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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-calieehguin. This parameter is
severely constrained by the rare decay prodgss> u* . This in turn has interesting implications on the
decay rates of other rare processes sucKas ue, 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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[. INTRODUCTION there is a set of parameters which appear in both sectors, and

that the constraints obtained in the quark sector have inter-

In the past few years, we have witnessed a flurry of faresting implications on the neutrino sector. In particular, we
reaching experimental results, among which are the neutringhall use recent results from limits on various rare decays to
oscillation data[1,2], data on directCP violation such as Cconstrain @& common parameter which appears in both sec-

€'le [3], and upper bounds on flavor-changing neutral-lors- (As we will show, because this common parameter is
real, there will be no new contributions from our model to

current(FCNC) rare decays of the kaons. On the one hand,e,/e )
Lheigﬁgttrgzos?;ﬁgztéogg;gh/ﬁlegﬂﬂﬁg'gfhtgr %Ziﬂb:?iggﬁﬁlcs The plan of this paper is as follows. First, we present our

. : ) ) ’ model for the quark sector based on a previous model for the
not clear if the new results oef/e, \.Nh'Ch (.j'ffer roughly .by neutrino sectof4]. We then proceed to enumerate and com-
a factor of 2 from present calculations within the SM, imply ;te various FCNC operators which arise in this model.
any new physics since the aforementioned calculations argnese operators are important in the analysis of various rare
still plagued with nonperturbative uncertainties. For the kaecays. Finally, we will use these FCNC operators in the
on's FCNC rare decays, the experimental situation is still facomputation of their contributions to the aforementioned
from giving evidence of physics beyond the SM or confirm-quantities, and set constraints on the parameters of the
ing the SM itself. Nevertheless, new physics, which might bemodel. Using these constraints, we look at the question of
responsible for giving rise to neutrino masses, could, in prinhow they would affect the neutrino sector. We will also show
ciple, affect the quark sector, and hence also quantities sudt the end of the paper that there are some interesting corre-
as €'/e or the branching ratios of the kaon’s FCNC rare lations between the value of the branching ratio
decays. If this is the case, results from the quark sector coule> ue and the mass of the weak-singlet quarks and charged
then be used to put constraints on the lepton sector itseleptons which appear in our model. When these particles are
since it is possible that both sectors have a common set ¢fight” enough to be produced at future accelerators, the
parameters, a desirable feature of any model which purportaranching ratio fol; — ne is too small, of order 10% to
to deal with issues of fermion masses. The aim of this papebe deteCted, while for a branChing ratio which could conceiv-

is to explore this possible connection between the two sec3dly be measured in the not-too-distant future, .g., of order
tors. 10", the masses of these singlet quarks and leptons will be

The subject of neutrino masses has been invigorated ifPC 1arge, a few hundreds of TeV's or more, to be produced

the past few years due to new results on neutrino oscillationdy Earthbound laboratories.
which suggested the possibility of a nonvanishing mass for
the neutrinos. Models have be&nd are still beingbuilt to
try to describe these oscillations. In a large number of cases,
efforts were mainly concentrated on the type of neutrino The model used in Ref4] to describe the lepton sector is
mass matrices which could “explain” the oscillation data, summarized in Appendix AA quick look at that Appendix
with very little attempt made at trying to connect that kind of will help with the notations and particle contentn this
physics to the hadronic sector. However, it is perfectly reasection, we will simply write down the part of the Lagrang-
sonable to expect that the two sectors are somehow deepisn for the quark sector which is relevant to the construction
connected, and that a constraint from one sector can give risgf various FCNC operators. First of all, the common link
to constraints on the other sector. This particular connectiobetween the quark and lepton sectors is in the scalar sector.
will be the subject of the present paper. This paper is aThese are the SM Higgs fiel¢ and the family symmetry
extension to the quark sector of a model of neutrino massliggs field 1%, where a denotes the family index. As we
presented in Ref4]. As a consequence, we shall show thatshall see below, it is these scalars which “transmit informa-
tion” from the quark to the lepton sector and vice versa. In
particular, as can be seen from Appendix(X; provides the
*Email address: pgh@Uvirginia.edu common set of parameters which appears in the two sectors.
"Email address: as7yf@virginia.edu The generalization from the lepton sector to the quark sector

Il. EFFECTIVE VERTICES FOR FCNC PROCESSES
IN THE MODEL OF REF. [4]
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TABLE |

SU(3).®SU(2), ®U(1)y® SO(Ny¢) ®SU(2)VR.

