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Abstract. This work is devoted for gauge boson sector of the recently proposed model based on SU(3)c @ SU(3)r ®
U(1)x group with minimal content of leptons and Higgses. The limits on the masses of the bilepton gauge bosons and
on the mixing angle among the neutral ones are deduced. Using the Fritzsch anzats on quark mixing, we show that the
third family of quarks should be different from the first two. We obtain a lower bound on mass of the new heavy neutral
gauge boson as 4.032 TeV. Using data on branching decay rates of the Z boson, we can fix the limit to the Z and Z'
mixing angle ¢ as —0.001 < ¢ < 0.0003.
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I. INTRODUCTION

The experimental evidences of nonzero neutrino masses and mixing [1] have shown that the
standard model (SM) of fundamental particles and interactions must be extended. Among many
extensions of the SM known today, the models based on gauge symmetry SU(3)c ® SU(3), ®
U(1)x (so-called 3-3-1 models) [2,3] has interesting features. First, [SU(3)]® anomaly cancella-
tion requires that the number of SU(3), fermion triplets must equal to that of antitriplets. If these
multiplets are respectively enlarged from those of the SM, the fermion family number is deduced
to be a multiple of the fundamental color number, which is three, coinciding with the observation.
In addition, one family of quarks has to transform under SU(3);, differently from the other two.
This can lead to an explanation why the top quark is uncharacteristically heavy.

One of the weaknesses of the mentioned 3-3-1 models that reduces their predictive pos-
sibility is a plenty or complication in the scalar sectors. The attempt on this direction to realize
simpler scalar sectors has been recently constructed 3-3-1 model with minimal Higgs sector called
the economical 3-3-1 model [4,5]. The 3-3-1 model with minimal content of fermions and Higgs
sector (called the reduced minimal (RM) 3-3-1 model) has also been constructed in [6].
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The aim of this work is to present in details the recently proposed model with focus on
gauge boson sector, and to correct some misprints in the original work [6]. The article is organized
as follows: In section II, in order to make his work self-contained, we review the basics of the
reduced minimal 3-3-1 model. Section III is devoted for the Higgs sector. In section IV, we give
more details on gauge bosons: their masses and mixing. Fermion masses and Yukawa interactions
(with some corrections) are given in section V. The charged and neutral currents are presented
in section VI, and using the obtained results we get the constraints on masses of the new neutral
Z' gauge boson in section VII. Section VIII is devoted for the Z decay, from which the limit on
Z — 7' mixing angle ¢ is derived. In the last section, we summarize our main results.

II. PARTICLE CONTENT

The fermion content of the model under consideration is the same as in the minimal 3-3-1
model [2,6]. The left-handed leptons and quarks transform under the SU (3), gauge group as the
triplets

Vg, U 9
far = 4, ~ (3,0) Qir=| d ~ <37 3) ,
o)L T/,
d; 1
Q’LL == —U; ~ <3*7 _3> ) (1)
D;

L

where a = 1,2,3 and i = 2, 3. The T exotic quark carries 5/3 units of positron’s electric charge,
while D9 and D3 carry —4/3 each one. In Egs. (1) the numbers 0, 2/3, and —1/3 are the U(1) x
charges. The right-handed quarks are singlets of the SU(3);, group,

up ~(1,2/3), dp~(1,-1/3),a=1,2,3,
Tr ~(1,5/3), D;r~(1,—4/3).
The charge operator is defined by

A 3
9 M ¥\ .x, @
e 2 2

where A3 and Ag are the diagonal Gell-Mann matrices. Note that for antitriplet, we have to replace
the Gell-mann matrix by A = —\*.
The scalar sector contains only two Higgs scalar triplets [6]

_l’_ —

p X
p=| A |~G1, x=(x" |~(6-1). @)
ot 0

This minimal content of Higgs sector is enough to break the symmetry spontaneously and generate
the masses of fermions and gauge bosons in the model [6]. The neutral scalar fields develop the
vacuum expectation values (VEVs) (p?) = % and (x°) = %, with v, = 246 GeV.

