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The static electromagnetic properties of theboson,Ax andAQ, are calculated in th&U, (3)XUx(1)
model with right-handed neutrinos. The new contributions from this model arise from the gauge and scalar
sectors. In the gauge sector there is a new contribution from a complex neutral gaugerbasuha singly
charged gauge bosofi-. The mass of these gauge bosons, called bileptons, is expected to be in the range of
a few hundred GeV according to the current bounds from experimental data. If the bilepton masses are of the
order of 200 GeV, the size of their contribution is similar to that obtained in other weakly coupled theories.
However, the contributions to bothQ andA « are negligible for very heavy or degenerate bileptons. As for
the scalar sector, a scenario is examined in which the contribution %/ fleem factors is identical to that of
a two-Higgs-doublet model. It is found that this sector would not give large correctiohs and AQ.
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[. INTRODUCTION mion family, as occurs in the SM. As a consequence, the
number of fermion families must be a multiple of the quark
The experimental scrutiny of the Yang-Mills sector is es-color number, which offers a possible solution to the flavor
sential to test the standard mod&M). In particular, the problem. The 3-3-1 model has been the source of consider-
trilinear gauge boson couplinggGBCs9 offer a unique op- able interest recentlyl1]. In this work we will focus on the
portunity to find evidence of new physics through the studycontributions toA « andAQ from both the gauge and scalar
of their one-loop corrections. Hopefully, the TGBCs will be sectors of the 3-3-1 model with right-handed neutrifii3).
tested with unprecedent accuracy beyond the tree level &this version is attractive because, in order to achieve the
hadronic and leptonic colliders in the near fut{ité Particu- mechanism of spontaneous symmetry breakiB§B and
lar emphasis has been given to the study of the static quamenerate the gauge boson and fermion masses, it requires a
tities of theW boson. TheCP-even electromagnetic proper- Higgs sector which is more economic than that of the mini-
ties of theW boson are characterized by two form factors,mal version[12]. Evidently the features of the 3-3-1 model
Ak andAQ, which are the coefficients of Lorentz tensors of with right-handed neutrinos are rather different than those of
canonical dimension 4 and 6, respectivgB]. Both form  the minimal version, and so are the contributions to the static
factors can only arise at the one-loop level within the SMqguantities of thewW boson. It is thus worth evaluating the
and other renormalizable theories, thereby being sensitive tibehavior ofAx and AQ in the new scenario raised by this
sizable new physics effects. It has been argued A@tis  model. Special attention will be paid to discuss the contribu-
not sensitive to nondecoupling effects and thus it could onlytion arising from the gauge sector because it is the one which
be useful to search for effects of new physics near the Ferntias the more interesting features. As will be shown below,
scale[3]. On the contraryAx might be sensitive to heavy the contribution from the scalar sector is similar to that aris-
physics effects due to its nondecoupling properf@s The  ing in a two-Higgs-doublet modélfHDM) [6].
one-loop contributions td Q andA « were long ago studied A peculiarity of 3-3-1 models is that they predict a pair of
in the SM[4,5] and more recently in the context of several massive gauge bosons arranged in a doublet of the elec-
specific theorie$6—8]. Also, a model-independent study of troweak group, which emerge wh&uJ, (3) X Ux(1) is bro-
the WWy vertex via the effective Lagrangian approach wasken into SU, (2)xUy(1). While the minimal 3-3-1 model
presented in Ref9]. predicts a pair of singly charged and a pair of doubly charged
In a recent worK 8] two of us studied the static quantities gauge bosons, the model with right-handed neutrinos pre-
of the W boson in the context of the minima U, (3) dicts a pair of neutral no-self-conjugate gauge bosgfs
X Uyx(1) model, dubbed the 3-3-1 modglO]. The main instead of the doubly charged ones. These new gauge bosons
attraction of this model is the unique mechanism of anomalare called bileptons since they carry lepton numiber 2,
cancellation, which is achieved provided that all of the fer-and thus are responsible for lepton-number violating interac-
mion families are summed over rather than within each fertions[13]. It has been pointed out that the neutral bilepton is
a promising candidate in accelerator experiments since it
may be the source of neutrino oscillatiofisf]. Very inter-

*Email address: jluna@cucei.udg.mx estingly, the couplings between the SM gauge bosons and the
"Email address: gtv@fcfm.buap.mx bileptons do not involve any mixing angle and are similar in
*Email address: jtoscano@fcfm.buap.mx strength to the couplings existing between the SM gauge
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TABLE |. Fermion spectrum of the 3-3-1 model with right-handed neutrinos, along with the quantum
number assignments.

