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Flavor changing neutral currents in the 3-3-1 model with right-handed neutrinos
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Flavor changing neutral currents coming from a new nonuniversal neutral gauge boson and from the
nonunitary quark mixing matrix for the SU(3). ® SU(3); ® U(1)y model with right-handed neutrinos are
studied. By imposing as experimental constraints the measured values of the 3 X 3 quark mixing matrix,

the neutral meson mixing, and bounds and measured values for direct flavor changing neutral current
processes, the largest mixing of the known quarks with the exotic ones can be established, with new
sources of flavor changing neutral currents being identified. Our main result is that for a |V,;,| value
smaller than 1, large rates of rare top decays such as t — ¢y, t — ¢Z, and t — cg (where g stands for the
gluon field) are obtained; but if |V,,| ~ 1 the model can survive present experimental limits only if the
mass of the new neutral gauge bosons becomes larger that 10 TeV.
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I. INTRODUCTION

The standard model (SM) based on the local gauge
group SU(3). ® SU(2); ® U(1)y [1], with all its successes,
fails to explain several fundamental issues such as hier-
archical charged fermion masses, fermion mixing, charge
quantization, strong CP violation, replication of families,
neutrino masses and oscillations [2], etc. All this make us
think that we must call for extensions of the model.

The flavor problem encloses two of the most intriguing
puzzles in modern particle physics, which are the number
of fermion families in nature and the pattern of fermion
masses and mixing angles, both in the quark and lepton
sectors. With each family being anomaly free by itself, the
SM renders, on theoretical grounds, the number of gener-
ations completely unrestricted, except for the indirect
bound imposed by the asymptotic freedom of the strong
interactions theory, based on the local gauge group SU(3)..,
also known as quantum chromodynamics or QCD.

Many attempts to answer the question of hierarchical
quark masses and mixing angles for three families have
been reported in the literature, using the top quark as the
only heavy quark at the weak scale [3]. But further insight
into the flavor problem can be gained by contemplating the
existence of additional heavy quarks.

Popular and well-motivated extensions of the SM which
contain extra heavy quarks are based on the local gauge
group [4-9] SU(3), ® SU(3); ® U(1)y (called hereafter 3-
3-1 for short). Several possible structures enlarge the SM in
its gauge, scalar, and fermion sectors. Let us mention some
outstanding features of 3-3-1 models:

(1) The simple models are free of gauge anomalies, if
and only if the number of families is a multiple of
three [4-6] (becoming just three by imposing QCD
asymptotic freedom).
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(i1)) A Peccei-Quinn chiral symmetry can be imple-
mented easily [10,11].

(ii1) One quark family has different quantum numbers
than the other two, a fact that may be used to explain
the heavy top quark mass [12,13].

(iv) The scalar sector includes several good candidates
for dark matter [14].

(v) The lepton content is suitable for explaining some
neutrino properties [15].

(vi) The hierarchy in the Yukawa coupling constants can
be avoided by implementing several universal see-
saw mechanisms [13,16,17].

In the SM with three generations, the quark mixing
matrix, called the Cabibbo-Kobayashi-Maskawa (CKM)
mixing matrix [18], is a 3 X 3 unitary matrix. As a con-
sequence of this unitary character, and for models with
only one SM Higgs doublet, the flavor changing neutral
currents (FCNC) are absent at tree level, with a strong
suppression of the same FCNC at the one-loop level, due
to the existence of the Glashow-Iliopoulos-Maini (GIM)
mechanism [19]. For the minimal 3-3-1 model of Pisano-
Pleitez-Frampton [4] the quark mixing matrix is the same
CKM mixing matrix of the SM, but FCNC at tree level
appears due to the existence of a new, nonuniversal neutral
gauge boson [20].

In this analysis we are going to study the FCNC at tree
level and the quark mass spectrum and its mixing matrix,
for some 3-3-1 models without exotic electric charges. A
classification of all those models has been presented in
Refs. [7-9]. As far as the quark content is concerned, all the
three-family 3-3-1 models without exotic electric charges
fall into four categories: category A, which includes mod-
els with four up-type quarks and five down-type quarks,
category B, which includes models with five up-type
quarks and four down-type quarks, category C for models
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with six up-type quarks and three down-type quarks, and
category D for models with three up-type quarks and six
down-type quarks.

For all the models in the four categories above, the
number of up-type quarks is not equal to the number of
down-type quarks and thus, the quark mixing matrix loses
its unitary character. One outstanding consequence of a
nonunitary mixing matrix is the existence of new FCNC
processes.

Our aim in this analysis is to see, in the context of some
3-3-1 models without exotic electric charges, how large the
mixing between the ordinary and exotic quarks can be,
without violating current experimental measurements,
both in the 3 X 3 ordinary quark mixing matrix and in
the values and bounds measured for FCNC processes.

This paper is organized as follows: in Sec. II we classify
in four categories all the 3-3-1 models without exotic
electric charges, in Sec. III we review the gauge boson,
the fermion, and the scalar content of the 3-3-1 model with
right-handed neutrinos, calculate the effective tree-level
Hamiltonian for FCNC, and introduce the most general
quark mass matrices for this model, and in Sec. IV we state
the experimental constraints to be respected in the numeri-
cal analysis carried through in Sec. V. In Sec. VI the study
of new FCNC processes in the 3-3-1 model with right-
handed neutrinos is done and in Sec. VII we present our
conclusions. An Appendix justifies the numerical analysis
used in the main text.

II. 3-3-1 MODELS WITHOUT EXOTIC ELECTRIC
CHARGES

In Refs. [7-9] the classification of 3-3-1 models without
exotic electric charges has been presented. In this section
we will do a short summary of the eight three-family
models obtained from the grouping of the following closed
sets of fields (closed in the sense that each set includes the
antiparticles of each charged particle), where the quantum
numbers in parentheses refer to the [SU(3)., SU3);,
U(1)y] representations.

G) S, =[0% a™,E;);a™;E/], with quantum num-

bers (1,3, —2/3), (1,1, 1),and (1, 1, 1), respectively.