The pattern of symmetry breaking is

SU@), @ U1)y 24 sU@), e u)y L2 ua),,
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and so, we can expect
Uy > Up. “4)

Since lepton and antilepton were put in the same triplet, therefore in the model under consideration,
lepton number is not conserved. It is better to work with a new conserved charge £ commuting
with the gauge symmetry [7, 8] and related to the ordinary lepton number by diagonal matrices
L= %Tg + L.

Another useful conserved charge B is usual baryon number [8] B = BI. These numbers
are given [7,8] in the Table 1

Table 1. B and £ charges for multiplets in the RM 331 model.

Multiplet | x p Qi Qir usr dar TrR Dir  faL
T T T R T

B charge 2 O2 5,3 3 3 3 3 (1)

Lcharge | 3 -2 —% % 0 0o -2 2 3

In Table 2, we list particles with non-zero lepton number.

Table 2. Nonzero lepton number L of fields in the RM 331 model.

Fields | 1 I [pi™ X7 xo |Di Dir Tr Tr
L |[-1 1] -2 2 2 2 2 -2 —2

Table 2 shows that the exotic quarks carry lepton number two. Hence they are bilepton quarks.

III. HIGGS POTENTIAL
The most general renormalizable scalar potential is given by [6]

Vep) = mir'p+mxTx +Mo'p)” + Aa(xx)
+X3(0"p) (XX) + A" (), (5)
This potential is the simplest one since the number of free parameters is reduced from, at least,

thirteen to only six.
Expansion of p° and x around their VEVs is usually

1 .
povXO_>7(UP,X+RP7X+ZIP7X)‘ (6)

V2

Substituting the expansion in (6) into the above potential we obtain the following set of minimum
constraint equations [6]

302
2 2 X _
i A+ =X =0,
)\31)2
2 2 P _
o + /\QUX + 9 = 0.

This potential immediately gives us two charged Goldstones bosons p* and x* which are eaten
by the gauge bosons W= and V*.
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In the doubly charged scalars, the mass matrix in the basis (x ™, p™) is given by
A4 v2 o
2 ( vy O ) @
xYp X
This matrix has the following squared mass eigenvalues
A
mi__ =0 and mj__ = 34(%2( +02), (8)
where the corresponding eigenstates are

htt Co -Sa X++

(e )=( )0 ) 2

Co =~ 5 = . (10)
,/v%—i—vg 1/U>2<+U3

In the neutral scalar sector, in the basis (R, , R,), the mass matrix takes the following form

with

o2 I\qv 0
273U p %p

This matrix gives us two eigenvalues

2 —
mh1 =

vi (A1t2 + Ay — \/K) ,

2 v? ()\17&2 +A2+x/5),

mh2 =

where ¢t = Z—i and
A = (Mt? — o) + N2 (12)
The corresponding eigenvectors are

hi\ [ —ssg c3 R
<h2>_<% 85><R§> ()

1 Mt? = Ag\ 2 1 Mt? = Ag\ 2
o=m\'""va ) v we\TTm )

In the neutral pseudoscalar sector, there are two Goldstones bosons I, and I, which are eaten by
the neutral gauge bosons Z and Z’, respectively.
In the effective limit: v, > v, we have

with

)\2
Ca =~ 1,58, =0, \/K%)\g—)\th—i—itQ,

A3
. _
p 82

This gives the following consequences:

Ast
s~ ——
B o

%

2,

(1) The Goldstones boson A~ ~ X~ and one physical doubly charged Higgs boson is
Rt pt
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(2) Masses of neutral Higgs bosons

m2 = (a = 24) 2 2 gl 4 Ny (14)
h1 — 1 4y Ups Mp, = A2Uy 4)\2vp’

(3) The positiveness of masses yields: A1 > 0, Ao > 0, 4\1 ) g > )\g.

Let us resume content of the Higgs sector: the physical scalar spectrum of the RM331
model is composed by a doubly charged scalar ™ and two neutral scalars k1 and ho. Since the
lightest neutral field, h1, is basically a SU(2) 1, component in the linear combination as in Eq. (13),
we identify it as the standard Higgs boson. Thus

G+ Gy-
p=| Btypm+iGs) |, x=| — Gu—- (15)
h++ 7)% + %(hg + ZGZ/)

Note that A~ carries lepton number two. Hence, it is scalar bilepton.

