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SU; (3) X Ux(1)-invariant description of the bilepton contribution to the WWYV vertex
in the minimal 331 model

J. Montafio,* G. Tavares-Velasco,” and J.J. Toscano

Facultad de Ciencias Fisico Matemdticas, Benemérita Universidad Autéonoma de Puebla, Apartado Postal 1152,
Puebla, Puebla, México

F. Ramirez-Zavaleta®

Departamento de Fisica, CINVESTAV, Apartado Postal 14-740, 07000, México Distrito Federal, México
(Received 8 August 2005; published 29 September 2005)

We study the one-loop sensitivity of the WWV (V = vy, Z) vertex to the new massive gauge bosons
predicted by the minimal SU; (3) X Ux(1) model, which have unusual couplings to the standard model
(SM) gauge bosons. A gauge-fixing procedure covariant under the SU; (2) X Uy(1) group was introduced
for these new gauge bosons (dubbed bileptons) in order to generate gauge-invariant Green functions. The
similarities between this procedure and the unconventional quantization scheme of the background field
method are discussed. It is found that, for relatively light bileptons, with a mass ranging from 2my, to
6my,, the radiative corrections to the form factors associated with the WWV vertex can be of the same
order of magnitude than the SM one. In the case of heavier bileptons, their contribution is smaller by about
one and 2 orders of magnitude than their SM counterpart.
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L. INTRODUCTION

The WWV (V = v, Z) one-loop structure has been con-
siderably studied in the literature not just because it may
constitute a mechanism through which physics beyond the
Fermi scale may show up, but also due to some theoretical
issues concerning its dependence on the gauge-fixing
scheme. It turns out that the conventional gauge-fixing
procedures give rise to ill-behaved off shell Green func-
tions that may display inadequate properties such as a
nontrivial dependence on the gauge-fixing parameter, an
increase larger than the one observed in physical ampli-
tudes at high energies, and the appearance of unphysical
thresholds. The on shell Green functions can represent
physical amplitudes as they are independent on the
gauge-fixing procedure, such as occurs with the static
electromagnetic properties of the W boson [1-3], but
gauge independence is lost if at least one external particle
becomes virtual. Although off shell Green functions are
generally gauge dependent, the S-matrix elements to which
they contribute must be gauge-independent. This is the
case of the off shell WWYV vertex, which is just a piece
of some physical process such as the e*e™ — W W™ and
vy — W*WT reactions. Nonetheless, it would be interest-
ing if one was able to study the sensitivity to radiative
corrections of the WWYV coupling, and other SM couplings
as well, without invoking some particular S-matrix
element.

The concepts of gauge invariance and gauge indepen-
dence are two essential ingredients of gauge systems,
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though the former is not necessarily present at the quantum
level. While gauge invariance plays a central role when
defining the classical action of the system, once the latter is
quantized one must invariably invoke an appropriate
gauge-fixing procedure to define a nondegenerate action,
which means that gauge invariance is to be broken explic-
itly. The resultant action is not gauge-invariant, though it is
invariant under BRST symmetry [4]. As a consequence, the
Green functions derived from this action cannot satisfy
simple (QED-like) Ward identities, but they do satisfy
more elaborate Slavnov-Taylor identities that are dictated
by BRST symmetry. Also, Green functions contain much
unphysical information that is removed provided a physi-
cal observable is considered. Contrary to Green functions,
which are highly dependent on the gauge-fixing procedure,
physical amplitudes have no such dependence, thereby
being gauge-independent. There are thus some subtle
mechanisms that conspire to produce nontrivial cancella-
tions between the Green functions defining a physical
observable. It is clear that an unconventional quantization
scheme must be applied in order to generate gauge-
invariant Green functions, which in turn can be obtained
from a gauge-invariant quantum action I'. In this respect,
the background field method (BFM) [5] is meant to con-
struct manifest gauge-invariant quantum actions from
which well-behaved Green functions satisfying simple
Ward identities can be derived. This method, implemented
at the level of generating functionals, relies on the decom-
position of the gauge fields into two parts:' the quantum
field A{, and the background (classical) field AZ, ie. A, —

Af + Aﬁ In the generating functional only the quantum

"Indeed, every bosonic field must be decomposed into a
quantum and a classic part [6].
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fields are integrated out, whereas the background fields are
treated as sources. This means that only the quantum fields
can circulate inside the loops. This method allows one to
introduce a gauge-fixing procedure for the quantum fields
without spoiling the gauge invariance of the quantum
action with respect to the classical fields. Although it is
necessary to define a gauge-fixing procedure for both the
quantum and the classical fields in order to define S-matrix
elements, only a gauge-fixing scheme for the quantum
gauge fields is required to define general off shell Green
functions. The quantum action is invariant under ordinary
gauge transformations of the classical fields, while the
quantum fields transform as the adjoint representation of
the group in consideration. In other words, the so con-
structed action S[A + A] is degenerate with respect to
the background fields but nondegenerate with respect to
the quantum fields. The Green functions derived from the
quantum action ITA] are gauge-invariant in the sense that
they satisfy simple Ward identities, but it is worth stressing
that they are still dependent on the gauge parameter £, that
characterizes the gauge-fixing scheme used for the quan-
tum fields, and so there is no gauge independence. The
BFM has proved useful in many applications [7], simplify-
ing both technically and conceptually the calculation of
radiative corrections.

