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We study two 3-3-1 models with (i) five (four) charge 2/3 (—1/3) quarks and (ii) four (five)
charge 2/3 (—1/3) quarks and a vectorlike third generation. Possibilities beyond these models are

also briefly considered.

PACS number(s): 12.60.Cn, 12.10.Dm

I INTRODUCTION

Nowadays it seems that in some sense the third gener-
ation may be different from the other ones: although a
heavy top quark [1] can still be barely accommodated in
the standard model, it can bring some unexpected fea-
tures to the mass spectrum problem, also, possibly the
bottom quark couples to the Z® with a strength which is
different from the strength of the d and s quarks (2] and,
finally, the properties of the T lepton and its neutrino can
still bring up surprises [3]. On the other hand, if the cross
section o(pp — t + X)) obtained by the CDF Collabora-
tion [1] is in fact higher than the prediction of quantum
chromodynamics, this may be a signature of new quarks.

In the model based on the gauge
SU3}c®SU(3)L®U(1)y of Ref. [4], the effective
SU(2)®U(1) model coincides with the usual electroweak
one. The three families belong to left-handed doublets
and right-handed singlets of SU(2). Hence, all of them
have, at leading order, the same couplings to the W and
Z° bosons. Also the extra quarks in that model have
exotic 5/3 and —4/ 3 charges. The lepton sector is ex-
actly the same as in the standard model (SM). Although
this model coincides at low energies with the usual elec-
troweak model, it explains the fundamental questions of
(i} the family number and (ii) why sin® 8y < 1/4 is ob-
served. Therefore, it is possible from the last constraint

to compute an upper limit to the mass scale of the SU(3) -

breaking of about 3 TeV [5]. This makes the 3-3-1 model
an interesting possibility for physics beyond the standard
model, in particular if future experiences confirm in more
detail an SU(2)®U(1) model (for instance, if the Z — bb
decay and several Z-pole asymmetries confirm the value
expected in the model) and no new quarks with charge
2/3 and —1/3 were found.

However, if in the future new quarks are observed hav-
ing the same charge as the quarks already known or if
the third generation turns to be in fact different from the
other two generations (say, with different. interactions), it
will be necessary to consider modifications of the original
3-3-1 model. For instance, a model with five charge —1/3
and four charge 2/3 quarks has already been considered
in Ref. [6]. There are, however, other representation con-
tents: (A) four charge —1/3 and five charge 2/3 quarks
or, (B) the third generation in a vector-like representa-
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symmetry

tion of the electroweak symmetry. We will give below
two examples of sich sort of models. One of them is an
extension of one of the models propesed some years ago
by Georgi and Pais [7].

Once we are convinced that theories based on the 3-3-1
gauge symmetry are interesting possibilities for physics
at the TeV range, we must study how the basic ideas of
this sorts of models can be generalized.

Hence, in this work we wish to generalize these sorts of
models in several ways. First, by expanding the color de-
grees of freedom (n) and the electroweak sector (m), i.e.,
we will consider models based on the gauge symmetry:

SU(n)c ® SU(m)z, ® U(1)w (L.1)

In most of these extensions the anomaly cancellation oc-
curs among all generations together, and not generation
per generation. However, if a 3-3-1 model has the third
generation not anomalous, also it will be so in its exten-
sion.

In (almost) all these models, which we recall that are
indistinguishable from the standard model at low ener-
gies, in order to cancel anomalies the number of families
(N¢) must be divisible by the number of color degrees of
freedom (3). Hence the simplest alternative is Ny = 3.
By denoting Ny and N; the number of quark and lep-
ton families, respectively, we will see that the relation
Ng = N; = Ny = 3 is a particular feature of 3-m-1 mod-
els. When n # 3, Ny and N; are still related to each
other but it is not necessary that N = N; in order to
have anomaly cancellation.

We will use the criterion that the values for m in
Eq. (1.1) are determined by the leptonic sector. It
means that if each generation is treated separately,
SU(4) is the highest symmetry group to be considered
in the electroweak sector. Thus, there is no room for
SU(5)rxU(1) i if we restrict ourselves to the case of lep-
tons with charges +1,0.

In the color sector, for simplicity, in addition to the
usual case of n = 3, we will comment the cases n = 4, 5.
These extensions have been considered in the context of
the SU(2)L®U(1)y model [8,9].

Next, models with left-right symmetry and/or with
horizontal symmetry are also considered. We discuss too
a SU(6) grand unified theory in which one of these models
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may be embedded.

We must stress that all extensions of 3-3-1 models have
flavor changing neutral currents (FCNC). However, up to
now in all models of this kind which have been considered
in detail, it was always possible to have, in the sector of
the model which coincides with the observed one, natural
conservation of flavor in the meutral currents. Hence,
FCNC effects are restricted to the exotic sectors of the
models. The only exception is model B below since in this
case there are right-handed currents coupled to the Z°
which do not conserve flavor but they involve an arbitrary
right-handed mixing watrix. Since all extensions of the
3-3-1 model that we will consider here have an SU{3)
subgroup, we think that the suppression of the FCNC in
the observed part of the particle spectrum is a general
feature of this kind of model. This is far from being an
obvious fact but it was shown in several 3-3-1 models and
recently in the 3-4-1 case. For details see Refs. {6,10,11].

This work is organized as follows. In Sec. IT we con-
sider two new possibilities of 3-3-1 models. In Sec. III we
consider models with n = 3, m = 3,4 (Sec. IITA). We
will also discuss the cases for n = 4,5 (Sec. IlIB). In
Sec. IV we give general features of the extensions with
left-right symmetry (Sec. IV A) and with horizontal sym-
metries (Sec. IV B). We also consider (Sec. IV C) possible
embedding in SU{6). The last section is devoted to our
conclusions.

II. TWO 3-3-1 MODELS

Here, we will treat two interesting possibilities of 3-
3-1 models with the electric charge operator defined as
2Q = A3 + As/v/3 + 2N. Both models have the same
gauge boson sector, They differ slightly in the scalar
sector but they are quite different in the fermion sector.
One of the models (model A) has five charge 2/3 quarks
and four charge —1/3 ones; the other model {(model B)
has four charge 2/3 and five charge —1/3 quarks and the
third generation in a vector-like representation of SU(3).

The lepton sector is also different in both models. Model’

B is an extension with three quark generations of one of
the models put forward in Ref. [7]. In model A anomalies
cancel out only among all generations with each genera-
tion being anomalous. In model B only the third gener-
ation is not anomalous.

A. Model A

All leptons generations transform as triplets of SU(3):

Vg
Tor = I

while quarks transform as foliows:

~ (31 _2/3)? (21)

L

a =6 LT,

d;
Qir=| w

ul L

U3

Qar=1| ds
.d4

~(8%,1/3), i=1,2

~ (3a 0)’ (2‘2)

L

and all charged right-handed fields in singlets., Neutrinos
remain massless as long as no right-handed components
are introduced. We have omitted the color index.