IV. GAUGE BOSONS

The masses of gauge bosons appear in the Lagrangian part

L =(Dux)" (D"x) + (Dyp)T (D" p), (16)
where
PP S Ag
D, =0, — ngM? — ngX?BM, (17)

with A\g = \/gdiag(l, 1,1) so that Tr(AgAg) = 2. The coupling constants of SU(3), and U(1)x

satisfy the following relation
9% _ sy 18
T {4 (18)
g 1 —4dsy,
where we have used the notations cyy = cos Oy, sy = sin by, tyy = tan fyy with 0y being
the Weinberg mixing angle. Substitution of the expansion in the Eq. (6) into (16) leads to the
following result: The eigenstates of the charged gauge bosons and their respective masses are

given by

Al £ A2 vy
W = jg S M2 = %, (19)
At £ 4P g*v?
VE = ~—5 " Mps = =%,
AS +4A7 g° (v2 + qu)
++ 2 P X
=2 = M2, =>~r X 2
U NG Ut 1 (20)

From (19), it follows that v, = 246 GeV. Note that there is mass splitting of the charged gauge
bosons

Mg — M = M3,
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The covariant derivative of the lepton triplets is

gy r %g(AZ:F %Ai) g %Wl{ 8 9% —H:
5)“4# = ﬁWu 5(_Au + ﬁAu) ﬁUM
%VJ %U ;“ + —g%Ai
while for the anti-triplets we have
grp [ ATt R
5/\14“ = _ﬁwu —5(=A, + %A#) _ﬁfjﬂ ,
—%Vﬂ_ —%UJ‘ g—=A8
where A = —\*.
In the neutral gauge boson sector, with the basis (sz Ai, B,,), mass matrix is given by
U2
L P U%z 1 —7% —2!6’03
= —7% E(Uz + 411)2() %(Ug + 20)2()
—2k02 %(vg +202)  4r*(v) +03)

where k = QTX. We can easily identify the photon field A,, as well as the massive bosons Z and
Z' 9]

Ay = swAj +cw(V3tw AL + /13t B,),
CwAi — Sw(\/gtwAi +4/1— St%/VB,u)»

3
Z, = —J1—3t3, A + V3tw B,

where the mass-squared matrix for {Z, Z'} is given by

M2 M2
M? = < A zZz' )
ME, M,

Zy

and

with
Mz = leOSQ;QWUEN
= 50 [t )
Vv
Mzy = 4\1/592 100;12819ﬁ9wv3.

Diagonalizing the mass matrix gives the mass eigenstates Z; and Z which can be taken as mix-
tures,

Zy = Zcos¢p— Z'sing,
Zy = Zsing+ Z' cos¢.
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The mixing angle ¢ is given by

an 26 — Mz = Mz, e
MZz B MZ
where M1 and M 52 are the physical mass eigenvalues
1
M3, = S { MG+ ME - ((MF - MB)? - 4(ME,)% (22)
1
ME, = o {ME o MY+ [(ME - MB)? - A(M,)? )

From the symmetry breaking hierarchy, v, > v,, we obtain the lower mass bound of Z [9]

o 4 cos? Oy (Mz,)
~ V3 \/1—4sin? Oy (Mz,)
> 400 GeV.

~

Mgz,

Z1

For practical calculations, it is useful the following relations

AP = ew Zy + swAy,
Ai = \/gtWSWZ;L + \/1 — 3t12/VZ,{L — \/§SWA/“

By = —swi/1 =3t Z, + V3twZ, + cw/1 — 34, A,.

Trilinear and quartic interactions of the gauge bosons are the same as in Ref. [10] Using data on
the wrong muon decay [1]

Brip—e+ve+v,) <12% at 90% CL

we get a lower limit on singly charged bilepton gauge boson as follows (see, the last reference
in [3])
My > 230 GeV (23)

This means that the model works in quite lower energy limit available for example such as the
CERN LHC.

