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Accidental symmetries and massless quarks in the economical 3-3-1 model
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In the framework of a 3-3-1 model with a minimal scalar sector, known as the economical 3-3-1 model,
we study its capabilities of generating realistic quark masses. After a detailed study of the symmetries of the
model, before and after the spontaneous symmetry breaking, we find a remaining axial symmetry that
prevents some quarks from gaining mass at all orders in perturbation theory. Since this accidental symmetry
is anomalous, we also consider briefly the possibility of generating their masses for nonperturbative effects.
However, we find that nonperturbative effects are not enough to generate the measured masses for the three
massless quarks. Hence, these results imply that the economical 3-3-1 model is not a realistic description of

the electroweak interaction.
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I. INTRODUCTION

Up to now, from the experimental point of view, neutrino
masses and their mixing, and dark matter are the only issues
that demand explanations beyond the standard model (SM).
On the other hand, from the theoretical point of view, the
quest for a deeper understanding leads us to believe that a
more fundamental model of the interactions is needed. That
model should be able to answer simple but deep questions.
Some of these questions are the following. Why are their
three families of quarks and leptons? Is there a more
fundamental relation (symmetry) between quarks and
leptons? Why does the observed pattern for the particle
masses have this particular form? Should the parameters
involved have any calculability? What is the origin of
CP violation? Even in the SM, what is the origin of the
CP-violating Cabibbo-Kobayashi-Maskawa phase? Can it
be computed? Is there a more efficient mechanism that is
able to account for the matter-antimatter asymmetry in the
Universe? What is the mechanism that generates masses
and mixing angles for neutrinos? Is there CP violation in
leptons? What would be its role in the evolution of the
Universe? How can dark matter and dark energy be
incorporated? Unfortunately, experimental efforts have
not been able to indicate exactly what the physics beyond
the SM should be.

In the framework of gauge theories, one way of intro-
ducing new physics is to consider a gauge symmetry group
larger than the SM one. Some years ago models with the
SU(3) ® SU(3), ® U(1)y gauge symmetry were pro-
posed [1-4], which have experienced considerable devel-
opments. The so-called 3-3-1 models present interesting
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features concerning the questions above. One of them is
that, depending on the representation content, the triangle
anomalies cancel out, and the number of families has to be a
multiple of three. More precisely, the number of families
must be three due to the asymptotic freedom. A version of
this kind of model (called minimal [1-4]) presents a
Landau-like pole when sin? @y, = 1/4 at energies of the
order of a few TeV [5]. This particular behavior stabilizes
the electroweak scale (avoiding the hierarchy problem)
and also explains why it is observed sin? @y, < 1/4. This
model also accounts for the electric charge quantization
independently of the nature of the massive neutrinos, i.e.,
whether they are Dirac or Majorana particles [6]. The
model also has interesting features concerning the strong
CP problem. In the minimal 3-3-1 model there is an almost
automatic Peccei-Quinn (PQ) symmetry, and there is an
automatic symmetry in the so-called economical version of
the model, as we will show below. In both versions there are
ways of solving the strong CP problem while keeping the
corresponding axion invisible and protected against gravi-
tational effects [7,8]. Due to a larger gauge symmetry group
and a rich scalar sector, this kind of model has garnered
some attention in many other subjects, such as new sources
of CP violation, active neutrino mass generation and
mixing, dark matter candidates, and Z’-boson physics.

In this paper we are concerned with the quark mass
generation, in the context of the economical 3-3-1 model
(E331 model, for short). In particular, we investigate the
capabilities of the model in generating realistic quark
masses. The quark sector of this model has already been
considered in the literature, and conflicting results were
found Refs. [8,9]. In this work, in order to clarify this
important issue, we perform a detailed study of the
symmetries (local and global) of the entire E331-model
Lagrangian. Once we have identified all the symmetries,
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and after the spontaneous symmetry breaking of the scalar
potential, we investigate are the remaining symmetries (if
any) of the vacuum state. In other words, we attempt to find
the independent linear combinations (if any) of the group
generators that annihilate the vacuum state, in order to
know if the corresponding symmetries are realized d la
Wigner-Weyl (WW) or Nambu-Goldstone (NG). This is of
fundamental importance since it will affect the physical
particle spectrum. When the total Lagrangian and vacuum
state are both invariant under a symmetry transformation,
this is called a WW realization of the symmetry. On the
other hand, when the vacuum is not invariant, this is called
an NG realization, and this implies a massless NG scalar
boson. We find that there is a WW realization of a subgroup
of the initial symmetry group that protects some quarks
from getting mass at all orders in perturbation theory, as
expected from quantum field theory.

