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An extension of the standard model to the local gauge g®Up3).® SU(3), ®U(1)x as a family inde-
pendent model is presented. The mass scales, the gauge boson masses, and the masses for the spin 1/2 particles
in the model are studied. The mass differences between the up and down quark sectors, between the quarks and
leptons, and between the charged and neutral leptons in one family are analyzed. The existence of two Dirac
neutrinos for each family, one light and one very heavy, is predicted. By using experimental results from
CERN LEP, SLC and atomic parity violation we constrain the mixing angle between the two neutral currents
and the mass of the additional neutral gauge boson te@m80015<sin <0 and 1.5 Te\k Mz, at 95% C.L.
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[. INTRODUCTION five, it follows that in those modeld is equal to 3.
Over the past decade two three family models based on

In spite of the remarkable experimental success of outhe SU(3).®SU(3) ®U(1)x local gauge group have re-
leading theory of fundamental interactions, the so-callecceived special attention. In one of them the three known
standard model(SM) based on the local gauge group left-handed lepton components for each family are associated
SU(3).®SU(2),®U(1)y=Ggy, with SU(2) ®U(1l)y to threeSU(3), triplets as ¢,,1~,17),, wherel, is related
hidden[1] and SU(3). confined[2], it fails to explain sev-  to the right-handed isospin singlet of the charged lepfom
eral issues such as hierarchical fermion masses and mixinge SM [5]. In the other model the threBU(3), lepton
angles, charge quantizatio;P violation, replication of triplets are of the form ¢, ,1~,+f), wheref, is related to
families, etc. For example in the weak basis, before the symme right-handed component of the neutrino fie|d [6]. In
metry is broken, the families in the SM are identical to €achyhe first model anomaly cancelation implies quarks with ex-
other; when the symmetry breaking takes place, the fermiongtic electric charges-4/3 and 5/3, while in the second one
acquire masses according to their experimental values anfle exotic particles have only ordinary electric charges.
the three families become different. However in the SMthere A yecent analysis of th€U(3).®SU(3),®U(1)y local
is no mechanism for explaining the origin of families or the gauge theory(hereafter the 331 grolighas shown that, by
fermion mass spectrum. _ restricting the fermion field representations to particles with-

These drawbacks of the SM have led to a strong beliepyt exotic electric charges and by paying due attention to
that the model is still incomplete and that it must be regarde@noma|y Cance|ati0n' six different models are Obtained;
as a low-energy effective field theory originating from awhile by relaxing the condition of nonexistence of exotic
more fundamental one. That belief lies on strong conceptuadlectric charges, an infinite number of models can be gener-
indications for physics beyond the SM which have producedated [7]. Four of the six models without exotic electric
a variety of theoretically well motivated extensions of the charges are family models for quarks and leptons in which at
model: left-right symmetry, grand unification, supersymme-least one of the 3 families is treated differently. The remain-
try, superstring inspired extensions, €i8]. ing two models are one family or family independent mod-

At present, however, there are no definitive experimentaéls. One of them, which was analyzed in R, is anEg
facts that point toward what lies beyond the SM and the bestubgroup. The other one, studied in this paper, is a subgroup
approach may be to depart from it as little as possible. In thi®f SU(6)®U(1)x, a new electroweak-strong unification
regard,SU(3) ®U(1)x as a flavor group has been consid- group. For this last model we will do some phenomenologi-
ered several times in the literature, first as a family indepeneal calculations in order to set the different mass scales and
dent theory[4], and then as a family structuf8,6] which,  calculate the masses for all the spin 1/2 particles in one fam-
among its best features, provides with an alternative to thdy.
problem of the numbeN of families, in the sense that This paper is organized as follows. In the next section we
anomaly cancelation is achieved whshis a multiple of introduce the model as an anomaly free theory based on the
three; further, from the condition &U(3). asymptotic free- local gauge grousU(3).® SU(3), ®U(1)x and show that
dom which is valid only if the number of families is less than it is a subgroup of an electroweak-strong unification group
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based on the gauge structiB&J(6)®@U(1)y. In Sec. Il we Now, in order to cancel theSU(3), ] anomaly two more
describe the scalar sector needed to break the symmetry agdJ(3), lepton triplets with quantum number§3, X;},i
to produce masses to the fermion fields in the model. In Sec=1,2, must be introducedogether with their corresponding
IV we study the gauge boson sector paying special attentioright-handed charged component&ach one of those mul-
to the neutral currents present in the model and their mixingtiplets must include on&U(2), doublet and one singlet of
In Sec. V we analyze the fermion mass spectrum. In Sec. Vhew exotic leptons. The quarks field§ ,df and g{ color
we use experimental results in order to constrain the mixingntitriplets andSU(3), singlets, withU(1)y quantum num-
angle between the two neutral currents and the mass scale l@érsxu X4 and X, respectively, must also be introduced in
the new neutral gauge boson. In the last section we summarder to cancel the{SU(S)C]?’ anomaly. Then the hyper-
rize the model, do a comparison between the model in Refchargesx with a= y,#,1,2u,d,q, . .. are fixed using Egs.
[8] and the present one and state our conclusions. Atechnlcgi) (2) and the anomaly constraint equations comlng from
Appendix on the diagonalization of the4 mass matrix for  the  vertices [SU(3)c]?U(1)yx, [SU(3), 12U(1)x,
the charged leptons in the model is presented at the end. [grav]?U(1)y and [U(1)x]3, where[grav]2U(1)y stands
for the gravitational anomall9]. These equations are