V. FERMION MASSES

As in the original minimal version, in this model, the singlet right-handed lepton does not
exist. Thus, the fermion masses are due to effective operators. The appropriate sources of mass
for each fermion in the model are: the Yukawa couplings give the exotic quark masses [6]

L% = M1QuxTr + )\gQiLX*DjR + H.c.
= Aj(wrx” +dix +TxX")Tr

)‘g(JiLX—F — X" + Dix)Djr + H.c. (24)
When the  field develops its VEV, these couplings lead to the mass matrix in the basis (7', D2, D3),
Mooooo0
v
My=—%L[ 0 A% AR

2
V2\ oAb A
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which, after diagonalization, leads to mass eigenvalues at v, around few TeV scale [6].
For the ordinary quarks, their masses come from both renormalizable Yukawa interactions
and specific effective dimension-five operators given by

—LYy = NoQirp™uar + % Enmp (Q1LnPy X)) Uar + H.c.
= MNo(dip™ — @™ + Dirp” uar
+ % (a1 (" X" = p~ X)) + din(p” X" = px")
+ Tolp X" = p"xM)] war + Heoc. (25)

In the basis (u1 , u2, u3), the up-type quarks mass matrix is given by

u  Ux u  Ux U Ux
an 7122 T13\/2A
_\u —)\U —)\U
\@ 21 22 23
u u u
_)‘31 _)‘32 _/\33

v
mu:—p

For down quark sector, the relevant Yukawa interactions are

_ 2\ _
_LdYuk = XlianLpdaR + ﬁsnmp (QianmXp) der + H.c.

= M, (upp™ +dipp® + Top™)dar
P\ L _
+ S [ (e"X" = o) + (= et XT)
+ Di(ptx™ — pox_)] dor + H.c. (26)
Thus, in the basis (d; , d2, ds), the mass matrix for the down-type quarks is

d d d
>‘11 )‘12 )\13
Vp A O yd U yd o Ux

\/5 )\d Vx )\d Vx )\d Ux
3Lyan 782N 733V2A

It was shown that as the minimal version, this model is perturbatively reliable at the scale
around A = 4—5TeV [11]. In the model under consideration, there are 18 free Yukawa couplings
to generate masses for 6 quarks only. For a naive analysis [6], we just take the diagonal case where

VU v VU
u UXVP d 4 d “x%p
m = mg ~ A —= me ~ A\
u 11 2A ) 11\/57 s 22 2A ’
v VU v
u P d “Xx%p u P
mc ~ - 227\/7, mb ~ 33 5 mt ~ — 337 =
2 2A V2

For sake of simplicity, assuming A = 5 TeV, vy = 1TeV, m, = 2.5 MeV, mg = 4.95 MeV, m, =
105 MeV, m. = 1.26 GeV, my = 4.25 GeV and m; = 173 GeV, we get then [6] A%, ~ 1073,
A, A28 x107°, 04 ~ 2.1 x 1072, \Yy ~ —7.24 x 1073, \d; ~ 8.5 x 1071, A% ~ —1.03.

With a scale A ~ 4 — 5 TeV, to guarantee the proton stability, as in Ref. [12], a discrete Z5
symmetry over the quark fields

Qar, = —QuL, qaR — —YaR,

should be imposed.
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The following effective five-dimension operator will generate masses for the charged lep-
tons [6]

LYuk: (JTEP*) (XTfL) + H.c.
l
= [ + T + T [rnxt + Lx T I + He

! . _ N 1 e )
0 {VEP vixt+vipTlL (Cah++ + Sah++> + EVEP 17, (vy — fo)}
!
+ —— %07 1% (cgho — sgh
World z (cgha — sgh1)
K + Pt ++
+Wl ¢ (vp —ilp) [VLX + 1 (cah + soh )}

+ ﬁzc (vp — i) 15 (v — iL) @7
l
+ ﬂlc (vp —il,) 17 (cgha — sgh)

