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An electroweak model of the SU(3) XU(1) gauge group is studied. By matching the gauge coupling
constant we obtain the mass of the new neutral gauge boson to be less than 3.1 TeV. Including the con-
straint from muon decay, the allowed ranges of the new gauge boson masses are 1.3 TeV &Mz &3.1

2

TeV and 270 GeV&M&&550 GeV. Within these mass ranges, the decay Z2~ Y++Y with
Y++~21+(1=e,p, ,~) is allowed, providing a spectacular signature at future colliders. The low energy
experiments further constrain the Z-Z' mixing angle to be —5X 10 ' & 8& 7X10

PACS number(s): 12.60.Cn, 12.15.Mm, 13.10.+q, 14.70.Pw

I. INTRODUCTION

A model of SU(3)L XU(1)z was introduced by Pisano
and co-workers [1]and Frampton [2] recently. The form-
er authors argues that Y is necessary in order to avoid
unitarity violation for e e ~W Y at high energies;
the latter looked for a simj2le solution, which included
dileptons Y**. Y + and Y = are called dileptons because
they couple to two leptons; thus, they have two units of
lepton number. Many other electroweak models [3] of
SU(3) XU(1) were suggested some years ago with difFerent
choices of particle content. Here, this model has minimal
particle content yielding some interesting new physics,
such as stringent constraints on the new gauge boson
masses.

The anomaly in this model is not canceled within each
generation. However, one generation of quark represen-
tations is chosen in such a way that the anomaly is can-
celed among three generations. Thus the number of gen-
erations is a multiple of 3. Note that the first- and the
third-generation quark multiplets were chosen arbitrarily
by the authors in Refs. [1] and [2], respectively. These
two representations are identica/, namely, we can map
from one representation to another by a unitary transfor-
mation. By matching the gauge coupling constants at
SU(3)XU{1) symmetry breaking, we find that the new
neutral gauge boson Z' cannot be heavier than 3.1 TeV.
Unlike most extended models such as E6 and left-right
(LR) symmetric models, the masses of the new neutral
gauge boson in this model are bounded from above.
Hence, this model provides an interesting phenomenolo-
gy, which wi11 be discovered or ruled out at future collid-
ers [4].

Limits of doubly charged gauge bosons (Y**)have
been studied [5] in e+e collision, yielding the mass
lower bound M„++)210 GeV (95%%uo C.L.). The mass
limit of ( Y*) obtained from muon decay [6] yields the
bound M„+)270 GeV (90 Io C.L.). The process
e e ~p p would be the best experiment testing the
existence of a double charge gauged boson. Ho~ever, the
only machine relevant to this process is operated at the
center-of-mass energy 1.112 GeV [7].

In this paper, we consider this model in detail. We first
review this model in Sec. II; in Sec. III, the limits on
gauge boson masses are discussed; Sec. IV investigates
Savor-changing neutral current processes; low-energy ex-
periments are studied in Sec. V; finally, the conclusions
are presented in Sec. VI.

II. REVIEW OF THE MODEL

The simplest anomaly-free solution [1,2], which in-
cludes the standard model (SM), of a gauge symmetry
SU(3)c XSU(3)L XU(1)x is given as

e& e2 83

v, , v, , v, : (1,3,0), (2.1a)

eC
1 e2 eC

3

~1,2 d 1 d2 (2.1b)

Q3

Q3= d3 . (3,3', —', ), (2.lc)

d;,d2, d3. (3', 1,—,'),
u&, uz, u3. (3' 1 ——')

T'. (3,1, ——,'),

(2.1d)

{2.1e)

(2.16

(2.1g)

where the subscripts denote the generations, and D& 2
and T are new quarks. For a minimal particle content,
the anomaly is not canceled within each generation, but
canceled among three generations by choosing the third
quark generation [2] as an SU(3)L antitriplet. The first
quark generation is chosen in Ref. [1]. However, two
difFerent choices of quark representations are physically
identical.
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SU(3)L XU(1)» will first be broken down to the stan-
dard model SU(2)L XU(1)r by a nonzero vacuum expec-
tation value (VEV) of a triplet scalar
(4) =(0,0,u/~2), yielding a massive neutral gauge bo-
son (Z') and two charged gauge bosons (Y+,Y++) as
well as new quarks (D