Il. THE FERMION CONTENT OF THE MODEL 9
[SU(3)c]U(1)x:3X, + X+ Xg+Xq=0,
A. SU(3).®SU(3) ®U(1)x as a one-family anomaly free

model [SU(3)12U(1)x:3X,+ X, +X;+X,=0,
In what follows we assume that the electroweak gauge
group isSU(3), ®U(1)y which containSU(2), ® U(1)y as [gra\/]zu(l)x:QXXJr 3X+3Xy+3Xq+3X,,

a subgroup. We also assume that the left handed quarks
(color tripletg and left-handed lepton(olor singlet$ trans- - 3X, 43X, 2 X =0,

form as the 3and 3 representations 8&U(3), respectively. sing!
We have arSU(3), vectorlike as in the SM and, contrary to
most of the 331 models in the literatur®,6], in our model
the anomalies cancel individually in each family as it is done
for the SM.

The most general expression for the electric charge gen- +3X§+ 3X§+ 2 X,33=0,
erator inSU(3), ® U(1)y is a linear combination of the three sing!
diagonal generators of the gauge group

[U(1)x]3:9X3 +3X]+3X3+3X5+3X5,

whereXs are the hypercharges of the right-handed charged
lepton singlets needed in order to have a consistent field
theory.
3 In order to fix the parametds, let us use fog, an exotic

up type quarkl of electric chargeQ = Qy=2/3. This fixes

where T, =\, /2,\;, being the Gel-Mann matrices b=1/2, which impliesQ,= —1 and therl| will be an exotic

for SU(3). normalized as t; \j;)=26;, and I3 electronE_ . Then we have
=Dg(1,1,1) is the diagonal 83 unit matrix. Choosinga

2
Q=aT3L+—bT8L+X|3, (1)

=1 gives the usual isospin of the electroweak interacti#ns. d Ve
andb are arbitrary parameters to be fixed next. = Ul , wy=|¢
We start by defining twés U(3), triplets u/, = ]
d Ve In the former analysis we have used in the symmetry
_ breaking chainSU(3), —SU(2),®U(1); the branching
x={ vl =€ ’ rule 3—2(1/6)+ 1(— 1/3), where the numbers in parenthesis
a’/ . | L are the newZ hypercharge values. Then, by using the electric

charge generator in Eql) that we now may write af

whereq, andl, areSU(2), singlet exotic quark and lepton =Tz +Z+X, we have thatX,=1/3, X,=Xy=—-2/3 and
fields, respectively. Now, if theSU(3),,U(1)y) quantum Xg=1/3. F?Ir those Yaéuej’ the e;]nom@lSUB) JPU(1)x Isb ,
numbers forv, and#, are (3X.) and (3 _respectively, automatically cancele sing the same argument we obtain
then by usir?(gL Eq(l;//\LNe ha(vae t)ﬁ)e relagio}r(lg)hip P 4 Xy=—2/3. Then, the anom%Iy coglstramt equations imply
Xq+Xyo=—1/3, Es,ng|x +3X1+3X5=20/9 andZjngX|s
=3. By demanding for Ieptons of electnc charged and 0
X+ Xy=Qq+Qi=—1/3, (2)  only, we must introduce, for the simplest solution, three
equivalent singlets with hyperchargég=1,1=1,2,3. Then
where Q, and Q, are the electric charges of tHeU(2), X1=1/3 andX,= —2/3.
singletsq, andl, respectively, in units of the absolute value  We thus end up with the following anomaly free multiplet
of the electron electric charge. structure:
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d
x=|u dp uf Ut
U L
332 310 31 ER i
11§ 11§ 1== 3 17_§
Ve E; Ng
— 0 —
=€ g =| N1 o= Bz e i =
Ej_ L Vg L Eg L
2 1 2
— Z — 1,1, 1,1, 1.1,
[13-2) (1,33) (1,3, 3) w1y @1 w1
The numbers in parenthesis refer to tH&U(3)c, [U(1),]%6ai+6a’$+15a3+3a3=0,

SU(3).,U(1)x] quantum numbers, respectively.