Standard fermions

Right-handedv's
Vectorlike fermions
for the lepton sector

Vectorlike fermions
for the quark sector

Scalars

aL=(3,2,1/6N;,1)
IL=(1,2-1/2N,1)
Ug=(3,1,2/3Ny,1)
dr=(3,1-1/3Ny,1)
er=(1,1-1N;,1)

Option 1: 7z=(1,1,0N;,2)
Option 2: 7z=(1,1,0N;,2)
7k=(1,1,0,1,2)
FlLr=(1,2-1/2,1,1)

My r=(1,1-1,1,1)

My r=(1,1,0,1,1)

Fil r=(3,2,1/6,1,1)

MY g=(31-1/3,1,1)
MY r=(3,1,2/3,1,1)
Q*=(1,1,0N:,1)
pi*=(1,1,0N;,2)
$=(1,2,1/2,1,1)
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Particle content and quantum numbers of tor being that there is no coupling between the quarks and

the scalarp® before symmetry breaking. After symmetry
breaking, the mass eigenstates are linear combinatiofs of
andp, and vice versa, as shown below and in Appendix A.
The way the FCNC processes take place in the quark
sector is identical to the way they operate in the lepton sec-
tor, i.e., via loop diagrams. In the SM, as is well known, the
flavor diagonal structure of the basic vertices involvindZ,
andg forbids the appearance of FCNC processes at the tree
level. However, the FCNC processes can happen at the one-
loop or higher-order level, mediated by a combination of
flavor-changing charged currents coupled to Ws. The
fact that these processes take place only as loop effects
makes them particularly useful for testing the quantum struc-
ture of the theory and in the search for physics beyond the
SM. In our model, beside the ways in which FCNC pro-
cesses can happen in the SM, it can also happen because of
the couplings of quarks of different flavor to the same vec-
torlike fermionF? and to the Nambu-GoldstoriblG) bosons
), and the pseudo-NG bosons Re This is made possible

by the mixings among the NG bosofis and the pseudo-NG
bosons R@;, after the spontaneous breaking of the family

necessitates the introduction of a new set of vectorlikesymmetry S@®4), with different family indicesi andj. We
quarks,F%', M$", and M3", wherei is a color index, in  denote the relevant scalar mass eigenstate®;gnd Ré&p; ,
perfect analogy with the leptonic vectorlike fermior8,  in terms of which we can express the states entering the
MY, and M'2 As we shall see below, these vectorlike Yukawa Lagrangian by

qguarks can have masses as low as a couple of hundred
GeV'’s, making them very attractive for potential discoveries

at the CERN Large Hadron Collidg¢rt HC). We shall come = cospl)i—sin S Rep;, )
back to this interesting issue in the final section of the paper.
The particle content and quantum numbers of the model Rep;=sin B, + cosB Rep; . (5

are listed in Table I. Notice that, among the scalars listed in

that table, there is one which does not have the appropriate ~ .
guantum numbers to be able to couple directly to thelhe stated); are the NG bosons which are absorbed by the

quarks: p“ The gauge structure of the modgdbr both ~ corresponding family gauge bosons. When the NG bosons
quarks and leptonss given by get mixed, there will be mass mixings among the corre-
sponding family gauge bosons. If we denote Ay the or-

thogonal matrix which diagonalizes the family gauge boson

mass matrixRef.[4]), we can express the stat®s , corre-
' sponding to the longitudinal components of the gauge boson

mass eigenstates, in terms of the mass eigendihtes

SU(3),®SU(2) @ U(1)y®SA4)®SU(2),,, (1)

where SU(Z)R applies only to the right-handed neutrinos

and S@4) is the family symmetry. The form of the quark
Yukawa Lagrangian is similar to the one from the lepton
sector(Appendix A), with the introduction of the following
new parameters:

ﬁi:AI),,ijﬁj,’ (6)

guigd’GgiGgng.GMT,GMg.MFq,MMT,MMg. 2

with A given by

The quark Yukawa Lagrangian takes the fofttne color in-
dex has been omitted

S
S| -

‘CqYuark: gdﬁf(ﬁdaﬁ guafa’uaR_F GWQaFg

_ _ _ (7)
+GM‘}FE¢M2R+GMgFE¢MgR+GgMgLQad; -

o S+

+GIMF QU+ MeaFIFE+M MQM?LM(ER

This matrix corresponds to Eq47) of Ref. [4]. Another
possible choice given by E¢55) of Ref.[4] gives the same
with the important difference with respect to the lepton sec-answer, withb—v2b.

