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We study the minimal set of Higgs scalars, for models based on the local gauge group
SU(3).®SU(3).®U(1)x, which do not contain particles with exotic electric charges. We show that only two
Higgs SU(3), triplets are needed in order to properly break the symmetry. The exact tree-level scalar mass
matrices resulting from symmetry breaking are calculated at the minimum of the most general scalar potential,
and the gauge bosons are obtained, together with their couplings to the physical scalar fields. We show how the
scalar sector introduced is enough to produce masses for fermions in a particular model. By using experimental
results we constrain the scale of new physics to be above 1.5 TeV.
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[. INTRODUCTION all possible 3-3-1 models without exotic electric charges for
one and three families. In Sec. lll we study the common
The standard mod€BM) based on the local gauge group scalar sector for all those models, including the analysis of
SU(3).®SU(2), ®U(1)y [1] can be extended in several its mass spectrum. In Sec. IV we analyze the gauge boson
different ways: first, by adding new fermion fiel@adding a  Structure common to all the models considered. In Sec. V we
right-handed neutrino field constitutes its simplest extensiofresent the couplings between the neutral scalar fields in the
and has profound consequences, such as, for example, titodels and the SM gauge bosons, and in Sec. VI we make
implementation of the seesaw mechanism and the enlargirgeneral remarks and present the conclusions. An Appendix at
of the possible number of local gauge Abelian symmetrieghe end shows how the Higgs scalars that are used to break
that can be gauged simultaneouslsecond, by augmenting the symmetry can also be used to produce a consistent mass
the scalar sector to more than one H|ggs representation; arfdpectrum for the fermion fields in the particular model which
third, by enlarging the local gauge group. In this last direc-iS anEg subgroup(7].
tion SU(3),®U(1)x as a flavor group has been studied pre-
viously in the literaturd2—10] by many authors who have Il. AREVIEW OF THE MODEL
explored possible fermion and Higgs-boson representation .
assignments. From now on, models based on the local gau Let us start with a summary of Ref§9] and [10].

- irst we assume that the electroweak group is
gfgfjfnslo%;)s‘f@)su(e’)@u(l)x are going to be called oy 3y o U(1),0SU(2), ©U(1)y and that the left-handed

There are in the literature several 3-3-1 models; the mosguarks and Ieft-har_1ded leptons transform as the ‘VYO funda-
popular one, the Pleitez-Frampton mofi&], is far from be- mental representations 8f(3), (the 3 and 3). The right-

ing the simplest construction. Not only is its scalar sectorlﬁ'ar?ded flglds are singlets und&t(3), . andSU(3). is vec-
quite complicated and messthree triplets and one sextet ©fiKe as in the SM. . .
[3]), but its physical spectrum is plagued with particles with The most _gen(_aral eIectr_lc _charge operator in
exotic electric charges; namely, double charged gauge andU(3)L®U(1)x is a linear combination of the three diago-
Higgs bosons which induce tree-level flavor changing neutrafi@! 9enerators of the gauge group
currents(FCNC) in the lepton sectof4] and exotic quarks
With_electric charges .5/3 and 4/3. Other 3-3-1 modgls in Q=aT, + ibT8L+XI3, (D)
the literature are just introduced or merely sketched in a few J3
papers 5—-8|, with a detailed phenomenological analysis of
them still lacking. In particular, there are no published papersvhere T; =\; /2, \;_ is the Gell-Mann matrices for
related to the study of the scalar sector for modblsg]. SU(3), normalized as usualg=Dg(1,1,1) is the diagonal
All possible 3-3-1 models without exotic electric charges3X 3 unit matrix,a=1 gives the usual isospin of the elec-
are presented in Rd9] and summarized in the next section. troweak interactions, andlis a free parameter. Thévalues
As shown, there are just a few anomaly-free models for on@re fixed by anomaly cancellatidi®,10] and an eventual
or three families which all share in common the same gaugecoefficient forXl; can be absorbed in the hypercharge defi-
boson content and, as we are going to see in this paper, thajtion.
also may share a common scalar se¢idrich does not con- There are a total of 17 gauge bosons in the gauge group
tain scalars with exotic electric charges eijher under consideration. They are one gauge figtdassociated
This paper is organized as follows. In Sec. Il we reviewwith U(1)x, the 8 gluon fields associated witBU(3).
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TABLE I. Anomalies for§; . electric charges-4/3 and 5/3, respectively. This multiplet
structure is the basis of the Pleitez-Frampton mdagifor

