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Radiative seesaw-type mechanism of quark masses in SU(3) ® SU(3);, ® U(1)x
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We take up again the study of the mass spectrum of the quark sector in a model with gauge symmetry
SUQ3). ® SUB); ® U(1)x (331). In a special type II-like 3-3-1 model, we obtain specific zero-texture
mass matrices for the quarks which predict four massless quarks (u, ¢, d, s) and two massive quarks (b, )
at the electroweak scale (~ GeV). By considering the mixing between the standard model quarks and new
exotic quarks at large scales predicted by the model, we find that a third quark (associated to the charm
quark) acquires a mass. The remaining light quarks (u, d, s) get small masses (~ MeV) via radiative

corrections.
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I. INTRODUCTION

The ATLAS and CMS experiments at the CERN
Large Hadron Collider (LHC) have found a 126 GeV
Higgs boson [1-4] through the & — vy decay channel,
increasing our knowledge of the electroweak symmetry
breaking (EWSB) sector and opening a new era in
particle physics. Now the priority of the LHC experi-
ments will be to measure precisely the couplings of the
new particle to standard model (SM) fermions and gauge
bosons and to establish its quantum numbers. It also
remains to look for further new states associated with
the EWSB mechanism which will allow us to discrimi-
nate among the different theoretical models addressed to
explain EWSB.

Despite all its success, the SM of the electroweak
interactions based on the SU(3)c® SUQ2);, ® U(l)y
gauge symmetry has many unexplained features [5].
Most of them are linked to the mechanism responsible
for the stabilization of the weak scale, the origin of
fermion masses and mixings, and the three family struc-
ture. Because of this reason, many people consider the
standard model to be an effective framework of a yet
unknown more fundamental theory. A fundamental the-
ory, one expects, should have a dynamical explanation
for the masses and mixings. The lack of predictivity of
the fermion masses and mixings in the SM has motivated
many models based on extended symmetries in the con-
text of two Higgs doublets, grand unification, extra
dimensions, and superstrings leading to specific textures
for the Yukawa couplings [6—8]. The understanding of
the discrete flavor symmetries hidden in such textures
may be useful in understanding the underlying dynamics
responsible for quark mass generation and CP violation.
One clear and outstanding feature in the pattern of quark
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masses is that they increase from one generation to the
next spreading over a range of 5 orders of magnitude,
and the mixings from the first to the second and to the
third family are in decreasing order [9-12]. From the
phenomenological point of view, it is possible to de-
scribe some features of the mass hierarchy by assuming
zero-texture Yukawa matrices [13]. Models with sponta-
neously broken flavor symmetries may also produce
hierarchical mass structures. These horizontal symme-
tries can be continuous and Abelian, as the original
Froggatt-Nielsen model [14], or non-Abelian as, for
example, SU(3) and SO(3) family models [15]. Models
with discrete symmetries may also predict mass hierar-
chies for leptons [16] and quarks [17]. Other models
with horizontal symmetries have been proposed in the
literature [18].

On the other hand, the origin of the family structure of
the fermions can be addressed in family-dependent mod-
els where a symmetry distinguishes fermions of different
families. Alternatively, an explanation for this issue can
also be provided by the models based on the gauge
symmetry SU(3), ® SU(3); ® U(1)yx, also called 3-3-1
models, which introduce a family nonuniversal U(1)y
symmetry [19-22]. These models have a number of
phenomenological advantages. First of all, the three fam-
ily structure in the fermion sector can be understood in
the 3-3-1 models from the cancellation of chiral anoma-
lies [23] and asymptotic freedom in QCD. Secondly, the
fact that the third family is treated under a different
representation can explain the large mass difference
between the heaviest quark family and the two lighter
ones [24]. Finally, these models contain a natural Peccei-
Quinn symmetry that is necessary to solve the strong-CP
problem [25].

The 3-3-1 models extend the scalar sector of the SM
into three SU(3); scalar triplets: one heavy triplet field
with a vacuum expectation value (VEV) at high energy
scale (x) = v,, which breaks the symmetry SU(3), ®
U(l)x into the SM electroweak group SU(2); ® U(1)y,
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and two lighter triplets with VEVs at the electroweak
scale (p) = v, and (n) = v,, which trigger electroweak
symmetry breaking. Besides that, the 3-3-1 model could
possibly explain the excess of events in the h — yvy
decay recently observed at the LHC, since the heavy
exotic quarks, the charged Higgs, and the heavy charged
gauge bosons contribute to this process. On the other
hand, the 3-3-1 model reproduces a specialized two
Higgs doublet model type III (2HDM-III) in the low
energy limit, where both triplets p and n are decom-
posed into two hypercharge-one SU(2); doublets plus
charged and neutral singlets. Thus, like the 2HDM-III,
the 3-3-1 model can predict huge flavor changing neutral
currents and CP-violating effects, which are severely
suppressed by experimental data at electroweak scales.
In the 2HDM-III, for each quark type, up or down, there
are two Yukawa couplings. One of the Yukawa couplings
is for generating the quark masses, and the other one
produces the flavor changing couplings at tree level. One
way to remove both the huge flavor changing neutral
currents and CP-violating effects is by imposing discrete
symmetries obtaining two types of 3-3-1 models (type I
and II models) which exhibit the same Yukawa interac-
tions as the 2HDM type I and II at low energy where
each fermion is coupled at most to one Higgs doublet.
In the 3-3-1 model type I, one Higgs electroweak triplet
(for example, p) provides masses to the phenomenologi-
cal up- and down-type quarks, simultaneously. In the
type II, one Higgs triplet (7)) gives masses to the up-
type quarks and the other triplet (p) to the down-type
quarks. Recently, the authors in Ref. [26] discussed the
mass structures in the framework of the I-type 3-3-1
model. In this paper, we obtain different structures for
the type II-like model. We found that only the top and
bottom quarks acquire masses if the mixing of the SM
quarks with the exotic quarks is neglected. We obtain by
the method of recursive expansion [27] that if mixing
couplings with the heavy quark sector of the 3-3-1
model are considered, only the charm quark obtains a
mass, while the light quarks remain massless. The
masses of the up, down, and strange quarks are gener-
ated through loop corrections which are kind of seesaw-
type radiative mechanisms that involve the virtual
exotic quarks as well as neutral and charged scalars
running in the loops. Thus, the hierarchy of the quark
mass spectrum can be explained from three different
sources: the tree-level quark mass matrices from the
symmetry breaking, the mixings between the SM quarks
and the exotic quarks, and seesaw-type radiative correc-
tions. This mechanism of generating the quark masses
provides an alternative to the ones discussed in
Refs. [28,29] where effective operators and one-loop
corrections are introduced.