The paper is organized as follows. In Sec. II we briefly
review the economical 3-3-1 model. In Sec. III we make a
detailed study of the symmetries of the model—both before
and after the spontaneous symmetry breakdown—and its
implication for the quark masses. Nonperturbative effects
contributing to quark masses are also briefly considered.
Our conclusions are presented in Sec. V.

II. A BRIEF REVIEW OF THE ECONOMICAL
3-3-1 MODEL

The model considered has a matter content given
by [10]

Wor = (Vs €as (Var)€)1 ~ (1,3,-1/3),
ear ~ (1,1, -1),

Qur. = (g, g, dy) ] ~ (3,3%,0),

Q31 = (u3, ds, M%)z ~(3,3,1/3),
3.1,2/3),
3.1,2/3),
3.1.-1/3)

3.1,-1/3),

x =0 ~(1,3,-1/3),
p="p%p1)" ~(1,3,2/3), (1)

Ugr ~
/
Uz ~

daR ~

’

~~ o~

U
daR ~

where a = 1, 2, 3, a = 1, 2, and the values in parentheses
denote, respectively, the quantum numbers corresponding
to the (SU(3)., SU(3),.U(1)y) groups. From now on latin
and greek letters always take the values 1, 2, 3 and 1, 2,
respectively.

With the quark, lepton, and scalar multiplets in Eq. (1)
we have that the most general Yukawa interactions allowed
by the gauge symmetries and renormalizability are
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Ly =YV, eprp+ Y;beijk(\ll—aL)i(\IlbL)jC(p*)k
+ G Ospttsgy + GopOurdppy™ + Go Qs darp
+ GaaQarttarp* + GaQsrttary + GouQurdury”
+ Gi03dgp + G5Qu Uspp™ +Hee., (2)

where G', Y, and Y/, are arbitrary complex matrices and
Y!, is also antisymmetric. We use the convention that
addition over repeated indices is implied.

The y and p scalar multiplets break the SU(3). ®
SU(3), ® U(1)y gauge symmetry spontaneously. The
vacuum expectation values (VEVs) in this model satisfy
(Rep?) = v, (Rey?) = u < (Rey?) = w. The most general
scalar potential that is both invariant under the gauge
symmetry and renormalizable is

V= pox'x + 1pp'p + 0 () + 2 (p'p)?
+ 00 (pp) + 240 p) (0Tx) (3)

With only two scalar multiplets the scalar sector is simple,
which is (in principle) an appealing feature of this model
compared to other 3-3-1 models [1,2,11].

Finally, the electric charge operator is written as

1
Q=T3—%T8+X’ (4)

where T3 and Ty are the diagonal generators of the SU(3),
group and X refers to the quantum number of the U(1)y

group.

III. SPONTANEOUS SYMMETRY BREAKING
AND MASSLESS QUARKS

Before considering which symmetries are broken,
we look for all the exact symmetries—local and
global—that this model actually has. By doing so we
realize that, apart from the local gauge symmetry
SU(3) ® SU(3), ® U(1)y, this model has two extra
global U(1) symmetries, which we denote generically
by U(1),. In order to see this, we write down the
relations that these symmetries must obey in order to
keep the entire Lagrangian invariant. From Eq. (2) we
obtain the following relations:

_§Q3 + Cu;k + C;{ =0,
~Lo+Cy— =0,

_§Q3 + CMR + C){ = 0’ (5)
_CQ + ng - é,;( =0,

_Z.:Q3 + ng =+ z.:,1) = 07
_Z:Q =+ Cuk - Cp = 07 (6)
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_CQ3 + Cd;e + Z:p =0,
_éQ + Z:M;R - é’/) =0,

_Z:\Il + geR + Cp = 0’ (7)

