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A detailed and general study of the fermionic structure of the 331 models with S arbitrary is carried out
based on the criterion of cancellation of anomalies. We consider models with an arbitrary number of
lepton and quark generations, but which require associating only one lepton and one quark SU(3);
multiplet for each generation, and at most one right-handed singlet per each left-handed fermion. We see
that the number of quark left-handed multiplets must be 3 times the number of leptonic left-handed
multiplets. Furthermore, we consider a model with four families and 8 = —1/ /3 where the additional
family corresponds to a mirror fermion of the third generation of the standard model. We also show how to
generate ansatz about the mass matrices of the fermions according to the phenomenology. In particular, it
is possible to get a natural fit for the neutrino hierarchical masses and mixing angles. Moreover, by means
of the mixing between the third quark family and its mirror fermion, a possible solution for the A%,

discrepancy is obtained.
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I. INTRODUCTION

A very common alternative to solve some of the prob-
lems of the standard model (SM) consists of enlarging the
group of gauge symmetry, where the larger group embeds
the SM properly. For instance, the SU(5) grand unification
model of Georgi and Glashow [1] can unify the interactions
and predicts the electric charge quantization, while the
group E¢ can also unify the interactions and might explain
the masses of the neutrinos [2]. Nevertheless, such models
cannot explain the origin of the fermion families. Some
models with larger symmetries address this problem [3]. A
very interesting alternative to explain the origin of gener-
ations comes from the cancellation of chiral anomalies [4].
In particular, the models with gauge symmetry SU(3),. ®
SU(3); ® U(1)y, also called 331 models, arise as a pos-
sible solution to this puzzle, since some of such models
require the three families in order to cancel chiral anoma-
lies completely. An additional motivation to study these
kinds of models comes from the fact that they can also
predict the charge quantization for a three-family model
even when neutrino masses are added [5]. Finally, super-
symmetric versions of this gauge theory have also been
studied [6].

Despite the fact that the 331 models could formally
provide an explanation for the number of families, they
cannot explain many aspects that the SM cannot explain
either; it suggests the presence of new physics. In the
current versions of the model it is not possible to explain
the mass hierarchy and mixing of the fermions. On the
other hand, the model is purely left handed, so that it
cannot account for parity breaking. Another point of inter-
est to study in the models is the CP violation, particularly
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the strong CP violation which might allow help us to
understand the values for the electric dipole moment of
the neutron and electron.

Although cancellation of anomalies leads to some con-
ditions [7], such criterion alone still permits an infinite
number of 331 models. In these models, the electric charge
is defined, in general, as a linear combination of the
diagonal generators of the group

Q=T;+ BTs + XI. (1.1)
As it has been extensively studied in the literature [7-9],
the value of the 8 parameter determines the fermion as-
signment and, more specifically, the electric charges of the
exotic spectrum. Hence, it is customary to use this quantum
number to classify the different 331 models. If we want to
avoid exotic charges we are led to only two different
models i.e. B = *1/+/3 [7,10].

In the analysis for § arbitrary based on the cancellation
of anomalies, we find many possible structures that contain
the SM at low energies. In the model with two leptonic left-
handed multiplets (N = 2), we get a one-family model in
which one of the multiplets corresponds to the mirror
fermions (MF) of the other, i.e., the quarks and leptons
form vector representations with respect to SU(3); for
each family. Two additional copies are necessary in order
to obtain the SM at low energies.

The structure for N = 4 families and 8 = —1/ \/§,
where three of them refer to the generations at low energies
and the other is a mirror family, is a vectorlike model that
has two multiplets in the 3 representation and two multip-
lets in the 3* representation in both the quark and lepton
sectors. This extension of the 331 model is not reduced to
the known models with 8 = -3, -1 / /3 [8,10], because
in such models the leptons are in three 3-dimensional
multiplets. From the phenomenological point of view at
low energies, the difference would be in generating ansatz
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for the mass matrices in the lepton and quark sectors.
Models with vectorlike multiplets are necessary to explain
the family hierarchy. Moreover, it is observed that the
neutrinos do not exhibit a strong family hierarchy pattern
as it happens with the other fermions. The mixing angles
for the neutrinos 6,,, and 6, are not small. Besides, the
quotient (6m2,,/8m2,,) is of the order of 0.02—0.03; these
facts suggest to modify the seesaw mechanism in order to
cancel the hierarchy in the mass generation for the neu-
trinos. Such modifications are usually implemented by
introducing vectorlike fermion multiplets [11].

On the other hand, the deviation of the b-quark asym-
metry A, from the value predicted by the SM (of the order
of 30) suggests a modification in the right-handed cou-
plings of Z, with the b quark, by means of particles that
are not completely decoupled at low energies. An alter-
native is the inclusion of MF because they acquire masses
slightly greater than the electroweak scale since their
masses are generated when SU(2); ® U(1)y is broken
[12]. Further, a model with MF couples with right-handed
chirality to the electroweak gauge fields. Hence, these
couplings might solve the deviations for A, and A% [13].
Since the traditional 331 models are left handed and the
Z — 7' mixing is so weak (~ 1073) they do not yield a
contribution for these asymmetries [14]. Another interest-
ing possibility to explain the discrepancy would be to
modify the right-handed couplings of the top quark, which
enter in the correction of the Zbb vertex. They could also
generate deviations for |V,,|, which in turn may give us a
hint about the mass generation mechanism for the ordinary
fermions. The 331 models with N # 3 might in principle
be able to explain such discrepancy and generate right-
handed couplings for the bottom and top quarks.

Furthermore, the introduction of mirror fermions per-
mits one, in a certain sense, to restore the chiral symmetry
lost in the standard model, and in principle could serve to
solve the problem of strong CP violation [15]. The imple-
mentation of these models with more fermions for N # 3
requires a more complex scalar sector that permits one to
generate CP violation in a natural way.

There are some other features that neither SM nor their
ordinary 331 extensions can explain at a cosmological
level, such as the large scale structure in the Universe
[16], galactic halo [17], and gamma ray bursts [18]. They
suggest the existence of physics beyond the ordinary 331
models. In many cases mirror fermions will be useful to
find solutions to these cosmological problems.

Finally, some additional motivations come from grand
unified theories (GUTs). GUTs introduce some non-
natural features such as the hierarchy problem with the
Higgs boson mass, because of the introduction of a new
scale (grand unification scale) much higher than the weak
scale; this is in turn related to the ‘“grand desert” that
apparently exists between the GUT and electroweak scale.
This fact motivates the possibility of considering inter-
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mediate steps in the route from GUT to electroweak scales.
Some versions of the 331 models permit the chain of
breaking GUT — 331 — SM, while protecting the phe-
nomenology from fast proton decay [19].

The study of B arbitrary is interesting because it permits
a general phenomenological analysis that could be reduced
to the known cases when 8 = —\/?_a, and B8 = 1/\/3 [20],
but can also permit the study of other scenarios that could
be the source for solving some of the problems cited here.

Recently we have gotten constraints on 331 models by
examining the scalar sector [21]. In summary, these con-
straints are obtained by requiring gauge invariance in the
Yukawa sector and finding the possible vacuum alignment
structures that respect the symmetry breaking pattern and
provides the fermions and gauge bosons of the SM with the
appropriate masses. By applying gauge invariance to the
Yukawa Lagrangian it is found that the Higgs bosons
should lie in either a triplet, antitriplet, singlet, or sextet
representation of SU(3);. On the other hand, cancellation
of chiral anomalies demands that the number of fermionic
triplets and antitriplets must be equal [22]. Moreover,
assuming the symmetry breaking pattern

SU@3), ® SU3), ® U(1)y — SU3). ® SU2), ® U(1)y
— SUB3). ® U(1),,

331 =321 —1 (1.2)
we see that one scalar triplet is necessary for the first
symmetry breaking and two scalar triplets for the second
to give mass to the up and down sectors of the SM. The
possible vacuum alignments that obey this breaking pat-
tern, as well as giving the appropriate masses in the second
transition, provide the value of the quantum number X in
terms of (. Finally, in some cases it is necessary to
introduce a scalar sextet to give masses to all leptons.

In this paper we intend to make a general analysis of the
fermionic spectrum for 8 arbitrary, by using the criteria of
economy of the exotic spectrum and the cancellation of
anomalies. The scalar and vector sectors of the model will
be considered as well.

This paper is organized as follows. In Sec. II we describe
the fermion representations and find the restrictions over
the general fermionic structure based on the cancellation of
anomalies. In Sec. III we show the scalar potential and the
scalar spectrum for three Higgs triplets with 3 arbitrary.
Section IV develops the vector spectrum for [ arbitrary,
and Sec. V shows the corresponding Yang-Mills
Lagrangian. In Sec. VI we write down the neutral and
charged currents for the three-family version of the model
with B arbitrary. Section VII describes a new model with
four families where one of them corresponds to a mirror
family; from the vectorlike structure of the model, we try to
solve the problem of the b-quark asymmetries, and gen-
erate ansatz for the fermionic mass matrices. Finally,
Sec. VIII is regarded for our conclusions.
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II. FERMIONIC SPECTRUM AND ANOMALIES
WITH S ARBITRARY

A. Fermion representations

The fermion representations under SU(3), ® SU(3); ®
U(1)y read

9.:33,xH) =32 xh) e (31X,
0,:1,3,xb) = (1,2, xb) e (1,1, XL,
4;:(3,3, X =32, X)) e (3,1, —XL),
0;:,3, —xb)y = (1,24, —xb) @ (1,1, —X%),
A gr:(3.1, Xff),

12,1, xB),

b =

Q2.1

The second equality comes from the branching rules
SU(2), C SU3),. The X, refers to the quantum number
associated with U(1)y. The generator of U(1)y commutes
with the matrices of SU(3); ; hence, it should take the form
X, I3x3. The value of X, is related to the representations of
SU(3); and the cancellation of anomalies. On the other
hand, this fermionic content shows that the left-handed
multiplets lie in either the 3 or 3" representations.