©)

+M M3 M3g+H.c,
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FIG. 1. Feynman graphs for the effective ver-
tices of theZ and y for AS=1 processes—d.
The self-energy diagrams are omitted.
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This mechanism, introduced to describe neutrino masgf Ref.[4], whose mass eigenstates are giverthyandh,,
splitting in the neutral lepton sector, gives the following see Eq/(10), are not coupled to the quarks of the first three

terms in the Yukawa Lagrangian:
GIq OF%=cospGYq; O;F%—sinBGIql Rep;FY
=cosBGIa A ;; O FR
—sinBGIq; A, ; Rep/FR, )
GIMY, Q;dk=cosBGIMY Od:—sinBGIMY, Rep;di
=CcosBGIMS A ;; 0 di
—sinBGIMY A], ;; Rep| di, 9

where we assume that the samg diagonalizes also the
mass matrix of the pseudo-NG Re(Ref. [4]). It is impor-
tant to notice here that, andh,, defined in the Appendix

families. This implies that they will not propagate in the
loops of the diagrams describing processes with external
quarks of the first three generations. In this paper, we will
look only at processes involving the quarks of the first three
families and so we will not care about the presence in our
model ofH, andh,, where

H;=cosaH,+sinah,,
N (10
h,=—sinaH,+cosah,.

In the following, we will present the expressions of the
effective vertices for FCNC processes mediatedy, and
g. There is no extra effective vertex with the SM Higgs bo-
son in our model because the vectorlike fermions do not
couple to the SM Higgs field. We will also compare these
expressions with the corresponding ones from the SM.

cos® B cos” B
a, &,
@ P () e
s ; i d s / \ d
Fd Fd M1 M1
9 g
FIG. 2. Feynman graphs for the effective ver-
tex of theg for AS=1 processes—d. The self-
energy diagrams are omitted.
sin® B sin® B
Fle';‘i HeI;‘i
© o @ o
s ,’I “. d s ,'l ‘\‘ d
[} H )
Fd Fd M1 M1
9 g
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For all the effective vertices, the expressions will be givenons propagating in the loop diagrams. We will present sepa-
in terms of the linear combination rately the expressions for the amplitude due, respectively, to
the FJ and M{ vectorlike fermions. We remark here tHad
is the down component of a doublet of SU(2yhile M{ is
a singlet of SU(2) (see Table ). Because the dominant
derms of the amplitudes are proportionalTg_ of the vec-
torlike fermions, the contribution due 6 is singled out.
The contribution fromM{ will be suppressed by the factor
1/Mé with Mg being the scale of breaking of the family

M= My cos B+ M, sir? B, (1)

where M, and M,, are the contributions to the effective
vertices when the particles propagating in the loops are, r
spectively, the NG boson§i’ and the pseudo-NG bosons
Rep/ . From the lepton sector, we have estimateddan be

v/ MeM symmetry. The amplitude due & is as follows:
tanf= —~gt———, (12
V Mg “ig 3
M* TOE2, AhoiA12(0-~04)

with gg being the S®) gauge couplingV’ andV are the Z° T 16m2 cod by,
vacuum expectation valué¢¥EV) of p and (), respectively,

2
Mg and M, the masses of the vectorlike fermions intro- 1 MQJ- 1 M;2:q

duced in the lepton sector, amdi the central value for the |2 n Miq "2 M,zzq— M3

masses of the family gauge bosons. Takipg-O(1), and, :

for the masses, the values required in the lepton sector to 1 M,Z:q 2 Mé_

have a proper for the neutrino of the fourth generationgtan + CARYEIYE: In sz

turns out to be much smaller than unity. This makes the Fd Q; Fa

contribution toM due to the pseudo-NG bosons negligible, 2 2

being suppressed by the factor%th In the following, we _ MEq | MQJ SvA(1—5)d 13

will give only the expressions for the contributions due to the Miq_ M(Z)_ n M'éq sy*(1=»7)d, (13

