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The SU(3)¢ ® SU(3); ® U(1)y gauge model with the minimal scalar sector (two Higgs triplets) is
studied in detail. One of the vacuum expectation values u is a source of lepton-number violations and a
reason for the mixing among the charged gauge bosons—the standard model W and the bilepton (with
L = 2) gauge bosons as well as among neutral non-Hermitian X° and neutral gauge bosons: the photon,
the Z, and the new Z'. Because of these mixings, the lepton-number violating interactions exist in both
charged and neutral gauge boson sectors. An exact diagonalization of the neutral gauge boson sector is
derived and bilepton mass splitting is also given. The lepton-number violation happens only in the
neutrino but not in the charged lepton sector. In this model, lepton-number changing (AL = *2)
processes exist but only in the neutrino sector. Constraints on vacuum expectation values of the model
are estimated and u = O(1) GeV, v = vy = 246 GeV, and w = O(1) TeV.
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I. INTRODUCTION

The SU(3), ® SU(2); ® U(1), standard model of the
strong and electroweak interactions, with the SU(2); ®
U(1)y symmetry spontaneously broken down to the
U(1), of electromagnetism, is an excellent description of
the interactions of elementary particles down to distances
in the order of 107! cm. However, it also leaves many
striking features of the physics of our world unexplained.
Some of them are the generation number problem, the
electric charge quantization, and the neutrino oscillations
[1] which confirm that neutrinos are massive and the flavor
lepton number is not conserved. It suggests that it is
important to point out the complete dynamics of Higgs
fields. All this requires new interactions beyond the con-
ventional interactions in the standard model (SM).

A very common alternative to solve some of these
problems consists of enlarging the group of gauge symme-
try, where the larger group embeds properly the SM. For
instance, the SU(5) grand unification model [2] can unify
the interactions and predict the electric charge quantiza-
tion, while the group Eg can also unify the interactions and
might explain the masses of the neutrinos [3]; see also [4].
Nevertheless, such models cannot explain the generation
number problem.

A very interesting alternative to explain the origin of
generations comes from the cancellation of chiral anoma-
lies [5]. In particular, the models with gauge group G35, =
SU@B3) ® SU(3);, ® U(1)y, also called 3-3-1 models [6—
9], arise as a possible solution to this puzzle, since some
such models require the three generations in order to cancel
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chiral anomalies completely. An additional motivation to
study this kind of model comes from the fact that they also
can predict the electric charge quantization [10] and the
neutrino oscillation [11].

Such 3-3-1 models have been studied extensively over
the last decade. In one of them [6], the three known left-
handed lepton components for each generation are associ-
ated to three SU(3); triplets as (v, [, [°);, where [§ is
related to the right-handed isospin singlet of the charged
lepton [/ in the SM. This model requires that the Higgs
sector contains three scalar triplets and one scalar sextet.
In the variant model [7,8], three SU(3); lepton triplets are
of the form (v, [, »{),, where v is related to the right-
handed component of the neutrino field v; (a model with
right-handed neutrinos). The scalar sector of this model
requires three Higgs triplets; therefore, hereafter we call
this version the 3-3-1 model with three Higgs triplets
(331RH3HT). It is interesting to note that, in the
331RH3HT, two Higgs triplets have the same U(1)y charge
with two neutral components at their top and bottom.
Allowing these neutral components vacuum expectation
values (VEVs), we can reduce the number of Higgs triplets
to two. As a result, the dynamics symmetry breaking also
affects the lepton number. Hence it follows that the lepton
number also is broken spontaneously at a high scale of
energy. This kind of model was proposed in Ref. [12] but
has not gotten enough attention. In Ref. [13], phenomenol-
ogy of this model was presented without mixing between
charged gauge bosons as well as neutral ones.

Phenomenology of the 3-3-1 model in the version that
includes right-handed neutrinos with two Higgs triplets is a
subject of this study.

The paper is organized as follows: In Sec. II we recall
the idea of constructing the two-Higgs 3-3-1 model.
Section III is devoted to Higgs potential. In Sec. IV, masses
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of charged gauge bosons are given and an exact diagonal-
ization of neutral ones and their mixings are presented.
Because of the mixings, currents in this model have un-
usual features in the neutrino sectors which are presented
in Sec. V. In Sec. VI, constraints on the parameters of the
model and some phenomena are sketched. Finally, in
Sec. VI we summarize our main results.

