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Bilepton gauge boson contribution to the static electromagnetic properties of theW boson
in the minimal 3-3-1 model
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We present a complete calculation of the singly and doubly charged gauge bosons~bileptons! contribution to
the static properties of theW boson in the framework of the minimal 3-3-1 model, which accommodates the
bileptons in an SUL(2) doublet. A nonlinearRj gauge is used and a slightly modified version of the Passarino-
Veltman reduction scheme is employed since the Gram determinant vanishes. It is found that the bilepton
contribution is of the same order of magnitude as those arising from other weakly coupled renormalizable
theories, such as the two-Higgs doublet model and supersymmetry. The heavy-mass limit is explored and the
nontrivial decoupling properties of bileptons are discussed. Although there is a close resemblance with the
contribution of an SUL(2) fermion doublet, in the case of the bilepton doublet the decoupling theorem remains
valid. As a by product, we present a detailed study of the trilinear and the quartic vertices involving the
bileptons and the standard model gauge bosons.
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I. INTRODUCTION

One of the main goals of the next generation of hig
energy colliders will be to probe the Yang-Mills sector of t
standard model~SM!. In order to measure theWWg and
WWZ gauge couplings, the most promising producti
modes areWZ andWg at hadron colliders andWWat e1e2

linear colliders. With a high experimental accuracy, the
modes would allow us to test these couplings beyond the
level, which is essential for studying the gauge cancellati
that arise at the one-loop level. The study of these coupli
also offers a unique opportunity to find any evidence
heavy physics lying beyond the Fermi scale. In particular,
on-shell electromagnetic properties of theW boson have
been the subject of constant interest since they can be s
tive to new physics effects. These quantities are the ano
lous ~one-loop! magnetic dipole moment and the electr
quadrupole moment, which are characterized by two par
eters denoted byDk andDQ. They appear as coefficients o
Lorentz structures of canonical dimension 4 and 6, resp
tively. In the SM, bothDk andDQ vanish at the tree level
This means that these parameters can only receive cont
tions at one-loop level in any renormalizable theory and m
be sensitive to new physics effects, which might comp
with the SM contribution. We will see below that a hig
precision measurement ofDQ can only be useful to looking
for physics effects not very far beyond the Fermi scale.
contrast, Dk may be sensitive to heavy physics effec
Within the SM, the one-loop contributions toDQ and Dk
from the gauge bosons, the Higgs scalar and massless fe
ons were studied in@1#, whereas the top quark effects we
analyzed later@2#. The sensitivity of these quantities to ne
physics effects has also been studied within some spe
models, such as the two-Higgs doublet model@3# and super-
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symmetric theories@4#. Further studies were also done with
models with an extraZ8 boson@5#, composite particles@6#,
and an extraW boson@7#. Both DQ andDk have also been
parametrized in a model independent way by using an ef
tive Lagrangian approach, and the phenomenological co
quences have been extensively studied both at hadronic
leptonic colliders@8#.

In this work we are interested in studying the on-sh
WWg vertex in the framework of the minimal 3-3-1 mode
which is based on the simplest non-Abelian gauge-group
tension of the SM, namely, SUc(3)3SUL(3)3UX(1) @9#. In
particular, we will concentrate on the contributions comi
from a pair of singly and doubly charged gauge bosons p
dicted by this model. These particles are called bilepto1

because they have two units of lepton number. The 3-
model has attracted considerable attention recently@10# since
it requires that the number of fermion families be a multip
of the quark color number in order to cancel anomali
which offers a possible solution to the flavor problem. A
other important feature of this model is that the SUL(2)
group is totally embedded in SUL(3). As a consequence
after the first stage of spontaneous symmetry break
~SSB!, when SUL(3)3UX(1) is broken down to SUL(2)
3UY(1), there emerge a pair of massive bileptons in a d
blet of the electroweak group, giving rise to very interesti
couplings with the SM gauge bosons. In particular, the
couplings do not involve any mixing angle, as occurs
other SM extensions, and are similar both in strength a
Lorentz structure to those couplings existing between the
gauge bosons.

1Unless stated otherwise, throughout this work we will use
terms bilepton or bilepton gauge boson to refer to both the sin
and doubly charged gauge bosons of the 3-3-1 model.
©2001 The American Physical Society05-1
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Besides their nontrivial transformation properties und
the electroweak gauge group, the bileptons get a mass s
ting at the Fermi scale due to the presence of some terms
violate the custodial SUc(2) symmetry. It is well known,
from the analysis of fermion or scalar doublets, that th
peculiarities might give rise to nondecoupling effects in lo
energy processes. For this reason, it is important to inve
gate the respective contribution toDk andDQ on the basis
of the decoupling theorem@11#. It is a known fact that a
heavy particle might be detected through its virtual effects
low-energy physics if it evades the decoupling theorem@12#.
This interesting phenomenon can occur only in theories w
SSB, where some particles can have a mass heavier tha
vacuum expectation value~VEV! scale due to a large cou
pling constant. In such a situation, the suppression fa
arising from the propagator of the heavy particle is comp
sated by a mass factor appearing in the numerator, whic
turn is determined by a large coupling constant. In contras
particle decouples in the heavy-mass limit if its mass is
duced by a gauge singlet bare parameter@usually an unfixed
VEV# since dynamics compensatory effects are not pre
in this case. In this paper we will show that bileptons ob
the decoupling theorem and, as a consequence, their co
bution to bothDk andDQ vanishes in the heavy-mass limi
This behavior is a result of the fact that a large mass imp
a large parameter not fixed by experiment, namely, a V
larger than the electroweak scale. It is interesting to note
this case is similar to that studied in Ref.@13#, in which an
extra scalar doublet that does not develop a VEV was c
sidered. On the other hand, the decoupling nature ofDQ is
not surprising, even if it receives contributions from a p
ticle that violates the decoupling theorem. It turns out t
this quantity is insensitive to a large physical scale@14#. This
result is a consequence of the fact thatDQ is parametrized
by a dimension-6 Lorentz structure, which is naturally su
pressed by inverse powers of the mass of the heavy par
circulating in the loop, as was explicitly verified for the co
tribution of an extra fermion generation and technihadro
@14#. We will return to this point later in the context of th
bilepton contribution.