Anomalies Sy S Ss Sy Ss Se which the anomaly-free arrangement for the three families is
[SU(3).]U(1)x 0 0 0 0 0 0 given by
[SUB) J2U(l)x —2/3 -13 1 0 0o -1 A (6 7 et T (13 0
[graU]ZU(l)x 0 0 0 0 0 0 (ﬂl- (e v,e )L ( ’ ’ )1
[U(D)xP® 10/9 89 -12/9 -6/9 6/9 12/9 |y d T~ (3.3—1/3
[SU(S)L]3 1 -1 -3 3 -3 3 qL (U, 1] )L ( 1y ),

ot =(d%ut k[~ (33,213,
which remain massless after breaking the symmetry, and an- ca o .
other 8 gauge fields associated wlU(3), . We may write ur?~(3*,1,—-2/3), dr*~(3*,1,1/3,

the latter in the following way: _
ki~(3*,1,-5/3), j{'~(3*,1,—4/3),

DO W+ K(l/2+b)
1n ® ® . .
1 . 1 W- DO K~ (/2-b) where the uppec symbol stands for charge conjugatian,
E)\aLAM:E p e Iz , =1,2,3 is a family index, and=2,3 is related to two of the
K;(1/2+b) K;ltmb DgM three families.

Now, fora=1 andb=1/2 in Eq.(1) let us introduce the
where DY, =Ag,/\2+Ag,/\6, DI, =—Az,/\2+Ag,/  following closed sets of fermionéclosed in the sense that
6, andD3,= —2A8M/\/§. The upper indices of the gauge €ach one includes the antiparticles of the charged particles
bosons in the former expression stand for the electric charge Si1=[(v..@ ,E.);a™;E,] with quantum numbers
of the corresponding particle, some of them are functions of (1,3,—2/3); (1,1,1); (1,11)].
theb parameter, as they should []. Notice that the gauge S,=[(a",v,,N%;a"] with quantum number$ (1,3,
bosons have integer electric charges only lier =n/2, n —1/3); (1,11)].
=1,3,5,7..., and asshown in Refs.[9,10], a negative S;=[(d,u,U);d%u%U ] with quantum numbers
value forb can be related to a positive value. 8e=1/2  (3,3",1/3); (3*,1,1/3); (3°,1,—2/3); and (3,1,—2/3), re-
avoids exotic electric charges in the gauge sector of thepectively.
theory. S,=[(u,d,D);u®d%D¢] with guantum numbers (3,3,0);

For the 3-3-1 models bothSU(3), and U(1)x are (3*,1,—2/3); (3",1,1/3); and (3,1,1/3), respectively.
anomaloug SU(3), is vectorlikg. So, special combinations ~ Sg=[(e~,ve,N9);(E~,NJ,N9);(N3,E*,e")] with quan-
of multiplets must be used in each particular model in ordetum numbers (1/3,—1/3); (1,3,—1/3); and (1,3,2/3),
to cancel the several possible anomalies, and end with physiespectively.
cal acceptable models. The triangle anomalies we must take 5,3:[(,,6,(9—,EI);(|52+ ,NO,NS);(NO,EZ‘ ,Eg);e*; El+;
care of are as follows[SU(3).1° [SU(3)J°U(1)x,  EZ] with quantum number$(1,3~2/3); (1,3,1/3); (1,3,
[SUB)LJPU(L)x, [grav®U(1)x (the gravitational _7/3): (1,1,1): (1,1,1); (1,1)].
anomaly, and[U(1)x]°. The quantum numbers in parentheses refer to
In order to present specific examples let us see how thFS U(3).,SU(3),,U(1)y] representations. The several
charge operator in Ed1) acts on the representations 3 and agnomalies for the former six sets are presented in Table I,
3* of SU(3).: which in turn allows us to build anomaly-free models for one
or more families.

Q[3]=D l+b+x 1+b+X 2b+X
=Dg|z+ 3 =+ = T T ,
2 3 2 3 3 A. One family models
1 b 1 b 2b There are just two anomaly-free one family structures that
Q[3*]= Dg( ~573 +X, 573 +x,?+x . can be extracted from Table I. They are as follows:

Model A (S,+Ss). This model is associated with &

: . . ubgroup and has been partially analyzed in RR€f.(see
Notice from these expressions that if we accommodate th§ISO the Appendix at the end of this paper

known left-handed quark and lepton isodoublets in the two Model B (Sy+Ss). This model is associated with an

upper components of 3 and 3or 3* and 3, and forbid the ; :
presence of exotic electric charges in the possible model élf(%@U(l)x subgroup and has been partially analyzed in

thenb=£1/2 is mandatory.