II. THE PARTICLE CONTENT

The particle content in this model, which is anomaly
free, is given as follows:

V; |
iL — [ -~ 31 i

sz €; < 3>
vi )L

eiR~(1’_1)r i = 1;2;3:
u
1 1

Quu=|\d | ~ (3, *>,

3 (1)

u L
d,

QQ{L = _MD( -~ (3*! O)J a = 2) 3)
D, /,

2 1
Ug~(1,2) Dop~{1,—=)
K (3) K ( 3)

Here, the values in the parentheses denote quantum num-
bers based on the (SU(3),, U(1)x) symmetry. In this case,
the electric charge operator takes a form

1
0=T; 7 Ty + X, 2
where T, (a =1,2,...,8) and X stand for SU(3); and
U(1)x charges, respectively. Electric charges of the exotic
quarks U and D, are the same as of the usual quarks, i.e.
qu :%andQDa = _%-
The SU(3); ® U(1)x gauge group is broken spontane-
ously via two steps. In the first step, it is embedded in that
of the SM via a Higgs scalar triplet

X (1) 1
v=|x |~(3-3) 3)
0
X3
acquired with VEV given by

<X>_E<2> C))

In the last step, to embed the gauge group of the SM in
U(1)g, another Higgs scalar triplet
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¢ )
o= ¢ |~ (3, g) 5)
b3
is needed with the VEV as follows:
1 0
() = NG ( 16 ) (6)

The Yukawa interactions which induce masses for the
fermions can be written in the most general form as

Ly=(LY+ L)+ Lo, 7
where
(LY + LY) = hi, 01, xUg + g Qar X" Dpr

+ i dese + hiyepmn i)y (Win)n(B),

+ 1,01 pdig + b Q01 d*uig + He,
¥

£?/11X = hlfiélLX”iR + hﬁi@aLX*diR + h/l/aélL‘ﬁDaR
+ W0, ¢ Ur + He. ®

The VEV w gives mass for the exotic quarks U and D, u
gives mass for uy, d, quarks, while v gives mass for u,,, d;
and all ordinary leptons. Indeed, a consistent mass spec-
trum was given in Ref. [13]. With this mass pattern for the
quarks, it follows that in the model under consideration the
first family has to be different from the other two. Note that
in the usual 331RH3HT, the third family of quarks should
be discriminating [14].

As was mentioned above, the VEV w is responsible for
the first step of symmetry breaking, while the second step
is due to u and v. Therefore we assume that

uv < w. (10)

The Yukawa couplings of Eq. (8) possess an extra global
symmetry which implies a new conserved charge (L)
through the lepton-number (L) by diagonal matrices [15]
L = xT5 + yTs + L. Applying L on a lepton triplet, the
coefficients will be defined

L= 4 Ts + L (11)
N
Here, the L charges of the fermion and Higgs multiplets
can be obtained by

L (i, Qi Qars D X €irs Uirs dig, Ug, Dag)
1 22 24
=—, ——=,-,—=,-,1,0,0,—2,2. 12
3733 33 (12)
It is worth emphasizing that L is not broken by VEVs v, w
but by u which is behind L(x?) = 2 (see also [16]). This
means that u is a kind of the lepton-number violating
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parameter. Moreover, the Yukawa couplings of (9) also
violate £ with *2 units which confirm that they are very
small.

II1. HIGGS POTENTIAL

In this model, the most general Higgs potential has a
very simple form

Vix, ) = pixtx + niote + Li(xTx)? + (ot ¢)?
+ 40T ) + (T Ty,  (13)

Note that there is no trilinear scalar coupling and this
makes the Higgs potential much simpler than the previous
ones [15,17] and closer to that of the SM. The analysis in
Ref. [12] shows that after symmetry breaking there are
eight Goldstone bosons and four physical scalar fields. One
of two physical neutral scalars is the SM Higgs boson.

To break the symmetry spontaneously, the Higgs vacu-
ums are not SU(3); ® U(1)y singlets. Thus, nonzero values
of y and ¢ at the minimum value of V(y, ¢) can be easily
obtained by
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_ )‘SIU«% - 2)\1,"«% — U_2

+
. 1
¢ ¢ AMA -2 2 (15)

It is worth noting that any other choice of u, w for the
vacuum value of y satisfying (14) gives the same physics
because it is related to (4) by an SU(3); ® U(1)y trans-
formation. Thus, in a general case we assume that u # 0.

IV. GAUGE BOSONS

The covariant derivative of a triplet is given by
D,=9d,—igT,W,, —igxToXB, =9, —iP,, (16)

where the gauge fields W, and B transform as the adjoint
representations of SU(3); and U(1)y, respectively, and the
corresponding gauge coupling constants g, gx. Moreover,
Ty = \/Lgdiag(l, 1,1) is fixed so that the relation

To(T,Ty) =304y (a0’ =1,2,...,9) is satisfied. The

2 _ 2 2 2
xtx= Asp) 2/\2';" _wto ) (14) P, matrix which appeared in the above covariant deriva-
4014y — A3 2 tive is rewritten in a convenient form
J

s + 5 Ws, + 1,2XB, 2W J2X1

_8 _ _
Pu=3 V2ZW; ~ Wy, + Wy, + 1,3XB, V2Y); : (17)