Leptons First two-quark families Third-quark family
" dy ud
fi=| & |~13-13 Ql=| —ul |~(330 Q=| d& | ~(33.13
(1) DL T
er~(1,1-1) uk~(3,1,2/3 U3~ (3,1,2/3
dk~(3,1,-1/3) d3~(3,1-1/3)
Dk~(3,1-1/3) Te~(3,1,2/3

bosons themselves. Current bounds establish that the bilempeant to distinguish the possible new dynamics effects aris-
ton masses may be in the range of a few hundred @&}  ing in the third family.
It is then feasible that these bileptons may show up through The electric charges of the exotic quarks @ngzz

their virtual effects in low-energy processes. This is an im-_ 1/3 andQ=2/3e. This is to be contrasted with the three
portant reason to investigate the effect of these particles oRew quarks,D, S and T, predicted by the minimal 3-3-1
the WWy vertex function. It is also interesting that, due to model, whose charge is indeed exotic, nam&y, s=
the SSB hierarchy, the splitting between the bilepton masses 4/3¢ and Qr=5/3. '

my- andmyo is bounded bymyy, so the bileptons would be  As already mentioned, the 3-3-1 model with right-handed
aImost degenerate since their masses are expected to Réutrinos has the advantage that it requires a Higgs sector
heavier than th&V mass. Therefore, the gauge boson contri-simpler than that introduced in the minimal version. In fact,

on only one free parameter. As far as the scalar sector ignown physics at the Fermi scale:

concerned, this model predicts the existence of ten physical

scalar boson$16]: four neutral CP-even, two neutraCP- O (O

odd, and four charged ones. From these scalar bosons, only  y=|  |~(1,3-1/3), p=| , |~(13,2/3,
three of them, two neutraCP-even and a charged one, X p "

couple with theW boson at the tree level because they are the

only ones which get their masses at the Fermi scale. Further- D,

more, in order to reproduce the SM at low energies, we will n=| , |~(1,3-1/3), @
concentrate on a scenario in which one of the neutral Higgs i

bosons coincides with the SM Higgs boson.

The rest of the paper is organized as follows. Section Il isvhere®]=(p~,p%), ®1=(5"*,7"), and®i=(x'"*x")
devoted to a brief description of the 3-3-1 model with right-are SU, (2)XUy(1) doublets with hypercharge-1, —1,
handed neutrinos. In Sec. lll we present the calculation of thend — 1, respectively. This is to be contrasted again with the
static properties of th&V boson. The numerical results are minimal 3-3-1 model, which requires the presence of three
analyzed in Sec. IV, and the conclusions are presented iriplets and one sextdtl0]. The vacuum expectation value

Sec. V. (VEV) (x)T=(0,0w/v2) breaks down theSU,(3)
X Up(1) group intoSU (2)XUy(1). In this first stage of
SSB, the new gauge bosons and quarks, as well as some
Il. BRIEF REVIEW OF THE 3-3-1 MODEL physical scalars, get their masses. At the Fermi scale all the
WITH RIGHT-HANDED NEUTRINOS known SM particles and some physical scalar bosons are

The features of the 3-3-1 model with right-handed neutri-endowed with masses through the VE®,)=(001/12)
nos has been discussed to a large extent in[R&f. Here we and((I)l):(O,vllx/E). In this way, theb, and®, doublets
will only review those aspects which are relevant for thebreak theSU, (2)XUy(1) group intoUg(1).
present discussion. The fermion spectrum of the model is In addition to the three exotic quarks, the model predicts
shown in Table I. The three lepton families are arranged irthe existence of five new gauge bosons: two singly charged
triplets of SU_(3), whereas in the quark sector it is neces-Y*, two neutral no-self-conjugat¥®, and a neutral self-
sary to introduce three exotic quarRs, D,, andT. In order  conjugateZ’. TheY™ andY® gauge bosons are called bilep-
to cancel theSU, (3) anomaly, two quark families must tons because they carry two units of lepton nun{d&i. All
transform asSU, (3) antitriplets and the remaining one as athe new particles acquire their masses atwh&cale. At this
triplet. It is customary to arrange the first two-quark familiesstage of SSB, the exotic quarks together with Zieboson
in antitriplets and the third one in a triplet. This choice is emerge as singlets of the electroweak group. Consequently,
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these particles cannot interact with tidéboson at the tree

level. It follows that there is no contribution from the exotic Lyw= = ZFLFa" = 5NN, 8
quarks to the static electromagnetic properties ofWhbo-
son at the lowest order. As for tl€ boson, it couples to the
W boson via theZ’-Z mixing induced at the Fermi scale,
which means that the respective contribution to WW&Vy
vertex is expected to be strongly suppressed since it is pr
portional to the corresponding mixing angle, which is ex-
pected to be negligibly smaJll2]. On the other hand, the
dynamical behavior of the bileptons is different since they SM . ~SMNP . ~NP
arise as a doublet of the electroweak group atttseale and Lym=LyutLyn  +Lym: C)

thus have nontrivial couplings with the SM gauge bosons.