To see this, let us takdo=3/2, then Q[3]=Dg(1 )
+X,X,X—1) andQ[3*]=Dg(X—1.X,1+ X). Then the fol- B. Three family models
lowing multiplets are associated with the respective Model C (3S,+S;+2S,). This model deals with the
[SU(3).,SU(3).,U(1)x] quantum numbers:e( , v, ,e*)[ following multiplets associated with the given quantum num-
~(1,3,0, (Udj)/~(33-13), and @d,uk) bers:@dD)~(330), € ,v,N% ~(1,3,-1/3), and
~(3,3",2/3), wherej andk are isosinglet exotic quarks of (d,u,U)[~(3,3*,1/3), whereD and U are exotic quarks
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with electric charges- 1/3 and 2/3, respectively. With such a b= 1/2 there are just two Higgs scalaitegether with their
gauge structure the three family anomaly-free model is givetomplex conjugatgswhich may develop nonzero vacuum

by expectation values(VEV); they are ¢,(1,3°,—1/3)"
=(¢1.41°,4]) with VEV  (¢1)"=(001,V) and
ra_ (a— Oa\T
WE= (et ANT) (L3, 113, $a(1,3 23)'=(49,65,457)  with  VEV  (g)T
era—(1,1.1) =(v,,0,0). As we will see ahead, to reach consistency with
L -~ 1=k 1

phenomenology we must have the hierar&hyv~uv,.
ali=(u,d', DY ~(3,3,0), Our aim is to break the symmetry in one single step:

0= (L uL U~ (3.3 1/3), SU(3)c®SU3) 8 U(1)x—SU3).8U(1)q,

ca_ ok 1 _ ca_ /o which implies the existence of eight Goldstone bosons in-
u~(31-203), d~(3T.L1, cluded in the scalar sector of the thepiyl]. For the sake of
US~(3*,1,-2/3), DEiN(g* 1,1/3, simplicity we assume that the VEV are real. This means that

the CP violation through the scalar exchange is not consid-

wherea=1,2,3 andi=1,2 as above. This model has been€red in this work. Now, for convenience in reading we re-
analyzed in the literature in Ref5]. If needed, the fermion Write the expansion of the scalar fields which acquire VEV
sector can be augmented with an undetermined number &
neutral Weyl statesNE'fv(l,l,O), j=1,2, ... without vio-
lating the anomaly cancellation.

Model D: (3S;+2S;+S,). It makes use of the same mul- PI=V+ ——,
tiplets used in the previous model arranged in a different V2
way, plus a new lepton multiplet v@,e*,E*)[~(1,3,

—2/3). The family structure of this new anomaly-free model . H<’£+ iA;fi
is given by ¢ =vt — 5 2
o= (v",e%EY[~(1,3-2/3),
ef®~(1,1,1), EP®?~(1,1,0 0 H%Z—HA%
L 1y L yyL)y ¢2:U2+ T
q/'=(u',d",D)[~(3,3,0),
, o In the literature, a real paH is called aCP-even scalar and
q'=(d",u',U"~(3,3,1/3), an imaginary parA a C P-odd scalar or pseudoscalar field.
Now, the most general potential which includés and
up~(3*,1,-2/3), d*~(3*,1,1/3, ¢, can then be written in the following form:
Di~(3*.1,1/3, U['~(3*.1,.213. V(¢1,62)= pidlds+ mibhdat M(p1d) >+ \a( ph2)?
This model has been analyzed in Ri] +Na(B161)(B3d2) T Na(B1b2)(b3h1).  (3)
Model E (S;+S,+S;+25,+ Ss).
Model F (S;+S,+2S8;+S,+Ss). Requiring that in the shifted potenti®l( ¢, ,¢,), the linear

Besides the former four three family models, another fourierms in fields must be absent, we get in the tree-level ap-
carbon copies of the two one family modédisindB can also  proximation the following constraint equations:
be constructed. They are as follows:

Model G 3(S;+ Ss). ) 2 o )
Model H 3(si+56). m1t 2N (v1+ V) +A305=0, o
Model I: 2(S;+ S5) + (S5 + Sg).-

Model g (éﬁ sf)S)jL 2((%3+§)). 5+ Ns(vT+V2)+ 28 05=0.

There are a total of eight different three-family models, _ .
each one with a different fermion field content. Notice in The analysis to the former equations shows that they are
particular that in model§ andF each one of the three fami- related to a minimum of the scalar potential with the value
lies is treated differently. As far as we know the last six
models have not yet been studied in the literature. Vimin=—03No— (02+ VA [ (03+ V)N 1+ v5\5]
lll. THE SCALAR SECTOR =V(v1,02,V),
If we pretend to use the simpleStJ(3), representations where V(v,=0p,,V)>V(v1#0p,,V), implying that v,
in order to break the symmetry, at least two complex scalakt 0 is preferred. Substituting Eq&) and(4) in Eq. (3) we
triplets, equivalent to 12 real scalar fields, are required. Foget the following mass matrices.
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A. Spectrum in the scalar neutral sector