& z, T). The breaking of
SU(2)L XU(1)r to U(1)& can be achieved by
(5) =(O, v/~2, 0) and (b, '} =(v'/+2, 0,0). In order
to obtain acceptable masses for charged leptons, a sextet

g is necessary. Hence, the minimally required scalar
multiplets are summarized as

'y++ '

(1,3, 1), (2.2a)

Tr(A, 'A, ~) =2&'" and Tr(A, /(, )=2. g and g» are the gauge
coupling constants for SU(3)L and U(1)» with their gauge
bosons 8"and V, respectively. The covariant derivative
for the sextet is

~a@ g ~a@ &
g Wa [gga~aP'+ gaa~a'P]

P P 2 C (3.2)

As the triplet scalar 4 acquires a VEV, the symmetry

SU(3) XU(1) breaks down to SU(2)&XU(l)„, where
Y=+3(As+P2XX9) is the hypercharge. By matching
the gauge coupling constants at the SU(3)L XU(1)»
breaking, the coupling constant of U(1}„,g', is given by

1 1 2
2+ 2

(3.3)
gx

Therefore we obtain

(1 3 0)

)0

(2.2b) gx
2

g
2

6sin 8w(Mz )

1 —4sin'8~(Mz. }
' (3.4)

Ql Ql (1,3, —1), (2.2c)

++
91

~= ~,+/~2

q'/&Z

ri,
+ /&2 ri /~2

7)t~ /~2: (1,6,0) .

q,
—W'Z

(2.2d)

—X(h)=h„Q3(u')b, +h4' Q (d')6*

(2.3a)

+hfdf;f b, '+H. c. ,

—X(b, ')=h& Q3(d )5'+h„' Q& 2(u )6"+H. c. ,

(2.3b)

and

(2.3c)

For completeness, the Yukawa interactions corre-
sponding to the scalar multiplets 4, 6, 4', and g are
given as

—X(4)=ha Q, z(D;,D2)4'+hrQ3T'4+H. c. ,

W+ =( W' —~ W')/~2, (3.5a)

10

where g'/g =tan8s, . Therefore, sin 8+,(Mz. ) has to be
smaller than 1/4. At the energy scale below Mz. , there
are three Higgs doublets (6,+,b, ), (6',5' ), and

(rl, rl2 ) and one triplet (gg+, ri,+,ri' ). There are three
singlets ri2, b,2 and b, , but their masses are on the
order of Mz. . Let us Srst consider the one-loop running
of sin 8~, which includes the contributions from the
Higgs doublets and triplets as well as the usual fermions.
Therefore, the upper bound of the Mz can be computed
from the constraint sin 8s,(Mz. ) ~ 1/4. Since the result
is very sensitive to the value of sin 8u, given at Mz, we

plot in Fig. 1 the upper bound of Mz as a function of
sin 8@,(Mz) for a, '=127.9 [9] in the modified minimal
subtraction scheme (MS) scheme. In particular, for
sin 8~(Mz }=0.2333 [9], we obtain that Mz. is less than
3.1 TeV.

The breaking of the SM to U(1} can be achieved by
(d l=u/v 2, (d' ) =U'/v 2 and 1vP) =w/v2, where
(rI' ) =0 is assumed for lepton number conservation.
The charged gauge bosons

—X(g)=y,jg,.g r1+H. c. , (2.3d)

where the summation of generation indices are implicit.
hp and yp are antisymmetric [8] and symmetric matrices
in Savor space, respectively.

III. GAUGE BOSON MASSES

4
10

10

D„=B„—ig 8'„' —ig X V„,
2

(3.1)

To obtain the gauge interactions, let us first define the
covariant derivative for triplets

10
.ZZ5 .230 .Z35

s'n'e, (u,)

where A, '(a =1, . . . , 8} are the SU(3)L generators, and
A, =&2/3 diagonal(1, 1,1) are defined such that

FIG. 1. The upper bound of Mz, obtained from
sin'8~{Mz ) ~ 1/4, is plotted as a function of sin 8~(Mz ).
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and

Y+=(W —iW )/~2,

Y++=(W i—W )/W2,

(3.5b)

(3.5c)

and

=—g(u+v+w )
1

y+ 4

M2 g2(u 2+ v i2+4w2)1

(3.6b)

(3.6c)

acquire masses

M =—g (u +v~+w )
1

w 4 7 (3.6a)

respectively. Hence, the breaking of SU(2)r XU(1}„
~U(1)& give rise to the mass splitting of Y*and Y+