This paper is organized as follows. In Sec. I, we briefly
describe some theoretical aspects of the 3-3-1 model and
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its particle content, in particular, in the fermionic and
scalar sector in order to obtain the mass spectrum.
Section IIT discusses the possible zero textures for the
SM quark mass matrices at tree level. In Sec. IV, we obtain
the quark masses at tree and one-loop level of the complete
model by imposing specific zero-texture masses. Finally in
Sec. V, we state our conclusions.

II. THE FERMION AND SCALAR SECTOR

We consider the 3-3-1 model where the electric charge is
defined by

1
Q=T3_\/—§

with T3 = 1diag(1, —1,0) and Ty = (#g)diag(l, 1,—2).In
order to avoid chiral anomalies, the model introduces in the
fermionic sector the following [SU(3)., SU(3)., U(1)x]
left-handed representations:

Ts + X, (1)

U (UL:(3%,1,2/3)
Q;=|D'"| :331/3), {D:(3"1,-1/3)
T/, | Th: (3%,1,2/3),
(1)23 (D%3:(3%,—1/3)
7=l U?] (330, {U%:(31,2/3) (2)
\ ), 23301173,
yh23 1,2,3
23 (1,1, 1
L= et ] :(1,3,-1/3), {eRm( )
w2y ), NE23:(1,1,0),

where U} and D} fori = 1, 2, 3 are three up- and down-
type quark components in the flavor basis, while v} and e/
are the neutral and charged lepton families. The right-
handed sector transforms as singlets under SU(3); with
U(1)x quantum numbers equal to the electric charges. In
addition, we see that the model introduces heavy fermions
with the following properties: a single flavor quark 7' with
electric charge 2/3, two flavor quarks J>3 with charge
—1/3, three neutral Majorana leptons (»">%)¢, and three
right-handed Majorana leptons N ,152‘3 . On the other hand,
the scalar sector introduces one triplet field with VEV
(X)o = v, which provides the masses to the new heavy
fermions, and two triplets with VEVs (p); = v, and
(m)o = v, which give masses to the SM fermions at the
electroweak scale. However, as it will be shown in Sec. IV,
we can have a discrete symmetry in the quark sector that
allows the triplet y to give masses not only to the heavy
exotic quarks but also to the light quarks via a radiative
seesaw-type mechanism while the triplets p and 7 give
masses to the remaining quarks. The [SU(3),, U(1)x]
group structure of the scalar fields is
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2
p= 715(1/,) + &, %0, |:(3,2/3),
Py
(3)
: (3, —1/3).

The EWSB follows the scheme SU(3); ® U(1)y—Y'SU(2), ® U(1),—m{ry (1), where the vacuum expectation

values satisfy v, > v,, v,.

The interactions among the scalar fields are contained in the following most general potential that we can construct with

three scalar triplets:

Vy = wixTx) + wi(ntn) + wi(ptp) + f(ximpre™ + He) + 4 (xTx)(xTx)
+ L(pTp)ptp) + AT n)(nTn) + (T (pTp) + As(x T x)(nTn)

+ As(pTp)(nTn) + A0t x) + 2s(xTp)(pTx) + Ag(pT0) (T p).

After the symmetry breaking, it is found that the mass
eigenstates are related to the weak states in the scalar sector

by [21,22]
I )
R s
BT( f-,,

Gy pT) <G?)
=R ) —
(Hf> B’(n? A
el
h0 "\ &,

()=o) ©
H; py )
with
. _( cos ar(By)  sinarp(Br)
ar(Br) —sinap(By) cosar(By) ’
(N

-1 0
R = ’
0 1
where tan 87 = v, /v,, and tan2a; = M,/(M, — M)
with
M, = 4rgv,v, + 2\/5va,
M, = 40,02 — V2fv, tan By,
M; = 4A30% — 2fv, /tan Br.

®)

With the above spectrum, we obtain the following
SU(3); ® U(1)y renormalizable Yukawa Lagrangian for
the quark sector [26]:

4)
f
—Ly= Qi(nhi,’u + Xh/l{/]lj)U{Q + Q_iphf,’l,,-Dfe
+ 01 phly, IR + Q1 (bl + xhiy )T
+ 07 p"hp;Up + Qf (0" hy,; + X1, )Dy
+ 01 (0" e + X W)} + OF ™R, Tk + Hee,,
)

where n = 2, 3 is the index that labels the second and third
quark triplets shown in Eq. (2), and h'gl.j are the i, j

components of nondiagonal matrices in the flavor space
associated with each scalar triplet ¢: 1, p, x.

III. ZERO-TEXTURE MASSES AT LOW ENERGY

By considering a scenario where the mixing terms
among fields at small and large mass scales in Eq. (9) do
not contribute at low energy, we obtain the following
decoupled low energy Yukawa Lagrangian:

- Ly = Q_iﬂh%u
+ Q} ph, D}, + H.c.

