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We discuss the case of simultaneous mixing of gauge bosons and mixing of fermions in a model-
independent way and for a variety of extra-fermion representations. In this context we analyze a class of lepton
family-violating processes, namely,Z→et̄, Z→mt̄, Z→em̄, m→eeē, t→eeē, t→mmm̄, t→emm̄, and
t→meē in the presence of one extra neutral gauge bosonZ8 with universal, nonuniversal, or family-changing
couplings. We derive bounds on the combined effect ofZ-Z8 mixing and ordinary–exotic lepton mixing.
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I. INTRODUCTION

Tree-levelfamily-changing neutral current~FCNC! inter-
actions arise in extended models from three possible sources:
~i! the exchange of family-changing neutral gauge bosons,
~ii ! the mixing between exotic and ordinary fermions, and
~iii ! the existence of neutral scalars in the Higgs sector with
family-violating couplings. However, if the standard neutral
Z0 boson mixes with a boson which has a coupling which is
either family changing or nonuniversal, its coupling to light
~that is, the ordinary! fermions becomes family changing
even in the absence of mixing between exotic and ordinary
fermions.

In previous works extensive research has been performed
in the context of FCNC produced by the mixing of the stan-
dard neutral gauge boson with one which does not couple
universally to fermion generation@1# or by the mixing be-
tween exotic and ordinary fermions@2,3#. In this paper we
show how this phenomenon arises in the general case of the
simultaneous mixing of neutral gauge bosons and the mixing
of ordinary fermions with exotic ones. We do not consider in
this article FCNC arising from the exchange of scalars or
additional indirect effects such as the shifts induced by the
mixing between neutral gauge bosons in the values of the
weak angleuw , the r parameter, and the Fermi coupling
constantGF @4–6#, since they are irrelevant for the present
analysis. We apply the formalism in a model-independent
way to several lepton family-violating processes in thee-
m, m-t, ande-t sectors, considering several possible exotic
fermionic representations. We obtain in each case bounds for
the mixing parameters including the possibility that the con-
tribution of the neutral gauge boson mixing and that of the
fermion mixing are of the same order.

We describe in Sec. II the formalism for dealing with
FCNC which arise from simultaneous mixing of gauge
bosons and mixing of fermions. This formalism is applied to
the leptonic sector in Sec. III. In Sec. III A we describe how
the mixing effects modify the diagonal couplings of the Z.
In Sec. III B we apply the formalism to theZ→ l i l̄ j ,
l i→ l j l j l̄ j , and l i→ l j l kl̄ k decays and obtain constraints for
the mixing parameters. These bounds are refined in Sec. IV,
considering special types of representations for the additional
fermions.

II. MIXING EFFECTS: THE GENERAL FORMALISM
FOR SIMULTANEOUS MIXING OF GAUGE BOSONS

AND MIXING OF FERMIONS

To discuss the mixing of the massive neutral gauge
bosons of a general theory we first divide them into two
classes: the standardZ0 gauge boson which is a linear com-
bination of the SU(2)L ^ U(1)Y neutral bosons and hasuni-
versal family diagonal~UFD! couplings determined by the
eigenvaluest3 andq of the electroweak generatorsT3 andQ;
the extraZi

0 gauge bosons which can have either UFD or
nonuniversal family diagonal~NUFD! or FC couplings. The
last two types of couplings arise when theZi

0 gauge bosons
are associated with horizontal interactions. Since the case
whereZi

0 has UFD couplings has already been discussed in
the literature@3,4,7#, we will concentrate our attention on the
cases of NUFD@1# and FC couplings.

To discuss the general mixing of fermions, including ad-
ditional ones, we follow Langacker and London@2#, group-
ing all fermions of a given electric chargeq and a given
helicity a 5 L, R in ana1ma vector column ofna ordinary
~O! andma exotic ~E! gauge eigenstatesca

05(cO,cE)a
Á .

