PHYSICAL REVIEW D, VOLUME 65, 013005
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We present a complete calculation of the singly and doubly charged gauge lgodepi®ns contribution to
the static properties of theé/ boson in the framework of the minimal 3-3-1 model, which accommodates the
bileptons in an S{X(2) doublet. A nonlineaR; 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 SY(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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[. INTRODUCTION symmetric theoriep4]. Further studies were also done within
models with an extr&’ boson[5], composite particle§s],

One of the main goals of the next generation of high-and an extraV boson[7]. Both AQ andA k have also been
energy colliders will be to probe the Yang-Mills sector of the parametrized in a model independent way by using an effec-
standard mode(SM). In order to measure th&/Wy and tive Lagrangian approach, and the phenomenological conse-
WWZ gauge couplings, the most promising productionduences have been extensively studied both at hadronic and
modes ar&V'Z andW+y at hadron colliders an&/\Wate*e~  leptonic colliderg8]. _ _
linear colliders. With a high experimental accuracy, these N this work we are interested in studying the on-shell
modes would allow us to test these couplings beyond the tre/ Wy Vvertex in the framework of the minimal 3-3-1 model,
level, which is essential for studying the gauge cancellationg"hICh is based on the simplest non-Abelian gauge-group ex-

that arise at the one-loop level. The study of these couplinggens.ion of the SM’ namely, S(B) XS (3)x 'tJX(.l) [9]. In .
also offers a unique opportunity to find any evidence 0fpartlcular, we will concentrate on the contributions coming

. . . . from a pair of singly and doubly charged gauge bosons pre-
heavy physics lying beyond the Fermi scale. In particular, th%icted by this model. These particles are called bileptons

on-shell electromagnetic properties of thé boson have because they have two units of lepton number. The 3-3-1

been the subject of constant interest since they can be Senjt, ye| has attracted considerable attention recéh@ysince

tive to new physics effects. These quantities are the anomée oqyjires that the number of fermion families be a multiple
lous (one-loop magnetic dipole moment and the electric of the quark color number in order to cancel anomalies,
quadrupole moment, which are characterized by two paramyhich offers a possible solution to the flavor problem. An-
eters denoted by« andAQ. They appear as coefficients of other important feature of this model is that the 2)
Lorentz structures of canonical dimension 4 and 6, respeggroup is totally embedded in $(B). As a consequence,
tively. In the SM, bothAx andAQ vanish at the tree level. after the first stage of spontaneous symmetry breaking
This means that these parameters can only receive contribgSSB), when SU(3)xUx(1) is broken down to Sl[2)
tions at one-loop level in any renormalizable theory and mayx U, (1), there emerge a pair of massive bileptons in a dou-
be sensitive to new physics effects, which might competelet of the electroweak group, giving rise to very interesting
with the SM contribution. We will see below that a high couplings with the SM gauge bosons. In particular, these
precision measurement afQ can only be useful to looking couplings do not involve any mixing angle, as occurs in
for physics effects not very far beyond the Fermi scale. Inother SM extensions, and are similar both in strength and
contrast, Ak may be sensitive to heavy physics effects.orentz structure to those couplings existing between the SM
Within the SM, the one-loop contributions Q andAx  gauge bosons.

from the gauge bosons, the Higgs scalar and massless fermi-

ons were studied ifl], whereas the top quark effects were

analyzed latef2]. The sensitivity of these quantities to new !unless stated otherwise, throughout this work we will use the
physics effects has also been studied within some specifigrms bilepton or bilepton gauge boson to refer to both the singly
models, such as the two-Higgs doublet md@land super- and doubly charged gauge bosons of the 3-3-1 model.
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Besides their nontrivial transformation properties underAs for the evaluation of the tensorial integrals, it has been
the electroweak gauge group, the bileptons get a mass splitustomary to use the Feynman parameters technique for
ting at the Fermi scale due to the presence of some terms thayaluating the static properties of elementary particles. It
violate the custodial SW2) symmetry. It is well known, turns out that, in this case, the Passarino-Veltman reduction
from the analysis of fermion or scalar doublets, that thesénethod[16] breaks down since the Gram determinant of the
peculiarities might give rise to nondecoupling effects in low-kinematic matrix vanishegl7]. However, we will show be-
energy processes. For this reason, it is important to investiow that, even in this case, the last method can be used after
gate the respective contribution fox and AQ on the basis introducing some slight modifications.
of the decoup”ng theorerh]_l]_ It is a known fact that a The rest of the paper is OrganiZEd as follows. In Sec. Il we
heavy particle might be detected through its virtual effects orflive @ description of the minimal 3-3-1 model. Particular
low-energy physics if it evades the decoupling theofég. emphasis is given to the Yang-Mills sector. In Sec. Ill we
This interesting phenomenon can occur only in theories wittPresent the calculation of the static properties of Wido-
SSB, where some particles can have a mass heavier than th@n. Section IV is devoted to discuss our results, and the
vacuum expectation Va|u@/EV) scale due to a |arge cou- conclusions are presented in Sec. V. Fina”y, expliCit expres-
p||ng constant. In such a situation, the Suppression facto$i0n5 for both the trilinear and quartic vertices inVOlVing bi-
arising from the propagator of the heavy particle is compenlepton gauge bosons are presented in the Appendices, to-
sated by a mass factor appearing in the numerator, which igiether with the respective Feynman rules.
turn is determined by a large coupling constant. In contrast, a
particle decouples in the heavy-mass limit if its mass is in- Il. REVIEW OF THE MINIMAL 3-3-1 MODEL
duced by a gauge singlet bare paramétsually an unfixed L .
VEV] sir{ce %yn%micsgcompensgtory effectsyare not present .TO. begin with, we prgsent a short descnpﬂop of the fer-
in this case. In this paper we will show that bileptons obey™°NC sector of the minimal 3-3-1 model. We will turn next
the decoupling theorem and, as a consequence, their contﬂ? discuss in detail the gauge sector. In partlcular, we will
bution to bothA x andAQ vanishes in the heavy-mass limit. ocus on the mass spectrum and the coupling structure of the
This behavior is a result of the fact that a large mass implie\i(a.ng"vl'"S sector. Hereafter, we will follqw closely the no-
a large parameter not fixed by experiment, namely, a VE ation and conventions of Ref18]. The simplest anomaly-

larger than the electroweak scale. It is interesting to note th {etta fermlomctiqnltetnt O]I the33f3'1 model accommodates the
this case is similar to that studied in RE1L3], in which an eptons as antitriplets of §¢3):
extra scalar doublet that does not develop a VEV was con- [