Although the above Lagrangian exhibits the same gen-
eral form as the 2HDM Lagrangian, they are not the same
because the Abelian sector U(1)y of the 3-3-1 symmetry
introduces a quantum number that differentiates the second
and third rows from the first one, from which not all Yukawa
couplings are allowed by the symmetry. In 2HDM models,
there are no labels and the three rows are identical. Thus, by
imposing appropriate discrete symmetries, many Ansditze
for the couplings can be obtained. From the previous ex-
pression it follows that the mass Lagrangian corresponding
to the SM quark sector is given by
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o v _ . v — j
_£1}1‘155 SM — \/_%Uihgl)Ué + \/—%Dzh?n]Dk
v, - i . Yo & '
5 Ut Un 5 D Dy e
(10)

The 3-3-1 model gives the different possible textures
that can be chosen independently for the up and down
sector according to the discrete symmetry imposed.
These textures are given by

Mg%):ﬂ<h511 h%ﬂm),
V2\ 051 025 (11)

M(B) _ 'Up ( 0 OIXZ)
v \/5 hll)]nl hgnm ’

=22 )
\/i hnnl hnnm (12)

u® — Ve ( h?u hf))lm )
D ’
V2\ 001 02

with n and m = 2, 3. The choice of the textures M g‘) and

M;f) (where the subindices U and D refer to the up and
down sector, respectively) can be obtained by imposing

Ur — —Up, Dy — Dy, PP n—-n.

13)

These textures imply that the quarks generate mass from
the Q! terms at tree level. In this case, only the top and
bottom quarks would acquire mass while the other quarks

will remain massless. The textures M(f) and Mg‘) can be
obtained through

UR_)_UR! DR_)DR!

These would imply four massive quarks from the Q7 terms
at tree level, which will be unnatural since the masses will
be practically generated by hand through the Yukawa

couplings. The choice of M g‘) and Mg*), where

Ur — —Up, Dr — —Dg, PP n—-n

(15)
will generate a mass for the top quark, which comes from

the Q} term, while the bottom quark coming from the Q"
terms will be massless and the d and s quarks will be
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massive at tree level. Thus, the choice of this textures
does not lead to a phenomenological viable quark mass

spectrum. The choice of M Ef) and M(g) with

Ugr — —Up, Dg — —Dg, pP— —pP n—n

(16)

would imply that only three quarks will be massive. In the
up sector, one can choose the massive top and charm
quarks as elements of Q7. In that case, the bottom and
strange will be massless while the down quark coming
from Q} will acquire mass, which is unnatural. In con-

clusion, the textures M g‘) and Mg;) with the discrete sym-
metry in Eq. (13) could provide a better explanation for
the quark mass hierarchy. The vanishing entries will be
filled by the mixings between the SM and exotic quarks or
by radiative corrections.

IV. ZERO-TEXTURE MASSES WITH
MIXING COUPLINGS

In order to obtain the submatrices M(ﬁ) and M(DB) in
Egs. (11) and (12) from the original 3-3-1 Lagrangian in
(9), we extend the discrete symmetry in (13) to

UR—’_UR, DR_’DR! n—-n
pP—p XX T — Tk, Jr—Jr, (A7)
which restricts the SU(3); X U(l)y renormalizable

Yukawa Lagrangian to be given by

Ly = @inhU U?e + Qphl D{e + éiXh)T(uTlle

nlj plj
+ 0L X Py} + Q1 p*hY, T + OF x*h%, ;D
+ Qpphl,,Jk + He. (18)

The previous Lagrangian can be rewritten as
—Ly=-Ly - LY - 1P, (19)

where —£(Yl) corresponds to the quark mass Lagrangian,
while — £? and — L are the Lagrangians which include
the interactions of the quarks with the neutral and charged
Higgs and Goldstone bosons, respectively. These
Lagrangians are given by

—LP= %mhgl Up+ %vghgnlr,g + %T;h;lr,g

V, — ; V, — v, — .
+—£D} h? Dy +—ED} k), Jw+—<T1h? D

\/5 plj \/5 plm ﬁ xnj

UX Tn1,J m
+ \/—EJLhX,,mJR +H.c,, (20)
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+ T} Y, Up +

- |
nlj~R \/_ETi(érX + ng)hZ(IITIg

D .
plj

. S G .
+i{,)hD Dy + \/—EDi((fp + lfp)h{nmjzl

— A 1 - ) j . ;
* DX D+ DXt § + 5 TEE — gDy + 5 T1E — il + e, 21)
; — . _ S S .
—£§,) =+Dip, h,Tm1T11e +Jips3 h,Tm1T11e + UILPTh,?lije + TILP;h,?UD;e + U?,X;—h?njD;Q
UL g} T TLP3 IR+ ULXS B} + Hee. (22)
From Egq. (20) it follows that the mass matrices for the up- and down-type quarks are given by
v,]hg11 v,,hg12 vnhg13 | 0
0 0 0 | Uphgzl Mg'l) | ksx
U_ -
L I ol R Bl |
- - —— — —— O3 | My
0 0 0 | th)T(“
(vphlel Uphglz Uphgm | Uﬂh;Jle vphfm\ (23)
0 0 0 | 0 0
MB s
0 0 0 | 0 0 D 32
MP = | =-l—- - —)
S | M
vl vyhYn vy | vy, vy 2 !
v vy vy | vy vk

where the diagonal blocks M §j‘> and Mf,f) are the same as (1

1) and (12), M7 ; are the masses of the T' and J" quarks, and ,

s, and S are mixing mass blocks. The different VEVs of the scalars have the following hierarchy:

v, >>v, v, ~ 246 GeV. (24)
A. Up sector
The mass matrix for the up-type quarks satisfies the following relation:
m? 0 3
mMUMOT = T T =02 Y RY P (25)
031 M i=1
where M is given by
v%|h221|2 vih,le(h,le)* | Upvxhgzl(h;n)* T (T .2 T
21T T % 20T 12 T T % hpnl(hpml) vﬂ | hpnl(h/\/ll) vPvX
W= vphp31(hp21) Up|hp31| | vpv)(hp31(h)(11) _____ | 26)
__________ | ——
mT (hT Vuu, | [T, 1702
vpv/\/hill(hz;ﬂ)* Upv)(hill(hg:‘al)* | Uilhinlz X pm PoX X X
f
The submatrix M satisfies the following relation: rotation matrix which diagonalizes the matrix M, we per-
det (M) = 0, 27) form a perturbative diagonalization. The mass matrix M

Therefore, one quark (the u quark) remains massless at tree
level; one quark (the ¢ quark) will acquire mass through the
mixing with the exotic T quark, and two quarks (the  and T
quarks) have tree-level masses without mixing. To find the