In contrast to other extensions of the SM, in the 3-3
model the mass of the extra gauge bosons is bounded
above as a consequence of matching the gauge coupling
stants at the Fermi scale@15#. Therefore, this model would b
either confirmed or ruled out at the future high-energy c
liders. Current bounds establish that bilepton masses
take values ranging from a few hundred GeV’s to abou
TeV. This is an important reason to investigate the effec
these particles on theWWg vertex. We will show below that
the respective contributions toDk and DQ are comparable
to those induced by other weakly coupled renormaliza
theories.

Another point worth mentioning concerns the approa
we took to perform our calculation. In the first place, w
chose to work with a nonlinearRj gauge rather than th
unitary gauge. For this aim we introduced a gauge-fix
term covariant under the Ue(1) gauge group, from which the
necessary Feynman rules were derived. This gauge-fi
procedure allowed us to remove the mixedYGYg vertices.
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As for the evaluation of the tensorial integrals, it has be
customary to use the Feynman parameters technique
evaluating the static properties of elementary particles
turns out that, in this case, the Passarino-Veltman reduc
method@16# breaks down since the Gram determinant of t
kinematic matrix vanishes@17#. However, we will show be-
low that, even in this case, the last method can be used
introducing some slight modifications.

The rest of the paper is organized as follows. In Sec. II
give a description of the minimal 3-3-1 model. Particul
emphasis is given to the Yang-Mills sector. In Sec. III w
present the calculation of the static properties of theW bo-
son. Section IV is devoted to discuss our results, and
conclusions are presented in Sec. V. Finally, explicit expr
sions for both the trilinear and quartic vertices involving b
lepton gauge bosons are presented in the Appendices
gether with the respective Feynman rules.

II. REVIEW OF THE MINIMAL 3-3-1 MODEL

To begin with, we present a short description of the f
mionic sector of the minimal 3-3-1 model. We will turn ne
to discuss in detail the gauge sector. In particular, we w
focus on the mass spectrum and the coupling structure o
Yang-Mills sector. Hereafter, we will follow closely the no
tation and conventions of Ref.@18#. The simplest anomaly-
free fermionic content of the 3-3-1 model accommodates
leptons as antitriplets of SUL(3):

l L
i 5S eL

i

nL
i

ec i
D : ~1,3* ,0!, ~1!

where i 51, 2, and 3 is the generation index. The qua
sector includes three new exotic quarks. Two quark gen
tions are given the same representation, and the third on
treated differently: the first two quark families are repr
sented as triplets and the third one as an antitriplet@9#:

qL
i 5S uL

i

dL
i

DL
i
D : ~3,3,21/3!, ~2!

uR
i : ~3,1,22/3!; dR

i : ~3,1,11/3!;

DR
i : ~3,1,14/3!; ~ i 51,2!, ~3!

qL
35S uL

3

dL
3

TL
3
D : ~3,3* ,2/3!, ~4!

uR
3: ~3,1,11/3!; dR

3 : ~3,1,22/3!; TR
3 : ~3,1,25/3!.

~5!

In order to accomplish the gauge hierarchy and the
mion masses, a Higgs sector composed of several SUL(3)
multiplets is required; to break SUL(3)3UX(1) down to
5-2
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BILEPTON GAUGE BOSON CONTRIBUTION TO THE . . . PHYSICAL REVIEW D 65 013005
SUL(2)3UY(1) only one SUL(3) scalar triplet is necessary
the next stage of SSB, SUL(2)3UY(1)→Ue(1), requires
two scalar SUL(3) triplets and one sextet. The minim
Higgs sector has the following quantum numbers:

fY5S FY

f0 D : ~1,3,1!; f15S F1

d2 D : ~1,3,0!;

f25S F̃2

r22D : ~1,3,21!, ~6!

H5S T F̃3 /A2

F̃3
T/A2 h22 D : ~1,6,0!, ~7!

whereT is a 232 matrix given by

T5S T11 T1/A2

T1/A2 T0 D . ~8!

Both FY and F i ( i 51, 2, 3 and F̃ i5 i t2 F i* ) are two-
component complex quantities. We will see below that a
the first stage of SSB all these quantities constitute a spe
representation of the electroweak group. WhenfY develops
a VEV, SUL(3)3UX(1) breaks down to SUL(2)3UY(1)
and the exotic quarks and the new gauge bosons acq
masses. The remaining multiplets endow the SM partic
with mass.

The covariant derivative in the fundamental represen
tion of SUL(3)3UX(1) can be written as

Dm5]m2 i g
la

2
Wm

a 2 i gXX
l9

2
Xm , ~a51 . . . 8!,

~9!

with la the Gell-man matrices andl95A2/3 diag(1,1,1).
The generators are normalized according to Trlalb52 dab,
which means that Trl9l952. The first stage of SSB is ac
complished by the VEV offY ,fY0

† 5(0,0,u/A2), according
to the following scheme: six generators are broken, nam
lbfY0Þ0 (b54, . . . ,9),whereas the remaining ones lea
invariant the vacuum, namely,lafY050 (a51,2,3). Notice
that A3(l81A2Xl9)fY050, so the hypercharge can b
identified with a linear combination of broken generators
follows Y5A3(l81A2Xl9). At this stage of SSB, there
appears one pair of singly and doubly charged bilepto
which are defined by

Ym
115

1

A2
~Wm

4 2 iWm
5 !, Ym

15
1

A2
~Wm

6 2 iWm
7 !, ~10!

and get a mass given by

MY5MY115M y15
g u

2
. ~11!
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According to the quantum number assignment, the bilep
gauge bosons fill out one doublet of SUL(2)3UY(1) with
hypercharge 3:

Ym5S Ym
11

Ym
1 D . ~12!

The gauge fieldsWm
8 and Xm mix to produce a massive

field Zm8 , and a massless gauge bosonBm . The latter is as-
sociated with the UY(1) group. These fields are given by

Zm8 5cuWm
8 2su Xm , ~13!

Bm5suWm
8 1cuXm , ~14!

MZ8
2

5
1

6
~2g21gX

2 !u2, ~15!