As already mentioned, Green functions arising from a
conventional quantum action (a BRST-invariant but gauge-
noninvariant one) contain a lot of unphysical information
that is removed once they are inserted into some physical
observable. Some of this unwanted information can be
removed at the level of the generating functional through
the BFM formalism, which allows one to construct a
gauge-invariant quantum action from which gauge-
invariant Green functions can be obtained. Although the
resultant Green functions satisfy simple Ward identities,
they are not gauge-independent. Thus far there is still no
known mechanism yielding both gauge-invariant and
gauge-independent Green functions directly from the gen-
erating functional, although there is already a diagram-
matic method meant for this purpose, the so-called pinch
technique (PT) [8]. This method relies on constructing
well-behaved Green functions by combining some individ-
ual contributions from self-energies, vertex, and box dia-
grams, which usually appear in physical processes. In
general, the Feynman rules used in this diagrammatic
approach are derived from a conventional effective action,
though those derived from the BFM have also been used
for a deeper study of the method self-consistence [9].
Although the PT was first introduced for the study of
pure Yang-Mills theories at the one-loop level [8—10], it
has already been applied to theories with spontaneous
symmetry breaking (SSB) [11], including the study of
self-energies [12] and trilinear vertices [13] involving the
electroweak gauge bosons. A complete calculation of the
one-loop contribution to the WWYV vertex from the elec-
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troweak bosons was presented in Refs. [14,15]: it was
intended to show that the vertex functions satisfy a simple
Ward identity, which establishes a relationship between
this vertex and the W self-energy. More specifically,
Ref. [14] discusses the gauge independence of the form
factors associated with the WWwy vertex for off shell
photon and on shell W bosons. Afterwards, an important
connection between the PT and the BFM was established
[16] at the one-loop level by showing that the Green
functions calculated via the BFM Feynman rules coincide
with those obtained through the PT for the specific value
fQ = 1. More recently, the PT was extended to the two-
loop level in the context of both the Yang-Mills [17] and
the electroweak sectors [18], and the one-loop connection
to the BFM was established too. A step toward a non-
diagrammatic formulation of the PT via the powerful
Batalin-Vilkovisky quantization method [19] was pre-
sented in Ref. [20]. This framework was used to generalize
the PT at any order of perturbation theory [21], and it was
meant to show that the link between the PT Green func-
tions and those obtained via the BFM along with the
Feynman-t’Hooft gauge remains at all orders of perturba-
tion theory [21,22]. The reason for such a link remains a
puzzle, though it is worth noting that the Feynman-t’Hooft
gauge yields no unphysical thresholds. Establishing such a
connection at any order of perturbation theory is very
important for practical purposes because one can simply
use the BFM Feynman-t’Hooft gauge (BFMFQG) to calcu-
late gauge-independent off shell amplitudes, which hap-
pens to be much less cumbersome than the use of the PT.

Although in conventional quantization schemes the
quantum action of the theory is not gauge-invariant, it is
still possible to introduce gauge invariance with respect to
a subgroup of such a theory. This scheme is particularly
useful when the quantum fluctuations of the gauge fields
associated with this subgroup are deemed negligible. For
instance, it would be interesting to assess the virtual effects
of the heavy physics lying beyond the Fermi scale on the
SM Green functions in a SU; (2) X Uy(1)-covariant man-
ner, in which case it is only necessary to introduce a
quantization scheme for the heavy fields since the SM
fields would only appear as external legs. This is indeed
the philosophy behind the effective Lagrangian approach
widely used in the context of the electroweak theory, where
it is assumed that the new physics effects must respect the
SU;(2) X Uy(1) symmetry. In a specific theory beyond the
SM, a SU, (2) X Uy(1)-invariant effective Lagrangian can
be constructed by introducing a SU; (2) X Uy(1)-covariant
gauge-fixing procedure for the heavy gauge bosons in
order to integrate them out in the generating functional.
In analogy with the BFM, the gauge-fixing procedure for
the heavy gauge fields must involve the SU;(2) X
Uy(1)-covariant derivative given in the representation in
which the heavy fields transform under this group. This is
the reason why such gauges, which were first introduced by
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Fujikawa in the context of the SM [23], are called non-
linear or covariant gauges. In this case, the W propagator is
defined in a covariant way under the electromagnetic U, (1)
group, so the vertex functions associated with the WW+y
interaction and the W self-energy satisfy a simple Ward
identity. The most general renormalizable structure of this
gauge-fixing procedure has been discussed from the BRST
symmetry standpoint in [24], and a discussion about the
difficulties on implementing the Faddeev-Popov method
(FPM) has been presented too [25]. This gauge-fixing
procedure has proved a valuable tool in radiative correc-
tions as it simplifies considerably the loop calculations
[26]. The method has also been used to quantize Yang-
Mills theories without SSB [27]. We will show below
that, within some specific models, it is possible to use a
nonlinear gauge to parametrize in an SU;(2) X
Uy(1)-invariant way the impact of new physics on the
SM Green functions. In particular, we will show that it is
possible to use this class of gauges to estimate the one-loop
effects of new heavy gauge bosons on the WWV vertex.
We are interested in the sensitivity of the WWV vertex to
the new heavy gauge bosons predicted by the so-called
minimal 331 model [28,29], which is based on the
SU~(3) X SU.(3) X Ux(1) gauge group. Apart from pre-
dicting signals of new physics at the TeV scale, this model
introduces unique features that have been the focus of great
interest recently [30] such as a possible approach to the
solution of the family replication problem. In this model,
the lepton spectrum is the same as the SM one, but it is
accommodated in SU; (3) antitriplets; the quark sector is
also arranged in the fundamental representation of this
group, which requires the introduction of three new quarks.
In order to endow all the particles with mass, a Higgs sector
composed by three triplets and one sextet of SU;(3) is
required, though only one of the triplets is needed to break
down SU,(3) X Ux)(1) into SU,(2) X Uy(1) at the new
physics scale u > v. In the first stage of SSB, there emerge
singly and doubly charged gauge bosons in a doublet of the
SU,; (2) group, as well as a new neutral boson Z'. The new
charged gauge bosons were dubbed bileptons because they
carry two units of lepton number. The three exotic quarks
and a CP even Higgs boson do not couple to the W gauge
boson since they emerge as singlets of SU;(2), and get
their mass at the u scale. Thus, at this scale, the WWy and
WWZ vertices can only receive contributions from the
bileptons. The fact that the SU;(2) group is totally em-
bedded in SU; (3) gives rise to unusual couplings between
the bileptons and the SM gauge fields, which arise via the
electroweak covariant derivative since the bileptons trans-
form as the fundamental representation of SU; (2). It turns
out that these couplings do not involve any mixing angle
and are similar both in strength and Lorentz structure to
those couplings existing between the SM gauge bosons
themselves, as opposed to the gauge bosons appearing in
other SM extensions. Our main goal is to estimate, in a
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SU; (2) X Uy(1)-invariant way, the sensitivity of the
WWYV vertex to the bileptons. To this end, we introduce
a SU;(2) X Uy(1)-covariant gauge-fixing procedure for
the bileptons, which leads to an invariant quantum action.
We will show below that the resulting WW<y and WWZ
Green functions are gauge-invariant and satisfy simple
Ward identities. Another feature worthwhile to emphasize
is that the FPM fails when it is attempted to be used in
conjunction with this class of gauges: the resultant theory
is not renormalizable [24]. Instead of using this method, we
will present a discussion based on BRST symmetry [4],
which is a powerful formalism adequate not only to quan-
tize Yang-Mills theories with broader gauge-fixing proce-
dures, as the nonlinear ones, but also to quantize more
general gauge systems. As we will see below, our quanti-
zation scheme incorporates the main ingredient of the
BFM, namely, the gauge invariance of the quantum action,
which turns loop calculations into a somewhat simple task.