NG bosond){ . All the expressions that will be given for the :

effective vertices will have to be multiplied by the factor where

cos B. We will focus on the expressions for the effective

vertices in the transitios—d (Figs. 1-4. g-—Qg.=—0gpa=—Tg =3. (14)
. THE Z EFFECTIVE VERTEX It is important to notice here that with o, We have indi-

To calculate the effective vertex, we have to sum up all cated the poles in the propagators of the~longitudinal com-
the contributions coming from the different vectorlike fermi- ponents of the gauge boson mass eigens@fes
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whereb is a small real parameter less than unity. As empha-
sized in Ref[4], this mass mixing could come, for example,
from a term in the Lagrangian of the form
N[ (%) (QPp) +(p%p.) (pPpf)].  Assuming  (p')
=(v',0,0,0) and{p")=(0p",0,0), withv',”<V,V’, one
can obtain the above mass-mixing matrix. This choice used
in Ref. [4] is a minimal one from which the neutrino mass
matrix is real. One could also envision a nhonminimal model
with two parameters, parametrized laexp(é). This could

be done if one allows the Higgs sector to be sufficiently
complicated. In oder foM o/sto be real, the above mixing

matrix has to be Hermitian. This means that the 2-1 element
of Eq. (15) is b exp(—i#) if the 1-2 element i exp(6). Our
present discussion follows the choice of Ref] where 0
=0. Although the case in whicl#+ 0, which will yield a
complex neutrino mass matrix, might be interesting in its
own right, it is beyond the scope of our paper. It is fair to say
that one is still a long way from knowing what a neutrino
mass matrix should look like and, as a result, it is also fair to
work with the simplest case to see what kind of physics one
can get out of it. Nevertheless, a remark is in order here. The
choice adopted here and in Rgé] will correspond to the
case in which there imo new physicgontribution to the
imaginary part of th& penguin diagram, and hencedbt/e.
As we shall see below, this case will only contribute to the
real part of theZ penguin diagram, which is important for
rare decays. In the nonminimal scenario, there is the other
extreme in whichfd= /2 (ib for the 1-2 matrix elemeint
which gives anew physicgontributiononly to the imaginary
part, and hence te’/e. The constraint o, this time com-
ing from €'/ e, is in the same range as that obtained from the
rare decay process, —u " u”.

We obtain the following final expression faet5 ' [A, is
given in Eq.(7)]:

FIG. 4. The logarithm of the functio®y(x,b), appearing in ig
the amplitude for they effective vertex, is plotted vs the logarithm (F,p) — - 2c (xe bYsSvA(1—+%)d
of x¢ for b=0.001 and 0.0001. The functido(xg), which is the Mz = 6nZ cog B,y IFCoXFPISY (1= 7)d,
first nonvanishing coefficient in the Taylor expansion bnof a7

Do(Xg,b), is also plotted.

with

We use forM o, the eigenvalues of the family gauge bo-
son mass matrix in the simple one-parameter form intro- 1

duced for the lepton sector in Ré#],
1 b O
ME=M3[ b 1 0],
0O 0 1
given by
Mg, =ME&(1+b),
Mg, =ME&(1-b),

M§z3:M2’

ColXey D)= 777 b= )2~ 1+bTxr, )2

X{—(—1+b)%(1+ b—xFq)Z In(1—b)

(15 ) )
+(1+b) (—1+b+xFq) In(1+b)—2bxFq
><[b2—(—1+xFq)2+2(—1+b2+xFq)
xIn(xe )1}, (18)
WherexFq is defined as
(16)

2
_ Mra (19
XFq_ Vg
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Making the Taylor expansion (ﬂio(xF ,b) in the parameter which shows, in the first approximation, an explicit linear
b we found that the first nonzero contribution comes fromdependence on the parameterin Appendix B, it will be

the linear term irb. So we can rewrit€,(xg ,b) as shown in a simple example the mechanism that produces the

b dependence of the amplitude for FCNC processes and it
Co(Xg ,b)=bCoy(x¢ )+0(b?), (20) will be compared with the Glashow-Iliopoulos-Maiani
4 q (GIM) mechanism.
with Co(Xg ) given by The contribution to th& effective vertex due tou{ takes
! the form
1 1+x,: 2x,:
Colke)= 3| T2 F (A o R @Y igSié(6y) O

