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We present an extension of the standard model to the local gauge §itd(#).® SU(4) @ U(1)x with a
family nonuniversal treatment and anomalies canceled among the three families in a nontrivial fashion. The
mass scales, the gauge boson masses, and the masses for the spin 1/2 particles in the model are analyzed. The
neutral currents coupled to all neutral vector bosons in the model are studied, and particular values of the
parameters are used in order to simplify the mixing between the three neutral currents present in the theory,
mixing which is further constrained by experimental results from the CERN LEP, SLAC Linear Collider, and
atomic parity violation.
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[. INTRODUCTION shows that, by restricting the fermion field representations to
particles without exotic electric charges and by paying due
In spite of the overwhelming phenomenological succesgittention to anomaly cancellation, a few different models are
of the standard modéBM) based on the local gauge group obtained, while by relaxing the condition of the nonexistence
SU(3).®SU(2),@U(1)y, with SU(2)_ ®U(1)y hidden Of exotic electric charges, an infinite number of models can
and SU(3)., confined[1], it fails to explain several issues Pe generated. _ _
such as hierarchical fermion masses and mixing angles, This paper is organized as follows. In the next section we
charge quantization, stror@p violation, replication of fami- Introduce the model based on the local gauge group
lies and neutrino oscillations among others. For example, irp Y(3)c® SU(4). @ U(1)x which we are going to study. In
the weak basis, before symmetry is broken, the three familieg€C- Il we describe the scalar sector needed to break the
in the SM are identical to each other; when symmetry break_symmetry and 1o produce masses to the fermion fields in Fhe
model. In Sec. IV we study the gauge boson sector paying

ing takes place, the fermions get masses according to their " : :
: -~ : special attention to the neutral currents present in the model
experimental values and the three families acquire a stron

8nd their mixing. In Sec. V we analyze the fermion mass

h|erar_chy. Howe\_/e_r in the _SM there is no_mechamsm forspectrum. In Sec. VI we use experimental results in order to
explaining the origin of families or the fermion mass spec-

constrain the mixing angle between two of the neutral cur-
trum. _ rents and the mass scale of the new neutral gauge bosons. In

These drawbacks of the SM have led to a strong beliefhe |ast section we summarize the model and state our con-
that the model is still incomplete and that it must be regarde@|,sions. At the end an Appendix is presented in which we
as a low-energy effective field theory originating from a make a systematic analysis of the 3-4-1 symmetry and obtain
more fundamental one. That belief lies on strong conceptuajeneral conditions to have anomaly free models without ex-
indications for physics beyond the SM which have producedtic electric charges.

a variety of theoretically well motivated extensions of the
model: left-right symmetry, grand unification, supersymme- Il. THE FERMION CONTENT OF THE MODEL
try, superstring inspired extensions, €i2].

At present the only experimental fact that points toward a N what follows we assume that the electroweak gauge
beyond the SM structure lies in the neutrino sector, and eveiroup is SU(4) ®U(1)x which containsSU(2) ®U(1)y
there the results are not final yet. So a reasonable approachd§ @ subgroup, with a nonuniversal hyperchaxgen the
to depart from the SM as little as possible, allowing somequark sector, which in turn implies anomaly cancellation
room for neutrino oscillation§3]. among the families in a nontrivial fashion. We also assume

SU(4),®U(1)y as a flavor group has been consideredthat the left-handed quarkgolor triplety and Ieft—handEd
before in the literaturg¢4,5], and, among its best features, leptons (color singlet$ transform either under the 4 or 4
provides an alternative to the problem of the numNerof  fundamental representations 8tJ(4),, and that as in the
families, in the sense that anomaly cancellation is achieve&M, SU(3). is vectorlike.
whenN¢=N.=3, N, being the number of colors GU(3), With the former assumptions we look for the simplest
(also known as QCD In addition, this gauge structure has structure in such a way that, not only it does not contain
been used recently in order to implement the so-called littl€ields with exotic electric charges, but also that charged ex-
Higgs mechanisnp5]. otic leptons are absent from the anomaly-free spectrum. Ac-

In this paper an analysis of th&U(3).®SU(4), cording to the Appendix there is only one modelodel A
®U(1)x local gauge theory(hereafter the 3-4-1 theory satisfying all those constraints, for which the electric charge
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operator is given byQ=Ty +(1/V3)Tg +(1/\/6)Ty5 IV. THE GAUGE BOSON SECTOR