In the (H5 ,Hg, ,H ) basis, the square mass matrix can be calculated udihg Z[aZV(¢1¢2)/aH?ﬁiaHZj]. After im-

posing the constraints in E¢4) we get

2\ 1V2 )\31) 2V 2\ 10 1V
Ma:z A3v,V 2)\2U§ N3V V> (5)
2)\11}1V )\31}11}2 2)\1U%

which has zero determinant, providing us with a Goldstone b&@oand two physical massive neutral scalar figttisandH,,

with masses

2 —
MHl,HZ_

202+ VAN 1+ 2050+ 2\ [ (02 + VAN 1+ 0aN P+ 05 (05 + V) (N5— 4N 1\ ),

where real lambdas produce positive masses for the scalars onjy-id and 4\1)\2>)\§ (which impliesh,>0).
We may see from the former equations that in the li¥itv,~v,, and for lambdas of order one, there is a neutral Higgs
scalar with a mass of ord& and another one with a mass of the ordev pf~v,, which may be identified with the SM scalar

as we will see ahead.

The physical fields are related to the scalars in the weak basis by the lineal transformation:

l)2V U2V U1
0 S1 SZ \/U%"‘Vz
Hge 2 2.\,2 2 2 Hy
H | = _ 0 Ho |, (6)
0 2SN\ 3 AN
H(/)l Gl
U1V VU2 V
S, S, JoZ+\2

where we have defined

S1= 3T+ VA +[M] 4T+ VAN ]2/4NS,

So= 3T+ V) +(MP —4v5Np)2IAN5,

B. Spectrum in the pseudoscalar neutral sector

The analysis shows that(¢,,®,) in Eq. (3), when ex-
panded around the most general vacuum given by Eijs.
and using the constraints in E@l), does not contain pseu-
doscalar fieldsﬁ\oi. This allows us to identify another three

Goldstone boson§,=Aj , Gs=AJ , andG,=A’"] .

C. Spectrum in the charged scalar sector

In the basis ¢, ,¢, ,¢5") the square mass matrix is
given by

v% viUs UV
Mi=2)\4 VU3 vf vV |, (7)
v,V vV V2

which has two eigenvalues equal to zero equivalent to fourAg, /y2+Ag, /\6+2(g'/g)XB,,

Goldstone bosong3; ,Gg) and two physical charged Higgs
scalars with large masses given hy(v3+uv3+V?), with
the new constraink ,>0.

Our analysis shows that after symmetry breaking, the
original 12 degrees of freedom in the scalar sector have be-
come eight Goldstone bosoffour electrically neutral and
four charged, and four physical scalar fields, two neutrals
(one of them the SM Higgs scajaand two charged ones.
The eight Goldstone bosons must be swallowed up by eight
gauge fields as we will see in the next section.

IV. THE GAUGE BOSON SECTOR

For b=1/2 the nine gauge bosons 81U(3), @ U(1)x,
when acting on left-handed triplets, can be arranged in the
following convenient way:

1
AIL:Eg)\aLAZ+gIXBM|3
0 + +
g Yi, W, K,
- 0 0
:E W, Y3, K.,
_ ) 0
K, K% Y3,

where Y§,=Ag,/\2+Aq,/\6+ \/E(g’/g)XOBM, Y9, =
and Yz, = —2Ag,/
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J6+12(g'/g)XB,,. Xis the hypercharge value of the given cal

left-handed triplet, andg andg’ are the gauge coupling con-
stants forSU(3), andU(1)x, respectively. After breaking
the symmetry with{ ¢;), i=1,2, and using for the covariant
derivative for tripletsD#=¢*—i.4*, we get the following
mass terms in the gauge boson sector.

A. Spectrum in the charged gauge boson sector

In the basis K(; ,Wj) the square mass matrix produced is

Mz_g_z (V3+03)
* 2 UlV

U]_V

2 A
(U1+U2)

8

The former symmetric matrix give us the massM%v
=g?3/2 andM%, = g?(v2+v3+V?)/2, related to the physi-

12 ’

PHYSICAL REVIEW D 67, 075001 (2003

fields W, =n(v:K,—VW,), and K =n(VK,
+v,W,) assocrated Wlth the known charged weak current
W’— , and with a new one(;; predicted in the context of
thrs model @~ —viJrV2 is a normalization factgr From
the experimental valudl,,,=80.419+0.056 GeV[12] we
obtainv,=174 GeV as in the SM.

B. Spectrum in the neutral gauge boson sector

For the five electrically neutral gauge bosons we get first
that the imaginary part ok%=(K%g+iK% /2 decouples
from the other four eIectrrcaIIy neutral gauge bosons, acquir-
ing a mass |V|K0— g?(v3+V?)/2. Then, in the basis
(B~,A5 Af ,KOM) the following squared mass matrix is ob-
tained:

!