My, _
M=

200 M
. . 6’772COiew) 4M2 qDO(XMq’b)aq Y q q)
M* now takes the simple form M

—ig X(1+°)d, (23)
Fou_ 2 < u(1_ 5 2
MZ 16’772 Coq 0W) ngCO(XFq)Sy (1 Y )d"’O(b )1
(22)  whereq is the momentum transfer and with
|
b[—5b4+(—1+qu)2(5+qu)(—1+7qu)] 2035+ Xy, (—22+ 23y )]
DolXu D)= (TFb—xy )3 (— 1+ b+ ) T T rb—xy )3( 15D 0, Bk
5 XMy, 5 XMy,
3(—1+hb) (—1+b+3qu)In 1-b 3(1+b)5(1+b—3xy )In 1+b X, y
a (—1+b+xy )" (1+b—xy )" 27 (24)
|
wherexy, is defined as vectorial nature characteristic of the currents interacting with
K the photon. Making a Taylor expansion of the function
Mqu DO(qu,b) in the paramete, we found also that in this case
XM= le. (25 the first nonvanishing term in the expansion is the one linear
G

in b. So we can rewrite\Do(qu,b) as

It is important to notice here that the structure of the operator

in MMl "* is similar in character to that for the photon. In DO(XMqab):bDO(XMq)+O(b2)1 (26)
fact, qMMML "*=0. This happens becaugd is a singlet of

SU(2) and so the current aM{ that couples taZ has the — with Do(qu) given by

2 3 2
Xm, 11+6 Ianq— 18qu In XM~ 63qu+45qu+ 7qu— 36qu In Xu,

O(XM )_ 27 (1_XMq)5 (27)

T
Now MQ/‘“‘ takes the simple form <[:o]rresp0nding contribution from the SM, as given in Ref.
5]
My 19SIM(6y) of
M= 1672 cog byy) 4 2 bDo(XM )TQ y*—q"q) ig
v M = T coq gy 9 ViaViaCo xSy (1= ) d,
W
X(1+ 75)d+0(b2). (28) (29)

For comparison we show the explicit expression of thewhere
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- X [X—6  3x+2 SM, wherey can couple toN while the gluon cannot. As a
Co (Xp)= Blx-1 " Wg'” Xt/ (30 result, the number of diagrams in the SM, used to describe
t ! the effective vertices, and the functions that appear in there,
with x, defined as are different for the gluon and foy. We introduce the func-
tion Eq given by
m;
Xe=117 (31 Eo=—3Dg (36)
MW
. ) to absorb the factor-3 in D, coming from the electric
andg is the SU2),_ gauge coupling. charge of the quarks. The final expressions for the contribu-
tions to the gluon effective vertex due & and M7 are[e,
IV. THE y EFFECTIVE VERTEX B are color indices and is the SU3), coupling]

The effective vertex ofy comes also from the contribu- . 2
tions due theFd and M7 vectorlike fermions. What is re- Fau_ 'gsz g_F2
markable is that these two contributions will contain the o 167" am Fa
same function R [Eq. (24)], which appears in the contribu-

on(XFq)ﬁy(qzv“—q"d)

_ A5\ T2 2
tion of M7 to theZ penguin diagram. This happens because, X(1=77)Tapdp+O(b) (37)
as mentioned before\1{ is a singlet of SW2) and is coupled g
to Z in the same way as tp except for the coupling constant.
The contributions to the effective vertex fromFg and M Mpan_ 19s g2 _
will differ from each other in the form of the operators and Mg = 1672 aMm2 bEo(Xm,)Sa(A77*—a"d)
with XE, and XM appearing inDg, respectively. We obtain M
the following final expressions: X(1+ 75)T2ﬁd,3+0(b2), (38)
: 2
—1e OF where (T,;)? is the ath generator of S(B).. The corre-
Fu__ ~ _9F 2, 1y _ .5 af g c
My = T6m? 4|\A§qu°(XFq)§q Y =ata)(1=y)d sponding expression for the SM as given in H&l.is
+0(b?) (32 igs d° _
Mg:lSLM: 167:_2 AM2 VrthdEgM(Xt)Sa(QZYM_qﬂﬁ)
and w
5
e @ X (1= 9")Te4ds, (39
M 2 _ 5
M= 1672 —4Mi/lquo(XMq)§q Y —q“g)(1+y°)d with
1
2 2
2 X; (15— 16x;+4xy)
+0(b?). (33 ESM(x)=—2Inx.+ =% In X,
The corresponding expression for the SM as given in Ref.
_ , 12(1—x,)3
—ie ¢
MW= 1672 WV?thdDgM(Xt)ngw_ a“d) Knowing the expressions for the effective vertices in the new
w model is what we need to derive completely the new contri-
X(1—9°)d, (39 butions to the FCNC processes witt5=1 involving pen-
_ guin diagrams. These new contributions differ from the cor-
with responding ones in the SM only in the effective vertex.
1003 2
19 +25¢ VI. BOX AMPLITUDES