where ag, ag and a5 are theU(1), hypercharges for the
B. SU(3)c®SU(3) ®@U(1)x as anSU(6)®U(1)x subgroup  representations,8 and 15, respectively. Sinaepriori there
In a model based on a local gauge gro®iJ(6) is no way to distinguish between the tworépresentations,
®U(1),, the minimal choice of chiral multiplets that are we assume thatg= ag and so the solution to the former set
free of the[SU(6)]% anomaly is 666®15[10]. If we want  of equations isy;=3a 5= — 5 ag=a, Wherea is a free pa-
to apply this group structure to the model in Sec. Il A, threerameter.
SU(6) singlets with identical hypercharges must be in- Using for the symmetry breaking chainrSU(6)
troduced. The anomaly constraint equations read now —SU(3).®SU(3) . ®U(1)g the branching rules
6—(3,1)(—B)+(1,3)(B) and 15-(3,1)(28)+(1,3)
[SU(6)12U(1),: ag+ ag+4ay5=0, (—2B)+(3,3)(0) [11], we see immediately that the model
in Sec. Il A for the gauge grouU(3)c®SU(3) ®U(1)x
is a subgroup of the gauge grogiJ(6)®U(1), as far as
[grav]?U(1),:6as+6ag+ 15015+ 3a;=0, we identify «=X=1. The particle content of the irreducible
representations i8U(6) are

ug 1 0 di —d5 d; up, U,

Ug g _dg:_ 0 dg d2 U2 U2
— | us 3 . 5 —d3 0 ds us  Usg

Ve ' Ng ' _dl _d2 _d3 0 Vg E;— '

e E, -u; -u, -uz —-»5 0 N

= Es/| | Uy -Up, -U; -E; -N} 0/
1=¢/, Eql, Ej .
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Since ourSU(6)®U(1)yx is not a subgroup okEg, the By diagonalizingM we get the physical neutral gauge bosons
model introduced here is not related to the superstring dewhich are defined through the mixing angl@ndZ , Z,'L by
rived flippedSU(6) model[12].

Z{=2,c0s0+Z,siné,
Ill. THE SCALAR SECTOR

o _ Z4=—2,sin0+Z, coso,
Our aim is to break the symmetry following the pattern

where
SU3).®SU(3), ®U(1)x—SU(3),®SU(2), ®U(1)y

B 2 1—-2 2 3—4
SU(3).®U(1)q tar(29):_l;é4vz Swz)(\ijs?j;
wV UL

()

and give, at the same time, masses to the fermion fields in

th.e model. With this in mind- we introduce the folloyving WO The photon fieldA* and the field¥Z, andZ’, are given by
Higgs scalarsip,(1,3,1/3) with a vacuum expectation value # ”
(VEV) aligned in the direction(¢,)=(0,0V)" and - .
¢2(1,3,1/3) with a VEV aligned aég,)=(0v/+/2,0)T, With AL=SAL+Cy T_VVA;SLJF(l_T\zlv/S)l/zB#
the hierarchyV>uv~250 GeV (the electroweak breaking \/§ ]
scalg. The scale ofV is going to be fixed phenomenologi-

cally in Sec. VL.

Note that¢$, and ¢, have the same quantum numbers but Z#=CywA4— Sy
they get VEVs at different mass scales. This is necessary in I NE]
order to give a large mass to the exotic quark and a realistic
mass to the known up quark via a mixing with the exotic Tw
quark, as we will see in Sec. V. Z'F=—(1-Ta/3)Y A4+ —BX. (4

One more Higgs scalap;(1,3,—2/3) is needed in order V3
to give a mass to the down quark field in the model but, as
we will discuss in Sec. V, the most convenient VEV for this Sw= v39'/1/3g°+4g’? and Cy, are the sine and cosine of
new scalar is zero{s)=0). the electroweak mixing angle respectively andy

=Sy/Cyw. We can also identify th&’ hypercharge associ-
ated with the SM gauge boson as

Tw

A+ (1-T35/3)YBH|,

IV. THE GAUGE BOSON SECTOR

In the model there are a total of 17 gauge bosons: One Tw 3 12
gauge fieldB* associated withJ(1)y, the 8 gluon fields Yh= ﬁAgJF(l_TW/?’) B¥|. ®)
associated witt8U(3). which remain massless after break-
ing the symmetry, and other 8 associated w&hJ(3),

which, forb=1/2 in Eqg.(1), can be written as A. Charged currents
The Hamiltonian for the charged currents can be written
DA WrE KT as
E)\QA":i w # D&y KO |
2 a\/z _ — cc_ 9 o= vEd, + v vre +NO VEES
K™#* Ko D% H _\/E[WM( u y#di+very*ep + Ny ¥*Ey
where D¥=A%/\2+AL/\J6, DE=—AL\2+Ak/\6, and +E5 y*NO)+ K (— U y#d + ve Y"E;
D4=—2A4/\6.\;,i=12,...,8, are theight Gell-Mann — o -
matrices normalized as mentioned in Sec. Il A. + N Y*Eg + B v#ve) + K, (= Uy uL