MB50, ~16!

wheresu5sinu, cu5cosu, and tanu5gX /(A2 g). The cou-
pling constant associated with the hypercharge group
given byg85g su /A3. The remaining fields associated wi
the unbroken generators of SUL(3) are the gauge bosons o
the SUL(2) group, which will be denoted asWm

i ( i 51,2,3).
In the Higgs sector,FY andF i ( i 51,2) are SUL(2) dou-

blets with hypercharge 3 and 1, respectively. It can be sho
that the two components ofFY represent the pseudo
Goldstone bosons associated with the bilepton fields, w
the real and imaginary part off0 corresponding to a physica
Higgs boson and the pseudo-Goldstone boson assoc
with the Z8 field, respectively. The third components off1
and f2 , d2 and r22, are singlets of SUL(2) with hyper-
charge22 and24, respectively. The sextetH is composed
of the following structures: a doubletF3 with Y511, a
triplet T with Y512, and a singleth22 with Y514. As
for the fermionic sector, in addition to the SM content
leptons and quarks, there appear three exotic quarks as
glets of SUL(2). Among these exotic quarks, two of them
have electric charge24/3, while the third one has electri
charge 5/3.

In summary, after the first stage of SSB, we end up w
the SUc(3)3SUL(2)3UY(1) gauge group and the SM con
tent of leptons and quarks, plus three doublets and one tr
of scalar fields, one bilepton doublet, one neutral gauge
son (Z8), and several singlets of scalar and quark fields. T
presence of a bilepton doublet is a remarkable feature of
class of models and may give rise to some interesting p
nomenological consequences. The main aim of this wor
to explore the effects of these exotic particles on the st
electromagnetic properties of theW gauge boson. The re
spective contributions to theWWg vertex are dictated en
tirely by the Yang-Mills sector of the model. It is interestin
to note that the exotic quarks do not contribute to theWWg
vertex since they are SUL(2) singlets and thus do not intera
with the W boson. Moreover, we will not consider the co
tributions from charged scalar Higgs bosons as these kind
contributions have been studied widely within the two Hig
5-3



e
he
-

sib
be
t

nt

l-

M

ea
ic

s
th
in

le
i

-

-
ns
by

ing

the
he
tant

e-
t
he
ting

con-
e

e is

en-
op

ure
ry

in

s

er
ng
our

ost

G. TAVARES-VELASCO AND J. J. TOSCANO PHYSICAL REVIEW D65 013005
doublet model@3#. Therefore, our main concern lies on th
structure of the Yang-Mills sector associated with t
SUL(3)3UX(1) group. The analysis of the Higgs kinetic
energy terms is also required since this sector is respon
for the splitting between the bilepton masses. As will
discussed below, such a splitting is a consequence of
violation of the custodial SUc(2) symmetry. In addition, this
sector requires some manipulation as we found convenie
use a renormalizableRj gauge for our calculation.

The full Yang-Mills Lagrangian is composed of the fo
lowing three SUL(2)3UY(1) invariant pieces:

LYM52
1

4
Wmn

a Wa
mn2

1

4
XmnXmn

5LSM1LSMNP1LNP, ~17!

whereLSM is the SM Yang-Mills Lagrangian given by

LSM52
1

4
Wmn

i Wi
mn2

1

4
BmnBmn. ~18!

LSMNP, which comprises the interactions between the S
gauge bosons and the new ones, can be written as

LSMNP52
1

2
~DmYn2DnYm!†~DmYn2DnYm!

2Y†m~ igWmn1 ig8Bmn!Yn

2
i A3gcu

2
Zm8 @Yn

†~DmYn2DnYm!

2~DmYn2DnYm!†Yn#, ~19!

where we have introduced the definitionsWmn5t i Wmn
i /2

and Bmn5Y Bmn/2. In addition Dm5]m2 igWm2 ig8Bm is
the covariant derivative associated with the electrow
group. Such a Lagrangian induces new couplings, wh
possess a rich structure, between the SM gauge bosons
the bileptons. It is interesting to note that theZ8WW vertex
is not induced. In particular, the trilinear verticesWYY,YYg,
and the quartic oneWWYY, induce one-loop anomalou
contributions to the electromagnetic static properties of
W boson. The trilinear couplings were previously studied
@19#. We take one step forward and present the comp
expressions for both the trilinear and the quartic vertices
Appendix A. Finally, the termLNP induces interactions be
tween theZ8 boson and the bileptons:

LNP52
1

4
Zmn8 Z8mn2

A3gcu

2
Zmn8 Y†mYn

2
3g2cu

2

4
Zm8 Yn

†~Z8mYn2Z8nYm!1
g2

2 S Ym
† t i

2
YnD

3S Y†m
t i

2
Yn2Y†n

t i

2
YmD1

3 g2

4

3~Ym
† Yn!~Y†mYn2Y†nYm!. ~20!
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At the Fermi scale the bileptons and theZ8 boson receive
additional mass contributions from the VEV of the SUL(2)
doublet^F i

0&05v i /A2(i 51,2). By simplicity we are assum
ing that ^H&050. The extra mass terms for the bilepto
arise from the Higgs kinetic-energy sector and are given

V5
g2

2
@~Ym

† F1!~F1
†Ym!1~Ym

† F̃2!~F̃2
†Ym!#. ~21!

Notice that these terms violate the custodial SUc(2) symme-
try. Therefore, the bilepton masses are now given by

MY115
g2

4
~u21v2

2!, MY15
g2

4
~u21v1

2!. ~22!

As for theW boson, it gains a mass given by

mW
2 5

g2

4
~v1

21v2
2!. ~23!

From these expressions, the following bound on the splitt
between the squared bilepton masses can be derived@20#

uMY11
2

2MY1
2 u<mW

2 . ~24!

Some remarks concerning the decoupling theorem and
custodial symmetry are in order. First of all, note that t
bilepton masses depend essentially on the coupling cons
g, the Fermi scalev25v1

21v2
2, andu. Sinceg andv are fixed

by experiment, the only way in which the bileptons can b
come very heavy is through a largeu. We discuss below tha
this fact is crucial in order for the bileptons to respect t
decoupling theorem. On the other hand, the mass split
arises from the term that violates the custodial SUc(2) sym-
metry. As an immediate consequence, there are bilepton
tributions to theS T U oblique parameters arising from th
mass splitting@20#. As it will be seen below, bothDk and
DQ also depend on this quantity, though the dependenc
somewhat different. In the large mass limit (MY

2@mW
2 ) the

custodial symmetry is restored, i.e.,T→0.
We can now specify the theory by defining a supplem

tary condition. Since we are interested in studying the lo
contributions to the on-shellWWg vertex arising from bilep-
tons, it is only necessary to define a gauge-fixing proced
for these fields. Although a calculation within the unita
gauge requires only those vertices which arise fromLSMNP,
for computational matters we found it convenient to work
the framework of a renormalizableRj gauge, which requires
the introduction of scalar fields~pseudo-Goldstone boson
and Faddeev-Popov ghosts!. We will define a gauge which is
covariant under the electromagnetic Ue(1) group by means
of gauge-fixing functions which transform covariantly und
this group@21#. We summarize the respective gauge-fixi
procedure, together with the Feynman rules necessary for
calculation in Appendix B.

