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Rare K decays in a model of quark and lepton masses
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An extension of a model of neutrino masses to the quark sector provides an interesting link between these
two sectors. A parameter which is important to describe neutrino oscillations and masses is found to be a
crucial one appearing in various ‘‘penguin’’ operators, in particular the so-calledZ penguin. This parameter is
severely constrained by the rare decay processKL→m1m2. This in turn has interesting implications on the
decay rates of other rare processes such asKL→me, etc., as well as on the masses of the neutrinos and the
masses of the vectorlike quarks and leptons which appear in our model.
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I. INTRODUCTION

In the past few years, we have witnessed a flurry of f
reaching experimental results, among which are the neut
oscillation data@1,2#, data on directCP violation such as
e8/e @3#, and upper bounds on flavor-changing neutr
current~FCNC! rare decays of the kaons. On the one ha
the neutrino oscillation data clearly point to possible phys
beyond the standard model~SM!. On the other hand, it is stil
not clear if the new results one8/e, which differ roughly by
a factor of 2 from present calculations within the SM, imp
any new physics since the aforementioned calculations
still plagued with nonperturbative uncertainties. For the
on’s FCNC rare decays, the experimental situation is still
from giving evidence of physics beyond the SM or confir
ing the SM itself. Nevertheless, new physics, which might
responsible for giving rise to neutrino masses, could, in p
ciple, affect the quark sector, and hence also quantities s
as e8/e or the branching ratios of the kaon’s FCNC ra
decays. If this is the case, results from the quark sector c
then be used to put constraints on the lepton sector it
since it is possible that both sectors have a common se
parameters, a desirable feature of any model which purp
to deal with issues of fermion masses. The aim of this pa
is to explore this possible connection between the two s
tors.

The subject of neutrino masses has been invigorate
the past few years due to new results on neutrino oscillatio
which suggested the possibility of a nonvanishing mass
the neutrinos. Models have been~and are still being! built to
try to describe these oscillations. In a large number of ca
efforts were mainly concentrated on the type of neutr
mass matrices which could ‘‘explain’’ the oscillation dat
with very little attempt made at trying to connect that kind
physics to the hadronic sector. However, it is perfectly r
sonable to expect that the two sectors are somehow de
connected, and that a constraint from one sector can give
to constraints on the other sector. This particular connec
will be the subject of the present paper. This paper is
extension to the quark sector of a model of neutrino m
presented in Ref.@4#. As a consequence, we shall show th
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there is a set of parameters which appear in both sectors,
that the constraints obtained in the quark sector have in
esting implications on the neutrino sector. In particular,
shall use recent results from limits on various rare decay
constrain a common parameter which appears in both
tors. ~As we will show, because this common parameter
real, there will be no new contributions from our model
e8/e.!

The plan of this paper is as follows. First, we present o
model for the quark sector based on a previous model for
neutrino sector@4#. We then proceed to enumerate and co
pute various FCNC operators which arise in this mod
These operators are important in the analysis of various
decays. Finally, we will use these FCNC operators in
computation of their contributions to the aforemention
quantities, and set constraints on the parameters of
model. Using these constraints, we look at the question
how they would affect the neutrino sector. We will also sho
at the end of the paper that there are some interesting co
lations between the value of the branching ratio forKL
→me and the mass of the weak-singlet quarks and char
leptons which appear in our model. When these particles
‘‘light’’ enough to be produced at future accelerators, t
branching ratio forKL→me is too small, of order 10222, to
be detected, while for a branching ratio which could conce
ably be measured in the not-too-distant future, e.g., of or
10214, the masses of these singlet quarks and leptons wil
too large, a few hundreds of TeV’s or more, to be produc
by Earthbound laboratories.

II. EFFECTIVE VERTICES FOR FCNC PROCESSES
IN THE MODEL OF REF. †4‡

The model used in Ref.@4# to describe the lepton sector
summarized in Appendix A.~A quick look at that Appendix
will help with the notations and particle content.! In this
section, we will simply write down the part of the Lagran
ian for the quark sector which is relevant to the construct
of various FCNC operators. First of all, the common lin
between the quark and lepton sectors is in the scalar se
These are the SM Higgs fieldf and the family symmetry
Higgs field Va, wherea denotes the family index. As we
shall see below, it is these scalars which ‘‘transmit inform
tion’’ from the quark to the lepton sector and vice versa.
particular, as can be seen from Appendix A,Va provides the
common set of parameters which appears in the two sec
The generalization from the lepton sector to the quark se
©2002 The American Physical Society35-1
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P. Q. HUNG AND ANDREA SODDU PHYSICAL REVIEW D65 054035
necessitates the introduction of a new set of vector
quarks,Fq,i , M1

q,i , andM2
q,i , wherei is a color index, in

perfect analogy with the leptonic vectorlike fermions,Fl ,
M1

l , and M2
l . As we shall see below, these vectorlik

quarks can have masses as low as a couple of hun
GeV’s, making them very attractive for potential discover
at the CERN Large Hadron Collider~LHC!. We shall come
back to this interesting issue in the final section of the pa

The particle content and quantum numbers of the mo
are listed in Table I. Notice that, among the scalars listed
that table, there is one which does not have the approp
quantum numbers to be able to couple directly to
quarks: ra. The gauge structure of the model~for both
quarks and leptons! is given by

SU~3!c^ SU~2!L ^ U~1!Y^ SO~4! ^ SU~2!nR
, ~1!

where SU(2)nR
applies only to the right-handed neutrino

and SO~4! is the family symmetry. The form of the quar
Yukawa Lagrangian is similar to the one from the lept
sector~Appendix A!, with the introduction of the following
new parameters:

gu ,gd ,G1
q ,G2

q ,G3
q ,GM

1
q,GM

2
q,MFq,MM

1
q,MM

2
q. ~2!

The quark Yukawa Lagrangian takes the form~the color in-
dex has been omitted!

Lquark
Y 5gdq̄L

afdaR1guq̄L
af̃uaR1G1

qq̄L
aVaFR

q

1GM
1
qF̄L

qfM1R
q 1GM

2
qF̄L

qf̃M2R
q 1G2

qM̄1L
q VadR

a

1G3
qM̄2L

q VauR
a1MFqF̄L

qFR
q1MM

1
qM̄1L

q M1R
q

1MM
2
qM̄2L

q M2R
q 1H.c., ~3!

with the important difference with respect to the lepton s

TABLE I. Particle content and quantum numbers
SU(3)c^ SU(2)L ^ U(1)Y^ SO(Nf) ^ SU(2)nR

.