The relation between the gauge eigenstates and the corre-
sponding light (l ) and heavy (h) mass eigenstates
ca5(cl ,ch)a

Á is given by
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ca
05Uaca , ~1!

where the unitary matricesU a have the block form

Ua5SAa Ea

Fa Ga
D , ~2!

and the submatricesAa andGa are not unitary but satisfy the
conditions

~U†U!a5S A†A1F†F A†E1F†G

E†A1G†F E†E1G†GD
a

5S 1 0

0 1D . ~3!

The term (F†F)a , second order in the small exotic–ordinary-
fermion mixing, induces FC transitions in the light–light sec-
tor.

The neutral current term for the multipletc of a given
electric charge, for the case when both types of mixings are
present, is then

2Lnc5
e

suw cuw
(

a5L,R
c̄a
0gm~Da ,Ha

1 , . . . ,Ha
n!ca

0S Z0

Z1
0

A

Zn
0
D

m

~4a!

5
e

suw cuw
(

a5L,R
c̄ag

m~Ua
†DaUa ,Ua

†Ha
1Ua , . . . ,Ua

†Ha
nUa!mcaRS Z

Z1

A

Zn
D

m

, ~4b!

where suw and cuw are sinuw and cosuw, respectively,uw is

the weak mixing angle,R is the (n11)3(n11) orthogonal
matrix that diagonalizes the neutral boson mass matrix,D a is
the (na1ma)3(na1ma) matrix that expresses the coupling
of theZ0 gauge boson to matter fields, and similarlyH a

i are
the (na1ma)3(na1ma) matrices that express the coupling
of the NUFD and FC gauge bosons to matter. The electro-
magnetic part ofLnc has not been displayed since its struc-
ture is not affected by the mixing effects.

In the simple case of only one extra neutral gauge boson,
theR matrix is easily parametrizable as

R5S cosQ 2sinQ

sinQ cosQ D ~5!

and the neutral current term is now

2Lnc5
e

suwcuw
(

a5L,R
c̄ag

mUa
†~DacosQ1HasinQ,HacosQ

2DasinQ!UacaS ZZ8D
m

. ~6!

It should be obvious that the treatment of the general case,
Eqs. ~4a! and ~4b!, is straightforward. From now on we re-
strict the discussion to the case of only one extra gauge bo-
son just to simplify the notation. In Eqs.~4a!, ~4b!, and ~6!
theDa matrices are given by

Da[~T32Qsuw
2 !a . ~7!

They are diagonal by definition, and in the case, which we
assume for simplicity from now on, that the exotics of a
given charge and helicity have a common eigenvaluet3Ea of
T3a , they can be written as

Da5S t3O2qOsuw
2 0

0 t3E2qEsuw
2 D

a

, ~8!

wheret3Oa andt3Ea are square matrices of dimensionna and
ma , respectively. They correspond to the ordinary and exotic
part of theT3a operator, and they are proportional to the unit
matrix through the eigenvaluest3Oa and t3Ea of T3a . This is
the same situation for theqOa andqEa matrices in relation to
theQ operator.

Contrary to theD a matrices, theH ones are not diagonal
in general, but can, however, be written as

H5SHO 0

0 HE
D , ~9!

whereHO andHE represent the interactions of theZ1
0 with

the ordinary and exotic fermions, respectively. The point is
that there are noHEO or HOE terms inH ~which would give
rise toZ1

0-mediated transitions between exotic and ordinary
fermions! as long as the horizontal group commutes with the
standard model~SM! gauge group.

In the basis where the fermions are mass eigenstates, the
form of D andH is
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~U†DU!R5S F†F F†G

G†F G†GD
R

t3ER2Qsuw
2 , ~10a!

~U†DU!L5S F†F F†G

G†F G†GD
L

t3EL1SA†A A†E

E†A E†ED
L

t3OL2Qsuw
2 ,

~10b!

and by using the unitarity conditions~3! we can rewrite the
last equation as

~U†DU!L5S F†F 2A†E

G†F 2E†ED
L

~ t3EL2t3OL!1T3L2Qsuw
2 .

~10c!