In the quark sector the phenomenological states in
Egs. (2.2) are linear combinations of the mass eigen-
states (u,c,t,t',t") and (d,s,b,b') for the charge 2/3
and charge —1/3 sectors, respectively. Three of the left-
handed charge 2/3 (—1/3) quark fields are part of SU(2)
doublets u 3,3 (dy,2,3). The other fields u} , and d4 are
in singlets of SU(2). ‘

Let us introduce the antitriplets of Higgs bosons:

1] -

L/ ] . o
77'_‘. "7‘1’- ~ (3*:2/3)1 g = 0-% ~ (3*a‘_1/3)’
"7; O3
(2.3)

and a third one ¢’ transforming like o.
The most general quark Yukawa couplings are

—Lgy = Z AiaQiLDurn
+ Y [BigQiro + BigQiro'TUsr
B
S+ Z[E&zQBLU* + E},Qar0" " Dar

+ Z F33Q3tUprn™ + Hec.
B

where i = 1,2; & = 1,2,3,4; 8 =1,2,3,4,5 and we have
chosen the basis Dor = d1,2,3,4r; Usr = u1,2,3R: ¥ 2
with n*, o* the respective antitriplets and we have omit-
ted SU(3) indices.

Let us assume the following vacuum expectation values

(VEVs):

(02 #0, {63y =0, (o]} =0, {o'3) #;

and we also assume that the mass scale characteristic of
the SU(3) symmetry is rather high:

(%) > (o, (.

Before going on, let us consider the neutral currents
coupled to Z° We must determine which fields have the
same couplings than in the SU(2)@U(1) effective theory
i.e., when the condition in Eq. {2.6) is satisfied. The
photon field is

(2.4)

(2.5)
(2.6)

| 3, 1 1 1
A, = sw (Wf; + ﬁwﬁ) + 7 (3-4s%)% By,

(2.7a)
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while the massive neutral bosons are

Z, =cw W3 — — tanfy [sw WS+ (3 - 435,,)%3“] ,

1
V3
(2.7b)

which correspond to the usual Z°, and the heaviest one
is given by

ZL:

1 1
Tow [—(3 — 4s,) AW, + sy B“] s (2.7¢)
where sy = sinfw, cw = cosbw, and Ay is the usual
weak mixing angle. From the electric charge definition

we get
2
gr 352
(;) =34l (2.8)

hence, sin® fw < 3/4 [6].
The neutral current interactions of fermions (v;) can
be written as usual

ENC —

m [Z Lipipy*ir + Ripirt"ir| Z,

= 20039 ZTI)"Y (QV* 8 gAt)"»b‘l fIe) (2.9)

where gy; = 2( ; + R;) and ga; = 2(L — R;). For 29,

we obtain for the charge —1/3 sector

2 2
Ld; = Ldz = Lds =-1+c 3%?’7 qu = 5 3%‘.’!’) (2'103')

3 .

R4, = R4, = Ry, = Ry, = = s¥. (2.10b)

W b

Similarly, for the charge 2/3 sector

4
Lu,_ =Ly, = Lus =1~ é'SWy Lu{ = Lug = _g S%V,'
(2.11a)
4
_}2"1 =1‘2u2 =Rl:ts =R“i =Rﬂ£ = —5 S%V. ' (211}))

From Egs. (2.10) we see that dy,ds, and ds have the
same couplings to the Z® as the d,s,b quarks in the
standard electroweak model, but d4 has a pure vector
coupling. In the charge 2/3 sector we observe from
Egs. (2.11) that u;,uz, and us have the same couplings
of the usual u,¢,t quarks in the standard model, while
uf, 14 have pure vector couplings to the Z° The mass
eigenstates will be denoted by u,¢,t,t',t" and d,s,b,b'.
Hence, if we avoid a general mixing in the mass matrix
we will implement a GIM mechanism [12] in the model.

Finally, for leptons we have

L, =1, L =-1+2s}, Lg, =2sp, (2.12a)

R,, =0, R;, =Rg, =2s}. (2.12b)
‘We see that neutrinos and e, u—, 7~ have the same cou-
plings to the Z° than in the SU(2)®U(1) model. The
heavy leptons E, have vector-like couplings. Lepton cou-
plings with the Z’° conserve flavor in each sector: vg, I,
and E_. This is not a surprise since lepton generations
are treated democratically.

Knowing the neutral current couplings, given in
Egs. (2.10) and (2.11}, in order to avoid a general mix-
ing in the mass matrices, we will introduce the following

discrete symmetries:

di,2,3r = di,2,3R; dan — —din,

] !
1,2,3R —F U1,2,3R7 Y128, — Ui 2R (2.13a)

Q1,2,3L— s Q1,2,3L3 no — 0, OJ — _U’$ (213b)

From Eq. (2.4) the quark mass matrices
ﬁaLMfar'Dafn, alﬂLMnguﬁ'R, (2.14)

with the discrete symmetries in Eq. (2.13) become

MU 0
MU=( 01 Mg) (2.15)

for the charge 2/3 sector, and

D
MP = (1"{)1 nfd‘ ) , ma, = Eilo'yy  (2.16)
for the charge —~1/3 one. MY and ML are arbitrary
3 X 3 matrices in the basis uy, s, us and dy,ds,ds, re-
spectwely, MY is an arbitrary 2 x 2 matrix in the basis
u),ub. We see that dy does not mix with the other quarks
of charge —1/3. The mass matrices in Eqs. (2.14)—(2.16)
can be diagonalized. In terms of the mass eigenstates
they become

DLMPDg, U,MYUg, (2.17)

where MY = diag(my, Mme, My, My, g0}, and MP =
diag(mg, m,,ms) and U and D denote (u,c,t,t',t”) and
(d,s,b,b'), respectively.

The mass matrices in Eqs. (2.15) and (2.16) are diag-
onalized by performing the transformations

UL = VEUL, uR = VEUR)
Dy =V; Dy, Dp=VPDg, (2.18)

with

U 0 174
vu - ( ViL U V 0
L_( 0 Pzrf,)’ L1R=( (I)R V}%)’ {2.19a)
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D D
VLD=(I%L2)’VU=(V5-R(1)). (2.19b)
Vfg, r» Vi g are unitary 3 x 3 matrices and Vj}, 5 2 X 2
ones. By considering the interactions in the quarl: sector
we will see which of the matrices in Eqs.(2.19) survive in
the Lagrangian.