Standard fermions qL5(3,2,1/6,Nf ,1)
l L5(1,2,21/2,Nf ,1)

uR5(3,1,2/3,Nf ,1)
dR5(3,1,21/3,Nf ,1)

eR5(1,1,21,Nf ,1)
Right-handedn’s Option 1: hR5(1,1,0,Nf ,2)

Option 2: hR5(1,1,0,Nf ,2)
hR85(1,1,0,1,2)

Vectorlike fermions FL,R
l 5(1,2,21/2,1,1)

for the lepton sector M1L,R
l 5(1,1,21,1,1)
M2L,R

l 5(1,1,0,1,1)
Vectorlike fermions FL,R

q 5(3,2,1/6,1,1)
for the quark sector M1L,R

q 5(3,1,21/3,1,1)
M2L,R

q 5(3,1,2/3,1,1)
Scalars Va5(1,1,0,Nf ,1)

r i
a5(1,1,0,Nf ,2)

f5(1,2,1/2,1,1)
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tor being that there is no coupling between the quarks
the scalarra before symmetry breaking. After symmetr
breaking, the mass eigenstates are linear combinationsV
andr, and vice versa, as shown below and in Appendix A

The way the FCNC processes take place in the qu
sector is identical to the way they operate in the lepton s
tor, i.e., via loop diagrams. In the SM, as is well known, t
flavor diagonal structure of the basic vertices involvingg, Z,
andg forbids the appearance of FCNC processes at the
level. However, the FCNC processes can happen at the
loop or higher-order level, mediated by a combination
flavor-changing charged currents coupled to theW’s. The
fact that these processes take place only as loop eff
makes them particularly useful for testing the quantum str
ture of the theory and in the search for physics beyond
SM. In our model, beside the ways in which FCNC pr
cesses can happen in the SM, it can also happen becau
the couplings of quarks of different flavor to the same ve
torlike fermionFq and to the Nambu-Goldstone~NG! bosons
V i and the pseudo-NG bosons Rer̃i . This is made possible
by the mixings among the NG bosonsṼ i and the pseudo-NG
bosons Rer̃j , after the spontaneous breaking of the fam
symmetry SO~4!, with different family indicesi and j. We
denote the relevant scalar mass eigenstates byṼ i and Rer̃i ,
in terms of which we can express the states entering
Yukawa Lagrangian by

V i5cosbṼ i2sinb Rer̃ i , ~4!

Rer i5sinbṼ i1cosb Rer̃ i . ~5!

The statesṼ i are the NG bosons which are absorbed by
corresponding family gauge bosons. When the NG bos
get mixed, there will be mass mixings among the cor
sponding family gauge bosons. If we denote byAV the or-
thogonal matrix which diagonalizes the family gauge bos

mass matrix~Ref. @4#!, we can express the statesṼ i8 , corre-
sponding to the longitudinal components of the gauge bo

mass eigenstates, in terms of the mass eigenstatesṼ i ,

Ṽ i5AV,i j
T Ṽ j8 , ~6!

with AV given by

AV5S 1

&

1

&
0

2
1

&

1

&
0

0 0 1

D . ~7!

This matrix corresponds to Eq.~47! of Ref. @4#. Another
possible choice given by Eq.~55! of Ref. @4# gives the same
answer, withb→&b.
5-2
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FIG. 1. Feynman graphs for the effective ve
tices of theZ and g for DS51 processess→d.
The self-energy diagrams are omitted.
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This mechanism, introduced to describe neutrino m
splitting in the neutral lepton sector, gives the followin
terms in the Yukawa Lagrangian:

G1
qq̄L

i V iFR
q5cosbG1

qq̄L
i Ṽ iFR

q2sinbG1
qq̄L

i Rer̃ iFR
q

5cosbG1
qq̄L

i AV,i j
T Ṽ j8FR

q

2sinbG1
qq̄L

i AV,i j
T Rer̃ j8FR

q , ~8!

G2
qM̄1L

q V idR
i 5cosbG2

qM̄1L
q Ṽ idR

i 2sinbG2
qM̄1L

q Rer̃ idR
i

5cosbG2
qM̄1L

q AV,i j
T Ṽ j8dR

i

2sinbG2
qM̄1L

q AV,i j
T Rer̃ j8dR

i , ~9!

where we assume that the sameAV diagonalizes also the
mass matrix of the pseudo-NG Rer̃i ~Ref. @4#!. It is impor-
tant to notice here thatH4 andh4 , defined in the Appendix
05403
sof Ref. @4#, whose mass eigenstates are given byH̃4 andh̃4 ,
see Eq.~10!, are not coupled to the quarks of the first thr
families. This implies that they will not propagate in th
loops of the diagrams describing processes with exte
quarks of the first three generations. In this paper, we w
look only at processes involving the quarks of the first th
families and so we will not care about the presence in
model ofH4 andh4 , where

H̃ i5cosaH41sinah4 ,
~10!

h̃452sinaH41cosah4 .

In the following, we will present the expressions of th
effective vertices for FCNC processes mediated byZ, g, and
g. There is no extra effective vertex with the SM Higgs b
son in our model because the vectorlike fermions do
couple to the SM Higgs field. We will also compare the
expressions with the corresponding ones from the SM.
r-
FIG. 2. Feynman graphs for the effective ve
tex of theg for DS51 processess→d. The self-
energy diagrams are omitted.
5-3
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P. Q. HUNG AND ANDREA SODDU PHYSICAL REVIEW D65 054035
For all the effective vertices, the expressions will be giv
in terms of the linear combination

M5MV cos2 b1Mr sin2 b, ~11!

where MV and Mr are the contributions to the effectiv
vertices when the particles propagating in the loops are,
spectively, the NG bosonsṼ i8 and the pseudo-NG boson
Rer̃i8 . From the lepton sector, we have estimated tanb to be

tanb[
V8

V
'gF

2
MFlMM

2
l

MG
2 , ~12!

with gF being the SO~4! gauge coupling.V8 and V are the
vacuum expectation values~VEV! of r andV, respectively,
MFl and MM

2
l the masses of the vectorlike fermions intr

duced in the lepton sector, andMG the central value for the
masses of the family gauge bosons. TakinggF;O(1), and,
for the masses, the values required in the lepton secto
have a proper for the neutrino of the fourth generation, tab
turns out to be much smaller than unity. This makes
contribution toM due to the pseudo-NG bosons negligib
being suppressed by the factor sin2 b. In the following, we
will give only the expressions for the contributions due to t

NG bosonsṼ i8 . All the expressions that will be given for th
effective vertices will have to be multiplied by the fact
cos2 b. We will focus on the expressions for the effectiv
vertices in the transitions→d ~Figs. 1–4!.

III. THE Z EFFECTIVE VERTEX

To calculate theZ effective vertex, we have to sum up a
the contributions coming from the different vectorlike ferm
05403
n
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e
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ons propagating in the loop diagrams. We will present se
rately the expressions for the amplitude due, respectively
theFd

q andM1
q vectorlike fermions. We remark here thatFd

q

is the down component of a doublet of SU(2)L while M1
q is

a singlet of SU(2)L ~see Table I!. Because the dominan
terms of the amplitudes are proportional toT3L of the vec-
torlike fermions, the contribution due toFd

q is singled out.
The contribution fromM1

q will be suppressed by the facto
1/MG

2 with MG being the scale of breaking of the famil
symmetry. The amplitude due toFd

q is as follows:

MZ
F,m5

2 ig

16p2 cos~uW!
gF

2 (
j 51

3

AV,2j
T AV, j 12~g22g1!

3F1

2
ln

MV j

2

MFq
2 1

1

2

MFq
2

MFq
2

2MV j

2

1
1

2 S MFq
2

MFq
2

2MV j

2 D 2

ln
MV j

2

MFq
2

2
MFq

2

MFq
2

2MV j

2 ln
MV j

2

MFq
2 G s̄gm~12g5!d, ~13!

where

g22g152gA52T3L5 1
2 . ~14!

It is important to notice here that withMV j
we have indi-

cated the poles in the propagators of the longitudinal co

ponents of the gauge boson mass eigenstatesṼ i8.
n

FIG. 3. The functionC0(xF ,b), appearing in
the amplitude for theZ effective vertex, is plotted
in linear and logarithmic scale forb50.001 and
0.0001. The functionC0(xF), which is the first
nonvanishing coefficient in the Taylor expansio
in b of C0(xF ,b), is also plotted.
5-4
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RARE K DECAYS IN A MODEL OF QUARK AND . . . PHYSICAL REVIEW D65 054035
We use forMV j
the eigenvalues of the family gauge b

son mass matrix in the simple one-parameter form in
duced for the lepton sector in Ref.@4#,

MG
2 5MG

2 S 1 b 0

b 1 0

0 0 1
D , ~15!

given by

MV1

2 5MG
2 ~11b!,

MV2

2 5MG
2 ~12b!, ~16!