The rest of the paper has been organized as follows. In
Sec. 11, a brief description of the minimal 331 model is
presented. Particular emphasis is given to the Yang-Mills
sector. In Sec. III, a SU,(2) X Uy(1)-covariant gauge-
fixing procedure for the bileptons is presented along with
a discussion on the advantages of using the BRST formal-
ism instead of the FPM. Section IV is devoted to present
the one-loop amplitudes for the WWvy and WWZ vertices,
whereas in Secs. V and VI we discuss our results and
present the conclusions.

II. THE MINIMAL 331 MODEL

The SU-(3) X SU.(3) X Ux(1) model has been dis-
cussed to some extent in the literature [3,30,31]. We will
only focus on those features that are relevant for the present
discussion. In particular, we will concentrate on the first
stage of SSB, when the 331 group is broken down into the
SM group. The complete Higgs sector is comprised by
three triplets and one sextet of SU[ (3), but only the follow-
ing triplet is necessary to break SU;(3) X Ux(1) into
SU;(2) X Uy(1):

® = (;‘;5):(1, 30) (1)
where @y is a doublet of SU;(2) X Uy(1) with hyper-

charge 3.
In the fundamental representation of SU; (3) X Ux(1),
the covariant derivative can be written as

— Al a . A9
Dﬂ—aﬂ—lgEAM—ngXTXM, (2)
(a = 1, tte ’ 8),
where A% (a = 1, - - -, 8) are the Gell-Mann matrices and

A% = /2/3diag(1, 1, 1). The generators are normalized as
TrA?A? = 289 . When @ develops a vacuum expectation
value, <I)3; = (0,0, u/~/2), the exotic quarks, one physical
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neutral scalar, and the new gauge bosons acquire masses,
whereas the remaining scalar multiplets give mass to the
SM particles. The first stage of SSB is accomplished by @,
according to the following scheme: six generators are
broken (A’®, # 0 for b =4,---,9) and the remaining
ones leave invariant the vacuum (A’®y =0 for a =
1,2,3). Notice that +/3(A% + 2X2%)®, = 0, so the hy-
percharge can be identified with the following linear com-
bination of broken generators: ¥ = \/3(A% + /2X\%). At
this stage of SSB there appear one single charged bilepton
and one doubly charged one defined by

1 .
Y = ! A8 — Al 4
7 z‘( I l ,u,)) ( )
which have the following mass
u
Myrs = mys = my = %. (5)

According to the quantum number assignment, these fields
accommodate in one doublet of SU,(2) X Uy(1) with

hypercharge 3:
Y++
Y, = “o (6)
* (Yﬁ )

As far as the scalar triplet is concerned, the two compo-
nents of the SU;(2) X Uy(1) doublet with hypercharge 3,
®y, coincide with the pseudo-Goldstone bosons associated
with the bilepton doublet:

++

Finally, the third component of the triplet contains the
physical Higgs boson and the pseudo-Goldstone boson
associated with Z':

1
O=—(u+H"+iGy). 8

The bilepton masses receive new contributions at the
Fermi scale, when SU;(2) X Uy(1) is broken into U, (1),
which yields an upper bound on the splitting between the
square bilepton masses:

lm3.. —mi.| = mj,. 9
Therefore, my++ and my+ cannot not be very different: one
of them cannot become arbitrarily large while the other one
remains fixed. In fact, the bilepton masses become nearly
degenerate when they are much larger than my,. In addi-
tion, the theoretical constraint 453, = 1 obtained from
matching the gauge couplings constants at the SU; (3) X
Uy (1) breaking scale yields an upper bound on the bilepton
masses of the order of 1 TeV [29,32]. Therefore, our
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estimate for the Green functions associated with the
WWYV vertex at the u scale would not become spoiled by
the new contributions arising at the v scale. As far as the
remaining gauge bosons are concerned, the gauge fields Ai
and X u mix to produce a massive field Z/,, and a massless
gauge boson B, [31]. The latter is associated with the
Uy(1) group. At the u scale, the Z' field does not couple
with the W boson, though it can couple to a W boson pair at
the Fermi scale via Z’' — Z mixing [31].

Therefore, although five massive gauge bosons emerge
at the u scale, along with three exotic quarks and one Higgs
boson, only the bileptons couple to the W gauge boson.
These interactions are dictated by the SU;(2) X Uy(1)
symmetry, and emerge entirely from the Yang-Mills sector
associated with the SU,(3) X Ux(1) group. The corre-
sponding Lagrangian is composed of the following three
SU;(2) X Uy(1)-invariant pieces [3]:

1 , 1 )
‘EYM:_ZF,(ZLVFZL _ZX’MVXM

= Lsmu + Lsune + Lnps (10)

where Ly, is the electroweak Yang-Mills Lagrangian:

1. 1
LSM = _ZW;“,WIMV - ZB,U.VBMVr (11)

where we have made the association A;‘L — WL, for a =
1,2,3. Lounp encompasses the interactions between the
SM gauge bosons and the new ones, it can be written as

1
Lovne = _E(DMYV - D,Y,)'(D*Y” — D"Y*)

— Ytu(igW,, +ig'B,,)Y"
ig\/§1/1 — 452
- 2—WZL[YZ(D“Y” — DYYH)
Cwy

— (D*Y” — D'Y™)tY,], (12)

where we have introduced the definitions W, = 7'W/ /2
and B,, =YB,,/2. In addition, D, =9, — igW, —
ig'B,, stands for the covariant derivative associated with
the electroweak group. The first two terms of this
Lagrangian induce a diversity of couplings between the
SM gauge bosons and the bileptons. Finally, the term Ly p
induces the interactions between the Z' boson and the
bileptons:
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: _ 2
Lyp = _%Ziwz'w B Z,,ytey”

2CW
3821 — 4sy)
4C%V

5 . . .
+ g_(y‘r T_lyv)<ymgyv _ YTV%y#)

ZL Yl zmyr — 7" yr)

2\ "4
L3 (Yly,)(yteyr — ytryn) 13
T nty . ( )

Note that each term in the last two Lagrangians is sepa-
rately invariant under the electroweak group.

