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Abstract. The R-symmetry formalism is applied for the supersymmetric SU(3)c ® SU(3), @ U(1)x (3-3-
1) model with right-handed neutrinos. For this kind of models, we study the generalization of the MSSM
relation among R-parity, spin and matter parity. Discrete symmetries for the proton stable in this model
are imposed, and we show that in such a case it is able to give leptons masses at only the tree level con-
tributions required. A simple mechanism for the mass generation of the neutrinos is explored. We show
that at the low-energy effective theory, the neutrino spectrum contains three Dirac fermions, one mass-
less and two degenerate in mass. At the energy level where the mixing among them with the neutralinos
is turned on, neutrinos obtain Majorana masses and correct the low-energy effective result which naturally
gives rise to an inverted hierarchy mass pattern. This mass spectrum can fit the current data with minor
fine-tuning. Consistent values for masses of the charged leptons are also given. In this model, the MSSM
neutralinos and charginos can be explicitly identified in terms of the new constraints on masses which is not

as in a supersymmetric version of the minimal 3-3-1 model.

PACS. 11.30.Er; 14.60.Pq; 14.60.-z; 12.60.Jv

1 Introduction

Although the standard model (SM) gives very good re-
sults in explaining the observed properties of the charged
fermions, it is unlikely to be the ultimate theory. It main-
tains the masslessness of the neutrinos to all orders in per-
turbation theory and even after non-pertubative effects are
included. The recent groundbreaking discovery of nonzero
neutrino masses and oscillations [1-7] has put massive neu-
trinos as one piece of evidence on physics beyond the SM.

The Super-Kamiokande experiments on atmospheric
neutrino oscillations have indicated the difference of the
squared masses and the mixing angle with fair accu-
racy [8,9]:

AmZ,, =1.3+3.0x103eV?,

sin? 20p¢m > 0.9,

(1)
(2)

while those from the combined fit of the solar and reactor
neutrino data point to

2 e-mail: pvdong@iop.vast.ac.vn

3)
(4)

Since the data provide only information about the dif-
ferences in m?, the neutrino mass pattern can be either
almost degenerate or hierarchical. Among the hierarchical
possibilities, there are two types of normal and inverted
hierarchies. In the literature, in most of the cases one
explores the normal hierarchical one. In this paper, we
will comment on a supersymmetric model which naturally
gives rise to three pseudo-Dirac neutrinos with an inverted
hierarchical mass pattern.

The gauge symmetry of the SM as well as those of
many extensional models by themselves fix only the gauge
bosons. The fermions and Higgs contents have to be chosen
somewhat arbitrarily. In the SM, these choices are made in
such a way that the neutrinos are massless as mentioned.
However, there are other choices based on the SM symme-
try such that neutrinos become massive. We know these
from the popular seesaw [10-14] and radiative [15—26]
models. Particularly, the models based on the SU(3)¢c ®
SUB)L®U(1)x gauge unification group [27-39], called
3-3-1 models, give stricter fermion contents. Indeed, only

AmZ =8.010% x 107 %eV?,
tan? 0o = 0.457057 .
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three fermion generations are acquired as a result of the
anomaly cancellation and the condition of QCD asymp-
totic freedom. The arbitrariness in this case is only behind
which SM singlets are put in the bottoms of the lepton
triplets. In some scenarios, exotic leptons may exist in the
singlets. A result of this is quite similar to the case of the
SM neutrinos. As a fact, radiative mechanisms for neutrino
masses arise, which been explored in [40—48].

Forbidding the exotic leptons, there are two main ver-
sions of the 3-3-1 models as far as minimal lepton sectors
are concerned. In one of them [27-29] the three known
left-handed lepton components for each generation are as-
sociated to three SU(3)y, triplets by (v, 1,1)L, in which If
is related to the right-handed isospin singlet of the charged
lepton [ in the SM. No extra leptons are needed and there-
fore it is called a minimal 3-3-1 model. In the variant
model [30-34] the three SU(3)1, lepton triplets are of the
form (v;,1,vf)L, where vf is related to the right-handed
component of the neutrino field v;. These left-handed an-
tineutrinos serve in the role of charge conjugation of the
usual right-handed neutrinos which are required in the
usual see-saw mechanism. We therefore call this a model
with right-handed neutrinos. This kind of 3-3-1 models re-
quires only a more economical Higgs sector for breaking
the gauge symmetry and generating the fermion masses.
Among the new gauge bosons in this model, the neutral
non-Hermitian bilepton field X° may have a promising
signature in accelerator experiments and may be also the
source of neutrino oscillations [49-51]. In the current pa-
per, the neutrinos of the 3-3-1 model with right-handed
neutrinos are the subject for an extended study.

In the model considered, the Yukawa sector has auto-
matic lepton-number conservation, which is broken only
in the Higgs sector. At tree level, the neutrino spectrum
contains three Dirac fermions, one massless and two de-
generate in mass. This is clearly not realistic in view of the
experimental data. However, this pattern may be severely
changed by quantum corrections with the help of lepton-
number violating Higgs couplings [52]. The neutrinos will
obtain Majorana masses, which involve a new physics
SU(3)1, breaking scale and correct the tree-level result.
This gives rise to two possible scenarios, depending on the
size of such scale: (a) an usual see-saw mechanism if the
SU(3)1, breaking scale is very high; (b) an inverted hier-
archy mass pattern (the tree level Dirac mass is of order
AmMmgty) if the SU(3)y, breaking scale is not much higher
than the weak scale. This scenario gives rise to a pseudo-
Dirac neutrino mass pattern. This is a specific feature of
the 3-3-1 model with right-handed neutrinos which was
considered in [52] (see also [53]), but such effects exist in a
very high level of loop corrections.

Some years ago, one of us has proposed the construction
of the supersymmetric 3-3-1 model with right-handed neu-
trinos [54,55]. In this paper, in the frameworks of the con-
sidered supersymmetric version, we explore a consistent
neutrino mass spectrum of such a type but from a differ-
ent side. Namely, the neutral fermion spectrum (neutrinos
as well neutralinos) in this model contains the mentioned
neutrinos. At tree level, the neutrino sector obtains a mass
matrix just as the non-supersymmetric one. However, that

tree-level neutrino sector mixes with the neutralinos in
the supersymmetric version of the model [54, 55]. This will
give real massive neutrinos.