MV3

2 5MG
2 ,

FIG. 4. The logarithm of the functionD0(xF ,b), appearing in
the amplitude for theg effective vertex, is plotted vs the logarithm
of xF for b50.001 and 0.0001. The functionD0(xF), which is the
first nonvanishing coefficient in the Taylor expansion inb of
D0(xF ,b), is also plotted.
05403
-

whereb is a small real parameter less than unity. As emp
sized in Ref.@4#, this mass mixing could come, for exampl
from a term in the Lagrangian of the form
l5@(Vara8 )(Vbrb9 )1(rara8 )(rbrb9 )#. Assuming ^r8&
5(v8,0,0,0) and^r9&5(0,v9,0,0), with v8,9!V,V8, one
can obtain the above mass-mixing matrix. This choice u
in Ref. @4# is a minimal one from which the neutrino mas
matrix is real. One could also envision a nonminimal mod
with two parameters, parametrized asb exp(iu). This could
be done if one allows the Higgs sector to be sufficien
complicated. In oder forMV i

’s to be real, the above mixing
matrix has to be Hermitian. This means that the 2-1 elem
of Eq. ~15! is b exp(2iu) if the 1-2 element isb exp(iu). Our
present discussion follows the choice of Ref.@4# where u
50. Although the case in whichuÞ0, which will yield a
complex neutrino mass matrix, might be interesting in
own right, it is beyond the scope of our paper. It is fair to s
that one is still a long way from knowing what a neutrin
mass matrix should look like and, as a result, it is also fair
work with the simplest case to see what kind of physics o
can get out of it. Nevertheless, a remark is in order here.
choice adopted here and in Ref.@4# will correspond to the
case in which there isno new physicscontribution to the
imaginary part of theZ penguin diagram, and hence toe8/e.
As we shall see below, this case will only contribute to t
real part of theZ penguin diagram, which is important fo
rare decays. In the nonminimal scenario, there is the o
extreme in whichu5p/2 ~ib for the 1-2 matrix element!,
which gives anew physicscontributiononly to the imaginary
part, and hence toe8/e. The constraint onb, this time com-
ing from e8/e, is in the same range as that obtained from
rare decay processKL→m1m2.

We obtain the following final expression forMZ
F,m @AV is

given in Eq.~7!#:

MZ
~F,m!5

2 ig

16p2 cos~uW!
gF

2C0~xFq
,b!s̄gm~12g5!d,

~17!

with

C0~xFq
,b!5

1

4~11b2xFq
!2~211b1xFq

!2

3$2~211b!2~11b2xFq
!2 ln~12b!

1~11b!2~211b1xFq
!2 ln~11b!22bxFq

3@b22~211xFq
!212~211b21xFq

!

3 ln~xFq
!#%, ~18!

wherexFq
is defined as

xFq
5

MFq
2

MG
2 . ~19!
5-5
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Making the Taylor expansion ofC0(xFq
,b) in the parameter

b we found that the first nonzero contribution comes fro
the linear term inb. So we can rewriteC0(xFq

,b) as

C0~xFq
,b!5bC0~xFq

!1O~b2!, ~20!

with C0(xFq
) given by

C0~xFq
!5

1

2 F 11xFq

~12xFq
!2 1

2xFq

~12xFq
!3 ln xFqG . ~21!

MZ
F,m now takes the simple form

MZ
F,m5

2 ig

16p2 cos~uW!
gF

2bC0~xFq
!s̄gm~12g5!d1O~b2!,

~22!
to
In

th

05403
which shows, in the first approximation, an explicit line
dependence on the parameterb. In Appendix B, it will be
shown in a simple example the mechanism that produces
b dependence of the amplitude for FCNC processes an
will be compared with the Glashow-Iliopoulos-Maian
~GIM! mechanism.

The contribution to theZ effective vertex due toM1
q takes

the form

MZ
M1 ,m

5
ig sin2~uW!

16p2 cos~uW!

gF
2

4MM
1
q

2 D0~xMq
,b!s̄~q2gm2qmq” !

3~11g5!d, ~23!

whereq is the momentum transfer and with
D0~xMq
,b!5F b@25b41~211xMq

!2~51xMq
!~2117xMq

!#

~11b2xMq
!3~211b1xMq

!3 1
2b3@51xMq

~222123xMq
!#

~11b2xMq
!3~211b1xMq

!3

2

3~211b!2~211b13xMq
!lnS xMq

12b
D

~211b1xMq
!4 2

3~11b!2~11b23xMq
!lnS xMq

11b
D

~11b2xMq
!4

G xMq

27
, ~24!
ith
n

e
ear
wherexMq
is defined as

xMq
5

MM
1
q

2

MG
2 . ~25!

It is important to notice here that the structure of the opera
in MZ

M1 ,m is similar in character to that for the photon.

fact,qmMZ
M1 ,m

50. This happens becauseM1
q is a singlet of

SU~2! and so the current ofM1
q that couples toZ has the
r

vectorial nature characteristic of the currents interacting w
the photon. Making a Taylor expansion of the functio
D0(xMq

,b) in the parameterb, we found also that in this cas
the first nonvanishing term in the expansion is the one lin
in b. So we can rewriteD0(xMq

,b) as

D0~xMq
,b!5bD0~xMq

!1O~b2!, ~26!

with D0(xMq
) given by
D0~xMq
!5

xMq

27 F1116 lnxMq
218xMq

ln xMq
263xMq

145xMq

2 17xMq

3 236xMq

2 ln xMq

~12xMq
!5 G . ~27!
ef.
Now MZ
M1 ,m takes the simple form

MZ
M1 ,m

5
ig sin2~uW!

16p2 cos~uW!

gF
2

4M M
1
q

2 bD0~xMq
!s̄~q2gm2qmq” !

3~11g5!d1O~b2!. ~28!

For comparison we show the explicit expression of
 e

corresponding contribution from the SM, as given in R
@5#:

MZ
SM,m5

ig

16p2 cos~uW!
g2Vts* VtdC0

SM~xt!s̄gm~12g5!d,

~29!

where
5-6
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RARE K DECAYS IN A MODEL OF QUARK AND . . . PHYSICAL REVIEW D65 054035
C0
SM~xt!5

xt

8 Fxt26

xt21
1

3xt12

~xt21!2 ln xtG , ~30!

with xt defined as

xt5
mt

2

MW
2 , ~31!

andg is the SU~2!L gauge coupling.

IV. THE g EFFECTIVE VERTEX

The effective vertex ofg comes also from the contribu
tions due theFd

q and M1
q vectorlike fermions. What is re

markable is that these two contributions will contain t
same function D0 @Eq. ~24!#, which appears in the contribu
tion of M1

q to theZ penguin diagram. This happens becau
as mentioned before,M1

q is a singlet of SU~2! and is coupled
to Z in the same way as tog except for the coupling constan
The contributions to the effectiveg vertex fromFd

q andM1
q

will differ from each other in the form of the operators an
with xFq

and xMq
appearing inD0 , respectively. We obtain

the following final expressions:

Mg
F,m5

2 ie

16p2

gF
2

4MFq
2 bD0~xFq

!s̄~q2gm2qmq” !~12g5!d

1O~b2! ~32!

and

Mg
M1 ,m

5
2 ie

16p2

gF
2

4MM
1
q

2 bD0~xMq
!s̄~q2gm2qmq” !~11g5!d

1O~b2!. ~33!