From Eq.~10a! one can see that for the light fermions and in
the absence ofZ0-Z1

0 mixing, the coupling of theZ0 to right-
handed FC andnonuniversal family diagonal neutral cur-
rents ~NUFDNC! is possible only ift3ERÞ0. Furthermore,
from Eqs. ~10a! and ~10c! it is easy to see that sequential
fermions do not induce FC or NUFD couplings for the stan-
dardZ0 since their contribution to these currents is canceled
out by that of the ordinary fermions.

On the other hand, no general statement can be made for
the transformedH couplings:

~U†HU!a5S A†HOA1F†HEF, A†HOE1F†HEG

E†HOA1G†HEF, E†HOE1G†HEG
D
a

[S Hl l Hlh

Hlh
† Hhh

D
a

. ~11!

From the last equation one can see that in the presence of
neutral gauge boson mixing,QÞ0, there will be in general
FC couplings of theZ in the light sector,Hl l nondiagonal,
even in the absence of mixing between exotic and ordinary
fermions,F50, and even if the coupling ofZ1

0 to the ordi-
nary fermions,HO, is diagonal but nonuniversal, since in
general the mass and gauge eigenstates will not coincide in
the light sector,AÞ1.

A. General neutral current Lagrangian term
in the light sector

From Eqs. ~10a!, ~10c!, and ~11! we obtain for the
neutral-current Lagrangian in the light-light sector the ex-
pression

2Lnc5
e

suwcuw
(

a5L,R
c̄lag

m~Ka ,K8a!claS ZZ8D
m

, ~12!

where

KL5@~F†F!L~ t3EL2t3OL!1t3OL2Qsuw
2 #cosQ1~Hl l !LsinQ,

~13a!

KR5@~F†F!Rt3ER2Qsuw
2 #cosQ1~Hl l !RsinQ, ~13b!

KL852@~F†F!L~ t3EL2t3OL!1t3OL2Qsuw
2 #sinQ

1~Hl l !LcosQ, ~13c!

KR852@~F†F!Rt3ER2Qsuw
2 #sinQ1~Hl l !RcosQ. ~13d!

From these equations it is easy to see that there are two
contributions to the FC couplings of the light fermions to the
Z, proportional to (F†F)acosQ and (Hl l )asinQ, respectively,
which may be in principle of the same order, in the limit of
no mixing between exotics and ordinary fermions (Fa50)
and no mixing between theZ and the extra gauge boson
(Q50) the SM couplings are recovered, and in the absence
of mixing with the exotic fermions, the FC couplings of the
ordinary fermions~of a given helicity! to the Z may still
survive through the term (Hl l )asinQ, provided that the fam-
ily of ordinary fermions of the given helicity transforms non-
trivially under the horizontal generatorH O.

Further details of these couplings depend on the model
and on the processes under consideration and are the subject
of the next sections.

We may rewrite Eqs.~13a! and ~13b! as

KL5~LL1t3OL2Q suw
2 !cosQ1JLsinQ, ~14a!

KR5~LR2Qsuw
2 !cosQ1JRsinQ, ~14b!

where

LL5~F†F!L~ t3EL2t3OL!, ~15a!

LR5~F†F!Rt3ER, ~15b!

Ja5~Hl l !a , ~15c!

together withQ, represent the physics beyond the SM.

1. Charged fermions

Since for the light charged fermions the dimension of
clL andclR are the same~there is an equal number of left-
and right-handed fermions!, we can rewrite the general La-
grangian~12! as

2Lnc5
e

2suwcuw

c̄lg
m~gV2gAg5,gV8 2gA8g5!clS ZZ8D

m

,

~16!

where

gV5KL1KR, ~17a!

gA5KL2KR. ~17b!
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III. APPLICATIONS TO THE LEPTONIC SECTOR

A. Constraints from the lepton family diagonal processes
Z˜ l i l̄ i

The effects of mixing between ordinary and exotic fermi-
ons on the diagonal processZ→ l i l̄ i have been analyzed pre-
viously @2–4#. Likewise separate effect of mixing between
the standardZ and a new one were discussed in Refs.@4,5#.
When both effects are present, the branching ratio
B(Z→ l i l̄ i), in theMZ@ml i

approximation, is given by

B~Z→ l i l̄ i !.
1

G tot

GFMZ
3

6A2p
~ ugV

i i u21ugA
i i u2! ~18a!