07

can be block diagonalized through the rotation matrix W;,
according to

- f 0
WZMWL=<OIfX 2 ;X%l), 28)
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with
1 B
wo=( 7). ~ WD P2, (29)
where f,,, = —v2h? (h? )t with m, n = 2, 3. From the

condition of the vamshmg of the off-diagonal submatrices
in the previous expression, we obtain at leading order in B
the following relations:

aB + b — Bm3 =0, Bta + bt —m2Bt =0,

where a and b have the following components:

Pnl(hpml)fvz’ bnl = pnl(h)(ll) UpVx-

(30)

By using the method of recursive expansion, taking into
account the hierarchy a,,, < <b,; < <m?, we find that
the submatrix B is approximately given by

v, h! 1 mg
m =P = (31)
UX hoy  mr

For the sake of simplicity, let us assume that the Yukawa

couplings h/T)ml are real. In that case, the matrix f is

diagonalized by a rotation matrix

Viwe = l (Zg” _h/;’g‘ ) (32)
J(hlf“)2 + (h;ﬂ) p31 pll
according to
V5o Viue = Faing = diag(—m?,0),
me = vp[(hh)* + (h)51)°]

m,=0. (33)

Since v, ~ v, it follows that |hg“| > >|h£m1|. Here the
following identity has been taken into account:
c d c _ d
( =7 m)(ez cd)(m m)
_ d c 2 d c
T /N I\ T
c+d 0
= . (34)
0 0

Then, it follows that the mass matrix M is diagonalized by
a rotation matrix R; according to

RIMR,; = diag(—m?2, 0, m2.),

VLuc B
R; = . 35
t ( _BTVLM 1 ) ( )

Therefore, the mass matrix MY(MY) is diagonalized by a
rotation matrix VY according to

with

(VOHTMYMOTVY = diag(m?, —m2, 0, m2.),

10
VU = (o ;:3 ) (36)
3X1 L

with
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Although the mixing terms with the exotic sector allow
nonvanishing mass to the ¢ quark, the lightest quark u
remains massless due to the zero texture of MY, as shown
in Eq. (23). However, the vanishing entries can be filled
by radiative corrections. For the sake of simplicity, we
assume that the CP-odd neutral scalars are much heavier
than the heavy exotic quarks 7 and J2, so that their loop
contributions to the entries of the quark mass matrix can
be neglected. Here we do not consider the contributions
coming from the exotic quark J* since we assume that it
does not mix with the SM quarks and with the exotic
quark J2. Then, the heavy exotic quark 7 with the neutral
scalars £, &,, 73, and the heavy exotic quark J* with the
charged scalars p; and pj running in the loop induce
radiative corrections at one-loop level to most of the
entries of the up-type quark mass matrix, thanks to the
scalar quartic interactions. These virtual scalars couple to
real neutral scalars which acquire VEVs after electroweak
symmetry breaking. In this manner, the up quark mass is
radiatively generated in an analogous way to the loop
induced neutrino mass generation processes. Besides
that, we assume that the quartic scalar couplings
are approximately equal. Here we also assume that
hT > >|hnh| |hpm]| and h,,,(m = 2,3) is much big-
ger than the magnitudes of the remaining down-type
quark Yukawa couplings. These assumptions allow us to
neglect the loop contributions to the up- and down-type
quark mass matrices that involve the mixings between the
SM quarks and the exotic quarks in the internal lines.
Therefore, the leading one-loop level contributions to the
entries of the up-type quark mass matrix come from the
Feynman diagrams shown in Fig. 1. Here we use
the unitary gauge where we get rid of the Goldstone
bosons Gy, G5, GY, GY, and GY. Hence, the radiative
corrections constraint the up-type quark mass matrix to be
of the form

”nhnn vnhnu ”nhgw (6MY),4

(8MY)y (8MY)y, (8MY)23 vyl + (8MY)y
(6MY)31 (8MY)5y (8MY)33 w,hly, +(8MY)y |
(6MY)yg (6MY)yy (6MY)45 v, X11+(5M )as

(37

where their dominant loop-induced entries are given by

1 AR KT m,+ m,-
(6MV),, = — i 0127921 XC()( pi Mo; )
1677' mjz mjz mjz (38)
1 AR hY v, v mg Mo
(5MU)m1 ~_ . pm1tn11¥nYp C()( -fp n;)’
1677' mry mT my
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2 X X,
X"\ AN v
N 7
P1 p3 gp
1 2 72
U; Ji Ji Tr ur Tr
X X,
Up 27 Ux CEAN
N 7
& fx M5
FTm 7 =
Ur Tr Ty Tr Ty, Tr

FIG. 1.
1 AT (Y v,ov Mg Mo
(8MU)mn=_ 2 prl_nin T pCO(i’ir)’
167 mr my mr (39
1 AR KT mg m
(SMV), = pm1My11Vp XCO i’j’
" 167 m my’ m
T T Mr
1 AL WY m.oo m
(SMV)y = — , X111V XCO( ng’ fx)’
167 mr my mr “0)
J 3T .2 .
(6MY)yy = — : 2 Mol Ve D0<mp§),
167 my, my,
with m, n = 2,3 and j = 1, 2, 3. In the above equations,

we use the symbol A to indicate the quartic coupling terms
from the scalar potential in (4), and the following func-
tions have been introduced:

1
(1= )1 = A3)(if; — i)

2

5252 2102 + A2 Insm2

X{mlmzln( 2) mylnmy +m 2lnmz]»
m;

Co(ﬁil, fflz) =

—1+ @2 — In?

a—apr

Dy(in) = lim Colin rty) =

By assuming my ~mp ~ v, and Mg, ~ Mg ~ Moy ~

m,= ~ m,=, it follows that the most important one-loop

I
correction for vanishing entries of the tree-level up-type
quark mass matrix is (8MY),,. On the other hand, the one-
loop corrections of the nonvanishing entries of the tree-
level up-type quark mass matrix can be neglected when
compared to their tree-level values. Therefore, the domi-
nant one-loop level contribution to Tr(MY(MV)') is
roughly |[(8MVY),4]>. Hence, the mass of the up quark can
be estimated as

m, =

| Al s

167T2 mjz

X
.7 n LFAN Xy
4 N4
113 9% 779
— 1 —
Tt Ur U T T: Up
X
4 UX UXX N ’ x Ux
7 N s
+
&x P3; P3
a J 7
T Ur 17 JE J? Tr

One-loop Feynman diagrams contributing to the entries of the up-type quark mass matrix.