The corresponding expression for the SM as given in R
@5# is

Mg
SM,m5

2 ie

16p2

g2

4MW
2 Vts* VtdD0

SM~xt!s̄~q2gm2qmq” !

3~12g5!d, ~34!

with

D0
SM~xt!52 4

9 ln xt1
219xt

3125xt
2

36~xt21!3

1
xt

2~5xt
222xt26!

18~xt21!4 ln xt . ~35!

V. THE GLUON EFFECTIVE VERTEX

The functionD0 which appears in theg vertex also ap-
pears in the gluon effective vertex, with the only differen
appearing in the prefactor due to the different nature of
charge. This is so becauseg andg have vector couplings to
the same particles in our model. This does not happen in
05403
,

f.

e

he

SM, whereg can couple toW while the gluon cannot. As a
result, the number of diagrams in the SM, used to desc
the effective vertices, and the functions that appear in th
are different for the gluon and forg. We introduce the func-
tion E0 given by

E0523D0 ~36!

to absorb the factor21
3 in D0 coming from the electric

charge of the quarks. The final expressions for the contri
tions to the gluon effective vertex due toFd

q andM1
q are@a,

b are color indices andgs is the SU~3!c coupling#

Mg
F,a,m5

igs

16p2

gF
2

4MFq
2 bE0~xFq

!s̄a~q2gm2qmq” !

3~12g5!Tab
a db1O~b2! ~37!

and

Mg
M1 ,a,m

5
igs

16p2

gF
2

4MM
1
q

2 bE0~xMq
!s̄a~q2gm2qmq” !

3~11g5!Tab
a db1O~b2!, ~38!

where (Tab)a is the ath generator of SU~3!c . The corre-
sponding expression for the SM as given in Ref.@5# is

Mg,SM
a,m 5

igs

16p2

g2

4MW
2 Vts* VtdE0

SM~xt!s̄a~q2gm2qmq” !

3~12g5!Tab
a db , ~39!

with

E0
SM~xt!52 2

3 ln xt1
xt

2~15216xt14xt
2!

6~12xt!
4 ln xt

1
xt~18211xt2xt

2!

12~12xt!
3 . ~40!

Knowing the expressions for the effective vertices in the n
model is what we need to derive completely the new con
butions to the FCNC processes withDS51 involving pen-
guin diagrams. These new contributions differ from the c
responding ones in the SM only in the effective vertex.

VI. BOX AMPLITUDES

For the contributions to the FCNC processes withDS
51 coming from box diagrams, we have to calculate direc
the amplitude. In Fig. 5 we show the new one-loop diagra
describing FCNC processes withDS51 coming from our
model. The new contributions coming from the box diagra
to the FCNC processes withDS51 are suppressed by th
factor 1/MG

2 . This makes these box contributions negligib
with respect to the dominant contribution, due to theZ pen-
guin diagram, which is suppressed only by the factor 1/MW

2

coming from theZ propagator. The number of box diagram
is eight, considering only the ones in which the NG boso
5-7
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propagating in the loop are theṼ i8 . The diagrams in which
the pseudo-NG bosons Rer̃i8 are propagating in the loop ar
suppressed by sin4 b while those which contain both NG
bosons and pseudo-NG bosons are suppressed by sin2 b. The
first two diagrams@Figs. 5~a! and 5~b!# have theFq vector-
like particles propagating in the loop. Neglecting terms
ordermq

2/MG
2 with mq being the mass of the external quark

we find the same amplitude for the two diagrams. We a
use the identity

s̄~p1!gm~12g5!d~p2!d̄~p4!gm~12g5!d~p3!

5 s̄~p1!gm~12g5!d~p3!d̄~p4!gm~12g5!d~p2!,

~41!

applying Fierz transformations. For both diagrams the am
tude is given by

Mbox5
igF

4

16p2MG
2 B0~xFq

,b!s̄gm~12g5!dd̄gm~12g5!d,

~42!

whereB0(xFq
,b) is given by

B0~xFq
,b!

5
2~11b!21xFq

2 12~11b!xFq
@ ln~11b!2 ln~xFq

!#

2~11b2xFq
!3

2
2~12b!21xFq

2 12~12b!xFq
@ ln~12b!2 ln~xFq

!#

2~12b2xFq
!3 .

~43!

FIG. 5. Box diagrams forDS51 processsd→dd. The corre-
sponding box diagrams with the pseudo-NG bosons Rer̃i8 instead of

the NG bosonsṼ i8 are omitted.
05403
f
,
o

i-

For the functionB0(xFq
,b), in the same way as fo

C0(xFq
,b) and D0(xFq

,b), we make a Taylor expansion i
the parameterb. Also in this case, as in the case for theZ and
g vertices, the zeroth-order term in the expansion is
present and the first nonvanishing term is the one which
linear in b. The amplitude in Eq.~42! now takes the simple
form

Mbox5
igF

4

16p2MG
2 bB0~xFq

!s̄gm~12g5!dd̄gm~12g5!d

1O~b2!, ~44!

whereB0(xFq
) is given by

B0~xFq
!5

11~425xFq
!xFq

12xFq
~21xFq

!ln~xFq
!

~211xFq
!4 .

~45!

The amplitudes for the box diagrams in which we subs
tute the vectorlike fermionsFq with M1

q have similar ex-
pressions except in the operator, which now has the fo
(V1A)(V1A) instead of (V2A)(V2A) and withxMq

now

appearing in the functionB0 . As in Ref.@4#, we expectMM
1
q

to be much larger thanMFq so thatxMq
5MM

1
q

2
/MG

2 is closer

to unity whilexFq
5MFq

2 /MG
2 can be much less than unity. A

can be seen from Fig. 6,B0 varies by at most an order o
magnitude for 0,xFq ,Mq

<1. As a result, we expect the con

tributions of the two diagrams due toM1
q to be smaller than

the corresponding ones due toFq by not more than one orde
of magnitude. For the four box diagrams in which there
one vectorlike particle of typeFq and one of typeM1

q , the
analytical expressions are too complicated to be writ
down in this paper. Instead, we perform a numerical eval
tion for the functionBmix 0(xFq

,xMq
) in the mixed case giv-

ing us values betweenB0(xFq
) andB0(xMq

) ~see Fig. 7!. The
operators for these last four box diagrams are of the fo
(V2A)(V1A) and (V1A)(V2A).

The amplitude for the box diagrams in the SM@5# is given
by

Mbox
SM5

g4

64p2MW
2 Vts* VtduVtdu2B0

SM~xt!s̄gm~12g5!dd̄gm

3~12g5!d, ~46!

where

B0
SM~xt!5

1

4 F xt

12xt
1

xt ln xt

~xt21!2G . ~47!

VII. CONSTRAINT ON b FROM THE UPPER BOUND
ON KL\µ¿µÀ

From our analysis of the new contributions to FCNC pr
cesses withDS51, it turns out that the main contribution i
5-8
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FIG. 6. The functionB0(xF ,b), appearing in
the amplitude for the box diagrams in the proce
sd→dd, is plotted in linear and logarithmic scal
for b50.001 and 0.0001. The functionB0(xF),
which is the first nonvanishing coefficient in th
Taylor expansion inb of B0(xF ,b), is also plot-
ted.
s

ie
e
t

no

le
-

th

s
e,
given by theZ penguin diagram, all the other contribution
being 1/MG

2 -suppressed.
The FCNC processes withDS51 in kaon physics are

reasonably well described by the SM, with uncertaint
coming from nonperturbative QCD effects. On the oth
hand, the apparent discrepancy, for example, between
SM estimates and the data invites speculations about
standard contributions toe8/e @6#, and also for FCNC rare
decays there are still margins for effects of new physics@7#.
Now in our extension of the SM, the only non-negligib
contribution comes from theZ penguin diagram and corre
sponds to the operatorV2A, the same as in theZ penguin
diagram of the SM.