?(v§+v2+4v§) ?(v§+2v§) - ﬁ(vzﬂﬁ—vi@) 99'v,V/3
g 9’
, - —(vi+203) g*(vi+v3)/a —=(;—v)) — g%, V/4
M3= 6 43 ©
2 2
g9’ g g
3\/_ (V2+p2—p22) m(vg—vf) 1—2(vi+u§+4v2) —g20,VI(4V/3)
gg'v,V/3 — g%, Vi4 — g2u,VI(4V3) 92(v2+V2)/4
|
This matrix has a determinant equal to zero, which implies Tw
that there is a zero eigenvalue associated with the photon ZM=CywA4—Sy| —=AL+(1—T3,/3)Y2BH|,
field with the eigenvector 3
T
= —(1-T2/3)2AL+ —2B-, 11
( W ) 8 \/5 ( )

.
LA+ (1-TE/3)4%Bx |,

V3

Al =S AL+ Cyy (10)

whereS,,= \3g'/\3g?+4g’? andC,, are the sine and co-
sine of the electroweak mixing angld (=Sy/Cy). Or-
thogonal to the photon fiel&* we may define another two
fields

82(v2Ca,+vi+4viCy)
o(v 1C2W_ Uz)

5CWU 1V

9
4C§,

whereZ* corresponds to the neutral current of the SM and
Z'* is a new weak neutral current predicted for these mod-
els.

We may also identify the gauge boswft associated with
the SM hypercharge it (1)y as

T
YH= T‘;VAng (1-T4/3)4%B* |.

In the basis Z'*,2*,K¥*) the mass matrix for the neutral
sector reduces to

(v2Coy—v3)  SCyv,V
vit+us —Cw1V |, (12)
—CyvV  C3(v2+V?)

075001-5



PONCE, GIRALDO, AND SANCHEZ PHYSICAL REVIEW D67, 075001 (2003

whereCoy= Ca— S5 and 5= (4C\2,_\,— 1)"Y2 The eigenvec- s 920, V? Ay
tors and eigenvalues of this matrix are the physical fields andg(Z;Z;H,) = - >
their masses. In the approximatiop=v,=v<V and using S \/5)\3CW
— ., 2/\/2 H t
g=v*“/V* as an expansion parameter we get, up to first order P 2,2 9
in g, the following eigenvalues: +q4)‘17‘2_7‘3+2)‘1(TWCW —2)
. 4\2C2\ N5
MZ,~59°Cy o2 (1-aTy),
Vv gzvl
gv? 2 1 2 - '
2 —
M3~ 13 30,0 1+ Cow A St Ca)2Ch), 22
) oo . where g(W'W'H?), i=1,2 are exact expressions and
MKQ”Q VA[1+q(1+Cop)]- 9(z292%H,) are expansions in the parametgup to first or-

der.
So we have a neutral current associated with a gauge boson The quartic couplings are determined to be
7%, related to a mass scale=174 GeV, which may be iden-

tified with the known experimental neutral current as we will gZ[Mﬁ —4(vi+V2)>\1]2V>v92v g)\%
see in what follows, and two new electrically neutral currents g(W'W'H,H;)= : N —-—
associated with a large mass sclev. 16S7A35 16N 7V
The former is the way the eight would-be Goldstone

bosons are absorbed by the Igngitu+dinal components of the g?(M3 —4v§>\2)2v>uQ2
eight massive gauge boson&/(~, K'=, K?, K52, 29, and g(W'W'H,H,)= 1 L2

0 1652\ 2 4’
Z9) as expected. 6503

Using the expressions favly, and Mz, we obtain pg

=M2,/(M3,C3)~1+T4o? and the global fit for p, oo g?| M, —4@E+ V2N ]?
=1.0012 39923 [13] provides us with the lower limitv g(zllelHl)_si 32C2\2
=1.5 TeV (where we are using fd83,=0.23113[12]). This
result justifies the existence of the expansion paramgter 20IN3— SUME, — 4T+ VAN ]
=<0.01 which sets the scale of new physics, together with the +q 62
hierarchyV>uv,~v,. 64C\wA3
Vo g202)\2
V. HIGGS-SM GAUGE BOSON COUPLINGS ... = 5 123 >
In order to identify the considered above Higgs bosons 32CwW
with the one in the SM, in this section we present the cou-
plings of the two neutral scalar field$; andH, from Sec. 207004 1) g?v* )\f
Il with the physical gauge bosord/’ = and ZJ; then we 9(212:H, 2)_§ 2722,
take the limitV>v=v,=v, which produces the couplings
of the physical scalard; andH, with the SM gauge bosons N3— 4NN+ N2(4—Cy2T2)
W+ andZ°. +q 4G22
When the algebra gets done we obtain the following tri- W3
linear couplings, provided ;<<0: veu g2
2 2 2.\,2 S i
0P [ME —4(0i+ VAN ]vao g2,2) 8C3,
g(W'W'H,)= - ,
2\28)\; 2\2nV where as beforgg(W'W'HPH?), i=1,2 are exact expres-
, , , sions andg(Z9Z%HPH?) are expansions in the parameter
9°va(4voh = My Jveug2,, up to first order.
9(W'W'H,) = ' As can be seen, in the limN>v,~v,, the couplings
2\/582)\3 \/E AYY U 0-0 AYN4
g(W'W'H5), 9(Z1Z1H,), g(W'W'H,H)), and
2 M2 —4(2+ V2 9(292%H,H,) coincide with those in the SM as far as
050,y +_ d V1| THy 1 1 <0. This gives additional support for the hierarc¥iyuv,
9(Z1Z1Hy)= S > -
1 4\/§CW)\3 Vo o ]
Summarizing, from the couplings of the SM gauge bosons
U%(M—MS\ZN) Vsu 920?\3 with the physical Higgs scalars we can gqncIUQe, as antici-
— = - —=, pated before, that the scaldp can be identified with the SM
8\2CH\ 420, CRV neutral Higgs particle, and thaf can be associated with the
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known neutral current of the SNmore support for this last the fact that forSU(2), the fundamental representation 2 is