; ; ) e
sidered. On the other hand, the decoupling naturd @fis , L
not surprising, even if it receives contributions from a par- Ih={ v |: (1,3%,0), (1)
ticle that violates the decoupling theorem. It turns out that eCi

this quantity is insensitive to a large physical sddl4|. This
result is a consequence of the fact tdD is parametrized wherei=1, 2, and 3 is the generation index. The quark
by a dimension-6 Lorentz structure, which is naturally sup-sector includes three new exotic quarks. Two quark genera-
pressed by inverse powers of the mass of the heavy particifons are given the same representation, and the third one is
circulating in the loop, as was explicitly verified for the con- treated differently: the first two quark families are repre-
tribution of an extra fermion generation and technihadronsented as triplets and the third one as an antitriglgt
[14]. We will return to this point later in the context of the _
bilepton contribution. up

In contrast to other extensions of the SM, in the 3-3-1 ; d |-
model the mass of the extra gauge bosons is bounded from L= | “L |- (3.3-1/3), (2)
above as a consequence of matching the gauge coupling con- DL
stants at the Fermi sc&l&5]. Therefore, this model would be _ _
either confirmed or ruled out at the future high-energy col- uy: (3,1,-2/3); di: (3,1,+1/3);
liders. Current bounds establish that bilepton masses may

take values ranging from a few hundred GeV'’s to about 1 DiR: (3,1,+4/3); (i=1,2), ®)
TeV. This is an important reason to investigate the effect of

these particles on th&/ Wy vertex. We will show below that UE

the respective contributions th« and AQ are comparable 3 3

to those induced by other weakly coupled renormalizable dc=| di |: (3,3",2/3), (4)
theories. TE

Another point worth mentioning concerns the approach
we took to perform our calculation. In the first place, we 3. (31+1/3); d3: (3,1,-2/3); T3: (3,1,-5/3).

chose to work with a nonlineaR, gauge rather than the (5)
unitary gauge. For this aim we introduced a gauge-fixing
term covariant under thed(1) gauge group, from which the In order to accomplish the gauge hierarchy and the fer-

necessary Feynman rules were derived. This gauge-fixinion masses, a Higgs sector composed of several U
procedure allowed us to remove the mixXé¢, y vertices. multiplets is required; to break S(B)XUy(1) down to
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SU, (2) X Uy(1) only one SY(3) scalar triplet is necessary;
the next stage of SSB, $(R)XUy(1)—Ug(1), requires
two scalar SY(3) triplets and one sextet. The minimal
Higgs sector has the following quantum numbers:

by D,
d)Y: ¢O : (1!311)1 d)l: 5— : (1!310)1
@
¢2=( 2): (1,3-1), (6)
p
T  $/\2
=| ~ : (1,6,0, 7
S (1,6,0 (7)
whereT is a 2X2 matrix given by
[T T2
Ttz T ) ®

Both &y and ®; (i=1,2,3 and®;=i 2 d¥) are two-
component complex quantities. We will see below that afte

the first stage of SSB all these quantities constitute a specifi

representation of the electroweak group. Wlggndevelops
a VEV, SU (3)XUx(1) breaks down to SW{2)xUy(1)
and the exotic quarks and the new gauge bosons acqui
masses. The remaining multiplets endow the SM particle
with mass.

The covariant derivative in the fundamental representa
tion of SY (3) X Ux(1) can be written as

A2 \°
D,=d,—ig ?Wi—l ng7XM,

(a=1...

8),
9

with A2 the Gell-man matrices anki®=\2/3 diag(1,1,1).
The generators are normalized according taa°=2 52°,
which means that Tx®\°=2. The first stage of SSB is ac-
complished by the VEV ofby , ¢,=(0,0u/2), according

!
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According to the quantum number assignment, the bilepton
gauge bosons fill out one doublet of Q)X Uy(1) with

hypercharge 3:

The gauge fieldewi and X,, mix to produce a massive
field Z;L, and a massless gauge bosp. The latter is as-
sociated with the (1) group. These fields are given by

++
YM

Y,.= i
Yu

N

(12)

Z/,=CcWo—syX,, (13
B,LLZ SHW2+ CHX,U, ’ (14)
2 1 2 2\, ,2

Mz'zg(ZQ +g3)u’, (15
Mg=0, (16)

wheres,=sin, c,=cos#, and tard=gy /(12 g). The cou-
pling constant associated with the hypercharge group is

rgiven byg’ =g s,/+/3. The remaining fields associated with

the unbroken generators of §(3) are the gauge bosons of
t%e Sy (2) group, which will be denoted aA/'# (i=1,2,3).

In the Higgs sectorpy and®; (i=1,2) are SY(2) dou-
ets with hypercharge 3 and 1, respectively. It can be shown
at the two components ofby represent the pseudo-
oldstone bosons associated with the bilepton fields, with
the real and imaginary part @f° corresponding to a physical
Higgs boson and the pseudo-Goldstone boson associated
with the Z' field, respectively. The third components éf

and ¢,, 6 andp ~, are singlets of S[2) with hyper-
charge—2 and—4, respectively. The sextét is composed

of the following structures: a doubleb,; with Y=+1, a
triplet T with Y=+2, and a singlety” ~ with Y=+4. As

for the fermionic sector, in addition to the SM content of
leptons and quarks, there appear three exotic quarks as sin-
glets of SY(2). Among these exotic quarks, two of them
have electric charge-4/3, while the third one has electric
charge 5/3.

to the following scheme: six generators are broken, namely, |5 summary, after the first stage of SSB, we end up with

