
122!

Mg

PHYSICAL REVIEW 55 035006
— 12300, \/5 3V,

P \/Efé,(LpUpU:TZ d

—2f v, 2 v
—fau,v,),

1 roor
= 1_2(6k3Up

3 3

M= = 113V PZ_ TEHSU U T TR VU
182v;, V2 V2

ffgﬂ,, Lt fifiurvi?

This mass matrix has two Goldstone bosons and six mass
eigenstates. In Fig. 1 we show the behavior of the mass of
the lightest pseudoscalar scafar as a function ob, . Typi-
cal values for the masses in this sector for a set of values of
the parameters are given in the text.

APPENDIX C: CONSTRAINT EQUATIONS

The constraint equations are
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+ 36(2vp+v

fafs
2)-

9&’7”2

2
+m? +4,LLX

_qux(flﬂpvnv;) fopviv,+ i),
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1
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1 fifsv,
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2
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1
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12,

k3 UpUy
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