The way we proceed follows Refs.@8,9#. First of all, we
write down the effective Lagrangians corresponding to
05403
s
r
he
n-

e

flavor-changing coupling of theZ boson to down-type quark
in the SM and in our model, looking only, for the latter cas
at the dominant contribution. We have

LZ
SM5

g

16p2 cos~uW!
g2Zds

SMs̄gm~12g5!dZm1H.c.,

~48!

with

Zds
SM5Vtd* VtdC0

SM~xt! ~49!

and
in

FIG. 7. The functionBmix0(xF ,xM ,b), ap-

pearing in the amplitude for the box diagrams
the processsd→dd, is plotted in linear and loga-
rithmic scale forb50.001 and 0.0001 vsxM ,
with the conditionxF51024xM .
5-9
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LZ
F52

g

16p2 cos~uW!
gF

2Zds
F s̄gm~12g5!dZm1H.c.

1O~b2!, ~50!

with

Zds
F 5bC0~xFq

!. ~51!

We notice here that Eqs.~48! and~50! are related to Eqs
~29! and ~22! through the equation

L52 iMmZm1H.c. ~52!

As shown in Ref.@8#, the couplingZds
SM is complex, being the

product of the quantityVts* Vtd , which is complex, whereVi j

are elements of the Cabibbo-Kobayashi-Maskawa~CKM!
matrix, and the functionC0(xt) which is real. In particular,
from the standard analysis of the unitary triangle, one ha

Im~Vts* Vtd!5~1.3860.33!31024, ~53!

Re~Vts* Vtd!52~3.260.93!31024, ~54!

which, using forC0(xt) the value of 0.79 corresponding t
the central value of the top quark mass,m̄t(mt)5166 GeV,
give

Im Zds
SM5~1.0960.26!31024, ~55!

ReZds
SM52~2.5460.71!31024. ~56!

The complex nature of the couplingZds
SM is responsible for

CP violation in the SM, as can be verified by looking at th
expression fore8/e as given in Ref.@8#:

e8

e
5S e8

e D
Z

1S e8

e D
rest

, ~57!

where

S e8

e D
Z

5Im Zds@1.22Rsur Z
~8!uB8

~3/2!# ~58!

and

S e8

e D
rest

5Im~Vts* Vtd!$22.31Rs@1.1ur Z
~8!uB6

~1/2!

1~1.010.12ur Z
~8!u!B8

~3/2!#%, ~59!

which is proportional to Im(Vts*Vtd). All the parameters ap
pearing in the above expressions are fully described in R
@8#. As pointed out in Ref.@8#, if we assume that no new
operators in addition to those present in the SM contribu
and this is true in the approximation of neglecting the n
contributions which are suppressed by the factor 1/MG

2 , one
can make the replacementZds

SM→Zds , where
05403
f.

e,

Zds5Zds
SM1

gF
2

g2 Zds
F . ~60!

The above relation holds separately for ReZds and ImZds,

ReZds5ReZds
SM1

gF
2

g2 ReZds
F , ~61!

Im Zds5Im Zds
SM1

gF
2

g2 Im Zds
F . ~62!

The replacementZds
SM→Zds is justified without the modifica-

tion of QCD renormalization-group effects evaluated at
next-to-leading-order~NLO! level for scales belowO(mt).
This means that to look at the effects of new physics,
scribed by a modified effective coupling of theZ boson to
down-type quarks, to the quantitye8/e, we just need to sub-
stitute ImZds

SM by ImZds in Eq. ~58!. Looking at Eq.~51!, Zds
F

is the product of the parameterb, which is real by definition
in the framework of the one-parameter model introduced
Eqs. ~16! and ~45! of Ref. @4#, and the functionC0(xFq

),

which is also real makingZds
F real. This implies that in our

model there are no corrections to ImZds
SM and consequently to

e8/e. Obviously this means that we cannot use the exp
mental results one8/e to constrain the parameterb. Notice,
however, that in the nonminimal case with two paramet
for the 1-2 element of Eq.~15!, namelyb exp(iu), one would
have a nonvanishing new physics contribution toe8/e for
uÞ0. In the extreme case withu5p/2, our model makes a
contribution only toe8/e and not toKL→m1m2. The con-
straint obtained onb in this case is of the same order as th
coming fromKL→m1m2. We concentrate on the minima
case in this paper, and hence on the new physics contribu
to ReZds. As shown in Ref.@8#, if new physics affects
ReZds, as is the case in our model, the process to look a
reveal the effects of new physics is the FCNC decayKL
→m1m2, whose experimental branching ratioBR(KL
→m1m2)5(7.260.5)31029 @10#. The effects of new
physics appear in the short-distance~SD! contribution to
BR(KL→m1m2),

BR~KL→m1m2!SD56.3231023@ReZds2B0

3Re~Vts* Vtd!1D̄c#
2, ~63!

whereB0520.182 is the box diagram function evaluated
m̄t(mt)5166 GeV, and

D̄c52~6.5460.60!31025 ~64!

represents the charm contribution@11#. From the analysis in
Ref. @8# of the long-distance~LD! and SD contributions to
BR(KL→m1m2), the highest possible value forBR(KL
→m1m2)SD is derived,

BR~KL→m1m2!SD,2.831029. ~65!
5-10
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Now using Eq.~65! together with Eqs.~60!, ~56!, and~51!,
we obtain the following upper bound on the parameterb:

b,2.531024, ~66!

where in Zds
F we have usedC0(1026).0.5, which corre-

sponds toMFq5200 GeV andMG5200 TeV, and inZds we
have usedg50.65 andgF51.

Looking at the expressions forBR(KL→p0nn̄), BR(KL
→p0e1e2), and BR(K1→p1nn̄) given in Ref. @8#, we
observe that there are no new contributions from our mo
to the first two decays, which depend only on ImZds, while
there is a contribution toK1→p1nn̄, which depends also
on ReZds. In Ref. @8#, the expression for the upper bound o
BR(K1→p1nn̄) is given in terms ofBR(KL→p0nn̄), and
the parameterk related toBR(KL→m1m2)SD by the rela-
tion

BR~KL→m1m2!SD5k31029. ~67!

Now, if as in Ref.@8# we use the upper bound forBR(KL
→m1m2)SD given in Eq.~65!, we obtain

BR~K1→p1nn̄!,0.229•BR~KL→p0nn̄!11.76310210,
~68!

while, if we use the upper theoretical value for theBR(KL

→m1m2)SD
SM given in Ref.@8#, we obtain

BR~K1→p1nn̄!,0.229•BR~KL→p0nn̄!11.15310210.
~69!

In Ref. @8#, for the particular scenario in which all the effec
of new physics are encoded in the effective couplingZds ,
BR(KL→p0nn̄) is estimated to range in the interv
(1.3310210,2.4310210) for B8

(3/2)50.6, and this makes th
contribution due to the maximum value forBR(KL
→m1m2)SD in the expression for the upper bound
BR(K1→p1nn̄) the dominant contribution. The differenc
between the two upper bounds forBR(K1→p1nn̄) allows
for a possible contribution of new physics associated to
quantity ReZds.

Using the constraint onb derived in Eq.~66!, we can now
check if the amplitudes that we know to be 1/MG

2 -suppressed
are negligible with respect to the corresponding SM am
tudes. In the case of the photon, matching the absolute v
of the functions which multiplies theV2A operator for the
new amplitude and the SM one, we have, after canceling
all the common factors,

MW
2

MFq
2 U gF

2bD0~xFq
!

g2 Re~Vts* Vtd!D0
SM~xt!