B. Chiral anomalies with f arbitrary

The fermion spectrum in the SM consists of a set of three
generations with the same quantum numbers; the origin of
these three generations is one of the greatest puzzles of the
model. On the other hand, the fermionic spectrum of the
331 models must contain such generations, which can be
fitted in subdoublets SU(2); C SU(3); according to the

TABLE 1.
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structure given by Eq. (2.1). Nevertheless, in such models
the number of fermion multiplets and their properties are
related by the condition of cancellation of anomalies. As a
general starting point, we could introduce sets of multiplets
with different quantum numbers; this means that each
generation can be represented as a set of triplets with
particles of the SM plus exotic particles. Even in models
of only one generation the structure of the spectrum could
be complex, appearing more than one triplet with different
quantum numbers [7]. These kinds of models exhibit a
large quantity of free parameters and of exotic charges.
Such free parameters increase rapidly when more than one
generation is introduced; this leads to a loss of predictabil-
ity in the sense that we have to resort to phenomenological
arguments to reduce the arbitrariness of the infinite pos-
sible spectra. In the present work, we intend to study the
331 models keeping certain generality but demanding a
fermionic spectrum with a minimal number of exotic par-
ticles. So we shall take all those models with N leptonic
generations and M quark generations, by requiring to
associate only one lepton and one quark SU(3); multiplet
for each generation, and at most one right-handed singlet
associated with each left-handed fermion. Based on these
criteria we obtain the fermionic spectrum (containing the
SM spectrum) displayed in Table I for the quarks and
leptons, where the definition of the electric charge,
Eq. (1.1), has been used demanding charges of 2/3 and
—1/3 to the up- and down-type quarks, respectively, and
charges of —1, 0 for the charged and neutral leptons, in
order to ensure a realistic scenario. In general, it is possible
to have in a single model any of the representations de-
scribed by Eq. (2.1), where each multiplet can transform

Fermionic content of SU(3); ® U(1)y obtained by requiring only one lepton and one quark SU(3), multiplet for each

generation, and no more than one right-handed singlet for each right-handed field. The structure of left-handed multiplets is the one
shown in Egs. (2.1) and (2.2). m and n label the quark and lepton left-handed triplets, respectively, while m*, n* label the antitriplets;

see Eq. (2.2).
Quarks Oy Xy
R —2
- UE’"; U%”;:I %1 %1 o, ;grnn —3
— . m), —1 —1 _1_ B - _1
= D(r’:) . D(ﬁz) ! 1 \%ﬁ x%ﬁ qu 6 L;e(m) 1 ’ 3B
ARV 3 s~ 2/ 572 Xf =§— %"
, . R _ _1
| pin) DYl =3 3 X ~ 73
g = —um | 3 gl 3 3 XL = =& =55 Xpw =3
Jm) (), 1y V38 ) 1y B “ 2k 148
L JR 1 6 2 2 XJ(H) _6+T
Leptons Oy Xy
o) e 0 0 X5, =0
€(Lﬂ) = ™ 3 6)(n),l -1 -1 xL =_1_8 XR(,I) = —1
R Y0l 2 23 e
_1_B3B | _1_138
EM ) EPa 17%) T XK, = —4-F
e egf):l -1 -1 X?’**) =1
€ = = | 30 00y 0 0 Xk, =4— L Xin =0
‘ () e —L+B8 ) 1438 R Ly 36
E L ERi 27 272 Xpon = —3 155
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differently. Indeed, in the most general case, each multiplet can transform as

3k triplets
K(L”), K(L"*):n =12...,;

Jj triplets

where the first 3kth multiplets of quarks lie in the 3
representation while the latter 3(M — k) lie in the 3*
representation for a total of 3M quark left-handed multip-
lets. The factor 3 in the number of quark left-handed
multiplets owes to the existence of three colors. Similarly
the first j left-handed multiplets of leptons are taken in the
representation 3 and the latter (N — j) are taken in the 3*

[SUB).F®U(l)x — A = =3X5 —

singlet

1

[SUB).P — A, = EAaﬁ'y:

[SUB).F @ U(l)x — A; =

>

S (EX) + 3T (XL

(m) (m*). — _ . ¥ _
q; ,q; m=12.. ki m=k+1L,k+2,....M
L 4L X

h'g
3(M—k) antitriplets
—j+1,j+2...,N
- J

2.2)

V
N—j antitriplets

\
representation, for a total of N leptonic left-handed

multiplets.

Now we proceed to analyze the restrictions over the
fermionic structure of Eq. (2.2) from the criterion of can-
cellation of anomalies. When we demand for the fermionic
SU(3). representations to be vectorlike, we are left with the
following nontrivial triangular anomalies

[Grav]2 ®U(l)y — Ay = 32( X (r)) + 9Z(+XLs)) -3 Z (XR) - Z (XR)

[UOF = A5 = 3T (X0 + P (X1 =3 3 (K -

where the sign + or — is chosen according to the repre-
sentation 3 or 3*. The condition of cancellation of these
anomalies imposes, under some circumstances, relations
between the values of N, M, j, k and the B parameter.
Furthermore, the requirement for the model to be SU(3),
vectorlike demands the presence of right-handed quark
singlets, while right-handed neutral lepton singlets are
optional.

1. The [SU(3).J* ® U(1)y anomaly

When we take into account that the fermionic triplets in
Eq. (2.1) must contain the SM generations, i.e. they contain
subdoublets SU(2); C SU(3),, we obtain relations among
the X and 8 numbers that cancel this anomaly. In Table I,
we write down these relations in the third column, by
assuming that the SU(2); subdoublets lie in the two upper
components of the triplets.

2. The [SU(3), I anomaly

The cancellation of the [SU(3), ]* anomaly demands for
the number of l/;L multiplets to be the same as the number
of l/}z ones. Taking into account the number of quark and
lepton multiplets defined in Eq. (2.2), we arrive at the
condition

3k+j=3(M—k) + (N — )

or writing it properly

(2.3)
singlet singlet
> (xF)?
singlet singlet
\
N—-2j=-3M-2k); 0=j<N; 0=k=M. 24

The first inequality expresses the fact that the models are
limited from representations in which all the left-handed
multiplets of leptons transform under 3* (when j = 0), to
representations in which all left-handed lepton multiplets
transform under 3 (when j = N). An analogous situation
appears for the quarks representations that leads to the
second inequality.

3. The [SU3), > ® U(1)x anomaly

Applying the definition in Eq. (2.2), we make an explicit
separation between 3 and 3" representations, from which
this anomaly reads

N
Mm-S+ S (- e(n>+3z<xﬁm))
n=1 n'=j+1
M
+3 Z (—X m)—o
m*=k+1

On the other hand, using the particle content of Table I, the
equation takes the form

3 3Jﬁ
EM

EN+Q(N 2j).

(2.5)

—— (M —2k) =
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4. The [Grav]’ ® U(1)y anomaly
Taking into account Eq. (2.2), this anomaly takes the form

J
Ay =3> (XL,)+3 Z
n=1

n*=j+1

Z (QRn + QRn*) + QE(n

n*=j+1

where the leptonic right-handed charges can be present or
absent. The neutrino has null charge so that the presence
(or absence) of right-handed neutrinos does not affect the
anomalies, but they are important when choosing Yukawa
terms for the masses. On the other hand, ¢™ possesses a
charge (—1), while E® and E®) can, in general, possess
charges different from zero. We shall call them generically
charged leptons. Since charged singlets affect the anoma-
lies, we should set up a notation to specify whether we
choose charged right-handed leptonic singlets or not.
Taking into account that we permit at most one right-
handed singlet per each left-handed fermion we define

0, = { 1 for models with charged €,
(=

0 for models without charged €. (2.6)

It is applied to each right-handed leptonic charge, in such a
way that the cancellation of this anomaly leads to the

condition |

g(n ) +9 Z(XL(m) + 9 Z (_ 4™ )_ Z(QR(n) + Q o

+OR,)

m*=k+1

k M
-3 Z(QU(H!) + QD(I") + QJ('”’) -3 Z (QU(m*) + QD(WI*) + QJ(m*)) = O:
m=1

m*=k+1
[
—EN-FQ(N 2 ) = _]®e(” —]<2 \/;B> EW
— (N = ))O0 — (N — )
X (% — @)@E(j+l), (2.7)

where we have replaced the values of Q,, X, given in
Table 1. We should note that Eq. (2.7) is a relation about
O,; therefore, it imposes restrictions over the possible
choices of right-handed charged leptonic singlets.
Finally, from Eq. (2.7) and Table I, we see that when the
E™ or E™) fields are neutral (i.e. B8 = *=1/+/3 for EV*D
and EW, respectively), the corresponding singlets do not
contribute to the equation of anomalies like in the case of
the neutrinos.

5. [U()x ] anomaly

In this case we have

J k
=33 (xp,) +3 Z —XL )P+ 9 Z (XL, +9 Z (=XL,)" =3 Z[ Q) + (Qpm)* + (Qym)*]
=1 n*=j+1 m= m*=k+1
-3 _ZHI[(QW 5+ (Qpe) + (Qyun)*] — Z[(Q’%)‘ +(05,) + (0%.,)]
Zﬂ[(Q ) (05 + (08,1 = 0.
n*=j
Using Eq. (2.6) and Table I, we get
371 3\/_,8 32 BN —2j

Z(§N+M> -2~ <2N+M>+9<ﬁ>< = M+2k>
- —j0, — JG + @)3@}5(” — (N = /)01 — (N — j)e _ @)3@@4,) (2.8)

which arises as an additional condition for the presence of
right-handed charged leptonic singlets.