DSM(XI)Z - g In Xt+ 3X—_1)3—
.y t For the contributions to the FCNC processes wkB
Xt (5X; —2%—6) =1 coming from box diagrams, we have to calculate directly
Wln Xt - 39 the amplitude. In Fig. 5 we show the new one-loop diagrams
describing FCNC processes withS=1 coming from our
model. The new contributions coming from the box diagrams
to the FCNC processes withS=1 are suppressed by the
The functionD, which appears in the vertex also ap- factor 1MZ. This makes these box contributions negligible
pears in the gluon effective vertex, with the only differencewith respect to the dominant contribution, due to fpen-
appearing in the prefactor due to the different nature of theyuin diagram, which is suppressed only by the factdf \2;],/
charge. This is so becaugeand y have vector couplings to coming from theZ propagator. The number of box diagrams
the same particles in our model. This does not happen in this eight, considering only the ones in which the NG bosons

V. THE GLUON EFFECTIVE VERTEX
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FIG. 5. Box diagrams foAS=1 processsd—dd. The corre-
sponding box diagrams with the pseudo-NG bosong/Restead of

the NG bosong); are omitted.

propagating in the loop are tHe/ . The diagrams in which
the pseudo-NG bosons Reare propagating in the loop are
suppressed by siB while those which contain both NG
bosons and pseudo-NG bosons are suppressed 4. gihe
first two diagramgFigs. 5a) and 5b)] have theF? vector-
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For the functionBO(xFq,b), in the same way as for
Co(x,:q,b) and Do(x,:q,b), we make a Taylor expansion in
the paramete. Also in this case, as in the case for thand
v vertices, the zeroth-order term in the expansion is not
present and the first nonvanishing term is the one which is
linear inb. The amplitude in Eq(42) now takes the simple
form

g —
Moo= 15277 DBo(Xe )57 (1= ") ddy*(1=)d
+0(b?), (44)
WhereBO(xFq) is given by
1+ (4—5Xg )Xg +2Xg (2+Xg )In(Xg )
Bo(Xe )= 9 g g . q q
q (_ 1+X|:q)
(49

The amplitudes for the box diagrams in which we substi-
tute the vectorlike fermion&® with M{ have similar ex-
pressions except in the operator, which now has the form
(V+A)(V+A) instead of ¥ —A)(V—A) and withx,, now

appearing in the functioB,. As in Ref.[4], we expecM M

to be much larger thall gq SO thatqu= M;q/Mé is closer
1
to unity whilexqu Mﬁq/Mf3 can be much less than unity. As

can be seen from Fig. @, varies by at most an order of
magnitude for(9<xF Mg =<1. As a result, we expect the con-

tributions of the two d|agrams due tot] to be smaller than

like part|cles propagating in the loop. Neglecting terms ofihe corresponding ones dueR8 by not more than one order
ordermg/Mg with m, being the mass of the external quarks, of magnitude. For the four box diagrams in which there is
we fmd the same amplitude for the two diagrams. We als@yne vectorlike particle of typ&9 and one of typeMY, the

use the identity
S(p1) Y*(1— ¥*)d(p2)d(ps) ¥,.(1— ¥*)d(ps)

=5(p1) (1 - ¥*)d(p3)d(ps) y“(1— y*)d(p2),
(41)

applying Fierz transformations. For both diagrams the ampli-

tude is given by
4

igg o _
Mbox:l&r—zMé Bo(Xg,0)sy*(1~ y)ddy,(1- %),
(42

whereBO(xFq,b) is given by
Bo(Xe,,b)

—(1+ b)2+x§q+ 2(1+b)xg [In(1+b) = In(xe )]
2(1+ b—x,:q)3

—(1—b)2+x§q+ 2(1=b)xe [In(1—b)—

In(xg)]
2(1—b—xFq)3 '

(43

analytical expressions are too complicated to be written
down in this paper. Instead, we perform a numerical evalua-
tion for the functionB o(qu,qu) in the mixed case giv-
ing us values betwe@o(xFq) andBO(qu) (see Fig. 7. The
operators for these last four box diagrams are of the form
(V=A)(V+A) and V+A)(V—-A).