In this case, we show that an inverted hierarchy mass
spectrum for the neutrinos may be obtained, but only at
the required tree level contribution which can fit the cur-
rent data with some minor fine-tuning. Thus, our result
differs from many extensions of the SM. As far as the mech-
anism is concerned, it obviously keeps to the kind of a
seesaw one. It is not as in the case of the minimal 3-3-1
model, in which its supersymmetric version [56] gives only
the real lepton mass spectra when the one loop corrections
are added [57]. Moreover, in our case the charged leptons
always gain consistent masses from different impacts due
to mixing among the neutrinos with the neutralinos.

The outline of this work is as follows. In Sect. 2 we re-
view the concept of R-symmetry and R-parity, in order
to apply this concept on the supersymmetric 3-3-1 model
with right-handed neutrinos. In Sect.3 we define the
R-charge in our model in order to get similar results as
in the minimal supersymmetric standard model (MSSM).
In Sect. 3.1 we impose another discrete symmetry that
allows for neutrino masses but forbids proton decay.
In Sect. 4 we calculate the fermion masses in our model.
Our conclusions are found in the last section. Finally, in
Appendix , we present the mass matrix elements of the
neutral fermions.

2 R-symmetry

It is important to note that the SM can explain the con-
servation of lepton number (L) and of baryon number (B)
without needing any discrete symmetry. However, this is
not the case for supersymmetric theories, where only if
interactions of the type conserving both L and B are re-
quired, one has to impose one discrete symmetry. This sec-
tion recalls how R-parity emerged as a discrete remnant
of continuous U(1) R-symmetry which is necessarily bro-
ken so that the gauginos and gluinos acquire masses in the
MSSM.

2.1 R-symmetry in superspace formalism

The R-symmetry was introduced in 1975 by Salam and
Strathdee [58] and in an independent way by Fayet [59] to
avoid the interactions that violate either lepton number or
baryon number. There is very nice review of this subject
in [60, 61].

The concept of R-symmetry is better understood in the
superspace formalism, where the R-symmetry is a U(1)
continuous symmetry, parametrized by «. The operator
which produces this symmetry is going to be denoted as
R. This operator acts on the superspace coordinate 6, 6 as
follows [62]:

RO — e 90,
RO — 0. (5)
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Hence the 6 has R-charge where R(f) = —1, while 0 is
R(O)=1.

The operator R acts on chiral superfields &(z, 6, 6) and
antichiral superfields ®(z, 8, §), respectively, in the follow-

ing way [63]:
R&(z,0,0) = eZneP(z, e 7190, e1*0) , (6)
RP(z,0,0) = e 2"22P(z,e 7179, e'°0) (7)
where 2ng is the R-charge of the above chiral superfield.
This new charge ng is an additive conserved quantum

number. This operator acts on the vectorial superfield by
the rule

RV (z,0,0) =V (x,e7*0,e'%0). (8)

The expansion of the superfields in terms of § and 8 [63]
is given by

®(x,0,0) = A(z) + V20¢(x) + 00F (z)
+i00™00,, A() — V2 (00)0yp(z)0™0
! 400 0)DA), )
P(z,0,0) = A(z) + V20 (z) + 00 F (x)

jQ (80)00™ Dy 1p(x)

+ L (00)(@0)0A(a),

—i00™00,, A(z) +

(10)

Vivz(x,0,0) = —00™0A,,(z) +1(00)0X(z) —i(60)0A(z)
+, (00)(@0) D)

(expansion in Wess—Zumino gauge),
(11)

where A(x), F(z) and D(z) are scalar fields; 1 (x) and \(x)
are fermion fields, while A,,(x) is a vector field.

Combining (6) and (9) we get the following transform-
ations for the field components, respectively:

A(m)ni e2inea A ()
(@) e (M2 ()
F(x)ni eZilne—Da p(g)

(12)

Similarly, for the antichiral superfield we get
(@)% e A
(2) 2 e (ne =)o) ()
(1,) '_> e—21(n45 1)ozF( )

From (8) and (11), the field components in the vector su-
perfield transform as

(13)

SIS N

A (2) 2 A (2)
Az) 2 el@)(z)
z) Heio)(x) a4
D(z) %  D(x)

The transformations in (12), (13) and (14) can be rewritten
in terms of 4-component spinors as [61]

(x)»iem"‘fo‘A(m) ,
Ap(2) A (z),  Ar)e 2nee A(z),
Az) Bsei5e A(z), U(z)—se2sme—1/2a g(g)
D(@)"%D(x),  Fla)re e P(a),
(2)- e 20D F(z).
(15)
In (15), A is the Majorana spinor which represents the
gauginos, while ¥ (z) represents the Dirac spinor for quarks
and leptons.

For products of left-handed chiral superfields, it is to be
noted that

R H D, (7,0,0) = @2 2ia nac H Doz, 0770, 0) .

Thus, the general superfield terms given now,

/ d*0 &(x,0,0)d(x,0,0),

/d49 B(z,0,0)e” =00 d(z.0,0),

/d29 [12:(=.6.6), if Zna =1, (16)

are all R-invariant.

2.2 Continuous R-symmetry in MSSM

In the MSSM [64] the left-handed fermions are in dou-
blets, whereas the right-handed antifermions are in sin-
glets: Ly, ~ (1,2, -1), If ~ (1,1,2) and QL ~ (3,2,1/3),
ag, ~ (3*,1,-4/3), df, ~ (3*,1,2/3). The Higgs bosons are
in doublets, Hy ~ (1,2, —1) and Hy ~ (1,2,1). With these
multiplets, the superpotential of the model is written as
Wy = peH; Hy + poqe Lo, Hy
W3 = f(lzbfi/aLﬁllgL + szLHQ i T fzJGQzLHl L
+ AabcﬁﬁaLﬁbLlCL + NigjeQiL Lardsy,
+ A diy, Uy iy, - (17)

Hereafter, the superscript L will be removed from the su-
perfields, and the SU(2) indices are default. The super-
script © indicates the charge conjugation and e is the an-
tisymmetric SU(2) tensor. The sub-indices a, b, ¢ run over
the lepton generations e, u, 7, and ¢, j,k = 1,2, 3 run over
the quark ones.