C. General fermionic structure

Equations (2.4), (2.5), (2.7), and (2.8) appear as condi-
tions that guarantee the vanishing of all the anomalies,

|
obtaining a set of four equations [plus the two inequalities
of Eq. (2.4)] whose variables to solve for are N, M, j, k, and
B. Taking Egs. (2.4) and (2.5), we find the following
solutions:

N =M,

Jj + 3k =2N. (2.9)
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This means that the number of left-handed quark multiplets
(3M) must be 3 times the number of left-handed leptonic
multiplets (V). Moreover, the number of leptonic triplets in
the representation 3 (j) plus the number of quark triplets in
the representation 3 (3k) must be twice the number of left-
handed leptonic multiplets (2N) i.e. an even number. In
addition, we can find, by combining the two equations in
(2.9), that the number of lepton and quark left-handed
multiplets in the 3" representation must also be equal to
2N. The solutions in Eqgs. (2.9) are represented as restric-
tions over the integer values of j and k according to the
number of left-handed multiplets (4N). Table II illustrates
some particular cases.

It is important to note that there are only some possible
ways to choose the number of triplets and antitriplets for
a given number of multiplets. Additionally, there is no
solution for models with N =1 under the scheme of
using one multiplet per generation; so we have the extra
condition N = 2. In this manner, the possible representa-
tions according to Table II depend on the number of
multiplets 4N, as it is shown in Table III. We can see that
models with N = 2 are possible if the multiplets of quarks
and leptons transform in a different way. For N = 3, we
have two possible solutions. In one of them all the lepton
multiplets transform in the same way; two of the quark
multiplets transform the same and the other transforms
as the conjugate. The second solution corresponds to
the conjugate of the first solution. For N = 4 the quark
and leptonic representations are vectorlike with respect
to SU(3); as Table III displays. In this case we will
have one exotic fermion family, ¢ and ), which
might be a replication of the heavy or light families of
the SM. Such choice could be useful to generate new
ansatz about mass matrices for the fermions of the SM.
In this way, it is possible to add new exotic generations,
though not arbitrarily, but respecting the conditions of
Table III.

As for the solution (2.8) with N = M, it can be rewritten
as

TABLE II.

PHYSICAL REVIEW D 72, 035018 (2005)

TABLE III. Possible representations according to Table II.
Each value of ¢'? represents three left-handed quark multiplets
because of the color factor.

N Allowed representations
¢0:3
2 £2:3%
g3
2).3%
(0 @ o130 4 3 (0, @ ¢33
3 gV, g?:3 qg¥:3
g3 gV, q@:3*
W, ¢2:3
€0), g@:3*
4 4V g3
q?, 93+
0.3 €W, @ ¢0) .3
5 € @ B p@).3* £0):3%
g, q4> 5).3 g, @3
gV, ¢@:3* ¢, g¥, 03"
¢, 5(2)’ €, . ¢ @ ¢0)
€@, ) ¢ @ 6 ¢ -
g, ¢, q<s>, 49:3 g9, ¢:3
6 ¢, g3+ gV, ¢?, ¢, 4.3+
€M, @ ¢G)
5(4)’ g(S)’ £6).3%
g, q?, 493
g9, q¥, 403+
S+ 32)[ 7N+Q(N 2 )}
V38
j®e(1) - <§ 7 ) ED — (N - J)®e<j+l)
(1 \3BY3
- (N - J)(E - 2:8> O i), (2.10)

and using (2.7), we find

7,0 = Op) = (G = N)(O 41 — Opien).  (2.11)

Solutions of Egs. (2.9) represented as restrictions on the number of lepton triplets

(j) and of quark triplets (3k) according to the number of left-handed multiplets (4N).

N 0==j=N 0=3k=3N Solution for j + 3k = 2N
1 0,1 0,3 no solution
2 0,1,2 0,3,6 j=Lk=1
3 0,1,2,3 0, 3,6, j=0k=2
j=3k=
4 0,1,2,3,4 0,3,6,9, 12 j=2k=2
5 0,1,2,3,4,5 0,3,6,9, 12,15 j=Lk=3
j=4k=2
6 0,1,2,3,4,5,6 0,3,6,9, 12, 15, 18 j=0k=4
j=3k=3
j=6k=2
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TABLE IV.  Solutions for Egs. (2.7) and (2.11) that arise when all possible combinations of ® defined by Eq. (2.6) are taken. In the
last column, we mark with X the cases that are ruled out by the criterion of conjugation, while for the cases marked with \s‘", such

criterion does not give additional restrictions.

3 3 Solution for Eq. (2.7) Solution for Eq. (2.11) Combined solutions ~ With conjugation criterion
@L)(l)G)E(l) @e(j+])®E(j+l)
00 00 = V3 VN, j = (P53 B=+3j=0
B=-VXj=N
00 01 B= ()% N=j B=—-3 X
00 10 B=G=5) 5 N=j B=-3 X
00 11 B=—-3Vj#*0 VN,j B=—-3ZVji+0 |
VvV Bij=0 vV B;j=0
01 00 B=CG=D% j=0V N B=43 X
01 01 N=0;V jB N=0;V jX v B X
01 10 B=GD% N =2j B=+3 J
01 11 j=0;V N, B j=0VN vV B =—1/\3
__ (3N-2j — - —
10 00 B= =7 j=0VN B =3 X
10 01 B=EE N=2j B=—3 :
10 10 B =G5 N=0;V jx B=0 X
10 11 B="7:Yj#0 j=0;V N v B X
VBij=0
11 00 B=-3¥Yj#+*N VN,j B=3:Vj+N
V Bij=N V Bij=N
11 01 N=jVpB N=j vV B B=1//3
11 10 ,8=%;Vj¢N N=j vV B X
V Bij=N
11 11 VN, j B V N, j vV B if j=0=B=—/3,

ifj=N=8=.3

In this way, the solutions (2.7) and (2.11) represent restric-
tions over the singlet sector that are related with the values
of N, j, and B. All the possible combinations of ®, that
arise when the definition (2.6) is applied lead to the solu-
tions summarized in Table I'V. Nevertheless, not all the 16
cases obtained correspond to physical solutions. First of all
B = 0 is not permitted. Additionally, N = 2, from which
the two solutions marked with X on the fourth column of
Table IV are forbidden. On the other hand, there is another
important criterion to select possible physical models,
which we shall call the criterion of conjugation. The
charged leptons are necessarily described by Dirac’s spin-
ors; thus we should ensure for each charged lepton to
include its corresponding conjugate in the spectrum in
order to build up the corresponding Dirac Lagrangian. In
the case of the exotic charged leptons the conjugation
criterion fixes their electric charges and so the possible
values of B, from which additional restrictions for the
models are obtained. As an example, for
(®,m, Opm, O,5+1, Opgsn) =(0,1,1,1) the cancellation
of anomalies leads to j = 0O (see ninth row of Table IV);
then, according to Table I, the structure of charged leptons
is shown in Table V. Since the number of leptons having

nonzero charge must be even, one of the exotic leptons
must be neutral. Therefore, we have the following possi-
bilities: (1) Demanding E%l) to be neutral we are led to 8 =
-1/ V3; now if we assume the scheme of conjugation

e(L"*) ~ e%l*);E(L"*) ~E%*) no further restrictions are ob-

tained. (2) Assuming E(L"*) neutral yields 8 = 1/+/3, but
all possible combinations of conjugation between the re-
maining charged fields are forbidden. For instance, the

TABLE V. Structure of leptons for the structure of singlets

given by (0,0, O, O ,4+1, Opien) = (0,1, 1, 1).
Leptons Oy
no triplets 3 no charge
.1 0
R
o) —1
o) = =y | 3 0
_ 14 38
E" ), it
e -1
n ).
11 0
VR
" _ 14 38
EY):1 1t
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scheme EW ~ ™) EW) ~ o) yields B =1/+/3 and
B = /3, respectively, leading to a contradiction.
(3) Finally, for EER"*) neutral we find 8 = 1/+/3 and no
consistent conjugation structures are possible. In summary,
for this singlet structure the only value of 8 consistent with
the conjugation criterion is 8 = 1/+/3. This restriction
should be added to the ones obtained with cancellation of
anomalies and yields the solutions shown in the ninth row,
last column of Table IV. A similar procedure is done to
obtain the restrictions written in the last column of
Table IV. The cases marked with X in the last column

are forbidden, while for the cases marked with \f‘/ the con-
jugation criterion provides no further restrictions with
respect to the ones obtained from cancellation of
anomalies.

The solutions that survive in Table IV are combined with
the ones obtained in Tables II and III [or more generally
with Egs. (2.9)]. The solutions that cancel anomalies and
fulfill the conjugation criterion are summarized in
Tables VI and VII.

These solutions determine the fermionic structure of the
model according to the number of leptonic charged right-

handed singlets. However, cancellation of anomalies does
|

q(’”):m= L....m;m +1,...,2my;
;\f—J

3m triplets
15t generation

3m triplets

214 generation

ciiyey k= Dmy +1,..., kmy

PHYSICAL REVIEW D 72, 035018 (2005)

TABLE VI. Solutions for N = 2j = 2k = 2.
@em @E(]) ®6L1+1) ®E‘f“’ Solution
1 0 0 1 B=—3
0 1 1 0 B=3

not impose any restriction about the right-handed neutral
leptonic singlets. Table VI only admits an even number of
left-handed leptonic multiplets (N), while Table VII per-
mits, in principle, any number of them as long as N = 2. It
is observed that there are models that fix the values of 3, so
that they are possible only for certain values of the quan-
tum numbers. However, in three of the cases described in
Table VII, there are solutions for 3 arbitrary.

For the sake of completeness, we shall elaborate about
the complications of making an analysis of the most gen-
eral case where we allow various left-handed multiplets
that transform in an identical way with respect to SU(3);,
but with different quantum numbers with respect to U(1)y.
In Eq. (2.2), the number of left-handed multiplets is en-
larged to include the fact that each representation of
SU(3); is formed by a subset of several left-handed mul-
tiplets:

J

VT
3m triplets
kth generation

q(’"*):m* =kmy +1,....kmy +miskm +my+1,... km +2mj;...,
. o J

V
3m™ antitriplets
(k+1)th generation

...;EM— Dmi +1,..., Mm]

J

A
Sm){ antitriplets
Mth generation

J

GG = Dny +1,..