5
1

G tot

GFMZ
3

3A2p
~ uLL

i i1JL
i iQ2 1

21suw
2 u2

1uLR
i i1JR

i iQ1 suw
2 u2!1O~Q2!. ~18b!

Since the agreement of the SM predictions with the experi-
mental data for these processes is better than 0.1%@the ex-
perimental value ofG(Z→ l l̄ ) is 83.8360.27 @8# against the
theoretical one equal to 83.9760.07#, the quantities
La
ii1Ja

iiQ are bounded practically by the experimental un-
certainty in the data@8#:

Bl i l̄ i
[B~Z→ l i l̄ i !5H Be ē5~3.36660.008!31022

Bmm̄5~3.36760.013!31022,

Bt t̄ 5~3.36060.015!31022.

~19!

We may also write

uLL
i i1JL

i iQ2 1
21suw

2 u21uLR
i i1JR

i iQ1suw
2 u25cBl i l̄ i

,

~20!

where

c215S 1

G tot

GFMZ
3

3A2p
D 50.267560.0005

and from which we obtain, in a neighborhood of
uLa

ii1Ja
iiQu50 and with suw

2 50.223760.0010, the bounds

uLa
ii1Ja

iiQu,few31023. ~21!

.

B. Constraints from lepton family-violating processes

1. Constraints from Z̃ l i l̄ j

With the approximationMZ@ml i
,ml j

and taking into ac-
count that experimental limits exist only for the sum of the
charge states of particles and antiparticles states, we should
consider, foriÞj ,

B~Z→ l i l̄ j1 l̄ i l j !.2
B~Z→ l l̄ !

ugVu21ugAu2 ~ ugV
i j u21ugA

i j u2!

~22a!

.4
B~Z→ l l̄ !

ugVu21ugAu2 ~ uLL
i j1JL

i jQu2

1uLR
i j1JR

i jQu2!1O~Q2!. ~22b!

It then follows that

uLL
i j1JL

i jQu21uLR
i j1JR

i jQu2,cB̃l i l̄ j
, ~23!

where

c215S 4 B~Z→ l l̄ !

ugVu21ugAu2D 50.536

~using the conventional SM branching ratio 0.0337 for Bl l̄
and the standard values forgV andgA) and where

Bl i l̄ j
[B~Z→ l i l̄ j1 l̄ i l j !5H Bem̄,1.731026[B̃em̄ ,

Be t̄ ,7.331026[B̃e t̄

Bm t̄ ,1.031025[B̃m t̄ ,

~24!

according to the experimental limits@9,10#. This means that
the fermion mixing parametersLa

i j are bound to lie in a
circular region centered at (2JL

i jQ, 2JR
i jQ) and of radius

;1023.
It is evident that the contribution ofQ in the analysis of

La
i j is non-negligible when

Ja
i jQ*AcB̃l i l̄ j . ~25!

This may be a common situation, since in general
Ja

i j5O(1) and the upper bounds forQ, which are model
dependent, are of the order of 1021–1023. Taking the limit
Q→0 could lead to wrong conclusions: A contribution of
Ja

i jQ;531023 is enough to give a completely new region
of solutions forLa

i j . The results of this section are resumed
in Table I.

2. Constraints from li˜ l j l j l̄ j

Assumingml i
@ml j

and ignoring possible contributions

from scalars, the branching ratio B(l i→ l j l j l̄ j ) for iÞ j is
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B~ l i→ l j l j l̄ j !