As evident from above, the one-loop level contributions
to the WWy and WWZ vertices arise only from the first
two terms appearing in Lqynp- A gauge-fixing procedure
covariant under the SU; (2) X Uy(1) group will be intro-
duced below for the bilepton sector.

ITI. GAUGE-FIXING PROCEDURE AND FEYNMAN
RULES

It has already been mentioned that the FPM fails to
quantize Yang-Mills theories possessing more general sup-
plementary conditions than the linear ones. This stems
from the fact that the FPM leads to an action which is
bilinear in the ghost and antighost fields since they arise
essentially from the integral representation of a determi-
nant. This is not however the most general situation that
can arise since an action including quartic ghost interac-
tions at the tree level is still consistent with BRST sym-
metry and the power counting criterion of renormalization
theory. It turns out that the FPM does succeed when
applied to linear gauges because quartic ghost interactions
cannot arise from loop effects due to antighost-translation
invariance,” which stems from the fact that the antighost
fields appear only through their derivatives. However, this
symmetry is lost in the case of nonlinear gauges since the
gauge-fixing functions depend on bilinear terms of gauge
fields. These terms are responsible for the presence of
ultraviolet-divergent quartic ghost interactions at one-
loop level. This means that renormalizability becomes
ruined when the FPM is attempted to be used in the context
of nonlinear gauges. It is thus convenient to discard the
FPM and building up instead the most general action
consistent with BRST symmetry and renormalization the-
ory. BRST symmetry arises naturally from the field-
antifield formalism [19], which has proved a powerful
tool in quantizing gauge systems. In the case of Yang-
Mills systems, the gauge-fixed BRST action has a simple
structure [19]:

SgrsT = S331 + 6, (14)

Invariance under the transformation C¢ — C® + ¢4, with ¢?
arbitrary constant parameters.
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where S33; is the gauge-invariant classical action, & is the
BRST operator, and W is the fermion action. Sgrgy Would
be nondegenerate if a gauge-fixing procedure for all the
gauge fields of the model was introduced. Since we are
only interested in the virtual effects of the bileptons, a
gauge-fixing procedure for these fields is only necessary.
Furthermore, we use a gauge-fixing procedure covariant
under the SU; (2) X Uy(1) group because we are interested
in preserving such a symmetry. The resultant Sgrgr action
is nondegenerate with respect to the bilepton fields,’
but degenerate with respect to the electroweak fields. As
a consequence, a SU;(2) X Uy(1)-invariant quantum ac-
tion can be constructed out of which gauge-invariant
Green functions,  (O|W, (x))W, (x,)A,(x3)[0)  and
OIW; (x1)W,, (x2)Z,(x3)]0), satisfying simple Ward iden-
tities, can be derived. More specifically, we introduce a
fermion action defined as follows:

v - fd“x[@"’(fa + ggﬁ + fﬁbcébcﬂ,

a=4,5671,

(15)
be=1"8,

where f@, C% and B? are the gauge-fixing functions, the
antighost fields, and the auxiliary scalar fields associated
with the AZ gauge fields, respectively. In addition, C* are
the ghost fields associated with the Ay, fields, ¢ are the
SU, (3) structure constants, and £ is the gauge parameter.
Note that the f?%¢C”C¢ term cannot arise from the FPM,
though its presence is necessary to obtain renormalizability
when the gauge-fixing functions are nonlinear. Using the
usual BRST transformations, we obtain for the W variation

8V = f d“x[%B“B“ + (f7 + 2f%<CPC)BT — CI(5f7)
1 __
— 5fabcfcdeCaCdeCe :| (16)

On the other hand, since the auxiliary fields B? appear
quadratically, they can be integrated out in the generating
functional. Since the coefficients of the quadratic terms do
not depend on the fields, their integration is equivalent to
applying the equations of motion to the gauge-fixed BRST
action. Once these steps are done, we obtain an action
defined by the following SU;(2) X Uy(1)-invariant
Lagrangian

Lgrst = L3351 + Lop + Lpp, (17)

where L33, is the gauge-invariant Lagrangian of the 331
model, whereas Lsp and Lgp arise from the action 5.
The former is the gauge-fixing term, which can be written
as

31f necessary, a gauge-fixing procedure for the new Z boson
can be introduced without affecting the SU;(2) X Uy(1)-
invariance of Sgret-
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1
2¢

and Lpp represents the ghost sector:

Lgr= fore, (18)

L = _Ca(afd) _ %fahcfaébcc
_ %fﬁbCdeeCéCdeCe, (19)

While the first term in this Lagrangian does arise when the
FPM is used, the remaining ones are new and must be
preserved if a nonlinear function f¢ is introduced. If a
linear gauge is used, these terms can be removed after
invoking antighost-translation invariance.

We are now ready to introduce the most general
SU, (2) X Uy(1)-covariant f? functions, and we will take
advantage of the fact that every coupling involving at least
one pseudo-Goldstone boson and every coupling with
gauge freedom can be modified leaving unaltered the S
matrix. The most general renormalizable gauge-fixing
functions consistent with this symmetry can be written as

_ _ L Eg -
fa — (5aba _ gfabzAl )A,ub _ —f"bS(I)T/\b(I),
. . V3 (20)
a=4,56,717, i=1238.