A
3m™ antitriplets
(k+2)th generation®**

(2.12)

- JN
o J

0. = ...,n;n +1,...,2n0;..
u J o

4
np triplets

ny triplets "
2N

18 generation generation

C)im* = jny +1,..., jny + i jny
. J o

V
ny triplets
Jjth  generation

+n)+1,..., jn + 2075,
J

~
n* antitriplets

(j+1)th generation

. _ ® *

”’SN Dnf + 1,...,Nnj

J

V"

nT antitriplets

***Nth generation

where 3my, 3mj, ny, and nj are the total number of triplets
and antitriplets for each generation of quarks (including the
color) and the total number of triplets and antitriplets for
each generation of leptons, respectively. k and j are the
number of generations of quarks and leptons that transform
according to 3, and (M — k), (N — j) are the number of
generations under 3*. In this way, the number of parame-
ters is increased, having N, M, ny, n}, my, mj, j, k, and B as

s
n* antitriplets
(j+2) generation

free parameters, restricted by only four equations of can-
cellation of anomalies. Since the number of triplets per
generation (characterized by the indices ny, nj, m;, m}) has
no upper limit, it is always possible to choose a convenient
number of them to cancel anomalies, allowing the entrance
of an arbitrary number of exotic particles with no reasons
but purely phenomenological ones. Therefore, such models
lose certain naturalness which is precisely what we look for
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SU(3), ® SU(3), ® U(1)y MODELS FOR 8 ARBITRARY ...

PHYSICAL REVIEW D 72, 035018 (2005)

TABLE VII.  Solutions for N = /2% =2 0=k = N.

@e(n @Em @e(j+l) @E(j+l) Solution
0 0 0 0 B=+3j=0
B=—-V3j=N
0 0 1 1 B=—-V3Vj#0
vV B;j=0
1 1 0 0 B=+3Y j#*N
V Bij=N
0 1 1 1 j=0,VN,B=-1/43
1 1 0 1 j=N,B=1/3
1 1 1 1 V B,V N,j# 0N
if j=0=8=—3
if j=N=p8=.3
TABLE VIII. Solutions for 8 and the fermionic structure with N = 3.
@e(1)®E(1) ®e|j+])E(j+l| Solution
00 00 B=3j=0k=2@B=—-/3j=3k=1@
00 11 B=-V3,j=3k=16V B,j=0k=20
01 11 B=—1/3j=0k=2x%
11 00 B=3j=0k=20V B;j=3k=10
11 01 B=1/V3;j=3k=1x%
11 11 B=—-V3j=0k=2%B=3j=3k=1%

when we build up a model from basic principles with a
minimum of free parameters.

For the case N = 3 in Table VII, solutions exist only
for j = 0 or 3 (see Table II). These solutions are displayed
in Table VIII. It should be emphasized that the models
without leptonic right-handed singlets (marked with @)
are divided into two according to the value of j to be 0
or 3, which are precisely the models discussed by Pleitez
and Frampton [8,9], where B = +./3. The solutions
marked with % are not discarded by anomalies nor
conjugation, but lead to more than one right-handed singlet
for each left-handed field. On the other hand, the solutions
marked with € and < give no restriction on the number
of right-handed leptonic singlets associated with 3* and
3 representations, respectively. Finally, the solutions
marked with [J are the only ones that permit arbitrary
values of 3.

As for the two models with S arbitrary, they exist only if
leptonic singlets associated with all the particles in either
representation are introduced. In the framework of these
two solutions, the particular cases of 8 = F1/+/3 are
discussed by Long in Refs. [10,23], respectively.

It is interesting to note that, as well as the models of
Pleitez, Frampton, and Long (with 8 = +./3, 1 / \/§),
models with other different values of 8 arise. On the other
hand, additional models with 8 = *+/3, =1/+/3 but with
different structures of right-handed lepton singlets appear
as well.

03

ITI. HIGGS POTENTIAL AND SPECTRUM FOR
B ARBITRARY

A. Potential

The scalar sector of the 331 models has also been
studied in the literature [21,24]. The most important fea-
tures of the scalar potential are [21]

(i) The scalars should lie in either the singlet, triplet,
antitriplet, or sextet representation of SU(3),.

(i) For the first transition 331 — 321 we could have
triplet, antitriplet, or sextet representations. The
vacuum alignments for triplet and antitriplet repre-
sentations are indicated in Table IX for B #
+1/+/3. While for the sextet representation, the
vacuum alignment reads

0
(8o = 0

oS O O

0
0
0 Vg

These vacuum expectation values (VEVs) induce
the masses of the exotic fermions.

In the second transition 321 — 31, triplets, antitrip-
lets, and sextets are also allowed. For the particular
case of triplet (or antitriplet) representations we get
that pairs of solutions are obtained according to the
value of 8. Both multiplets are necessary to give
masses to the quarks of type up and down, respec-

(iii)
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TABLE IX. Vacuum alignments for the Higgs triplets neces-
sary to get the SSB scheme: 31 — 21 — 1 for 8 # *1//3. In
the case of Higgs antitriplets, we find the same structure but

replacing x, p, 7 — x*, p*, n*.

1st SSB B+ t%
0
Xo 0
VX3
B
Xy 7
0
2nd SSB (p)o < v, )
0
X, % - %
V771
(Mo 0
0
Xy - % - %

tively. So in the second transition, we have to
introduce two triplets (or antitriplets) p and 7
associated with each pair of solutions. We show
in Table IX the vacuum structure of this pair of
triplets for B8 # =1/ /3. On the other hand, the
possible vacuum structures for the second transi-
tion with Higgs sextets for 8 # *1/ V3, /3 are
shown in Table X.

(iv) In some scenarios the Higgs sextet is necessary to
give masses to all leptons [4,22].

In the case of B arbitrary (different from i\/§, *1/ \/3),
and taking a scalar content of three Higgs triplets, the most
general Higgs potential, renormalizable and SU(3); ®
U(1)y invariant, is [21]

Vitiges = MiX xi T 30 pi+ u3n'n; + f(xipjme’* +hc.)

+ LX)+ e’ i) + As(n'n)?

X xip P+ Asx xim'm;+ Asp'pimm;

X X+ A X pip X+ dom'pip/m;. (3.1)
As it was mentioned above, in some models the choice of
three triplets is not enough to provide all leptons with
masses [4,22]. Hence, an additional sextet is introduced.
The choice of one of these solutions depends on the

fermionic sector to which we want to give masses. The
introduction of a sextet S leads us to additional terms that

TABLE X. Vacuum alignments for the second SSB with Higgs
sextets, and for 8 # =1/+/3, =/3.

B#iﬁ;i 3

vy, 00 0 0 w3 0 0 O 0 0 O
<pij>0<0 0 0)(0 0 0)(0 vy 0)(0 0 V5>

0 0 0 vy 0 0 0 0 O 0 vs O
oo _1_ B _14 B 1_ B 14 B
Xpi 2 2f3 4+4J§ 2 23 4+4J§

PHYSICAL REVIEW D 72, 035018 (2005)
should be added to the Higgs potential of Eq. (3.1),
V(S) = uiSiS; + SUS i (Aisx* xi + Aiep*pi
+ A me) + Asx'SiiSF xi + Aiop'S;iS py
+ Ao’ S8 my + 31 (SYS; )2 + A SUS SMS,.
3.2)

B. Mass spectrum for 8 arbitrary

In this section we analyze the general case for 3 arbi-
trary (8 # ++/3, £1/+/3). With three Higgs triplets, it is
obtained the potential given by Eq. (3.1), which correspond
to the solution shown in Table IX for 8 # =1/+/3. In
Table XI we show the fields explicitly with their corre-

sponding charges, where Q) =1+ @ and 0, = — 1+

@ refer to the electric charge of the fields, which satisfy

the property Q; — @, = 1. When we apply the minimum
conditions, the following relations are obtained:

v,V
2 _ 2 _ 2 _ 2 _ ¢n%p
M1 = 200y — Ny — Asvy — f ,
v
X
v,V
2 _ 2 _ 2 _ 2 _ I m7x
By = 20v, — vy — Agvy — f ,
v
p
v,V
2 _ 2 _ 2 _ 2 _ plp7x
,LL3— 2/\31/.,] /\SVX A6Vp f » ,
n

and we replace them again in the scalar potential to find the
physical spectrum of the fields and their masses. From the
second derivatives with respect to the fields, we obtain the
mass matrices M7, for the imaginary sector, M3, for the
scalar real sector, and three decoupled matrices M é for the

scalar charged sector.

In order to obtain the eigenvalues and eigenvectors we
shall suppose that there is a strong hierarchy between the
scales of the first and the second transition, from which it is
natural to assume

o > (plo, (Mo = v, | > >w, |, v,l.

In addition, since some of the Higgs bosons of the first
transition are proportional to fv, we shall make the as-
sumption

(3.3)

171 = I, (3.4)

where f is the trilinear coupling constant defined in the
scalar potential equation (3.1). This assumption prevents
the introduction of another scale different from the ones
defined by the two transitions. In our approach we shall
keep only the matrix elements that are quadratic in v,, i.e.
the terms proportional to vi, fv,, unless otherwise indi-
cated. Under these approximations, the mass matrices and
eigenvalues are written in explicit form in Egs. (A1)—(A16)
in Appendix A. Summarizing we get all the scalar bosons
described in Table XII.
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TABLE XI. Quantum numbers of three scalar triplets for any 8 # *1/+/3.

(07 Yo Xo (D)
X =(+38) = , 0
O U I iy ) e+ 4 :
gx * lg,\/ 0 VX
pi +1 i% 0

p= fp%i{p 0 *5 %—% <I/p>
p3 & F(-1+ 28 F(—1+88 0
&y T ily 0 f% L B Va
n=\| +1 *2 TITAA 0
7y © G+ w(+ 58) 0

TABLE XII.  Spectrum of scalars for 8 # +1/4/3, £+/3.