Because of (6) and (7), the terms proportional to A, '
and X\’ are forbidden by the R-symmetry. The following
example illustrates this statement. Suppose that

’IlHl:’I’LHQZO, for Hl, HQ,

, forQ,u®, d° L, I°,
(18)
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which imply

Hy5(2,0,0) = Hyo(x,e790,6%0), (19)
43(13, 6,0) By gl 43(13, eiag, el*g)
=0, u, d° L, I°. (20)
By (12) and (13), their components transform as
Hl,z(x)'i)HLg({L') 5
INJLQ (f)'ie_ia H, 2(1’) s
fu(z)e fi(x), (21)
fi(z)—ve e fi(a),
U (2) 0 (z)

We recall that fILg(a?) are the Higgs bosons, INJLQ (x) are
the higgsinos, f are the squarks and sleptons, and ¥(x)
are the quarks and leptons. The consequence of the above
transformation is summarized as

ordinary particle RiN ordinary particle,

. R +ia .
supersymmetric partner — e “supersymimetric partner.

(22)

Under the transformation law in (21), the conserving
terms are given by
W = fLLH I+ f4QH, d° + f*"QHyuc . (23)
Therefore, the couplings A, M and X" are forbidden by the
charge assignment given in (18). These terms, if they were
allowed, would induce the rapid proton decay. We allow

only the terms from which the fermions in the model gain
masses [60].

2.3 Problem with continuous R-symmetry,
discrete R-parity

Because of (16), all the Lagrangians are invariant under
the continuous R-symmetry and this obviously avoids
the proton decay. However, such an unbroken continuous
R-symmetry which acts on the gaugino and gluino mass
terms would keep them massless, even after spontaneous
breaking of the supersymmetry. To see this, let us remem-
ber that the gaugino’s mass term is given by [65]

mx (AA+AX) (24)
which, under the R-symmetry (14), transforms as
my (eQio‘)\)\ + e_QiO‘S\S\) . (25)

As a result, the mass term (24) is not invariant under the
R-symmetry. This fact forces us to abandon the contin-
uous R-symmetry, in favour of the discrete R-symmetry,
called R-parity. Thereby the R-parity automatically allows
for gluino and other gaugino masses.

However, there is another possibility to guarantee
R-parity conservation in the MSSM. It was firstly shown

that in the model where B—L conservation is automatic [66],
R-parity can be broken by the vacuum, leading to an ef-
fective theory at low energies that has induced R-parity
violating interactions [67]. Here, in this article, we will not
work in this direction and will return our considerations to
R-parity conservation.

The discrete R-parity, denoted by Rq, which is able to
solve the above problem can be obtained by putting o = 7.
Taking this value into account in (5), (6), (7) and (8) we get
the following transformations:

Raf =% 4,
Ry % 4,

Rad(z,0,0) % e2ne7d(z, —0, —0),
Rq®(x,0,0) - e Ane™P(x, —0, —0),
R4V (z,0,0) =% V(z, 0, —0). (26)

It is worth emphasizing that, under this (discrete) trans-
formation law, the terms 660 and 8066 are invariants, which
is very helpful in our further analysis.

Now, under the discrete symmetry, the components of
the superfields transform as

,RA e2in¢ﬂ'A(x)

L, e2i(”¢7%)”w(m) ) (27)
Rq

|_>

’E

eQi(nqs—l)wF(x)

b

m(T)

>

M) (28)
A

Ry

8
~

From (28), we see that (24) is, of course, invariant under
the discrete symmetry, as mentioned. Moreover, the last
term in (16) can be redefined by

/d29 [12.(=.0,6) ,

In the following, we will show that there is a close con-
nection between R-parity and baryon- and lepton-number
conservation laws. Its origin is our desire to get supersym-
metric theories in which B and L could be conserved simul-
taneously avoiding unwanted exchanges of spin-0 particles.

if Y na=0. (29)

2.4 Discrete R-Parity in MSSM

Applying the conditions coming from (29) on Lagrangians
in (17) we get the following equations:

nH1+nH2:0,nL+nH2=O, (30)
ng, +nL+n =0, ng, +ng+nqg=0, (31)
Niy, +nQ+n, =0, ng+nL+ns=0, (32)

2ny,+n; =0, 2ng+n, =0. (33)
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Unfortunately, not all of these relations can be satisfied
simultaneously. Only some of these constraints can be sat-
isfied. For example, choosing

ng, =0, ng, =0, nL:;, nQ=2,
nl——;,nuz—;,nd:—;, (34)
the superfields will transform as
V(z,0,0) "% V(z,—0,-6), (35)
H2(x,6,0) =% Hy o(x,—,—6), (36)
B(x,0,0) 2% —(x,—0,-0), &=Q, u°, d°, L, 1(03.7)

In terms of the field components, we obtain

A ()= A(2), i) Hiale), (@)% —f(@),
A(x) =% —A(z) , Hyo(z)—S —Hy o(z), W(at)»—>@(a(?

!

Therefore, the first condition in (30), both conditions
in (31), and again the first condition in (32) are satisfied,
and this does not happen with the remaining conditions.
The terms in the superpotential (17) which satisfy the rule
with the parameters in (34) are

W= ,u&[;[lﬂé + fibﬁﬁaﬁlzg + Zsﬁélﬁgﬁ; + ngQAlﬂ—lcijc .
(39)

Their others terms are forbidden which is the background
that A and X\ are kinds of lepton-number violating pa-
rameters, while A" is a type of baryon-number violating
parameter.

Equation (38) suggests us to classify the particles into
two types of so called R-even and R-odd type. Here the
R-even particles (Rq = +1) include the gluons, photon,
W= and Z gauge bosons, the quarks, the leptons and the
Higgs bosons. On the contrary, the R-odd particles (Rq =
—1) are their superpartners, i.e., the gluinos, neutralinos,
charginos, squarks and sleptons. Therefore, R-parity is
parity of R-charge of the continuous U (1) R-symmetry and
defined by

+1 for ordinary particles,

R-parity = { (40)

—1 for their superpartners.