The vector boson-quark interactions are

V2

x (— wipy uin Xy, — ap il Vh — gyt Wit

+asp P dse W, + Bspy*dar V) + dary d4LX§’,)

+H.c. (2.20)

In particular, the interaction with the W boson can
be written as usual with the mixing matrix defined as
Vics = Vi VL. On the other hand, we have the cur-
rents coupled to the VF:

di
g 4z
ﬁgg = —E(ﬁl Ug iz ﬁ; ﬁ’z)LA’Y‘“ ds V:_ 4+ H.c.,
ds :
0/,
(2.21)
where A is a 5 x 5 matrix with A, = Agy = —Azg =

1 and all other elements vanish. In terms of the mass
eigenstates we can write Eq. (2.21) as

d
' s
cc L — vt
qu = —E(U cti f' EH)LVL AVI';D’Y# bE: V‘;’_
0 L
+H.c., (2.22)

V¥, VP being the matrices in Eqgs. (2.19a) and (2.19b).
[Here VP is a 5 x 5 extension, through zeros on the
fifth line and row, of the matrix in Eq. (2.19b).] In
these sorts of models it is not interesting to define V}/
as being the unit matrix as it is usually done in the
SU{2)®U(1) model. This is because this matrix appears
also in the neutral currents with the extra Z'° present
in the model [10].- So we do not assume that the charge
2/3 mass eigenstates appear unmixed. There are similar
interactions with the X° boson but in this case there are
mixture involving matrix elements of V. and V7 in the
charge 2/3 sector and V3 in the charge —1/3 sector.

In the lepton sector, neutrinos and the usual charged
leptons have the same couplings to the W boson as in

the SU(2)®@U(1) model,

Ly = -——g Z |}7aL'Y#I;LW: + ﬂaL’Y#E;LV:-

a

+faL'y"E;LXM] + H.c. (2.23)

The charged leptons get a mass via the interaction
with the ¢* and ¢ scalars. With discrete symmetries in
Eq. (2.13c) the leptonic Yukawa interactions are

=Ly = E@“I‘ [hableO'* -+ h;bEbRJH] + H.C., (2.24)
ab

has, R, are arbitrary 3 x 3 matrices and neutrinos re-
main massless if right-handed neutrinos are not intro-
duced. We can define the neutrino fields in such a way
that there is not mixing in the W+ interactions but there
are mixings in the ¥+, X° ones. There is not mixing
among I and E; in the mass matrix since the discrete
symmetries in (2.13c) forbid it. So there is not flavor
violation in Higgs-boson couplings too.

B. Model B

As we said before, this is an extended version of the
model proposed some years ago by Georgi and Pais [7].
Here we have to consider a third quark generation since
today there is evidence of the existence of a ¢ quark [1].
However, as we will see later, the phenomenology of this
model is rather different from that of Georgi and Pais's
model in the quark sector. Also, altough both models
have the same lepton sector we will allow a general mixing
in the charged lepton sector.

Let us first consider leptons. This is the same of Ref. 7]
with four antitriplets (8*, —1/3):

e~ ©-
\IfeL:(vB),\IJ,,L:(VH);
Vg L Vﬁ L

T r-
T.r:| vr , Upr:{ vp , (2.25a)
vE L vr /o
two other antitriplets with (3*,2/3)
AY ND
g Tt y UL [ TY ), (2.25b)
et /1 w )y

and the neutral singlets (N9 )¢, (N3, )°.
The quark fields of the first two generations (suppress-
ing the color indices) are in two left-handed triplets (3,0)

u;
Qie=1|4d |} ,
d;

i=1,2 (2.26)
L

and the right-handed components in singlets ;5 ~

(1,2/3) and dip,d}z ~ (1,—~1/3). Finally, the third
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quark generation transforms in a vector-like representa-
tion. We can choose (3,0)z.r, and the model has three
charge 2/3 and six charge —1/3 quarks. Or

ds
Qs = | us | ~(3*,1/3),
Ugq I

ds
Qar = (us) ~ (3*,1/3),
R

(2.27)

Uq

with four charge 2/3 and five charge —1/3 quarks. In
this work we shall treat in detail only the last one. Be-
sides the scalar fields in Eq. (2.3) we introduce ¢ which
transforms like ¢ and ¢’ and has the VEV like the last
one, finally a singlet neutral scalar ¢ with VEV (¢} # 0.
Tt is straightforward to verify that o’ and o" (and obvi-
ously ¢) do not contribute to the mass of the W* bosons
so they are not constrained by this parameter. Thus, we
can assume the following hierarchy:

(@"3) > (o'3) > 246 GeV > (%), {02),

(7% + (09)2 ~ (246 GeV)2. (2.28)

The scalar ¢”, which breaks the SU(3) symmetry, will
not couple to the fermions.

As we said before, the gauge bosons are the same of
model A. In particular, the neutral ones are given in
Egs. (2.7). Thus, in this model we get the neutral current
couplings defined in Eq. (2.9), for the case of Z°

2

2
Ld; = Ldz = Lds = -1+ 5 S%V, Ldi = Ld‘z = g S%V,
(2.29a)
2
R4, = Ra, = gs,in2 0w, Ra,=-1+ gs%,,,
2
Rd;. = Rd; = 5 8%&’, (2.29]3)

for the charge —1/3 quarks. For the charge 2/3 sector
we have

4

2 Ly, =—3 5%, (2.30a)

L., =L.,,=Lua:1—§s%v,

and also for leptons

LVa = 11 Lln = _1 +282'W’, LN], = LN: = _1,
(2.31a)
R, =0, R. =R, = 253y,
R.=Rp=-1+2s%, Ry, =Ry, =0, (2.31b)

where v, = ve, Uy, ¥r,vp and I, = e, 4, 7, T. We see that
neutrinos, electron, and muon have the same couplings
than in the standard model, N; have right-handed cou-
plings, and the lepton 7 and T have both only vector
couplings. We will return to this point later on.

The neutral current coefficients in Eqs. (2.29), (2.30),
and (2.31) suggest the following discrete symmetries:

Tho — 1,03 U’:QS - _‘7': -3 (2‘323)

di2r = di2r, diop = —digp,  1,2R —F Y1,2R;
(2.32b)

Q1230 =2 Q1231, Qsr = —Qsr. (2.32¢)

For ¢" we assume o —~+ ig”, which ensures that o” does
not couple to fermions.