+Xl,, with the following fermion structure: In the model there are a total of 24 gauge bosons: One

gauge fieldB# associated witHJ(1)y, the 8 gluon fields

Ua associated witl8U(3). which remain massless after break-
d, ing the symmetry, and another 15 gauge fields associated
Qa= D, ug, oL D, D. with SU(4), which we may write as
Da L DY WrHE KFTE Xt
(3,4 15] [31-3 [313 [313 [313] 1 1| W Dy KO XOm
_)\aAg:_ - W 0 ’
. A L
ul C Cc C /c Xilu XO’M YOM Dl4L
Qu= U, i Uy i Uil
ui/, Where\/_ D’ff/_Af,j/\/erAg‘/\/EﬂL?iy\/l—Z,\/%:—Ag‘/\/f
_ +ALIV6+ASV12; DY=—2AL/\V6+A/\12, and Df
[3.4,33] [3.13] [31-3 [81-3 [31-3] :_83A;f wl—lz_ ’ ° ' !
o After breaking the symmetry withe,) +{¢,) +(¢3) and
a using for the covariant derivative for 4-plei#=igo*
Veq —(9/2)\ ,A%—g’'XB*, whereg andg’ are theSU(4)_ and
Lar=| NO e, U(1)x gauge coupling constants, respectively, we get the
fvo following mass terms for the charged gauge bosdmé,'t
N,/ =(g§/2)v22 as i2n the SM2,M§:=(%2/2)(§2+V2), 2|v|§(i
[1Z_%] [1’1’1] :(g /2)(U +V )1 5 MKO(EO):(g /2)\/ ’ MxO(YO)

=(g?%/2)V'? and M{q50,=(9%/2)(V*+V'?). Since W*

does not mix withK = or with X* we have thav ~174 GeV
wherea=2,3 anda=1,2,3 are two and three family in- g5 in the SM.

deXeS, respectively. The numbers in parentheses refer to the For the four neutra' gauge bosons we get mass terms Of
[SU(3)c,SU(4),,U(1)x] quantum numbers, respectively. the form

Notice that if needed, the lepton structure of the model can
be augmented with an undetermined number of neutral Weyl )
singlet state\{ ,~[1,1,0], b=1,2, ..., without violating 4 _ 9

2

,(9'B" 2AF Al

29 3 6

our assumptions, neither the anomaly constraint relations, 2
because singlets with né charges are as good as not being

? ,z(g'Bﬂ_ 3AL

29 J6

. . 2
present as far as anomaly cancellation is concerned. , Ay Afs 3g’'B*
+of| Ab+ =+ —=———
V3 V6 29

Ill. THE SCALAR SECTOR

Our aim is to break the symmetry following the pattern M is a 4x4 matrix with a zero eigenvalue corresponding
to the photon. Once the photon field has been identified, we

SU3).®SU(4), ®U(1)x—SU(3).®SU3) ®U(1)x remain with a 33 mass matrix for three neutral gauge
bosonsz*, Z'* andZ'# Since we are interested now in the

—SU(3).®SU(2) . ®U(1)y low energy phenomenology of our model, we can chodse
=V’ in order to simplify matters. For this particular case the

—SU(3).:®U(1)e, field Z"#= A4/ \[3— \[2/3A% decouples from the other two

and acquires a squared mags/R)V?. By diagonalizing the
where SU(3),®SU(3) ®U(1)yx refers to the so-called remaining 2<2 mass matrix we get the other two physical
3-3-1 structure introduced in Ref6]. At the same time we neutral gauge bosons which are defined through the mixing
want to give masses to the fermion fields in the model. Withangle ¢ betweenz,,, Z/, :
this in mind we introduce the following three Higgs scalars:
$4[1,4—3/4] with a vacuum expectation valu¢vEV)

aligned in the direction(¢)=(v,0,0,0); ¢,[1,4,—1/4]
with a VEV aligned as(¢,)=(0,0¥,0)" and ¢4[1,4,

Z{=27,c0s0+Z,siné,

—1/4] with a VEV aligned ag ¢3)=(0,0,0v")7, with the Zy=—2,8in0+Z,cos0,
hierarchy V~V’'>y~174 GeV (the electroweak breaking
scalg. where
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tan(26) = — G Z'= \ﬁ 1-Tg/l2Y Af+—=| - —=B*~. )
n20) 2 ) (o 3(1-Tw/2)™ Ag NG
V1+26% 1+ —Cy— Cj,
v? 1+26°
with 6=g'/(2g) Sw=26/\68?+1 andCy, are the sine and cosine of the