The mass-squared matrix for the neutral gauge bosons

I W, W, V j is given by

2

4
—g (v +u'+w )

1
g2(U2 Ui2+W2)

4v3
1 &2

2~~ ggx"

1 g2(V2 U
~ 2+W2

4&3
1

2~~ ggxu

12 6v2
g2(4u2+v +v' +w ) — ggx(2u +u' )

6v2 ggx(2u +u' ) —gx(u +u' )

(3.7)

We can easily identify the photon field y as well as the massive bosons Z and Z':

and

y=+sin8a W + cos8a (~3 tan8~W +Ql —3 tan 8a, V),

Z =+ cos8&W —sin8a (~3 tan8a Ws+g 1—3 tan 8&V),

Z'= —+1—3 tan 8a W +v 3 tan8a, V,

(3.8a)

(3.8b)

(3.8c)

where the mass-squared matrix for I Z, Z' j is given by
2 2Mz Mzz.

'

At =2=
Mzz. Mz

with

2

M =— (v +v'+w )4 cos28a

cos28& 1 —4 sin28s. 3 sin 8&
1 —4sin28~ 4cos28a 1 —4sin 8s

(3.9)

(3.10a)

(3.10b)

Ql —4sin 8&
Mzz = ~g (u2+w )—

4~ 3 cos 8gr

1+2 sin 8&
v

1 —4sin 8&
(3.10c)

The mass eigenstate are
I

gauge boson. From Eq. (3.10c},the limit for Mzz. is

and

Z, = cosHZ —sinOZ'

Zz =sin8Z+ cosOZ',

(3.11a)

(3.11b)

1+2sin 8a Ql —4sin 8+

~3 1 —4sin 8~

(3.13)

where the mixing angle is given by

M2 —M2z z$
tan 8=

M —MZ2 Z
(3.12)

with Mz and Mz being the masses for Z, and Z2.
1 2

Here, Z& corresponds to the standard model neutral
gauge boson and Zz corresponds to the additional neutral

Combining Eqs. (3.12) and (3.13), we plot (dashed curves)
the bounds of the mixing angle as a function of Mz in

2

Fig. 2, where Mz =91.175 GeV is used. The area within
1

the dashed lines is the allowed region obtained from this
minimal Higgs structure. The result would be modified
for extended Higgs structures.

From the symmetry-breaking hierarchy u & v, v', w, we
obtain the lower mass bound of Z2-.
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I many extensions of the SM, the masses of the additional
neutral gauge bosons are not bounded from above. They
can be as heavy as the unification scale. Here, this model
is very restrictive. Hence, it would be either ruled out or
realized in the near future.

In Ref. [1], the authors obtained the mass lower bound
for Z2 to be 40 TeV from the E -E mixing. In the next
section, we will explain this controversial disagreement.

-0.04

0.5 1.0
I «» I & i i i I

1.5 2.0
cv (Te v)

3.0

FIG. 2. The bounds on the mixing angle 8 and Mz from the

Higgs structure (dashed lines), from muon decay (dotted line),
and the 90% C.L. contour (solid line) from low-energy experi-
ments.

IV. FLAVOR-CHANGING
NEUTRAL CURRENT PROCESSES

Since Mz. is expected to be smaller than 3.1 TeV,
fiavor-changing neutral current processes induced by Z'
would be important constraints for this model. I.et us
first write out the gauge interactions for Z and Z' explic-
itly.

Gauge interaction of Z boson The .gauge interaction is
given by

' 1/2
4

Mz &

&280 GeV .

cos 8w(Mz, )

Ql —4sin~8w(Mz )
Mz,

(3.14)

X(z)= Z"J„,
cos8w

where

1 —
Xs 1+y5~„=f}„gi(f)

2
+gR(f)

(4.1)

(4.2a)

On the other hand, the masses of the new charged gauge
boson Y and Y**are constrained from the lepton col-
lider experiments [5] and muon decay [6]. Thus, M ++
and M + are greater than 210 GeV (95%%uo C.L.) and 270Y+
GeV (90%%uo C.L.), respectively.