Hence, the most general, compatible with the symme-
tries (2.32), Yukawa couplings are

—Lgy = Qir [Aiwirn” + Bidjro®] + ) Qir Bladip 0" + 2 Q3L Qsn d

i

+ z [€2Qir Qsr o' + hai Qsr uir o + k3:Qar dirnn] + Hec,

1,0

(2.33)

where 4,4, = 1,2; n*,0* are the respective antitriplets; and ¢ is the completely antisymmetric SU(3) tensor.
From Eq. (2.33) we obtain, with the VEVs as in Eq. (2.5), the following mass matrices: one 4 X 4 matrix for the
charge 2/3 sector and one 5 x 5 for the charge —1/3 sector. Explicitly, in the d;, da, d3, d;, d5 basis we get

Bii{o1} Biz{o1) —Aifes) O 0
Byi{o1) Baalo1) —Az{oz) 0 0
MP = | kaln) kein) Mé) 0 0 (2.34)
0 0 By {03} Bia{o3)

0 0

By1{03) Bia(oz)
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On the other hand, in the charge 2/3 sector and in the
3, Ua, U3, Uy basis we get

An(m An{n) Mfoz) 0
Az (m) Azan) Az{o3) O
hai{oi) haaloy) Al O

0 o 0 Me)

Since the VEV (¢}, does not contribute to the vector
boson masses, it is not constrained but is not necessarily
very large. We see that both mass matrices are of the
direct sum form and there is no mixing of the di,dz, ds
fields with the d,d5 ones; and u4 also does not couple
to uy,ug,us.

Hence, the diagonalization of the mass matrices is done
using the unitary matrices of the direct sum form

(VR 0\ VR o0 '
VP = ((1)1. VD),V”:(%)R‘G%), (2.36)

v_(V4 0 w_ Viz 0
VI‘_(OI » Vg = 0o 1)

where VI?J,IR!‘VI%,IR are 3 X 3 and VZ?Z,ZR 2 X 2 unitary
matrices. Another possibility in order to give a correct
mass to the quarks is to introduce a (8*,~1/3) Higgs
multiplet.

From Egs. (2. 34) and (2.38) it is possible to obtain
the right mass spectrum for quarks, including a heavy

MY = (2.35)

(2.37)

top quark. However, we recall that the value m, =~ 174

GeV is obtained assuming the standard model decay £ —
Wb, In fact, without the SM assumption the lower
limit on the top mass is 62 GeV [13]. In the present
model there are several new induced top decays, say by
neutral and charged scalars, and this implies that if the
experimental result is interpreted in terms of this model,
the top quark is not necessarily too heavy. In fact, it has
been suggested recently that the mass region of interest

V2

can be [14]

Mz/2 < my S < Mw + mp, (2.38)

but even this region may be relaxed if there is an extra
charge 2/3 quark like #. In particular, models with de-
cays such as + = ch® and £ — bH™ may allow m, in
the range of Eq. (2.38). Theoretical analysis [14] of this
situation has been done in terms of two Higgs doublets
1on-SUSY extensions of the standard model. Experi-
mental searches for ¢ — H*b have been interpreted in
several two-Higgs-doublet extensions [13].

Finally, iet us consider the lepton-scalar couplings. In-
stead of assuming a global symmetry which prevents the
transitions 4 and T into e and 7, as in Ref. [7], we will
allow a general mixing among all charged leptons. Hence,
the Yukawa interactions are

> eI (Tar)e Uopor +ZH¢,,‘1:,,L No%n

ab,x

+) kWL Nigo® + He., (2.39)

ai,x

where a = e,7,u,T; b = ¢, p and i = 1, 2; the superscript
x ‘denotes o or o' and their couplings i,I' and #/,TV, re-
spectively. Here W€ is the charge conjugated field. From
Eq. (2.39) we can verify that a general 4 x 4 mass matrix
arise in the charged lepton sector. We will assume that

Hyi(n®) > Cap(o9), Tar{o’)s (2.40)

hai (0'1 ) o (‘7

which allows us to neglect the mixing of the v fields with
the massive Ny » ones. It also implies that /Ny, are heav-
ier than the charged leptons.

In this mode! charged and non-Hermitian neutral cur-
reuts are as follows:

Ly= -z [E (Bezy*diL W + AP di Vi + dipy*dip X3) — Garv uar X)) — Gapy eV,

i
for quarks, and

V2

[

Ly = -~ |_Z (ﬁacL'Y“yaLXg + P L'y“laLV+ + Par I W) + gy

+7F N W + BEyTE X + BEy* No Vb + T v

for leptons. As long as reutrinos remain massless there
is no mixing in the charged currents coupled to W,
However, there is mixing in the currents coupled to V'*+
and X° Notice that the right-handed currents coupled
to W+ involve the charged leptons 7 and T and the
heavy neutral fermions N;,. After neutrinos getting

~agry s Wi — @anv*usp Xy — By dsrV," — Gary'dsr W, J + H.c.

(2.41)
T X3+ ety NV
QLWJ} +H.c. (2.42)

mass through radiative corrections, mixing will appea.r
in the interactions with W*. Recall that the scalar 57
is an SU(2) singlet and there are three SU(2) doublets
in the scalar multiplets given in Eq. (2.3), hence the Zee
mechanism for generating neutrino masses may be im-
plemented in this model [15].
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The charged currents coupled to the W™ boson can be
written in the quark sector as

dy
ﬁfwc,— = —%(ﬁl Ug 'ﬁs)L’T# da W:
ds L
—%aam”dmw; +He. (2.43)

The left-handed currents in Eq. (2.43) can be paramet-
rized in terms of mass eigenstates and Kobayashi-
Maskawa mixing matrix, Vkm = Vf tVE. The right-
handed current in Eq. (2.43) can be written in terms of
the mass eigenstates:

d
g _ -
L= ® D Vid AViR : LA
R
+He. (2.44)

where A = diag(0,0,1). The other matrices V7,V also
sugvive in the interactions involving the bosons V¥ and
X%

Notice that, besides the neutral currents coupled to the
Z° given in Eq. (2.9); we have additional right-handed
couplings [G3pv*usr —dspytds R]Zﬂ, or, written in terms
of the mass eigenstates

LG = (NG 4 pNC (2.45)

with £NC being parametrized like in Eq. (2.9) and

U
o t %
N = _2_&.%3;(13 g Day V% AV ¢ | 25,
R
(2.46)
for the charge 2/3 sector,
({NC g 7o 0 prDYR D d 0
ED =~{-m(d 8 b)R’Y V-lR AV].R ) Zﬂ’
b/ &
(2.47)

for the charge —1/3 sector. There are similar currents
coupled to the V+, X% Z° bosons.

Although Egs. (2.46) and (2.47) are FCNC, all flavors '

have the same dependence on the weak mixing angle.
This is not the case of the neutral currents coupled to
Z'0: here each flavor has a different dependence on that
angle.