After breaking the symmetry witli¢h,) +{¢,) and using
for the covariant derivative for triplets D#=g*
—i(g/2)\ ,AL—ig'XB*, we get the following mass terms (6)
for the charged gauge bosonsM\zNi=(gzl4)v2, Mit

=(g?/2)V?, and Mio(@)z(QZIZ)(VZnLvZ/Z). For the three  which implies that the interactions with the™ andK°(K°)
neutral gauge bosons we get mass terms of the form bosons violate the lepton number and the weak isospin. No-
tice also that the first two terms in the previous expression

NS = - _
+N y“vS +E ¥*Eg +e  y*Eq)]+H.c,,

, a\2 o , u\ 2 constitute the charged weak current of the SM as far as we
M = V2 9 BM_% +v_ 29 BM—gA§+ 9% i identify W= as the SU(2), charged left-handed weak
3 J3 8 3 J3 bosons.
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B. Neutral currents

The neutral currentsJ, (EM), J,(Z) and J,(Z')
associated with the Ham|Iton|an HO=eAX] (EM)
+(9/CW)Z*3,(2) +(9'1\3)2'*3 (Z') are

2 1— 2 _
J(EM)= FUYLU~ dyﬂd+§U7MU—e77ﬂef
E;7,Es

—EyvuE1 By v B —

= E qff—')/p,f

f
3,(2)=3,.(2)—S{,(EM),

J(Z)=Twd (EM) =], (Z'), (@)

where e=gSW=g’CW\/l—TW2 /3>0 is the electric charge,

gs is the electric charge of the fermiohin units of e,

J,.(EM) is the electromagnetic current, and the left-handed

currents are

J.(2)= (UL?’MUL dL?’MdL+VeL7MVeL eL YulL
+N27;LN2_E2_7;LE2_)
:Z Taefryfo,
I (Z)=Sow(—dLy, A+ ve v, ve +Ea v, Eap
_0 — - I —
+ NZLYMNgL)+T2V\lI(_uL'yuuL+eL YL
+W‘]).L7MN2L+E2_L7;LE2_L)_T\7\/1(_UL7MUL
+E v Bt VgL?’MVgL"' = 'yp.EE‘TL)
=2 Torfuyafe, 8)
where S,w=2S0WCw, Tow=Sow/Cow. Cow
_ 2 N0 0_7N0 0 , N0 0 _ N0 0
CW Sw N27,uN2_N2L7;/.N2L+N2R7,u.N2R_N2L7,uN2L
— N3 YN =ND ¥,N3 ~N2 y,N% , and  similarly
E,v,Eo= o vuEa— Es v.Es- In this way Ty

=Dg(1/2,—1/2,0) is the third component of the weak isos-

pin and Tgf—Dg(Sz_W,Tz_W, T\j\,) is a convenient X3

diagonal matrix, acting both of them on the representation %h
of SU(3), . Notice thatJM(Z) is just the generalization of

PHYSICAL REVIEW D 65 055013

2
g .
HNe= 5en 2, 202 {flan(H(i-7s)
+air(f)(1+vs)]f}
g < —
=500 2 22 Afrlohv—a(Diarslfh,
where
g’'sinfCyy
f)=cosf(T5i—qsSh) — ———= (Tor— 0 Tw),
ay (f)=cosé(Tzr—arSy) 03 (Tor—a¢Tw)
fo— ( 0 _g’sina)
air(f)=—0qrSy| cosoSy g\/§ ,
) g'cos6Cyy
f)=—sin(Ta—qsSa) — ———= (Tor— s Tw),
ay (f) SinO(T3i— s Sy) g\/§ (Tor—diTw)
f) ( in +9'C°S‘9) ©
= n
agR( qrSw| Sin Sy g\/§

and

0(F) 1y = COSO(Tag— 2S20lr) — SF (TorCu—2;Sw),

) g'cosd
g(f)oy=—sin6(T3;— ZS\qu)_ (TotCw
\/_
—20sSw),
(f) oT g’sinﬁ_l_ C
=C0S - ,
g(1)1a 3f g\/§ ofCw
(f) inoT gICOSHT C (10
—sin - .
g(T)an 3f g\/§ ofCw

The values ofy;, g;x with i=1,2 are listed in Tables | and

Il. As we can see, in the limi#=0 the couplings oZj to

the ordinary leptons and quarks are the same as in the SM,
due to this we can test the new physics beyond the SM pre-
dicted by this particular model.