A : / ; electroweak mixing angle respectively, aig,=Sy/Cy.
The photon fielch* and the field<Z,, andZ, are given by We can also identify th&Y hypercharge associated with the

Tw AL SM Abelian gauge boson as
A4+ C Ab+—=| +(1-Ta/2)YB*|,
S\N 3 W \/§ \/E ( W )
Tw Al
Tw Al YH= A+ | +(1-Tg12)Y%B*|. 3
ZF=CyAl—Sy| —= | Ab+—| +(1-T4/2)¥%BH|, NEARAENF] AT ©
V3 V2
A. Charged currents
After some algebra, the Hamiltonian for the charged currents can be written as
g 3 3
HEC=—=|w; U gy | =g y#dy — re,
\/5 “ 5122 aL”Y UaL AT T D;l eal Y
3 3
+K, (2 UaL)’MDaL) — Uy y#dy — (2 NO, v e, ))
3 o 3
+X, (5122 uaL'}"uDaL) —U' g — ( z oLvtey ))
3 3 o
+K2 ;2 aLY'uDaL> _UlLyﬂulL_( 21 oY VeaL))
3 - 3
+X2 5122 daL?’”DéL) _U'1L7’”U1L—( 21 NGy VeaL))
3 o 3
+Y, azz al?*Dar| —U 1y UlL_( Zl O y*NS || [+H.c. 4

B. Neutral currents
The neutral currentd, (EM), J,(Z), J,(Z'), andJ,(Z") associated with the Hamiltonian

HO=eA"d,(EM)+(g/Cy)Z#3,(Z)+(g'1y2)Z'#3 (Z')+(gI2Z"*3 (Z")

are

3
2 _
JM(EM):g((aZZ Ua”,Ua

+U1‘)/MU1+U1’)/MU1+ U ,17,MU5-)

3 3
((2 day,.da +Da7,uD +D’ a¥uD +dly#dl) 21 Vi

R
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3,(2)=3,,(2)~S{I,(EM), 2 £
u L w HNC:%N 21 Z,"Z {fyulain(f)(1—1s)

(2 =TI (EM) =], (Z7),

+air(f)(1+ ys)]f}
3 o . g 2
3u(Z")= 2, (D'ary,Pa~Dar¥,Dat) =500 2 22 ATvde(Div=g(iayslf},
= wi=1 f
+(_U’1L7MU:,LL+U1L7,U.U1L) where
N’ sindCyy,
+E (=NLY YN0+ NS v, N9, 5 a; (f)= cosO(T— qfs,v)+g 5 N T —aTw),
g

where e=gSW=g’CW\/l—TW2 /2>0 is the electric charge, g’'siné
q¢ is the electric charge of the fermidnin units of e and alR(f):_QfSW( CoSOSw+ a2 )
J.(EM) is the electromagnetic current. Notice that @ig
current couples only to exotic fields. The left-handed cur-

rents are ay (f)=—sind(T4— 2)+ M(T' —g;Tw)
2L 4t~ S, 4t~ A Tw)s
g2
3
== u. —d., v.d ' cosf

2 azz (UaL'}’;LuaL aLYu al) aZR(f)ZQfSW( sin6S,— g ), %)
_ _ av2

—(dy yuda — Uy y,Ug) and
3

- 21 (€al Yulal — VeaL'y,uVeaL):| g’siné

g(f)1y=cosO (T4 — ZS\qu)+ a2 (T4:Cw—209sSw),

:Z TarfLyfo, 9(f)oy=—sin (T4~ 2544y
g’ cose(_l_, Cor201Su)
, — = Uabw—20row),
(27 g2
3
_ _ 1 .
—1 - —p’ ' siné
azz (uaL')’,uuaL 5DarvuDa— 35D aL?’uDaL) g(f)1a= COSOT 45+ g—Tﬁwa.
9\2
- 1 —
—dy y,dy + Yy Ut 50y Uy g’ cos#
g(f)ZA: _Sin 0T4f+ —T‘,”CW (8)
3 gv2