III. STATIC PROPERTIES OF THE W BOSON

When the three bosons are on the mass shell, the m
generalCP-conservingWWg vertex can be written as@1#
5-4



.
s

le

o

m
t

r-
d

d
el
th
ds
d
tr

ia
e
u
a
B,

to
ties
of
ress

am

ed
on

ny

a-

ob-
e
rams

BILEPTON GAUGE BOSON CONTRIBUTION TO THE . . . PHYSICAL REVIEW D 65 013005
Gmab5 ieH A@2pmgab14~Qbgma2Qagmb!#

12Dk~Qbgma2Qagmb!1
4DQ

mW
2

pmQaQbJ ,

~25!

where we are using the set of variables depicted in Fig. 1
the SM, bothDk and DQ vanish at the tree level, wherea
the one-loop corrections are of the order ofa/p @1#. These
parameters are defined as

Dk5kg1lg21, ~26!

DQ522lg , ~27!

wherekg and lg are related in turn to the magnetic dipo
momentmW , and the electric quadrupole momentQW , as
follows:

mW5
e

2mW
~11kg1lg!, ~28!

QW52
e

mW
2 ~kg2lg!. ~29!

In this section we will present the complete calculation
the bilepton contribution to bothDQ andDk in the minimal
3-3-1 model. Before presenting our results, it is worth co
menting about the scheme that was employed to calculate
contribution from the diagrams of Fig. 2.

In the nonlinear Ue(1)-covariant gauge, the static prope
ties of theW boson receive contributions from singly an
doubly charged bileptons through the diagrams depicte
Fig. 2. In the Feynman–’t Hooft gauge, which can be saf
used since the static properties are gauge independent,
are also contributions from diagrams with unphysical fiel
Apart from Figs. 2~e! and 2~f!, the singly and doubly charge
pseudo-Goldstone bosons also contribute through two
angle diagrams similar to that shown in Fig. 2~a!. It is easy to
see that there are no contributions from any two-point d
gram involving only pseudo-Goldstone bosons. The sam
true for the singly and doubly charged ghost field contrib
tions, which arise only from triangle diagrams similar to th
of Fig. 2~a!. Given the Feynman rules shown in Appendix

FIG. 1. The trilinearWWg vertex. The loop denotes any anom
lous contribution.
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it is straightforward to obtain the amplitude corresponding
each one of the diagrams contributing to the static proper
of theW boson. We have used a slightly modified version
the reduction scheme of Passarino and Veltman to exp
our result in terms of scalar functions@16#. To illustrate our
calculation scheme, let us consider the triangle diagr
shown in Fig. 2~a!; the one which involves theY22Y22g
coupling but now with the bilepton gauge bosons replac
with their respective pseudo-Goldstone boson. From now
this diagram will be referred to as (a8). The respective am-
plitude is given by

Mabm
(a8) 58g2eE dDk

~4p!D

~k1Q!a~k2Q!bkm

D
, ~30!

where

D5@~k1p!22MY1
2

#@~k1Q!22MY11
2

#@~k2Q!22MY11
2

#,

~31!

and D is the space-time dimension. We have dropped a
term that does not contribute to the static properties of theW

FIG. 2. Feynman diagrams for theWWg vertex in the nonlinear
Ue(1)-covariant gauge. There are also two sets of diagrams
tained from diagrams~a!–~d! after replacing each bilepton gaug
boson with their respective pseudo-Goldstone boson and diag
~a!, ~c!, and~d! with their ghost field.
5-5
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G. TAVARES-VELASCO AND J. J. TOSCANO PHYSICAL REVIEW D65 013005
boson. In addition, we have used the mass shell and tr
versality conditions for the gauge bosons, which means
we can make the following replacements everywhere:Q
2p)25(Q1p)25mW

2 , pa→Qa andpb→2Qb. As will be
evident below, the conditionQ250 was only used at the
final stage of the calculation.

The amplitudeMabm
(a8) can be put in the form of Eq.~25!

by means of the Feynman parameters technique. One m
alternative is to use the Passarino-Veltman method to red
the tensor integrals down to scalar functions. However,
last scheme involves the inversion of the kinematic matr

D5U p1
2 p1•p2

p1•p2 p2
2 U, ~32!

wherep15Q2p and p2522 Q. The respective Gram de
terminant is given byiDi54 Q2(mW

2 2Q2), which clearly
vanishes forQ250. It is thus evident that the Passarin
Veltman method breaks down if one attempts to use the c
dition Q250 during the course of the reduction stage. O
way to overcome this difficulty is via the approach followe
in Ref. @17#, which can be summarized in two steps: assu
that Q2Þ0 and apply the Passarino-Veltman reducti
scheme as usual; once the reduction is done, take the
Q2→0.

After the reduction stage, the contribution from the d
gram (a8) to DQ can be expressed as

16p2 DQ(a8)

g2
5 lim

Q2→0
F 1

mW
2 ~mW

2 2Q2!3 S 1

Q2
h0~Q2!

1h1~Q2!D G . ~33!

Both theh0 andh1 functions are analytical atQ250. In fact
h0(0)50, which is a necessary condition in order for t
limit of Eq. ~33! to exist. This function is given in terms o
scalar functions as follows:

h0~Q2!5b01b1 B0~0,MY11
2 ,MY11

2
!1b2 B0~0,MY1

2 ,MY1
2

!

1b3 B0~mW
2 ,MY1

2 ,MY11
2

!

1b4 B0~Q2,MY11
2 ,MY11

2
!

1b5 C0~mW
2 ,mW

2 ,4Q2,MY11
2 ,MY1

2 ,MY11
2

!, ~34!

where theb i functions depend onQ2,mW
2 ,MY1

2 , andMY11
2 .