In the leptonic sector we have the GIM mechanism at
the tree level in the left-handed neutral currents coupled
to the Z° and Z'°. However, there are FCNC in the neu-
tral right-handed currents. Hence, in terms of the mass
eigenstates e, u,7, T we have the following interactions:

NC _ g S = = ity
CIR ““""-—ZCOSBW (e n T T)R’Y VR YRVR Z# y

Ratw e

R
(2.48)

where V} is the 4 x 4 right-handed mixing matrix in
the charged lepton sector and we have introduced Y} =
diag(2s}, 25%,, —1 + 283, —1 + 2s%,). We see that after
diagonalizing the mass matrix of the charged leptons, the
right-handed mixing matrix survives in Eq. (2.48). The
value of this new mixing parameters can be chosen in
such a way that the model be consistent with the mea-
surements of 7 asymmetries at LEP. In fact, it has been
measured as the ratio of vector to axial-vector neutral
couplings and it has been found to be consistent with
the hypothesis of ¢ — 7 universality [16,17]. Thus at the
tree level we can impose

1)
(VRfYII?.VIIt)ee = (V;;Y}lavlf’.)#p = (VJ?Y&V}%)TT = 28y,
(2.49)

with the other elements of the matrix V4 YAVA to be
set up by experiments. Notice that the charged currents
of the neutrinos i, with all charged leptons are purely
left-handed as it can be seen in Eq. (2.42). There are
measurements of the v-neutrino helicity [18] and Michel
parameters [19] which confirm a dominant V-4 structure
in the charged current for the 7 and its neutrino.

Mixing among the charged leptons appears in the cur-
rent coupled to X and those coupled to V+ induce tran-
sitions I, < NN; which are sensible on the Cabibbo-like
mixing in the charged leptons. '

In this model there are additional neutral leptons N7 5.
‘We have seen that they are heavier than the charged lep-
tons. In fact, they must be heavy enough not to con-
tribute to the invisible Z° width [17].

Notice that the quark mass matrices in model B are
different from those of the model of Ref. [7]. We can see
the discrete symmetries in Egs. (2.33) only as an indica-
tion of which ones are the dominant mixings. Eventually,
we can allow them to be broken.

We can also build a model in which there are two
quark generations transforming as (3*,1/3)z and one as
(3,0)+&- In this case there are two leptonic antitriplets
(3,1/3) and four ones transforming as (8, --2/3). In this
case it is necessary, however, to include right-handed
charged leptons in singlets.

III. MODELS WITH EXTENDED COLOR AND
ELECTROWEAK SECTORS

A. Models with extended electroweak sector

First, let us consider n = 3 models. When m = 2,3 we
have the standard model and the 3-3-1 models, respec-
tively. Next, there is a 3-4-1 model in which the electric
charge operator is defined as
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1 1 2
Q = 2 (Aa, - —3AB - 5\/6)\15) + N, (31)

7

where the A matrices are [20]
1

A; = diag(1,—1,0,0), As = (\/ﬁ

) diag(1,1,~2,0),

1 .
A15 = (%) dlag(l, 1, 1, —3)

Leptons transform as (1,4,0), two of the three quark
families, say Qir, i = 1,2, transform as (3,4*,—1/3),
and one family, @3z, transforms as (3,4,+2/3):

Va

"AbaL =

Qie=| g1 > Qar=1| .
k]

1 L L

where 1} and J are new quarks with charge +2/3 and
+5/3, respectively; j; and dj, ¢ = 1,2 are new quarks
with charge —4/3 and —1/3, respectively. We remind
the reader that in Eq. (3.2) all fields are still symmetry
eigenstates. Right-handed quarks transform as singlets
under SU(4).

A model with SU(4); symmetry and leptons trans-
forming as in Eq. (3.2) was proposed by Voloshin some
years ago [21]. In this context it can be possible to un-
derstand the existence of neutrinos with large magnetic
moment and small mass. However, in Ref. [21] the quark
sector was not consideced.

Quark masses are generated by introducing the follow-
ing Higgs SU(4);@U(1)y multiplets: x ~ (4,~1},p ~
{4,+1), n and %' ~ (4,0).

In order to obtain massive charged lepfons it is neces-
sary to introduce a (10*,0) Higgs multiplet because the
lepton masgs term transforms as ¥§r ~ (64 & 10g).
The 6, will leave some leptons massless and some oth-
ers mass degenerate. Therefore we will choose H = 103.
Neutrinos remain massless at least at the tree level but
the charged leptons gain mass. The corresponding VEVs
are (n) = (v,0,0,0}, {p) = (0,w,0,0), (n) = (0,0,',0),
{x) = (0,0,0,u), and {H)42 = v" for the decuplet. In this
way the symmetry breaking of the SU(4),®@U(1)y group
down to SU(3),®@U(1)x: is induced by the x Higgs. The
SU(3),®@U(1)y+ symmetry is broken down into U(1)em
by the p,7, %' and H Higgs bosons. As in the models of
Sec. II, it is necessary to introduce some discrete sym-
metries which ensure that the Higgs fields give a quark
mass matrix in the charge —1/3 and 2/3 sectors of the
direct sum form in order to avoid general mixing among
quarks of the same charge.

In fact, we have the symmetry breaking pattern, in-
cluding the SU(3) of color,

SU3)e @ SU((4))L ® U(l)N
4 {x
SU(3)C ® SU(3)L @ U()
4 {n')
(=)
SU(3)c ® U(1)em

where () means {p}, (), {(H} [11].

The electroweak gauge bosons of this theory consist of
als W:‘, t=1,...,15 associated with SU(4), and a sin-
glet B,, associated with U(1)n. There are four neutral
bosons; a massless 4 and three massive ones: Z,2', Z".
The lightest one, say the Z, corresponds to the Weinberg-
Salam-Glashow neutral boson. Assuming the approxi-
mation ¥ » v’ > v,v”, w the extra neutral bosons, say
Z!, 2", have masses which depend mainly on u,v'.

Concerning the charged vector bosons, as in the model
of Ref. [4] there are doubly charged vector bosons and
doublets of SU(2) (X}, X°) and (X3, X ), which pro-
duce interactions like 5y y*l,p X and 75 v*var X}, as
in model I of Ref. [6]. We have also the V'li2 vector bosons

(3.9)

- with interactions like fg LV Ve LVI'; and [© Pttt LVZ‘E. All

@
charged currents, including ones coupled with quarks, are

given in Ref. [11].

B. n = 4,5 models

Let us consider n = 4,5 models. Although the SU(3)¢
gauge symmetry is the best candidate for the theory of
the strong interactions, there is no fundamental reason
why the colored gauge group must be SU(3)¢. In fact,
it is possible to consider other Lie groups. In general we
have the possibilities SU(n), n > 3 [22].