(i) S, =[(a™, v,, N%);a™], with quantum numbers
(1, 3%, —=1/3) and (1, 1, 1), respectively.

(iii) 83 =[(d, u, U); uc; d*; U¢]; with quantum numbers
(3, 3%, 1/3), 3%, 1, —=2/3), (3", 1, 1/3), and (3%, 1,
—2/3), respectively.

(iv) 84 = [(u, d, D); u¢; d°; D¢]; with quantum numbers
(3,3,0), (3%, 1,—2/3),(3%,1,1/3),and (3%, 1, 1/3),
respectively.

V) S5 = [(e™, v N (E~, N&, NO); (N, E*, e )],
with quantum numbers (1, 3%, —1/3), (1, 3%, —1/3),
and (1, 3%, 2/3), respectively.

(vi) Sg = (v e, Ey); (ES, NO, N9): (NS, E5, E )i e
ET; Ef ], with quantum numbers (1, 3, —2/3), (1, 3,
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1/3), (1, 3, —2/3), (111), (111), and (111),
respectively.

The former set of fields is exhaustive in the sense that
any other set will include either particles with exotic
electric charges or 3-3-1 vectorlike representations. The
several triangle anomalies for the former six sets are pre-
sented in Table I, which in turn allows us to build anomaly-
free 3-3-1 models for one, two, or more families.

A. Three-family models

Since data from LEP-I strongly favored the existence of
three families of fermions with light neutrinos, we are
going to concentrate on what follows only in models
with just three families.
From Table I, only the following eight anomaly-free
three-family models can be constructed:
(i) Models in category A
(1) 35, + S5 + 25,4, known in the literature as the 3-3-1
model with right-handed neutrinos [5].

2) §;+8,+8; +25, + S5, a model without univer-
sality in its lepton sector, studied in Ref. [7].

(3) 2854 + 285 + 55 + Se.

(i1)) Models in category B

(4) 38, + 2853 + S,4, known in the literature as the 3-3-1
model with exotic electrons [6].

5) S+ 85, +28; + 54 + Sg, a second model without
universality in its lepton sector, studied also in Ref. [7].

(6) Sy + 85+ 285 + 28.

(iii)) Models in category C

(7) 38, + 385, a three-family model, carbon copy of the

one-family model studied in Ref. [21]
(iv) Models in category D

(8) 355 + 354, a three-family model, carbon copy of the
one-family model studied in Ref. [22]

As far as we know, models 3 and 6 above have not been
studied in the literature yet.

Because of the fact that the three models in category A
have the same quark content (four up-type quarks and five
down-type quarks with the third family of quarks trans-
forming different than the other two), the following analy-
sis of the FCNC at tree level and of the quark mass
spectrum is valid for the three models in that category,
including the popular 3-3-1 model with right-handed neu-
trinos [5] (the analysis can be extended in a straightforward
way to the other models).

TABLE I. Anomalies for S;.
Anomalies S S, S3 Sy Ss Se
[SUB)PPU()y 0 0 0 0 0 0
[su@), Pu)y —-2/3 —-1/3 1 0 0 -1
[Grav]?U(1)y 0 0 0 0 0 0
[U()xP? 10/9 8/9 —12/9 —6/9 6/9 12/9
[Su@B). P 1 -1 -3 3 -3 3
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II1. THE 3-3-1 MODEL WITH RIGHT-HANDED
NEUTRINOS

Let us review briefly the so-called 3-3-1 model with
right-handed neutrinos:

A. The gauge group

As was stated, the model we are interested in is based on
the local gauge group SU(3). ® SU(3); ® U(1)x which
has 17 gauge bosons: one gauge field B# associated with
U(1)y, eight gluon fields G* associated with SU(3), which
remain massless after spontaneous breaking of the electro-
weak symmetry, and another eight gauge fields associated

with SU(3); that we write for convenience as [9]
W+ D K% |, ()

8
Z AM —
a= K—»  KOu Dg”

where D’,‘=A§‘/\/§+A§‘/\/6, D§‘=—A§‘/\/§+
AL /N6, and DY = —2AL /6. Ay, @ =1,2,...,8 are
the eight Gell-Mann matrices normalized as Tr(A*Af) =
2848

The charge operator associated with the unbroken gauge
symmetry U(1) is given by

A3L /\SL
=L 78L
0= W

where I3 = diag(1, 1, 1) is the diagonal 3 X 3 unit matrix,
and the X values are related to the U(1)y hypercharge and
are fixed by anomaly cancellation. The sine square of the
electroweak mixing angle is given by

S%, = 3g3/(3g3 + 4g3), 3)

where g; and g3 are the coupling constants of U(1)y and
SU(3);, respectively, and the photon field is given by [5,9]

= SwAy + CWI:T—\/‘%AQL +4/(1 - T%V/3)B“], “4)

where Sy, Cy, and Ty, are the sine, cosine, and tangent of
the electroweak mixing angle 6y, respectively.

There are two weak neutral currents in the model asso-
ciated with the two neutral weak gauge bosons

ZH = CyAl — SW[\%A" + ,/(1 - T%V/3)B“]
zp = ,/(1 — T /3)A4 + —B“

and another electrically neutral current associated with the
gauge boson K% In the former expressions Z{ coincides
with the weak neutral current of the SM [5,9]. The physical
fields Z& and Z4 are defined by Z!" = cosfZt — sinfZ*
and Z4 = sinZ}' + cosfZ*, where @ is a small mixing
angle fixed by phenomenology (8 = |0.001], which in turn

Dt wte KTe

+ X1, 2)

(&)
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implies M, = 2.1 TeV, with a larger mass bound associ-
ated with a smaller mixing angle [17]).

Using Egs. (4) and (5) we can read the gauge boson Y#
associated with the U(1)y hypercharge of the SM

yr = [%Ag +4f - T%V/3)B“]. (6)

Equations (1)—(6) presented here are common to all the
3-3-1 gauge structures without exotic electric charges [5—
7] as is analyzed in Refs. [8,9].