Scalar fields

Square masses

Feature

$= ¢, M2, =0
#9 = Splp — Cpéy qusg =
b1 = Sppi — Cpmy M. =
b0 =0
¢ 0= M. =

B = Cgl, + S, Mi? = —2qu(5—; + Z—’;)
h§=Spé, + Cpéy Migz

_8
2 2
Vn+V

Goldstone associated with Z),
Goldstone associated with Z,,
Goldstone associated with W;—:
Goldstone associated with K, "
Goldstone associated with K, 0
Higgs
Higgs

P
X [Ayvh + 261203 + A3 ]

h = —Cpé, + Spé,

0 ~
hs = &
hl—Ql — n;Ql

2 o~ Yo 4 Vo
th - ZfVX(VZ + V:)
Mlzlg = 8)\1 V/2‘/

2 o 2 _ 2y
M = Avy = fvys:
M2 =~ —fy (242

hy f X(Vp 1/7,)

2 a2 vy
M = Asvy = fvys

hy = Cgpy + Sgm;

*0,

h;EQz =p;

Higgs
Higgs
Higgs
Higgs
Higgs

IV. VECTOR SPECTRUM WITH S ARBITRARY

The gauge bosons associated with the SU(3); group
transform according to the adjoint representation and are
written in the form

W,=W.G,
1
| Wi+5We  N2WD V2KR
=3 V2W, WAL HWE V2KE | @)
\/EKMQI \/EK/LQZ _%W,i
Therefore, the electric charge takes the general form
0 1 1y P36
Ow—| ~I I 4.2)
BTV Y. R
2 2 2

As for the gauge field associated with U(1)y, it is repre-
sented as B, = B, I5x3 which is a singlet under SU(3),,
and has no electric charge. From the previous expressions
we see that three gauge fields with charges equal to zero are

obtained, and in the basis of mass eigenstates they corre-
spond to the photon, Z and Z'. Moreover, there are two
fields with charges *1 associated with W=, as well as four
fields with charges that depend on the choice of 8 (denoted
by K¢ and K*2). Demanding that the model contains
no exotic charges in this sector is equivalent to setting up
B = —1//3[10], and B = 1/+/3 [21]. It is important to
take into account the scalar sector and the symmetry break-
ings to fix this quantum number, which in turn determine
the would-be Goldstone bosons associated with the gauge
fields, with the same electric charge of the gauge fields that
are acquiring mass in the different scales of breakdown.

A. Charged sector

The masses for W=, K*91, K*9> charged gauge fields
read

g g2
My =5 p + 7)), Mieo, =5 (0 + 03,

M2 _g2(2+ 2)
k=02 = 5 Wx T Vp
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where the terms proportional to vi acquire heavy masses
of the order of the first symmetry breaking. The other fields
acquire a mass proportional to the electroweak scale and
correspond to the gauge fields W=. The mass eigenstates
are given by

K;in —

1
+ _ — w2 — W)
W, = _2(W,14 +iW,); (W,i ¥ lW,i)’

N

e

+ 1 .
K% = ﬁ(wg ¥ iw)).

B. Neutral sector

4.3)

The mass matrix is given in Appendix B. This matrix has
null determinant corresponding to the mass of the photon.
After the proper rotation the mass eigenstates become

A, = SyW; + CW<BTWW,§ +4/1 — ,82T§VBM>,
Zl, = =1 = BX(Tw)?*WS + BTyB,,
Z, =CyW; — SW<BTWWg +4/1— ,BZTﬁ,BM)

The corresponding eigenvalues are

(4.4)

2g* + p*5"]
2 A 2.
MZ;L —fv)p

gz[g2 +(1+ Bz)g’z}(yz +12)
p 7

2 ~
MZM ~ &+ B2g"”

M%M =0;
4.5)

where the Weinberg angle is defined (in terms of 3) as

!

8
Vg? + (1 + B)g”
and g, g’ correspond to the coupling constants of the

groups SU(3); and U(1)y, respectively. Further, a small
mixing between the Z,, and Z, could occur getting

SW = SinHW =

(4.6)

PHYSICAL REVIEW D 72, 035018 (2005)
Zy, =Z,cosb + Z;L sind;

1 .
A+VAZ+1
_ —2SWC%Vg’2v§( + %SWTgvgz(V%, + V%)

88'TH[35%, B(v% + v2) + C(v2 — v2)]

Zy, = —Z,sinf + Z;L coso, tand =

s

4.7

It is interesting to note that from the definition of the
charge in Eq. (1.1), we obtain a matching condition among
the coupling constants, that in turn leads to the following
expression:

g/2 B S%V

g 1-S30+pY)
By running the Weinberg angle through renormalization
group equations, we can find a scale to which a singularity
of this quotient appears. In some models and for certain
values of 3, this pole could appear at the TeV scale [25].

We point out that when 8 = —+/3, we get the same
definitions and diagonalizations of the model of Pleitez
and Frampton [8,9]. The B parameter can be written ex-
plicitly in terms of the exotic charges as 8 = (20, —
1)//3 = (20, + 1)/~/3, from which it is obtained that,
in general, Q; — O, = 1, so independently of the model
the difference in charges between the charged gauge fields
will be equal to the unity.

V. YANG-MILLS COUPLINGS

In general, the Yang-Mills Lagrangian for SU(3); X
U(1)y is given by

| 1 . 4
Lym= _ZW;LVW;“/ +§gfijkW;4VWMJWVk

2 . 1
—%f”"fumWLWMkWLWV'"—ZBMBW, (5.1)
where W/ = 9rW} — 9"WFE.  After writing this

Lagrangian in terms of the mass eigenstates, the cubic
couplings read

Lewvic = el[r — pl*g™ +[p — ql"g** +[q — r]*g""IAWa W, + Qiel[r — pl*g* + [p — q]"g**
+[q — r1*g"A,Ka D K% + Qpellr — plHg® +[p — ql"g™* +[q — r1*g"*}A, Ko @K,

+ gCwilp — ql#g®” +[q — rl*g"* + [r — pI"g**}Z,Wa W, + [

+[q = rl“g" +[r = pl'g""}Z,Ka®' K, *' + [

~8Cy , (20, + DeTy

8Cy n (20; — DeTy
2 2

}{[p —qltg*”

2 2

}{[p —ql*g® +[q — rl*g"*

_ NE) _
+[r = plg*"}Z,Ka® K, % + —zg 1= BT3Alg — plrg™ +[r — ql*g" +[p — r’g*"}Z,Ka ¥ K, @

V3 _
+ —2g 1= BTidla — plg™ +[r — ql*g™ + [p — rI"g"*}Z, Ka “ K, .
In passing to the space of momenta we associate d, = —ip, and the following assignments of momenta: p, for the

positively charged fields W, , K,TQ‘ ,and K:Q% q, for the negatively charged fields, i.e. for W, K;Q‘, K;Q2; finally, r,

035018-12



SU(3), ® SU(3), ® U(1)y MODELS FOR 8 ARBITRARY ... PHYSICAL REVIEW D 72, 035018 (2005)

for the neutral fields A,, Z,,, Z!,. It is assumed that all the momenta enter the vertex of interaction and that the sum of them
vanishes. Note that the coupling Z/, W=W~ does not appear at tree level, because of the form of the f; jk structure constant.

Further, the quartic Hermitian couplings are

Lquartic = &2Wy Wg{—g?‘”ﬁ[w; Wy + Ky @Ky 2T+ a5P7°[S3 A, A5 + C}Z,Zs + SyCywA, Zs]

308 KO+ 2RO REO PRI R 037 501,45 4 o (v3p13, ~ 172,72,
- —SWCWQI (V3BT — DA, Zs — —*/gSWQl J1 - BTRA,Z) + 5(1 - B°T3)Z,Z}
fcw J1 - BT (BT, - 12,2, H + ¢Ka QZK*Q2{ QTR O K ¢ ga‘”‘s[s 024,4,
+ %(\/:’;BT‘%V +1)°Z,Z5 — LCZWQZ (V3BT3, + DA, Zs — LSzWQZ J1 = BTHA, Z
+ Y30 m(ﬁ/ﬂ%v 12,25 +301 - 32T%V>z;z:s} A

/ BZTZ aByd +Q2K Qlw+Zl + he + \/—[(Ql Qz)gaﬂ75 B&W ab‘y,B]

+ —
X Ka QZKBQlw;fAS +h.c. —

V2 2
YB — _~ ad B aB,y6 ay B8 ~aBYd _
where g 2g%0gVP + g¥PgV0 + oV gPO
—2gPg?% + g Vghd +g20ghY,  and g7 =

—2gP2g®Y + gaBg¥d 4 @By  These results are in
agreement with Ref. [26] for 8 = /3 and Ref. [27] for

5=
VI. MODEL FOR N = 3 WITH 8 ARBITRARY

In Sec. IIC, we found that if B # *+/3, £1/+/3, there
are only two solutions for the fermionic structure when
N = 3 (the ones marked with [J in Table VIII), where the
solutions are the complex conjugate of each other. Then,
we take the option with j = 3 (three lepton triplets), k = 1
(one quark triplet and two antitriplets) valid for all .
Applying this solution to the fermionic content given in
Table I, we obtain the fermionic spectrum given in
Table XIII. We should note that for this solution, we
must introduce right-handed leptonic singlets associated

L,= ch/,-Gﬂ’#A#Qj

!

8 ___
+ 5 Gy QT + BO, .TYA )P, +2B0, . T3 PRIZ g, +

2Ty

2C 3BTH + 1 -
8 W[(\/—,B 14 )ggﬁyé+g?57ﬂ}K;rQ2KBQIW)TZs+h.c.,

8 &~ *
+ FWQJYM[T3PL Qq S%V]ZMQ] \/j 1LYM(U0J)

(5.2)

|

with each left-handed lepton (0, = @y =1) for
Egs. (2.7) and (2.11) to be accomplished ensuring the
vanishing of the anomalies.