U<1.731026, ~70!

where we have usedD0(1026).22.6631026, and for the
SM quantitiesD0

SM(4.27).20.46, Re(Vts*Vtd) as given in Eq.
~54!, and obviously the constraint onb from Eq. ~66!.

In the case of the gluon, we have
05403
el

e

i-
ue

ut

MW
2

MFq
2 U gF

2bE0~xFq
!

g2 Re~Vts* Vtd!E0
SM~xt!

U<8.731026, ~71!

where we have usedE0
SM(4.27).0.27. From what we have

seen above, the amplitudes with theV2A operator for the
photon and for the gluon, which have corresponding one
the SM, are negligible. Now the amplitudes with theV1A
operator which appears in our model, and are present in
effective vertices for theZ, the photon, and the gluon, ar
also 1/MG

2 -suppressed and are not relevant.
For the box diagrams, we look at the function which mu

tiplies the (V2A)(V2A) operator. We obtain the ratio

MW
2

MG
2 U 4gF

4bB0~xFq
!

g4 Re~Vts* Vtd!uVtdu2B0
SM~xt!

U<0.19, ~72!

where we have usedB0(1026).1 and for the SM quantities
B0

SM(4.27).20.18 and uVtdu.9.131023. Similarly, the
amplitudes containing the operators (V1A)(V1A), (V
2A)(V1A), and (V1A)(V2A) are also not relevant. It is
important to notice here that, for the box diagrams, the 1/MG

2

suppression of the new contribution is balanced by theuVtdu2
suppression of the SM one.

In Ref. @4#, it has been shown in two numerical exampl
how it is possible to derive the neutrino mass splittingsDm32

2

andDm21
2 for different values ofb. In fact, in Ref.@4#, b has

been introduced as a free parameter chosen to be sm
than unity. In this paper, it has been shown how it is poss
to constrain the parameterb by looking at the quark sector
In accordance with the upper bound forb derived in this
paper and presented in Eq.~66!, we give here the neutrino
mass splittings obtained numerically in Ref.@4# for the par-
ticular choice of the parameterb50.000 095,

Dm32
2 51.7731023 eV2, ~73!

Dm21
2 55.4231026 eV2. ~74!

It is important to notice here that, when one choose
particular value of the parameterb, one also has to choos
the internal loop variables which appear in the function giv
in Eq. ~A11!, in order to reproduce the mass splittings
Eqs.~73! and~74!. This means, as one can see from the t
numerical examples with different values of the parameteb
in Ref. @4#, that different values ofb will correspond to dif-
ferent sets of masses for the three light neutrinos.

VIII. OTHER RARE KAON DECAYS BEYOND THE SM

Being sensitive to flavor dynamics from a few MeV up
several TeV, rare kaon decays provide a powerful tool to
the SM and to search for, new physics. Decays likeKL
→me and KL→pme are completely forbidden within the
SM @7#, where lepton flavor is conserved, and are also ab
lutely negligible if we simply extend the model by includin
5-11
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FIG. 8. Feynman graphs for theDS51 pro-
cesssd→me. In the graph~e! the vertices are
effective. The corresponding diagrams with th
pseudo-NG bosons Rer̃i8 instead of the NG

bosonsṼ i8 are omitted.
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Dirac-type neutrino masses with the standard Yukawa m
term.

In our model, the neutrinos are still only Dirac, but th
way they get masses is through loop diagrams, and proce
like KL→me or KL→pme are made possible through th

exchange of virtual NG bosonsṼ i8 . In fact, as we have
already said, they can couple to different flavors, and, in
way we build our model, are the same for the lepton and
quark sectors.

In the following, we will calculate explicitly the branch
ing ratio for the decayKL→me in our model, and we will
give a theoretical range of values corresponding to differ
s
s

-
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values for the mass of the vectorlike fermionsMM
1
l ,q.

This decay happens through five diagrams, shown in F
8: four box diagrams that have to be considered with th
corresponding crossed diagrams, and the diagram obta
by linking two effectiveZ vertices by a virtualZ. It can be
shown that the crossed diagrams areb-suppressed with
respect to the ones shown in Fig. 8. The diagram wh
the virtual Z is exchanged is alsob-suppressed, but no
1/MG

2 -suppressed as the surviving box diagrams, and so
will expect that the sum of all the contributions will depen
on the values of the parametersb andMG . The final ampli-
tude for the processKL→me is given by
M5
igF

2

2MG
2 F S gF

2

4p2 B~xFq
,xFl

,b!2
g2gF

2MG
2

32p4MZ
2 cos2~uW!

b2C0~xFq
!C0~xFl

! D s̄gmPLdēgmPLm

1
gF

2

4p2 B~xFq
,xMl

,b!s̄gmPLdēgmPRm1
gF

2

4p2 B~xMq
,xFl

,b!s̄gmPRdēgmPLm

1
gF

2

4p2 B~xMq
,xMl

,b!s̄gmPRdēgmPRmG , ~75!
with B being the function coming from the box diagram
~which is too long to be written down explicitely in thi
paper!, C0 given in Eq. ~21!, and PL,R5(17g5)/2. In the
above equation,g is the SU(2)L coupling andgF is the fam-
ily SO~4! coupling. To obtain theBRwe can use the expres
sion given in Ref.@12# for our case,
BR511.24310212FgF

g

100 TeV

MG
G4

~CLq2CRq!
2~CLl

2 1CRl
2 !,

~76!

which for our purpose can be rewritten as
5-12
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BR511.24310212FgF

g

100 TeV

MG
G4

@~CLqCLl !
21~CLqCRl!

2

1~CRqCLl !
21~CRqCRl!

222~CLqCLl !~CRqCLl !

22~CLqCRl!~CRqCRl!#, ~77!

where CLq ,CRq ,CLl ,CRl appear in the expression for th
operatorOV,A ,

OV,A5
gF

2

2MG
2 s̄gm@CLqPL1CRqPR#dēgm@CL1PL1CRlPR#m

1H.c. ~78!

From the way we have written the amplitudeM in Eq. ~75!,
it is possible to isolate the four contributionsCLqCLl ,
CLqCRl , CRqCLl , andCRqCRl that appear in Eq.~77!,

CLqCLl5
gF

2

4p2 B~xFq
,xFl

,b!

2
g2gF

2MG
2

32p4MZ
2 cos2~uW!

b2C0~xFq
!C0~xFl

!,

CLqCRl5
gF

2

4p2 B~xFq
,xMl

,b!, ~79!

FIG. 9. The logarithm of the function (CLq2CRq)
2(CLl

2

1CRl
2 ), which appears in Eq.~76! for theBR(KL→me), is plotted

vs log(xM /xF) for b52.531024, MG5200 TeV, andxF51026.
05403
CRqCLl5
gF

2

4p2 B~xMq
,xFl

,b!,

CRqCRl5
gF

2

4p2 B~xMq
,xMl

,b!.