B. The fermion sectors

The quark content for the three families in this model,
which is the same for the 3 models in category A, is the
following: Q! = (u', &', D'); ~ (3,3,0), i = 1, 2 for two
families, where D} are two extra quarks of electric charge
—1/3, and Q3 = (&% u? U); ~ (3,3% 1/3), where U, is
an extra quark of electric charge 2/3. The right-handed
quarks which belong to SU(3); singlets are uf*
(3%, 1,—-2/3), dj* ~(3*,1,1/3) witha =1, 2,3 afamlly
index, Di¢ ~ (3*, 1,1/3),i=1,2,and U§ ~ (3%, 1, —=2/3).

The lepton content is given by the three SU(3); triplets
Ly =0, 0%, ~(1,3 —1/3),forl = e, u, T alep-
ton famlly index, and the three singlets [} ~ (1,1, 1),
where 1/, is the neutrino field associated with the lepton
[~,and 1/ ¢ plays the role of the right-handed neutrino field
a55001ated with the same flavor. For this model universality
for the known leptons in the three families is present at tree
level in the weak basis.

C. The scalar sector

The following is the set of scalar fields and vacuum
expectation values (VEVs) used in order to break the
symmetry and to give a consistent mass spectrum to the
fermion fields [5]:

(1) = (&1, $7. &) = ((0,0,V)) ~ (1,3, 1/3),

(1) = (¢35, $3, ¢7) = (0, v, 0)) ~ (1,3,1/3),

(5 = (@3, &3, ¢5)) = ((v2,0,0)) ~ (1,3, =2/3),
(7

with the hierarchy v, ~ v, ~ 10> GeV < V ~ TeV.

The analysis shows that this set of VEVs breaks the
SU(3), ® SU(3); ® U(1)x symmetry in two steps follow-
ing the scheme

3—3—155U(3), ® SUQ), ® U(l),
2SUB). ® U(gu,

fori = 1, 2, and U(1)gy is the Abelian gauge group of the
electromagnetism.
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D. FCNC at tree level

In the context of most of the 3-3-1 models considered in
this paper, the third family of quarks is treated differently
than the other two; so, it has different couplings to the
scalars as well as to the new neutral current J ’Z’“, present in
the model (the quark couplings to the SM neutral current
JY are not only diagonal in flavor but also are universal).
Because of this, new FCNC:s at tree level show up, which in
principle contribute to FCNC processes which are severely
constrained by experiment, most notably by meson mixing
[20].

For the 3-3-1 model with right-handed neutrinos, all the
currents were already calculated in Ref. [5]. Using for the
photon field A , the expression in Eq. (4) and for Z,, and Z},
the definitions in (5), the neutral currents, associated with
the Hamiltonian,

H = eA*] ,(EM) + (g3/Cyw)Z*J ,(Z)
+(g1/V3)2'01,(2)), (8)

are

2/ _
J,(EM) = 5(2 Yty + UyMU)
a=1

3 2
<Z ga’)/y,da + ZDIY;LDt)

=1 i=1

|
™M
NI'I

=<
1:«\‘

I=e,u,7

JEEM) = > q,fy"f,
f

JH(Z) = J(Z) — S2,J*(EM),
JH(Z!) = TyJ*(EM) — J*(Z'), )

where e = gSy = g'Cyy/l1 — T5,/3>0 is the electric
charge, g is the electric charge of the fermion f in units

of e, J*(EM) is the electromagnetic current, and the left-
handed currents are given by

1re _
@ =5 | S yru - agyrap
a=1
+ S (Puyton - l‘zwa]
1

= ZfLT3f'nyLr (10)
f

and
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Ji(Z) = SEu‘f(%LY“”lL + ity yH iy, — dapytds,
- ;l_l_V’LlZ) + Tz_ul/(&lm’“dm + dy vt dy
— i3y us, — ;’_/zL?’M VZL) + Tv}l(D_lLY"“Du
+ Dy y*Dyy — Upy*Up — ZWL‘Y“V?E)
7
= ;fﬂgfwfb (11)

with  Ts, = diag(1/2, —1/2,0). T3, = diag(Syy, Toy,
—T‘;,l) is a convenient 3 X 3 diagonal matrix (both matri-
ces T3y and T3, acting on the representation 3 of SU(3),,
with their negative values when acting on the representa-
tion 3%). f is a generic symbol for the representation 3 (and
3*) of SU(3), [5], and J;(Z') although diagonal in the
weak basis is not universal.

The couplings of the left-handed quarks with the Z'’
gauge boson can then be written in the form

L(Z) = 7] ,(7)), (12)
3—4S8%,

with

Z) = iZf YAISHY — 2B3C Ty IPLf. (13)
f

where P, = (1 — y°)/2. Since the value of Ty, is different
for triplets and antitriplets, the Z’' coupling is different for
the third family and we have FCNC at tree level. These
currents can be written in the form:

\/§ e %
Jg/(FCNc) = E;fYM[TxL — T IPLf
1 -
=—>rPif, (14)
W

with the tree-level effective Lagrangian for these FCNC
calculated to be

(SeZ + CoZ5)Y fy*PLf,
(3 —45%) 7

(15)

where 6 is the mixing angle between the two massive
neutral gauge bosons Z and Z' which defines the physical
states Z; and Z,, respectively (this angle is very small as
can be seen from the last paper in Ref. [5]).

Because the third family of quarks is treated differently
we have that
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Sow
[ fl::l yn ut S;V%/ ufl_)l
S, = YEPLV] 7=l Vi
2w
_T‘;/l
Tow
d T2W >
+ Dyrp, Vit — Sy viD |,
Ty!
Ty
(16)

where U and D are four column and five column vectors
for the up and down quark sectors, respectively, and V' and
V¢ are the 4 X 4 and 5 X 5 unitary matrices which diago-
nalize the mass matrices of the up and down quark sectors,
respectively, with V., = V{ Vi” the nonunitary 4 X 5
quark mixing matrix in the context of this particular model
(see the following section). As can be seen, J g, in Eq. (16)
induced FCNC at tree level.