Notice that these gauge-fixing functions are nonlinear in
both the vector and the scalar sectors. To be fully aware of
the covariant structure of these gauge-fixing functions, it is
convenient to express them in terms of the mass eigenstates
fields. Using the definitions

i Lo s
Y \/E(f if), (2D

1
Ir = ﬁ(f6 —if’), (22)

we can write

fﬁ(f?)

i /1 — 453 i
- <Dﬂ L WZ;*>Y# - gra,
2cy \/5

(23)
where D, is the SU,(2) X Uy(1)-covariant derivative
given in the doublet representation. From this expression,
itis evident that fy transforms as ¥, or @y, i.e. as a doublet
of SU; (2) X Uy(1) with hypercharge 3. As a consequence,
the gauge-fixing term Lgp is manifestly invariant under
this group. As will become evident below, it is convenient
to decompose the Lagrangian Lgr into three gauge-
invariant terms:

Lor= Lo + Lopm + Lo, (24)
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where
Lom = — LD, y#)t D Y”)—ggz( 0% 40Y(D
GF1 — E " v Td) d))(YY);
(25)
Lo = %w*wm)*@y — BODLD, VM) (26)

GF3 =

ig\/34/1 — 4s>
TWZ;[(DVY”)‘r y# — y#H(D,y")]
Cw

2/3,/1 — 452
— g—wng(w*w‘fq)Y + ¢ODIyr)
2\/§CW
321 — 4sy)
4C%V§

We would like to discuss the dynamics of Lgg; and Lgp,.
The first term appearing in Lgg;, which is invariant under
the electroweak group, not only allows to define the bilep-
ton propagators but also modifies nontrivially the cou-
plings between the bileptons and the electroweak gauge
bosons appearing in the Lypsy Lagrangian. When the two
Lagrangians are combined, they lead to trilinear and
quartic vertices:

z,Z,yrty”, 27)

Ly = ieW{WW(Y;; Yt —yr Yy )
— Wi Y TRYt —Wor(Y Y
=Y, YT+ W, Y ey +é

X[WH (Y 0,Y 7" =Y, " 9,Y"")

—WH(Y, 9,7 — Y;+8VY‘V)]}, (28)

Lyyy = iev{Q‘;{V”(YﬂyYﬂ - Y., Y
_ 1 _
- VY hytv 4+ EV“(Y;’E),,Y v
— Y;ayy+u)i| + Q¥++|i‘/#(y;y—y++y
- Y;;Y__”) - V#VY__“Y++”

1
+ EV”(Y;fa,,Y__” - Y;—aVY”V)“, (29)

'EWWYY = —e%,‘/{W;W+“(Y,,_Y+V + YV__Y++V)

— W, W QY rYy " — y Ryt
F YT THY Yy oy e

1
+ EW;W,,*(Y*“Y“’ + Y**VY**M)}, (30)
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Lywyy = _ewevV’“{(Q¥+ + Oy YWY —

PHYSICAL REVIEW D 72, 055023 (2005)

WY + Y T (w Yy, — WYl + (0. —207.)

1
><UV+%Y;‘YJ——Y;‘Y;)+‘V‘%Y;+Y;——YJ+Y;ﬂ—%E[Q¥JY;‘Wﬂ”Y;-%YJ+WF”Y;)

+ QYL (Y, WY + Y;+WVYV)]},

where ey =e, Q). =1, and Qy., =2 for V =y,
whereas ey = g/(2cy), Qy. = —(1 + 2s3,), and Q). =
1 — 4s3,, for V = Z. Also, ey, = g/~/2 in any case. The
respective vertex functions are shown in Fig. 1. It is worth
emphasizing that, as required by SU; (2) X Uy(1) symme-
try, the vertex functions associated with the trilinear cou-
plings WYY and VYY share the same Lorentz structure:

1
ra,uv(k’ klr k2) = (k2 - kl)ag,u,v + (k - k2 - Ek1>,ugoa/

- (k —k — ék2>v3aw (32)

It is not hard to show that it satisfies the following simple
Ward identity

kara,u,v(k’ kl’ k2) = H,L);TVYT(k2) - H/)./L);/(kl)Y (33)

where TT11YT (k,) and 1YY (k;) are two—point vertex func-
tions given by

TYL(K) = (=K + mid)g e — (é _ 1>kMkV. (34)

As far as the quartic vertices are concerned, they are
characterized by the following vertex functions:

1
FZV[‘})‘;LYVY = gO(,Bg,MV - 2goz1/gﬁ,u, + <1 + E)ga,u,gﬂw (35)
Fgg/;g = (Q¥+ + Q¥++)(gaﬁgp,v - gou/gﬁp,)

+ 38VZ(ga,ug,BV - gozvgﬂp.)
1
+ E(Q¥+gavgﬁﬂ + Q¥++ga;¢gﬁl/)~ (36)

On the other hand, the scalar part of Lgg, allows one to
define unphysical masses for the pseudo-Goldstone bosons
associated with the bileptons, and it also modifies some
unphysical couplings of the Higgs potential.

It is worthwhile to discuss the dynamics of the Lgp,
Lagrangian. This term has a strong impact on the Higgs
kinetic-energy sector associated with the @ triplet as it
helps to remove some unphysical vertices. Note that the
latter can be decomposed into three SU;(2) X
Uy(1)-invariant pieces:

(D, ) (DH®) = Ligr + Lxaor + Lias, (37)

where

€1y

_ieWFa;w(k’ kl’ k2)

iy QYT (k, Ky, ko)

2 TWHEW oYY -
_leWFaﬂuV
Wi Y 2 PWHW oYY -
a Iz —iew log
W Y,
+ + . +VYy+y-—
we Y, —lewevfu%u‘lfy Y
: W-VYy++ty -
—iewevl s,

FIG. 1. Feynman rules for the trilinear and quartic vertices
involving the bileptons and SM gauge fields in the SU;(2) X
Uy(1)-covariant R.-gauge.
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N 7S (k)
Wa /// —ieWF(,(kl, kg)
AN
T~ ST(ka)
v A+ S (k)
ROV —ievQYTa (ks k2)
"~ ST (k)
W A7 s
<7 i2e%, 80
\\\
Wy St
Wi A7 s
(: iewey(Qy+ + 0y i+)8ap
\\\
Vs St
FIG. 2. Feynman rules for the trilinear and quartic vertices

involving SM gauge fields and scalar unphysical particles
(pseudo-Goldstone bosons and ghosts) in the SU;(2) X
Uy(1)-covariant R,-gauge. In this gauge, the W and V couplings
to pseudo-Goldstone bosons and ghosts coincide.