The above intimate connection between R-parity and
baryon-number and lepton-number conservation laws can
be made explicitly by re-expressing (40) in terms of the
spin S and the matter-parity (—1)38+L as follows [69]:

R-parity = (—1)?9(—1)38+L (41)

Therefore, all scalar fields (S = 0) can be assigned R values.

1. Usualscalars: B=L=0=— R=+1.
2. Sleptons: B=0,L=1=— R=—1.
3. Squarks: B = é, L=0=—R=-1.
Analogously for fermions (S =1/2).

1. Gauginos: B=L=0=— R=—1.

2. Leptons: B=0, L=1=— R=+1.
3. Quarks: B= é, L=0= R=+1.

Because of the gauge bosons as well as all vectorial fields
having B = L =0, R-parity = +1. It is to be noted that
the above assignment is correct only for the MSSM, where
the vector gauge bosons do not carry the lepton number
(L=0).

To finish this section, let us note that there will be a lot
of other choices of the charges in (33) forbidding fast pro-
ton decay [70]. However, all such choices are due to the
action of R-symmetry which in a general way can be writ-
ten as [71]

O —Pne N P (42)
Here it is similar to a Z symmetry. Among those choices,
there is a possibility which allows neutrinos to gain masses.
Indeed, choosing

ng, =NH, =N, =n;=0,

1 1

an=—2, (43)

we get the following transformation of the superfields:

(Q, uc, dc) — _(Qv ucv dc) )
(L,1% Hy, Ha) — (L,1°, Hy, Ha) . (44)
The terms which are allowed by this new R-parity are ob-
tained by

W = ,U,Gﬁlgg 4+ ,u,oaizaﬁg 4+ f(llbfi/aglig + fg€@lﬁ2’[lj
+ fReQiHdS + NapeeLa Lple + Njj€QiLadf . (45)

As shown in [72-74], this superpotential gives neutrinos
masses.

3 Discrete R-parity in SUSY 3-3-1 RN

In the supersymmetric 3-3-1 model with right-handed neu-
trinos (SUSY 3-3-1 RN) [54,55], the fermionic content is
the following: the left-handed fermions are in triplets/anti-
triplets Lo = (Vg, la, v5)L ~ (1,3, —-1/3),a=¢, p, 75 QaL
= (da,ua,d/a) ~ (373*,0)7 Q= l, 27 Q3L = (U3,d3,ul) ~
(3,3,1/3). The right-handed components are in singlets:
I~ (1,1,1),us, d$, i=1, 2, 3, which are similar to those
in the SM. In addition, the exotic quarks transform as /¢ ~
(3%,1,—-2/3), di¢ ~(3*,1,1/3). The scalar content is min-
imally formed by three Higgs triplets: n = (9,77, 79)T ~
(1, 37 _1/3); X = (X(l),Xiv Xg)T ~ (17 37 _1/3) and p=
(o1, 0% p3)T ~(1,3,2/3). The complete set of fields in the
SUSY 3-3-1 RN is given in [54, 55].
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In the model under consideration, the superpotential is
given by

Wy = ptoaLa®) + praLaX’ + pni + px XX + p2iX’
+ X+ popp’
W3 = AabLafI§ + Moa€LaXp+ Asa€Laiip+ NaveLaLyp
+ k1 Q37 TS + Ky Q3 W° + K2 Q3 X S
+ k5 Q3X U + K3aiQafds + KhosQandy
+ Fa0iQa Pl + Ko Qo pll® + ki5iQ3p'dS + kg Qsp'd
+ 60iQaXd; + KopQaXdS + frepfi+ flep X'f)
+ CaﬁveQAaQABQW + )‘:miQAalA/afif + )‘élgkdfdjdi
+ E14jpdS a5 dS + E2aapQaLadlf + Eipdi W/ ody

+ 3 dSU°dS + EsipdSUSd + Epapd Sl . (46)

Applying the conditions coming from (29) to (46), we get
the following equations:

nL+n,y =0, np+n, =0, ny+n,y =0,

Ny +ny, =0, ny+n,y =0, ny+mn,y =0,
nL-i-np/-i—m:O,
np+ny,+n,=0, 2n,+n,=0,
nQ3+nn/+nu/=0,
nQy +ny +n, =0,
nQ3+np/+nd/=O,
NQ, +ny+ng =0,
NQy +ny+ng =0,
NQe +Np+n, =0,
np/+nxf—|—nn/:0,
nQ, +nn+ng =0,

ny+ny =0,
np+ny,+n,=0,
nQsy + Ny +n, =0,
nQy +ny +n, =0,
nQ3+np/—|—nd=O,
nQ, +ny+nqg=0,
NQ, +ny+nqg=0,
NQ, +np+n, =0,
Ny +ny,+n, =0,
nQ, +nr+nqg=0,

SnQa ZO,

2ng+mnq, =0, ng+ng+n,=0,
ng+ng+n,y =0, 2ng+n, =0, 2ng+n, =0,
2ng +mn, =0. (47)
Choosing the following R-charges:
Ny =Ny =Ny =Ny =n,=ny =0,
nL =nQ, =ngs =1/2,
N =Ny =ng=ny =ng=—1/2, (48)

and looking at (27), it is easy to see that all the fields n, 7/,
Xs X5 05 05 Ly, Qa, Qs, 1, u, v, d and d’ have R-charge equal
to 1, while their superpartners have opposite R-charge,
similar to that in the MSSM. The terms which satisfy the
defined above symmetry (48) are

W::unﬁﬁ/_i_ﬂxAA/ Ko~ /‘27%2/_1_/13)277/

9 9 XX + 9 pp + 9 9
1 s n A A .
T3 MabLap'ly + £1:Q37 45 + K1 Q370 + K2 Q3 X 05
+ ’42@3)2/&/6 + HBaiQaﬁJf + KzgaﬁQAaﬁCilﬁc + I€4aiQAapA’llf
+/€£1aQa/3’lAL/c +/€51Q3ﬁ/df +/€£—)BQ3ﬁld%

+ KGaiQa)ZCif + H%gﬁ@aid/ﬁc

+ frepxn+ fiep' X1y |- (49)