A. Neutral and charged currents

The Dirac Lagrangian contains the couplings between
gauge bosons and fermions, given by

Lg=ihp gy ¥ g Wiby ¥ 8" BX5y + ihpfipe
— &' yrBXR g

where the sign is chosen according to the representation 3
or 3", respectively. Since the mass matrices mix the quarks
among each other, the mass basis is different from the
gauge basis. So when we write the Lagrangian in terms
of mass eigenstates we get

[ f— :
+ ﬁujL’}/,u.W’u+U0jdiL

Gy ul(—2Tg + BO, TH AP,

/

-
2Ty

8 5 i \* Qn* - * 8 — o\ + j i
+2B0Q,,TyPrlZ" g5 — EdiL'y,u,(U;}j) o K¥ o Ugwdmr — ﬁJm*L’)’M(U:Zn*) Kre 8. Uydip
+ B Ty WKt iy KR Ty iy KPR U e S Ty U ) K
% N N N
8 — 0 ojr7i 8 5 i \* Q3 +0

The couplings associated with A# and Z* have been written in a SM-like notation, i.e. Q; with j =

1, 2, 3 refers to triplets

in the 3 representation associated with the three generations of quarks.
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TABLE XIII. Fermionic content for N = 3 with 8 arbitrary. m* = 1,2 and j = 1, 2, 3.
Representation Qy Xy
s - e
« m 23
v () % i
T2 /o %-l—@ Xf} >=_%
dm*R - dR’ SR:l _2% Xf(m*) = é + ?:8
Uy p = UR, CR:l 3
I = J1r J2r'1 %+\/7§,3
t %1
— . —1 L —1__B
q3L = ( b ) 3 1 \%ﬁ qu T 6 2R3
B/ 62
Uszp = bRil —2% X§R= _21
d3R = [R:l 3 Xf = 3
Vo, Vo Vs 0
€., = e, u, T 3 -1 xt = —1_ 8
JL e R LT £m) 2728
<E1 QI’Ele’E3Q1>L _%_@
(e )g=e,pn ", 7p:1 -1 X5, =—1
-0 _ - —0. _1 38
E;% = B0 B0 B % 138 R

On the other hand, the couplings of the exotic gauge
bosons with the two former families are different from the
ones involving the third family. It is because the third
family transforms differently (see Table XIII). Con-
sequently, there are terms where only the components
m*, n* = 1,2 are summed, leaving the third one in a term
apart. g, refers to the two triplets of quarks with g, , in the
3* representation and g5 in the 3 representation. Q, . are

their electric charges shown in Table XIII. We define A =

diag(—1,1/2,2) and A, = diag(}, —1, 2). We also have
|

R g —
Ly, = eQq iy Art + C—WW#[TSPL

/
+ i Gy l(-2Ty = BTRA)PL + 200, BT PR1ZHE; +
w

KrPE + 2 K ey,

L8 =
2 €iLYu \/— /L 7#

with €; denoting the leptonic triplets shown in Table XIII,

and w1th O, denoting their electric charges; finally A; =

diag(1, 1, 2Q1)

VII. MODEL WITH N =4 AND B8 = — %

We consider a model with 8 = —1/ /3 which is similar
to the model described in Ref. [10] at low energies due to
the electromagnetic charges assigned to different multip-
lets. However, this model is not the same as the one in
Ref. [10] because the multiplets’ structure for the quark
sector is SU(3)c ® SU(3); vectorlike, and the leptonic part
is not necessary to cancel the quark anomalies. The lep-

0y, Sylzre; + ==

used the projectors Pg; = (1 = 7ys)/2. Flavor mixings
appear owing to the charged gauge bosons W#, K+
and K*”, where the Cabibbo Kobayashi Maskawa
(CKM) matrix Uy has been defined with the usual mixing
angles 6; of the SM and a matrix Uy with a mixing angle
¢, associated with the exotic quarks J; and J, (the quark
J5 is decoupled in the mass matrices because of its different
electric charge). Equation (6.1) includes the SM couplings
properly.
As for the leptons, we have for the three families

g — _
\f ViLYuW +$eijMWM ViL
\/— JL”MKWQIE o +f /L VMKM “y YiL

(6.2)

Itonic multiplets are also vectorlike and anomaly free (see
Table XIV). In the models described in the literature, the
quarks’ anomalies are canceled out with the leptonic
anomalies. In the model with N =4 and 8= —1//3
there are two 3-multiplets for leptons and two 3-multiplets
for quarks and they generate the two heavy families of the
SM. Two 3*-multiplets for quarks and leptons correspond
to the first SM family; and the other two 3*, ¢7* and I},
correspond to a mirror fermion family of the third SM
family. So with this assignment, it is possible to get mixing
between the bottom quark and its mirror quark d¢ in order
to modify the right-handed coupling of the bottom quark
with the Z gauge boson which in turn might explain the
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TABLE XIV. Fermionic content of SU(3), ® U(1)y, with N =
4, and m,n = 1,2. The fourth families which are in the 3*
representation are the mirror fermions of one of the families in
the 3 representation.

Quarks Q‘z, X‘/,
ulm %
qim) =|dm |3 —3 Xgm = %
Jm) %
”g{"), d(Rm)’ J;m):l 2, -1z X{’;(,,,) = Q,m
d* —3
qf V= = | 3 2 Xt =0
3% 1 q
o J L 3
&3, T3 ~12 1 XE =0,
~c _2
4* l{c * 1 3 L 1
qp = d°| 3 3, Xqﬂ =3
J) -3
i, dg, J4:1 -3.4 -3 XK =0
Leptons Qy Xy
) 0
e =1 e | 3 -1 xt, =—1
Now ), 0
y e 0,—-1,0 XK, = Qu
e -1
o= = |3 ( 0 ) XfLs* =1
E ), -1
ey, vy, Ex i1 -1,0,—1 X5 = Qp
v 0
e‘{‘=<ac> 3" <1> XL =—3
N/, 0
p%, 841 0,1,0 XR. = Q.

asymmetry deviations A® and A%, [13]. Such discrepancy
cannot be explained by a model with only left-handed
multiplets such as the SM [28] or the traditional 331
models [14]. The mixing in the mass matrix between the|

PHYSICAL REVIEW D 72, 035018 (2005)

TABLE XV. Scalar sector with N = 4 and its VEVs. y, p, 9
are triplets in the 3 representation, ¢ is a multiplet in the adjoint
representation, and S lies in the sextet representation. v, is of the
order of the first symmetry breaking. v,, v, are of the order of

the electroweak scale. V is much lower than the electroweak
VEV.

(X (0 0 ) X, =—-1/3

(P (0 v, 0)F X, =2/3

(Mo (vy 0 0)F X, =2/3

() v diag(1 1 —2) X, =0
1 00

(S V(O 0 0) Xg=—-1/3
0 0 1

b quark and its mirror fermion permits a solution because
the mirror couples with right-handed chirality to the Z,
gauge field of the SM. On the other hand, the mirror
fermions in the leptonic sector are useful to build up ansatz
about mass matrices in the neutrino and charged sectors.
For the neutrinos corresponding to SU(2); doublets, right-
handed neutrino singlets are introduced to generate masses
of Dirac type.

As for the scalar spectrum, three types of representations
are considered. First, we have the three minimal triplets
(whose VEVs are shown in Table XV) that assure the
spontaneous symmetry breaking (SSB) 331 — 321 — 31,
and that provide the masses for the gauge fields. Further, an
additional scalar in the adjoint representation is included.
Such multiplet permits a mixing of the mirror fermions
with the ordinary fermions of the SM in order to generate
different ansatz for masses. The adjoint representation
acquires the VEVs displayed in Table XV. Finally, a sextet
representation can also be introduced as shown in
Table XV; it acquires very small VEVs compared with
the VEVs of the electroweak scale v,, v,, and v, since
they belong to triplet components of SU(2); and Would not
break the relation for Ap. They also permit one to generate
Majorana masses for neutrinos.

A. Mass matrix for quarks

The Yukawa Lagrangian for quarks has the form

L‘I — ZZ Z h’;RQDq(m)qRq) 4+ = ql(m)(qj(m)) [hmm ”kq)k + hmm Sl]] + hq qf )q d* + h4<1> @) )q d*

sing. m,m’'=1

1=

2
1

2

2h4"qu (g™ ! + hc,

4 q(3 )( (€ )) [Y3381]kq)k + Y33Su] + = q(4) @ )) [Y44 jkq)k + h44Su] + - q(3 )( (G )) [Y<3p48ijk¢k + Y§4Sij]

4= q(4)(qu)) [Y438qu)k+ Y43S ]_|_ h tL(n)(q(3 ))c¢z +Z h3nq§i)(ql(n)) ¢/+ hn4 (n)(qﬁ)) d’l

(7.1)

with @ being any of the 7, p, y multiplets, while ¢ and S correspond to the scalar adjoint and the sextet representation of
SU(3);, respectively. The third and fourth families are written explicitly, since the fourth one corresponds to a mirror
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fermion. The constants hg’"/ and Y?I)“ are antisymmetric. It
should be noted that all possible terms with scalar triplets,
adjoints, and sextets are involved. When we take the VEVs
from Table XV, the mass matrices are obtained.

For the mixing among up-type quarks in the basis
(I/t3*, uy, Uy, l/~t, ‘]1’ J2, j) we get

M — My M,y 79
My, M, ) 7:2)
uJ J
where
3p 3p 3p 43
I/phu3 Vphul vphu2 h)( vy
In In In 14
M. — V,,]hu3 l/.,]//lul 1/,7hu2 h¢ vy
v B27 B2n p2n 24 ’
Vpluy YVl Vyllu, ® Vx
4n
0 0 0 voh;
Ix 1% _ 14
Vthl Vthz 2h¢ vy
_ 2% 2% _ 24
M, vyhit  vyhy 2hyvy |,
4n
0 0 Vxhj
1% 1xn 1%
V)(hu3 VXhM1 VX]’ZMZ 0
2% 2% 2n
Myy = | vihii vyl vyl 0 )
4n
0 0 0 vnh]
3p 3p 34
Vphj] z/phj2 hn Vo,
In In
Mo thjl thjz 0
JU = 2 2
thjl thlz 0
4x
0 0 v h;

and (us+, u;, u,) correspond to the three families of the SM,
i refers to the mirror fermion of either u; or u,, and
Ji, Jo, J are the exotic quarks with 2/3 electromagnetic
charge.