M ++ and M + are approximately related to Mz as

M+-—M++

=Mr —— — Mz . (3.15)
Ql —4sin 8w(Mr)

Y 4 cos8w(Mr )

Hence, we can further constrain Mz by using the lower

bound MY 270 GeV; it yields Mz ~ 1.3 TeV. With the

same token, MY is also bounded from above. Therefore,
the allowed ranges for the new gauge bosons are

=f}„[gv(f)+g~(f)7's]f' . (4.2b)

The neutral current coupling coeScients are given as

gl R(f)=T (fr, R) Q(f)sin 8w (4.3a)

gR(f)+gi(f }
gv(f)=

2
g~(f)=

T is the isospin generation. T (Q)=0 for Q =D, z and

T, leading to gL (Q) =g„(Q). Hence, the gauge couplings
of Q to Z are vectorlike. As in the standard model, the

gauge couplings of the usual fermions to Z are the same
for all three generations, hence there is no Qavor chang-
ing neutral current (FCNC} at the tree level.

Gauge interaction of Z' boson. The gauge interaction is

given by

1.3 TeV&Mz &3.1 TeV,

270 GeV & MY & 550 GeV .

(3.16a)

(3.16b)

r(z') = g z'~z„',
cosOp

(4.4)

The mass lower bound Mz ~ 1.3 TeV is plotted (dotted
2

line) in Fig. 2. The intersection points of the dotted line
and dashed curves in Fig. 2 yield the limits on the mixing
angle:

—1.6X10-2&8&7X10 '. (3.17}

Further constraint on 8 and Mz will be considered in
2

Sec. V.
Within the allowed range of Mz, we find that MY is2'

always less than 0.5 Mz . Therefore, the decay
2

Zz —+ Y++Y and Y* ~21* (i =e,p, r) is allowed,
leading to a spectacular signature in future colliders. In

1 —
y5 1+y5f7 gl. (f) 2

+gR(f) (4.5a)

(4.5b)

Ql —4sin 8w
gI'.,R (f)= — Y(—fI.,R )

1 sin Hgr+ X(fL „),
v'3+1 —4sin 8w

(4.6a)

=f}„[~'+b') ]f
where the new neutral current coupling coefBcients are
given as
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gg(f)+gQf) f g~(f) —graf)af=
2

'
2

bf= (4.6b)

[—sin8Z", + cosHZg ]
cosH gr

1 j 5
X52 U3~U3ttay„P (4.7b)

and

1 —sin 8~
5L =gL(d3)-gL, (di)=

V'3+1 —4 sin 8&
(4.7c)

where U, the unitary matrix relating the gauge states to
mass eigenstates, is defined as d;= U;.a with i =1,2, 3
and a=d, s, b. There is no FCNC for the right-handed
currents as the right-handed fernuons transform identi-
cally.

From Eqs. (4.7), K -E and B -B mixing are calculat-
ed to be

In the left-handed sector, the third generation have a
different X charge from the other two generations; their
gauge couplings to Z' are difFerent, leading to the FCNC.
In particular, the FCNC in the down sector is given by

p
1 —rs

&FcNc= [—sinHZ", + cosHZ~z ]5Ld3y„d3cos8 gr
P

{4.7a)

teractions are universal among generations. Thus, we are
allowed to redefine quarks be the mass eigenstates in the
gauge interactions of the Z. Here, in this model, the
gauge interactions of Z' for the first two generations are
different from those for the third generation. Therefore,
the ansatz adopted in Ref. [1]was not appropriate.

U. LOW-ENERGY EXPERIMENTS

Models with additional neutral gauge bosons, such as
E6 and LR models, have been intensively investigated
[10]. In particular, the mass lower bounds at 90%%uo C.L.
for Z» from neutrino-hadron scattering for Eb (y model}
and LR models are 555 GeV and 795 GeV [11],respec-
tively. The corresponding mixing angles are bound to be
less than 6X10 and 5X10 . Here, the coupling
strength of Z' to quarks in this model is much stronger
than that of leptons because of the enhancement factor of
1/+1 —4 sin 8ir. Therefore, low-energy experiments
such as neutrino-nucleus scattering and atomic parity
violation measurement would be important processes to
further constrain this model.

In the low-energy limit, the four-fermion neutral-
current Hamiltonian, in the limit of small mixing, is
given by

r

4GF z, , z,
M» " M»

1+ 8 J J" 28J' J"+— J' J'"
Z] Z2

(5.1)

M»=, , I U3& U3, I'
3sin 8+, cos 8~

2 2
X52 COSH+SlnH B f2ML M2 M2 K K K

Z2 Z]
(4.8}

It would be important to include the radiative corrections
to the measurables, denoted as starred functions [12,13].
If we ignore the efFects due to the combination of mixing
and radiative corrections, we can express the Z —Z' mix-
ing efFects as shifts of the starred functions.