+2

a=

— 1— 1
— - 0 0 10 ’
- + = + = [, T . .
Cat VuCat T 5Nat YuNar + 5N e 7N Loﬂ The values ofg;y, gia With i=1,2 are listed in Tables |

and II.
As we can see, in the limi@=0 the couplings o} to
=> T"”f_l_mfb (6)  the ordinary leptons and quarks are the same as in the SM;
f

due to this we can test the new physics beyond the SM pre-
dicted by this particular model.
whereT,;=Dg(1/2,—1/2,0,0) is the third component of the
weak isospin and T,=(1/Ty)Dg(1,0,~1/2,~1/2) V. FERMION MASSES
=(1/Ty)(Ns/2+Ng/\3+\15/\/6) is a convenient X4 di-
agonal matrix, acting both of them on the representation 4 o{h
SU(4). . Notice thatJM(Z) is just the generalization of the
neutral current present in the SM. This allows us to identify
Z,, as the neutral gauge boson of the SM, which is consistent

The Higgs scalars introduced in Sec. Il not only break
e symmetry in an appropriate way, but produce the follow-
ing mass terms for the fermions of the model.

with Egs.(2) and(3). A. Quark masses
The couplings of the mass eigenstat&$s and Z4 are For the quark sector we can write the following Yukawa
given by terms:
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TABLE I. The Z“—ff couplings.
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f g(f)av a(f)1a
43, sin 6 7%,
Uy, cose(l——)+ (1— ) 1 cos@ +sin #C2/(3C3,—1)2
23 2 3 (3C\2N—1)1/2 3 2 m\/\/( CW )
d _1 ﬁv 2 i 2 _1\1/2 _1 0
23 +—"|cosf+2sin0S/(3C5—1) 2 COS

2 7 .
D23 ? cosf—1ising|1— ?)/(3@,\,— 1)¥2 — 3 sin6CH/(3C5,— 1)
, 2 7 .
D23 TS%V cosf—3ising (1— ?)/(306\,— 1)Y2 — 3 Sin 6C3/(3C5,~1)"?
2 5 .
dy (%‘F? cosﬁ—sin&(l— ?)/(30\2,\,—1)1’2 — 3 cosf—sin OCH/(3CH,~ 1)
4§W) 4sinf
u coséd i - g 1 cosé
! ( > 3] 33c3- W ’
45, cosd .
U, - SZWT +sin 0(1— 2 )[2(3C%,~1)2] Cisin 0/[2(3C5,~1)4]
cosé .
u; - %T +sin 0(1— 2 )[2(3C%~1)¥2] Césin 0/[2(3C5~1)"7]
€las cosf(—3+28) - ———(1-35%) _cosf  sind
(3cW 1) 2 @1V
V1'2’3 E COS@ % COSB
N, C2sin6/[2(3C3,—1)] C2,sin0/[2(3C3,—1)?]
Ni% s CZsin/[2(3C3,—1)*?) C2,sin 6/[2(3C5,—1)2]

The former mass spectrum is far from being realistic, but
it can be improved by implementing the following program:

To introduce a discrete symmetry in order to avoid a tree-
level mass ford; (and maybe fou, too).

To introduce a new Higgs fielé,[ 1,4, — 1/4] which does
not acquire VEV but that introduces a quartic coupling
b7 dopach, in the Higgs potential in order to generate radia-
tive masses for the ordinary quarks.

To tune the Yukawa couplings in order to obtain the cor-

rect mixing between flavorgordinary and exoticwith the
] +H.c. same electric charge.

3 3
-3, Qiof s ( ) hﬁauzﬁhauma’ur)
(t:JL+thDt/JE)H
3

+QILC{ ¢1{ 21 da aL+E (hloDcL"‘h

+ (ot b3) E h ddaﬁE

w

+(p3 + ¢3)

3
2 ht uS, +hiuc+hi'u/®

where theh’s are Yukawa couplings an@ is the charge
conjugate operator. This Lagrangian produces the following
tree level quark masses:

B. Lepton masses

For the charged leptons we have the following Yukawa

U],D} and D} acquire heavy masses of the orderwsf ~ ©MS:
>v. 5
. U;,D, and D3 acquire heavy masses of the order\of Ly= 21 ﬁzl hésLa Coiej +H.c. 9
>v. =
us,u, and d; acquire masses of the order af
~174 GeV.

u,,d, andd; remain massless at the tree level. Notice that fothB= ho,z we get a mass only for the heavi-
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TABLE Il. The Z4—ff couplings.