APehyo#0 (b=4, ...,9),whereas the remaining ones leave
invariant the vacuum, namely2¢y,=0 (a=1,2,3). Notice

the SU(3)XSU, (2)XUy(1) gauge group and the SM con-
tent of leptons and quarks, plus three doublets and one triplet

that 3(A8+2X\%) ¢yo=0, so the hypercharge can be of scalar fields, one bilepton doublet, one neutral gauge bo-
identified with a linear combination of broken generators asson (Z'), and several singlets of scalar and quark fields. The
follows Y=3(\8+\2X\%). At this stage of SSB, there presence of a bilepton doublet is a remarkable feature of this
appears one pair of singly and doubly charged bileptonsglass of models and may give rise to some interesting phe-
which are defined by nomenological consequences. The main aim of this work is
to explore the effects of these exotic particles on the static
electromagnetic properties of th& gauge boson. The re-
spective contributions to th&/Wy vertex are dictated en-
tirely by the Yang-Mills sector of the model. It is interesting
to note that the exotic quarks do not contribute to \W&/y
vertex since they are S\(2) singlets and thus do not interact
with the W boson. Moreover, we will not consider the con-
tributions from charged scalar Higgs bosons as these kinds of
contributions have been studied widely within the two Higgs

1
\2

and get a mass given by

1
4 _ 4 _i\\/5 +_ 6 _ w7
Y, =7=(W,=IW}), Y, ——2(WM— iW/), (10)

Ql

gu
MY:MY++:My+:7- (11)
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doublet model3]. Therefore, our main concern lies on the At the Fermi scale the bileptons and thé boson receive
structure of the Yang-Mills sector associated with theadditional mass contributions from the VEV of the Q)
SUL(3)X Ux(1) group. The analysis of the Higgs kinetic- doublet(®?),=v;/2(i=1,2). By simplicity we are assum-
energy terms is also required since this sector is responsiblag that (H),=0. The extra mass terms for the bileptons

for the splitting between the bilepton masses. As will bearise from the Higgs kinetic-energy sector and are given by
discussed below, such a splitting is a consequence of the

violation of the custodial SK{2) symmetry. In addition, this
sector requires some manipulation as we found convenient to
use a renormalizablB, gauge for our calculation.

The full Yang-Mills Lagrangian is composed of the fol- Notice that these terms violate the custodial.&) symme-

2
V=L@ @y + (VB By (2

lowing three SY(2)x Uy(1) invariant pieces: try. Therefore, the bilepton masses are now given by
2 2
1 1 g g
L= = 3 WE, WA = ZX,,, X~ My, o =7 (U2+03), My =7 (u?+v]). (22
= Loyt Lsunet Lnps (17) As for the W boson, it gains a mass given by
2
where Lg), is the SM Yang-Mills Lagrangian given by m$v=gz(vi+v§)- (23)
Loy=— ZWi,wWi”V— 7 BB (18 From these expressions, the following bound on the splitting
between the squared bilepton masses can be ddra@d
Lsyne, Which comprises the interactions between the SM M2 M2 |<m2 24
gauge bosons and the new ones, can be written as MY = M| =miy. (24)
1 Some remarks concerning the decoupling theorem and the
Lsune=—5(D,Y,—D,Y, ) (D*Y"—D"Y*) custodial symmetry are in order. First of all, note that the
2 bilepton masses depend essentially on the coupling constant
—YH(igW, +ig'B,.)Y" g, the Fermi scale?=uv2+v3, andu. Sinceg andv are fixed
. . by experiment, the only way in which the bileptons can be-
i \/§gc9 P come very heavy is through a largeWe discuss below that
) Z,[Y,(D¥Y"=D"Y¥) this fact is crucial in order for the bileptons to respect the

decoupling theorem. On the other hand, the mass splitting
—(DAY"=D*YH)'Y,], (190 arises from the term that violates the custodial&) sym-

. o o metry. As an immediate consequence, there are bilepton con-
where we have introduced the definitioWg,, ='W, /2 tributions to theS T U oblique parameters arising from the
andB,,=Y B,,/2. In additonD ,=d,—igW,—ig'B, is  mass splitting20]. As it will be seen below, boti x and
the covariant derivative associated with the electrowealyQ also depend on this quantity, though the dependence is
group. Such a Lagrangian induces new couplings, whicliomewhat different. In the large mass limM¢s>m32) the
possess a rich structure, between the SM gauge bosons aggsiggial symmetry is restored, i.@0.
the bileptons. It is interesting to note that tHeWW vertex We can now specify the theory by defining a supplemen-
is not induced. In particular, the trilinear verticésY Y,Y Yy, tary condition. Since we are interested in studying the loop
and the quartic oneVWY'Y induce one-loop anomalous contriputions to the on-she/Wy vertex arising from bilep-
contributions to the electromagnetic static properties of thggng it is only necessary to define a gauge-fixing procedure
Whoson. The trilinear couplings were previously studied infor these fields. Although a calculation within the unitary
[19]. We take one step forward and present the complet@auge requires only those vertices which arise figgye,
expressions for both the trilinear and the quartic vertices ifor computational matters we found it convenient to work in
Appendix A. Finally, the termCyp induces interactions be-  he framework of a renormalizabR; gauge, which requires

tween theZ’ boson and the bileptons: the introduction of scalar field§pseudo-Goldstone bosons
1 Bagc and F_addeev—Popov ghoktsve will d_efine a gauge which is
Lap=— -2 7'Hr— 9 071 ytwyr covariant under the electromagnetig(lU) group by means
4w 2 K of gauge-fixing functions which transform covariantly under

5 2 2 this group[21]. We summarize the respective gauge-fixing

B 39 Caz, Yizmyr—zirymy ¢ g9 YTiYV) procedu_re, Fogether with the Feynman rules necessary for our
4 R 2\ #2 calculation in Appendix B.
;i 5 3¢?
X YTMEYV_YTVEYM + T Il. STATIC PROPERTIES OF THE W BOSON
+ faur e When the three bosons are on the mass shell, the most
XY LY ) (YTHEY Y=Y TPYE), (200 generalCP-conservingWWy vertex can be written a]
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71.(2Q)

Wiip—Q) Wi(-p—Q)

FIG. 1. The trilineaMW Wy vertex. The loop denotes any anoma-
lous contribution.

rHef=iel A[2ptge+4(QPgHe— Qg )]