Therefore, the smallness of the up quark mass can be
explained by the loop suppressed radiative seesaw-type
process which involves a heavy exotic quark J? as well
as virtual charged scalars p{ and p; whose corresponding
Yukawa couplings have to be sufficiently small.

B. Down sector

The mass matrix for the down-type quarks in (23)
satisfies the following relation:

¢ Oixa X
MP(MP)T =1 031 Oaxa Onxy |, (43)
X, O Y
2, 3, where

=[S+ 3]

- 3
Xl” = z pli ,\/m)1L + Z hplm(hifnm)f]vpvx, (44)

- 3

= 2

Yom = Z xni th)]L + thnp xmp ] Uy
L=

with n, m =

from which it follows that
det[MP(MP)t] = 0. (45)

Therefore, the mass matrix texture MP leads to massless
down and strange quarks, which is not phenomenological
viable. Besides that, the mass matrix MP(MP)1 is partially
diagonalized by a rotation matrix V? according to

m; 0 0 O

0 0 0 O
(VPYtMP(MP)t VP ~ P2 46)

0 0 0 O

O2><l 02><1 O2><l Y

where
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oY) X X
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Vp L Ux CEAN 7 Ux (NN PRary
N 7
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& Ex So” Ex Pl P3
D} J? J? D} D! J? J? Dy m I !
I I i R L i3 L R D Tr Tr Dpg
X X, X x
R N ’ x UxN .7 Ux UXX N z x Ux
el Tl el
P ~P3 P1 P3 2y Ps
Dm TR T Dn Dm T, T JQ 72 . T . 2
4 L R 7 R j R Ji Tr 1Tp Jr
X X,
7)X 7 I}X /LYXX AN 7 >< 7jX
N 7 N 7
5x SX P3 P3
72 2 72 J — - = P
Ji Jg Ji Dy J? Tr T D5,

FIG. 2. One-loop Feynman diagrams contributing to the entries of the down-type quark mass matrix.

imply that the masses of the exotic quarks J> and J* are
given by

I O F

VP =1 01 laxa 0Op 47
—FT 010 1o

M;

2

= vl My = v, (49)

and

Some entries of the down-type quark mass matrix re-
ceive loop corrections involving neutral scalars £, £, with
the heavy exotic quark J2, and charged scalars p; and p5
with heavy exotic quark 7 running in the internal lines of
the loops. These virtual scalars couple to real neutral
scalars due to the scalar quartic interactions. The leading
one-loop level contributions to the entries of the down-type
quark mass matrix come from the Feynman diagrams
shown in Fig. 2. After these radiative corrections are taken

3
mlz,zc—z z X4,Y

n,m=2

1m’

3
Yo Xl Fin= X, Yot — (48)

This shows that radiative corrections at one-loop level have
to be introduced in order to generate the masses for the
down and strange quarks. For the sake of simplicity, we
assume a diagonal base for the exotic quarks J, and J; and

the hierarchy M, > M, , which suppress the mixing
terms with the J; quark at low energy. These assumptions

into account, the down-type quark mass matrix takes the
following form:

B2+ BMP)y w P 4+ (BMP)y w0y + (3MP),5 v bl s 0
(6MP)y, (6MP)ys 0 (6MP)yy 0
MP = (5MD)32 (5MD)33 0 (6MP)s, 0 , (50)
v b2+ (BMP)y v hDyy + (SMP) gy vy hys + (BMP)yz vyl + (BMP)yy 0
0 0 0 0 v hl s

where their dominant loop corrections are given by

1 AR HD v v ms; m
(SMP),) ~ — — p12321Vp XCo<i,i>,
167 my mjz mjz

2

(8MD)1m ==

1 AR L,KD, mg m
p12tyamVp XC()(i i), 51

2 ’
167 mjz m12 mjz
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1 MWL KD v m.- m,+
(BMP)yy = ——— pnl el XCo( o p3>,
167T mr my mr
1 ART R v m,- m,+
(5MD)m4 ~ _ T 5 pml1"p12 XCO( 14 i P3
r mry mr mry

(6MP),; = —

167 my

withm,n =2,3and j = 1,2, 3. Byassuminng ~mp ~

v, and m g, Mg "~ Mys , it follows that the two

X Py
most important loop correctlons to Tr(MP(MP)T) come
from terms of the order Y3 _,[(6MP),4*> and
>3 .33 ,1(6MP),,,|>. These terms come from the loop
corrections of the tree-level vanishing entries of the

1 m,- m,+
T D |2 4 P3
a = 1672 mr \Jz z lhpmlhplnl CO( mT] ,—),

m=2n= mr

We can see that the charged scalar loop contributions are
crucial to give masses to the down and strange quarks.
Besides that, the lightness of the down quark can be
explained from the smallness of |10, | as well as from
the loop suppressed radiative seesaw-type process which
involves a heavy exotic quark T as well as virtual charged
scalars pi and p3. Furthermore, the inequality |22, | <
<|h p]2| can explain the hierarchy between the down and
strange quark masses.