Due to the fact that th8U_(2) group is completely embed- where the first term represents the well-known Yang-Mills
ded in SU_(3), the bileptons couple with the SM gauge Sector associated with the electroweak group, whereas
bosons with a strength similar to that of the couplings exist-L3y " represents the interactions between the SM gauge
ing between the SM gauge bosons. In particular, these nefields and the heavy ones:

couplings are entirely determined by the coupling constant

where F3,=0,A3—3,A%+f2APAS and N,,=d,N,
—d,N,, being f3°¢ the structure constants associated with
C)S_U,_(3). After this Lagrangian is expressed in terms of
mass-eigenstate fields, it can be split into th@¥, (2)

X Uy(1)-invariant pieces:

associated withSU, (2) and the weak angl®,,. When 1

SU (2)X Uy(1) is broken down tdJ (1), themasses of the LImNP=— E(DMYV— D,Y,) (D*Y"~D"Y¥)
bileptons receive new contributions. In the gauge sector, the

mass eigenstates arise from the Higgs kinetic-energy term, _iYL(gFMVJr_g/BMV)YV

which is given by

H _ 2
£=(D,x0) (D#x)+(D,.p)(D*p) +(D 1) (D7), _1g V3~ dsw

(2 2 Cw

where D, is the covariant derivative associated with the —(D“Y”—D”Y“)TY,,], (10
SU (3)XUyn(2) group, which in the fundamental represen-
tation is given by whereY! = (Y2* Y) is a doublet of the electroweak group
X X with hyperghar.g& 1, ancliDM=¢9“—igAﬂ+ig’Bﬂ is the co-
- U P variant derivative associated with this group. We have intro-
D,=d,~95AL—ign5 N, 3 i A
2 2 duced the definitions,,=o'F), /2, A,=¢'A /2, andB,
. . _ =YB,/2, with ¢' the Pauli matrices. Finally, the last term in
with \* (a=1,2, ... ,8)being the Gell-Mann matrices and g (g) is also invariant under the electroweak group and
\°=1/2/3diag(1,1,1). Once this sector is diagonalized, thergomprises the interactions between the heavy gauge fields.
emerge the following mass-eigenstate fields: There are no contributions to th&\Wy vertex arising from
this Lagrangian and we refrain from presenting the respec-
tive expression here.

In the unitary gauge, the contributions to h8\/y vertex
arise from the first two terms of the Lagrangidtyi ™" .
These contributions are given by the verticds Y *Y°,
W*W*y, Y*WTYCy, W*WTYZYF, andWY*Y%y. The
corresponding Feynman rules are represented in Fig. 1.

As far as the scalar sector is concerned, it was analyzed in
1 detail in Refs[12,16]. Although the most general Higgs po-

W= (AL—iA2), (6) tential is very cumbersome, it gets simplified to a large ex-
SN tent if one assumes the discrete symmegry — x [12,16.
Under this assumption, the scalar potential can be written in
with massesn’o=g2(W?+0v3)/4, m>. =g?(w?+v?)/4, and  the following way:
ma,=g%(v3+v3)/4. From these expressions, it is easy to see
. o — 20t 20t 20 1
that there is an upper bound on the splitting between the V(x.p.7) = x1(%'n)+u3(p'p)+ u3(x'x)

bilepton masses:
P +N (7" )2+ Na(pTp) 2+ Na(xTx)?

|mio—mi.|<mj,. @) + (7 ) Na(pTp) + Ns(xTx)]

Z,[YI(D*Y"—DYH)

1
0__ 4 a5
Y= —2(AM—|A#), (4)

J2

1
Y, = —=(AS—iAl), (5)

D

The remaining three gauge field§ , A, andN,, define the +Ne(p"P) (XX + N0 ) (9 ) + N g(x M)

self-conjugate mass eigenstafes, Z,,, andZ,, [12]. As far + + + t t\2
as the Yang-Mills sector of the model is concerned, it is X (70 Ra(p X)X )+ Maolx 7 77"
given by (11)
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FIG. 1. Unitary gauge Feynman rules for the vertices which
contribute to the on-shelVWy vertex in the gauge sector of the
3-3-1 model with right-handed neutrinos. The arrows represent the
flow of the 4-momentas,,,=(P—Kz) 0,0t (Ka—Ky1) oGy, + (Ky
- p)pgzx)\ ’ T,u,)\p: (kZ_ kl)p.g)\p—"_ (q_ kz))\g/.Lp+ (kl_ q)pg,u,)\ '
Uaﬁ)\p:Zgapgﬂ)\_gaﬁg)\p_gﬁpga)\ ’ and V/.La)\p:ga}\gp,u,

- 29a,u,g)\p+ gapg)\u .

It is worthwhile to analyze the behavior of the scalar poten
tial at the first stage of SSB. To this end we splity,p, )

into the following two terms:
V(X!p!ﬂ)zv((pl!q)Z)—’_un

with

V(D1,D,)=u2(DJD,) + u3(PID )+ N (PJD,)?

FA(DID )2+ Ny (PID ) (DI D,)
FAA(DPID,) (DD,

PHYSICAL REVIEW D69, 093005 (2004

receive their masses fron(d,,P,) at a relatively light
scale. Note thaV(d,,d,) corresponds to the scalar poten-
tial of a THDM and so there are five Higgs bosons, which
are relatively light. In fact, the explicit diagonalization of
V(x,p,n) leads to five light and five heavy scalar bosons
[16]. The light scalar bosons are, in the notation of R&6),

two neutral CP-even Higgs bosondi; andH,, a pair of
charged onesH; , and a massless neutr&P-odd Higgs
boson,A,. The last one would receive its mass through ra-
diative corrections. As for the heavy Higgs spectrum, it is
composed of two neutraCP-even scalar bosonsi; and
H,, a neutralCP-odd one,A;, and a pair of charged ones,
Hg . As pointed out in Ref[16], the neutralCP-even scalar
boson H, coincides with the SM one provided that,
=\s5. For the purpose of this work, it is enough to consider
this scenario. For the sake of clarity, we will only present the
expressions which relates the gauge states to the mass eigen-
states of the light sector. The real part of th® and 7°
neutral components cb; and®, define theCP-even states
H, andH, via the following rotation:

H1:CB7]?_SBp?, (14)
H225B7]9+CBP?1 (15)

where g is defined by ta=(v,/vy), Cz=c0SB, Sgz
=sing, and the subscript denotes the real part of the field.
In the charged sector, the" and»* components ofP; and
®, define the chargedd. Higgs boson and the pseudo-
Goldstone boson associated with thegauge bosoiGy, :

H5+:Cﬁ77++53,0+1 (16)

G\Tv=—sﬁn++cﬁp+. (17)

Finally, the imaginary part 0p° and 5° define the pseudo-
Goldstone boson associated with thgauge bosors; and
the massles€P-odd scalar bosoA,,.

Once the light Higgs mass eigenstates are defined, from
the Higgs-kinetic term it is straightforward to obtain those
couplings involving theN gauge boson. In order to analyze
the behavior of the Higgs sector at the Fermi scale in the
scenario withA,=\g, we will present the full Lagrangian
involving the couplings of théV boson to the neutral and
charged Higgs bosons. It can be written as

2
L£=| m3+gmyH,+ gZ(H§+ H3+2Hg HY) W, wre,

(18

There is a similar expression involving tBéboson. It is also
interesting to note that there is no trilinear self-coupling of

andV,, an intricate function which includes all those terms the H; Higgs boson. From this Lagrangian it is evident that
not appearing inv(®,,®,). V,, is not relevant for the the couplings ofH, to the SM gauge bosons are SM-like,
present discussion, so we will refrain from presenting itswhich means that it should be identified with the SM Higgs
explicit form here. We will content ourselves with mention- boson. So its contribution to th&'Wy vertex should be con-
ing that this term generates the heavy Higgs boson massesidered as a part of the SM] rather than a new physics
i.e., those which are proportional to thescale, whereas the effect. In fact, the only contribution which can be considered
SM gauge bosons and the remaining physical scalar bosoms a new physics effect is that induced by thgHZ. WW
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vertex. The model also induces the triline&f"H: H, and HI(p) .
quarticyW=H,H¢ vertices, which also can contribute to the W+ ,/’
WWy coupling. The corresponding Lagrangian for these @ %g(p2 —Pl)a
terms can be written as AL
. \‘\\
£=%[W;(Hlﬁ“Hg—Hg&"Hl)—W;(Hlaf‘Hg Hip2) ™
eq Hy (p1) -
—HZ o#H) ]+ 7HlA#(WWHg+W*MH;). W5 T
e L(p1 — p2)s
(19 S~
There is no analogous Lagrangian féy, which is in agree- Hi(p2) >~
ment with the fact thatH, plays the role of the SM Higgs
boson. It is worth noting that all of the couplings which Hi(p)) -~
contribute to thaVWy vertex are determined entirely by the A, »
coupling constang, in contrast with the case of the most W ie(p2 — P1)u
general THDM potential, which involves mixing angles. This s
fact will simplify considerably the analysis of thex and >
AQ form factors as they will depend only on thig andH. Hi (p2) "~
masses, which resembles the situation arising in the gauge
sector, where the form factors depend only on the bilepton
masses. In particular, since boky, andH_ receive their s
masses at the Fermi scale, it is also reasonable to analyze the Wy -~ Hy ﬁg s
scenario in which they are degenerate. From the above 2 e
Lagrangians it is straightforward to obtain the Feynman rules \\
necessary for our calculation. For the sake of completeness W H\J;
they are shown in Fig. 2. B 5
lll. STATIC QUANTITIES OF THE W BOSON A H
© e 1 ieg
In the usual notation, the most gene@P-even on-shell . "2 Jou
WWy vertex can be written agt] AN
Wy Hy

reef=iel A[2p~g*F+4(QPg *—Q g ¥)]
FIG. 2. Feynman rules for the vertices which contribute to the
on-shell WWy vertex in the scalar sector of the 3-3-1 model with
4AQ right-handed neutrinos. The arrows represent the flow of the
+AK(QPgH*—QUgHh) + z p“QUQF ¢, 4-momenta. The coupling dfl, to the W gauge boson is SM-like.
W

(20

e
=——(1+Ak+AQ). 22
where the momenta of the particles are denoted as follows. Qu m\ZN( «TAQ) @2

(p—Q), and P+ Q)4 are the momenta of the incoming and

outgoingW boson, respectively, and3, is that of the pho- It is interesting to note that the gauge invariant foi26)

ton. We have dropped théP-odd terms since they do not s optained only after adding up the full contributions of a
arise in the 3-3-1 model with right-handed neutrinos. Thisparticular sector of any specific model. Gauge invariance

class of terms can be generated, for instance, in models ifong with the cancellation of ultraviolet divergences are
which the W boson couples to both left- and right-handedy ;s a test to check the correctness of the result.