¥ ch E (et +spha) [vixt + 1 (ot o+ sah ™) |

+ ﬁlc (cgh1 + sgha) 17 (vy —ily) +

!
K
2Al (Cﬁhl + Sﬁhg) lL (Cﬁhg — Sghl)
Kl ~ ~ I
+ KZL (cah__ — sah__> |:I/LX+ + 1z <cah++ + sah++> + % (vy —ily)
l
KR — - T
VT (cah ~ soh ) IS (csha — sghi) + H.c.
From (27), it follows masses for the charged leptons m; = %X/{lvp ~ Kvp. Taking into account
me = 0.5 MeV, m,, = 105 MeV, m, = 1.77 GeV, one gets [6] k. = 2 x 1075, k, = 4.3 x 1072
and k, = 7.2 x 1072.
From (27), it follows the interaction

k! Cay Kkleg,

V2A V2
which is responsible for lepton-number violating decay of A~~~ to two charged leptons. This would

be a specific character of the model.
Generation for correct neutrino mass, in this model, is still open question [6].

hIl A~ TS

VI. CHARGED AND NEUTRAL CURRENTS

The interactions among the gauge bosons and fermions are read off from

Lr = Riv*8,—igxB,X)R
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8
= .gx . a Aa
+  Liv# <8H — Z%BNX —ig 321 Wu'2> L, (28)

where R represents any right-handed singlet and L any left-handed triplet or antitriplet.
The interactions among the charged vector fields with leptons are [6]

ﬁlCC — i(_aL'YMVJZDMNseaLW;+éCaROV'YMVaLVM+

V2
+ ea'eirUST 4+ He.). (29)

with V]f-, uns = Vi f being the PMNS mixing matrix and OV = VY is the matrix diagonalizing
neutrino mass one.
For the quarks we have

9 - 7 u 7 d
£i¢ = E[ULVC(IKM'YM AW+ (Tey" (Vi) 1attar, — diy™ (Vi )uDi, )V,
+ (Q_LIL (VﬁT)li’}/uDz‘L + TLV”(Vg)ladaL)UI+ + H.C.], (30)

where i,l = 2,3, Vi, = VL“TVLd is the CKM mixing matrix. One assumes that the exotic
quarks come in a diagonal basis.

We can see that the interactions with the V™ and U™ bosons violate the lepton number
(see Eq.(29)) and the weak isospin (see Eq.(30)).

The electromagnetic current for fermions is the usual one

Qrefy" fAu, 31)
where f is any fermion with Qs = 0, —1,2/3,—1/3,5/3, —4/3 and the electromagnetic coupling
constant e is identified as follows

e = gsin Oy . (32)
The neutral current interactions can be written in the form
LY = S P (£ = %) +ar()(1+ )2,
+  flasn(F)(1 = 75) + aor(H)(L+5)f 20} (33)

The couplings of fermions with Z! and Z?2 bosons are given as follows

arLr(f) = cos¢ [T°(fr.r) — siyQ(f))
g | XULa) (oot ) VI

- L,R )
V31— 4s2, 2v3
X(fLR) 1—812/1/ \/1_45124/
azrr(f) = cos¢ \/§ W Y (fL.r)
\J1—4s3,
+ sing [T°(f1.r) — sivQ(f)], (34)

where T3(f) and Q(f) are, respectively, the third component of the weak isospin and the charge
of the fermion f. Note that for the exotic quarks, the weak isospin is equal to zero. Egs. (34)
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are valid for both left- and right-handed currents. Since the value of X is different for triplets and
antitriplets, the Z2 coupling to left-handed ordinary quarks is different for the first family, and thus
flavor changing.

We can also express the neutral current interactions of Eq. (33) in terms of the vector and
axial-vector couplings as follows

LY = S low ()~ o)) 2,
+ oav (f) — 2a(F)51 25} (35)

The values of these couplings are

giv(f) = cos¢ [T°(f1) — 253y Q(f)]
X 1— g2 \/1—4s? 352

Sil’l¢ (fL) SW o WY(fL) + Q(fR) SW 7
V3 \/1—452 2\/§ V3 \/1—482
L w w/
qa(f) = coso T°(f1)

X 1 — g2 /1 — 482 342
_ sinqﬁ (fL) SW . WY(fL) - Q(fR) SW

V3 o\ 14 2v3 V3 o\ 1 - as?