V. CONCLUSIONS

In this paper, we discuss the generation of quark masses
in a model based on the gauge symmetry SU(3).®
SU(3); ® U(1)x where this symmetry is spontaneously
broken to the SM electroweak group SU(2); ® U(1)y at
the TeV scale. The Abelian nonuniversal U(1)y symmetry
in the quark sector exhibited in this 3-3-1 model leads to the
tree-level cancellation of the Yukawa couplings not allowed
by the symmetry. Indeed, since the U(1)y symmetry of the
model distinguishes one family from the other two, the
zero-texture structures obtained by (11) and (12) arise

1 [AhXZZthj XDO(%)
2

PHYSICAL REVIEW D 87, 075009 (2013)

1 Ahrm hD n my- Mp+
(SMP), = — —— el XC()( o Mo ) (52)
1677' mT mT mT
1 AT R v m, -
(BMP)uy = — oy I D (T (s
o mT mT
)lh /’l m =
p2111; XDO< p;):l’ (54)
mpy, mr mr

[
down-type quark mass matrix. On the other hand, as in
the up sector, the one-loop corrections for the nonvanishing
entries of the tree-level down-type quark mass matrix can be
neglected when compared to their tree values. Therefore,
for the case |hp1n| < <|h{)12| with n = 1, 2, the masses of

the down and strange quarks can be estimated as

1 /\lhjlzlv m,+
~ nl 12C ( —”) 55
" Tom? Z | ’"ll 0 mr  mp (53)

naturally, which will lead to only one family (the third)
obtaining tree-level masses. The U(1)y quantum numbers
for the exotic quarks 7" and J are obtained by the condition
of cancellation of anomalies, which leads to the mixing
terms shown in Eq. (18). These mixing couplings will
produce a tree-level mass for the middle quark (charm
quark), while the lighter quarks remain massless due to
the symmetry. Thus, it is necessary to generate radiative
corrections involving scalars and exotic quarks in the inter-
nal lines in order to obtain the complete mass spectrum. In
this framework, we assume that the CP-odd neutral scalars
are much heavier than the heavy exotic quarks 7 and J?, and
we restrict to the scenario characterized by the absence of
mixing between the heavy exotic quark J* and the remain-
ing down-type quarks. We find that the mixings between the
SM quarks and the exotic quarks as well as the seesaw-type
radiative mechanism are crucial to explain the hierarchy of
the quark mass spectrum.

ACKNOWLEDGMENTS
R.M. and F. O. thank Colciencias for financial support.

[1] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716, 1
(2012).

[2] CMS Collaboration, Phys. Lett. B 716, 30 (2012).

[3] T. Aaltonen et al. (CDF and DO Collaborations), Phys.
Rev. Lett. 109, 071804 (2012).

[4] CMS Collaboration, Report No. CMS-PAS-HIG-12-020.
[5] S.L. Glashow, Nucl. Phys. 22, 579 (1961); S. Weinberg,
Phys. Rev. Lett. 19, 1264 (1967); A. Salam, in
Elementary  Particle Theory: Relativistic ~ Groups
and Analyticity, Nobel Symposium No. 8, edited by

075009-9


http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1103/PhysRevLett.109.071804
http://dx.doi.org/10.1103/PhysRevLett.109.071804
http://dx.doi.org/10.1016/0029-5582(61)90469-2
http://dx.doi.org/10.1103/PhysRevLett.19.1264

(6]

(9]

[10]

[11]

[12]

(17]

. CARCAMO HERNANDEZ et al.

N. Svartholm (Almgqvist and Wiksell, Stockholm, 1968),
p. 367.

R. Barbieri, G.R. Dvali, A. Strumia, Z. Berezhiani, and
L.J. Hall, Nucl. Phys. B432, 49 (1994); Z. Berezhiani,
Phys. Lett. B 355, 481 (1995); H. C. Cheng, Phys. Rev. D
60, 075015 (1999); A.E. Carcamo Hernandez and R.
Rahman, arXiv:1007.0447.

N. Rius and V. Sanz, Phys. Rev. D 64, 075006 (2001);
B. A. Dobrescu, Phys. Lett. B 461, 99 (1999); H. Ishimori,
T. Kobayashi, H. Ohki, Y. Omura, R. Takahashi, and M.
Tanimoto, Phys. Rev. D 77, 115005 (2008); A.E. Carcamo
Hernandez, C. O. Dib, N. A. Neill, and A.R. Zerwekh, J.
High Energy Phys. 02 (2012) 132.

K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 74, 2418
(1995).

K. Nakamura et al. (Particle Data Group), J. Phys. G 37,
075021 (2010).

H. Fritzsch, Phys. Lett. 70B, 436 (1977); 73B, 317 (1978);
Nucl. Phys. B155, 189 (1979); H. Fritzsch and J. Plankl,
Phys. Lett. B 237, 451 (1990); D.s. Du and Z.z. Xing,
Phys. Rev. D 48, 2349 (1993).

H. Fritzsch and Z. Xing, Prog. Part. Nucl. Phys. 45, 1 (2000);
Nucl. Phys. B556, 49 (1999); Phys. Lett. B 353, 114
(1995).

Z.-z. Xing, D. Yang, and S. Zhou, Phys. Lett. B 690, 304
(2010); A.C.B. Machado, J.C. Montero, and V. Pleitez,
Int. J. Mod. Phys. A 27, 1250068 (2012); J.E. Kim and
M.S. Seo, J. High Energy Phys. 02 (2011) 097.

T. P. Cheng and M. Sher, Phys. Rev. D 35, 3484 (1987); H.
Fritzsch and Z. Z. Xing, Phys. Lett. B 555, 63 (2003); J. L.
Diaz-Cruz, R. Noriega-Papaqui, and A. Rosado, Phys.
Rev. D 71, 015014 (2005); K. Matsuda and H. Nishiura,
Phys. Rev. D 74, 033014 (2006); A. Carcamo, R. Martinez,
and J.-A. Rodriguez, Eur. Phys. J. C 50, 935 (2007).
C.D. Froggatt and H. B. Nielsen, Nucl. Phys. B147, 277
(1979).

S.F. King and G. G. Ross, Phys. Lett. B 520, 243 (2001);
574, 239 (2003); S.F. King, J. High Energy Phys. 08
(2005) 105; A.H. Galeana, R. E. Martinez, W. A. Ponce,
and A. Zepeda, Phys. Rev. D 44, 2166 (1991); A.
Hernandez and R. Martinez, Phys. Rev. D 51, 3962
(1995).