fermions simultaneously17]. Both Ax and AQ vanish at In this work we are interested in the contribution Aa

the tree level in the SM, and the one-loop corrections fromgq AQ from the 3-3-1 model with right-handed neutrinos.

the fermion, gauge, and scalar sectors are all of the order ¢{s ajready explained, the exotic quarks do not contribute to

al [4]. These form factprs define the magnetic dipole MO-the W Wy vertex, whereas the extra neutral bogncontri-

ment () and the electric quadrupole mome() of the  pytion arises fronz-z' mixing and it is expected to be neg-

W boson, which are given by ligibly small. The only contributions ta\x and AQ arise

from the gauge and scalar sectors. In the former, the static

pw==—(2+Ax), (21)  properties of thew boson receive contributions from both
2myy the neutral and singly charged bileptons. As far as the scalar

e
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grams can be written down with the help of the Feynman
rules shown in Fig. 1. After applying the calculation scheme
described earlier and taking into account E2)) we are left

with
AQ"=a %ﬁ) [fo(& n)+f1(£ n)log g)
Wi Yo wi wi w3 +f,(&, n)arcco< erXL1> } , (23
and
AKY=4§2n[go<s,n>+gl(§.n>log(§)
wi V] +0,(&, n)arcco( EJFXLl) } , (24)

FIG. 3. Feynman diagrams, in the unitary gauge, for the contri-
bution to the on-shellWWy vertex from the gauge sector of the \yhere we have introduced the definitioas: g2/(96772), &
3-3-1 model with right-handed neutrinos. :mitlm\z/v’ ﬂ:miolm\z/\/, andy2=4&y—(é+7—1)2 The

sector is concerned, it contributes via the neutral and singlyf/i andg; functions read

charged Higgs bosons. Before presenting the results for these

contributions, we would like to comment briefly on our cal- — z_ PRy _
culation scheme, which has been already discussed in Reffs(?(g’n) 3 2(&=m) 36—, @9
[8,18].

Rather than solving the loop integrals by the Feynmar\cl(&77):[(77_5)2_25](77_5)_5, (26)

parameters technique, one alternative is to use the Passarino-

Veltman method 19] to reduce the tensor integrals down to 5

scalar functions. However, this scheme cannot be applie N Y S S

together with the kinematic conditid?= 0 since it requires sz(f,n) X[(g Wi me
the inversion of a matrix whose Gram determinant is directly
proportional toQ?. Nevertheless, the Passarino-Veltman re-
duction scheme can be safely applied @f+0, and the
limit Q2—0 can be taken at the end of the calculation, whicto(£,7) =973+ 67"+ (£- 1)1+ &7 +168)]— 7

+(3+57)8-3¢%, (27)

usually requires the application of [Ipdal rule: «[354 n {194 E 70+ £(3 44
limgz .of(Q?)/Q?=f'(0). This means that the result is [35+ £(59+986) )+ mi19+ [ 70+ £(3+ 401},
given in terms of scalar functions and its derivatives. It was (28

shown in Ref.[18] that anyN-point scalar function and its

derivatives with respect to any of its arguments can be exg,(&,7)=—37°+37p*(é—1)—27(é—1)&(3+&)(36—1)
pressed in terms of a set oN{ 1)-point scalar functions 5 3

when the kinematic Gram determinant vanishes. It follows +2(E—1)°E(1+4¢6)+ [ 15+ £(32+49%) ]
that one can express the three-point scalar fundiigrap- 2.2

pearing in the calculation and its derivative with respect to {3+ 9T EEHIT ]} 29
Q? in terms of two-point scalar functiorB,. The explicit 6 s 4

reduction was presented in R¢fL8]. It is then straightfor- 92(&,m)=2[37°—67°E+2(£—1)"E(1+4£)

. . . 2 .
ward to obtain thell!an —>0._ The advantgges of this — 26— 1)2E(2+ £)(T¢-1)
method are twofold: it can be implemented in a computer
program[20], which avoids the risk of any error, and the — 279+ &(19+ 23¢)]

two-point scalar functions can be readily solved analytically 3 )
or numerically[21]. This calculation scheme is suited to + 27712+ §(31+ 45+ 5067 ]

solve loop diagrams carrying vector bosons, which may give — 3723+ &[8+ ¢[ 22+ £(156— 16)1D)]. (30)
rise to some cumbersome tensor integrals.

One interesting scenario is that in which the bileptons are
degenerate, i.emy = m$= my, which is actually a good as-

We turn now to the contributions t8Q andA k from the  sumption formyo much larger tham,, because of the mass
Feynman diagrams of Fig. 3. The amplitudes for these diasplitting (7). In this scenario we obtain

A. Gauge boson contribution
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similar to that arising in the THDM, as can be inferred from
the Feynman rules given in Fig. 2. Although this contribution
was already obtained in terms of Feynman-parameter inte-
grals[6], we would like to present an alternative result in
terms of elementary functions. The calculation scheme de-
scribed above yields

~ ~ Nt
W H wi Wi H wi AQ"=a fo()\,)\+)+f1()\7)\+)|09(T>
FIG. 4. Feynman diagrams for the scalar contribution to the -1
on-shellWWy vertex in the 3-3-1 model with right-handed neutri- +?2()\7)\+)arcco( - ; (33
nos. Although theH, andHz scalar bosons also induce three two- X

point diagrams, they do not contributeAa or AQ. In the scenario
described in the texH, coincides with the SM Higgs boson, so the
left-hand triangle contribution belongs to the SM and will not be
considered a new physics effect.