statement is presented in the Appendix equivalent to 2, which is not the case fd8U(3),).
There are two different ways to cure these two problems:
VI. GENERAL REMARKS AND CONCLUSIONS (@) To introduce a third Higgs scalafz~ (1,3, — 1/3) with

, o _ o VEV (¢3)"=(0p3,0), Wherevz~uv,, as it is done, for ex-

In this paper we have studied in detail the minimal scalaramme, in Refs[7,8]. For this case the mixing betweafi™
sector of some models based on the Ioc_aI gauge groupnd k= is absent, but the price we pay is to have a very
SQ(3)C®SU(3)L®U(1)X. By restricting the field represen- complicated scalar potential.(b) To make vi~uv,
tations to particles without exotic electric charges we end Up_175 GeV. as it is done in this paper. For this case the
with ten different models, two one family models and eightgcqjar potential analysis is as simple as presented in Sec. I,
models for three families. The two one family models arep i ot the price of generating the mixing obtained in Sec.
studied in the papers in Refs/,8], but not enough attention |/ o  This mixing is well under control due to the fact that
was paid to the scalar sector in the analysis that was done. ABe physicaW’ * is mainly theW? in the weak basis, with a
far as we know, most of the three family models are new ing, 4| component oK™ of the order ofv,/V whicr'1 will

the literature, except modets andD, which have been par- - contaminate tree-level physical processes at the order of 1%

tially analyzed in Refs[5] and[6], respectively. (by the way, such a mixing can contribute to thé=1/2
We have also considered the mass spectrum eigenstates&%ancemem in nonleptonic weak processes

the most general scalar potential specialized for the 3-3-1 Except for the one family models andB (and their sim-
models without exotic electric charges, with two Higgs trip- plest carbon copy replica8 and H) where all the families
lets with the most general VEV possible. It is shown that i”are universal as in the SM. the other models suffer from

the considered models there is just one light neutral Higg%otentially large tree-level FCNC, and even though a de-

scalar which can be identified with the SM Higgs scalar;iyijeq analysis is model dependent, some general remarks are

there are also three more heavy scalars, one charged, ([%,h mentioning here

charge conjugate, and one extra neutral one. First let us notice that none of our closed sets of fermion
The two triplets ofSU(3), scalars with the most general igj4ss  j=12,...,6, inSec. Il contain a particle and its

VEV possible produces a consistent fermion mass Spectruiia icje in the same representation ®8(3), (except

at least for one of the models in the literature, and the scal aybe for the neutral sectors in some of theSo, contrary

pf thg new physics predicted by the class of_models analyze what happens in the Pleitez-Frampton mofe] lepton

n Fh|s paper lies ?‘bo"e 1.'5 TeV as sh_own n Fhe main texty;mher violation is not present at tree level, due to the fact

This scale is consistent with the analysis done in other Papetfiat our gauge bosons, especiall*(K°), do not carry an

[7.8] using a d_n‘ferent phenomenolog_lcal analysis. _explicit lepton number. So, FCNC induced by lepton number
Our analysis 5.‘”0WS us to constrain _aII the parameters iy;q|ation at tree level are absent in all of our models.

the scalar potential; that is, our model is a consistent one as | 4 safest models as far as FCNC are concerned are mod-