Using the tree-level current in Eq. (16), the following
effective Hamiltonian can be obtained:

42GzC4,C2 M2
2
X (apy*B)% 17)

which can be used to calculate the tree-level diagrams for
K° — K° D — D° BY — BY, and BY — B? mixing just by
replacing (a, B) by (d, s), (u, ¢), (d, b), and (s, b), respec-
tively. An equation similar to (17) but for the minimal
model [4] has been derived in Ref. [23].

E. Mass matrices

In this section we present the most general quark mass
matrices for all the 3-3-1 three-family models without
exotic electric charges belonging to category A, and to
set our notation.

The Higgs scalars introduced above are used to write the
Yukawa terms for the quarks. In the case of the up quark
sector, the most general invariant Yukawa Lagrangian is
given by

3
L= Qigbac(thz +y hzauic)
a=1,2 a=1
2 ] 3
+y Q’L¢§C(Z hugc + h,U'Ug) + H.c., (18)
i=1

a=1
where C is the charge conjugation operator. In the weak
basis U = (u', u?, u?, U), the former Lagrangian produces

the following 4 X 4 quark mass matrix for the up quark
sector:

PHYSICAL REVIEW D 80, 113009 (2009)

vahi  vahiy  vahiy vahy”

MU — U2h§; Uzhgé Uzhgé U2h§l]]/ (19)
Ulhlz U]hgz Ulhgz U]]’l2
Vhi, VRY, Vi ViU

For the down quark sector, the most general Yukawa
Lagrangian is now

L= 3 3 0o Sl + Xhb.0f)
a j

a=1,2 i
+ Qi(bsC(Zh?Df + Zthﬁ“) +He, (20)
which in the weak basis D = (d', &2, &, D', D?) produces

the following 5 X 5 quark mass matrix for the down quark
sector

Ulh‘lilz Ulhéfzz Ulh‘ll32 Ulh?lz Ulh?zz
Ulhgn Ulhgzz v|h§32 vlhng Ulhgzz
MD == Uzh? ‘U2hg Uzhg 'U2]’l1D U2h2D
e T S A A
211 221 231 211 221

2

My and Mp, in (19) and (21) must be diagonalized in order
to get the mass eigenstates which exist in nature, defining
in this way a nonunitary 4 X 5 quark mixing matrix of the
form

Vud Vux Vuh Vuh’ Vuh”
= yu dt _ Vea Ves Vo Ve Vepr
Vinin VL PVL Via Vis Vo Vw Vur
Vt’ d Vt’ s Vz’ b Vt’ b’ Vt’ b"

(22)

where V¥ and V¢ are 4 X 4 and 5 X 5 unitary matrices
which diagonalize My M Zr] and MpM t respectively, and P
is the projection matrix over the ordinary quark sector [in
the weak basis, the exotic quarks transform as singlets
under SU(2); transformations, thus they do not couple
with the W* gauge bosons]. This matrix is given by

P =

1 0 000
01 0 00
001 00 23)

00 0 00O

Vmix 10 (22) defines the couplings of the physical quark
states. (u, ¢, t, ') and (d, s, b, b', b"") with the charged cur-
rent are associated with the weak gauge boson W+.

IV. EXPERIMENTAL CONSTRAINTS

In the quark sector, several parameters have been mea-
sured with high accuracy, with values which constitute
some of the strongest experimental constraints for model
builders. The following three sets of numbers are going to
be considered in what follows:
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A. The 3 X 3 quark mixing matrix

The masses and mixing of quarks in the SM come from
Yukawa interaction terms with the Higgs condensate,
which produces two 3 X 3 quark mass matrices for the
up and down quark sectors, matrices that must be diago-
nalized in order to identify the mass eigenstates. The
unitary CKM quark mixing matrix (Vegy = V5, V;’[LT ) cou-
ples the six physical quarks to the charged weak gauge
|
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boson W™, where V¥ and V§, are now the diagonalizing
unitary 3 X 3 matrices of the SM up and down quark
sectors, respectively.

The unitary matrix Vcgy has been parametrized in the
literature in several different ways, but the most important
fact related with this matrix is that most of its entries have
been measured with high accuracy, with the following
experimental limits [24]:

0.970 < |V,4| = 0.976 0.223 < |V,,| =0.228 0.003 < |V,,| =< 0.005

Vexp = (0.219 = |V,,| = 0.241

The numbers quoted in matrix (24), which are measured
at the Fermi scale (u = M) [25], are generous in the sense
that they are related to the direct experimental measured
values, some of them at 90% C.L., with the largest un-
certainties taken into account, without bounding the num-
bers to the orthonormal constraints on the rows and
columns of a 3 X 3 unitary matrix. In this way we leave
the largest room available for possible new physics, re-
specting the well-measured values in V.

The most conservative alternative of using numerical
entries which take into account unitary constraints in
Vexp 18 going to be considered also at the end of our study.

B. Direct FCNC searches

The unitary character of the SM mixing matrix Vcgum
implies flavor diagonal couplings of all the neutral bosons
of the SM (such as Z boson, Higgs boson, gluons, and
photon) to a pair of quarks, giving as a consequence that no
FCNC are present at tree level. At the one-loop level, the
charged currents generate FCNC transitions via penguin
and box diagrams [1], but they are highly suppressed by the
GIM mechanism [19]. For example, FCNC processes in
the charm sector (¢ — uvy) were calculated in the context
of the SM in Ref. [26], giving a branching ratio suppressed
by 15 orders of magnitude, leaving in this way a large
window of opportunity for new physics in charm decays.

To date, the following direct FCNC branching ratios and
bounds have been measured in several experiments:

(i) Br[b— sy] = (3.52 £ 0.24) X 10~ [27],

(i) Br[B— K*I"17] = (1.68 = 0.86) X 1076 [28],

(iii) Brls — dy(dl*17)] <1078 [29],
(iv) Brlc— ulTl"]<4 X 107° [30],

v) Brlb— siT1,dltI"]<5x 1077 [31],
with [ = e, u. In our study, these ratios and bounds are also
going to be respected. It is important to mention here that
the SM next-to-next-to-leading order calculation for
Br(b — sy] is (3.60 = 0.30) X 107* [32], already in
agreement with the measured value, which constitutes a
very sensitive prove of new physics.