For down-type quarks in the basis (ds, d, d,, d, J3), the
mass matrix yields

volly! byl vahyl Vv, vyhy!
Vphtlif Vph}d/]) Vph;f h:; Vx Vph}sp
Mdovn — Vphi’f Vphif) I/phif h(Z;VX Vphif
0 0 0 pY’ 0
V/\,h?é‘ VXh?fl‘ Vthi’z‘ Yffv,] VXh}f
(7.3)

(ds+, d,, d,) are associated with the three SM families, dis
a down-type mirror quark of either d; or d,, and J3- is an
exotic down-type quark. When the adjoint representation
of the scalar fields is not taken into account, the mixing
between ¢ and the quark mirrors g*” does not appear.
Such mixing is important to change the right-handed cou-
pling of the b quark with the Z,, gauge field, and to look for
a possible solution for the deviation of the asymmetries A,

PHYSICAL REVIEW D 72, 035018 (2005)

and A% of the SM with respect to the experimental data. If
the mixing with the mirror quarks were withdrawn and the
exotic particles were decoupled, the mirror quarks would

acquire masses of the order of the electroweak scale v P h;” s

Vnhg’) for the up and down sectors, respectively.

B. Mass matrix for leptons

The Yukawa Lagrangian for leptons keeps the general
form shown in Eq. (7.1) for the quarks. However, Majorana
terms could arise because of the existence of neutral fields.
By taking the whole spectrum including right-handed neu-
trino singlets, Dirac terms are obtained for the charged
sector while Dirac and Majorana terms appear in the
neutral sector.

By including all the possible structures of VEVs, the
charged sector in the basis (e3:, e}, e, €, E5.) has the fol-
lowing form:

3n 3n 3n 34 3n

Vphey vyhe! wvyhe, hy'v, Vnhj3

lp lp lp 14 lp

vohey  voher  v,he, h¢ vy Vohy
= — 2p 2p 20 24 2 |.
M vohey  vohe  v,he h¢ Vy Vphj3 ;

4
0 0 0 Vphép 0
3% 3x 3% 43 3%
vl vyhel  wyhel Wy v, vyhi,

the first three components e; correspond to the ordinary
leptons of the SM, € is a mirror lepton of e or e,, and E5- is
an exotic lepton. Like in the case of the quark sector, direct
mixings are obtained between all the fields €, €3" and the
mirrors €4 by means of the scalars y, p, n and the adjoint
¢. The mass matrix of charged leptons is similar to the
mass matrix of the down-type quarks.

For the neutral lepton sector, we take the following basis
of fields:

P = (var, vip, var, (BR)S, NO, NS, (NR))T,

(7.4)
P = (vsp, vig, o, (7)),

where v;; are the SM fields, and v; are sterile neutrinos
and the right-handed components of SM neutrinos. With
these components the Dirac mass matrix is constructed like
the up quarks’ mass matrix; (¥, )¢ are mirror fermions,
and NV, are exotic neutral fermions. The mass terms are
written as

0 _ (0. g0 M mp\( WL

L9 = @l Y )<m£ MR>< i ) the, (75)
where very massive Majorana terms My have been intro-
duced between the singlets %, corresponding to sterile
neutrinos with right-handed chirality. We shall suppose
that in this basis the mass matrix My is diagonal. Such
terms can be introduced without a SSB because they are
SU(3), ® U(1)y invariant. Besides, they correspond to
heavy Majorana mass terms for the sterile heavy neutrinos.
The Majorana contribution M, takes the form
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1/ M My
M, == v Y, 7.6
. z(mm MN) (7.6)
where
0 0 0 —h;4VX
ao_| 0 vl ek wy
v 0  Vhi' Vhg hiv,
Wy, hv, Wv, Vi

The entries of the upper 3 X 3 submatrix correspond to
Majorana masses for the ordinary neutrinos of the three
SM families, which are generated with the six-dimensional
representation of the scalar sector. If such VEVs were
taken as null, or if we chose discrete symmetries to forbid
these terms, they can be generated through the seesaw
mechanism of the form m};MglmD. The other mass ma-
trices are given by

thlg1 Vhls2 —2hé54v)(
My=| v vz -2, |,
—Zhg‘v)( —2h(2b41/)( Vh‘;4
0 h}ol v, h;zvp 0
M y= 0 hlv, hZ?v, 0o |,
—thf}f 0 0 hﬁ“vp
0 0 h;’fvm
_hll v —h121/ 0
My, = p Vo p Vp ,
- hfll Vp = h1272 Vp 94
0 0 —hyv,

where we have taken into account the VEVs of the scalar
triplets x, p, 1, the adjoint ¢, and the sextet S. The adjoint
VEVs ensure the direct mixings between ¢ and the
mirrors £“7). The Dirac terms of (7.5) are

Vphif Vphi’f Vphif Vph?f
vl vl voh vy
. 1/,711?7 V,/hzln V,/hiyg 1/,,%122;77
mp =5 1/,7h,1,;7 V,,h,l,ln 1/,7h,l,;7 1/77h,lj77 (7.7)
7 A T A 0 A T
Vxhif VXh%f VXh,z,;( VX]’Z?}X
Vxhif VXh‘,‘,)l( I/Xl’l?/z\/ Vthi,X

When the quarks and leptons spectra are compared (see
Table XIV), it is observed that they are equivalent in the
sense that both introduce the same quantity of particles in
the form of left-handed triplets and right-handed singlets
(singlet components of neutrinos are taken). Nevertheless,
the Yukawa Lagrangian (and hence the mass matrices) of
quarks and leptons are not equivalent because the quarks
have different values of the X quantum number with re-
spect to the leptons; this fact puts different restrictions on
the terms of both Yukawa Lagrangians.

PHYSICAL REVIEW D 72, 035018 (2005)

In the limit v, v,, < v, and V = 0, the physics beyond
the SM could be decoupled at low energies leaving an
effective theory at low energies similar to a two Higgs
doublet model (2HDM) with the fermionic fields of the SM
and the right-handed neutrinos that we introduced in the
particle content v, ¥,z, V35 to generate Dirac type masses
and could be able to relate the neutrino sector with the up
quark sector. It allows one to give a large mass to the up
quark sector and the mass pattern for the neutrinos. In this
limit, the mass matrices that are generated would be similar
to the ansatz proposed in Ref. [29]. Considering the upper
3 X 3 submatrix of mp in Eq. (7.7) and imposing discrete
symmetries, it can be written in the form

| v,hl vh 0
mp =5 | vohl ol by (7.8)
27 27
0 V,,]hyl IJ,Ih,,2

Considering the same Yukawa couplings within each gen-
eration (i.e. the same h’;g’ for each pair of n®), we can
write the matrix (7.8) as

A% 4
mp = —(—= ,
V2 0 a a

where t5 = v,/v, is the scalar mixing angle given by
(A3), and 6 is a real parameter that is fitted in agreement
with the neutrino oscillation data. If the third generation is
v3, the second is v, and the first is v,, and taking My, =
M ging (€r13, €pr2s €111), We Obtain the same mass ansatz and
mixing as in Ref. [29]. Thus, from the seesaw mechanism
we get

(7.9)

8% +w b€+ w €

m,,=—mj5M§1mD=m?, Je+tw €et+tw € |
0€ € €
(7.10)

with m% =0v2/2M, €= (a*/ey,) + (b*/ey,), €=
b’/ey,, o= ctp/ey,, tan2fy;~2rw/[e(8* - 1)),
tan26,, ~ %Tg’ 015~ [e(6 + /2 rw), m; ~ em®{l —
gsin26,, + fsin?6,,},
feos? 0o}, my ~ 20m), r =£,

my ~ em(,),{l + gsin2012 +

g =152 and f = (8% -

28 — r)/2r. As it is discussed in Ref. [29], if m; ~
AmZ ), and taking 153 = v,/v, > O(1),

sol”
it is possible to obtain a natural fit for the observed neutrino
hierarchical masses and mixing angles. This result shows

the good behavior of the model.

2 ~
Amatm? my

C. The mixing between the bottom quark and its mirror

In order to look for a solution to the deviation from the b
asymmetries, let us assume that the exotic quarks with
charge 1/3 acquire their mass in the first SSB and that
they are basically decoupled at electroweak energies. On
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the other hand, let us suppose that the mass matrix of the

three generations of down quarks is approximately diago-

nal. In this way the mixing between the down quark of the

third generation (b quark) and its corresponding mirror can
be written as [see Eq. (7.3)]

2p 24

_ = d2 hd Vp hd) Px

M| 5, M= 2 .

(dz d)L <d>R < 0 ng’/p
(7.1D)

The eigenvalues of this mass matrix M that correspond to

the masses of the b-quark and the mirror fermion are hflf v,

and Y;p v,, respectively. To diagonalize the mass matrix
the following rotation is proposed:

b d
)il
(b )L(R) MO\ d )y

where b and b are the mass eigenstates for the bottom
quark and its mirror fermion, respectively. V; and V are
2 X 2 matrices of rotation obtained from the matrices
MMt and MM, respectively [see Eq. (7.11)]. We shall
assume that the rotation angle of the left-handed quarks
(0;) is small enough, since it would be tightly restricted by
the electroweak processes. For the right-handed angle we
get

(7.12)

24 4p
tan20, = 2 Vg v ~ 2MzMy .
(ng vp) = (hif v, = (;%4,/)()2 M — M3,
(7.13)

In the last line the b-quark mass was neglected and the
VEV v, was approximated to M.