In particular, models in which quarks transform under
the fundamental representations of SU(4)¢ and SU(5),.
were considered in Refs. [8] and [9], respectively, in the
context of the SM. These models preserve the experimen-
tal consistency of the SM at low energies. For instance, in
the SU(5)c®SU(m)®@U(1)y model a Higgs field trans-
forming as the 10 representation of SU(5)¢ breaks the
symmetry as follows {9]:

SU(5)e ® sj(u((m))f, @ U(l)n
10
SU(3)c ® SU(2)' @ SU(m)z, @ U(1)N-

(3.4)

Later the electroweak symmetry will be broken and the
remaining symmetry will be SU(3)c®SU(2)'@U(1)erm as
in the models with m = 3,4 considered above. Notice
that, due to the relation between the color degrees of
freedom and the number of families, it is necessary to
introduce four and five leptonic families for n = 4 and
n = 5, respectively, if we assume that the number of
quark families is still three. In general we have Ny =
|n{ny — nz)|, where n, and n; are the number of quark
multiplets transforming as m and m™, respectively, and
N; = nq +n2. If ny > ny leptons must transform as
m* and if n; < ny leptons are assigned to m. It is still
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possible to have N, = N;. Assuming this condition (and
n1 > mg) for the case of even n, ie., n = 2p, p > 2
we have nyfns = (2p + 1)/(2p — 1); and for odd », ie.,

=241, p > 1 weget ny/n2 = (p+ 1)/p. For
n = 4 the condition N, = N; is satisfied if ny/ny = 5/3.
Analogously, for n = 5 we have ny/ny = 3/2. It means
that if we let the number of quark families to be equal to
the number of the lepton families, the minimal number
of families is 8 for n = 4 and five for n = 5. '

On the other hand, if we maintain N, = 3 it is neces-
sary, as we said before, to introduce new lepton families.
Let us denote these additional families by (N, E;, Ef)
with 7 =1 for n = 4; or i = 1,2 when n = 5. The new
leptons must be heavy enough in order to keep consis-
tency with phenomenology. Since the right-handed neu-
trinos, transforming as singlets under the gauge group, do
not contribute to the anomaly, their number is not con-
strained by the requirement of obtaining an anomaly-free
theory. Hence, we can introduce an arbitrary number of
such fields. When these singlets are added, the Z° in-
visible width is always smaller than the prediction of the
minimal SM. In fact it has been shown that in this case
(23]

I'(Z — neutrinos) < NiT'?, {3.5)
where N; is the number of left-handed lepton families
and I'° is the standard width for one massless neutrino.
Hence, it will be always possible to choose the neutrinos’s
mixing angles and masses in such a way that the theo-
retical value in (3.5) be consistent with the experimental
one [17,24].

IV. OTHER POSSIBLE EXTENSIONS

Other possibilities are models with left-right symme-
try in the electroweak sector SU(n)e®SU(m)r@SU(m)g
®U(1)y and also models with horizontal symmetries G g,
i.e., SU(n)c®@SU(m)L8U(1)y ® Ga.

A. Left-right symmetries

In models with left-right symmetry the V-4 structure
of weak interactions is related to the mass difference be-
tween the left- and right-handed gauge bosons, W}f and
Wf, respectively, as a result of the spontaneous symme-
try breaking [25].

These sorts of models are easily implemented in the
3-3-1 context by adding a new charged lepton E. For in-
stance, in models with left-handed leptons transformmg
as (Ve, I7, E})T the right-handed triplet is (15,17, EN)E.
In the quark sector, the left-handed components are as
in Ref. [4] and similarly the right-banded components, in
such a way that anomalies cancel in each chiral sector.
Explicitly, the charge operator is defined as

Y
Q=1Ii+Isr+ 3 (4.1)

where I3L(3R) and Y/2 are of the form (1/2)A; and

—(v/3/2)As + N1, respectively, for the model of Refs. [4].
The Higgs multiplet (3, 3*,0) and its conjugate give mass
to all fermions but in order to complete the symmetry
breaking it is necessary to add more Higgs multiplets.

B. Horizontal symmetries

Particle mixture occurs in the standard model among
particles which are equivalent concerning their position
in the gauge multiplets. It was noted some years ago
that it is possible to determine the weak mixing angles
in terms of the quark masses, provided we assume that
all equivalent multiplets of the vertical gauge symmetry
transform in the same way under horizontal symmetries.
Therefore, the three families are put into a single repre—
sentation of the horizontal group [26].

That is, in the context of the SM the gauge symme-
try in the horizontal direction was considered as a trans-
formation among the left-handed doublets and among
right-handed singlets. At first sight, horizontal symme-
tries are less interesting in the context of 3-3-1 models
since quark generations transform in a different way un-
der SU(3)®U(1)n. Apparently, the only possibility is
the horizontal Gy = SU(2)y symmetry. In this case
there are no additional conditions for canceling gauge
anomalies since SU(2) is a safe group. For instance, with
n =3, m = 3,4, the three quark generations transform,
in both left- and right- handed sectors, in the following
way: two of them as a doublet and the third one as a sin-
glet under SU(2)y [27,28]. The same is valid for leptons
but in this case the three lepton triplets can transform
as the adjoint representation as well.

The horizontal gauge bosons and the extra Higgs
bosons have to be heavier than the W bosons or very
weakly coupled to the usual fermions in order to sup-
press appropriately flavor changing neutral transitions in
both quark and lepton sectors.

C. Embedding in SU(8)

There are also the grand unified extensions of all
the possibilities we have treated above. The group
SU(3)c®SU(3).®U(1); has rank 5 and it is a subgroup
of SU(6). It has been shown in the last group that
the anomalies .4 of 15 and 6* are such that A(15) =
~2A(6*) [29]. Then, pairs of 15 and 15*; 8* and 6 and,
finally one 15 and two 6* are the smallest anomaly-free
irreducible representations in SU(6) [30]. On the other
hand, the representation 20 is safe.

Just as an example, let us consider the SU(6) sym-
metry, which is a possible unified theory for model B.
Using the notation of Ref. [31], in the entry (a,b)s(N),
a is an irreducible representation of SU(3)¢ and b is an
irreducible representation of SU(3)r. The subindex §
means, in an obvious notation, the respective fields of
the model and the second parenthesis contains the value



of the U(1); generator when acting on the states in the
(a,b).

In model B there are 74 degrees of freedom. Left-
handed leptons and four of the right-handed d-type
quarks are in 6*:

6%; = (8%, 1)as, (+1/3) + (1,8")y,, (-1/3),
Whel‘e d;;L - dgL’ 2L’d1L’ dzL, ‘IJJ'L - ‘peL, ‘I!’;L,
T, r, Ty, [see Eq.(2.26a)]. Two quark generations trans-
forming as (3, 3,0) and the right-handed u-type quarks
are in two 15

(4.2)

15QiL = (3*! l)u‘.-’;,(_z/:a) + (1: 3*)‘1’51,(2/3) +

+(3$ 3)QiL (0): (4‘3)
where uf; = ufp,ufy; Ui = V,;, ¥, [see Eq. (2.25b)].
Finally, the left-handed and right- handed quarks of the
third generation are in one 20

20Q3L = (15 1)-"( ) 1 I)X‘( )
+(3’3*)Q3L(+1/3) (3*13)‘?55 (—1/3):

with X a new charged lepton and the neutral leptons
Nt are singlets of SU(6). Thus, we have an anomaly-
free theory with the fields of the first two generations in
6* and 15. The third generation is not anomalous.