090 =1V, =10
0.006 < |V,;| = 0.008 0.036 < |V,,| = 0.044

0.039 < |V,,| = 0.045 ) (24)
[V,,] =0.78

|
C. Indirect FCNC searches

In general, flavor physics processes and, in particular,
meson mixing, are known to constraint FCNC of the type
produced by a nonuniversal Z' gauge boson. At present the
most severe constraints arise from K°, D° BY and BY
neutral meson mixing. To date, the following experimental
measurements have been obtained [24]:

(1) Amgo = 0.5290 + 0.0016 X 100751,

(i) Ampo =7 X 100571,

(iii) AmBZ’ = 0.507 = 0.005ps~ ! [27],

(iv) Ampg =17.77 = 0.17ps~" [27],
numbers which severely constrain models with FCNC
occurring at the tree level.

V. NUMERICAL ANALYSIS

As expected from Eq. (17), FCNC at tree level are
depleted when the ordinary quarks mix with the exotic
ones; the larger the mixing, the smaller the FCNC effects.
In this section we are going to see, in the context of the 3-3-
1 model with right-handed neutrinos, how large the quark
mixing can be, without violating the experimental mea-
sured values quoted in the previous section.

In the analysis we assume that v, =v,=v =
123 GeV, a value supported by the result M3, = g3(vi +
v3)/2 [5] with g5 the gauge coupling constant of SU(3),
[that is equal to g,, the gauge coupling constant of SU(2),
in the SM], and also we use V = 1 TeV, the 3-3-1 mass
scale which fixes the mass values for all the new fermions
of the different models.

A. The 4 X 5 mixing matrix

In this section we are going to study the nonunitary 4 X
5 quark mixing matrix V;, in Eq. (22) for the three models
in category A (models with four up-type quarks and five
down-type quarks) including the 3-3-1 model with right-
handed neutrinos. What we pretend to do is to look for the
maximal mixing of the ordinary quarks with the exotic
ones, without violating the experimental constraints quoted
in the previous section.
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Let us start first with what we have called the down-up
approach, which consists of looking for quark mass matri-
ces which fit the experimental constraints of V., in (24),
with a value V;;, ~ 0.8, the smallest possible. The numeri-
cal analysis suggests to start with the following orthogonal
quark mass matrices:

0.00047 0.02812 0 0
L 002812 0.580 0 0
My = 0 0 1717 0 | (23)
0 0 0 my
0.018 —0.4288 —2.63 —341 0
—0.4288  9.316 57.608 7598 0
M¢=| —263 57608 3618 4724 0 |,
—3.41 75.98 4724 6245 0
0 0 0 0 mh”
(26)

which for m, = m;» = 1500 GeV, reproduce the follow-
ing set of eigenvalues (in units of GeV):

m, =177,  m,=0582,  m,=1.4X1073,
m, =283,  m,=0069,  my;=23.4%1073
my = 1500,  my = 1500,  my = 993,

numbers to be compared with the values quoted in the
Appendix (taken from the second paper in Ref. [25]).
The rotation matrices which diagonalize M4 and M¢ are

0.9984 —0.0563 0 0
. 100563 09984 0 0
Vi = 0 0 1 0} 27)
0 0 0o 1/,
and
0.9850 0.172 0.006 —0.02 0
0.1724  —0.9798 0.031  0.097 0
vé=1| o011 0.0366 —0.798 0.602 0
—0.0044  0.0965  0.602 0.7925 0
0 0 0 0 1/,
(28)

Matrices which combine to produce the following non-
unitary 4 X 5 mixing matrix V45 = |V PVt

0.974 0227 0.008 0.0098 0
poxs | 022709685 00371 0096 0| o
mix 0.0060 0.031 0.798 0.602 0

0 0 0 0 0

are numbers to be compared with the experimental limits in
(24) and with the numbers quoted in the Appendix for V¢,
in (A11) for the up-down approach.
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VI. NEW FCNC PROCESSES

Next, we are going to evaluate the new contributions to
the FCNC processes coming from the nonunitary character
4X5 : : 4
ofd V.o in Eq. (29), and from the rotation matrices V;; and

Ve,

A. Penguin processes for the SM quarks

The following are the penguin contributions to the
FCNC coming from V<.

mix °

1. The bottom sector

Let us evaluate first the electromagnetic penguin con-
tribution to Br(b — s7y) coming from the ¢ quark, calcu-
lated with the spectator model, scaled to the semileptonic
decay b — q;lv,, q; = ¢, u, and without including QCD
corrections (which are small for the b sector [1]). This
value is calculated to be [26]

3a |V, Vi FC ()P
=5 2 2 BB—>XIV,!
27 [f(xc)lvcbl + f(xu)lvubl ]
(30)

Bri(b— sy)

where « is the fine structure constant, Bg_y;,,, = 0.1 is the
branching ratio for semileptonic » meson decays taken
from Ref. [24], x' = (m,/My)?, x, = m./m,, and x, =
m,/m,. F2(x) is the contribution of the internal heavy
quark line to the electromagnetic penguin given by

X3 —5x% — 2x 3x2 Inx
F2(x) =
W= )
203 +5x2 — x B 323 Inx
4(x — 1)3 2(x — ¥

where Q = 2/3 for ¢ in the quark propagator [Q = —1/3
and x = x*" = (m, /My)* when b’ propagates, with the
appropriate changes when b propagates] and f(x;) is the
usual phase space factor in semileptonic meson decay,
given by [1]

f(x) =1—8x> + 8x0 — x% — 24x* Inx.