L w w
where we have used Q(fr) = X (fr) for the singlets. The values of g1y, g14 and gay, g24 are
listed in Tables 3, where the first generation is assumed to belong to the triplet. However, to get
some indication as to why the top quark is so heavy, we have to treat the third generation differently
from the first two as in Refs [2] and [13].

Table 3. The Z' — ff couplings in the RM 331 model.

_A4g2
e M, T (—%+28%ﬁ/)cos¢—sin¢w COS¢—SIH¢\/1 45w
_4e2 \1/2 1 5
Ves Yy Vr 3 COS¢—sin¢%) 3(cos ¢ — smqﬁ (- 48W> )
ks 1+4s7 (- 4 2
t (% - ) cos ¢ — sin gbm %COS@ 51n¢ sW
1y % T T _ ﬂ
b ( 2+4 23 ) cos ¢ smqﬁQW 5 COS ¢ Smd)?\l/w
— 23 cos ¢ + sin ¢p——L 257

_ 10w 1 nob——w
24/3(1—4s%;,) g cos¢+ Sln¢2\/3(1—45‘§v)

252 . 1 1 . 1 2 \1/2
d,s —L 4 2wy eog Sin g ———— | —5 cos singp—=(1 — 4s /
’ ( 2+ 3 ) ¢+ ¢2 /3(1— 48%/‘/ 2 ¢+ ¢2\[( W)
1—11s2 1—s2
T —1042 cos sin W sin ¢ ——W—
5 5w COS P+ ¢2\/31 452, 2\/31 4sW
1—9s2 1—s2
D 852 cosp — sin p———W__ —sin p—F—0
E 35W €08 ¢ ¢2 3(1—4s2,) ¢\/3(1—455V)
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We can realize that in the limit ¢ = 0 the couplings to Z* of the ordinary leptons and quarks
are the same as in the SM. Furthermore, the electric charge defined in Eq. (32) agrees with the SM.
Because of this, we can test the new phenomenology beyond the SM.

In the model under consideration, the interactions with the heavy charged vector bosons
V*+ UTT violate the lepton number and the weak isospin. Because of the mixing, the mass
eigenstate Z! now picks up flavor-changing couplings proportional to sin ¢. However, since Z —Z’
mixing is constrained to be very small, evidence of FCNC'’s in the 3-3-1 model can only be probed
indirectly at present via the Z? couplings.

VII. CONSTRAINTS ON THE Z — Z’' MIXING ANGLE AND THE Z? MASS

There are many ways to get constraints on the mixing angle ¢ and the Z2 mass. Below we
present a simple one. A constraint on the Z — Z’ mixing can be followed from the Z data. Hence
we now calculate the Z width in this model.

The decay width of the Z boson is described by [14-16]

- GrM; _ 38— 33
D(Ff) = PE2NE (829, + glv* ) 1+ np)RewRoep,  (36)
6V 271 2
2
where 8 = {/1 — 4% [16], 5 is very small and we present a result which is correct up to terms
of order aavs:
pGp M3 _ _
O =5 AN (1ola PR + ol PRL) (L), G7)

where [V, é is the color factor and other parameters are given in Ref. [16]

3Gpm2
=1+6p,0 = L
P P> 0Pf+£b 8v/2n?

G pm? (1  m?
6pf:b:—m,nb:10 5—@ ,nf7§bNO.

Here RQ and R{/ are radiator factors to account for final state QED and QCD corrections, as well
as effects due to nonzero fermions masses.
The non-factorial electroweak correction is given by [15]
3a(M Z) ’I’)’L712 3a (M Z)
4r M2 4
where a/(Mz) denotes the QED coupling constant at the scale M. The QCD correction is given
by

Rl =1+ Ri=1-6

3o

R (s) = Rh(s) = 14+ 2QF + = + 0(?).