4AQ
+2Ak(QPgH*— QU gHP) + e p.QQ” ¢,
W

29 © @

where we are using the set of variables depicted in Fig. 1. In
the SM, bothA « and AQ vanish at the tree level, whereas
the one-loop corrections are of the orderdadfr [1]. These

parameters are defined as Gy__,GyJ,’ ’ \\Gy__,G,H,

Ak=rK,+N,—1, (26) ’ \
AQ=—-2\,, (27) Y-, Y+
Wi Wi
wherex,, and )\, are related in turn to the magnetic dipole ()

momentuy,, and the electric quadrupole momedyy,, as
follows: FIG. 2. Feynman diagrams for th&Wy vertex in the nonlinear
Uq(1)-covariant gauge. There are also two sets of diagrams ob-

e tained from diagrams$a)—(d) after replacing each bilepton gauge
Hw= 2mW(1+ KytAy), (28)  poson with their respective pseudo-Goldstone boson and diagrams
(@, (c), and(d) with their ghost field.
Quw=— i(K —\.). (29)  Itis straightforward to obtain the amplitude corresponding to
m\z,v v each one of the diagrams contributing to the static properties

of the W boson. We have used a slightly modified version of
In this section we will present the complete calculation ofthe reduction scheme of Passarino and Veltman to express
the bilepton contribution to bothQ andA « in the minimal  our result in terms of scalar functiofi$6]. To illustrate our
3-3-1 model. Before presenting our results, it is worth com-ga|culation scheme, let us consider the triangle diagram
menting about the scheme that was employed to calculate thgyown in Fig. 2a); the one which involves th¥ = ~Y~ "y
contribution from the diagrams of Fig. 2. coupling but now with the bilepton gauge bosons replaced
In the nonlinear |{(1)-covariant gauge, the static proper- with their respective pseudo-Goldstone boson. From now on

ties of theW boson receive contributions from singly and this diagram will be referred to as(). The respective am-
doubly charged bileptons through the diagrams depicted iRjitude is given by

Fig. 2. In the Feynman-'t Hooft gauge, which can be safely

used since the static properties are gauge independent, there , d°k (k+ Q)o(k—Q) gk,

are also contributions from diagrams with unphysical fields. M%LZSQZGJ 5 A , (30
Apart from Figs. 2e) and 2f), the singly and doubly charged (4)

pseudo-Goldstone bosons also contribute through two tri\'/vhere

angle diagrams similar to that shown in FigaR It is easy to

see that there are no contributions from any two-point dia-pA —[(k+p)2— M$+][(k+ Q)2— M$++][(k—Q)2— M$++],

gram involving only pseudo-Goldstone bosons. The same is
true for the singly and doubly charged ghost field contribu- (31)
tions, which arise only from triangle diagrams similar to thatand D is the space-time dimension. We have dropped any
of Fig. 2(a). Given the Feynman rules shown in Appendix B, term that does not contribute to the static properties ofthe
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boson. In addition, we have used the mass shell and tran&ram determinant vanishes. It follows that, in the limit
versality conditions for the gauge bosons, which means thaif Q?—0, one can express the three-point scalar
we can make the following replacements everywhef@: ( function Co (Mm3,,m&,4Q% M2, ,M2. M2, ) and its de-
—F.))2=(QﬁL p)?=mg, p“.—.>Q“2andpﬁ—>—Q’3. As will be  rivative with respectQ? in terms of the two-point scalar
evident below, the conditiol®-=0 was only used at the fynctions Bo(msv,M$+,M$++), BO(O,M$+,M$+), and

final stage of the calculation. Bg (0,M$++,M$++). It is then straightforward, though

The amplitudeM (), can be put in the form of Ed25)  somewnhat lengthy, to obtain the limit of E6B3). We thus
by means of the Feynman parameters technique. One mofgye
alternative is to use the Passarino-Veltman method to reduce

the tensor integrals down to scalar functions. However, the 2

g

last scheme involves the inversion of the kinematic matrix AQ(a’): — —{[2-37(3+27)+3¢
2 oin 2472¢2 |3
1 1" M2
D= > |y (32 +129é—6£%17—129(1— n— )}
P1-P2 P2

_ +2{[n(1+n)— (1+29) &+ £
wherep;=Q—p andp,=—2Q. The respective Gram de-

terminant is given by|D||=4 Q?(m3,—Q?), which clearly + (1= n+IF(7,6)
vanishes forQ?=0. It is thus evident that the Passarino-
Veltman method breaks down if one attempts to use the con- —2(1+ = E(n—P)Fa(n,6) 1, (36)

dition Q?=0 during the course of the reduction stage. One
way to overcome this difficulty is via the approach followed . . .
in Ref.[17], which can be summarized in two steps: assum here  we 2 are using  the 2f°'2'°W'”9 Va”ablesy
that Q?#0 and apply the Passarino-Veltman reduction:(MY;/mW) - E=(Myro/my)%, 7=4n— (= 7= 1)%
scheme as usual; once the reduction is done, take the limft'd®”=4#¢. Furthermore,

Q*—0. 2 2 g2 2,42

After the reduction stage, the contribution from the dia- F1(7,6)=Bo(My,My+ ,My+) =Bo(OMy,My.)

gram (&) to AQ can be expressed as

= %[4—2§arcsir(%) +(&E—n— 1)Iog(z”,

16m2AQRY 1 1 3
= im | Sae(@?) (37
g Q2-0 mi, (M —Q“)° 1\ Q
o (Q2>) @3 Fa(7,6)=Bo(0MZ: -, M3..)—Bo(OMZ:,M2.)
l .
=Iog<z). (39)
Both theh, andh; functions are analytical @2=0. In fact 3

hy(0)=0, which is a necessary condition in order for the . o ) )
limit of Eq. (33) to exist. This function is given in terms of We introduced explicit solutions for the scalar two-point

scalar functions as follows: functions. _ . o
In a similar way, we can obtain the respective contribution

ho(Q%)=Bo+ B1 Bo(OMYs -, MY 1) + B2 Bo(OME. ,MT,) 10 Ak, which is given by

+ B3 Bo(m3,,MZ. M%) , g2 1
2 g2 A== 1 p(1-46+27) —€(1-2¢) 3
+B4BO(Q21My++,My++) 16
_ 52 _ _
+ Bs Co(md,, M3, 4Q%, M5, . M2, ,M2,.), (34) 2[(n=8) = &IF1(n,§) —2&(1+ 7= ¢)
where theg; functions depend o@z,m\z,\,,M\Z(+ , ande(++ . X Fy( n,g)]. (39