For the numerical evaluations of Br'(b — sv), let us use
the values a(1 GeV) = 1/135, m, = 171.7 GeV, m, =
0.6 GeV, m;, = 2.8 GeV, and m,, = 1.4 MeV [25] (which
are not the pole values). Using these numbers we obtain
F23(x') = 0.387, f(x.) = 0.72, and f(x,) = 1. Plugging
in the numbers in Eq. (30) and using the values for V%5 in
Eq. (29) for the couplings of the physical quark states, we
get

Bri(b— sy) =3 X107,

close to the SM calculation as it should be, since this
process does not receive a contribution from the exotic
quarks.
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The former analysis can be used also to estimate the
branching ratios for the rare gluon penguin decay b — sg,
where g stands for the gluon field. The result is
a,(1 GeV)
a(l GeV)
~ 13Br'(b — sy) = 3.9 X 1074,

Bri(b — sg) = Bri(b — sy)

a process difficult to measure due to the hadronization of
the gluon field g. (This last process is of the same order of
magnitude of the virtual weak penguin bottom process
b— sZ.)

A similar analysis shows that

|th|2
|Vts|2

Bri(b— dy) = Bri(b— sy) = 1.16 X 1076,

which is safe and in agreement with the bounds quoted in
Sec. IV B.

2. The strange sector

In a similar way we can evaluate Br'(s — dvy) scaled to
the semileptonic decay s — ulv,;, which is given now by

3a ViV, FYR3 (x|
Bri(s — dy) ~-— s 7”1
) T VP
With  x, = m,/m;, my(1 GeV) =69 MeV, and
Bk, = 5 X 1072 taken from Ref. [24], we get

Bri(s— dy) = 1.75 X 1071},

BK—WTIVI' (31)

in agreement with the experimental bound quoted in
Sec. IV B.

3. The charm sector

Now let us evaluate Br? (¢ — uy) scaled to the semi-
leptonic decay ¢ — g;lv;, where q; = s, d. The branching
ratio is

Brt'(c — uy) _ 3a |(VE, Vi )F 13 ()2
2m [f(xs)lvcslz + f(xd)lvcdlz]’
where x; = m;/m., x4 =my/m.. With Bp_x,, =~ 0.2
taken from Ref. [24], F~'/3(x"") = 0.3849, f(x,) = 0.895

for my = 150 MeV and f(x;) = 1, form; = 3.4 MeV, we
get

(32)
BD—’XXIV[

Br¥(c— uy) = 1. X 10710,

5 orders of magnitude larger than the SM prediction [26],
but still unobservably small. Of course, the quantum QCD
corrections for this decay could be quite large (see the
second paper in Ref. [26]).

4. The top sector

In this analysis we proceed with the study of the FCNC
for the top quark in the context of the three 3-3-1 models in
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category A. As we are about to see, some of the predictions
are ready to be tested at the Large Hadron Collider (LHC).

In the SM, the one-loop induced FCNC for the top quark
have a strong GIM suppression, resulting in negligible
branching ratios for top FCNC decays. The SM values
predicted are [33] BriM(t— cy) = 4.6 X 1074, and
BriM(t — cg) = 4.6 X 10712,

The new FCNC Br? (t — c¢7y) and Br? (t — uy) pre-
dicted for the top quark in the context of the 3-3-1 model
with right-handed neutrinos, scaled to the semileptonic
decay t — q;lv,, g, = b, s, d, are given by

Brt' (t — cy) _3a |(V;‘b,VC,,/)F*1/3(xb')|2

27 [ IV P+ F)IV, T

which we evaluate at the m, = 171.7 GeV, the pole mass
scale for the top quark, which gives

(33)
BT—>XIV,

Br'(t— cy) =2.75 X 107 °Br_x,,

which is large as far as the semileptonic branching ratio

Br_.x;,, measured for the top quark gets comparatively

large, and much larger than 104, the SM prediction.
From the former analysis we can get

4ar
sin(26)
~ 40Br’ (t — cy),

Brt'(t — ¢Z) = Brl'(t — cv)

2 orders of magnitude larger than Br? (r — c7), a value
not far from the LHC capability, with a similar conclusion
for the branching Br” (1 — cg), where g stands for the
gluon field.

Finally we find

/ “ b’l2
Brt'(t — uy) =~ -~
V. l?

IV

Brt'(t — cvy)

=~ 285 X 107887‘_.)(],/1.

B. Penguin processes for new quarks

As can be seen from the former calculations, the GIM
cancellation does not proceed for 3-3-1 models in general,
mainly because of the nonunitary character of VX3, with
the branching ratios proportional now to F€(x)?, which is a
function of x = mé,/M%V > 1,forq' = ¢, b/, and b".

To make predictions for the new quarks, a hierarchy
between the heavy states must be assumed; for example,
for my > my ~ my > m,, and scaling the branching ratio
to the semileptonic decay b’ — Uly, for U = t, c, u, we
get

Bri(b' = by)  3a |V, V,F3(x)?
2m [fC)IViplP]
which for m; = 151 GeV [25] produces the result

(34)
BB,—'XUZV/
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Bri(b' — by) = 2.4 X 10" *Bg_x, 1.,

a value large enough to be detected at the LHC, even if the
branching ratio By._.x,,, is small.

C. Meson mixing at tree level

The strongest constraint for the model under considera-
tion here comes from the new tree-level FCNC produced
by the nonuniversal Z' neutral gauge boson. Ignoring
CP-violating effects and using the results in Eq. (17), the
K° — K° mass difference produced by the physical Z4
gauge boson turns out to be

432G CE,C4 .
(AmK)z2 = ﬁ |(V§i)32(V5d)31 [*nx

< (M

M7,

where the leading order QCD corrections have been in-

cluded through the parameter 1, = 0.57 [34], Bx and fx

are the bag parameter and the decay constant for the kaon

system, respectively, and C, and T, are the cosine and

tangent of the small mixing angle 6 needed to define the
physical fields Z} and Z%".

As can be seen, for a small mixing angle 6, Am, is an
inverse function of M%z, the physical mass of the new
neutral gauge boson. Our approach here is to use the
experimental measured value Amy to set a lower bound
for Mz,.