A similar expression holds for theh1 function. We are using
the notation of Ref.@22# for the scalar functions. The appl
cation of l’Hôpital’s rule to Eq.~33! yields

DQ(a8)5
a

4psW
2 mW

8 S ]h0~Q2!

]Q2 U
Q250

1h1~0!D . ~35!

As was noted in Ref.@17#, anyn-point scalar function and
its respective derivatives can be expressed in terms o
set of (n21)-point scalar functions when the kinemat
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Gram determinant vanishes. It follows that, in the lim
of Q2→0, one can express the three-point sca
function C0 (mW

2 ,mW
2 ,4Q2,MY11

2 ,MY1
2 ,MY11

2 ) and its de-
rivative with respectQ2 in terms of the two-point scala
functions B0 (mW

2 ,MY1
2 ,MY11

2 ), B0 (0,MY1
2 ,MY1

2 ), and
B0 (0,MY11

2 ,MY11
2 ). It is then straightforward, though

somewhat lengthy, to obtain the limit of Eq.~33!. We thus
have

DQ(a8)52
g2

24p2z2 H 1

3
$@223h~312h!13j

112hj26j2#z2212h~12h2j!%

12$@h~11h!2~112h!j1j2#z2

1h~12h1j!%F1~h,j!

22~11h2j!j~h2z2!F2~h,j!J , ~36!

where we are using the following variablesh
5(MY1 /mW)2, j5(MY11 /mW)2,z254h2(j2h21)2,
andv254hj. Furthermore,

F1~h,j!5B0~mW
2 ,MY1

2 ,MY11
2

!2B0~0,MY1
2 ,MY1

2
!

5
1

2 F422z arcsinS z

v D1~j2h21!logS h

j D G ,
~37!

F2~h,j!5B0~0,MY11
2 ,MY11

2
!2B0~0,MY1

2 ,MY1
2

!

5 logS h

j D . ~38!

We introduced explicit solutions for the scalar two-poi
functions.

In a similar way, we can obtain the respective contributi
to Dk, which is given by

Dk (a8)52
g2

16p2 H h~124j12h!2j~122j!2
1

3

22@~h2j!22j#F1~h,j!22j~11h2j!

3F2~h,j!J . ~39!

The scheme outlined above can be employed to calcu
the contributions from the whole set of diagrams shown
Fig. 2. Apart from the computational facilities offered by th
scheme@22#, its advantages are twofold: the cancellation
ultraviolet divergencies is evident@see Eqs.~37! and ~38!#
since they are isolated as poles of 42D in the two-point
scalar functions; furthermore, the two-point scalar functio
in turn, can be expressed in terms of elementary functi
@23# or numerically evaluated readily@24#.
5-6
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We turn now to discuss some other interesting facts of
calculation. In the nonlinear Ue(1)-covariant gauge, the onl
diagrams with ultraviolet divergencies are those shown
Figs. 2~a!–2~d!. The ultraviolet divergencies of Fig. 2~a! can-
cel out those of Figs. 2~b!–2~d!. It is interesting to note tha
in the SM the ultraviolet divergencies are cancelled when
contribution from the two-point diagram withW bosons@the
analogue of Fig. 2~b!# is added to the contribution from th
triangle diagrams including aZ boson or a photon. In the
case of the 3-3-1 model, there is no contribution from
extraZ8 boson and a divergence cancellation occurs betw
diagrams containing just bileptons.

As shown in Eq.~24!, in the minimal 3-3-1 model SSB
imposes an upper bound on the splitting of the bilep
masses, which can be rewritten in terms ofh and j as uj
2hu< 1. Therefore, it is convenient to express the sta
properties of theW boson in terms of one bilepton mass a
the mass splitting, let us sayh and e5j2h<1 ~we have
assumed thatj.h). We thus rewritez and v as z254 h
2(e21)2 andv254 h (h1e). Once the contribution from
the diagrams of Fig. 2 has been obtained, one can write

DQ5
a

4psw
2 F f 0

Q1
1

z
arcsinS z

v D f 1
Q1 logS h

h1e D f 2
QG ,

~40!

with

f 0
Q5

2

3
1e~2e27!22h, ~41!

f 1
Q52$~e21!e@21~e24!e#

2@11e~4e211!#h12h2%, ~42!

f 2
Q5e@21~e24!e22h#13h. ~43!

We also have

Dk5
a

4psW
2 F f 0

k1
1

z
arcsinS z

v D f 1
k1 logS h

h1e D f 2
kG ,

~44!

with

f 0
k52

3

2
@32~522e!e24h#, ~45!

f 1
k5221~12e!e@723~e23!e#111h

215~e22!eh212h2, ~46!

f 2
k5

1

2
$629h2e@723~32e!e29h#%. ~47!

A very interesting scenario is that in which the bilept
masses are degenerate (e50). From the above equations w
get
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DQue505
a

4psW
2 S 2

3
22h2

2h~122h!

A4h21
arcsin

A4h21

2h D ,

~48!

Dkue505
a

4psW
2 S 2

9

2
16h1~223h!A4h21

3arcsin
A4h21

2h D . ~49!

Below we discuss the decoupling properties of the
quantities ash→`.

IV. RESULTS AND DISCUSSION

Before analyzing our results, it is interesting to comme
on the bounds on the doubly and singly charged ga
bosons masses. Both scalar and vector bileptons have
extensively studied in the literature@25#. An interesting pe-
culiarity of the minimal 3-3-1 model is that the masses of t
bilepton gauge bosons are bounded from above:MY
<600 GeV. This bound is derived from the fact that embe
ding the electroweak group in the 3-3-1 gauge group requ
that sinuW,1/4 @20,26#. However, it has been noted that th
last bound relaxes if the minimal Higgs sector is extended
comprise one Higgs scalar octet or in other exotic sca
sectors@26#. Up to now, the most stringent bound on th
doubly charged bilepton mass is that derived from muoniu
antimuonium conversion,m2e1→m1e2, which imposes the
limit MY11>800 GeV@27#. However, diverse authors hav
argued that this bound can be evaded in a more general
text since it relies on some very restrictive assumptions, s
as considering that the matrix that couples bileptons to l
tons is flavor diagonal@28#. Another very stringent bound
namely,MY11>750 GeV, arises from fermion pair produc
tion and lepton-flavor violating processes@29#. Most re-
cently, it has been claimed that the data taken at the CE
e1e2 collider LEP-II atAS51302206 GeV can be used to
establish very restrictive bounds on the doubly charged
lepton mass and the respective couplings@30#. As for the
singly charged gauge boson, the boundMY1.440 GeV has
been derived from limits on muon decay parameters@31#.
However, we can directly obtain a bound on the mass of
bilepton by considering the mass splitting bound@Eq. ~24!#
and the current bounds onMY11. At this point we would like
to stress that all the previous bounds are somewhat m
dependent, thereby allowing the existence of a lighter bil
ton gauge boson. In the following analysis, we will consid
the more conservative range 300 GeV<MY< 1 TeV. We
will discuss below that the mass splitting bound has v
important consequences that are closely related to the de
pling theorem.