f a9(f)ay g(f)2a
45, cosé 7S5
—qj i W — _ 1 2 2 _14\1/2
Uz3 S|n6?<2 3 )4—(30\2/\/_1)1/2(1 3 ) 5 Sin# + cos6 Cy/(3Cy,—1)
2 .
dz3 (%—?Szw)sinaﬂ% c0s6S;/(3C3,—1)2 zsing
2 7
D23 - %Zl"sin 6—3 cosa(l— TSZN)/(SCEN— 1)Y2 —3 cosCy/(3CH— 1)
, 2 7
D3 - %“3” sino—3 cosa(l— ?’)/(303,— 1)12 — 3 cosCy/(3CH— 1)
2 5 .
d, (%— ?)sm 0 cosa<1— ?)/(SCSV— Y2 3 sinf— cos# Cy/(3CH—1)"”
4 cos6
uy —-sing %—ﬁ)—— 2 —1sing
3/ 3(3Ch—1)"?
45,5in 0
U; SZW: + cosf(1-4S)[2(3C3,— 1)) C2,cos0/[2(3C5,—1)"?]
45,5in 0
Ui S cos(1- M2 ~1)) CF cosO2(aCh,~ 1)
cosé .
€123 sin 0(2_2%)_—(1_333\/) sm@_ cosd 2
V123 —%Slna _% Sln0
N, C2,c0s0/[2(3C3,—1)*?] C2,c0s0/[2(3C3,—1)?]
N C2,c0s6/[2(3C3,—1)Y2] C2,c0s0/[2(3C3,—1)?]

123

est lepton(the 7). So, in the context of this model the masseswheref is an ordinary SM fermionZ4 is the physical gauge
for the charged leptons can be generated in a consistent waypson observed at LER =1 for leptons while for quarks
with the masses foe” andu™ suppressed by differences of Ne=3(1+ ag/m+ 1_40&5/772_12.77“?/773), where the 3
Yukawa couplings. , is due to color and the factor in parentheses represents the
The neutral leptons remain massless as far as we use onliy,iyersal part of the QCD corrections for massless quarks
the _or|g|nal fleld§ introduced in Sec. II. But as mentloned(for fermion mass effects and further QCD corrections which
eaorller, we may mtrqduce one or more Weyl singlet S,tatesare different for vector and axial-vector partial widths see
Nip, b=1.2,... which may implement the appropriate pot 17)): R_,, are the electroweak corrections which include
neutrino oscillation$3]. the leading order QED corrections given Moep=1
+3al(4m). Rocp are further QCD correctiondor a com-
prehensive review see RdB] and references thergjnand

_ B=/1—4m{IM?_is a kinematic factor which can be taken

To bound sirg and Miz we use parameters measured ateq a1 to 1 for all the SM fermions except for the bottom
the Z pole from CERNe™e" collider (LEP), SLAC Linear  guark. The factors; contains the one loop vertex contribu-
Collider (SLC), and atomic parity violation constraints on which is negligible for all fermion fields except for the

which are giver? in Table 1. _ . _ bottom quark for which the contribution coming from the top
The expression for the partial decay width #f—ff is  quark at the one loop vertex radiative correction is param-
etrized asd,~10 [ —m{/(2M3 )+ 1/5] [9]. The p param-
[9(f) ]2 eter can be expanded as- 1+ Spy+ Spy Where the oblique
correctiondp is given by5po~SGFmt2/(87r2\/§), andépy
is the tree level contribution due to th& (— Z,’) mixing
(1+ 8)RewRoco (100  which can be parametrized épvw(Mileil— 1)sirf6. Fi-

VI. CONSTRAINS ON THE (Z*—Z'") MIXING ANGLE
AND THE Z4 MASS

_ NcGeM3 38—p°
[(Z4—ff)= : [

+B%a(f)1al?
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25

TABLE lll. Experimental data and SM values for the param- T T

eters.

L 4 20
Experimental SM
results ~

L 115 %

I';(GeV) 2.4952+0.0023 2.4966:0.0016 o~

I'(had) (GeV) 1.7444+0.0020 1.7429+0.0015 i 110 =

r{*-) (Mev) 83.984+0.086 84.0190.027

Re 20.804£0.050 20.7440.018

R, 20.785£0.033 20.744:0.018 i 1°

R, 20.764+0.045 20.796:0.018

Ry 0.21664-0.00068 0.215620.00016 -0.25 »ol.z -o.l15 »ol.1 -o.los Io o.los o|.1 o.l15 0.20

R. 0.1729+0.0032 0.17236 0.00007 9x102

os —72.65-0.28+0.34  —73.10+0.03 . . .
My, (GeV) 91.1872-0.0021 91.1870+0.0021 o SI;EI:;0 (1:..LC'0ntour plot displaying the allowed region ®ws Mz,

Introducing the expressions f@rpole observables in Eq.
(10), with AQyy in terms of new physics in Eq.12) and
using experimental data from LEP, SLC and atomic parity
violation (see Table IIJ, we do ay? fit and we find the best
allowed region in the Q—Mzz) plane at 95% confidence

level (C.L.). In Fig. 1 we display this region which gives us
the constraints

nally, g(f);y and g(f),4 are the coupling constants of the
physicalZ{ field with ordinary fermions which are listed in
Table I.