Using the numerical values G = 1.166 X 107> Gev ™2,
Ow=31.93, My =91.2Gev, Am; = 3.48 X 10712 MeV,
VBxfx = 135 MeV, and m; = 497.65 MeV, neglecting
the small mixing angle 6 and using (V¢)3,(V¢)3, from the
rotation matrix in (28), the final value turns out to be
Mz, = 0.2 TeV, 1 order of magnitude smaller than pre-
vious values calculated for this model [17].

Now, for this down-up approach, there is no prediction
coming from the D — D° mixing (for which Amj, =
4.607 X 10~ MeV, /Bpfp = 187 MeV [34], mp =
1864.5 MeV, and np = 0.57) due to the zeros in V.

+ Tz)BKf%mK, 35)

3a

V5, Ve FOGN)IP
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For the bottom sector we have for the B) — BY mixing,
with Amg =3.37 X 107 MeV, /Bjfy =208 MeV
[34], mp = 5279.4 MeV, and 7ng = 0.55, that M,
2.1 TeV. For the B)— B} mixing with Amp
1.17 X 107® MeV, we obtain a limit M, = 1.18 TeV,
where both mass limits are in agreement with the calcu-
lated value for this model, using precision measurements
of the SM parameters [17].

The conclusion here is that in general, for the down-up
approach, the new neutral meson mixing, coming from the
tree-level FCNC, does not violate current experimental
measurements as far as

My, = 2.1 TeV,

=

(36)

the mass value which justifies the assumption of neglecting
the small mixing angle effects in Eq. (35) due to the fact
that T3 = 2.43 X 107° < (M, /M)

But when the mixing angle is taken different from zero,
there are new contributions to the meson mixing at tree
level, coming from the physical Z}* gauge boson, given

now by

where Sy stands for the sine of the mixing angle 6, and the
numerical evaluation has been done for M, =~ 2.1 TeV,
and 6% = 107°.

M /M% + (Cy/Sy)?
M%/MZ, + T2

(AmK)Z, = (Amk)z2 T(%I:

= 0.3(AmK)ZZ, (37)

D. The up-down approach

Next, let us quote the theoretical predictions for the up-
down approach for which the rotation and mixing matrices
in the Appendix are used. In this approach, the mixing of
the ordinary quarks with the exotic ones exists, but it is
small due to the fact that V,, ~ 1. Also, new penguin
diagrams like the one depicted in Fig. 1 exist, due to the
fact that for this approach V,, # 0. The following is the
list of our results:

Br' (b — sy) =~ — Bp_.xiy, = 3.4 %1079
Y T 2w DIV P+ )V, B
/ V’ 2 /
Br'(b— dy) = ||th||2 Br' (b — sy) = 3.6 X 10710,
t's
, 3a |V Ve PRGN
Br'(s — dy) ~ = s Byy, ~ 1.0X 10714,
) e T IV Dk
B e —uy) _3e |(VeyVay + Vi V) FPEDE g
BD—»XJIV, 27 [f(xs)lvcs|2 + f(xd)lvcdlz]
Br?' O (t — cy) _Ba |V, Ve + V;ﬁb//Vcb“)Ffl/B(xbl)P ~15x% 1014
Br—xu, 27 [fOp)IVip* + fx)IVil2] . '
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v

b vyt my t Vi s
FIG. 1. One-loop diagram contributing to the FCNC b — sv.
and finally

Brt'®"(t — uy)
BT d Xll/l

~ 23X 1071,

All of them are much smaller than the numbers calculated
in the down-up approach, due to the now small mixing of
the exotic quarks with the ordinary ones.

Recalculating the meson mixing processes for this up-
down approach, the M, mass value becomes now larger
than 10 TeV in order to respect the experimental measure-
ments (becomes larger than 12 TeV when the mixing is
totally neglected, as it happens, for example, in the mini-
mal 3-3-1 model of Pisano, Pleitez, and Frampton [4]).

VII. CONCLUSIONS

The basic motivation of the present work was to study
FCNC effects in the context of the 3-3-1 models with right-
handed neutrinos. For this model there are four up-type
quarks and five down-type quarks and its quark mixing
matrix fails to be unitary. Besides, a new nonuniversal
neutral current, able to produce FCNC effects at the tree
level, is present for this model.

For this analysis we searched for the largest mixing
between ordinary and exotic quarks without violating cur-
rent experimental constrains in the quark mixing matrix
and in the values and bounds measured for FCNC
processes.

Even though our analysis is “‘ansatz’ dependent, two
main approaches, with different consequences, can be dis-
tinguished: the first one characterized by a value of V,, ~
0.8 and the second one for a value V,;, ~ 1. For the first
approach the mixing of the ordinary quarks with the exotic
ones is large, the penguin contributions to the FCNC are
relevant, and the tree-level meson mixing is perfectly under
control for a mass M, at the TeV scale. For the second
approach the mixing of the ordinary quarks with the exotic
ones is small, the penguin contribution to the FCNC is
negligible, but the tree-level meson mixing becomes large,
unless My, gets a mass larger than 10 TeV.

The former conclusion is of relevance for the forthcom-
ing Tevatron and LHC results, which should measure with
high accuracy the value of V,,. In particular, a value of
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V., ~ 1 associated with a new nonuniversal neutral gauge
boson below the TeV scale is almost incompatible, and, in
particular, will rule out not only the 3-3-1 model with right-
handed neutrinos, but also most of the 3-3-1 extensions of
the SM. On the contrary, a value of V,, in the range 0.8 =
Vi, = 0.9 can coexist with a new nonuniversal neutral
gauge boson at the TeV scale, with strong predictions of
rare top decays such as t — ¢Z, with a branching ratio of
the order of 1077, perfectly reachable at the LHC [35].

FCNC produced by Higgs scalar fields are not relevant
for the 3-3-1 model with right-handed neutrinos. For the
third family they do not exist at tree level because the
Higgs field ¢,, which couples to the third family, does
not couple to the other two families. For the first two
families the processes may exist, but they are negligibly
small and proportional to (m,my/m?)* or to (m.m,/m3)?,
where m,, stands for the Higgs scalar mass.