Because of the lepton content of the model considered,
the lepton number L obviously does not commute with the
gauge symmetry. However, a new conserved charge £ can
be constructed through L by making the linear combina-
tion L = zA3 +yAs + LI where A3 and Ag are the diagonal
generators of the SU(3)r, group. Applying this operator on
a lepton triplet, the coefficients will be defined

3)\8 +LI. (50)

2

L =
\/
Moreover, it is useful to produce another conserved charge,
B, which itself is the usual baryon number, B = BI. Thus,
the R-parity in this model can be re-expressed via the spin

S and new charges £ and B:
R-parity = (—1)*3(-1)*+4)| (51)

where the charges B and £ for the multiplets are defined as
follows [52]

Triplet L Q3 X N p

B charge 0 1/3 0 0 0 (52)
L charge 1/3 -2/3 4/3 -2/3 -2/3
Anti-Triplet Qa X' n o
B charge 1/3 0 0 0 (53)
L charge 2/3 —4/3 2/3 2/3
Singlet l¢ u’ dc u'c d’e
B charge 0 -1/3 -1/3 —-1/3 -1/3 (54)

L charge —1 0 0 2 -2

From the superpotential given in (49), it is easy to see
that the charged leptons gain mass only from the term

_)\glb L.p'l§ +h.c. (55)
The Higgs fields can have VEVs given by
(p) = (0,u,0)", (o) = (0,u',0)T,
(n) = (v,0,0), (') = (",0,0)7,
(x)=(0,0,w)", (x')=(0,0,w)". (56)
Combining (55) and (56) we get the mass terms
b e LT (57)

which lead to the following mass matrix:
Al11 0 At12,,/ A113 7
Slu’ "2 By

X = A1321 o )\1322 u A1323 o

A131,,/ A132,,/ A133,,/
3 wogtu gru
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Hence, all the charged leptons get mass. Notice that only
the VEV of p’ is enough to give the charged leptons masses.

Recall that due to conservation of the R-parity defined
in (48), there are no terms which give neutrinos masses in
the superpotential. Thus, in this case the neutrinos remain
massless. On the other hand, the gaugino mass terms are
given by

8

Lemr = _n;,\ lz (A%

a=1

?4+>\?4>\74)]
/ — —
=" (OmAs+Asds) - (58)

Recall that in this model the non-Hermitian gauge bosons
are defined as

V2WE=ViFiv2,
V2YE=VS+ivT
V2 X0 =VA i3, (59)

According to these equations, the gauginos of the model
are defined as

V2 AE =ML FiNg

V2AE =28 £i)T,

V2 Ao = X4 —iA5,. (60)

Then, in terms of these fields, (58) can be rewritten as

—ma AT FATAT + Axodxos) — o (ABA3 4 A58

!
- ”21 ABAB +h.c. (61)

The mass matrix of charginos and higgsinos arises from
the following Lagrangian:

Loy =y [IN"7AG — TN + XA — XX
+XAXAG — XATXAG

_ 77']/)\*0.,'7/5\(1‘4 _1_7,—]/)\*(1,'7/ 214 _ EIA*GP/S\Z
A NG = XA YNNG
sl

1, - 1
- i% [— 3 (MmAp — MAB) — 3 (XxAB —XXAB)
1 ~ kY —) ~
+ (n/n’AB —~ n’n’AB>

1 /- ,< . 2 - < .
+ (X/X/)\B - X’X’AB) +, (pPAB — PPAB)

3
2 (3935 - PN 62
— 4 (PP B B (62)
Using (60), we can rewrite the Lagrangian as
Lray = Ho [V Xy +wX A +u (5 Ay +5EAT)
U/ﬁ/+)\ﬁ/ . w/>~</+>\—
— (BN + ) | - lj; A — iguildA yo

igv o\8 . o . 2 048

— A — A3 0% \/ A
\/2771 A~ 1gWX A xox +1gw 3X2 A
igu _, igu _

+ 2 PN, — \/6 P2 + \/2 771 %+ igu' Ty Axos
1gv . 2 _
/6 A% +igw' X Axo — lgw’\/ PRV
19“ ~/0 8 igu’ ~0\3 1 \/2 ~0

AS — A% —ig'u A
\/6 A V2 P Aq—1g 3P B
ig'v _ ig'w _ ig'v' _

3v/2 3v272 3¢2

ig'w’ ~10 Ny /\/2 ~0
— A +ig'u A +h.c. 63
g/ X2 AB TGN P AR (63)
The mass terms of the higgsinos are given by
B~y fio . o
= = XK - 2pp — 3 € (PXn+ pXil + pxil)

_f1

~l =1 ol =1 -

e(@X'n +p'X'7+pX'7)+he

In the terms of field components, the above expression can
be rewritten as

/;" (A2 + 77"+ 797)
”2”( oo +0°0° + 3y )
"2"( R+ XTI - ‘Q[(ﬁoig—ﬁﬁ‘)n?
+ (o7 x~ —°%%D)ms + (5(2771 _32(1)773) p°
+(p3i~ —p %)Xﬁ(ﬁ%‘f-ﬁfﬁ’)xg}
_ fi [(~/0 ~10 p/2—X/+) 7710
3
+ (X =00) ) + (0 — X7 o0
+ (o5 7T =) x4 (707 — o )x2]+h~6~
(64)

The neutral gauginos and higgsinos are mixed by the
matrix V:

>

B=gauginos,
higgsinos

Xo = Nogtj , (65)

where the x° form fifteen physical Majorana particles. The
charged gauginos mix with higgsinos via two mixing matri-

ces C’ojfﬁ

Xz = (66)

>, Caavd

[B=gauginos,
higgsinos

to form six physical Dirac particles. These matrices will be
presented in the next section.
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3.1 The discrete symmetry for proton stability
and neutrino masses in SUSY 3-3-1 RN

As before, if we choose the R-charges as follows:

1
annnan:2,
nn/:nxlznuznu/:—2,

nQ3:np/:1,nd:nd/:—2,
3 3
2,nl__2,

then the terms under this symmetry are obtained by

n,=-1, ng, = (67)

1 P P o .
W=, (uoaLan’ + p1aLaX' + pnfii 4 p XX
12X+ Xl + 1))
1 PO A P
+ 5 (MavLap s+ AaeLaXp+ AsaeLaiip
+ Map€La L+ k1:Q31 05 + £, Q3 0/
+ £2iQ3X 1S + kHQ3X W + K30iQaide
+ K05QadS + K10iQaplis + Ko Qaptl®
+ 15iQ3p S + Kb Q3p' dS + KgaiQaXds
+ KgasQaXds + frepxi+ frep'X'i’

+ A;aiQaiadg + gQaaﬁQAaﬁad/gc> . (68)

In this case, it is easy to see that the fields L, |, Qq, u, v/,
7,7, % X, p, 0, @3, dand d have R-charge equal to 1,
while the others fields have opposite R-charge.