Let us counsider the prediction of the weak mixing an-
gle, sinfw. In SU(N) theories we have

2 o(f3a)?
2a(Qa)?’

where I3 is the third component of the weak isospin, @
is the electric charge, and the sum extends over all fields
in a given representation. Hence, in SU(6) we have the
prediction that sin® @y = 3/8. This is the same value
of the SU(5) model [32]. It is easy to verify that all
representations 6%, 15, and 20 in Eqgs. (4.2)-(4.4) give the
same answer as it must be. On the other hand we recall
that in models A and B it holds that sin® HW < 3/4 [6].
Thus, the theory has a Landau pole when sin® 8y = 3/4.
The theory might be, before getting this pole, unified in
an SU(6) model.

However, it is not a trivial issue to show that the uni-
fication in SU(6) may actually occur [33]. This is so,
because in 3-3-1 the couplings o, and asy, has 8, > Bsr.

Since the model has new particles, we may have to con-
sider mass threshold corrections for the 3 functions, since
these new particles could have masses below the unifica-
tion energy scale, or even, we may not assume the decou-
pling theorem. We recall that in the standard model with
two Higgs doublets the decoupling theorem [34] must not
be necessarily valid, since there are physical effects pro-
portional to miy ggs [35]. Hence, it could be interest-

(4.4)

sin? By = (4.5)

ing to study the way in which the masses of the extra
Higgs and exotic quarks in the model become large, as
it has been done in the standard model scenario for an
extended Higgs sector [35] or for the mass difference be-
tween fermions of a multiplet [36]. It means that there is

o “grand desert” if 3-3-1 models are realized in nature.
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How can we study the embedding of the SM in 3-3-
1?7 The last model has fields which do not exist in the
minimal SM, but which are present in the same multiplet
of 3-3-1 with the known quarks. For instance, the quarks
J’s have to be added to the SM transforming as (3,1, Q)
under the 3-2-1 factors. The scalar and vector boson
sectors of the SM have also to be extended with new
fields. Hence, we must add scalar fields transforming
as (i) four singlets (1,1,Ys): one with ¥ = 0, one with
Ys = 1 and two with Yg = 2, (ii) four doublets (1,2,¥p):
one with ¥p = —3 and three with Yp = 1; finally, (iii)
one triplet (1,3,-2). It is also necessary to add extra
vector bosons (U**,V+) which transform as (1,2,3).
For this reason we believe that 3-3-1 models are not just
an embedding of the SM but an alternative to describe
these same interactions and new ones.

V. CONCLUSIONS

The 3-3-1 symmetry is in fact an interesting extension
of the standard model. It gives answers to some guestions
put forward by the later model and new physics could
arise at not too high energies, say in the TeV range.

In the previous sections we have examined two 3-3-1
models, both of them with extra heavy quarks and lep-
tons, and also some of their possible extensions. What
we want to do now is to discuss briefly some possible phe-
nomenological consequences concerning models A and B
dicussed in Secs. IT A and II B, respectively.

(i} In the Higgs sector, by using the gauge invariance it
is not possible to choose all VEVs to be real. Hence, there
is CP violation via scalar exchange. Since the quark mass
matrices receive contributions from two VEVs, there are
also FCNCs in the Higgs boson couplings but their effects
could be suppressed by fine tuning among some param-
eters [6] or by heavy scalars. The possibility of sponta-
neous CP violations in the context of the 3-3-1 model of
Ref. [4] has been study recently in Ref. {37).

Lgii) In model A, the left-handed quark mixing matrices
V¥ and VP, defined in Egs. (2.18) or (2.19), survive in
the Lagrangian. See for instance Egs. (2.22). Mixings are
also different in the interactions with XJ and with V", as
can be seen from Eq. (2.20). This induces new sources of
CP violation since there are phases in these interactions
which cannot be absorbed. This also happens in model
B. However, in this case, as have seen in Sec. II, even the
right-handed quark mixing matrices, VE and V¥, sur-
vive. We recall that in the standard model although the
matrices VL R are needed, after the diagonalization of
the quark mass matrices the only place in the Lagrangian
where these matrices appear is in charged currents cou-
pled to the W* and only in the form VFTVP. In this
case, V} is identified with the usual Cablbbo-Koba.yasm-
Maskawa mixing matrix by choosing V¥ = 1. Since this
matrix does not appear in other places of the Lagrangian,
this choice is enough. This is not the case for all 3-3-1
models [10].

(#ii) It is well known that almost all Z%pole observ-
ables are in agreement with the standard model predic-
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tions [17]. There are, however, two of these observables
which do not seem to agree with the model’s predictions:

{a) The first one concerns the heavy quark production
ratios,

R D2~ if) T,
77 T(2% > hadrons) ~ I’

Tp= Erq, (5.1)
q

which have been measured for ¢ and & quarks. Consid-
ering R, as the SM prediction (R, = 0.171), we have
Ry = 0.219240.0018 which is about 2¢ discrepancy with
the expected value By = 0.2156+£0.0006 [2]. These ratios
depend on the effective vector and axial-vector couplings
gvy and Gay, which in the SM scenaric include radia-
tive corrections. In the context of model B, gv¢ and gay
refer to the couplings defined in terms of the R coeffi-
cients, which incorporate the right-handed neutral cur-
" rents in Eqs. (2.47) and (2.48) and radiative corrections
too. Here we will write them only at the tree level:

1 2
gva =gy — 2 [(ViR)sal
1
gaa=g3¥ + 5 (V)L (5.22)
1
gve = 9% -5 | (VR)s "
1
Jas =94 — 5 |(Vi2)s, [ (5.2b)

1
gve= g8 — 5 [1- [(VR)ed’ — |(VR)s,[*.] . (5:20)

1
gar =934 +3 [1 — | (V&)ad” - |(v£z)3s|2] . (52d)
1
vu = gy + 3 |(V1r{2)3u|2’
1
Fau = 050 — 5 | (VR)sal” (5.2¢)
1
Gve =gva + 3 |(V1[1]z)3c|2 ,
1
Jac = giuM 3 |(V1tfz)3c|2, (5'2f)

SM _ _ 1 2.2 SM . _1, SM _ 1 4.2
where g7/f = —3 + 38w, 94d = —33 9w = 3 — 35w,

g5M = 1 and in Eq. (5.2c) and (5.2d) we have used
the unitarity of the V.3, matrix. We see that the Z°
does not couple universally to right-handed fermions [see
also Eq. (2.48)]. So, in this model it is possible that the
theoretical predictions for the Z° width into light quarks
and leptons and into bb as well would be modified [38].
However, like in the standard model, eventually we have
to consider radiative corrections. The model is complex
enough to allow several contributions to these radiative
corrections besides that of the t quark to the Zbb vertex
and they must be studied in detail. Here, we only wish

to call attention for the possibilities of the model with
respect to the present measurements of Rp.