Atomic parity violation. The weak charge is given by

IU3dU3gl ~»&10 ',
I U3+ U3b I —2 X 10

(4.10}

{4.11)

The ansatz adopted in Ref. [1] is that the up-type
quarks are chosen to be the mass eigenstates; thus, the
mixing of the down quark sector is exactly the Cabibbo-
Kobayaski-Maskawa (CKM) matrix. Hence, the authors
obtained the lower Z2 to be 40 TeV as U3d U3,
~sin8&-0. 22. In the standard model, the gauge in-

4'
I U3d U3b I

3 sin 8& cos HiF

2 2
X52 cos 8 + sin 8 B f2M

L M2 M2 B B B
Z2 Z]

where f» tt and B» tt are the decay constants and bag fac-
tors of a K and 8 mesons. From the allowed mass range
for Z», the contributions from first term in Eqs. (4.8) and
(4.9) are at least 10 times bigger than that of the second
term Taking. sin Hs =0.23, QBsftt =QB»f»=160
MeV, and assume the new contributions to the mixing to
be EMK&1X10 ' GeV and 6MB ~1X10 ' GeV, we
obtain

QiF=QiF +2[5Ci(u)(2Z+N)+5Ci(d}(Z+2N)],

where

4, Mz, ,5C (u)= ———s» 82
1 2 30M2

Z]

(5.2a}

8 Mz—28 a "+ 1 ——s b' +8 b'a"
Z2

(5.2b)

Mz, ,5C (d)= ——+—s 8
2 3

Z]

4 ~z,—28 a"+ —1+—s b' +8 b'a
MZ2

(5.2c)

Neutrino nucleus scattering. The left- and right-handed
coupling coeScients are given as
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Mz
e~(q) =gq(q), 1+ 8 —48a"

MZ}

Mz
8—4a' g' (q},

Z2

for A, =R and I.. Hence we obtain the quantities, which can be extracted from the neutrino-nucleus experiments:

gr =eL(u) +sr (d)

(5.3}

Mz
=g + ——s +—s 2 8 —88a' —2 ———s g'(u)+2 1 2 5 4 2 2 v 1 2 2

L~ 2 0 9 0 0 L
Z]

and

ga =e'g (u) +ex(d)

Mz——+—s g' (d) 8—4a"0 L MZ2

(5.4a)

Mz'
=gg +—st 2 8 —88a' —2 ——sog„'(u)+ —so g„'(d)

Z ]

Mz
8—4a

Mz'
(5.4b)

so=sin 8n(q =0). a's and b's are also evaluated at
q =0.

The starred functions Q)s, , g~, and g„are modified

by the radiative corrections including oblique correc-
tions. The explicit expressions are given in Ref. [13].
The oblique corrections depend on the masses of the top
quark and Higgs scalars. Unless the mass splittings of
Higgs scalars are large [14], the main contribution comes
from the top quark. A detailed calculation of the oblique
corrections from the new particles as well as the global
constraint for 8 and Mz are considered in Ref. [15].

2
Here, we take the top-quark mass and the standard mod-
el Higgs boson mass, m, =150 GeV and mH =1000 GeV,
and use experimental values given in Ref. [16), we obtain
a 90% C.L. contour plotted in Fig. 2. We find that the
Z-Z' mixing angle is further constrained, which becomes

mation. By matching the coupling constants at the
SU(3) XU(1) symmetry breaking, we find that
sin 8n (Mz ) should be less than I/4, leading to Mz. & 3. 1

TeV if we take sin28a, (Mz)=0. 2333. From the muon
decay experiments, Mz is found to be at least 270 GeV at
90% confidence level. Hence, we obtain narrow windows
for Mz and Mz, 270 GeV &Mz & 550 GeV and 1.3 TeV2'

Mz 3. 1 TeV. Furthermore, the limits of the Z-Z'
2

mixing, further constrained from the low-energy experi-
ments, is —5 X 10 3 & 8 & 7 X 10 . Within the allowed
range of Mz, the masses of the new charged gauge bo-

sons Y* and Ykk are less than a half of Mz . Therefore

the allowed decay Z2~ Y++ Y with Y* ~21* pro-
vides an unique signature in future colliders. Thus the
model can either be realized or ruled out in the near fu-
ture.—5X10 8 7X10 (5.5)
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