By assuming the masses of all the ordinary fermlons except the ¢ quark to be much lighter than
the mass of the Z boson and the masses of the exotic quarks to be much heavier than the mass of
the Z boson, the total width of the Z boson is given as

TRMS31Gey] = 2.49632 + 1.6968sin 2¢ + O(sin’ ¢), (38)
TRM331[GeV] = 0.377046 + 0.98375sin 2¢ + O(sin? ¢), (39)
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TAMSSL [GeV] = 1.74022 + 1.5683 sin 2¢) + O(sin ), (40)

hadrons
where we have used [1]: Gp = 1.166378.107° GeV 2, o~} (My) = 128.87, a, = 0.1184,
Sy (Mz) = 0.23116 , 472 = 1.7768/91.187 and m; = 173.5GeV.

Taking the experimental result [1]: T';ps:[GeV] = 2.4952 £ 0.0023, we obtain the limit for
the mixing angle

—0.001 < ¢ < 0.00034. 41)
Next, let us consider R, = %. In the model under consideration, from (39) and (40), we
obtain
REM331 — (0.21666 + 0.740083 tan ¢ + O(tan® ¢). (42)
According to the experimental result R, = 0.21629 £ 0.00066 [1], we also get

—0.001397 < ¢ < 0.00038. (43)

Thus, both limits of the mixing angle in (41) and in (43) are consistent: |¢| < 1073. Therefore,
hereafter we can set ¢ = 0. For the shorthand, we rename Z; to be Z and Z5 to be Z'.

VIII. FLAVOR-CHANGING NEUTRAL CURRENTS AND MASS DIFFERENCE OF
THE NEUTRAL MESON SYSTEMS

Due to the fact that one family of left-handed quarks is treated differently from the other
two, the X charges for left-handed quarks are different too (see Eq. (1)). Therefore flavor-changing
neutral currents Z7, Z2 occur through a mismatch between weak and mass eigenstates.

Let us diagolize mass matrices by three biunitary transformations
U, = Vyup, Up=V{Ug,
D} = VPDy, Dy =VEDg, (44)
where U = (u,c,t)T, D = (d,s,b)T.
The usual Cabibbo-Kobayashi-Maskawa matrix is given by

Verxm =VETVP. (45)
Using unitarity of the V' and V¥ matrices, we get flavour-changing neutral interactions
gCW * 7 .
£ = — I [VVE ] diyust (cos ¢Z —sin¢Z)')
24/1— 4S%V
NC gew Usy U 7 = [ o
L. _— [VLwVLiC] aryucr (cos 92y —sinpZy'), (46)
24/1—4s%,
gCW * 7 .
E(%C - \/j [VLDidVLeb] dryubr (cos qSZg — sin gZ)Zf) ,

2
2 1—48W

where ¢ denotes the number of “different” quark family i.e. the SU(3);, quark triplet.
For the neutral kaon system, we get then effective Lagrangian

[AS=2 _ V2GE C%/V cos? 10)
eff (1- 4812/1/)

2
* 2,7 m
[ngngs] |dL7“sL|2 (Mgl + tan? gb) . 47
Z2
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Similar expressions can be easily written out for D? — DY and B® — B systems. From (47) it is
straightforward to get the mass difference

AGF ¢, cos? ¢ 2 m2Z
Amp = —E£W B @ 1y Day D L+ tan ¢ | fEBpmp, (48)
3v2(1 — 452 [Viid Vo] M3, "

where a = s for the K, — Kg and o = b for the B® — B? mixing systems. The D — DY mass
difference is given by the expression for the K system with replace of V' by V. In the previous
section, the Z — Z' mixing angle ¢ was bounded': |¢| < 1073, hence if Mz, is in order of one
hundred TeV, the Z — Z’ mixing has to be taken into account.

In the usual case, the Z — Z’' mixing is constrained to be very small, it can be safely
neglected. Therefore FCNC’s occur only via Zs couplings. For the shothand hereafter we rename
Z1tobe Z and Z5 to be Z’.