A similar expression holds for thie, function. We are using
the notation of Ref[22] for the scalar functions. The appli-

cation of PHépital’s rule to Eq.(33) yields The scheme outlined above can be employed to calculate

the contributions from the whole set of diagrams shown in

oho(Q?) Fig. 2. Apart from the computational facilities offered by this
AQ@)= @ ( 0 +hy(0)|. (35  schemd22] its advantages are twofold: the cancellation of
Amsemd, | 9Q? 020 ultraviolet divergencies is evidefisee Eqs(37) and (39)]

since they are isolated as poles of B in the two-point
As was noted in Ref.17], anyn-point scalar function and scalar functions; furthermore, the two-point scalar functions,
its respective derivatives can be expressed in terms of i turn, can be expressed in terms of elementary functions
set of (h—1)-point scalar functions when the kinematic [23] or numerically evaluated readi[24].
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We turn now to discuss some other interesting facts of our a [2 279(1—-27) \/m
calculation. In the nonlinear §¢1)-covariant gauge, the only ~ AQ)| =0T ( ——2n— arcsin ,
diagrams with ultraviolet divergencies are those shown in A4Sy 3 van—1 27
Figs. 2a)—2(d). The ultraviolet divergencies of Fig(& can- (48)

cel out those of Figs.(®)—2(d). It is interesting to note that

in the SM the ultraviolet divergencies are cancelled when the a 9

contribution from the two-point diagram witW bosongthe AK|€0:4WS\2N( —5+67+(2-37)van-1
analogue of Fig. @)] is added to the contribution from the

triangle diagrams including & boson or a photon. In the VAn—1

case of the 3-3-1 model, there is no contribution from the xarcsmT : (49
extraZ’ boson and a divergence cancellation occurs between

diagrams containing just bileptons. Below we discuss the decoupling properties of these

~As shown in Eq.(24), in the minimal 3-3-1 model SSB  gyantities asy— .
imposes an upper bound on the splitting of the bilepton
masses, which can be rewritten in termsspfand & as | &

— p|= 1. Therefore, it is convenient to express the static
properties of th&V boson in terms of one bilepton mass and  Before analyzing our results, it is interesting to comment
the mass splitting, let us say and e=¢— <1 (we have on the bounds on the doubly and singly charged gauge
assumed that> 7). We thus rewrite/ and w as =4 5 bosons masses. Both scalar and vector bileptons have been
—(e—1)? andw?=4 5 (n+€). Once the contribution from extensively studied in the literatuf@5]. An interesting pe-

the diagrams of Fig. 2 has been obtained, one can write culiarity of the minimal 3-3-1 model is that the masses of the

bilepton gauge bosons are bounded from aboiky

IV. RESULTS AND DISCUSSION

a 0 1 [ 0 7 .o =600 GeV. This bound is derived from the fact that embed-
AQ= A fo+ zaesin o f1+log P f3 ] ding the electroweak group in the 3-3-1 gauge group requires
Sw that siné,<1/4[20,26. However, it has been noted that the
(40)

last bound relaxes if the minimal Higgs sector is extended to
with comprise one Higgs scalar octet or in other exotic scalar
sectors[26]. Up to now, the most stringent bound on the
2 doubly charged bilepton mass is that derived from muonium-
f§= 3 Te(2e=7)—27, (41)  antimuonium conversiony e — u e, which imposes the
limit My++=800 GeV[27]. However, diverse authors have
argued that this bound can be evaded in a more general con-

Q_ _ _
fr=2{(e=1)e[2+(e—4)e] text since it relies on some very restrictive assumptions, such

—[1+e(4e—1D)]n+2752, (42)  as considering that the matrix that couples bileptons to lep-
tons is flavor diagonal28]. Another very stringent bound,
f(zg: [2+ (e—4)e—27]+37. (43) namely,My++=750 GeV, arises from fermion pair produc-

tion and lepton-flavor violating process¢29]. Most re-
cently, it has been claimed that the data taken at the CERN
ete” collider LEP-II at\/S=130-206 GeV can be used to

} establish very restrictive bounds on the doubly charged bi-

We also have

a

Ak=—7

Asy,

7

— lepton mass and the respective couplifgs]. As for the
nte

singly charged gauge boson, the bouwig+>440 GeV has
(44)  been derived from limits on muon decay parame{&d.
, However, we can directly obtain a bound on the mass of this
with bilepton by considering the mass splitting boUiiy. (24)]
and the current bounds dviy+~. At this point we would like
fr=— §[3—(5—26)6—477], (45) to stress that all the previous bounds are somewhat model
2 dependent, thereby allowing the existence of a lighter bilep-
ton gauge boson. In the following analysis, we will consider
—2+(1—€)e[7T—3(e—3)e]+ 11y the more conservative range 300 GeW < 1 TeV. We
) will discuss below that the mass splitting bound has very
—1Xe=2)en—127", (46) important consequences that are closely related to the decou-
pling theorem.