Lyar = (D, Py) (DFDy) + 9, % 0" $°

2
+ S gorfye + @) ey] (8

|
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and

L xay = iew[d"YL(DFDy) + CDI/Y,LG/‘Q{)O —H.c]
(39)

The Lxq¢3 Lagrangian is not relevant for the present dis-
cussion as it is only composed by the interactions involving
the Z' boson, so we refrain from presenting it here. The
Lagrangian L g, gives rise to the interactions between the
pseudo-Goldstone bosons and the electroweak gauge bo-
sons. These interactions, which are dictated by the elec-
troweak group, contribute to the WWy and WWZ
couplings at the one-loop level, so the corresponding
Feynman rules are shown in Fig. 2. On the other hand,
the Lgp, term is responsible for the appearance of the
bilinear terms Y, “Gy * and Y, Gy, as well as the unphys-
ical trilinear and quartic couplings Y, WGy,
Y, W*Gy*, HY,“W*Gy, and H'Y,W*Gy*. When
the L;p, Lagrangian is taken into account, all these cou-
plings vanish. In fact, after adding up these two terms, we
obtain

Lywo + Loy = iey[¢p™0,(YHTDy)
+®ly, 044" —Hel  (40)

where some surface terms were ignored. Needless to say
that the absence of these unphysical vertices renders great
simplicity for some loop calculations.

As far as the ghost sector is concerned, the following
definitions for the ghost fields

Cy* = %(c4 FiC), 41)
L _ .
;= E(C6 FiC7), (42)

and similar expressions for the antighost fields, allow us to
express the corresponding Lagrangian as follows:

2 .
_ , .= - _ i _
Lrp = (D, Cy)t(DECy) + %[(Y,t o YR (CLoiCy) + (YL YR)(CECy) — 4(Y Cy)(vit Cy)] + \%Y}:MCD“CY

i = , - ~ -
+ Byt e, - Lm0, + $1piMCy - (@)@} +

%[(MCCY + McCy)Y (D, YH)

— (D, Y*)(McCy + McCy)] — g[PI(McCy + McCy) g + ¢ (MCy + McCy)t Dy ]

1 . __ =
+ Hec — Efabcfcdeca Cb Cdce’

(43)
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where
_(GTY e, = (G
a=(d) o=(%) @

They have the same quantum numbers that ¥, and ®y. In
addition,

1 3 8
M= 5(C + 3%
5(C' +iC?)

(' —ic?)
V2 45
—%(C?’ _ \/3‘(:8))’ (45)

M, — ((ij + 3D

(DY — iDA)Cl
(DY + iD2)C ’

~(D} - ADE)C
(46)

where i = 1,2,3,8and D} = 69, — gf"/“A¢ stands for
the covariant derivative given in the adjoint representation
of SU,(3). The M matrix is obtained from M after
replacing the ghost fields by antighost fields. Under the
electroweak group, M. transforms as M. — UM:UT,
with U € SU,; (2) X Uy(1). A similar transformation holds
for M and M. As a consequence, L yp is invariant under
the SU(2) X Uy(1) group.

Both the pseudo-Goldstone boson and the ghost sectors
contribute to the vertex WWYV via trilinear and quartic
couplings. As shown in Fig. 2, the Feynman rules arising
from each sector are identical because each sector is
SU;(2) X Uy(1) invariant by its own. As a consequence,
the trilinear vertices WSS and VSt S satisfy simple Ward
identities:

kaTYS'S = T15™" (ky) — TI55(ky), (47)

where TVS'S = (k; — k,),, S stands for a commutative
(pseudo-Goldstone boson) or anticommutative (ghost)
charged scalar, and IT55(k;) stands for the two-point vertex
functions II(k;) = k? — Em3.

IV. THE ONE-LOOP WWV VERTEX

The prospect of the NLC and CLIC [33], have triggered
the interest in the et e~ — W W™ reaction, and motivated
by this we will focus on the WWV vertex with the two Ws
on shell and V off shell. Even in this case there is no reason
to expect a gauge-invariant amplitude arising from a con-
ventional quantization scheme. We will show below that
this is indeed the case. Retaining just the transverse degrees
of freedom of V, the vertex function for the WWYV coupling
can be written as [1,34]:

Thp. = —igv{A[Zp,Lgag + 49p8ap — 9a8pu)]

+ 2Aky(9p8an — 9a8pu)

4A0 1
+ —2V<p,uQDzCI,B - EQQP,Lga,;)}, (48)
My

where

PHYSICAL REVIEW D 72, 055023 (2005)

Vu (2‘])

Wip—q) Wi (-p—q)

FIG. 3.  The trilinear WWYV vertex. The large circle denotes
loop contributions and the arrows denote the flow of momenta.

vy [&sw V=1
={ie J2y @

8v = eV(Q¥++ -
We have dropped the CP-odd terms since they do not arise
at the one-loop level in the minimal 331 model. Our
notation and conventions are depicted in Fig. 3. In the
SM, the tree-level values are A = 1, Ak =0, and AQ =
0. In the case of the on shell WW'y vertex, Ak, and AQ,
are related to the W magnetic dipole moment uy and the
electric quadrupole moment Qyy:

py =5 — 2+ Ak,), (50)
w
O = ——(1 + Ak, + AQ,). 51)
myy

As already noted, we are interested in the impact of the
bileptons on the Axy and AQy form factors, which char-
acterize the radiative corrections to the WWV vertex. Our
results will only be an estimate since we are only consid-
ering the new physics effects at the u scale, but our
approach has the advantage of invariance under the
SU;(2) X Uy(1) group, which greatly simplifies the cal-
culations. At the u scale, only the bileptons couple to the W
boson since they arise as a doublet of the electroweak
group. We already presented the Feynman rules given in
a Rg-gauge scheme and their SU(2) X Uy(1)-covariant
nature was displayed via simple Ward identities. The one-
loop amplitude of the WWYV vertex will also be gauge-
invariant, though gauge dependent, which also occurs
when the BFM is applied. In other words, gauge-invariant
quantum actions render gauge-invariant but not gauge-
independent Green functions. However, motivated by the
link between the BFMFG and the PT, we will present our
results in the Feynman-t’Hooft gauge.
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The generic Feynman diagrams contributing to the
WWYV vertex are shown in Fig. 4. It turns out that the
bileptons contribute through all these diagrams, but the
only nonvanishing contribution of scalar particles arises
from the triangle graphs. In addition, owing to the separate
SU,; (2) X Uy(1) invariance of the ghost and scalar sectors,
the ghost-antighost contribution is exactly minus twice the
one coming from the pseudo-Goldstone bosons. Taking
into account all these facts, the total amplitude can be
written as

FZBM = _gVIaB,Lu (52)

with /g, the loop amplitude, which is the same for both
WW<y and WWZ vertices. It is worth mentioning that the
associated Green functions differ only by the factor gy, just
as occurs at the tree-level. This means that SU,(2) X
Uy(1) invariance is preserved at the one-loop level. Thus
the loop amplitude /,,,, for on shell W bosons must satisfy
the simple Ward identity

q“lopg, =0, (53)

which can be verified once the loop integrals are solved
explicitly. The explicit calculation shows that the Ay and
AQy form factors are given by

PHYSICAL REVIEW D 72, 055023 (2005)

(b)

(c) (d)

FIG. 4. Feynman diagrams for the WWV vertex in the
SU;(2) X Uy(1)-covariant gauge. The pseudo-Goldstone bosons
and ghosts contribute through an identical set of diagrams, but
only the triangle ones give a nonvanishing contribution to the
form factors Ay and AQy.