(8)

where the {,’s above denote the U(1), charges of the y;
fields. Solving Egs. (5)—(8), we find that all charges {,,. can
be written in terms of three independent ones. This means
that the model has only three independent U(1), sym-
metries. In principle, we can choose any three independent
U(1), symmetries as a basis. However, some physical
considerations can help us make more appropriate choices.
First, we note that one of these symmetries is the U(1)y
gauge symmetry, which is anomaly free by construction
and has an associated gauge boson. The other two are
global symmetries and they can be divided into a vectorial
and an axial symmetry acting on the quarks. The vectorial
one is the well-known baryon number symmetry, denoted
here as U(1),, which is an accidental symmetry in this
model (as in the SM). The other one is an axial symmetry
also acting on the quarks, which we denote as U(1)pq. The
last symmetry is a PQ one since itis anomalous and Ap, the
coefficient of the [SU(3) o]*U(1)pg anomaly, is « —3. Also,
we notice that the U(1)pg is a natural symmetry in the
sense that it is not imposed; rather, it follows from the
gauge local symmetry and renormalizability. In other
words, the economical model naturally has a PQ symmetry.
The assignment of the three independent U(1) quantum
charges is shown in Table I. (These quantum charges
appeared for the first time in Ref. [8]; we have written
them here for the sake of completeness and clarity.) Thus,
the model actually has a larger symmetry: G = SU(3), ®
SU(3), @ U(1)x ® U(1)p ® U(1)pq, where the last two
are accidental and global symmetries.

Now, let us search for the remaining symmetries after
the y and p scalar triplets obtain their VEVs, (y) =V, =

V4
\/%(u,o, w)" and (p) =V, = \/%(0 v,0)7. To do this, we

consider an infinitesimal transformation of the total group
G on the vacuum states to find the generators of the
unbroken subgroups as a linear combination of the 7, X,
PQ, and B generators. Here, it is important to note that the
SU(3)- ® U(1) subgroups are clearly unbroken and thus
we can omit them in the following analysis without
affecting our conclusions. Then, under an infinitesimal
transformation on the vacuum we have

ZC\I! + élp = O’
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8
<Z a;T; +yXylss + 5PQ;(13><3) V,=0, (9)
pa

8
(Z aT; + X, 33 + 5PQ,Jlgx3> V,=0, (10)
i=1

where «;, y, and ¢ are independent real constants and 13,3
denotes the 3 x 3 identity matrix. Also, we have from
Table I that Xy = —1/3, X, =2/3, and PQ, = PQ, = 1.
Since the y and p scalar triplets are in the fundamental
representation of SU(3),;, the T; generators in Egs. (9)
and (10) are given by 4;/2, where A; are the well known
Gell-Mann matrices. From Egs. (9)-(10) we have

v(ay —iay) =0, (11)

v(ag + ia;) =0, (12)

u(ay + i) + wlag — iag) =0, (13)

v(=3az + V3ag + 4y + 66) = 0, (14)
3u(ay + ias) —2w(V3ag +y —36) =0,  (15)
u(3asy + V3ag — 2y + 665) + 3w(ay — ias) =0, (16)

with i =+/—1. Solving Egs. (11)—(16) simultaneously
(with u #0, v # 0, and w # 0), we have that a; = a, =
as = ag = a7 =0 and

6uw .

G == = —3sin(26)3, (17)

6 w2 a; _6cos(20) . o

g =—7=|—> pol)o-m=—m 0%

V3 \u?+w V3 V3 V3
(18)

3w? 3

r=-r bt e =51+ cos20)5+a  (19)

where tan@ = u/w. Since the parameters a3 and & are
independent, this implies that from the ten generators only
two linearly independent combinations, say ¢; and g,
remain unbroken. At first glance, the choice of these
generators is arbitrary. However, we take into consideration
that one of them has to be the anomaly-free electric charge
generator, which is achieved by taking 6 = 0 and a3 = 1.
By doing so, g; = Q. The other generator, g,, must have
0 # 0 in order to be linearly independent of g; (since all
generators with 6 = 0 will be proportional to Q). Hence,
the unbroken generators are written as

TABLE I. Assignment of the three independent U(1) quantum charges in the economical 3-3-1 model.