When writing the neutral currents for the d, and its
mirror d we get

g — 2 2
w

= 2 2 ~
+ %dy#Kl - gS%V)PR - §S§,PL}Z“d.

w
(7.14)

After making the rotations for left- and right-handed com-
ponents of d,, d quarks, and taking 6, = 0, we can write
the right-handed current of the quark bottom mass eigen-
values as

2
e bm<sin20R - gS%V>PRZ#b (7.15)

2Cy

and the electroweak right-handed coupling is modified by a
factor

(7.16)

By making a combined fit for the CERN LEP and Slac
Linear Collider measurements in terms of the left and right

BgR = SinzaR.
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currents of the b quark, and subtracting the central value of
the SM it is obtained that [30]
ogr = 0.02. (7.17)
This means that in order to solve the problem of the
deviation of the anomaly A,, it is necessary for the right-
handed mixing angle to be of the order of sinfp =~ 0.1.
Replacing this value in Eq. (7.13) we find that M, =
10M . This is a reasonable value if the mirror fermions
lie at the electroweak scale and the first breaking of the 331
model is of the order of the TeV scale.

VIII. CONCLUSIONS

We have studied the fermionic spectrum of the 331
models with B arbitrary by the criterion of cancellation
of anomalies. In order to minimize the exotic spectrum we
assume that only one lepton and only one quark SU(3);
multiplet is associated with each generation, and that there
is no more than one right-handed singlet associated with
each left-handed fermion field. By considering models
with an arbitrary number of lepton and quark generations
we find the constraints that cancellation of anomalies
provides for the possible fermionic structures. After as-
suming that the fermionic SU(3), representations are vec-
torlike, and that the SM fermion representations must be
embedded in the triplet 331 representations, we obtain five
conditions from the vanishing of anomalies. The first con-
dition becomes trivial when the SM is embedded in the 331
model. Two of them restrict the structure of the left-handed
fermionic multiplets, while the other two restrict the struc-
ture of right-handed charged leptonic singlets. The right-
handed neutral leptonic singlets are left unconstrained by
the equations of anomalies. Under the assumptions made
above, the number of left-handed quark multiplets must be
3 times the number of left-handed leptonic multiplets
because of the color factor. Besides, models with only
one lepton multiplet are forbidden. In addition, the Higgs
and vector spectra, as well as the Yang-Mills Lagrangian,
are calculated for B arbitrary.

The interest for studying the case of [ arbitrary is
twofold. On one hand, it permits a general phenomeno-
logical analysis that could lead to the cases studied in the
literature. On the other hand, it also permits the study of
other scenarios that could be the source for solving some of
the problems of the SM.

In particular, we studied models with three and four
lepton multiplets (N = 3,4). Models with N = 3 are al-
lowed even if no right-handed charged leptonic singlets are
introduced (models of Pleitez and Frampton i.e. 8 =
i\/g) as it is indicated in Table VIII. However, for arbi-
trary values of B, the three-family versions require the
introduction of right-handed charged leptonic singlets in
order to cancel anomalies, and only two types of solutions
are possible (see Table VIII).
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The version with N = 4 and 8 = —1/+/3 is a vectorlike
model consisting of three triplets containing the SM fer-
mions plus one triplet containing mirror fermions of one of
the SM families. We choose the mirror fermions to be
associated with the third family of the SM. This N = 4
model is different from similar 331 versions considered in
the literature, and possesses strong phenomenological mo-
tivations: the right-handed coupling of the b quark with the
Z,, gauge boson could be modified and may in turn explain
the deviation of the » asymmetries with respect to the SM
prediction. In order to solve the A;, puzzle, the right-handed
mixing angle should be of the order of sinf; = 0.1, which
in turn leads to Mz =~ 10Mg with M, and My denoting
the masses for the exotic neutral gauge boson and the
mirror fermion, respectively; this relation is reasonable if
M lies in the electroweak scale and the breaking of the
331 model lies at the TeV scale. On the other hand, vector-
like models are necessary to explain the family hierarchy.
From the phenomenological point of view, the model
provides the possibility of generating ansatz for masses
at low energies in the quark and lepton sector. It is worth
saying that the physics beyond the SM could be decoupled
at low energies leaving an effective theory of two Higgs
doublets with right-handed neutrinos, and that the mass
matrices generated are similar to the ansatz proposed by
Ref. [29]. From such ansatz, a natural fit for the neutrino
hierarchical masses and mixing angles can be obtained.

Finally, this general approach opens a window to ana-
lyze other possible 331 versions. For instance, we can
analyze the model with N = 4 but with the mirror fermion
associated with another SM family. Moreover, several
models with N = 4, with more mirror fermions, could be
studied from phenomenological grounds (see Table III). In
particular, we observe from Table III that N = 6 contains
models that are vectorlike with respect to SU(3); in the

quark and lepton sectors. |
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APPENDIX A: SCALAR MASSES WITH B
ARBITRARY

1. Imaginary sector

The mass matrix is built up in the basis {,, {,, {y:

VZ—:p Voo Vo
My ==2f| vy T vy (AD)
Vp V)( V’)i—:p
The eigenvalues and eigenvectors are given by
P =P,=0; Py= —2fux<? +L %)
P n X
98 = N3, (vl + v8y) = =4
$= N%J_Vx’j%gx + Vp(”%( + V%/)gp - V%{”ngn] e

~ Sptp = Cply,
hY = Cpdy + Spdy,

obtained by using the approximations in Eqgs. (3.3) and
(3.4). The scalars ¢9 and ¢J are the would-be Goldstone
bosons corresponding to the gauge fields Z), and Z,,
respectively. N denotes normalization factors. The mixing
angle is defined by

2. Real sector

The basis is &,, &, &,:

8A V2 — 2f”;:ﬂ

dr\vyv, + 2fv,
drsvy v, +2fv,

2
Mgy =

Keeping only quadratic terms in v in the matrix (A4), we
obtain

g2 0
Mi=| O T2fTR 2y (A5)
2fv,  —2fll
n

Aavyv, +2fv,
8Ap2 — 2f T2
Adgvyv, +2fv,

v
tg =tanf = L. (A3)
P
drsvyv, +2fv,
) 4)\6v,71/p + 2fVX (A4)
8Asvd — 2f a2
\
where we get the following decoupled matrices:
—2f % 2fy
2 o v, X 2 2
Mf,,fn = |: szXP —2fﬂ:|’ M§X§X 8A vy
(A6)

The submatrix M é,, é written in Eq. (A6) has the follow-

ing eigenvalues:
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14 14
Py = —2va<V—” + y_ﬂ)
p n

P2=0,

The first eigenvalue is zero because of the approximation
made in (A4). If the approximation is not considered, the
matrix in (A6) takes the form

, [ 8,12 — Zf% 4Agvyv, + 2fVX:|
i Ahvyv, +2f v, BAwy —2f =0
(AT)
and the corresponding eigenvalues are different; they are

_ 8(Aavy + A3vy + Aeviv) |

2 2 2 ’
vy, + v
, K y ? (A8)
Py = —2va<—" + _’7>,
Ve Y,
and the eigenvectors read
h(s) =&y h(3) = S8pé, + Cp&yps (A9)
3. Charged sector
The basis is XliQ‘, 7]3iQ‘:
— 5 pvgp 3 -
T B L N N RNT
+ = v,V
$=01 Nvyv, = fr, Avi— f,{—n"
The mass matrix in the basis x5 &, oy 9 s
— s gy 3 -
Y e N A REORTY
+ = v,V
$=0 Agv v, = fr,  Agvy — f%

The mass matrix in the basis pi, 75 reads

2 _ o VxVy _
M,2¢,+ _ Agvy — f v, A9V712Vp f’:x . (A12)
= Aov,v, = frv,  Agvy —f—;’/n’(

It is found that the matrices are singular; it is that

det(M3,.) = det(M3,.) = det(M?,.) = 0, (Al3)
|

2
%(V% + Vf,)

£ (2 — 2
2\/§(Vn v5)

2

‘%(V%’ + V% + 4V/2v)

L3+ B)
2 — — 2
_,,2<1_%>} +rp(V3 = B) = 47} ]
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giving a total of six would-be Goldstone bosons. For the
matrix Méigl of Eq. (A10) the corresponding eigenvalues

and eigenvectors are found to be

P1=0,

Y

14 14
P2 = /\7(1/%7 + V/Z\/) - pr(]j_X + _7]>;
539 = N ) = i
hlin — Nhi]Ql(Vn/\/I_rQ] + VX773iQ1) ~ n;:Q];
(A14)

where the approximations of Egs. (3.3) and (3.4) have been
taken into account, getting two would-be Goldstone bosons

¢2i 91 associated with the gauge fields K,fQ‘ and two
massive Higgs bosons th].
For M(zﬁin’ from Eq. (A11), we find
v v
P3=0, P4=/\8(V;2)+V/2\/)_fyn<_x+_p>;
v, Vy

¢;£Qz — Ng:(_VXX;LQz + Vpp;—’Qz) ~ _X;:QZ’
h;"Qz — NhQ;(VpX;QZ + VXP;"Qz) ~ p;'Qz'
(A15)
Again we have used the approximations in Egs. (3.3) and
(3.4), obtaining two would-be Goldstone bosons ¢3i e
associated with the gauge fields K, %* and two massive

Higgs bosons h;:QZ.
Finally, for Méi and from Eq. (A12) we have

14 14
Py=0,  Pg= A3 +12) — fVX<V_" + V_ﬂ)
p n
dr = Sgpi — Cgmy, hy = Cgpi + Sgns3,
(A16)

* 51 *
where ¢ give mass to W, .

APPENDIX B: THE MASS MATRIX FOR THE
NEUTRAL GAUGE SECTOR

The basis for the mass matrix for the neutral gauge
sector is W3, W8, B:

gg'| .2 B
5 an—i_ﬁ)

(-4
L= 3+ B)
+12(v/3 = B) — 412 ]

L2(3 + B>
+vp(V3 = B + 4vip7]

(B1)
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