In what follows we are going to use the experimental
values [10]: Mz, =91.188 GeV, m;=174.3 GeV, ag(my)

=0.1192,(my) "1=127.938, and sf¥,,=0.2333. The ex-
perimental values are introduced using the definitiéts

=I'(nn)/I'(hadrons) forp=e,u,7,b,c. —0.001k6<0.0019, 2 Te\.M,._. (15)
As a first result notice from Table | that our model pre- 2

dicts R,.=R,=R;, in agreement with the experimental ré- s \ve can see the mass of the new neutral gauge boson is

sults in Table Ill, compatible with the bound obtained pp collisions at the

The effective weak charge in atomic parity violati@,,, : .
. Fermilab Tevatrorj14]. From our analysis we can also see
f f th f -
can be expressed as a function of the number of prafdns that for | 6]—0, My, peaks at a finite value larger than 100

and the number of neutrorgbl) in the atomic nucleus in the : i ) ) )
form TeV which still copes with the experimental constraints on

the p parameter.
Qw=—2[(2Z+N)cq,+(Z+2N)c14], (12)

. VII. CONCLUSIONS
where ¢;4=29(€)129(d)1v. The theoretical value foQyy

for the cesium atom is given bji1] Qw(ég%s)z —~73.09 We have presented an anomaly-free model based on the
+0.04+ AQyy, Where the contribution of new physics is in- local gauge grousU(3).® SU(4)_ ®U(1)y. We break the
cluded inAQ,y which can be written agl2] gauge symmetry down t8U(3).®U(1)q and at the same

time give masses to the fermion fields in the model in a

consistent way by using three different Higgs scal@ys i
Spyt+AQy. (12 =1,2,3 which set two different mass scaleg~V'>v

=174 GeV. By using experimental results we bound the

. ) ___mixing angle § between the SM neutral current and a new
The termAQy, is model dependent and it can be obtainedyne 1o pe—0.001% §<0.0019 and the lowest bound for
for our model by using(e);, andg(q),y from Table I. The M, is 2 TeV<M,..
value we obtain is 2 2

Sl

1+4———|Z-N
28},

AQw=

Our model includes four exotic down type quarks

2 D,,D}, a=2,3 of electric charge-1/3 and two exotic up
AQ!,=(8.2%+16.14N)sin 0+ (11.6& + 14.4M) 2 quarksU,,U; of electric charge 2/3. The six exotic quarks
W ' ' Ve acquire large masses of the order\6&V’'>p =174 GeV

and are useful in two ways: first they mix with the ordinary
(13 up and down quarks in the three families with a mixing that

The discrepancy between the SM and the experimentatan be used in order to produce a consistent mass spectrum

data forAQ,y is given by[13] (masses and mixinggor ordinary quarks; second, they can
be used in order to implement the so-called little Higgs
AQuw=Q%P—QSM=1.03+0.44, (14  mechanisni5].
Notice also the consistence of our model in the charged
which is 2.3 away from the SM predictions. lepton sector. Not only it predicts the correct ratRg, »
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=eu,7 in the Z decays, but the model also allows for a transform either under the 4 or thefdndamental represen-

consistent mass pattern of the particles, which do not includ&ations ofSU(4), . Two classes of models will be discussed:

leptons with exotic electric charges. one family models where the anomalies cancel in each fam-
In the main body of this paper we have analyzed an spefly as in the SM, and family models where the anomalies

cific model based on the 3-4-1 gauge structure. This model isancel by an interplay between the several families. As in the

just one of a large variety of models based on the same gaugsgM, SU(3). is vectorlike.

structure. A systematic analysis of models without exotic The most general expression for the electric charge gen-

electric charges with the same gauge structure is presented énator inSU(4), ® U(1) is a linear combination of the four

the Appendix at the end of the paper. A phenomenologicatliiagonal generators of the gauge group

analysis for all those model can be done, but we think it is

not profitable since all of them must produce similar results 1 1

at low energies. Q=aTs + ﬁbTaﬁ %CT15L+X|41 (A1)
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ical Physics Laboratory at the Universidad de La Plata in Le£ters to be fixed next. Notice that we can absorb an eventual