The superpotential in (68) provides us the mass terms
for leptons and higgsinos:

S T e e S U
- A;“ (Laxp+ pLax) — A;“ (Latip+ pLan)
_ A‘gab LaoLyp+hec., (69)
which in terms of field components get the form
= H0 (vl + 1 + V)
=0 (X + X +VERE)
M2

5 (X0 +i X +i8s)
- “23 (R0 + i + R90)
=0 et - ) o
+ (P — p3la) X3+ (Lo — P°va) x(z’}

)\0« C = ~ ~0.,c ~
= | et —vai9) o+ (5w — i La) mf

0

)\4ab

3 (Vv — viv,) p° + h.c.

(70)

+ (:51+la - ﬁOVa) 77(2)} -

It is easy to see that the above Lagrangian gives mass terms
for neutrinos and forbids proton decay.

4 Fermion masses

With the above mass terms, we get the mass matrices for
the neutral and charged fermions, respectively. Diagonal-
izing these matrices, we get the physical masses for the
fermions.

4.1 Masses of the neutral fermions

Mass Lagrangians for the neutral fermions are easily ob-
tained by

1 N N
Mneutral = - 9 I://'Oa (VaLT};_O + I/;LUIZO)
+ p1a (VaL XL + VL Xs) + i (7070 + 79775 )
~0~/0 ~0~/0 ~0 ~/0
+ iy (XIXT +X9XE) + 11pp"p
iz (T + TR + o (X + 5775 |
1 N 3 )
3 |:)\2au (VSLX? - VaLXg) - )\QawVaLPO
+Azqu (VgLﬁ? - VaLﬁ(Q))
+ A3qWVipB° + Aavtt (VS VoL — Vi VaL)
+ f1vp° %5 + frwp’ iy
+ fru (X577 — X379) + F1v' %S + fiw' 5707
+ i’ (R - i) |
mx
. 2 .
19V _ . 1gv _
+ VR0 igoidayo + 0L

V2 V6

Lo . 2_
iguihgor —iguwy /25N

/
(2Xx0 A x0r + XEA3 + MBS — ”; ABAs
X

igu

v

PN

igu igv’
PN TN g T A
igv’ _ s . 2
= /e A% —igw' X Axo +lgw’\/ IERW
A .
BN =N

V6 V2
. 2 ig'v igw _,
+lg’U\/ PPAs— 7, AB— " XoAB

3 3v/2 3v/2
ig'v’ o ig’w\’/ o v

2
- ig’u’\/?)[)o)\B +h.c.
In the basis @0 of the form

(v1 v2 3 v§ V5 1§ — 1A% — iAo — A xor —1AG

— i 7Y 7 75 75 XY XY X Xa' A7 A1)
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the mass Lagrangian can be written as follows:

—~ ; @)Y +hee.. (71)
Here Y? is a symmetric matrix with the nonzero elements
given in Appendix , where the mass eigenstates are given
by
~0 __ g0 .
Xi = Ni¥, j=1,---,21. (72)
The mass matrix of the neutral fermions consists of
three parts. (a) The first part M, is the 6 x 6 mass ma-
trix of the neutrinos which belongs to the 3-3-1 model with
right-handed neutrinos; (b) the second part My is the 15 x
15 mass matrix of the neutralinos which exists only in its
supersymmetric version; (c) the last part M,y arises due
to mixing among the neutrinos and neutralinos.
Thus, the mass matrix for the neutral fermions is

Y(): Ml/ MI/N
MEN My |-

(73)

To keep consistence with the low-energy effective the-
ories, some Yukawa couplings in the sub-matrices will be
fixed in terms of fine-tunings as needed in this model.
First, we know that the mass matrix M, gives three Dirac
eigenstates. Two of them have degenerate eigenvalues,
my = 2 \/A35+ A5+ Ady3, and the other one is mass-
less. Thus, it is easy to identify the mass splitting m, as
the value of measured atmospheric neutrino mass differ-
ence AMaim ~ 5 X 1072 eV. By putting A2 = M1z = Agas,
we get

Mi2 = A1z = Aoz =2 x 10713

Aa21 = Azt = Mgz = —2x 10713 (74)
It is worth emphasizing that when the mixing terms
are turned on, this inverted spectrum will not only give
rise to mass splitting between the two degenerate Dirac
states, but it will also split each Dirac pair into two non-
degenerate Majorana states, resulting in a spectrum with
six Majorana eigenstates with four heavier ones and two
light ones. Here we are assuming that the solar oscillation
is between the two heavier Majorana states.

Finally, to keep to the mass constraints from astro-
physics and cosmology [75] as well as to be consistent with
all the earlier analyses [57], the parameters in the mass ma-
trix My can be chosen as in this typical example by

iy =300 GeV, p, =500GeV, u, =700GeV,
12 = 50 GeV, p3 =200 GeV, m’' =2000 GeV

px =3000GeV, fi =18, fi =1073. 75
1

Here, in this model, the Higgs bosons’ VEVs are fixed as
follows:

v, =15GeV, v,y =10 GeV ,

v, =244.9GeV, vy =13 GeV,
Uxy = Uy, = 1000 GeV,

and by the value of ¢ given in [75].

Now, mixing terms arise to correct the effective ones;
thus, in some ways we can get the physical masses. In the
first case, the parameters in the mixing matrix M, y can be
chosen as follows.