We are now ready to discuss our results. In the preceding
section we have presented explicit expressions, ready for
their numerical evaluation, of the bilepton contribution to the

A very interesting scenario is that in which the bilepton static properties of thg/ boson in the minimal 3-3-1 model.
masses are degenerate<0). From the above equations we To begin with, it is worth analyzing the behavior of th&)
get and A x parameters as functions of both the singly and dou-

f2

K 1 H g K
f0+zarc5| P fi+log

f1

1
fo= 5{6—97]—6[7—3(3—6)6—97]]}. 47
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!
]
'
FIG. 3. Bilepton gauge boson contribution to the anomalbQs !
parameter, in units ofa=g%(967?). 5=(My+/my)? and e 152 |
1
1

=(M2..—=MZ.)/m3,. —

H -= Ak
bly charged gauge boson masses. Th@ parameter is o ' , . , | , | , . ,
shown in Fig. 3, whereas Fig. 4 shows the parameter. For 0 20 40 60 80 100
the purpose of comparison with results derived within other n

models,zthe rezsults shown in Figs. 3 and 4 are given in units
of a=g“/(967“), which has been widely used in the litera- _ , > .

ture [2]. We are using the scaled variables &, ande, de- ; ?uégg: n);\(lvl\;]ir/]nt:;/e);”epton masses are exactly degenerate, as
fined in the last section. It is not surprising that the maximum

contribution from the bilepton gauge bosonsAt@ is of the

order ofO(a/100), while the maximum value df« is of the the bilepton contribution to the oblique paramelaranishes
order of O(a). These values are of the same order of mag{20]. In Fig. 5 we show the static properties of teboson,
nitude as those arising from other weakly coupled renormalas a function ofy, when the bilepton masses are degenerate.
izable theories, such as the two-Higgs doublet md@@l  In this scenario, botAQ andA « decouple from low-energy
supersymmetric theoridd], etc. As far as the SM contribu- physics when the bilepton mass is very heavy, in accordance
tions are concernedyQ=0(a/10) andAx=0(10a), fora  with the decoupling theorem. It is interesting to analyze this
Higgs-boson mass of the order of 100 GE/. In the 3-3-1  point further. The bilepton gauge bosons acquire masses
model, the maximum value afQ is reached when the bi- from the VEV of ®,, when the S(3)X SU,(3)X Ux(1)
lepton gauge boson masses are degenerate and acquire thgiuge group is broken down to the $B)XSU (2)
lowest allowed values. In the casedk, its maximum value  x U, (1) gauge group. At this stage of SSB, the bilepton
is obtained for the lightest allowed singly charged bileptongauge boson masses are degendisete Eq(11)]. The sub-

and the maximum allowed splitting. BothQ and A« de-  sequent breaking of the S(B)xSU, (2)xUy(1) gauge
crease rapidly as the bilepton masses increase smult@—roup, through the VEV's of thd)io doublets, induces the

neously, as expected from the decoupling theorem. We wi plitting e between the bilepton massésee Eq.(22)],

argue below that the validity of the decoupling theorem is, in . . i
this case, a little more involved than usual. thereby breaking the custodial §l2) symmetry. Since the

If the 3-3-1 model is realized in nature, there is no c:om—s'vI gauge boson also get their masses at this stagannot

pelling reason to expect that the bilepton masses are exactRFcOMe arbitrarily large and is bounded from above. In fact,
degenerate. However, in the case of a very heavy bileptorft €@y bilepton mass implies a large VEVdY{, whichis
with a mass of the order of 1 TeV, the bilepton masses ar80t fixed by experiment. So, we cannot have a scenario
indeed almost degeneratéfor instance, whenM,..  Where the mass of one bilepton becomes large while the
=1 TeV the maximum splitting allows for My« mass of the other one remains small. This fact is crucial for
=997 GeV). Therefore, in the heavy-mass limit the bileptonthe validity of the decoupling theorem. At this point we
masses become exactly degenerate and the custodié® SU would like to compare the bilepton case with that of a SM-
symmetry is also exact, which also means that in this limitike fermion doublet, which is known to give rise to nonde-
coupling effects when there is a large splitting between the

masses of the fermion doublet componef8g]. For this
purpose, let us consider the contribution from a hypothetical
SM-like fourth fermion family, with quarksi’ andd’, to the

FIG. 5. Static properties of th&V boson, in units ofa

N
0
A
N
N
N
A
AR
AN
A
A
A
e
Nw
)
\

S —— -05 . : :
oo oblique parameters. Of course, the same analysis applies to a

X
N
\

15 doublet composed of a heavy lepton and a massive neutrino
[33]. In this case, the fermion masses arise from independent
Yukawa couplings and a heavy-mass involves a large
Yukawa coupling. In principle, there is no theoretical restric-
tion for having a splittingAmf= mﬁ, - mﬁ, arbitrarily large,

FIG. 4. Bilepton gauge boson contribution to the anomalousthough low-energy data do impose restrictions dr3f]. To
Ax, in units of a=g?%(96m2). 7=(My-/my)? and e=(M3.. clarify our point, let us consider the fermion contribution to
—MZ.)/m3,. the T oblique parameter:
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2
mu' 0
2 |7 |

md,
(50 -0.02a

2 2
2 2 2 md’ mU’
my,)=mg,+my —2 >—log
Amg

T~F(m?

u’

which clearly vanishes whem,,=mg. . Let us now assume
that we can maken,. large whilemy, is held fixed. In the g
limit mg,<my, we getT~mL2,,. It is thus evident that the

-0.04a

decoupling theorem breaks down, which is not surprising %[ M, [GeVI|]

since the heavy-mass limit implies a large Yukawa coupling. ; — 100 |1
Let us now consider the contribution from the bilepton  -0.08af? T

gauge bosons to the obligdeparameter, which actually has 7’ =+ 500

the same mass dependence as in the fermion caseT i.e., o1y
~F(M$+,M$++) [20]. At first sight one might think that the

bilepton gauge bosons would also give rise to nondecoupling
effects. However, the splitting between the bilepton masses is F|G. 6. Bilepton gauge boson contribution to the anomalbQ@s
now bounded from above:AMZ= M$++— M$+$m\2,\,, parameter, in units ofi=g?/(9672), as a function of the doubly

which in the heavy-mass limit becomeSM$<M$++ charged gauge boson mass. We show curves for diverse values of

_ M$+ . Therefore, writing M$++=AM$— M$+ and ex- the singly charged gauge boson mass, as indicated in the plot.

panding theT parameter in powers mm2/M$+, we have in
the limit of large bilepton masses