We are now ready to discuss our results. In the preced
section we have presented explicit expressions, ready
their numerical evaluation, of the bilepton contribution to t
static properties of theW boson in the minimal 3-3-1 model
To begin with, it is worth analyzing the behavior of theDQ
andDk parameters as functions of both the singly and d
5-7
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G. TAVARES-VELASCO AND J. J. TOSCANO PHYSICAL REVIEW D65 013005
bly charged gauge boson masses. TheDQ parameter is
shown in Fig. 3, whereas Fig. 4 shows theDk parameter. For
the purpose of comparison with results derived within ot
models, the results shown in Figs. 3 and 4 are given in u
of a5g2/(96p2), which has been widely used in the liter
ture @2#. We are using the scaled variablesh, j, ande, de-
fined in the last section. It is not surprising that the maxim
contribution from the bilepton gauge bosons toDQ is of the
order ofO(a/100), while the maximum value ofDk is of the
order ofO(a). These values are of the same order of m
nitude as those arising from other weakly coupled renorm
izable theories, such as the two-Higgs doublet model@3#,
supersymmetric theories@4#, etc. As far as the SM contribu
tions are concerned,DQ.O(a/10) andDk.O(10a), for a
Higgs-boson mass of the order of 100 GeV@2#. In the 3-3-1
model, the maximum value ofDQ is reached when the bi
lepton gauge boson masses are degenerate and acquire
lowest allowed values. In the case ofDk, its maximum value
is obtained for the lightest allowed singly charged bilept
and the maximum allowed splitting. BothDQ and Dk de-
crease rapidly as the bilepton masses increase sim
neously, as expected from the decoupling theorem. We
argue below that the validity of the decoupling theorem is
this case, a little more involved than usual.

If the 3-3-1 model is realized in nature, there is no co
pelling reason to expect that the bilepton masses are ex
degenerate. However, in the case of a very heavy bilep
with a mass of the order of 1 TeV, the bilepton masses
indeed almost degenerate~for instance, when MY11

51 TeV the maximum splitting allows for MY1

.997 GeV). Therefore, in the heavy-mass limit the bilept
masses become exactly degenerate and the custodial SUc(2)
symmetry is also exact, which also means that in this li

FIG. 3. Bilepton gauge boson contribution to the anomalousDQ
parameter, in units ofa5g2/(96p2). h5(MY1 /mW)2 and e
5(MY11

2
2MY1

2 )/mW
2 .

FIG. 4. Bilepton gauge boson contribution to the anomalo
Dk, in units of a5g2/(96p2). h5(MY1 /mW)2 and e5(MY11

2

2MY1
2 )/mW

2 .
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the bilepton contribution to the oblique parameterT vanishes
@20#. In Fig. 5 we show the static properties of theW boson,
as a function ofh, when the bilepton masses are degener
In this scenario, bothDQ andDk decouple from low-energy
physics when the bilepton mass is very heavy, in accorda
with the decoupling theorem. It is interesting to analyze t
point further. The bilepton gauge bosons acquire mas
from the VEV of FY , when the SUc(3)3SUL(3)3UX(1)
gauge group is broken down to the SUc(3)3SUL(2)
3UY(1) gauge group. At this stage of SSB, the bilept
gauge boson masses are degenerate@see Eq.~11!#. The sub-
sequent breaking of the SUc(3)3SUL(2)3UY(1) gauge
group, through the VEV’s of theF i

0 doublets, induces the
splitting e between the bilepton masses@see Eq. ~22!#,
thereby breaking the custodial SUc(2) symmetry. Since the
SM gauge boson also get their masses at this stage,e cannot
become arbitrarily large and is bounded from above. In fa
a heavy bilepton mass implies a large VEV ofFY , which is
not fixed by experiment. So, we cannot have a scen
where the mass of one bilepton becomes large while
mass of the other one remains small. This fact is crucial
the validity of the decoupling theorem. At this point w
would like to compare the bilepton case with that of a S
like fermion doublet, which is known to give rise to nond
coupling effects when there is a large splitting between
masses of the fermion doublet components@32#. For this
purpose, let us consider the contribution from a hypothet
SM-like fourth fermion family, with quarksu8 andd8, to the
oblique parameters. Of course, the same analysis applies
doublet composed of a heavy lepton and a massive neu
@33#. In this case, the fermion masses arise from independ
Yukawa couplings and a heavy-mass involves a la
Yukawa coupling. In principle, there is no theoretical restr
tion for having a splittingDmf

25mu8
2

2md8
2 arbitrarily large,

though low-energy data do impose restrictions on it@32#. To
clarify our point, let us consider the fermion contribution
the T oblique parameter:

s

FIG. 5. Static properties of theW boson, in units ofa
5g2/(96p2), when the bilepton masses are exactly degenerate
a functionh5(MY /mW)2.
5-8
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T;F~mu8
2 ,md8

2
!5mu8

2
1md8

2
22

md8
2 mu8

2

Dmf
2

log S mu8
2

md8
2 D ,

~50!

which clearly vanishes whenmu85md8 . Let us now assume
that we can makemu8 large whilemd8 is held fixed. In the
limit md8!mu8 we getT;mu8

2 . It is thus evident that the
decoupling theorem breaks down, which is not surpris
since the heavy-mass limit implies a large Yukawa coupli

Let us now consider the contribution from the bilept
gauge bosons to the obliqueT parameter, which actually ha
the same mass dependence as in the fermion case, i.T
;F(MY1

2 ,MY11
2 ) @20#. At first sight one might think that the

bilepton gauge bosons would also give rise to nondecoup
effects. However, the splitting between the bilepton masse
now bounded from above:DMY

25MY11
2

2MY1
2 <mW

2 ,
which in the heavy-mass limit becomesDMY

2!MY11
2

;MY1
2 . Therefore, writing MY11

2
5DMY

22MY1
2 and ex-

panding theT parameter in powers ofDm2/MY1
2 , we have in

the limit of large bilepton masses

T;
~DMY

2 !2

MY1
2 ;

~DMY
2 !2

MY11
2 . ~51!