V. FERMION MASSES

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

the neutral current present in the SM. This allows us to iden-

tify Z, as the neutral gauge boson of the SM, which is con-

sistent with Egs(4) and (5).
The couplings of the mass eigenstat®$s and Z45 are
given by

A. Masses for the up quark sector

For the quark sector we can write the following Yukawa
terms:
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TABLE I. The Z“—ff couplings.

f g(fav g(f)1a
d 252 1 )
_ %‘ " TW)[cose—sin 6I(AC2,~1)12] — 5 (cosf—sin aIr2(4C2—1)42))
u 2 : 2 1
COS(,(} _ ﬁ')+%(l N S_W) 5 C0S0-+5in 0/(1/2—§5,)/(4C §,~ 1)
2 3 (4C2—1)? 2 3
U 4S2cosh 7 — C2sin 61(4C23,— 1)1
—- 2 sin 0(1— - §N>/(4c 2 _1)12
3 3
e y 1+282) siné (1+ 2) cosd sin g (l 2)
cosf| — = -— = - - ——
2 25| oz a2 TS 2 ach Rz W
- EZ sing 2 o 2 _4\12
Ei E3 2008652+ > / (1-3%2) Cwsinb/(4Cy,—1)
(4cy—1)v?
- S2sin6 A2 2 412
E, cose(—1+2§N)—V2Vs—1,2 C{sin6l(4Cy—1)
(4Cy—1)
NS 1 , 1 ,
Ve E[COSH*SIHG/(4C\2N*1)1/2] E[cos¢975|n0/(4c\2,\,71)1’2]
Ve C2sinal(4Cs,—1)"2 C2sin6I(4C3,—1)Y2
N9 1 ; siné (12~ 1 ; sing (12—
— = c0S0— —————(1/2— — =080~ —————(1/2—
2 (4C2 — 1)1 2 (acg 142
[ b b b
L3=x{C(hyouf +hyhaUL +hyyoUL +hyeauf) Ly = eand ¥ C(h1thy| 7+ a7 $3) + 7 Clhahy H5
+H.c., (11) +haoL 831+ U ChT (hsel +heEq +hrEq )

, + 9 C1 (hgel +hoEqy +higEs )+ ¥(Ch3 (hue!
whereh,, »=u,U,uU,Uu, are Yukawa couplings of order

one andC is the charge conjugate operator. From Ed) we +hEq +higEg ) + i Chs (hysel +hisEq
gfett;(;rftctlrerznup quark sector a mass matrix in the basis f, +hyEd ) +H.C., (13)
wherea,b,c areSU(3), tensor indices and the Yukawas are
huv/\/i huuv/\/z again of order one.
UU:( hy,Vv hoV |’ 12 1. Masses for the neutral leptons

For the neutral leptons Eq13) produce, in the basis
For the particular cask,=h,y=hy,=hy=h, the mass ei- (ve,ve,N1,N;), the mass matrix
genvalues of the previous matrix ang,=0 andmy=h(V

+v/4/2). Since there is not a physical reason for the Yukawa 0 - hZU/‘/E h,V 0
couplings to be equal, let us calculate the mass eigenvalues — hzv/\/i 0 0 h4v/\/§

as a function ofM ,y|=(h,hy—h,uhy,) the determinant of My= oV 0 0 —hV

the Yukawa couplings, and in the expansiofV. The alge- 1 3

bra shows thamy=hyV+hw/\2—|M,ylv?\2Vhy and 0 hpw/N2 —hyv 0
my=v|Mu|(1+hyohyw/V2Vh3)/\2hy, so a large mass (14

is generated for the exotic up quark and for the other one,
associated with the ordinary up quark, a mass lowered by the
determinan{M | which we expect to be smaller than one.

The eigenvalues for this matrix are

1
m; == \/E(A+ VA?—4D?),
B. Lepton masses

i 1
terrli;r- the lepton sector we have the following Yukawa my= = \/E(A_ JAZ—4D?),
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where  A=V?(h?+h3)+ (v?/2)(h3+h3) and D? =0\V)=0, so, there is a zero mass eigenstate that we may
=V?v?(h, h4 h,h3)/2. These values imply for this model identify as the electrorffor the first family for examplg
that there are two Dirac neutrinos for each family. SecondM? has three eigenvalues different from zero and of
For the particular case D=0 we find m;= the orderv?, which means that at the first stage of the sym-
+Vy/(hi+h3)+(v22V?)(h3+h?) and m,=0, which metry breaking chain
means a massless Dirac neutrino and, in the IM3¥tv, a
very massive one. In the caBe# Ozang|D|<|A|, an e\;(gan— (6
sion of m;,i=1,2, in powers oD“/A° givesm;==* JA(1
Y C tv\/ﬁiJr_h% and  my= = DIVA(L SU(3).&SU(3) ®U(1)x — SU(3).&SU(2) ®U(1)y,
+D22A%+ - - -)~ v (hyhy—hyhg)/\2(h+ h32) (in the
limit V>uv), which means that the mass of the light neutrinothe three exotic charged leptons get heavy masses of order
is suppressed with respect to the saalby the small value V>uv~250 GeV(the electroweak breaking mass sg¢ale
of hyh,—hy,h;~D. Notice thatD=0 if we impose in our Now, for v#0 and by taking profit ov/V<1, we can
model the symmetryp, < *+ ¢, which impliesh,=+h, and  diagonalizeM?(v,V) using matrix perturbation theory up to
hy=*h,. first order in the perturbatiofi3]. In the Appendix we show
that, at this order, three eigenvaluesMf are of the order
2. Masses for the charged leptons V2 and the eigenvalue corresponding to the mass of the light-