1 1 L L 1 1 L L 1
00 300 400 500 600 700 800 900 1000
M, [GeV]

charged bilepton mass becomes much heavier than the singly
charged bilepton mass. Although the situation illustrated in
(AM2)2  (AM2)2 Figs. 6 and 7 is unrealistic within the 3-3-1 model, which
T~ LS A (51)  forbids a mass splitting larger than the electroweak scale, the
M$+ M$++ previous analysis is useful to clarify the following point:
even in the scenario in which « is sensitive to nondecou-
It is thus clear that in this case the decoupling theorem repling effects of a heavy particle)Q is insensitive to such
mains valid, although there is the same mass dependence @ects. This fact was noted in R¢iL4], where it was explic-
in the fermion case. As in this limit the bileptons becomeitly verified that the contributions tAQ from an extra fer-
almost degenerate and the custodial &) symmetry be- mion doublet and technihadrons as well do decouple in the
comes almost exact. It is important to notice that the bileptorheavy-mass limif14].
gauge boson contribution to tiSparameter also vanishes in  Finally, we would like to stress that the main difference
the limit of exact degeneracy sin&-log(My+/My++) [20].  with a SM-like fermion doublet is that both components of
Now let us go back to the static properties of Wéboson.  the bilepton doublet of the 3-3-1 model get a heavy-mass
It turns out that a similar analysis, as the one already prefrom a large VEV (1), which is heavier than the electroweak
sented, can be done f&Q andA «, though in this case there scale. On the other hand, the splitting between the bilepton
is a more intricate mass dependence, which makes the analghasses lies in the electroweak scale since it arises from
sis less transparefisee Eqs(40)—(47)]. In the heavy-mass VEV's that break the SL(3)x SU, (2)x Uy(1) gauge group
limit we havee< 5~ &, which yields Eqs(48) and(49). In
this case, shown in Fig. 5, bothQ and A« vanish for a . . . - |

large bilepton mass, i.e., they are insensitive to a heavy bi- 4 My [GeVl) -

lepton. In fact, from Eqs(48) and (49) we get, whene< 7 TN 200 | 1

~¢ 20a - ~ == 300 | |
, . . .= 500

1 mW 2 0'"_\ \\\\\ '\\\\ _]

AQ"“AK"‘ —= M_ , (52) P S~ Tl 1

K 220a R -

-
- =~
- E
~——
-

which manifestly decouples from low-energy physics. 40a T
We would like now to explore the hypothetical situation | T

in which a large mass splitting is allowed. It turns out that if . ™~ e

we make ¢ large while » is kept fixed, AQ vanishes, N

whereasA k tends to a constant value. This scenario is de- _ga

picted in Figs. 6 and 7. In Fig. & Q is shown as a function

of the doubly charged bilepton mass, for diverse values of

the singly charged bilepton mass. It is evident tiAe®

would decouple ifMy++ would become heavy whil&/y+ FIG. 7. Bilepton gauge boson contribution to the anomalbus

remains fixed. On the other hand, Fig. 7 shows a similar ploparameter, in units o&=g%(962), as a function of the doubly

for Ak, which makes it also evident that this parametercharged gauge boson mass. We show curves for diverse values of

would be sensitive to nondecoupling effects if the doublythe singly charged gauge boson mass, as indicated in the plot.

~———
-
~——

1 | L L
400 600 800 1000
My [GeV]
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down to U(1). In fact, these VEVs also give masses to the APPENDIX A COUPLINGS BETWEEN THE BILEPTONS
SM gauge bosons. In the case of the SM-like fermion dou- AND THE SM GAUGE BOSONS IN THE 3-3-1
blet, its components acquire their masses from Yukawa cou- MODEL

plings. In summary, in the case of the bileptons, a heavy- |, yhis appendix we present explicit expressions for the

mass implies a large VEV but not a large coupling, wheréag,q ices arising fromCeyye, which contains the interactions

in the fermion case a large mass does implies a large COYsatween the SM gauge bosons and those predicted by the

pling. The bilepton case has a close resemblance with th§_3_1 model
one discussed in R€f13], concerning a scalar doublet,which '

acquires mass from a bare parameter. . )
1. Trilinear vertices

V. FINAL REMARKS ig . N . N N
Lowyy=—=[W#(Y , YT'=Y, Y ")—W_ Y ~#Y"”
We have presented a detailed study of the bilepton gauge ' \/5[ Y " "
boson contributions to the static properties of Weboson. s = I
We have presented explicit expressions A and A« in TWIAY L YT YL YT AW, YA,
terms of elementary functions. We found that bat® and (A1)

Ak are of the same order of magnitude as those contributions

from other weakly coupled renormalizable theories, like su- Lyy=i e{A”(Y;VYJ”’—Y;VY‘ V) — Fﬂvy—uyﬂ
persymmetric theories and the two-Higgs doublet model. An

important consequence of this result is that, unless an over- +2[AK(Y,,, Y=Y YY)
optimistic precision is achieved in the future measurements —F YRy (A2)
of the anomalous moments of th boson, it would be ex- wy '

tremely difficult to unravel the source of any possible devia- .

tion from the SM, if such a deviation is detected indeed and , = i{_(1+2 S\ZN)[Z;L(Yf Yoyt vy

arises from a weakly coupled renormalizable theory. In the 2c mr mr

course of the last section, particular emphasis was given to I 2 et
the decoupling properties of the bilepton gauge bosons. We T2 Y YT (ALY, Y

haye found that the bilepton contribution to the static_prop— _Y;:Y——V)_ZWY——My++V]}_ (A3)
erties of theW boson decouples from low-energy physics as

both the singly and the doubly charged gauge boson masses

become heavy. There is a hypothetical scenario which might 2. Quartic vertices

give rise to nondecoupling effects, but it is unrealistic as it 2

involves a large mass splittingarger than the electroweak Lowyy= — %{Ww[yw(w—y—_w—y—)
Mo v o

scalg, which is not allowed in the 3-3-1 model since such a
splitting is induced by the electroweak scale. In this context,
the bileptonic contribution has a close resemblance with the
contribution from a SM-like fermion doublet or a scalar dou- —W,WH)(YTTHYTHr— Y TRy L (Ad)
blet. In fact, the contribution from some Feynman diagrams g

involving bileptons has the same mass dependence as that ge

derived from the Feynrr_1an .d|agrams_|nvolvmg fermions or Lpwyy=— _(QY++QY++)AM[Y__V(W;Y:'

scalar bosons. The main difference is that a large fermion V2

mass comes from a large Yukawa coupling, while a large e o

bilepton mass requires a large VEV. It has been argued that _WjY;)JFYH (WY, =W, Y, )], (AS)
the last case does not give rise to nondecoupling effects.