J2X J2Yl — 2 Wy, + L2XB,
where t = gy/g. Let us denote the following combinations
WLi - Wl,u + iWZ;L’ Y;'LI — W6,u + l.W7’u) Xﬁ) — W4M - iWle’ (18)
V2 V2 V2

having defined charges under the generators of the SU(3); group. For the sake of convenience in further reading, we note
that W, and Wj are pure real and imaginary parts of X;? and Xﬁ)*, respectively,

1 *

1
W5 = —F=

u ﬁ(XE — X3 (19)

The masses of the gauge bosons in this model are followed from

LG8 = (D ()" (D)) + (D, ()" (D*(x))
2

T4

oQ

2 2
2 42\ 8 (2 o\yi- i -
(u? + V)W WTH + Z(w + V)Y YR+ 1 (WY # + Y- WiTk)

2,,2

gv 1 2 2 2 g%yl 1 12 2

2,2 2
g w 2 1 2 2 guw 1 1 2 :
+ — Wy, —13.2B, ) + S22 (W, + =Wy, — 12, [ZB, (X108 + X0
8 ( Nele 3\£ “) 4@( BV R ">( :
pgue 2 gl P Nooe x4 & 02 4 w20 + X0 4 LK — XOYB) (20
4\/5 \/g Su tg g " ( ) 16(” w){( " M) [l( " w )] } ( )
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The combinations W’ and Y’ are mixing via
2 2 2 1+
cc _ 8 _ o futv uw W
L s = Z(W’/‘ Yo )< Uw w? + 1?2 )( y'te )

Diagonalizing this mass matrix, we get physical charged
gauge bosons

W, = COSHW;[ + sinﬁY;[,
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2
My =502 + v + o). (24)

Because of the constraints in (10), the following remarks
are in order:
(1) 6 should be very small, and then W, = W, Y =
Y/
e
(2) v = vy = 246 GeV due to identification of W as

21
Y, = —sindW/, + cosfY!,, @D the W boson in the SM.
Next, from (20), the W5 gains mass as follows
where the mixing angle is defined by
u g2
tanf = o (22) M5, = Z(a)2 + u?). (25)
The mass eigenvalues are
- Finally, there is a mixing among W5, Wy, B, W, compo-
M2 = gv (23) nents. In the basis of these elements, the mass matrix is
W 4’ given by
|
u? + v? “7;\/5”2 — 3%(142 + 202) 2uw
MZ_UZ
M g_2 e %(4(1)2 + u? + v?) @(2(02 —ur+ 2% - %uw 26)
4| 2@+ 207 ZReP-u?+20) L+t h?) e
2uw —%uw —%uw u> + w?
[
Note that the mass Lagrangian in this case has the form follows:
LYS =WIMPV, VI =(W; Wy, B, W,). (27) NeT
1 —t
In the limit u — 0, W, does not mix with W5, Wg,, B,,. In Ay = —F—= ,
the general case u # 0, the mass matrix in (26) contains VI8 + 4r 32)/2
two exact eigenvalues such as (31)
2 tan26
M =0, M, =T (0 +u?), (28) W = 1 +/3 tan26
V1 + 4tan?26 0
Thus the W) and W5 components have the same mass, and 1

this conclusion contradicts the previous analysis in
Ref. [12]. With this result, we should identify the combi-
nation of W} and Ws

V2XG, =W, — iWs, (29)
as a physical neutral non-Hermitian gauge boson. The
subscript 0 denotes neutrality of gauge boson X.
However, in the following, this subscript may be dropped.
This boson caries lepton number two, hence it is the
bilepton like those in the usual 331RH3HT. From (23),
(24), and (28), it follows an interesting relation between the
bilepton masses similar to the law of Pythagoras

M3 = M% + M3, (30)

Thus the charged bilepton Y is slightly heavier than the
neutral one X. Let us remind the reader that the similar
relation in the 331RH3HT is [M} — M%| = m3, [18].
Now we turn to the eigenstate question. The eigenstates
corresponding to the two values in (28) are determined as

To embed this model in the effective theory at the low
energy we follow an appropriate method without Higgs
bosons in Refs. [19,20], where the photon field couples
with the lepton by strength

V3gx -
LM = — 29X Jyuip (32)
" TR

Therefore the coefficient of the electromagnetic coupling
constant can be identified as

V3gx
V18 + 412

Using continuation of the gauge coupling constant g of
SU(3), at the spontaneous symmetry breaking point

g =g[su@2), 1=

(33)

= e.

ay (34)
Sw

from which it follows
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3\/§SW

,/3—4s%4,'

The eigenstates are now rewritten as follows:

(35

t 2
A, = syWs, + cw<—\/—ng8M 1 -3B )
57 \/§120
Wy, = ——=W;, + ——=Ws, 36
g 1+ 43, |1+ 43, (36)
1
S

V1 +45,

where we have denoted sy = sinfy, t,, = tan26, and so
forth.
The diagonalization of the mass matrix is done via three
3 !
steps. In the first step, in the base of (Aw Z,,Z,, W4u)’ the
two remaining gauge vectors are given by

_ tw fiv
Zl‘« = CWw3;L - Sw(_ﬁw&u + 41 — ?B/,L)’
(37)
N L T
® 3 Bu \/g e
In this basis, the mass matrix M2 becomes
2
g
M/2 e
4
0 0 0 0
0 wi? cowu? v 2uw
C%A/ C%A/*/3_4S€v Cw
x| o cwroy  vHhderes | o
‘%4/\/3_4“'%1/ c%v(3—4s€‘,) L'W\/3—4S%V
uw 2uw 2 2
uw ——ue +
0 w cw~/3—4s3, u @
(38)

Also, in the limit u — 0, W,,, does not mix with Z,,, Z},.
The eigenstate W} . 18 now defined by
|
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12 _
Wy, =g Ny,
n —“n —n
CW'\'I + 4t20 Cw 1+ 4t20

1
S——
A1+ 46,

We now turn to the second step. To see explicitly that the
following basis is orthogonal and normalized, let us put

(39)

L

Cw»” 1 + 41%0
which leads to

+ 41 = 2,(4ck, — DW,,] 41)

Note that the mixing angle in this step 6’ is the same order
as the mixing angle in the charged gauge boson sector.
Taking into account [21] S%v =~ (.231, from (40) we get
sg = 2.285,. It is now easy to choose two remaining gauge
vectors

ZM = Ca/ZM - Sa/[f@/w,él'c%v - IZ;L
1= 2.(4ck, — DW,,]

Z, =1 = 2,4c}, — DZ), — tyaf4ch, — Wi

Therefore, in the base of (A w Z w Z’/L, Wi M) the mass
matrix M'? has a quasidiagonal form

(40)

Sg =

(42)

- g [(1 + 38 )u* + (1 + 43,)v* — 13,0%]

z ey + (3 — 4s3)3,]

2 =

g1+ 4t§0{[czw + (3 - 4s%4,)t%9]u2 o G 4S%V)t%0w2}

0 0 0 0
0 m? m> 0
2 Z zzZ
M = 0 msy Mm% 0 ’ (43)
0 0 0 E@W+ed)
with
(44)

mzz

4.3 = 4s¥[c3, + (3 — 4s%)3,]

s

) _ gz{[c%W + 3 - 4S%W)t%9]u2 +v? + [4(:%‘, +(1+ 4C%V)(3 - 4S%V)t%9]w2}
z 43 — 4533, + 3 — 4s3)85,] )

In the last step, it is trivial to diagonalize the mass matrix in (43). The two remaining mass eigenstates are given by

1 — _
Z,=c,Z, 5,2

oL Zi =5,2, +c,2, (45)

[

where the mixing angle ¢ between Z and Z' is defined by
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VB = 4s3)(1 + 43 ){[caw + B — 4533, 1 — v? — (3 — 4s3)3, 0%}
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1, = .
20 [2s3, — 1+ (8s3y — 25% — 3)5,Ju? — [cow + 2(3 — 4s3)13,]v° + [2¢}, + (Bsh, + 9caw) B3, ]w?

The physical mass eigenvalues are defined by

(46)

c(u? + w?) +v? - \/[C%V(uz + @?) + v + (3 — 45%)Bu0? — utv? — viw?)

5

M2, =
z 2723 — 4s3)

2 C%V(u2 + w?) + V2 + \/[C%V(uz + w?) + v + (3 — 45%)But0? — uv? — viw?)
2= .

Because of the condition (10), the angle ¢ has to be very

small
A3 — 4s3[v? + (11 — 14s3)u?]
~ - u YV @

th, =
4 264,07

In this approximation, the above physical states have
masses

2
M= 5 (0 = 3, (48)
w

2.2 2
) 8 Cyw

Consequently, Z! can be identified as the Z boson in the
SM, with Z? being the new neutral (Hermitian) gauge
boson. It is important to note that in the limit u — 0
the mixing angle ¢ between Z and Z' is always non-
vanishing. This differs from the mixing angle 6 between
the W boson of the SM and the singly charged bilepton Y.
Phenomenology of the mentioned mixing is quite similar
to the W; — Wy mixing in the left-right symmetric model
based on the SU(2)r ® SU(2); ® U(1)z_; group (see
[20D.