Ay = (4xw6il)3{xw(4xw = DBxy + 3) = 6xy[axw (1 + xy) + 3xy(1 — 4xy)]Q*Co + dxy(dxy — 1)’[By(3) — Bo(1)]
+ [26x3, + 32xyxy (1 — dxy) + xy 1[Bo(1) — Bo(2)]}, (54)
AQy = L{@Cw[zxw(zxév - Zx%v(l +4xy) + xy (1 + 6xy) = 3xy) + x7]0%Cy
(4XW - 1)‘
+ 4oy (o (6x5, — Sxy + 8xy — 1) — 2xy)[Bo(1) — By(2)] + 4xpyxy(dxy — 1)*[By(2) — By(3)]
— xy(dxy — D1 + 2xyp(6xy — D)}, (55)

where we have introduced the definitions Q = 2q, a =
g%/967?, xy = m¥,/Q?, and xy = m3/Q?% By(i) and C,
stand for the following Passarino-Veltman scalar
functions: Bo(l) = Bo(m%v, m%,, m%,), 30(2) = Bo(QZ,
my, my),  Bo(3) = Bo(0, my, my),  and  Co =
Co(Q?% m3y, myy, my, m3, m%).

V. DISCUSSION

The e"e™ — W' W™ reaction will play an essential role
in future researches at e*e™ colliders: it will provide
relevant information for our knowledge of the SM such
as a more precise determination of the W mass and its
width decays, and it will also open up the possibility for
detecting new physics effects via the distinctive s-channel
contribution from the WWYV vertex. In the SM, the radia-
tive corrections to the ee~™ — W+ W™ process have been
widely studied both for on shell [35] and off shell W gauge

{
bosons [36]. New physics effects have also been studied
in a model-independent manner using the effective
Lagrangian approach [37]. Beyond the SM, the reaction
ete” — W*W™ has been analyzed in technicolor theories
[38] and supersymmetric models [39].

As for the radiative corrections to the WWYV vertex, they
have received considerably attention. In the SM, the one-
loop amplitudes were calculated using the conventional
quantization scheme along with the Feynman-t’'Hooft
gauge [40]. As emphasized in that work, the resultant
amplitudes are not gauge-invariant, which is evident from
the presence of infrared divergences and the bad high-
energy behavior of the Aky form factor [40]. In contrast,
it was found that AQ is well-behaved. Shortly afterwards,
these vertices were revisited by Papavassiliou and
Philippides [41] in a gauge-invariant way via the PT. The
form factor Ak, obtained by these authors disagrees from
that presented in [40], though there is agreement for AQ),.
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It was found that the radiative corrections to A ky, are of the
order of « /7, whereas AQy is about 1 order of magnitude
below. For instance, AKV goes from 1073 for Q =
200 GeV to 10™* for Q = 1000 GeV [41], whereas Ag,
ranges from 10™* to 6 X 107 in the same energy range
[40,41]. As far as experimental measurements are con-
cerned, the constraint |Axy|, |[AQy| =< 1/2 was obtained
from CERN [42] and Fermilab data [43]. It is expected that
this constraint is substantially improved at the CERN large
hadron collider (LHC). Even more, it has been argued that
a deviation at the 1073 level might be measured at NLCs.
As a consequence, only Ak, would be at the reach of
NLCs, though the appearance of new physics effects may
improve this situation. This is not the case however for one
of the more popular SM extensions, namely, supersymme-
try, which yields similar or smaller contributions than the
SM ones [44].

We turn now to our results. The Axy and AQy form
factors depend on Q2, my, and my,. As for Q?, it can take
both positive (timelike) and negative (spacelike) values.
However, motivated by the prospect of NLCs, the form
factors will be evaluated for Q > 100 GeV. It is also
evident that for relative low energies, where the SM con-
tribution is dominant, those contributions of very heavy
bileptons will be highly suppressed. However, when Q and
my are of the same order, it is expected that the new
physics contributions become more relevant. One interest-
ing feature of the minimal 331 model is the constraint
s%, < 1/4 obtained from theoretical arguments, which in
turn translates into my < 1.5 TeV in the minimal 331
model [32], though it can be relaxed by introducing a
more complex Higgs sector. We will consider this upper
constraint for the bilepton mass. On the other hand, the
most stringent lower bound my > 850 GeV [45] arises
from muonium-antimuonium conversion. It has been ar-
gued however that this bound can be evaded in a more
general context since it relies on very restrictive assump-
tions [46]. Other strong limit, my, > 750 GeV, arises from
fermion pair production and lepton flavor violating decays
[47], and the bound my= > 440 GeV, valid only for the
singly charged bilepton mass, was derived from limits on
the muon decay width [48]. We would like to stress that all
these bounds depend on several assumptions, and in prin-
ciple there still remains the possibility of lighter bileptons.
Although it is quite unlikely the existence of a relatively
light bilepton, as way of illustration, we will concentrate on
the range 2my, < my < 12my,. Also, although the contri-
bution of a bilepton is expected to become more significant
when its mass is of the same order of magnitude than that
of O, we will present results in the range 100 GeV < Q <
1000 GeV.