Finally, let us mention that in the context of the 3-3-1
model with right-handed neutrinos, no FCNC effects at
tree level are present in the lepton sector, due to the
universality for leptons present in the weak basis.

APPENDIX A: SM TEXTURES

In order to explain the known hierarchy of the quark
masses and mixing angles, several ansatz for up and down
quark mass matrices have been suggested in the literature
[3], some of them including the so-called texture zeros
[36]. In particular, symmetric mass matrices with four and
five texture zeros were studied in detail in Refs. [37,38],
respectively. Unfortunately, precision measurements of
several entries in the mixing matrix rule out most of the
suggested simple structures.

In this Appendix we are going to introduce what we have
called the up-down approach which consists of fitting the
data (six quark masses and three mixing angles) to a
unitary 3 X 3 mixing matrix, and then allow this matrix
to lose its unitary character by allowing the ordinary quarks
to mix with the exotic ones. Contrary to the approach used
in the main text, this approach is characterized by the fact
that V,;, ~ 1. Our numerical study suggests to start with the
following Hermitian, parallel, four texture zeros ansatz for
the SM quark mass matrices

0 0 114
My=hvl 0 28X 51A% | =hoMd, (Al)
11.42% 5103 1
0 0 14505 + 2i\7
M§ = hv 0 —1.4A° 3N+ A7
L4505 = 2iA7 30° — i) 1.6A3
= huM¥, (A2)

where & is a Yukawa coupling constant fixed by the top
quark mass. The former ansatz for up and down quark mass
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matrices has the extra ingredient of being compatible with
a new kind of flavor symmetry and its perturbative break-
ing as proposed by Froggatt and Nielsen [39], including a
third order effect at the level of the bottom quark mass,
implied by the entry (M39)3; = 1.6A%.

To check the validity of our ansatz let us use a value of
A = 0.22 and hv = 170 GeV in matrices (Al) and (A2)
which produce the following quark mass values in units of
MeV:

m, = 171 500,
my, = 2940,

m, = 614.4,
m, = 53.4,

m, = 2.3
myg = 28,

numbers to be compared with the following values quoted
from the second paper in Ref. [25] (where they were
calculated at the Fermi scale u = My, using the MS
scheme):

m, = 171700 + 3000,  m, = 619 = 84,
m, = 127039 m, = 2890 *+ 90,

_ 55+l — 590+
mg = 5571%, my = 2.901134.

(A3)

The rotation matrices which diagonalize the Hermitian
mass matrices M4 and Mg in (A1) and (A2) are given by

0.89397 —0.44813 0.00046
Vi=1 —044735 —0.89233 0.06019 , (A4)
rotu

0.026 56 0.05401 0.998 19
and
0.97361 0.23347¢72% (0.02145¢738
V§1 = 0.23043¢%% 0.96825 0.09624¢ 092
0.04322¢38 (0.08860e0-9% 0.99512 rord
(AS)

The consistency of our analysis shows up when we
calculate the absolute values of Vegy = \/ [Vevet|2 which
gives the following values:

PHYSICAL REVIEW D 80, 113009 (2009)

0.973 0229 —0.0033
VO = ( 0229 —0.973  0.039 ) (A6)
0.0085 0.0377  0.999

which is an (almost) unitary matrix, in agreement with the
experimental constrains quoted in matrix (24).

Extending the previous analysis to the 3-3-1 model with
right-handed neutrinos, a model which includes four up-
type quarks and five down-type quarks, we find that the
maximal mixing allow of the ordinary quarks with the new
ones, which does not violate the experimental values
quoted in V., in matrix (24), neither the quark mass values
quoted above, preserving the almost unitary character of
(A6), is given by

1.8A3
MOu 5)\3
MY = hov 33 L) (AT)
1823 5A3 1 10
A° 2
MY, 2 24
M = hw ’ 0.6A2 2.5A2—i)4
A6 A 0.6A2 10 1—iA
A2 2522400 1+iA 10
(A8)

The 4 X 4 rotation matrix which diagonalizes the
Hermitian mass matrices M} in (A7) is now given by

~0.8936  0.4488  0.0002  —0.0007
yu _ | —0.4480 —0.8919  0.0606  —0.0005

4 —0.0273 —0.0538 —0.9922 0.1093 ’

0.0022  0.0058  0.1092  0.9940 /,,,.

(A9)

and the 5 X5 rotation matrix which diagonalizes the
Hermitian mass matrices Mg’ in (A8) is now given by

0.9713 0.2368¢ % 0.0220e % 5.520 X 10 — 5¢= 47" 8.6 X 10 — 4e~ 17
0.2334¢% 0.9669 0.103¢ 0.9 1.53 X 104~ 83 9.51 X 10~ 425
Vi = 0.0456¢* 0.095¢%% 0.9944 1.72 X 10 3¢ 34 0.012¢ 082
1.75 X 107471320 1,46 X 10410 7.34¢7 148 0.707 0.71e 124
16X 1074705 1.8 X 107 4e 2% 9.6 X 10733 0.706¢!24 0.707 o
(A10)
Matrices that we combine as VA< = /|V4/PV{'T|2, produce the following values:
—0.9741 0.2260 0.0031 0.0001 0.0001
VAXS! — 0.2260 0.9731 0.0449 0.0002 0.0003 (Al1)
mix 0.0082 0.0439 0.9929 0.0073 0.0096

0.0017 0.0051 0.1092 0.0008 0.0011

rotu

To finish, let us mention that from our 3 X 3 mass matrices (A1) and (A2) we can obtain at the end a Vcxy mixing matrix
depending only on a single phase. As a matter of fact, we have already chosen three arbitrary phases in the up quark sector
such that the mass matrix M* becomes real. Then, two more phases can be eliminated from V§1 by a redefinition of the left-
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handed down quark fields, ending up with a single phase which propagates to Vcgy = V¥ V;”. This single phase which
shows up in a nonstandard parametrization of Vg, is the source of CP violation in the context of our ansatz.
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