V. CURRENTS

The interaction among fermions with gauge bosons
arises in part from

ipy, D" = kinematic terms + HC + HNC.  (50)

A. Charged currents

Despite neutrality, the gauge bosons X°, X% belong to
this section by their nature. Because of the mixing among
the SM W boson and the charged bilepton Y as well as
among (X° + X%) with (W5, W, B), the new terms exist as
follows:

HOC = (Wi + I8 Y + J47X0 + He), (51)

8
V2

where

2¢7%(3 — 4s%)

[
Jy = co@yy*ey +uy*dy)

+ 50T yrey + Upytdyy + Tla v Dyr),  (52)

Iy =@ y*en + Upy*diy + Uar ¥ Dar)

—sg(Tipytey + Uy d), (53)

0 _ _ =
Jﬁé =(1-— f%g)(ViL’}’MVfL + U, y*UL — Doyt dear)
— By@ v vip + UpyPuy, — dar¥"Dar)

L _ _
+ ————=@y*vy; + Uiy uy,

A1+ 45,

—Upy*Up = dary*dar + Dor¥"Dyr).  (54)

Comparing with the charged currents in the usual
331RH3HTI(8], we get the following discrepancies:

(1) The second term in (52).

(2) The second term in (53).

(3) The second and the third terms in (54).
All mentioned above interactions are lepton-number vio-
lating and weak (proportional to siné or its square sin’6).
However, these couplings lead to lepton-number violations
only in the neutrino sector.

B. Neutral currents

As before, in this model, a real part of the non-Hermitian
neutral X”° mixes with the real neutral ones such as Z and
Z'. This gives the unusual term as follows:

HNC = eArJEM + [NC 4 [NC (55)

unnormal*

Despite the mixing among W3, Wg, B, W,, the electro-
magnetic interactions remain the same as in the SM and the
usual 331RH3HT, i.e.

TM=>qifvuf. (56)
f

where f runs among all the fermions of the model.
Interactions of the neutral currents with fermions have a
common form
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LNC = f??’”[gkv(f) — g (NYIfZE, k=12, (57)
w
where
o) = coAT5(f1) = 363,X(f 1) + [(3 — 8s3)13, — 253, 10()} s [(4cyy — DT5(f1) + 3c3X(f1) — 3 — 553)0(f)]
v = ,
VA 420 + G = 13)3,] ek = DI1+ G~ 5)2,]
(58)
2ia(f) = c [ T5(fL) — 38,(X — O)(f1)] _ sel(4c, — DT5(f) + 3¢k, (X — 0)(f1)] (59)
1A = ,
\/(1 +42)[1 + (3 — £)8,] \/(4C%V — D1+ (3 - 2)83,]
TABLE I. The Z}, — ff couplings.
f giv(f) g1a(f)
Ver Vir Ve 2 /(+42)[1+(3-2,)12,] 2, /@c, - n1+G-2,)2,]
e, 1ty 7 (3—4c3)cg+/(4ch, —1)(1+42) +5,] _ c¢1/(4c%‘,*1)(1+4t§9)+s¢

2,43, —D1+G-2)2,]

u Corfhcd,— 1[3(1+2t%0)—8s%v(1 +4t§0)]—s¢(3+2s‘2”)« /1 +4t§0

6:/(4c2,—D(1+42)[1+3-12)22,)]

d (1=4ch ey e, ~ D45 ) +5, ]
6:/ldc,—DI1+G-7,)2,]
» (3852 cyA/(4c3, —D(1+412,)+5,]

6,/(ac2,—D1+(3-2)2,]

s b o4 —1[(1=4c3)(1+412)+ 612 1+5, (1+2c3){ 14413,
’ 6/@c2,—D(1+42)[1+3-13)2,]
U oA, —1[38, =453, (1+483,)]+5,(—753)\/1+433,
3/, —D(U+42)[1+3-12)2,)]

D, Ds corf4ch,—1[2s3, (1+413,)) =303, 1—5,(3—5s3 )/ 1+413,

3/@c,—1)(1+42)[1+(B-1)3,]

2./, —D1+G-2)2,]
Corf4ct, — 11428 ) =5, Cow~/1+412,
2./, —D(1+42)[1+(3-2)22,]
_ C¢1/(4C%‘/*1)(]+4l§9)+x¢
2,43, —D1+GB-£)2,]
C¢1/(4C%V—l)(1+4[§5)+5¢
2./@c, - n+G-2,)2,]
_CoafAc — 11428 ) =s oy /1482,
2/, —D(1+42)[1+3-1)22,]
CAD\/4C%/‘/_1[%G+S¢C%V‘\/1+4’%0
J@=D(I+42)[1+(3-12)12,]
_ cq,«/4c€vflt§ﬂ+s,pcﬁ”/l+4t§ﬂ

Ve, —n(+42)[1+G-2)2,]

TABLE 1. The Z2 — ff couplings.