2

far ash;>0, X,>0, 4)‘17‘2>)‘3,’ A3<0, a”‘?"\4>0- elsC andD in which the leptons are generation universal and
Even though we have used in our analysis the most gensople diagonal t&'; thus az' FCNC is present only in the

eral VEV for the two scalar triplets, it is clear that taking the ,54ronic sector for those models. Since both models have

particular valuev; =0 will give a consistent two step sym- oy or even five up and down type quarks, unknown mixing

metry breaking pattern of the form parameters beyond the ordinary Cabibbo-Kobayashi-
(61) Maskawa ones prevent us from making quantitative state-
SU(3).®SU(3), ®U(1)x — SU(3).®SU(2) ®U(1)y ments about a lower bound on the mass of the heavy neutral

current beyond that obtained from tlpe parameter. Then,
theoretical upper bounds on th& mass may be used to
(¢2) restrict the unknown mixing parameters.
— SU(3).®U(1)q, So, the only relevant FCNC effects for modé&sand D
may be those coming from the gauge boson doublet
with the gauge boson(",K° andZ’ acquiring masses of (K* K), both in the quark and lepton sectors. However,
order V (a detailed analysis shows also that this two stefyith only ordinary external fermions, these gauge boson ef-
symmetry breaking pattern produces, for all the charged eXects first show up at loop level, and the analysis, which is
otic fermions, masses of orderin all the models discussed model dependent, may be used to set bounds on the mixing
in Sec. I). The gauge bosoW™ get a square mass equal to angle betwee andZ’ and on the mass scale of the heavy
gv3/2 (as in the general casewith the extra bonus that no neutral current.
mixing is present betweew™ and K*. But two particular For the other modelsH, F, I, andJ), the analysis in the
problems appear whey, =0: hadronic sector is similar to the previous one, but since uni-
(1) Several ordinary fermions will remain massless evernversality is lost for the lepton families, there exist extremely
after radiative corrections are includéske the analysis done dangerous tree-level FCNC induced By, and even if we
in the Appendix where the mixing coefficientssand e’ in  restrict the Yukawa sector by an appropriate discrete symme-
Fig. 1 are proportional to,). try in a particular model in order to diminish the tree-level
(2) The couplingg(Z?Z(l’Hz) will be zero and will not effects, we do not believe that the one-loop radiative correc-
coincide with the coupling obtained in the Sihis is due to  tions give values smaller than the very stringent experimen-
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tal constraints on FCNC for leptons, for a value\bin the
TeV scale. So, when studying the structukgesF, I, andJ,

PHYSICAL REVIEW D67, 075001 (2003

For the charged lepton sector the mass eigenvalues are 0
and /(h3+h3)(vi+V?), with similar consequences as in

special attention must be paid to FCNC effects in order tahe down quark sector, where again it is natural to impose the

decide the fate of these models.
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APPENDIX

In this appendix we show how the fermion fields of
a particular model acquire masses with the Higgs scalars

symmetryh,=h;=h".

The analysis of the neutral lepton sector is more elabo-
rated; at zero level and in the basig,i{;,N,,N5,N,) we
get the mass matrix

0 0 0 hv, —hyV
0 0 —hw, O hov,
My= 0 —hyv, 0 0 —hgvV|,
hiv, 0 0 0 hsvy
—hy,V  hyw; —h3V h, 0

(A2)

and VEV introduced in the main text. The analysis is model

dependent, so let us use the one family model for
which the fermion multiplets are[7] x,=(u,d,D),
~(3,3,0); u°~(3*,1,-2/3); d°~(3*1,1/3), D¢
~(3*,1,1/3); 1 =(e ,we,NDL~(L,3,-1/3), ¢y
=(E",N3,N9) ~(1,3", —1/3), and ¢ =(N3,E*,e"),

~(1,3,2/3). As shown in Ref[7], this structure corre-

sponds to arEg subgroup.

1. Bare masses for fermion fields

The most general Yukawa Lagrangian that the Higgs sc
lars in Sec. Il produce for the fermion fields in this mode

can be written asy= L3+ L', with

L9=x{C(h,douf +hpd;Df +hyeidf) +H.c.,

L= €and ¥5.C(h1 98 b5+ hou8 63+ 43 Chayd ¢
+H.c.,

whereh,, 7=u,d,D,1,2,3 are Yukawa couplings of order

one,a,b,c are SU(3), tensor indices, anc is the charge
conjugation operator.
Using for (¢;), i=1,2, the VEV in Sec. Ill we gemn,

a- ) )
| mass in the context of the model studied here.

with eigenvalues 0, +hyv,, and
+VhZv3+ (h3+h3)(V2+v?), which implies a Majorana
neutrino of zero mass and two Dirac neutral particles with
masses one of them at the electroweak mass scale and the
other one at the TeV scale.