Axt=a

- - A
3 go(x,M)Jrgl(h,M)log(T)
AQY=E[1+4§(3§— 1)]

- AN, —1
+gz()\,)\+)arcco( f) 1 (39
X

and 2
70()\,>\+)=§+)\+(2)\+—3)+)\—4)\+)\+2)\2, (35)
a 1
AKY=—2 12+§[19—36§(1+§)]+2—
2 ¢ FaOWN )= =X — 12N (3N, —2)
+(6§—1){§[12§(1+§)—7]—2} —3N N2HAS, (36)
Var—1
y ( 2{—1 )] - 72()\,)\+)=g[)\+()\+—1)3—)\+)\()\+—1)(4)\+—1)
arcco s
Var—1 *

FAL(BN L —DN2—(1+4N N3+,

with Z=mZ/m3,. It can be shown that in the heavy bilepton (37)
limit both (31) and (32) behave agn3/m? at the leading
order inmy. It is then evident that both form factors are

, " ; . To(N A )=2—\, +4x, 38
insensitive to nondecoupling effects of heavy bileptons. Go(N:A+) * (38)
B. Scal tributi a 1 2
- Scalar contribution 91(A )= SI1H+ (A =2)A N =5BA A +AN],
In the scenario discussed earlier, théelectromagnetic (39)

form factors are induced by the charged scai{;fr and the
neutral scalar bosonkl; and H,, which give rise to the 1
Feynman diagrams shown in Fig. 4. The Feynman rules nec- < _ N3 _

essary for this calculation are shown in Fig. 2. We would like G2(Nh4)= j([()” D780 = DA A

to mention that the neutral, and the charged scaléfs 5 3

bosons induce three additional two-point diagrams, but they +3(1+3N )N —4N7]. (40)
are not shown in Fig. 4 as they give no contribution to the

electromagnetic form factors. Since the neutral Higgs bosofn these equationsh, A., and y are given as fol-
H, coincides with the SM one, the contribution from the
triangle diagram of the left-hand side of Fig. 4 is in fact a
SM effect rather than a new physics effect. The result for this~ (A + X — 1),

contribution was obtained long add,5]. As for the Feyn- When both the neutral and the charged Higgs bosons are
man diagram of the right-hand side, it yields a contributionmass degenerate ( =\ ={) Egs.(33) and(34) yield

lows:  \=mf /m{,, Ne=mi=Im, and Y?=4A\,
5
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L 2al o 3UIE-1) 21 |
AQ"=—|1-3/+ ———arccof ——
(4D T
S
and
i ) ~ 2 -
H _ [1-37(1+20)] 271 )
Af—al 2437+ arcco :
(42
-3
We have numerically evaluated the above results and founc

agreement with those obtained in RES]. —4100 2'00 3'00 4'00 5'00 6'00 7'00 200

myo [GeV]
IV. NUMERICAL EVALUATION

) ) FIG. 5. Gauge boson contribution Ao« in the 3-3-1 model with
We will now analyze the behavior of the form factors for (jght.handed neutrinos as a function of the mass of the neutral bi-

some range of values of the bilepton and the Higgs bosofepton when the charged bilepton mass is maxieelid line) and

masses. These are the only free parameters which enter ini@nimal (dashed ling According to the mass splitting, the extremal

AQ andA«x. We will analyze separately each contribution. yalues are given byn. =m3,5m2,. The form factor is restricted
to lie in the area enclosed by the lines.

A. Gauge boson contribution _ ) _
result was compared with the one obtained by the Passarino-

eltman method. A perfect agreement was observed. We re-
ain from presenting the results in terms of parametric inte-
rals since the closed expressio(®3) and (24) can be

To begin with, it is worth analyzing the current bounds on
the bilepton masses from both theoretical and experimentq
grounds. First of all, it is interesting to note that the matchingg
of the gauge couplings constants at t8&), (3)XUx(1) handled more easily.

breaking leads to 4 sifjy<1 in the minimal 3-3-1 model The AxY andAQY form factors are shown in Figs. 5 and
[10], from which an upper bound on the bilepton masses cag 5 4 function of the neutral bilepton mass. There are two

be derived, namelyny=1TeV. Therefore, this model would ¢ \yes in each plot, which correspond to the extremal values
be confirmed or ruled out by collider experiments in a near

2 2 2 2 2 2
. . . . . + — — L= + .
future. The version with right-handed neutrinos requwes;nc me ' Pamelme,t 'TY(OjtmIW gn(tjhmy, Myo de 'I;jhs h
Rowever, It  4=3, heh ks o sl consrant 0, LY S SR 1 1 1 e e
on my. As already mentioned, because of the symmetry ' 9. P