Since it is generally recognized that the most stringent limit from Am g, we shall mainly
discuss this quantity. We use the experimental values [1]

Amyg = (3.489+0.009) x 1072 MeV, mp ~ 498 MeV (49)
and
VBrfxk = 135419 MeV. (50)

Following the idea of Gaillard and Lee [18], it is reasonable to expect that Z’ exchange
contributes a Am no larger than observed values. Substituting (49) and (50) into (48) we get

1/2

Mz > 2.63x10° ny [Re(VE;VE)?]'™ GeV. (51)

where 1z ~ 0.55 is the leading order QCD corrections [19].
Let us call Am7z'", Amﬁm contributions to Am from the Z’ in the minimal 3 3 1 model
and in the model with r.h. neutrinos, respectively. We have then

Ampn 23 —4s3,)

R= =
Amihn 3(1 — 4s3,)

=19.7, (52)

for [1] s%[, = (0.2312. Because of the denominator, the relation is highly sensitive to the value of
the Weinberg angle. It is easy to see that a limit for the Z’ following from Eq (51) in the model
with r.h.neutrinos is approximately 4.4 times smaller than that in the minimal version.

We use the experimental values? [1] presented in Table 4.

Table 4. Experimental data of K 0. DY and B° meson.

K D B
Am[MeV]  (3.483 £0.006) x 10712 9.47873757 x 10712 (3.337 £0.033) x 10~ 1°
Mass [MeV] 497.614 + 0.024 1864.86 + 0.13 5279.58 +0.17
VBpfp[MeV] 135+ 19 200 [20] 244 + 26

Lsee also [9,17]
2According to the experimental value in Ref. [1], Ampo = 1.44+348 x 100 ps~1=1.4419488 % 1010 x
6.582119 x 10~22=9.47873 15 x 102 Mev.
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Following the idea of Gaillard and Lee [18], it is reasonable to expect that Z’ exchange
contributes a Am no larger than observed values. Substituting Table 4 into (48) we get

e In K0 — KO system,
My > 136658 x 1059, [Re(V1VE,)?]"? Gev
— 0.751616 x 10° [Re(VA3{VA3,)?]/* Gev. (53)

e In DY — DO system,
My > 1.60369 x 10°9, [Re(VEiVY0)2]"? Gev
— 0.882028 x 10° [Re(V};V12)?] /* Gev. (54)

e In B® — BO system,
My > 454763 x 10°, [Re(VAiVE2s)?]) "
= 25012 x 10° [Re(V; VA2
where 717 =~ 0.55 is the QCD corrections [19].
From the present experimental data we cannot get the constraint on VLUZ.’].D. These matrix
elements are only constrained by the Cabibbo-Kobayashi-Maskawa matrix. However, it would
seem more natural, if Higgs scalars are associated with fermion generations, to have the choice of

nondiagonal elements depends on the fields to which the Higgs scalars couple. By this way, the
simple Fritzsch [21] scheme gives us

e\ 12
V-Dz<’) , i< (56)

In the model under consideration, the first quark family transforms differently. The quark
mass eigenstates are U = (u,c,t)7 and D = (d, s,b)". In other models, the third family trans-
forms differently so the value of Amp will be differently and the quark mass eigenstates are
U= (t,u,c)’, D= (b,d,s)".

Combining (53), and (56) we get the following bounds on M :

My > 163.194 TeV, if the first or the second quark family is different ( in triplet),
My > 4.032 TeV, if the third quark family is different 57

GeV
GeV. (55)

It is noted that the limit in (57) is almost consistent with analysis from B-physics [22].
From (57) we see that to keep relatively low bounds on Mz the third family should be the
one that is different from the other two i.e. is in triplet.

IX. SUMMARY

In this paper, we have presented the reduced minimal 3-3-1 model (RM 331) with most
economical particle content. Some misprints in the original version of the RM 331 model were
corrected.

In this work, the limits on the masses of the bilepton gauge bosons and on the mixing angle
among the neutral ones were deduced. From the data on branching decay rates of the Z boson, the
Z and Z' mixing angle ¢ lies at —0.001 < ¢ < 0.0003.
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We have studied the FCNC’s in the RM 331 model arisen from the family discrimination in
this model. This gives a reason to conclude that the third family should be treated differently from
the first two. In this sense, the Am g gives us the lower bound on My as 6.051 TeV.

Due to the simplicity of Higgs sector, number of the model’s free parameters is strongly
reduced and that increases the predicability. However, the price of Higgs simplicity is that there
are non-renormalizable effective operators. In addition, a problem on neutrino masses is still an
open question. We hope to return to this stuff in the near future.
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