HYTTUWLY T WY ST (W W

2

Finally, as a by product of our calculation, we have stud- -9 R
ied the Yang-Mills sector which induces the interactions be- Lawyv= 2\2¢c ZH{(1=4sy)Y"" (WY,
tween the bileptons and the SM gauge bosons. The respec- W
tive trilinear and quartic vertices have been studied and the —W, Y ) +Y T (WY =W Y )]
Feynman rules were derived within a nonlindgf gauge S o R
covariant under the 1) gauge group, which allowed us to —(1+2sy)[YT(W, Y, =W, Y, )

remove anyyY Gy vertex. We hope that our results are use-

—vA\N-VTF Wt
ful for anyone interested in performing calculations involv- YWY, WY, ]

ing these couplings. +2c2[W* (Y, Y=Y, Y
—vvttv— _vtty—
ACKNOWLEDGMENTS +W (YM Y, Y, Y#)]}’ (AB)
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Yy (k1) GY(k1) .-
WJ— Wo-‘{- //)"
- Sa)\p M:\ —a1 (k1 — ka)y
.
Yy~ (ko) Gy (k) "
Yy Y
A W
a —teQy Tonp - ¢1 My++ gag
.
Y, @ =
Yy
W
N c1 My+ gop
—-v2¢ Uag)\p ‘\‘\
Gy~
Gy (k1) .
Aq a7
A v+ < —ieQy (k1 — k2),
s A -3 1 GVaﬂ)\p \\‘
Gy (k)
we v, ,
FIG. 8. Feynman rules for the trilinear and quartic vertices in- Wy // Gy
volving singly and doubly charged gauge bosoms=i g/y2 and .. VZegap
the respective expressions 8y T, U, andV are given in Table I. \\
w3 ey
_ g e y 2 +v - - .
£yzyy——mz {—(1+23W)[Y (AMYV—A,,YM) )/,
A 0 G
—v + + 2 : <. Y 3ciegop
+Y (AMYV—A,,YM)]+2(1—4SW) S
X[Y++V(AMY;_—AVY;_)+Y__V(A#Y:+ Wt G\'{;\":
++
_AVYM )1} (A8) FIG. 9. Feynman rules for the trilinear and quartic vertices in-
volving singly and doubly charged pseudo-Goldstone bosons.
g2 , ) ) fy T=DLY T TE—iEMy Gy T, (B1)
Lzzvv=— 1 c2 ZHM(1+2sp)2Y " M(Z,Y, =Z,Y,)
w

fy=DSY#—i My« Gy, (B2)
+H(1-485)2YTTNZ,Y, T =Z,Y, )] (A9)

whereDj=d,—ie QyA,(Qy=1,2) is the Y(1) covari-
In the above expressions, V,,=d,V,—d,V,(V  ant derivative,é is the gauge parameter, ai@l, are the
=vZ,W,Y). We have omitted those vertices that arisepseudo-Goldstone bosons associated with the bilepton gauge
from the last term of Eq(19) because they involve the neu- fields.
tral Z' boson. This gauge allows us to eliminate tieGy y vertices but

not theY WG, ones, which are given by

APPENDIX B: FEYNMAN RULES IN AU ,(1)-COVARIANT

GAUGE ig . .
=——[W"*Gyd9,Gy -Gy 4,G
This gauge is defined by means of the following nonlinear Ywe \/E[ (Gv9,Gy v 9uCy)
gauge-fixing functions, which transform covariantly under B B . iy B
the U,(1) group: ~W #(Gyd,Gy —Gy d,Gy)]. (B3)
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C5¥(p) .-
-
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FIG. 10. Feynman rules for the trilinear and quartic vertices

involving singly and doubly charged ghost fields.
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TABLE I. Feynman rules for the vertices shown in FiglBand
U’ stand for the VWY Yvertex wheny=Y" andY=Y" ", respec-
tively.

Uq(1)-covariant gauge

Sa)\p (k27kl)ag}\p+(k7k2)}\gap+(klik)pga)\
Tu)\p 1 1
(kZ_kl)ag)\p+ k_Ekl_kZ }\gap+ kl+g—k2_k pga)\
Uaﬁ)\p gaﬁg}\p+gapgﬁ)\729a}\gﬂp
U;ﬁ}\p gaﬁg}\p_ZQapgﬂ)\+ga}\gﬂp
Vaﬁ)\p gaﬁg)\p_ gapgﬁ)\
1 1
ﬁGF:_Ef;f¢_Ef;_f¢+
1 ev+unt ey +v 1 ev++u\T ey++v
=~ F(DEY ) (DEY ™)~ Z(DLY ) (DSY )

—EME.GL Gy —EM{. .Gy Gy

+iMy+[Gy (DY #) =Gy (DSY )]

+HiMy++[Gy (DY )T =Gy T (DSY )]
(B5)

After integration by parts, the last two terms of this expres-
sion cancel out the bilinear Gy, and the trilinearY Gy,
couplings that arise from the Higgs kinetic-energy sector.
Finally, the Faddeev-Popov Lagrangian needed for the
calculation of theWWy vertex has the following form:

Lepe=(DHTCy T)(D5CYy ") +(D#Cy )(DSICy )
—¢MZ..(Cy Cy T +CytCy ) +(DBHICy)

X(DECy)+(D®#Cy)(DE'Cy) — éMZ.(Cy Cy

_ i _
+CECy)+ o {WHH[(DEIC, 1) CE

V2

The interactions between the pseudo-Goldstone bosons

and the photon obey scalar electrodynamics:

Ls,6,,=(DaGy) (D**Gy)+(DGy )'(DE*Gy ™).

(B4)

YCyY

—(D&Cy)Cy ]-W #[(D&Cy ")Cy
—(D§'Cy)Cy I (B6)

The respective Feynman rules are summarized in Figs.
8-10 and Table I. It can be seen that QED-like Ward identi-

The gauge-fixing Lagrangian can be written in the form ties are satisfied by thé Yy, GyGyy, andCyCyy vertices.
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