QuL Q3L (uuR7 MISR) (daR’ d/aR) \I]uL €ar 14 X
U(l)y 0 1/3 2/3 -1/3 -1/3 -1 2/3 -1/3
U(l), 1/3 1/3 1/3 1/3 0 0 0 0
U(1)pg -1 1 0 0 -1/2 -3/2 1 1
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1
Tg + X, (20)

=Ty —
91 3 \/g
g» = |3cos?(9)T5 — 3sin(20)T,

+%\/§(3 cos(20) - 1)Tg +PQ|46,  (21)

with 6 # 0 in the last equation. The symmetry associated to
g1» U(1)g, is anomaly free, as is well known. The g,
generator, which is independent of g, is a linear combi-
nation of T3, T4, Tg, and PQ generators. We refer to the
symmetry associated to g, as U(1),. The key point here is
that a part of the initial axial symmetry, U(1)pq, remains
unbroken because the coefficient § in Eq. (21) is always
different from zero. In conclusion, the existence of g; and
g» implies that the U(1), ® U(1) subgroup of SU(3), ®
U(1)y ® U(1)pq remains unbroken.

Now, since G is an exact symmetry, i.e., [G,Ly] =0
(where L7 is the total Lagrangian of the model) from
Goldstone’s theorem [12], we have exactly eight NG scalar
bosons (an NG scalar boson for each broken generator),
which in this model will become the longitudinal compo-
nents of the eight massive gauge vector bosons via the
Higgs mechanism. In the physical scalar spectrum this
model has only massive scalar bosons, HY, H), H", H™,
as was shown in Ref. [8]. If the g, was broken, an NG scalar
boson would appear in the physical scalar spectrum.
Because ¢, has a component in the PQ generator, this
physical NG scalar boson would be an axion. However, this
does not happen and the model has three massless quarks
instead (one u-type quark and two d-type quarks). This can
be easily seen from the mass matrices, because a pair of rows
in the u-quark mass matrix and two pairs of rows in the
d-quark mass matrix are proportional to each other [see
Egs. (18) and (19) in Ref. [8]]. The exact form of these
massless quarks is neither clarifying nor relevant for our
analysis, and thus we do not write them here. These massless
quarks are fully expected because an exact axial symmetry
that is realized in the WW manner implies massless fermions.

The action of the remaining U(1),, symmetry preventing
some quarks from gaining mass becomes obvious when we
change the basis to work with the mass eigenstates instead
of the symmetry eigenstates. The symmetry eigenstates
Upg:Djpg (With i =1,...,4 and j=1,...,5) and the
mass eigenstates (Uy); g, (DM)].L,R are related by Uy r =
(VZR)T(UM)L,R and Dy p = (V?,R)T(DM)L,R’ where VZ’,?
are independent unitary matrices such that VVMUVY" =
MY and VPMPVET = [P, where MV = diag(m
my,..m,,,) and mP =diag(mg,,.mg,, .My, Mg, Ma,;)-
Since the mass matrix of the u- and d-quark types are not
Hermitian matrices, in order to obtain the mass eigenstates

m

Upy? UMD

we have to solve the matrix equations VI MIM V4T =
VEMaTMY V;’; = (M7)2, where g=U,D. More specifically,
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we have to find the base-rotation matrices V{  and V7 to
be able to write the Yukawa interactions in terms of the
quark-mass eigenstates. This task can be done using standard
procedures. Unfortunately, exact analytical expressions for
these matrices are enormous, so it is worthless to show them
here. The diagonalization study shows that we have one
vanishing eigenvalue in the u-quark sector and two in the d-
quark sector, as expected. The respective zero-mass eigen-
states are clearly identified. Let us call them uy;;, dy;;, and
dy». This means that there are no mass terms of the form
My, Ui pUpi g + Mgy, Ay Ly g +Ma,,, dyopdyar +Hec.,
ie,m,, =my =m,, =0.