B~ l i→ l j n̄ l jn l i !
5
1

2
@3~ ugV

j j u21ugA
j j u2!~ ugV

i j u21ugA
i j u2!12Re~gV

j j gA
j j * !2Re~gV

i j gA
i j * !#

1
MZ

2

MZ8
2 Re@3~gV

j j gV8
j j *1gA

j j gA8
j j * !~gV

i j gV8
i j *1gA

i j gA8
i j * !1~gV

j j gA8
j j *1gA

j j gV8
j j * !~gV

j j gA8
j j *1gA

j j gV8
j j * !#

1
1

2

MZ
4

MZ8
4 @3~ ugV8

j j u21ug A8
j j u2!~ ugV8

i j u21ug A8
i j u2!12Re~gV8

j j gA8
j j * !2Re~gV8

i j gA8
i j * !# ~26a!

.4@~2u2 1
21suw

2 u21usuw
2 u2!uLL

i j1JL
i jQu21~ u2 1

21suw
2 u212usuw

2 u2!uLR
i j1JR

i jQu2#1O~Q2!, ~26b!

where we have assumed (MZ /MZ8)
2;Q, La

i j&Q ~remem-
ber thatLa

i j is second order in the ordinary-exotic mixing!
and we have taken into account the stringent limits obtained
in Eq. ~21! from which

uLL
j j1JL

j jQ2 1
21suw

2 u.u2 1
21suw

2 u, ~27a!

uLR
j j1JR

j jQ1suw
2 u.usuw

2 u. ~27b!

Using the experimental bounds@11–13#

Bl i l j l j l̄ j
[B~ l i→ l j l j l̄ j !5H Bmee ē,1.0310212[B̃mee ē,

Btee ē,3.331026[B̃tee ē,

Btmmm̄,1.931026[B̃tmmm̄ ,
~28!

and suw
2 50.2237, the constraints on the mixing parameters

are

0.203uLL
i j1JL

i jQu210.176uLR
i j1JR

i jQu2,cl iB̃l i l j l j l̄ j
,
~29!

wherecl i5@4B(l i→ l j n̄ l jn l i)#
21 and

B~ l i→ l j n̄ l jn l i !5H Bm e n̄e nm
'1.00,

Btm n̄ mnt
50.173560.0014,

Bt e n̄e nt
50.178360.0008.

~30!

As in Sec. III B1, the contribution ofQ in Eq. ~29! is im-
portant when

JL
i jQ*Acl iB̃l i l i l̄ j

0.203
and JR

i jQ*Acl iB̃l i l i l̄ j

0.176
. ~31!

The bounds forLa
t e1Ja

t eQ andLa
tm1Ja

tmQ obtained from
Eq. ~29! are similar to those obtained from Eq.~23!. For the
me case Eq.~29! is more stringent than Eq.~23!. The results
of this section are resumed in Table II.

3. Constraints from li˜ l j l kl̄ k

Assumingml i
@ml j

,mlk
, ignoring possible contributions

from scalars, and neglecting the tree-level diagrams which
involve simultaneously two FCNC vertices, the branching
ratio B(l i→ l j l kl̄ k) is

B~ l i→ l j l kl̄ k!

B~ l i→ l j n̄ l jn l i !
5~ ugV

kku21ugA
kku2!~ ugV

i j u21ugA
i j u2!1

MZ
2

MZ8
2 2Re~gV

kkgV8
kk*1gA

kkgA8
kk* !~gV

i j gV8
i j *1gA

i j gA8
i j * !

1
MZ

4

MZ8
4 ~ ugV8

kku21ugA8
kku2!~ ugV8

i j u21ugA8
i j u2! ~32a!

.4~ u2 1
21suw

2 u21usuw
2 u2!~ uLL

i j1JL
i jQu21uLR

i j1JR
i jQu2!1O~Q2!, ~32b!

where we made the same assumptions as in Sec. III B2. Us-
ing the experimental limits@12#

Bl i l j l k l̄ k
[B~ l i→ l j l kl̄ k!5H Btemm̄,3.631026[B̃temm̄ ,

Btme ē,3.431026[B̃tme ē ,
~33!

the constraints on the mixing parameters are

0.126~ uLL
i j1JL

i jQu21uLR
i j1JR

i jQu2!,cl iB̃l i l j l k l̄ k
,

~34!

which are not of interest in our analysis since they are some-
what weaker than those of Eq.~29!.
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IV. SOME SU„2…L REPRESENTATIONS
FOR ADDITIONAL FERMIONS

Some improvement on the above-derived bounds for the
mixing parameters may be obtained with information about
the SU(2)L transformation properties of the additional fermi-
ons and for this reason we analyze here a few simple
SU(2)L representations in which new additional charged lep-
tons may appear. In this analysis we will not consider any
particular case for theJa

i j parameters, but we will assume
that they are ofO(1). What follows is valid for one or more
additional families, independently of whether the extra fami-
lies are fundamental or excited leptons in the context of com-
posite models.