It is thus clear that in this case the decoupling theorem
mains valid, although there is the same mass dependen
in the fermion case. As in this limit the bileptons becom
almost degenerate and the custodial SUc(2) symmetry be-
comes almost exact. It is important to notice that the bilep
gauge boson contribution to theSparameter also vanishes
the limit of exact degeneracy sinceS; log(MY1 /MY11) @20#.

Now let us go back to the static properties of theW boson.
It turns out that a similar analysis, as the one already p
sented, can be done forDQ andDk, though in this case ther
is a more intricate mass dependence, which makes the a
sis less transparent@see Eqs.~40!–~47!#. In the heavy-mass
limit we havee!h;j, which yields Eqs.~48! and ~49!. In
this case, shown in Fig. 5, bothDQ and Dk vanish for a
large bilepton mass, i.e., they are insensitive to a heavy
lepton. In fact, from Eqs.~48! and ~49! we get, whene!h
;j,

DQ;Dk;
1

h
5S mW

MY
D 2

, ~52!

which manifestly decouples from low-energy physics.
We would like now to explore the hypothetical situatio

in which a large mass splitting is allowed. It turns out tha
we make j large while h is kept fixed, DQ vanishes,
whereasDk tends to a constant value. This scenario is
picted in Figs. 6 and 7. In Fig. 6,DQ is shown as a function
of the doubly charged bilepton mass, for diverse values
the singly charged bilepton mass. It is evident thatDQ
would decouple ifMY11 would become heavy whileMY1

remains fixed. On the other hand, Fig. 7 shows a similar p
for Dk, which makes it also evident that this parame
would be sensitive to nondecoupling effects if the dou
01300
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charged bilepton mass becomes much heavier than the s
charged bilepton mass. Although the situation illustrated
Figs. 6 and 7 is unrealistic within the 3-3-1 model, whi
forbids a mass splitting larger than the electroweak scale,
previous analysis is useful to clarify the following poin
even in the scenario in whichDk is sensitive to nondecou
pling effects of a heavy particle,DQ is insensitive to such
effects. This fact was noted in Ref.@14#, where it was explic-
itly verified that the contributions toDQ from an extra fer-
mion doublet and technihadrons as well do decouple in
heavy-mass limit@14#.

Finally, we would like to stress that the main differen
with a SM-like fermion doublet is that both components
the bilepton doublet of the 3-3-1 model get a heavy-m
from a large VEV (u), which is heavier than the electrowea
scale. On the other hand, the splitting between the bilep
masses lies in the electroweak scale since it arises f
VEV’s that break the SUc(3)3SUL(2)3UY(1) gauge group

FIG. 6. Bilepton gauge boson contribution to the anomalousDQ
parameter, in units ofa5g2/(96p2), as a function of the doubly
charged gauge boson mass. We show curves for diverse valu
the singly charged gauge boson mass, as indicated in the plot.

FIG. 7. Bilepton gauge boson contribution to the anomalousDk
parameter, in units ofa5g2/(96p2), as a function of the doubly
charged gauge boson mass. We show curves for diverse valu
the singly charged gauge boson mass, as indicated in the plot.
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G. TAVARES-VELASCO AND J. J. TOSCANO PHYSICAL REVIEW D65 013005
down to Ue(1). In fact, these VEVs also give masses to t
SM gauge bosons. In the case of the SM-like fermion d
blet, its components acquire their masses from Yukawa c
plings. In summary, in the case of the bileptons, a hea
mass implies a large VEV but not a large coupling, wher
in the fermion case a large mass does implies a large
pling. The bilepton case has a close resemblance with
one discussed in Ref.@13#, concerning a scalar doublet,whic
acquires mass from a bare parameter.

V. FINAL REMARKS

We have presented a detailed study of the bilepton ga
boson contributions to the static properties of theW boson.
We have presented explicit expressions forDQ and Dk in
terms of elementary functions. We found that bothDQ and
Dk are of the same order of magnitude as those contribut
from other weakly coupled renormalizable theories, like
persymmetric theories and the two-Higgs doublet model.
important consequence of this result is that, unless an o
optimistic precision is achieved in the future measureme
of the anomalous moments of theW boson, it would be ex-
tremely difficult to unravel the source of any possible dev
tion from the SM, if such a deviation is detected indeed a
arises from a weakly coupled renormalizable theory. In
course of the last section, particular emphasis was give
the decoupling properties of the bilepton gauge bosons.
have found that the bilepton contribution to the static pro
erties of theW boson decouples from low-energy physics
both the singly and the doubly charged gauge boson ma
become heavy. There is a hypothetical scenario which m
give rise to nondecoupling effects, but it is unrealistic as
involves a large mass splitting~larger than the electrowea
scale!, which is not allowed in the 3-3-1 model since such
splitting is induced by the electroweak scale. In this conte
the bileptonic contribution has a close resemblance with
contribution from a SM-like fermion doublet or a scalar do
blet. In fact, the contribution from some Feynman diagra
involving bileptons has the same mass dependence as
derived from the Feynman diagrams involving fermions
scalar bosons. The main difference is that a large ferm
mass comes from a large Yukawa coupling, while a la
bilepton mass requires a large VEV. It has been argued
the last case does not give rise to nondecoupling effects

Finally, as a by product of our calculation, we have stu
ied the Yang-Mills sector which induces the interactions
tween the bileptons and the SM gauge bosons. The res
tive trilinear and quartic vertices have been studied and
Feynman rules were derived within a nonlinearRj gauge
covariant under the Ue(1) gauge group, which allowed us t
remove anygYGY vertex. We hope that our results are us
ful for anyone interested in performing calculations invo
ing these couplings.
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APPENDIX A: COUPLINGS BETWEEN THE BILEPTONS
AND THE SM GAUGE BOSONS IN THE 3-3-1

MODEL

In this appendix we present explicit expressions for
vertices arising fromLSMNP, which contains the interaction
between the SM gauge bosons and those predicted by
3-3-1 model.