We find more important results by looking at the quark-
scalar field interactions coming from the Yukawa inter-
actions in Eq. (2). Here we find that there are no
interactions involving the right component of these mass-
less quark states. The right states uy;1g, dy1g, and dypg
disappear from the Yukawa interactions. In other words, no
left quark states are coupled with these massless states
through neutral- or charged-scalar fields. Nonetheless,
these zero-mass right components should have some
interaction after all. In fact, from the quark kinetic terms
we find that they interact only with the neutral vector
bosons A,,Z,, and Z;,. These interactions couple only
quarks with the same chirality. This means that each of the
right components w1, dp1r, and dynp can be trans-
formed by an arbitrary U(1), phase without affecting other
terms in the Lagrangian. Hence, looking at the Yukawa
and the neutral vector-boson interactions, written in terms
of the quark-mass eigenstates, we can identify the U(1),
symmetry that prevents these quark states from getting
mass: the massless right fields wuy g, dyp, and dypop
transform as e'®uy, g, €%dy g, and edy;,, and all other
fields transform trivially under U(1), (note that this
symmetry is anomalous with the [SU(3)-]*U(1)y anomaly
o« —3). This is a clear and undoubtable manifestation of
the remaining symmetry we have found. If we consider
perturbation theory, these massless quarks can not get mass
through radiative corrections to their propagators since the
right component of these fields disappear from the Yukawa
interactions and they only couple to neutral vector bosons,
which conserve chirality. Therefore, there is no way to form
loop diagrams to give mass for these particular fields, at all
orders in perturbation theory.

Now, let us discuss the possibility of generating masses
for these massless quarks through nonperturbative correc-
tions and the viability of this model to explain the
low-energy hadron phenomenology. Roughly speaking, this
can be seen as follows. From both chiral QCD and lattice
calculations the ratio y,, /4 is 0.410 + 0.036 [13—15], where
u, and p, are the “low-energy quark masses.” These should
be distinguished from the quark-mass parameters m; of the
QCD Lagrangian at high scale [16]. In particular,
w, = pim, + P "X‘j’:;, where A, ¢z ~ 1 TeV (where we have

identified naturally the massless quarks as u = uy,,

037302-4



BRIEF REPORTS

d = dy, and s = dy,). This means that u, receives an
additive nonperturbative contribution of order mgm, in
addition to the perturbative one, ; m,,, which is zero because
both m,’s are zero. The nonperturbative contribution is also
zero because m, and m, are both zero and 3, is estimated to
be a number of order one. Thus, u, =0, which is in
complete disagreement with the ratio p,/p,;. A similar
analysis is also valid for u,; and u, [17].

IV. CONCLUSIONS

The scalar content in the E331 model is not enough to
break the initial symmetry, G to U(1), ® U(1)p. Instead,
an extra generator g, remains unbroken and thus the model
has a U(1), axial symmetry after the spontaneous sym-
metry breaking. As we have explicitly shown above, g, is
a linear combination of the 75, T4, T, and PQ generators
and it is linearly independent of the generators of the
electric charge and baryonic number, g, and B, respec-
tively. Because of the PQ component in the g, generator,
we have that the initial axial U(1)p, symmetry is not
completely broken. In other words, the U(1), ® U(1)
subgroup of the SU(3), ® U(1)y ® U(1)pg group
remains unbroken. Therefore, the model has three massless
quarks. The U(1),, symmetry acts on the mass eigenstates
as an axial symmetry, uy 1z = € “Upyr, dyig = € %dysigs
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dyrr = €“dyg, and this will protect these massless
quarks from acquiring mass at any level of perturbation
theory. Furthermore, we recall that the unbroken U(1),
subgroup has its origin in an axial symmetry, U(1)p,
which—although anomalous—is an accidental symmetry
in the sense that it follows from the gauge symmetries and
renormalizability. Therefore, the remaining axial symmetry
acting on quarks will only be broken by nonperturbative
QCD processes [18]. However, these effects are not enough
to provide the necessary low-energy quark masses, y;, to
the three massless quarks to bring the model into agreement
with both chiral QCD and lattice calculations, which give
the ratio u,/pg as 0.410+0.036 [13-15]. Hence, the
economical version of the 3-3-1 model cannot be consid-
ered a realistic description of the electroweak interaction.
The original 3-3-1 models, such as the model I presented in
Ref. [4], do not suffer from such an illness.
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