So, at zero level the charged exotic particles get large
masses of ordev>1.5 TeV; the top quark and a Dirac neu-
tral particle get masses of ordep~174 GeV; there is a
Dirac neutral particle with a mass of ordérand the bottom
quark, charged lepton, and a Majorana neutrino remain mass-
less. In what follows we will see that they pick up a radiative

2. Currents

The interactions among the charged gauge fields in Sec.
IV with the fermions ofmodel Aare[7]

9 . _ -
HCCI—[W;(ULYMdL_VeL?’”eL_NgLY”EL —Ev*Nj)

NA
+K;(UL7MDL_N2LY“GL_@L‘Y“E[ —e y*NJ))
+Kﬁ(dLVMDL_mLYMVeL_@LY“N(ZJL_eEYﬂEf)]

+H.c.,

=hyv, for the up-type quark mass and for the down sector in

the basis §,D) we get the mass matrix

h
d:< dv1 (A1)

hpvq

haV
hoV/”

Now, looking for the eigenvalues oMM}, we get
V(hi+h3)(vi+V?) and zero. Notice that fdn,=1 and as-

suming, for example, that we are referring to the third family,

we obtain the correct mass for the top quékmember from

where the first two terms constitute the charged weak current
of the SM, andK*, K°, andK?’ are related to new charged
currents which violate weak isospin.

The algebra also shows that the neutral currdpt&E M),
J,(2Z), and J,(Z'), associated with the Hamiltonian
HO=eA (EM) + (9/Cw)Z*J ,(Z) + (9'/\3)Z"*3 (Z")
[whereA,, is the photon field in Eq(10) andZ, andZ,, are
the neutral gauge bosons introduced in Bd)] are

2 g — —
J(EM)= §Uy,uu— §(dyﬂd+DyﬂD)—e‘yMe‘

Sec. IV thatv,= 174 GeV), the bottom quark remains mass-
less at zero level, and there is an exotic bottom quark with a — _
very large mass. Since there is no way to distinguish between —Ev.E
di and Dy in the Yukawa Lagrangian it is just natural to

impose the discrete symmethy=hp=h. (A3)

3,(2)=3,(Z2)—S;I(EM),

075001-8
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J(Z")=TWI (EM)=J, (Z), (A4)

wheree=gSy=9'Cw(1— TW2 /3)>0 is the electric charge,

J,(EM) is the (vectorlike) electromagnetic current, and the
two neutral left-handed currents are given by

1 — — - _
J.(2)= E(ULVMUL_dLVMdL+ VeLYuVeL ™ €L Yu€L
+N3y,Ng—E y,E7)

=2 Tafuy,fo, (AS)

3,2 =S(uLy, U — e y.el —EL¥,El
~ N3y NGD + To(dLy, dL —E ¥, B
_;eLYMVeL_ Ngl_ YMNgL) - T\X/l(BL Y,LDL
_glj— Yuelf - W(1)|_7’MN?L - WgL YMNgL)v

where
S;w=2SCw, Tow=Sow/Cow,

0 0_ 0 0 . N0 0

N2y, N2=N3 v,N3 +Nory,Nog
_ N0 0 _ 30 0
= N2|_’YMN2L_ N2E7MN2E
_NO 0 NS 0
= NZL’Y,MNZL_ N4L'YMN4L ,

similarly Ey,E=E_ v,E. —E[v,E{ and T4=Dg(1/2,

PHYSICAL REVIEW D 67, 075001 (2003

e(e)

Kpr zZ0z?)
&
DL ot dL ]ldvl dR 16“(,8 }1.) dR
(a)
e(€)
Ko z%z0)
%
dr, ot DL hpV Dr 3B Dr
(b)

FIG. 1. Four one-loop diagrams contributing to the radiative
generation of the ordinary down quark mass. For the meanirg of
B, and e see the main text.

3. Radiative masses for fermion fields

Using the currents in the previous section and the off-
diagonal entries in the matrix in E¢12), we may draw the
four diagrams in Fig. 1 which allow for nondiagonal entries
in the mass matrix for the down quark sector of the form
(ApD dg+H.c.) and Ayd Dg+H.c.), respectively, which
in turn produce a radiative mass for the ordinary down quark.
Notice that due to the presence Iog" in the graphs, mass
entries of the fornd, dg andD Dg are not present.

—1/2,0) is the third component of the weak isospin acting on The equations in this paper imply for the diagrams

representation 3 o8U(3), (the negative when acting on
3*). Notice thatJ ,(EM) andJ,(Z) are just the generaliza-

tion of the electromagnetic and neutral weak currents of the

SM, as they should be, implying thZt, can be identified as
the neutral gauge boson of the SM.

in Fig. 1 that a,=9v,/2, B,=9v,SwTw/3, B,=
—g’yMTW/\/2_7, e=—Cyv4V, ande'=Cypv,V/ \/4CW2 -1.
In a similar way we achieve radiative masses for the
charged lepton and for the Majorana neutrino. The detailed
analysis for these leptons will be presented elsewhere.
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