In Fig. 9, the logarithm of the quantity (CLq

2CRq)
2(CLl

2 1CRl
2 ) is plotted as a function of the logarithm

of the ratioxM /xF , with MG5200 TeV,xF51026, and us-
ing for b the upper bound given in Eq.~66!, so that the
contribution coming from the diagram with the virtualZ has
its highest value. In doing the plot of Fig. 9, we have al
chosenMM

1
l 5MM

1
g and MFl5MFq5200 GeV. In Fig. 10,

the logarithm ofBR(KL→me) is plotted as a function of the
logarithm of the ratioxM /xF , for the same values of the
quantitiesMG , xF , andb as in Fig. 9, and the same choic
MM

1
l 5MM

1
q andMFl5MFq5200 GeV. It can be seen from

Fig. 10 thatBR(KL→me) depends strongly onxM , starting
from 6.65310222 for xM /xF51, and reaching the
asymptotic value of 1.02310214. It is important to notice
here that the lowest value forBR(KL→me), when xM /xF
51, corresponds to the situation in which the contributio
of the box diagrams cancel out and the only contribution
is due to the diagram with the virtualZ. In this case, we have

FIG. 10. The logarithm of BR(KL→me) is plotted vs
log(xM /xF) for b52.531024, MG5200 TeV, andxF51026. The
lowest flat zone corresponds toBR(KL→me)56.65310222, while
the highest flat zone corresponds toBR(KL→me)51.02310214.
nt
.

BR~KL→me!511.24310212FgF

g
100 TeVG4S g2gF

2

32p4MZ
2 cos2~uW!

b2C0~xFq
!C0~xFl

! D 2

56.65310222, ~80!

where we have used forb the upper bound given in Eq.~66!. The asymptotic value forBR(KL→me), when xM /xF@1,
corresponds instead to the situation in which the box diagram withFl and Fq propagating in the loop gives the domina
contribution, and all the contributions from the other diagrams, including the one from theZ penguin diagram, are negligible
In this case, we have

BR511.24310212FgF

g

100 TeV

MG
G4

~CLqCLl !
251.02310214, ~81!

which is independent ofb.
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The range of values forBR(KL→me) agrees with the
actual experimental upper bound of 3310212 at 90% C.L.
@13#. This range is, however, quite wide, spanning eight
ders of magnitude, and is due to the fact that the branch
ratio has a strong dependence on the masses of the vecto
fermionsFl ,q andM1

l ,q . Notice from Table I thatFl ,q are the
vectorlike leptons and quarks which are SU(2)L doublets,
while M1

l ,q denotes an SU(2)L singlet charged lepton an
quark, respectively. It is interesting to note from Fig. 10 th
in the case in which all vectorlike fermions are in the inte
esting mass range~a few hundreds of GeV’s! where they can
be produced by QCD or electroweak processes,BR(KL
→me) is hopelessly small to have a chance to be obser
~the lower flat part of Fig. 10!: At the other extreme~the
upper flat part of Fig. 10!, BR(KL→me);10214 while the
mass ofM1

l ,q is unreachable@of O ~few hundreds TeV’s!
assuming the mass ofFl ,q is of order a few hundreds o
GeV’s# by any conceivable Earthbound machine.

IX. EPILOGUE

We have presented a link between the quark sector
the lepton sector based on a model of neutrino masses@4#.
This link manifests itself in a common~small! parameter,b,
which appears in both sectors. In the neutrino sector, as
cussed in Ref.@4#, one begins with threedegenerateneutri-
nos whose masses are obtained at the one-loop level.
parameterb is introduced@e.g., via Eq.~16!# to lift this de-
generacy. To fit both solar and atmospheric oscillation dat
small mixing between one of the three light neutrinos and
fourth one is introduced in such a way as to obtain the c
rectDm2’s. Nevertheless,b is still neededto split two of the
three light neutrinos@see, e.g., Eq.~65! of Ref. @4##. In the
quark sector, as we have seen above, this same param
appears in various FCNC penguin operators which are s
to be linear inb at the lowest order. It is well known tha
these penguin operators are important in various aspec
kaon physics: e8/e, rareK decays, etc. Strong constrain
in this sector would also constrain the neutrino sector
well. It turns out, as we have shown above, that there is
contribution toe8/e from our model, to lowest order inb.
However, at the same order inb, our model makes a contri
bution to the rare decay processKL→m1m2. Taking into
account the upper bound on the short-distance contribu
to that process, we found a strong constraint onb which is
b,2.531024.

We have also calculated theBR(KL→me), finding that it
strongly depends on the masses of the vectorlike ferm
Fl ,q andM1

l ,q and onb for a certain range of those masse
We found thatBR(KL→me) goes from 6.65310222, which
makes this decay practically unobservable, to 1.02310214,
with the choice of MG5200 TeV andxF51026, when
xM /xF goes from 1 to 1012. xF and xM are defined in Eqs
~19! and ~25!. For b we have used the upper bound deriv
from KL→m1m2. As one can see from Fig. 10, the first ca
(6.65310222) corresponds to the interesting situation
which it might be possible to produce and observe th
vectorlike particles since their masses could lie in the fe
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hundred-GeV region@14#, despite the fact that one will no
be able to observe KL→me. The second case
(1.02310214) corresponds to a possible observation forKL
→me, while foresaking that of the singlet quark and charg
leptonM1

l ,q . And finally, there are the in between cases,
can be seen from Fig. 10.

Because of the upper limit onb, and obviously because o
the choice of heavy family gauge bosons,MG of O(100
TeV!, it turns out that the physics of the kaon sector by itse
in our model, is not too different from the SM. Nevertheles
we have seen that there is still some margin for poss
contributions of new physics toKL→m1m2, the bound on
K1→p1nn̄. As for the decayKL→me, which is forbidden
in the SM, we have seen that our model can make a n
negligible contribution (BR;10214) which is practically in-
dependent ofb. In the region where it depends strongly onb
~the lower flat region of Fig. 10!, the branching ratio is neg
ligible, practically similar to the SM with a Dirac neutrino
In that region, as we have stressed above, the new phy
signal would be the production and observation of the v
torlike fermions.

The bound onb could have interesting implications on th
neutrino sector itself, as we have mentioned above. It w
shown in Ref.@4# how the parameterb affects the mass split
ting of three formely degenerate neutrinos. In particular
was shown howDm2 is sensitive tob. However, it was also
shown howb indirectly affects the overall magnitude of th
masses. Unfortunately, at the present time, one is quite
experimentally from a direct determination of the mass
themselves. Needless to say, future experiments are of p
mount importance to this crucial question.
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APPENDIX A

In this appendix, we will summarize the results of Re
@4#. The Yukawa part of the Lagrangian involving lepton
can be written as

Llepton
Y 5gEl̄ L

afeaR1G1
l l̄ L

aVaFR
l 1GM

1
l F̄L

l fM1R
l

1GM
2
l F̄L

l f̃M2R
l 1G2

l M̄1L
l VaeR

a1G3
l M̄2L

l rm
a haR

m

1MFlF̄L
l FR

l 1MM
1
l M̄1L

l M1R
l 1MM

2
l M̄2L

l M2R
l

1H.c., ~A1!

which, after integrating out the vectorlike fermionsFl , M1
l ,

andM2
l , brings to the effective Lagrangian

Llepton
Y,eff 5gEl̄ L

afea,R1GEl̄ L
a~VafVb!ebR

1GNl̄ L
a~Vaf̃r i

b!hbR
i 1H.c., ~A2!
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where

GE5
G1

l GM
1
l G2

l

MFlMM
1
l

, GN5
G1

l GM
2
l G3

l

MFlMM
2
l

. ~A3!

The main assumption in building the above Lagrangian
the conservation of lepton numberL, thereby forbidding the
presence of Majorana mass terms. The way^V&5(0,0,0,V)
and ^r&5(0,0,0,V8^ s1), with s15(0

1), have been chose
makes the neutrino of the fourth family massive at tree lev
while the other three neutrinos remain massless. These t
neutrinos would get a mass dynamically via loop diagram
For the neutrino of the fourth family we have

mN5G1
l GM

2
l G3

l VV8

MFlMM
2
l

v

&
, ~A4!
e
on
ef

es
la
e

u-

re

05403
s

l,
ree
s.

which, for

VV8/MFlMM
2
l ;O~1!, ~A5!

can be expected to be even as heavy as 175 GeV, satis
the bound ofMZ/2 from LEP. For the three light neutrinos
one has

mn5mN

MFlMM
2
l

VV8

sin~2b!