Plata, Argentina, where part of this work was done. coefficient forX in its definition. .
If we assume that the usual isos@BiJ(2), of the SM is
APPENDIX such thatSU(2), CSU(4),, thena=1 and we have just a

two-parameter set of models, all of them characterized by the

In what follows we present a systematic analysis of mod-values ofb andc. So, Eq.(Al) allows for an infinite number
els without exotic electric charges, based on the local gaugef models in the context of the 3-4-1 theory, each one asso-
structureSU(3),@SU(4), @ U(1)y. ciated to particular values of the parametbrand c, with

We assume that the electroweak group $4J(4), characteristic signatures that make them different from each
®U(1)xDSU(3), ®U(1);DSU(2),®U(1)y, where the other.
gauge structur&U(3), ®U(1); refers to the one presented  There are a total of 24 gauge bosons in the gauge group
in Ref.[6]. We also assume that the left-handed quéckéor ~ under consideration, 15 of them associated withi(4),
triplets), left-handed leptongcolor singlety and scalars, which can be written as

Dg# WZ K’EP+1)/2 XELS+b+2c)/6
- 0 b—1)/2 —3+b+2c)/6
—MAa:i *\(Ab/ﬁl)/2 —_Dz_# ‘. 0 " ~(b—c /3) ) (A2)
2 H \/E KM K,u(b v D3M YM( )
X;(3+b+20)/6 Y(#s—b—zc)/e V(Mb_C)/S DSM

where D&=AL/\2+ AL 6+ AL 12, DE=—AL\2  [SU(4) 12U(1)x, [grav]?U(1)x and[U(1)x]>.
+AgI\6+ALYV12; Df=—2A%\6+AL/\12, and Df Now let us see how the charge operator in B{) acts
=—3AlY J12. The upper indices in the gauge bosons in theon the representations 4 andof SU(4), :
former expression stand for the electric charge of the corre-
sponding particle, some of them functions of theand c
parameters as they should be. Notice that if we demand for
gauge bosons with electric charges:Q, only, there are not
more than four different possibilities for the simultaneous
values ofb andc; they are:b=c=1; b=c=-1; b=1¢c e Ty~ 4x
=-2, andb=—-1c=2. 6 12 7

Now, contrary to the SM where only the Abelian(1)y
factor is anomalous, in the 3-4-1 theory bo8\J(4), and
U(1)x are anomalougSU(3), is vectorlikg. So, special -
combinations of multiplets must be used in each particular Q[4]—Dg< "2 2 N th
model in order to cancel the possible anomalies, and obtain
renormalizable models. The triangle anomalies we must 2b ¢ E
take care of are: [SU4) 1%, [SU3).J2U(1)y, 6 12 12

1 b c 1 b ¢
—+ =+ —=+X,— =+ =+ —=+X,

Ql41=Dg|5 5 13 276 12
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TABLE IV. Anomalies for sets with valueb=c=1.

Anomaly S S S, S, S Ss
[U(L)y]? ~9/16 —27/16 21/16 —~15/16 15/16 ~21/16
[SU(4), 12U (1)x —1/4 5/4 —3/4 1/4 —1/4 3/4
[SU(4).I° 3 -3 1 1 -1 1

Notice that, if we accommodate the known left-handed quarkcally vanish. So, we only have to take care of the remaining
and lepton isodoublets in the two upper components of 4 anthree anomalies whose values are shown in Table IV.

4 (or 4 and 4, do not allow for electrically charged antipar- ~ Several anomaly free models can be constructed from this
ticles in the two lower components of the multiplé¢enti-  table. Let us see.
quarks violateSU(3), ande*,u* and r* violate lepton

number at the tree levebnd forbid the presence of exotic

electric charges in the possible models, then the electric

charge of the third and fourth components in 4 armdust be We found two three farlmly structures which are: .
equal either to the charge of the first and/or second compo- Medel A=2S{® S} 3S;. (The model analyzed in the
nent, which in turn implies thab and ¢ can take only the Main text) |
four sets of values stated above. So, these four sets of values Model B= Sl®2S]®3S;.
for b andc are necessary and sufficient conditions in order to
exclude exotic electric charges in the fermion sector too. b. Two family models