For the charged leptons EL3) produces, in the basis €St charged lepton is given by
(e,Eq1,E5,E3), the mass matrix

hiw/V2 hyw!/V2  —hV o hiwly2 2 hH?+h3J?—2h;haK? 2
me= W) v’
hsV heV  hw/\2  hV 2(hi+h3)
Mee h14U/\/§ hlsU/\/E —hgV hlsv/\/E
heV hV  hgw/\2  hyV where H2=h2,+h%.+h%,, J2=hZ+h%,+hi, and K?2
(15) —h11h14+ h12h15+ h13h16 Notice that with Yukawa cou-

plings of the order onéi?~J?~K?2, andm, is suppressed
and we must find the eigenvalues for the matd¢eM{z  with respect to the scake by a small difference of Yukawa
=M2(v,V). couplings, namely; — hs. It is worth noticing that the value
Let us first consider the particular cas¥(v=0,V) (see  of m, is independent of the symmetrp,< = ¢, which
the Appendiy. In this case we have first that ddf(v makes zero the mass of the light neutrino.

TABLE II. The Z4—ff couplings.

9(f)av 9(f)2a
d Sty 1 .
(% - —W)[ sin 9+cosal(4C 1)) 5 (sin 6+cosa[2(4C { 1))
2 1
’ _Sme(}_ﬁv L Cos6 (1 Sk — 5 sin6+cose(L/2- S5)/(4C §y—1)12
2 3 (4(;\2/\/71)1/2 2 3
U 4S2sin 6 7 —C2,cosbl(4C2,~1)42
Vf fcose(lf—sﬁ,> (4C3,—1)*2
e ) 1 2s2 cosd (1 e sing cosé 1,
sing _§+ W% _(4C2 )1/2 W 2 _(4C\2N*1)l/2 E S\/\/
E; ,E; co Ca,cosbl(4C—1)¥2
173 —25|n0$W+(—)1/2( ~352) weost/(4Cy,—1)
= —sin§(—1+2S%)— _Sweost_ — C{,cosdl(4Cg—1)¥2
(acj -1+
v NO 1 . 2 1/ 1 : 2 1/:
e:N3 — 5[ sing+cos6/(4C{,—~1)"?] — 5 [sin 6+cos(4Cy,—~1)"]
Ve C 2cosbl(4C3—1)1? c? cosa/(4c2 —1)2
e W W W
Ng 1 cosé 2 1 co
ESIHH—W(J./Z—SW) Esme_(—]_)l/z( 1/2— S\N)
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@ TABLE Ill. Experimental data and SM values for the param-
1 eters.
0
é ¢2 Experimental results SM
+ O’*‘\ _

& ,” Se 9?3 I, (Gev) 2.4952+0.0023 2.4963 0.0016
Vg \ I'(had) (GeV) 1.74440.0020  1.742%0.0015

/ \ L(*17) (MeV) 83.984+0.086 84.0180.028

(] \ Re 20.804+0.050 20.7430.018
> ! — > ! - Acg(€) 0.0145-0.0025  0.016% 0.0003

dj, Ug Ug dr Ry 0.21653:0.00069  0.215720.00015

R 0.1709-0.0034 0.17230.0001
FIG. 1. A One-loop diagram contributing to the radiative gen- Arg(b) 0.0990GF 0.0020 0.1039 0.0009
eration of the down quark mass. Arg(C) 0.0689:0.0035  0.07430.0007
C. Mass for the down quark Arg(S) 0.0976:0.0114  0.1048 0.0009
Ay 0.922+0.023 0.9348 0.0001
The down quark does not get a mass at zero level. Therg, 0.631+0.026 0.6683 0.0005
are two alternatives if we want to produce a mass for this_ 0.82+0.13 0.9357 0.0001
field: (1) introducing a third Higgs scalabs(1,3,—2/3) with A _(p ) 0.1498- 0.0048 0.1482 0.0012

a VEV (¢3)=(v'//2,0,0)', wherev’ ~v, willimmediately g (cs) —72.060.28+0.34 —73.09+0.04

produce a tree level mass temyzhdv’/\/f; (2) introduc-
ing the same Higgs scala¥;(1,3,—2/3) but without a VEV
(<¢3>=0 as mentioned in Sec. )lproduces a one-loop ra- %10*2(_mt2/(2|\/|§1)+1/5) [16]. The p parameter has two
d!at|ve mass for th? down q_ua(k Figure 1 S.hOW$ one of.the contributions, one of them is the oblique correction given by
diagrams contributing to this mass. A similar diagram is ob- 2 2 .
tained by simultaneously replacingj by ¢; and 2 by ¢° Sp~3Ggm?/(872\2) and the other one is the tree level
in Fig 1y yrep Y @2 29YP1 contribution due to theZ,—Z;,) mixing and can be param-

. . . N 2 2 _ . .