1. For the dimensionless parameters:

A21 =0, Aoz =0, A3 =0,

A1 =0, Az =0, Ag3 =0. (77)
2. For the mass-scale parameters (in GeV):
po1 =107", puog =107%, o3 =0,
p11=107% 1o =0, p13=0. (78)

Hence, the neutralinos obtain masses in GeV as follows:

3210.2199, 3152.6352, 3152.6352, 3004.7008, 2087.1869 ,
693.1140, 672.9818, 367.2895, 281.0245, 269.3481,

151.7631, 115.9158, 48.4871, 46.7180, 39.5593. (79)
The tauon neutrino gains masses in eV by
5.39600 x 1077, 4.12596 x 10~ 7, (80)

while the masses of the electron and muon neutrinos are
(in eV)
6.31927 x 1072, 5.49914 x 1072,

5.46530 x 1072, 4.70848 x 10~ 2. (81)

In the second case, the values of the parameters in the
mixing matrix M, y are given in another way.

1. For the mass-scale parameters:

to1 =0, o2 =0, poz3 =0,

p11 =0, p12=0, u13=0. (82)
2. For the dimensionless parameters:
A1 =1076, Xga =106, Ny3 =10"6,
A31=107%, X32 =0, A\33=0. (83)

The masses (in GeV) of the neutralinos are

3210.2199, 3152.6352, 3152.6352, 3004.7008, 2087.1869 ,
693.1140, 672.9818, 367.2895, 281.0245, 269.3481,

151.7631, 115.9158, 48.4871, 46.7180, 39.5593. (84)

The tauon neutrino in this case gains masses in eV by

1.95303 x 107%, 4.87078 x 107> (85)

Also, the electron and muon neutrinos have masses in eV

8.37329 x 1072, 5.52047 x 1072,

5.51605 x 1072, 3.69629 x 10~ 2. (86)
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Notice that the coupling constant g’, Ayqp and the param-
eter m’ appear only in the mass matrix of the neutral
fermions, while those of the charged sector are A\j4p.

As above, we give two typical examples of the values of
the mixing terms which not only give the consistent mass
spectra of the neutrinos but also keep a large enough hi-
erarchy, so that the neutralinos gain masses satisfying the
lower mass limit (> 32.5 GeV) from astrophysics and cos-
mology. Consequently, the neutrinos in this model yield
inverted hierarchy mass patterns as shown in Fig. 1.

4.2 Masses of the charged fermions

The terms contributing to the masses of the charged
fermions are

A Afom At
Menargea = =" lalz?U'—J;l (B3X"v+p i w)
/
- J;j (85 X" + i ')

—mx (A Ay FAPAY) +ig[oi~ Ay + wx ™A
+u (B A + 83 Ay) — VT,
—w' XAy~ (B Ay 5 Ay) |

By ot B x| <bsi—y My o o
=T = (B A ) = R
Hoa; ~+ HMla; o0 M2 . 0 H3 . 4
_ l — l — _
o lafl 5 laX o 17X o X 1]
A A
- ;aza,awar ;alaﬁ;v—i—h.c.

To write the mass matrix, we will choose the following
bases:

Y = (111213—1A;V—1A;77‘>2‘ﬁ’fﬁ’{)T

N oy gt gt i\ T
v = (515N AT TR B 57 ) (87)
and define
vt = (yry)" (88)
With these definitions, the mass term is written in the form
1
- @HTYE0* +he., (89)
mao
ma
solar
my
ms
atmospheric
Fig. 1. The inverted hierar-
me chy mass pattern of neutri-
ms nos in the model

where

v+ — ( )(’()‘(;T> . (90)

Then, the X matrix is given by

X =

A1,/ Azl A1z, / 0 >\21,w_>\§1v

1 1
o M01 511 T3

0
3

21,/ A2z ,/ >\1323 « 0 0 %,UIOQ %MlQ §2 w— >\§2 v
>\1331 u >\1332 u >\1333 « 0 0 é,UfO?) %Ml?, >\§3w _/\gsv

0 0 0 —my 0 —gv/ 0 qu 0

0 0 0 0 —my 0 —gw 0 gu

0 0 0 gv 0 foH By o0

0 0 0o 0 gw K o0 Lo

0 0 0 —g 0 Gu o0 g 0

0 0 0 0 —gi/ 0 B o0

The chargino mass matrix Y+ is diagonalized by using two
unitary matrices, D and F, defined by

XS =Dyt X =Byl i, j=1,--,9. (91)

The characteristic equation for the matrix Y+ is

.

+ —
det(Y= — AI) = det [( Y )

)] = det()\? —XT-XZ).Q)

Since X7'- X is a symmetric matrix, A must be real and
positive because Y+ is also symmetric. Hence, to obtain
eigenvalues, one only has to calculate X7 - X. Then we can
write the diagonal mass matrix as
Mscm = E*XD™ L. (93)
To determine E and D, it is useful to make the following
observation:
M2y =DXT- XD ' =E*X-XT(E)™Y  (94)
which means that D diagonalizes X7 - X, while E* diag-

onalizes X - XT. In this case we can define the following
Dirac spinors:

v = (%) e = (k) 99)
where {; is the particle and X; is the antiparticle [64, 76].

Now, to get mass values, all the parameters in the neu-
tral sector should be kept in this sector of the charged
fermions. Corresponding to the first case in the neutral sec-
tor, we have obtained the following masses (in GeV) for the
charginos:

3156.1474, 3004.4371, 665.1171, 263.3014,

209.0726,45.9104 . (96)

The ordinary leptons gain masses in GeV as follows:
m, = 1.7766, m, = 0.1057, m. = 0.00051. In this case, the
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masses have been obtained by using the remaining set of
the dimensionless parameters:

A =118x107%, A =10"7,  Anz=107",

)\121 = 10_7, )\122 = 2.44 X 10_2 s )\123 = 10_7 s

M1 =107, Ai32=10"7, Ai33=4.10x107'.
(97)

The second case is obtained by changing only the mix-
ing terms as in the neutral sector. As a result, the masses
are the same as in the previous case. Thus, the ordinary
charged leptons get the consistent masses; and, the lightest
chargino with the mass of 45.9104 GeV is in the experimen-
tal lower limit of 45 GeV. It was shown in this section that
there are nine fermions. However, as mentioned above, by
the conservation of R-parity, there are only six charginos.
To summarize, as above we have given at the tree
level the consistent masses for the charged leptons and the
neutrinos in the supersymmetric 3-3-1 model with right-
handed neutrinos. Such a model for the leptons is simpler
than that of the supersymmetric minimal 3-3-1 model [56],
where the loop corrections are needed for the masses of the
leptons [57]. The charginos and neutralinos in this model
gain masses respectively very smaller than those of the su-
persymmetric minimal 3-3-1 model [57]. Contrasting with
the supersymmetric minimal 3-3-1 model, the MSSM neu-
tralinos and charginos in this model can be directly iden-
tified via the mass spectra given above, where the mass
constraints on the MSSM particles can be found in [78].