A further analysis also shows that models with-=c= W find only one two family structure given by: Model
—1 are equivalent, via charge conjugation, to models wnhczsg@ Sle 8'3698'5.
b=c=1. Similarly, models withb=—1,c=2 are equiva-

a. Three family models

!ent to models withb=1, c= —2. So, with the constraints c. One family models
imposed, we have only two different sets of models; those ) ]
for b=c=1 and those fob=1. c=—2. A one family model can not be directly extracted from

S,i=12,...,6, but we carcheck that the following
particular arrangement is an anomaly free one family struc-
_ , . . ture: Model D=S{®(e”,v,N°N'%) @ (E; ,NJ,NJ,NJ),
First let us define the following complete sets of spin 1/2@(N2 E;,e",E}).®E, . As can be checked, this model
Weyl spinors(conjpletg in the sense that each set contains itSgqces to the model in Ref15] for the breaking chain
own charged antiparticlgs SU(4), ®U(1)x—SU(3), ®U(1),®U(1)x—SU(3),
= ®U(1),, for the valuea=1/12. In an analogous way, other
q_ "~ 17 S~ _2
$1={(u.d,D,D") ~[34~ 1], ui~[3.1,~5], one family models with more exotic charged leptons can also
be constructed.

1. Models forb=c=1

d°~[3,14], DS~[3,1,], D;°~[3,1.2]}.

$3={(d.u,U,U") ~[34.5], uf~[3,1-3], 2. Models forb=1c=-2
R e = e = As in the previous case, let us define the following com-
di~[3,13], Ui ~[3,1,—5], U/°*~[3,1,—3]}. plete sets of spin 1/2 Weyl spinors:
Sy={(vg,e".E E') ~[14-3] e ~[L1]], S;9={(u,d,D,U) ~[3,45], uf~[3,1,-3],
B ~[1.11, E["~[1,1,1]}. df~[3,14], Df~[3,14], Uf~[3,1,-31}.

S,={(E*,N9,NJ,N9) ~[1,4%], E, ~[1,1-1]}. _ _
HE N N AL B } $49={(d,u,U,D) ~[34,}], uf~[3.1,- 2],
| _ - 0 nNON/OY _T1 4 1 +__ _ _ _
Sie e NOND LA ma] e =T L4} df~(3.14], US~[3.1- 31, Df~ (3,141},
Ss={(N.Ey .E; ,E3) ~[14,3], Ex ~[1,1,-1], , o
Sy ={(12,e”,E",N% ~[1,4-%], ¢ ~[1,1,1],
E, ~[11-1], E5 ~[1,1—1]}.
2~[11-1], Eg ~[11-1]} s
Due to the fact that each set includes charged particles o
together with their corresponding antiparticles, and S:llZ{(e_,yg,No’E_)L~[l’4,—%], e ~[1,1,1],
since  SU(3). is  vectorlike, the anomalies .
[gravj2U(1)y, [SU(3).]® and [SU(3).]2U(1)y automati- E~[1,1,1]}.
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TABLE V. Anomalies for sets with valueb=1, c=—-2.

Anomaly S S S, S, S Ss
[U(1)x]? -3/2 -3/2 3/2 3/2 -3/2 -3/2
[SU(4), 12U (1) 1/2 1/2 —1/2 —1/2 1/2 1/2
[SU4).T? 3 -3 1 -1 1 -1

Sé'={(E+,Ng,Ng,e+)L~[1,4,%], E ~[11-1], b. Two family models

B We find again only one two family structure given by:
e ~[11-1]}. Model G=S;%@S,% S} e S

Sé'={(NO,E+,e+,N2)L~[1Z,%], E[~[11-1], c. One family models
Two one family models can be constructed usB(g i

e ~[1,1-1]}. =1,...,6.They are:

For the former sets the anomaljggav]?U (1), [SU(3).]® Cwa o
and [SU(3).J2U(1)x vanish. The other anomalies are Model H=S"©2S; &S5 .
shown in Table V. Again, several anomaly free models can Model I=S]% 2S,'a S;'.

be constructed from this table. Let us see. ) ] )
To conclude this appendix let us mention that for the val-

ues of the parameteils and ¢ used in our analysis, many

a. Three family models
y more anomaly-free models can be constructed, all of them

We found two three familly structures which are: featuring the SM phenomenology at energies below 100
Model E=2S1% S99 3S,' . GeV. Model A, discussed in the main text, is just one
Model F=S;%¢2S,%¢3S}'. example.
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