f gav(f) 82a(f)
v v Sotcy (455‘/*1)(%‘4[%8) sw\/(4c%vf1)(l+4tgy)fcw
eV Vr 2 (1+42 )1+ (G52, 2flc;, —DI1+G-1,)5,]

(B=4c} )son/(dc}, — D +42,)—c,]
2,43, —D1+G-2)2,]
SofAc%, —1[3(1+222,) =852, (1+413) ]+ ¢, (3+252 ) 14413,
“ 6./, —D(1+42)[1+(3-13)22,)]
d (1—4c2 )[s,/(4c3, 1)1 +482,)—c,]
6,/(4c2,—D1+G-2)2,]
o (3-853 )5, /A, — DI+ )—c,
’ 6,/(4c2,—D1+3-2)22,]
< b soJAc%, —1[(1-43)(1+422,))+62 1—c, (1+2c3)\ /147,
’ 6:/(4c2, =D +42)[1+3~1)22)]
U SpAJAct, — 1383, — 453, (1+422,)))—c,(3—753,)\/1+423,
3/, —D(U+42)[1+3-12)2,)]

Ds, Ds spafAct,—1[253,(1+42,) =382, 1+, (3—553,)[1+412,

3/, =D +42)[1+3~1)2)]

e, T

S, (4cy,—1)(1+453,))—c,
23/, —D1+G-2)2,]
spa/4ct, —1(1+28 ) +c copr/1+412,
2/, —D(1+42)[1+(3-2)22,]
_seafdc —D)(1+413,)—c,
2./, —D1+G-2)2,]
sw\/(4cﬁ,—1)(1+4)‘%”)—c¢
2, /a2, —D1+3-12)22,)]
_ SeafAely 10428, He cow /14483,
2\/(4c3, =D +42 )1 +3~1)2)]
.r‘p\/4c%,v—lt§5—cwc€v\/1+4t§5
J@,=D(1+42)[1+(3-12)12,]
_ spafAch —18,—cpch /1145,

V@, =D(+42)[1+3-2)2)]
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g2V(f) = glV(.f)(Ctp = S8p Sp T _C‘p),
gZA(f) = glA(.f)(Cgp 7 Sp Sp T _Ctp)-

Here T5(f.), X(f), and Q(f) are, respectively, the third
component of the weak isospin, the U(1)y charge, and the
electric charge of the fermion f;. Note that the isospin for
the SU(2); fermion singlet (in the bottom of triplets)
vanishes: T5(f;) = 0. The values of g,y(f), g14(f) and
gv(f), g24(f) are listed in Tables I and II.

Because of the above-mentioned mixing, the lepton-
number violating interactions mediated by neutral gauge
bosons Z! and Z? exist in the neutrino and the exotic quark
sectors

(60)

£ NC gfzegkv(V)(

unnormal 2

- BaLfy“daL)ZfL + H.c. (61)

v ytvi tu vy U

Again, these interactions are very weak and proportional to
sinf. From (52)—(54) and (61) we conclude that all lepton-
number violating interactions are expressed in the terms
|
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dependent only in the mixing angle between the charged
gauge bosons.

VI. PHENOMENOLOGY

First of all we should find some constraints on the
parameters of the model. There are many ways to get
constraints on the mixing angle 6 and the charged bilepton
mass My. Below we present a simple one. In our model, the
W boson has the following normal main decay modes:

W™ = Ip(l=-¢e u, 1),
N\ u¢d, u¢s, u¢b, (u — c), (62)
which are the same as in the SM and in the 331RH3HT.
Beside the above modes, there are additional ones which

are lepton-number violating (AL = 2)—the model’s spe-
cific feature

W™ = ly(l=¢e u, 7). (63)

It is easy to compute the tree-level decay widths as follows
[22]:

- g’c M x X cZaMy
[Bom(w — | — PTW | :97,
( 7) =5 o (1 x)< 2 2> 1252,
g%s M x X2 s2aMy
rBom(W — fy) =820 ZW (1 — () -2 -2 ) 20w = m}/M},
(W= ) == (1 x)< 2 2) 1252, x = mi/
+x —X)?7 _ciaM
SR W — ugd,) = g My 1y L1 =26+ 0 + (- g2 1 - 22T m DTl
color 6 2 2 4SW
x= mgj /M3, = m?2 /M2 (64)

QCD radiative corrections modify Eq. (64) by a multi-
plicative factor [21,22]

Sqcq = 1 + a,(My)/m + 1.409a2 /7% — 12.77a3 /7
=~ 1.04, (65)

which is estimated from a(M;,) =~ 0.12 138. All the state
masses can be ignored, the predicted total width for W
decay into fermions is

Tyt = (66)

W SW
Taking a(My) ~1/128, My = 80.425 GeV, s3, =
0.2312, and I'y' = 2.124 £ 0.041 GeV [21], in Fig. 1,
we have plotted I'l' as a function of s,. From the figure
we get an upper limit: sinf = 0.08.