1. Trilinear vertices

LWYY5
i g

A2
@W1m~Ymn

22Y1n2Ymn
1 Y22n!2Wmn

1 Y22mY1n

2W2m~Ymn
11Y2n2Ymn

2 Y11n!1Wmn
2 Y11mY2n#,

~A1!

LgYY5 i e$Am~Ymn
2 Y1n2Ymn

1 Y2n!2FmnY2mY1n

12@Am~Ymn
22Y11n2Ymn

11Y22n!

2FmnY22mY11n#%, ~A2!

LZYY5
ig

2cW
$2~112 sW

2 !@Zm~Ymn
2 Y1n2Ymn

1 Y2n!

2ZmnY2mY1n#1~124 sW
2 !@Zm~Ymn

22Y11n

2Ymn
11Y22n!2ZmnY22mY11n#%. ~A3!

2. Quartic vertices

LWWYY52
g2

2
$W1m@Y1n~Wm

2Yn
22Wn

2Ym
2!

1Y22n~Wm
2Yn

112Wn
2Ym

11!#1~Wm
1Wn

2

2Wm
2Wn

1!~Y22mY11n2Y2mY1n!%, ~A4!

LgWYY52
ge

A2
~QY11QY11!Am@Y22n~Wm

1Yn
1

2Wn
1Ym

1!1Y11n~Wm
2Yn

22Wn
2Ym

2!#, ~A5!

LZWYY5
2g2

2 A2 cW

Zm$~124 sW
2 !@Y11n~Wm

2Yn
2

2Wn
2Ym

2!1Y22n~Wm
1Yn

12Wn
1Ym

1!#

2~112 sW
2 !@Y1n~Wm

1Yn
222Wn

1Ym
22!

1Y2n~Wm
2Yn

112Wn
2Ym

11!#

12 cW
2 @W1n~Ym

22Yn
12Yn

22Ym
1!

1W2n~Ym
11Yn

22Yn
11Ym

2!#%, ~A6!

LggYY52e2 Am@Y1n~AmYn
22AnYm

2!

14 Y11n~AmYn
222AnYm

22!#, ~A7!
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LgZYY52
g e

2 cW
Zm$2~112 sW

2 !@Y1n~AmYn
22AnYm

2!

1Y2n~AmYn
12AnYm

1!#12~124 sW
2 !

3@Y11n~AmYn
222AnYm

22!1Y22n~AmYn
11

2AnYm
11!#%, ~A8!

LZZYY52
g2

4 cW
2

Zm@~112 sW
2 !2Y1n~ZmYn

22ZnYm
2!

1~124sW
2 !2Y11n~ZmYn

222ZnYm
22!#. ~A9!

In the above expressions, Vmn5]mVn2]nVm (V
5g, Z, W, Y). We have omitted those vertices that ari
from the last term of Eq.~19! because they involve the neu
tral Z8 boson.

APPENDIX B: FEYNMAN RULES IN A U e„1…-COVARIANT
GAUGE

This gauge is defined by means of the following nonline
gauge-fixing functions, which transform covariantly und
the Ue(1) group:

FIG. 8. Feynman rules for the trilinear and quartic vertices
volving singly and doubly charged gauge bosons.c15 i g/A2 and
the respective expressions forS, T, U, andV are given in Table I.
01300
r
r

f Y
115Dm

e Y11m2 i j MY11 GY
11 , ~B1!

f Y
15Dm

e Y1m2 i j MY1 GY
1 , ~B2!

where Dm
e 5]m2 i e QY Am (QY51, 2) is the Ue(1) covari-

ant derivative,j is the gauge parameter, andGY are the
pseudo-Goldstone bosons associated with the bilepton g
fields.

This gauge allows us to eliminate theYGYg vertices but
not theYWGY ones, which are given by

LYWG52
i g

A2
@W1m~GY

1]mGY
222GY

22]mGY
1!

2W2m~GY
2]mGY

112GY
11]mGY

2!#. ~B3!

-

FIG. 9. Feynman rules for the trilinear and quartic vertices
volving singly and doubly charged pseudo-Goldstone bosons.
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The interactions between the pseudo-Goldstone bos
and the photon obey scalar electrodynamics:

LGYGYg5~Dm
e GY

1!†~De mGY
1!1~Dm

e GY
11!†~De mGY

11!.
~B4!

The gauge-fixing Lagrangian can be written in the form
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FIG. 10. Feynman rules for the trilinear and quartic vertic
involving singly and doubly charged ghost fields.
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52
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1
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2GY
12jMY11
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22GY
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eY1n!#
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11~Dm
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22~Dn
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~B5!

After integration by parts, the last two terms of this expre
sion cancel out the bilinearYGY , and the trilinearYGYg,
couplings that arise from the Higgs kinetic-energy sector

Finally, the Faddeev-Popov Lagrangian needed for
calculation of theWWg vertex has the following form:

LFPG5~De m†C̄Y
22!~Dm

e CY
11!1~De mC̄Y

11!~Dm
e†CY

22!

2jMY11
2

~C̄Y
22CY

111C̄Y
11CY

22!1~De m†C̄Y
2!

3~Dm
e CY

1!1~De mC̄Y
1!~Dm

e†CY
2!2jMY1

2
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2CY
1

1C̄Y
1CY

2!1
i g
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e†C̄Y
22!CY

1

2~Dm
e C̄Y

1!CY
22#2W2m@~Dm

e C̄Y
11!CY

2

2~Dm
e†C̄Y

2!CY
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The respective Feynman rules are summarized in F
8–10 and Table I. It can be seen that QED-like Ward iden
ties are satisfied by theYYg, GYGYg, andC̄YCYg vertices.
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Ue(1)-covariant gauge

Sa l r (k22k1)aglr1(k2k2)lgar1(k12k)rgal

Ta l r
~k22k1!aglr1Sk2
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j
k12k2Dlgar1Sk11
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Ua b l r ga b gl r1ga r gb l22 ga l gb r

Ua b l r8 ga b gl r22 ga r gb l1ga l gb r

Va b l r ga b gl r2 ga r gb l
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