In both casesps does not introduce new mass terms foretnzed asépv~(M22/le 1)sirfe. Finally, g(f)zy and
the leptons in the model. From the two alternatives discussed(f)14 are the coupling constants of tizg" field with ordi-
above, we prefer the second one since it is the only onaary fermions and they are listed in Table I. In the following
generating a natural small mass value for the down qdark we will use [15] m=174.3 GeV, a¢(m;)=0.1192,
For the first alternative we must explain either whiy<v or  a(m,) 1=127.938, anc&2,\,=0.2333.
why hg, the Yukawa coupling for the down quark, is much  The effective weak charge in atomic parity violati@,,,

less than one. can be expressed as a function of the number of pradns
and the number of neutroribl) in the atomic nucleus in the
VI. CONSTRAINS ON THE (Z*—Z'") MIXING ANGLE form

AND THE Z4 MASS
=—-2[(2Z+N)c,,+(Z+2N)Ccq4], 1
To get bounds on sia and Mz, we use experimental Qu L€ Jeat( 1] 7

parameters measured at tAepole from CERNe e~ col- wherec;4=29(€)129(q)1v - The theoretical value fa@,y is
lider (LEP), SLAC Linear Collider(SLC) and data from given by[17]
atomic parity violation as given in Table I[I14,15. The
expression for the partial decay width #6{' in two fermions Qu(E%Cs)=—73.09-0.04+ AQy. (18
is

3 AQyy, which includes the contributions of new physics, can
NcGeMz, [3,8—,83 be written ag18]

p

677\/5 2 [9(f)1v]?

+B3[g(f)1al?

I(Zt—ff)=
S2,

1+4 S\ZN —-Z

AQy= Spy+AQl,. (19

(1+ 1)Rocp+0ED: (16)

The termAQy, is model dependent and it can be obtained for
our model by usingy(e); and g(q),y from Table I. The
value we obtain is

wheref is an ordinary SM fermion witrmfstllz, Z{ s

the physical gauge boson observed at LEpP=3(1) is the
number of colors of quarkéleptons, Rocp+gep are the

QCD and QED corrections and= \/1—4mﬁ/M§1 is a ki- M2
nematic factor. The factod; contains the one loop vertex AQy=(8.4Z+5.5N)sin0— (3.1 +2.62N) 21.
contributions and it is zero for all fermions except for z,
the bottom quark for which it can be written a8, (20

055013-8
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5000 a consistent way by using three different Higgs scalsrs
i=1,2,3 with(¢3)=0 and(¢;)#0, i=1,2 as stated in Sec.
Ill. This Higgs fields and their VEVs set two different mass
scalesiv~250 Ge\WV, whereV=60 TeV. By using ex-
perimental results from LEP, SLC and atomic parity viola-
tion we bound the mixing angle and the mass of the
additional neutral current to be-0.00015<sin#<0 and
1.5 TeV=Mz, at 95% C.L.

The mass spectrum of the fermion fields in the model
arises as a consequence of the mixing between ordinary fer-
mions and their exotic counterparts without the need of dif-
ferent scale Yukawa couplings. Conspicuously, the four neu-
tral leptons in the model split as two Dirac neutrinos one
heavy and the other one light.

Notice that all the new states are vector-like with respect
to the SM quantum numbers. They consist of an isosinglet
quarkU of electric charge 2/3, a lepton isodoubIEtg(,N‘l’)I
1000 with (N3¢ =N9, in the weak basjs and two charged lepton

-0.0002 -0.00015 -0.0001 -0.00005 0 ) ) . . i
sint isosingletsE, andEg, . In addition, a right-handed neutrino
field is naturally included in the weak basis.