32p2 DI ~G,P!, ~A6!

whereDI (G,P) is given by
DI ~G,P!5
1

MFl2MM
2
l
H MFlH MFl

2 FMG
2 lnS MG

2

MFl
2 D 2M P

2 lnS M P
2

MFl
2 D G1MG

2 M P
2 lnS M P

2

MG
2 D J

~MG
2 2MFl

2
!~M P

2 2MFl
2

!
2~MFl↔MM

2
l !J . ~A7!
Notice that MG’s are the masses of the family gaug
bosons andM P’s are the masses of the pseudo-NG bos
which are discussed in Sec. III B and the Appendix of R
@4#. The main result that was obtained in Ref.@4# is that one
can obtain formn a value of theO ~eV!, or equivalently the
ratio R5mn /mN;O(10211) as long as the ratios of mass
of the particles propagating in the loop satisfy certain re
tions. In Ref.@4#, it has been shown that, taking the mass
in units of MF

l , whereMF
l could be ofO ~>200 GeV!, one

obtains
R&10211 for MG /MM

2
l &1023 when MG&105, or for

MG /MM
2
l ;1022– 1021 when MG.107, with M P

;1 – 102. After lifting the degeneracy of the three light ne
trinos, by breaking the remaining family symmetry SO~3!,
one obtains the following mass eigenvalues for the th
light neutrinos:
s
.

-
s

e

m15mN

sin~2b!

32p2 $DI ~G,P!2bDI ~G,P,b!%, ~A8!

m25mN

sin~2b!

32p2 DI ~G,P!, ~A9!

m35mN

sin~2b!

32p2 $DI ~G,P!1bDI ~G,P,2b!%,

~A10!

whereDI (G,P,6b) is given by

DI ~G,P,6b![I ~MG ,6b!2I ~M P ,6b!, ~A11!

with
Eq.
I ~MG ,6b!5
MG

2

MFl2MM
2
l
H MFlH 2MFl

2 F16b1 lnS MG
2

MFl
2 D G1MG

2 ~16b!J
~MG

2 2MFl
2

!2$16b@MG
2 /~MG

2 2MFl
2

!#%
2~MFl↔MM

2
l !J . ~A12!

The above results were derived using Eq.~45! of Ref. @4#. One obtains exactly the same expressions if one were to use
~53! of Ref. @4#, with the replacementb→&b.

The mass splittings, neglecting terms of orderb2, are now

m3
22m2

25m2mN2b
sin~2b!

32p2 DI ~G,P,2b!, ~A13!
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m2
22m1

25m2mN2b
sin~2b!

32p2 DI ~G,P,b!. ~A14!

The above mass splittings are almost degenerate, and in
@4# a possible solution to lift this degeneracy was presen
What has been shown is that if one introduces mixing te
in the neutrino mass matrix between the three light fami
and the fourth family, one can obtain reasonable values
the mass splittings. Two numerical examples have been
sented. The mass splittings for the particular choice of
parameterb50.000 095 that satisfies the upper constraint
b derived in this paper and presented in Eq.~66! are given in
Eqs.~73! and ~74!.

APPENDIX B

In the following, we will show in a simple example o
how the dependence on the parameterb, introduced in Eq.
~16!, for the amplitude of the FCNC processes in our mo
appears. This example will be introduced in an analag
fashion to a FCNC process in the SM, which we know to
governed by the GIM mechanism. The process that we
considering ist→cW1W2. Now the amplitude of this pro-
cess is proportional to the quantity

(
j 5d,s,b

Vt j* Vc j

1

p22mj
2 , ~B1!

where the sum appears because one has to consider al
sible virtual down-quarks, andp is the momentum of the
virtual quarks. Notice that Eq.~B1! represents the approx
mation p@mj , which is a valid one as we shall see belo
Vi j is the CKM matrix, and the unitarity of this matrix im
plies in particular the relation

(
j 5d,s,b

Vt j* Vc j50. ~B2!

Using the above relation, we can write Eq.~B1! as

2 (
j 5s,b

Vt j* Vc j

1

p22md
2 1 (

j 5d,s,b
Vt j* Vc j

1

p22mj
2

5 (
j 5d,s,b

Vt j* Vc j

mj
22md

2

~p22md
2!~p22mj

2!
. ~B3!

Using now the approximation

Vts* Vcs.2Vtb* Vcb'2u2 ~B4!

and doing the sum we can rewrite Eq.~B1! as

u2
mb

22ms
2

~p22ms
2!~p22mb

2!
. ~B5!

From kinematic considerations,p2 falls in the range

~MW1mc!
2,p2,~mt2MW!2, ~B6!
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which means thatp2 is of order ofMW
2 . One obtains the fina

expression

u2
mb

2

MW
2

1

p22mb
2 , ~B7!

which shows the characteristic term of the GIM mechani
mb

2/MW
2 for FCNC processes involving externalt.

Now, looking at our model, we assume that the proc
t→cFqM1

q can kinematically occur~although in reality it
cannot becauseMFq>200 GeV andMM

1
q>MFq!. The am-

plitude will be proportional to

(
j

AV, j 3AV,2j
T 1

k22MV j

2 , ~B8!

whereAV is a unitary matrix given by~see Ref.@4#!

AV5S 1
2

1

&
1
2

1
2 2

1

&
1
2

2
1

&
0

1

&

D , ~B9!

chosen different from that given in Eq.~7! because otherwise
we will have no transition from top to charm, and the su
comes out from the fact that we have to consider as virt
states any gauge boson of SO~3!. The unitarity of the matrix
AV implies the particular relation

(
j

AV, j 3AV,2j
T 50, ~B10!

which we can use to rewrite the amplitude as

2 (
j 52,3

AV, j 3AV,2j
T 1

k22MV1

2 1 (
j 52,3

AV, j 3AV,2j
T 1

k22MV j

2 ,

~B11!

in the same way as we did for the SM. Now for the particu
matrix AV that we have chosen, we obtain

AV,23AV,22
T 52

1

2&
,

~B12!
AV,33AV,23

T 50,

which gives

2
1

2&

MV2

2 2MV1

2

~k22MV1

2 !~k22MV2

2 !
. ~B13!

Substituting forMV1

2 andMV2

2 the expressions given in Eq

~54! of Ref. @4#, we obtain
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bMG
2

@k22MG
2 ~11b!#@k22MG

2 ~12b!#
. ~B14!

From kinematic considerations, we have the following co
straints fork2:

~mc1MM
1
q!2,k2,~mt2MFg!2, ~B15!

which impliesk2!MG
2 , with MM

1
q

2
,MFq

2
!MG

2 . The final ex-

pression becomes
-

L.

ao

o-

05403
-

b

k22MG
2 , ~B16!

which shows the linear dependence on the parameterb. One
notices that the linear dependence on the parameterb comes
out in the same way as the linear dependence on the qua
mb

2/MW
2 in the GIM mechanism of the SM. It is important t

notice here that, in the SM, the GIM suppression comes fr
two factors: the appropriate product of CKM elements a
the ratiomq

2/mW
2 , wheremq is a quark mass~up or down!.

@Even if mq
2/mW

2 ;O(1) such as for the top quark, the CKM
suppression factor can be very small.# In our case, the am-
plitude is always suppressed by the parameterb.
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