A. No additional fermions

Equations~23! and ~29! are valid even if no additional
charged leptons are present in the extended theory. In this
caseF5LL5LR50 and

Ja5~A†HOA!a . ~35!

There are three subcases.
~1! HO is of the UFD type. ThenZ does not couple to

FCNC since (A†A)a51 and therefore

JL
i j5JR

i j50 for iÞ j . ~36!

~2! HO is of the NUFD type. Then there are two possibili-
ties. ~a! A51 ~no mixing among the ordinary leptons!. Then
Z does not couple to FCNC.~b! AÞ1. ThenZ couples to
FCNC.

~3! HO is of the FCNC type. ThenZ couples to FCNC.
Therefore, when FCNC exist, Eqs.~23! and ~29! read

uJL
i jQu21uJR

i jQu2,cB̃l i l̄ j
5H cB̃em̄53.231026,

cB̃e t̄ 51.431025,

cB̃m t̄ 51.931025,

~37!

TABLE I. Bounds from the processZ→ l i l̄ j .

Limits from Z→ l i l̄ j

uLL
i j1JL

i jQu21uLR
i j1JR

i jQu2,1.87B̃l i l̄ j51.873H 1.731026[B̃em̄

7.331026[B̃e t̄

1.031025[B̃m t̄ ,

Mixing e-m
uLL

em1JL
emQu21uLR

em1JR
emQu2,3.231026⇒uLa

em1Ja
emQu,1.831023

Mixing e-t
uLL

et1JL
etQu21uLR

et1JR
etQu2,1.431025⇒uLa

et1Ja
etQu,3.731023

Mixing m-t
uLL

mt1JL
mtQu21uLR

mt1JR
mtQu2,1.931025⇒uLa

mt1Ja
mtQu,4.331023

TABLE II. Bounds from the processl i→ l j l j l̄ j .

Limits from l i→ l j l j l̄ j

0.203uLL
i j1JL

i jQu210.176uLR
i j1JR

i jQu2,cl iB̃l i l j l j l̄ j
5cl i3H 1.0310212[B̃mee ē

3.331026[B̃tee ē

1.931026[B̃tmmm̄

Mixing e-m
0.203uLL

em1JL
emQu210.176uLR

em1JR
emQu2,0.25310212

uLL
em1JL

emQu,1.131026 uLR
em1JR

emQu,1.231026

Mixing e–t
0.203uLL

et1JL
etQu210.176uLR

et1JR
etQu2,4.831026

uLL
et1JL

etQu,4.931023 uLR
et1JR

etQu,5.231023

Mixing m–t
0.203uLL

mt1JL
mtQu210.176uLR

mt1JR
mtQu2,2.731026

uLL
mt1JL

mtQu,3.631023 uLR
mt1JR

mtQu,3.931023
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and

0.203uJL
i jQu210.176uJR

i jQu2

5cl iBl i l j l j l̄ j
,H cmB̃mee ē50.25310212,

ctB̃tee ē54.831026,

ctB̃tmmm̄52.731026,

~38!

respectively. All the constraints are for the productJa
i jQ of

the couplings of the light fermions to theZ8 and theZ-Z8
mixing angle. In particular,Ja

emQ,1026.

B. Sequential fermions

t3EL52 1
2

t3ER50
J ⇒LL5LR50, ~39a!

Ja5~A†HOA1F†HEF!a . ~39b!

The situation is the same as that of no additional fermions.
Equations~37! and ~38! hold with the only difference that
when FÞ0, Ja contains the (F†HEF)a contribution. As in
the previous case the strongest constraint is for
Ja

emQ,1026.