Since one of the VEVs is close to the those in the SM,
V= Uy = 246 GeV, only two free VEVs exist in the
considering model, namely, ¥ and w. The bilepton mass
limit can be obtained from the “wrong”” muon decay

uo—e v, (67)

[
mediated, at the tree level, by both the SM W and the singly

charged bilepton Y, (see Fig. 2). We remind the reader that
in the 331RH3HT, at the lowest order, this decay is medi-

2.3 T T T T

sinf

FIG. 1. W width as a function of sinf, and the horizontal lines
are an upper and a lower limit.
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IR Ve IR Ve
Y W
ﬁu e ﬂu e
FIG. 2. Feynman diagram for the wrong muon decay u~ —
e V. V,.
eV

ated only by the singly charged bilepton Y. In our case, the
second diagram in Fig. 2 gives a main contribution. Taking
into account of the famous experimental data [21]

Nu- —ev,p,)
Rmuon = L

<12% 90%C.L. (68)

F(p™ — e p,v,)

4
% . Therefore, it follows that
Y

we get the constraint R, =
My = 230 GeV.

However, the stronger bilepton mass bound has been
derived from consideration of an experimental limit on
lepton-number violating charged lepton decays [23] of
440 GeV.

In the case of u — 0, analyzing the Z decay width [13],
the Z — Z' mixing angle is constrained by —0.0015 <
¢ =0.001. From atomic parity violation in cesium,
bounds for mass of the new exotic Z' and the Z — Z'
mixing angles, again in the limit u — 0, are given [13]

—0.00156 = ¢ = 0.00105, My, =2.1TeV. (69)

These values coincide with the bounds in the usual
331RH3HT [24].

For our purpose we consider the p parameter—one of
the most important quantities of the SM—having a leading
contribution in terms of the 7 parameter and very useful to
get the new physics effects. It is a well-known relation
between p and 7" parameter that

p=1+al. (70)

In the usual 3331RH3HT, T gets contribution from the
oblique correction and the Z — Z’ mixing [18]

Trun = Tzz2 + Tobliques (71)

o tan’p
where Ty ==

2
(% — 1) is negligible for M, less than
Z

1 TeV and 7 yyjique depends on masses of the top quark and
the SM Higgs boson. Again at the tree level and the limit
(10), from (23) and (48) we get an expression for the p
parameter in the considering model

M3, v? 3u?

- = =142
P cyM, v = 3u? v?

(72)

Note that formula (72) has only one free parameter u, since
v is very close to the VEV in the SM. Neglecting the
contribution from the usual 331RH3HT and taking into

PHYSICAL REVIEW D 73, 035004 (2006)

I Ve IR Ve
Yy e Yy e
FIG. 3. Feynman diagram for 4~ — e »,7,.

account the experimental data [21] p = 0.9987 = 0.0016,
we get the constraint on u parameter by £ = 0.01 which
leads to u = 2.46 GeV. This means that « is much smaller
than v, as expected.

It seems that the p parameter, at the tree level, in this
model, is favorable to be abigger unit and this is similar to
the case of the models containing heavy Z’ [25].

The interesting new physics compared with other 3-3-1
models is the neutrino physics. Because of lepton-number
violating couplings we have the following interesting con-
sequences:

(1) Processes with AL = =2.—From the charged cur-

rents we have the following lepton-number violating
AL = *£2 decays such as

n-—e b, v

Mmoo e‘l/evﬂ, eVu

(73)
(u can be replaced by 7),

in which both the SM W boson and charged bilepton
Y, are in intermediate states (see Fig. 3). Here the
main contribution arises from the first diagram. Note
that the wrong muon decay violates only family
lepton number, i.e. AL = 0, but not lepton number
at all as in (73). The decay rates are given by

L)
Rrare = £

_ T —e 5,7

)
— ®
Np~ —e b,v,) P(u —e vovy)

= 52, (74)

Taking s, = 0.08, we get R =~6 X 1073, This
rate is the same as the wrong muon decay one.
Interesting to note that, the family lepton-number
violating processes

(i #J) (75)

are mediated not only by the non-Hermitian bilepton
X but also by the Hermitian neutral Z', Z> (see
Fig. 4).

The first diagram in Fig. 4 exists also in the
331RH3HT, but the second one does not appear

v, v; — VjVj,

there.

Vi Vj Vi vj
>XWO< >%<
Vi Vj Vi Vi
FIG. 4. Feynman diagram for v;»; = v;v,(i # j = e, u, 7).