E. Ma and G. Rajasekaran, Phys. Rev. D 64, 113012
(2001); K.S. Babu, E. Ma, and J. W.F. Valle, Phys. Lett.
B 552, 207 (2003); E. Ma, Phys. Rev. D 70, 031901
(2004); G. Altarelli and F. Feruglio, Nucl. Phys. B741,
215 (2006); S.L. Chen, M. Frigerio, and E. Ma, Nucl.
Phys. B724, 423 (2005); A. Zee, Phys. Lett. B 630, 58
(2005).

P.D. Carr and P.H. Frampton, arXiv:hep-th/0701034; F.
Feruglio, C. Hagedorn, Y. Lin, and L. Merlo, Nucl. Phys.

(18]

[19]

[20]

(21]

(22]

[24]

[25]

[26]
[27]

(28]

[29]

075009-10

PHYSICAL REVIEW D 87, 075009 (2013)

B775, 120 (2007); M.C. Chen and K.T. Mahanthappa,
Phys. Lett. B 652, 34 (2007); P.H. Frampton and T. W.
Kephart, J. High Energy Phys. 09 (2007) 110; A. Aranda,
Phys. Rev. D 76, 111301 (2007).

D.B. Kaplan and M. Schmaltz, Phys. Rev. D 49, 3741
(1994); L.E. Ibanez and G.G. Ross, Phys. Lett. B 332,
100 (1994); P. Binetruy and P. Ramond, Phys. Lett. B 350,
49 (1995); Y. Nir, Phys. Lett. B 354, 107 (1995); V. Jain
and R. Shrock, Phys. Lett. B 352, 83 (1995); E. Dudas, S.
Pokorski, and C. A. Savoy, Phys. Lett. B 356, 45 (1995);
369, 255 (1996); P. H. Frampton and O. C. W. Kong, Phys.
Rev. Lett. 77, 1699 (1996).

F. Pisano and V. Pleitez, Phys. Rev. D 46, 410 (1992); R.
Foot, O. F. Hernandez, F. Pisano, and V. Pleitez, Phys. Rev.
D 47, 4158 (1993); V. Pleitez and M. D. Tonasse, Phys.
Rev. D 48, 2353 (1993); N.T. Anh, N. A. Ky, and H.N.
Long, Int. J. Mod. Phys. A 16, 541 (2001).

P.H. Frampton, Phys. Rev. Lett. 69, 2889 (1992); P.H.
Frampton, P. Krastev, and J. T. Liu, Mod. Phys. Lett. A 09,
761 (1994); P. H. Frampton, J. T. Liu, B. C. Rasco, and D.
Ng, Mod. Phys. Lett. A 09, 1975 (1994).

R. Foot, H.N. Long, and T. A. Tran, Phys. Rev. D 50, R34
(1994); H. N. Long,ibid. 53, 437 (1996); 54, 4691 (1996);
Mod. Phys. Lett. A 13, 1865 (1998).

R. A. Diaz, R. Martinez, and F. Ochoa, Phys. Rev. D 69,
095009 (2004); 72, 035018 (2005); F. Ochoa and R.
Martinez, Phys. Rev. D 72, 035010 (2005).

J.S. Bell and R. Jackiw, Nuovo Cimento A 60, 47 (1969);
S.L. Adler, Phys. Rev. 177, 2426 (1969); D.J. Gross and
R. Jackiw, Phys. Rev. D 6, 477 (1972); H. Georgi and S. L.
Glashow, Phys. Rev. D 6, 429 (1972); S. Okubo, Phys.
Rev. D 16, 3528 (1977); J. Banks and H. Georgi, Phys.
Rev. D 14, 1159 (1976).

P.H. Frampton, in Proceedings of the Conference on
Particles, Strings and Cosmology (PASCOS), Syracuse,
NY, 1994, edited by K.C. Wali (World Scientific, New
York, 1995).

R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440
(1977); Phys. Rev. D 16, 1791 (1977); P. B. Pal, Phys. Rev.
D 52, 1659 (1995).

A.C. Alvarado, R. Martinez, and F. Ochoa, Phys. Rev. D
86, 025027 (2012).

W. Grimus and L. Lavoura, J. High Energy Phys. 11
(2000) 042.

H. Georgi and S. L. Glashow, Phys. Rev. D 7, 2457 (1973);
R.N. Mohapatra, Phys. Rev. D 9, 3461 (1974); S. M. Barr,
Phys. Rev. D 21, 1424 (1980); R. Barbieri and D.V.
Nanopoulos, Phys. Lett. 95B, 43 (1980); S.M. Barr,
Phys. Rev. D 24, 1895 (1981).