It is also possible to considere a general mixing in both
charged sectors. In this case V% and V%, in Egs. (2.47)
and (2.48) would be 4 x 4 and 5 x 5 unitary matrices,
respectively. In order to mantain the right-handed cou-
plings in Eq. {2.46) compatible with the numerical values
of the SM at the tree level, we might choose

(v,f*&vg)dd ~ (vg*,&vg)” ~ (VI?*Z‘VJ?)H, ~ 0,
(5.3)

where A = diag(0,0,1,0,0). The K — Kg mass differ-
ence constrains only the matrix element (VI? ')da(Vg? JE
In order to determine the other elements of the matrix
VP it is necessary to study in detail B decays. A similar
situation occurs in the charge 2/3 sector.

(b) The second one is the value of the left-right asym-
metry A%, = AY obtained by LEP measurements of
the forward-backward asymmetry. It corresponds to
sin® @y = 0.2321 % 0.0005 [39] while the SLD left-right
asymmetry measurement implies sin®fy = 0.2292 +
0.0010 [40]. Hence, there is an experimental discrepancy
between the LEP and SLD values for A9 at the 2.7¢ level.
If this is confirmed, it could indicate new physics coupled
in a different way to the third generation. For instance:
(1) extended gauge structures with extra neutral bosons,
like the Z’; (2) extra fermions like #,¥, or even heavy
leptons as £~ ; (3) nonstandard Higgs particles, and (4)
new heavy particles loop effects like exotic leptons [41],
gquarks, or supersymimetric particles.

In particular the Z’ contribution is an interesting pos-
stbility. In fact, it has been pointed out recently that
the discrepancy between both measurements can be rec-
onciled if a new neutral gauge boson Z’ nearly degener-
ate with the Z° and with appropriate couplings to the
quarks do exist [42]. This new neutral gauge boson may
also be responsible for the observed value of Ry. In our
models Z’ is not necessarily nearly degenerate with Z.
However, constraints coming from the neutral K mass
difference would not imply necessarily a heavy Z’ since
we can obtain a consistency with the observed value of
this mass difference by choosing appropriately some of
the matrix elements of V2. These matrix elements are
different from the mixing angles appearing in the observ-
ables B, and Arpg. The couplings defined in Eq. (2.9) for
the case of the Z’ are all flavor violating [6] and, as we
have extra mixing matrices in these models, it is possible
that a global analysis of all data will show compatibility
among the low energy processes like Ky — K¢ mass dif-
ference and line shape variables like I'z, R = 'y /T, o4,
and others.

Hence, it is possible that the discrepancies in (a) and
(b) will be an indication of new physics which generates a
vertex correction to the Z couplings, new box and vector
boson vacuum polarization contributions, or that there is
a new physics at the tree level, or both of them. Models
A and B are rich enough to allow the implementation of
all the effects above.
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(iv) Some time ago it was pointed out that since
the left-handiness of the b quark has not been tested
experimentally this quark may decay through, in the
extreme case, purely right-handed couplings to the ¢
and u quarks [43,44]. The chirality of the b quark
can be tested by studying the decay of polarized A,
baryons [43,44]. These ideas were worked out in the
context of an SU(2),®SU(2)g®U(1} model. In such a
model the smallness of the b to ¢ coupling is due not to
the value of the corresponding mixing angle but to the
small value of the right-handed Fermi constant G'pg, and
the right-handed Wx boson must be light since [45]

G 1
Gz ~ = (9R/M3y,) [ (93 /Miy,) = Vi ~ 0.04. (5.4)

In model B (Sec. I B) an intermediate situation is re-
alized. In Eq. (2.44) the charged left-handed currents are
the usual ones. However, there are also right-handed cur-
rents coupled to the W+ boson with the same strength
Gr but it depends on some of the right-handed couplings
VY and V£ appearing in Eq. {2.45). Hence, the con-
straint in Eq. (5.4) implies only that (VE*)a.(VE)s <
0.04. :

Notice that the left-handed couplings of the b guark to
the ¢ and u quarks are the same of the standard model
[See Eq. (2.44)]. However, there are contributions to the
semileptonic b decays in which (a) a right-handed b-to-
¢(u) current couples to a left-handed lepton current [see
Eqgs. (2.43) and (2.45)]; (b) a left-handed b-to-c(u} cur-
rent couples to a right-handed lepton current, and (c)
both currents are right-handed. Cases (b) and (c) in-
volve the heavy lepton sector: Tfy*Nyp = —Nipy'7a
or T§y*Nar = —N5pv*Tg, and can be suppressed if N;
and T are heavy.

Analyses of the B-B? and BY-B! mixings must be
done in our context too. The dominant contributions in
our model come from two-t-quark box diagrams as in the
standard model. This involves other matrix elements of
V2. Hence, as we said before, in our models it would be

necessary to make a global analysis involving Z-pole ob-
servables, CP violation, semileptonic B decays, and other
processes in order to fit the several parameters appearing
in it.

(v) These models predict new processes in which the
initial states have the same electric charge as ff —
W~V ™. These types of processes have only recently be-
gun to be studied [46—48]. Also in some extensions of
these models, with spontaneous and/or explicit breaking
of L + B symmetry, it is possible to have kaon decays
with |[AL| = 2, like K+ — o ptut,n pte”, similarly
in D and B mesons decays. Experimental data imply
B(K¥ — m utut) < 1.5 x 107* [47]. The process
e"e~ — W~W~—, which also could eccur in some exten-
sions of the 3-3-1 models, has been recently investigated
in other context [48].

In summary, none of these models is severely con-
strained at low energies. For instance, in the leptonic sec-
tor both of them are consistent with the existence of three
light neutrinos [17]. Neutrinos will get mass through ra-
diative corrections and some of their properties as the
magnetic moments will be studied elsewhere.

Another ‘interesting feature of these kinds of models
is that they include some extensions of the Higgs sec-
tor which have been considered in the context of the
SU(2)®U(1) theory: more doublets, single and doubly
charged singlets, triplets, etc. That is, all these exten-
sions of the SM are subset of the full Higgs sector of
3-m-1 models.

Finally, we would like to say that the supersymmetric
version of the model of Ref. [4] has been considered in
Ref. [49].
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