035004-9



P. V. DONG, H.N. LONG, D.T. NHUNG, AND D.V. SOA

(2) Lepton-number violating kaon decays.—Next, let us
consider the lepton-number violating decay [21]

Kt — 7 +etp,<3x1073 at 90%C.L. (76)

This decay can be explained in the considering
model as the subprocess given below

§—ii+eth, (77)

This process is mediated by the SM W boson and the
charged bilepton Y. Amplitude of the considered
process is proportional to siné

: 2
MG — i+ ") ~ 2020 <1 - m—V2V> (78)
g\ M

Next, let us consider the “normal decay” [21]
Kt — 7%+ etv,(4.87 +0.060)% 79

with amplitude

2
w

1
MGE—i+ety,)=—. 80
F—i+ev,) i (80)
From (78) and (80) we get

R = FrG—i+e"n,)
on TG —a+ et o,

= sin’6. (81)

In the framework of this model, we derive the
following decay modes with rates
R — Kt — 7+ e*7,)
kaon g 0 4 etv,)
. Kt =7+ u*p,)
- +

=~ sinZ6

=6X 1073 (82)

Note that the similar lepton-number violating pro-
cesses exist in the SU(2)z ® SU12); ® U(1)g_,
model (for details, see Ref. [20]).

(3) Neutrino Majorana masses.—At the one-loop level
neutrinos get Majorana masses via a diagram in
which all the charged W, Y and the neutral Z and
Z' gauge bosons give contributions. However, the
contributions from the above-mentioned fields give
the terms diagonal in flavor basis. Fortunately, the
Higgs scalar with lepton number two gives interest-
ing terms leading to the neutrino oscillation. This
result will be presented elsewhere.

VII. CONCLUSIONS

In this paper we have presented the 3-3-1 model with the
minimal scalar sector (only two Higgs triplets). This ver-

PHYSICAL REVIEW D 73, 035004 (2006)

sion belongs to the 3-3-1 model without exotic charges
(charges of the exotic quarks are % and — %). The sponta-
neous symmetry breakdown is achieved with only two
Higgs triplets. One of the vacuum expectation values u is
a source of lepton-number violations and a reason for the
mixing between the charged gauge bosons—the standard
model W and the singly charged bilepton gauge bosons as
well as between neutral non-Hermitian X° and neutral
gauge bosons: the photon, the Z, and the new exotic Z'.
At the tree level, masses of the charged gauge bosons
satisfy the law of Pythagoras M3 = M% + M3, and in the
limit w > u, v, the p parameter gets additional contribu-
tion dependent only on . Thus, this leads to ¥ < v, and
there are three quite different scales for the VEVs of the
model: one is very small u= O(1) GeV—a lepton-
number violating parameter; the second v is close to the
SMone: v = v, = 246 GeV; and the last is in the range
of the new physics scale about O(1) TeV.

In difference with the usual 331RH3HT, in this model
the first family of quarks should be distinctive of the two
others.

The exact diagonalization of the neutral gauge boson
sector is derived. Because of the parameter u, the lepton-
number violation happens only in neutrino but not in the
charged lepton sector. It is interesting to note that despite
the mentioned above mixing, the electromagnetic current
remains unchanged. In this model, the lepton-number
changing (AL = =2) processes exist but only in the neu-
trino sector. Consequently, neutrinos get Majorana masses
at the one-loop level.

It is worth mentioning here the advantage of the consid-
ered model: the new mixing angle between the charged
gauge bosons 6 is connected with one of the VEVs u—the
parameter of lepton-number violations. There is no new
parameter, but it contains a very simple Higgs sector, hence
the significant number of free parameters is reduced.

The model contains new kinds of interactions in the
neutrino sector. Hence neutrino physics in this model is
very rich and thus deserves further studies.
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APPENDIX: MIXING MATRIX OF NEUTRAL
GAUGE BOSONS

For the sake of convenience in practical calculations, we
use the mixing matrix

W; A
Wy | | 2!
s =Vl 22 | (83)
W, W,

where
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SW C¢00/CW Sch@ICW SHICW
_ sy ca(sa/*b‘c%,vsz,)*sq, (1*45@,0%4,)(405‘,*1) sw(sﬁ,*?ac%vs;,)+c¢ (1*452,6%4,)(40‘2”7]) \/gs .
\/§ \/§CWCH/ \/§CWC9/ 0 w
U= 4,1 . tw(c‘P\/4c%V—1+s¢\/1—4s§,c€‘,) B tw(s¢\/403‘,—1—%\/1—4&2,0%‘,) 0
5 Fiey Fiey
— _ 2.2 _ 2 _ _ 2 .2 2 _ 2 .2
0 t(,/(c‘p\/l dsy ey s¢\/4cw 1) te/(S<p\/1 dszciy + c¢\/4cw 1) \/1 4szciy
Here we have denoted sy = —2—.
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