The model in Ref[8] is also a one family model like the
one presented here and uses the same value fdr plheam-

The discrepancy between the SM and the experimentditer in the electric charge generaf@r so, the gauge boson

4000

3000

Mz2 (GeV)

2000

FIG. 2. Contour plot displaying the allowed region for gins
Mgz, at 95% C.L.

data forAQ,y is given by[19] content of both models is the same. Now, for the model in
Ref. [8] there are 27 Weyl fields which are the same fields
AQy=QSxP— QM present in the fundamental representation of the electroweak-
strong unification grouftg [21]; in our model there are 30
=1.03+0.44. (21)  Weyl fields which can be accommodated in the representa-

tions of a new electroweak-strong unification grasp)(6)
Introducing the expressions f@rpole observables in Eq. ®U(1)y which is not a subgroup d&, so the fermion con-
(16), with AQyy in terms of new physics in Eq19) and  tant of the two models is different.
using experimental data from LEP SLC and atomic parity he |0y energy predictions of the two models are also
violation (se_e Table I.I), we do ay* fit and we flnd_the best different. Even though the low energy charged sector of both
allowed region for sird vs Mzz at 95% C.L. In Fig. 2 we models looks alike, it is not so for the neutral sector. The
display the allowed region for siivs Mz, at 95% confi-  model in Ref[8] allows for a second neutral current associ-

dence level. The result is ated with a mass as low as 600 GeV and predicts for each
) family the existence of a tiny mass Majorana neutrino and a
—0.00015<sin#=<0, Dirac neutrino with a mass of the order of the electroweak

mass scale. For the model in this paper there is only a small
mass Dirac neutrino in each family and the mass scale of the
_ second neutral current is of the order of a few TeV. Also the
which shows that the mass of the new Eeutral gauge boson i$.51ar sector of the two models is quite different.

compatible with the bound obtained pp collisions at the Finally we like to emphasize the way how the fermion
Fermilab Tevatror{20]. The negative value fod obtained masses in one family are generated in the model presented in
from phenomenology is consistent with the negative valughis paper: First, all the exotic fermions get very large
on the front of Eq.(3), which by the way implies 60 TeV masses, while the lightest charged lepton acquires a mass at
<V<, where thex upper limit is clearly seen from Fig. 2 tree level of the order of(;—hg)v (in the limit V>uv),

1.5 TeV<My,, (22)

(sin6—0 whenMz,—<). suppressed as a consequence of the mixing with exotic
charged leptons. The up quark gets a mass at tree level sup-
VIl. CONCLUDING REMARKS pressed also as a consequence of a mixing with a heavy

exotic up type quark. The down quark gets its mass as a
We have presented an anomaly-free model based on thlene-loop radiative correction. Finally there is a Dirac neu-
local gauge group U(3).®@ SU(3) @ U(1)x which is a sub- trino in each family with a mass suppressed by differences of
group of an electroweak-strong unification gro®iJ(6) products of Yukawa couplings. This unfamiliar way to gen-
®U(1)x, does not studied in the literature so far. We breakerate masses might lead to explanations for the major trends
the gauge symmetry down t8U(3).®U(1)q and at the in the masses of the fermions within one familye first
same time give masses to the fermion fields in the model ifiamily for example.
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APPENDIX

In this appendix we diagonalize perturbatively the mass
matrix Mg for the charged leptons which appears in Sec.
V B 2. This matrix can be written as

hi.g h,g —hy hig
hs he hyq h;

hi.9 hisg —hs hiq
hg hg hsg  hy

MeE:V

whereq=uv/(\/2V)<1.
The matrixM?(v,V) =M M can be separated a42
=V M3+M?(q)], whereV>M3=M?(v=0\V) and
h2 0 hhy O
0 A 0 B?

PHYSICAL REVIEW D65 055013
D?=—h;h,+hshyy+hghip+hohys,
E®=—h;hy+hghyy+hghyp+hychys,
F2=—h,h3+hshys+hghis+hshgg,

G?= —hghy+hghy4+hghys+hyghys,
H2=h%,+his+hig,
J2=hi+hiy+his,

K2=hyh14+hyhys+highye.

The eigenvalues of the matri’M3 are

m3,=0,

mg,= (hi+h3)V2,

mps= (A%+C?— JA*+4B*+C*—~2A’C?) V72,

m3,= (A%+ C2+ A%+ 4B*+ C*— 2A2C?)V?/2.

We now rotateM ?(q) using the matrix of eigenvectors of

3292 D%q K2 EZq M3. After the algebra is done we get, at first order in the

MZ= ,
 lhshy 0 h: 0
0 B> 0 c?

M2(q)= D?g  h3a® F’g  hh,g?

K2q2 qu H2q2 G2q
E%q hh,g® G2%q  hig?

In MS andM?(q) the parameters are related to the Yuka-
was in the following way:

A2=hZ+h3+h3,

B?=hshg+hghe+h7hyo, where m; corresponds to the mass of the lightest charged

expansiorv?/V?, the following four eigenvalues:

mi=[(hiH2+h3J2—2h;hsK?)/[2(h3+h3)]]v?,
m5=mg,+O0(v?),
mi=mgz+O(v?),

mg=ma,+O0(v?),

o 2 2 2 lepton andO(v?) stands for corrections of order to the
C=hg+hg+hiy, squared masses of the exotic charged leptons.
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