C. Vector singlets

Here

t3EL50

t3ER50J ⇒LR50LL5 1
2 ~F†F!L , ~40a!

Ja5~A†HOA1F†HEF!a . ~40b!

Therefore Eqs.~23! and ~29! now read

uLL
i j1JL

i jQu21uJR
i jQu2,cB̃l i l̄ j

, ~41!

and

0.203uLL
i j1JL

i jQu210.176uJR
i jQu2,cl iB̃l i l j l j l̄ j

, ~42!

respectively. The contribution to FCNC from the ordinary–
exotic-fermion mixing is only left handed. IfJa

i j;O(1),
then the stringent bounds onQ, a consequence of
JR

emQ,1026, imply an equally stringent bound onLL
em .

D. Vector doublets „homodoublets…

Here

t3EL52 1
2

t3ER52 1
2

J ⇒LL50 LR52 1
2 ~F†F!R, ~43a!

Ja5~A†HOA1F†HEF!a . ~43b!

Thus Eqs.~23! and ~29! now read

uJL
i jQu21uLR

i j1JR
i jQu2,cB̃l i l̄ j

~44!

and

0.203uJL
i jQu210.176uLR

i j1JR
i jQu2,cl iB̃l i l j l j l̄ j

. ~45!

The contribution to FCNC from the ordinary–exotic-fermion
mixing is only right handed. The conclusions are the same as
in the previous case with L↔ R.

E. Mirror fermions

Here

t3EL50

t3ER52 1
2
J ⇒LL5 1

2 ~F†F!L LR52 1
2 ~F†F!R, ~46a!

Ja5~A†HOA1F†HEF!a . ~46b!

Hence Eqs.~23! and ~29! are unchanged:

uLL
i j1JL

i jQu21uLR
i j1JR

i jQu2,cB̃l i l̄ j
~47!

and

0.203uLL
i j1JL

i jQu210.176uLR
i j1JL

i jQu2,cl iB̃l i l j l j l̄ j
.
~48!

The contribution to FCNC from the ordinary-exotic-fermions
mixing is both left and right handed. As a consequence there
are no stringent bounds onQ and the limits onLa

i j andQ are
strongly correlated.

F. Self-conjugated triplets

Here

t3EL521

t3ER521J ⇒LL52 1
2 ~F†F!L LR52~F†F!R,

~49a!

Ja5~A†HOA1F†HEF!a . ~49b!

Hence Eqs.~23! and ~29! are unchanged:

uLL
i j1JL

i jQu21uLR
i j1JR

i jQu2,cB̃l i l̄ j
~50!

and

0.203uLL
i j1JL

i jQu210.176uLR
i j1JR

i jQu2,cl iB̃l i l j l j l̄ j
.
~51!

As in the previous case the contribution to FCNC from the
ordinary–exotic-fermion mixing is both left and right
handed. As a consequence there are no stringent bounds on
Q and the limits onLa

i j andQ are strongly correlated.

V. CONCLUSIONS

In a model-independent way we obtained bounds for the
strength of the FCNC, (L1JQ)a , in the ordinary charged-
lepton sector, produced both by the ordinary–exotic-fermion
mixing La

i j and by theZ-Z8 mixing Q. Given that the ex-
perimental bounds on the decaym→eeēare more stringent
than those for the FC decays of thet into three charged
leptons and of theZ into two charged leptons, the bounds on
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them-e coupling of theZ are stronger than those on thet-
e and t-m couplings. We have shown also that in some
cases, when the SU(2)L representation of the additional fer-
mions is relatively simple, the bounds may be refined. In
other cases there may be a strong correlation betweenQ and
La
i j and then it is not safe to take the limitQ→0. In the same

way, if one consider specific extended models, e.g.,@1,14–
21#, some additional statements may be drawn on theJa

i j . In
this work we have concentrated our attention to LFV~lepton
family violation! in decay processes. On the other hand,
there may be LFV processes of a different type@22# which

will certainly put additional constraints on the LFV param-
eters.
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