The Ay and A Q form factors are shown in Figs. 5 and 6
for my = 2my,, 4my, 8my, and 12my,. We have included
the values that arise above the threshold Q = 2my only by
completeness, as in such a situation it would be more
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FIG. 5. The Aky form factor, in units of 109, as a function of
the center-of-mass energy |Q| = /s, in units of GeV, for several
values of my. The solid line is for the real part of Ak} and the
dashed line for its imaginary part.

appropriate to study the direct production of bilepton pairs
rather than their virtual effects. From those figures we can
see that the Ak, and AQy signs are reversed, a situation
also observed in the SM model. For larger values of my the
form factors increase with the energy, although both of
them approach asymptotically to zero for very large |Q|
after reaching an extremum. This situation is similar to
what is observed in the SM after the PT is implemented
[14,15]. From Fig. 5, we can see that Ak} ranges between
10~* and 1073 for a relatively light bilepton with a mass in
the range 2my, < my < 8my,. These values are of the same
order of magnitude than the SM contribution. As far as
AQy is concerned, it ranges from 10™% to 107 in the same
my range, which means that this form factor has essentially
the same behavior than the SM contribution. Also, we can
see that a more heavy bilepton, with a mass in the range
8my < my < 12my,, yields both Ak, and AQy at the
107 level, and they increase smoothly when the energy

180
160
140
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100

5 o o

- L
00 200 500 800 1100 1400 1700 2000

-2 -0.
1100 1400 1700 2000 2300 2600 2900 3200 3500

1100 1400 1700 2000 2300 2600 2900 3200 3500

FIG. 6. The same as in Fig. 5 but for the AQy form factor.
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increases. This means that for very heavy bileptons, Aky,
and AQy are 1 order of magnitude smaller than the re-
spective SM radiative correction. Notice also that the in-
equality |[AQy| > |Aky| always holds, which is opposite
to what is observed in the SM. This apparent contradiction
stems from the fact that, in our case, the new physics
effects are of decoupling nature: the form factors vanish
in the limit of a very large mass my. Indeed, AQy, is always
of decoupling nature since it arises from a nonrenormaliz-
able dimension-six operator. In contrast, Ak, can be sen-
sitive to nondecoupling effects since it is associated with a
renormalizable Lorentz structure of dimension four. Its
nondecoupling nature is well known from the SM [1,41]
and some of its extensions [2,44].

Finally, we would like to comment our results within the
context of the effective Lagrangian framework. In this
scheme, the electroweak Lagrangian is extended with non-
renormalizable operators of dimension higher than four
respecting the SU;(2) X Uy(1) symmetry. In particular,
anomalous contributions to the Ak, and A Qy form factors
are induced by the following SU;(2) X Uy(1)-invariant
dimension-six operators

Oy = “WB VB (pTW,, BEY ), (56)

Oy = A2 3”'k WiEWI Wk, (57)
where ¢ is the SM Higgs doublet and W, = Wi 0'/2,
with o' the Pauli matrices. The a constants, which pa-
rametrize the details of the underlying physics, could be
determined once the fundamental theory is known. In
addition, A is the new physics scale. It turns out that the
Oy and Oy, operators induce contributions to Axy and
AQy, respectively. Also, it has been shown that these
operators can only be induced by the fundamental theory
at one-loop or higher orders [49]. Assuming that these
operators are induced at the one-loop level in the full
theory, the associated & constant must contain a factor of
1/167? together with an additional coefficient g or g’ for
each gauge field. Taking the bilepton mass as the new
physics scale, it is natural to assume

N (’"W) Flomy, my), (58)
2 2
a0y -5 (mw) glimy, my), (59)

where f(my, my,) and g(my, my,) stand for the dimension-
less loop functions, whose structure depends on the details
of the underlying physics. Since the new physics effects are
of decoupling nature, the loop functions f(my, my) and
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g(my, my) are expected to be of order O(1) at most. Under
this assumption, a straightforward evaluation shows that
Axy goes from 2.2 X 107 to 0.97 X 1073 for 8my <
my < 12my,, whereas AQ, ranges from 4.1 X 107>
1.8 X 1073, This simple qualitative discussion shows that
our results are in agrement with those expected in a decou-
pling scenario of physics beyond the Fermi scale.

VI. CONCLUSIONS

There is a plenty of good reasons to expect the appear-
ance of new physics beyond the SM, but it still remains a
mystery how and where this class of effects would show
up. Any new particles would arise by direct production if
there is enough energy available, or through their virtual
effects on some observable. The last scenario seems to be
the most promising if the new particles have masses much
larger than the Fermi scale. In this case, high precision
measurements are needed in order to detect any deviation
from the SM predictions. We have examined this possibil-
ity via the radiative corrections to the WW+y and WWZ
vertices, which would play a special role at NLC experi-
ments. The one-loop contribution to these couplings from
the new gauge bosons predicted by the minimal 331 model
was studied in a SU;(2) X Uy(1)-invariant way by intro-
ducing a nonlinear quantization method. This scheme,
even though conventional in the sense that it is based on
BRST symmetry, enables one to assess the new physics
effects predicted by the 331 model on the SM Green
functions through a quantum action that is invariant under
the electroweak group. Special emphasis was put on dis-
cussing the similarities between our quantization method
and the BFM. The main ingredient shared by both methods
is that they allow one to construct gauge-invariant quantum
actions. It is worth emphasizing however that while the
BFM can be used at all energies, as gauge-invariance is
preserved with respect to the gauge group of the full theory,
the one presented here is only appropriate to study heavy
physics effects on low-energy (SM) Green functions. In the
latter case the complete quantum action is only invariant
under a subgroup of the theory. The SU; (2) X Uy(1) in-
variance of the loop amplitudes associated with the WWy
and WWZ vertices was showed and special emphasis was
put on the inherent simplicity of the calculation. Our
results show that for a relative light bilepton, with mass
in the range 2my < my < 6my, both Ak, and AQy take
values within the range of the SM contribution. On the
other hand, for a more heavy bilepton, with mass in the
range 8my, < my < 12my,, the form factors remain essen-
tially uniform and are of the order of 107°. It means that
they are, respectively, two and 1 order of magnitude
smaller than their SM counterpart. It was also shown that
our results are in agreement with the expectations arising
from a decoupling scenario of new physics, as argued in the
light of the effective Lagrangian approach. Our results
suggest that it would be necessary a high experimental
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sensitivity in order to detect the virtual effects of new
massive gauge bosons because it is hard that any heavy
excitations arising from a renormalizable full theory could
be much larger than the SM radiative corrections.
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