5 Conclusion

In this article, we have found, in framework of the super-
symmetric 3-3-1 model with right-handed neutrinos, def-
initions of the R-charges which are similar to that in the
MSSM. This means that in the model considered, there
is one discrete symmetry which allows the neutral and
charged fermions, gauge bosons and scalar fields to get
masses, at same time forbidding proton decay. Thus, in this
case there exists a phenomenology similar to the MSSM
with the famous missing transverse energy events, which is
specific of the R-parity conservation [77].

We have shown that there is one symmetry which gives
neutrinos masses but forbids proton decay. Unlike the cases
with the MSSM and the minimal 3-3-1 model [57], in this
model, all the fermions get masses at the tree level.

The famous relation for the R-parity in the MSSM has
been generalized to this kind of 3-3-1 models. In this case it
relates to the new conserved charge £. A simple mechanism
for the mass generation of the neutrinos has been explored.
We have shown that the model naturally gives rise to an in-
verted hierarchy mass pattern for the neutrinos. Moreover,
the MSSM superpartners in this model can be explicitly
identified, which is unlike the case of the supersymmetric
extension of the minimal 3-3-1 model.
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Appendix: Mass matrix elements of Y°

The nonzero elements of Y are

U
mis=mMs51= — 3 ()\421 - )\412) ,
U
mie=Me1 =", (Aa31 — A1),
01 A1
mi,13 =Mi13,1 = 9 mi1,14 =Mi41 = — 3 u,
_ _p1n _ Az
mi,17 = Mi71 = 9 mi,18 =Mig,1 = — 3 u,
_ A2
mi,20 = M20,1 = — 3 w,
U
M24=M42 =", (Aa12 — Aa21),
o o u o _ Mo2
M2.6 =M62 =~ (Aa32 — A423) ,M2,13 = Mig2 = 5
A32 H12
m214 =Mi14,2 = — 3 U, mzi17 ="mMir2 = 9 7
A22 A22
ma 18 =Mi182 = — 3 u, Mz 20 =1M20,2 = — 3 w,
U
M34=Mag=—, (Aa13 — Ma31)
Uu
M35 =53 =, (Aa23 — A\az2)
_ _ Mo3 _ 33
ms3 13 = M13,3 = 9 m3 14 = Mi14,3 = — 3 u,
o s _ a3
ms317 = Mi17,3 = 9 mg3 18 = 1MM18,3 = — 3 u,
B A B a1
ms320 = M20,3 = — 3 w, My,12 =M124 = 3 u,
01 A21
My 15 = Mi54 = 9 My 16 = M16,4 = 3 u,
11 A1
mMy4,19 =M19,4 = 9 My 20 = MM20,4 = 3 v,
A32 1402
ms,12 = M12,5 = 3 U, Ms515 = Mi55 = 9
_ Ao _ M2
ms,16 = M16,5 = 3 U, Ms19 =1"M195 = 9 7
_ A3 _ A3z
ms,20 = M20,5 = 3 v, Me,12 =M12,6 = 3 u,
B o3 B 23
me,15 = Mi15,6 — 9 me,16 = M16,6 — 3 u,
_ 3 _ 33
me,19 = M19,6 = 9 me,20 = 1M20,6 = 3 v,
qu
mr7=—Mx, M712 ="M127 = )
V2
gv’ gu
My7,13 =M13,7 = — , M7.20 = M20,7 = — )
B ) \/2 B B \/2
gu’
My7.21 = M13,7 = — V2 , Mg,9 = Mg g =Mip,10 = —Mx,
/
mgi14a =Mi48 = gv, Mg 17 =Mi78 = —gw ,

!/
mg,15 = Mi59 = —gv , Mg,16 = Mi6,9 — gW,
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mi0,12 = M12,10 = J

gu gv’

mi0,13 = M13,10 = —
9 5 ) 9
6 V6

2

2
/
™mi0,18 = T18,10 = — gw, mMio,19 = 119,10 = gw ,
’ 3 3
gu gu’
mM10,20 = M20,10 = , M10,21 =M21,10 = — ’
’ V6 V6
m =-m mi1,12 =Mi12,11 = g’v
11,11 = —m = = - ,
’ El El 3\/2
g/v/ g/w
mi1,13 = M13,11 = , TM11,18 = Mi1g,11 = — ,
3v/2 3v2
glw, 2,
mi1,19 = M19,11 = , 11,20 = M20,11 = gu,
3\/2 3
_ _ 2,, o My
mi1,21 = M21,11 = — 39 u , Mi2,13 =Mi13,12 = 9
B _ pe2 B _h
miz2,17 = Mi7,12 = 9 mi2,18 = M18,12 = 3 u,
- N - M3
mi2,20 = M20,12 = 3 w, Mi3,16 = M1i16,13 = 9
! U
_ N _ _ fl /
mi3,19 = M19,13 = 3 u , Mi3,21 = M21,13 = 3 w,
_ _ HMn _ _ fl
mMi4,15 = Mi15,14 = 9 mMi4,16 = M16,14 = — 3 u,
I
_ M2 _ _ fl /
mMi4,19 = M19,14 = , Mis 17 =mMir15=— U,
2 3
_ _ M3 _ _ Hx
mi5,18 = M18,15 = 9 mie,17 = Mi17,16 = 9
_ _ bx _ _h
miv7,19 = M19,17 = 9 mi7,20 = M20,17 = 3 u,
_ _ bx _ _h
mig8,19 = M19,18 = 9 mig,21 = M21,18 = 3 v,

mi9,21 = M21,19 =

!/

1,/ _ _ Hp
U, M20,21 = M21,20 = 9

s (A1)
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