: : T R give a negative or positive contribution tox", which de-
breaking hierarchy, the splittingny.. —mio| is bounded by pends on which bilepton is the heaviest. Also, we can ob-

the W boson mass. Thereforeyo andmy = are not arbitrary  gepye thata ¥ is sensitive to the value of the splitting and
atall. One cannot, for instance, make large. while keep- a5 4 |arger size for nondegenerate bileptons than for degen-
ing fixed myo or vice versa. In fact, whemyo>my, the  grate pileptons. Tha «Y form factor in the latter scenario is
charged and neutral bileptons would become degenerate. Qﬁsplayed in Fig. 7. In this plot we can observe that, when

far as the lower bounds on the bilepton masses are consng of the bilepton masses is closetg, and the splitting is
cerned, in Ref[12] it was argued that the data from neutrino maximal,A <Y can have a size of about one order of magni-
neutral current elastic scattering give a lower bound on the ’

mass of the new neutral gauge b0$’0£12 in the range of 300 07

GeV, which along with the symmetry-breaking hierarchy
yield myiNmyo"“O.?mZZ; 220 GeV. A similar bound was

obtained in Ref.[14] from the observed limit on the

‘wrong”  muon decay R=I'(u —e ver,)/I'(un”
—€ ver,)<1.2%, which leads tany-=230+17 GeV at &
90% confidence limitC.L.). These lower bounds amy are 3
in agreement with that obtained from the latest BNL mea-
surement on the muon anomdh2,15.

According to the above discussion, we deem it interesting
to evaluate the form factors in the range 100 GeYhyo<
1000 GeV, which will be useful to illustrate their behavior
and get an idea about their size. At this point it is important

0 ; :
. 100 200 300 400 500 600 700 800
to mention that to cross-check our results, the form factors myo [GeV]

were obtained independently by the Feynman parameters
method. The integrals were evaluated numerically and the  FIG. 6. The same as in Fig. 5 for teQ form factor.

093005-8



STATIC QUANTITIES OF THEW BOSON IN THESU,(3) ... PHYSICAL REVIEW D69, 093005 (2004

0.4 : . : . T : 08
0.35 06 |
0.3}
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0.15 { ot
0.1 -'l,l‘ 02}
0.05 | }
\ 04
0 L
-06 1 ! 1 ! 1 1 !
-0.05 : L : L L : 100 150 200 250 300 350 400 450 500
100 200 300 400 500 600 700 800

.
my [GeV] my" [GeV]

FIG. 8. Scalar contribution td « in the 3-3-1 model with right-
; X . ) ¢ handed neutrinos as a function k= for different values of the
(dashed ling form factors, in units ofa, in the 3-3-1 model with m*s

right-handed neutrinos when the bileptons are degenerate and halji#ss of the n_eutral Higgs bOS(m*l: 115 GeV(soIid ling), 250
a massmy . GeV (dashed ling and 500 GeMdashed-dotted line

FIG. 7. Bilepton contribution to thé\ « (solid line) and AQ

i i instead of a large coupling. The former scenario is the one
tude above than the one obtained when there is degeneragy.i 1 is known to break down the decoupling theor@8].

of the bilepton masses. On the contrax®" is less sensitive Very interestingly, even in those scenarios in whikkY is

to the mass splitting and the extremal valuestef: yield  gensitive to heavy physics effectsQY is not[3]. The de-
values of the same order of magnitude than the one observegupling theorem establishes that only those terms arising
in the degenerate case, which is also shown in Fig. 7. Fromfrom renormalizable operators may be sensitive to nondecou-
these plots we can conclude that the size of the contributiopling effects, whereas those terms induced by nonrenormal-
to the form factors from the gauge sector of the 3-3-1 modeizable operators are suppressed by inverse powers of the
with right-handed neutrinos is about of the same order oheavy masg23]. Thus AQ" always decouples when one
magnitude than the one obtained in the case of the bileptoparticle circulating in the loop is made large since it is gen-
contribution in the minimal 3-3-1 model and in the case oferated by a nonrenormalizable dimension-six operator, but
the contributions of other SM extensions. The larger absoluté ¥ may be sensitive to nondecoupling effects as it is in-
values are obtained for lighter bileptons and when theduced by a dimension-four operator.

charged bilepton mass reaches its maximal allowed value. It

is interesting to note that all weakly coupled theories studied B. Scalar contribution
up to now give a contribution to thé/ form factors of simi- The scalar contribution to th& x andAQ form factors is
lar size[6-8]. shown in Figs. 8 and 9 as a function of the charged Higgs

~ InFig. 7, we can clearly see that bath«” andAQ” are  poson mass and for different values of the neutral Higgs
insensitive to heavy physics effects and approach zero vefyoson mass. We would like to emphasize that the values

quickly as the bilepton masses increase. The only scenarighown in those plots correspond to the contribution from
which may give rise to nondecoupling effects is that in which

one bilepton mass is kept fixed while the other is made very g7
large, which of course is forbidden by the mass splitting
constraint(7). In Ref. [8] we already discussed a similar 0.06 [
situation arising in the minimal 3-3-1 model, with a doubly
charged bilepton playing the role of the neutral one. This 0.05 1
case also resembles the one discussed in[R2f for a sca-

lar doublet which acquires mass from a bare parameter. Th
reason why there is no decoupling effects is not surprising=
since a large bilepton mass implies a large VEV which is
heavier than the electroweak scale. On the contrary, the split 540 |
ting between the bilepton masses arises from VEV’s which

are of the size of the electroweak scale. This is to be con-  o.01
trasted with the case of a fermion pair accommodated in &

SU, (2) doublet, which are known to give rise to nondecou- 0
pling effects. Since the fermions acquire their masses from
Yukawa couplings, a large fermion mass implies a large cou-

pling, whereas a heavy bilepton mass implies a large VEV FIG. 9. The same as in Fig. 5 for theQ form factor.