P. V. Dong, H.T. Hung, and H.N. Long, Phys. Rev. D 86,
033002 (2012).


http://dx.doi.org/10.1016/0550-3213(94)90593-2
http://dx.doi.org/10.1016/0370-2693(95)00705-P
http://dx.doi.org/10.1103/PhysRevD.60.075015
http://dx.doi.org/10.1103/PhysRevD.60.075015
http://arXiv.org/abs/1007.0447
http://dx.doi.org/10.1103/PhysRevD.64.075006
http://dx.doi.org/10.1016/S0370-2693(99)00839-4
http://dx.doi.org/10.1103/PhysRevD.77.115005
http://dx.doi.org/10.1007/JHEP02(2012)132
http://dx.doi.org/10.1007/JHEP02(2012)132
http://dx.doi.org/10.1103/PhysRevLett.74.2418
http://dx.doi.org/10.1103/PhysRevLett.74.2418
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1016/0370-2693(77)90408-7
http://dx.doi.org/10.1016/0370-2693(78)90524-5
http://dx.doi.org/10.1016/0550-3213(79)90362-6
http://dx.doi.org/10.1016/0370-2693(90)91205-P
http://dx.doi.org/10.1103/PhysRevD.48.2349
http://dx.doi.org/10.1016/S0146-6410(00)00102-2
http://dx.doi.org/10.1016/S0550-3213(99)00337-5
http://dx.doi.org/10.1016/0370-2693(95)00545-V
http://dx.doi.org/10.1016/0370-2693(95)00545-V
http://dx.doi.org/10.1016/j.physletb.2010.05.045
http://dx.doi.org/10.1016/j.physletb.2010.05.045
http://dx.doi.org/10.1142/S0217751X12500686
http://dx.doi.org/10.1007/JHEP02(2011)097
http://dx.doi.org/10.1103/PhysRevD.35.3484
http://dx.doi.org/10.1016/S0370-2693(03)00048-0
http://dx.doi.org/10.1103/PhysRevD.71.015014
http://dx.doi.org/10.1103/PhysRevD.71.015014
http://dx.doi.org/10.1103/PhysRevD.74.033014
http://dx.doi.org/10.1140/epjc/s10052-007-0264-0
http://dx.doi.org/10.1016/0550-3213(79)90316-X
http://dx.doi.org/10.1016/0550-3213(79)90316-X
http://dx.doi.org/10.1016/S0370-2693(01)01139-X
http://dx.doi.org/10.1016/j.physletb.2003.09.027
http://dx.doi.org/10.1088/1126-6708/2005/08/105
http://dx.doi.org/10.1088/1126-6708/2005/08/105
http://dx.doi.org/10.1103/PhysRevD.44.2166
http://dx.doi.org/10.1103/PhysRevD.51.3962
http://dx.doi.org/10.1103/PhysRevD.51.3962
http://dx.doi.org/10.1103/PhysRevD.64.113012
http://dx.doi.org/10.1103/PhysRevD.64.113012
http://dx.doi.org/10.1016/S0370-2693(02)03153-2
http://dx.doi.org/10.1016/S0370-2693(02)03153-2
http://dx.doi.org/10.1103/PhysRevD.70.031901
http://dx.doi.org/10.1103/PhysRevD.70.031901
http://dx.doi.org/10.1016/j.nuclphysb.2006.02.015
http://dx.doi.org/10.1016/j.nuclphysb.2006.02.015
http://dx.doi.org/10.1016/j.nuclphysb.2005.07.012
http://dx.doi.org/10.1016/j.nuclphysb.2005.07.012
http://dx.doi.org/10.1016/j.physletb.2005.09.068
http://dx.doi.org/10.1016/j.physletb.2005.09.068
http://arXiv.org/abs/hep-th/0701034
http://dx.doi.org/10.1016/j.nuclphysb.2007.04.002
http://dx.doi.org/10.1016/j.nuclphysb.2007.04.002
http://dx.doi.org/10.1016/j.physletb.2007.06.064
http://dx.doi.org/10.1088/1126-6708/2007/09/110
http://dx.doi.org/10.1103/PhysRevD.76.111301
http://dx.doi.org/10.1103/PhysRevD.49.3741
http://dx.doi.org/10.1103/PhysRevD.49.3741
http://dx.doi.org/10.1016/0370-2693(94)90865-6
http://dx.doi.org/10.1016/0370-2693(94)90865-6
http://dx.doi.org/10.1016/0370-2693(95)00297-X
http://dx.doi.org/10.1016/0370-2693(95)00297-X
http://dx.doi.org/10.1016/0370-2693(95)00619-V
http://dx.doi.org/10.1016/0370-2693(95)00472-W
http://dx.doi.org/10.1016/0370-2693(95)00795-M
http://dx.doi.org/10.1016/0370-2693(95)01536-1
http://dx.doi.org/10.1103/PhysRevLett.77.1699
http://dx.doi.org/10.1103/PhysRevLett.77.1699
http://dx.doi.org/10.1103/PhysRevD.46.410
http://dx.doi.org/10.1103/PhysRevD.47.4158
http://dx.doi.org/10.1103/PhysRevD.47.4158
http://dx.doi.org/10.1103/PhysRevD.48.2353
http://dx.doi.org/10.1103/PhysRevD.48.2353
http://dx.doi.org/10.1142/S0217751X01003184
http://dx.doi.org/10.1103/PhysRevLett.69.2889
http://dx.doi.org/10.1142/S0217732394000575
http://dx.doi.org/10.1142/S0217732394000575
http://dx.doi.org/10.1142/S0217732394001830
http://dx.doi.org/10.1103/PhysRevD.50.R34
http://dx.doi.org/10.1103/PhysRevD.50.R34
http://dx.doi.org/10.1103/PhysRevD.53.437
http://dx.doi.org/10.1103/PhysRevD.54.4691
http://dx.doi.org/10.1142/S0217732398001959
http://dx.doi.org/10.1103/PhysRevD.69.095009
http://dx.doi.org/10.1103/PhysRevD.69.095009
http://dx.doi.org/10.1103/PhysRevD.72.035018
http://dx.doi.org/10.1103/PhysRevD.72.035010
http://dx.doi.org/10.1007/BF02823296
http://dx.doi.org/10.1103/PhysRev.177.2426
http://dx.doi.org/10.1103/PhysRevD.6.477
http://dx.doi.org/10.1103/PhysRevD.6.429
http://dx.doi.org/10.1103/PhysRevD.16.3528
http://dx.doi.org/10.1103/PhysRevD.16.3528
http://dx.doi.org/10.1103/PhysRevD.14.1159
http://dx.doi.org/10.1103/PhysRevD.14.1159
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevD.16.1791
http://dx.doi.org/10.1103/PhysRevD.52.1659
http://dx.doi.org/10.1103/PhysRevD.52.1659
http://dx.doi.org/10.1103/PhysRevD.86.025027
http://dx.doi.org/10.1103/PhysRevD.86.025027
http://dx.doi.org/10.1088/1126-6708/2000/11/042
http://dx.doi.org/10.1088/1126-6708/2000/11/042
http://dx.doi.org/10.1103/PhysRevD.7.2457
http://dx.doi.org/10.1103/PhysRevD.9.3461
http://dx.doi.org/10.1103/PhysRevD.21.1424
http://dx.doi.org/10.1016/0370-2693(80)90395-0
http://dx.doi.org/10.1103/PhysRevD.24.1895
http://dx.doi.org/10.1103/PhysRevD.86.033002
http://dx.doi.org/10.1103/PhysRevD.86.033002