100 150 200 250 300 350 400 450 500
myt [GeV]
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0.08

which there are contributions from a large number of par-
ticles would have the chance of giving large corrections to
the W form factors.

0.06 |
0.04 |
0.02

ol V. FINAL REMARKS

ezt T ] In this work we have calculated the static quantities of the
004 7 i W boson in the framework of the 3-3-1 model with right-
-0.06 - . handed neutrinos. Apart from the usual SM contributions,
008 _/ | there are new contributions from the gauge and the scalar
o z'/ | sectors. In the former there is a new contribution induced by
’ a singly charged ™ and a complex neutral gauge boséh
'0-12100 150 200 250 300 350 400 450 500 called bileptons. In the scalar sector there is the contribution

mg [GeV] from a singly charged Higgs bosdte and two neutral sca-
lar bosondH, andH,, butH, coincides with the SM Higgs
FIG. 10. Scalar contribution to thax (solid ling) and AQ  hoson and its contribution should be identified with a SM
(dashed ling form factors, in units ofs, in the 3-3-1 model with  effect rather than with new physics. Although the model pre-
right-handed neutrinos whet; andHg are degenerate and have a jicis three exotic quarks and an extra neutral gauge boson
masss- Z', these particles give no contribution 10Q and Ax. It

new physics only. From these figures, we can observe thawmS out that the eX_Ot'C quarks do nc,>t couple to\ﬂllbqson
both A«" andAQ" decrease rapidly for increasimg,=. In as they areSU, (2) singlets, wherea&g' can only contribute
5

i , throughZ-Z' mixing and its contribution is expected to be
fact, the latter goes to zero quickly as eitiep, or My egjigibly small. Analytical expressions were presented for
increase. Although\ ™ seems to increase with increasing both nondegenerate and degenerate masses of the bileptons
my, for a relatively lightm,=, it approaches the limiting and the Higgs bosons. The loop integrals were worked out by
value A x"=a for very IargemHl_ We can also observe that @ modified version of the Passarino-Veltman reduction

when the scalar boson masses are of the same size than thé§8eme. To cross-check our results, the form factors were
of the bilepton gauge bosons, the contribution from thedbtained independently by the Feynman parameter technique
Higgs sector is about one order of magnitude below than thatnd the resulting integrals were numerically evaluated and
of the gauge sector. In fact, if the scalar boson masses af@mpared with the results obtained through the Passarino-
degenerate, the respective contributiodteandAQ is very  Veltman method. It was found that the new contributions can
small, as shown in Fig. 10. As pointed out in RE8], this  be of the same order of magnitude as those arising in other
reflects the fact that the Higgs boson is not strongly interactweakly coupled renormalizable theories. It is interesting to
ing. Thus, for the Higgs sector to give a large correction tohote that the contribution from the scalar sector is similar to
the W form factors, it would be necessary to have the conthat of @ THDM. This means that the form factors will not
tributions from an unrealistic number of Higgs bosons. Al-help us to discriminate between different theories. Instead
though we are restricted to a particular form of the scalathe on-shellWWy vertex would be useful to test the particu-
potential, we can conclude that we cannot expect large cor@r theory realized in nature with high precision once all the
tributions from this sector even in the most general case. frée parameters of the theory are known. In the scenario in
It is interesting to analyze the behavior of E¢83) and  Which the non-SM particles circulating in the loofisilep-
(34) in the decoupling limit. It turns out thaaQ" always  tons or Higgs bosonsare degenerate, the form factors are
vanishes no matter which one i, or my+ is made large. Smaller than in the case in which they are nondegenerate. It
H Lo s . was also found that in the scenario in which the bilepton and
On the other handd «™ do may give rnse to nondecoupling scalar boson masses are of the same order of magnitude, the
effects. If bOthmHl and My become simultaneously large, gauge sector gives dominant contribution to Wdorm fac-
A«" vanishes, but whem,; becomes infinite andh,: re-  tors. The nondecoupling properties of the andAQ form

mains finite, it approaches the constant valué'=a; when  factors were analyzed. It was found th&Q is always of

the situation is reversed, " — —a/2. This is in accordance decoupling nature, wheredsx is sensitive to heavy Higgs

the previous discussion on the decoupling properties of thosons but insensitive to heavy bileptons. In fact, the nu-

W form factors. merical analysis shows that the contribution from a heavy
Finally, we would like to compare the size of the new bilepton with mass of the order of 1 TeV is negligibly small.

contributions with those of the SM, which is known to give

the following one-loop corrections tdAx and AQ [4]:

Ax¥~30a and AQ3M ~5a. The contribution from the ACKNOWLEDGMENT
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