The amplitude for the box diagrams in the $# is given

by
94 S M 5)d g~
Mbox 6472M2. tthd|th| B (Xt)57 (1—y>)ddy
w
X(1—y°)d, (46)
where
1] x X In X
SM _ = t t t
B30~ 3 Tt o1 (47)

VIl. CONSTRAINT ON b FROM THE UPPER BOUND
ON K| —p*p~

From our analysis of the new contributions to FCNC pro-
cesses witlAS=1, it turns out that the main contribution is
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1 1
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0 0.2 0.4 0.6 0.8 1 0.0001 0.001 0.01 0.1 1
XF XF
b=0.001 b=0.001 . ) .

0.001 0.001 FIG. 6. The functiorBy(Xxg ,b), appearing in

0.0008 0.0007 the amplitude for the box diagrams in the process
) 20,0005 sd—dd, is plotted in linear and logarithmic scale
%0.0006 & for b=0.001 and 0.0001. The functioBy(Xg),
& 0.0004 o 0.0003 which is the first nonvanishing coefficient in the

0.0002 0.0002 Taylor expansion irb of By(xg ,b), is also plot-

0 0.2 0.4 0.6 0.8 1 0.0001 0.001 0.01 0.1 1 ted.
XF Xp
b=0.0001 b=0.0001

0.0001 0.0001
_0.00008 Ao.oooo7
< 2 0.00005
&0.00006 %
& 0.00004 & 0.00003

0.00002 0.00002

0 0.2 0.4 0.6 0.8 1 0.0001 0.001 0.01 0.1 1
Xp XF

given by theZ penguin diagram, all the other contributions flavor-changing coupling of thg boson to down-type quarks

being 1M2-suppressed. in the SM and in our model, looking only, for the latter case,
The FCNC processes withS=1 in kaon physics are at the dominant contribution. We have

reasonably well described by the SM, with uncertainties

coming from nonperturbative QCD effects. On the other g

hand, the apparent discrepancy, for example, between the [,%M:zig

SM estimates and the data invites speculations about non- 167 cog bw)

standard contributions te’/e [6], and also for FCNC rare

decays there are still margins for effects of new phyfids

Now in our extension of the SM, the only non-negligible with

contribution comes from th& penguin diagram and corre-

Zf;grlgfntzft?ﬁeosp&r.atdt A, the same as in th& penguin ZSM= VAV, CSM(x) (49)
The way we proceed follows Refg8,9]. First of all, we

write down the effective Lagrangians corresponding to theand

273Ny (1—y*)dZ,+H.c.,
(48

b=0.001,xp=10""xy b=0.001, xp=10""xy
0.001 0.001
_.0.0009 -
Q £
5 0-0008 = 0.0007
% 0.0007 x
%0.0006 % 0.0005
- -~
£ 0.0005 E
0.0004 .
FIG. 7. The functionByo(Xg ,Xm ,b), ap-
0 0.2 0.4 0.6 0.8 1 . . . . . . . . .
x 00001 0.001 001 0.1 1 pearing in the amplitude for the box diagrams in
the processd—dd, is plotted in linear and loga-
- - -4 - . .
0. 0001 r—2n2: 0001, xp =107 xy b=0.0001, x¢=10" %y rithmic scale forb=0.001 and 0.0001 vsy,
000000 oo with the conditionxg=10"%xy, .
Q Q
5 0-00008 5 0.00007
%0.00007 x
go.oooos ﬁ" 0.00005
5 0.00005 5
0.00004
0.00003
0 0.2 0.4 0.6 0.8 1 0.0001 0.001 0.01 0.1 1
XM XM
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L£h=- Ezcgos{—mgézggy#(l— y*)dZ,+H.c.
+0(b?), (50)
with
Zgs=bCo(Xe ). (51)

We notice here that Eq$48) and(50) are related to Egs.
(29 and(22) through the equation

—iM*Z,+H.c. (52
As shown in Ref[8], the couplingZ3¥ is complex, being the
product of the quantity/;,Vq, WhICh is complex, wher¥;
are elements of the Cabibbo-Kobayashi-Maska@&M)
matrix, and the functiorCy(x;) which is real. In particular,
from the standard analysis of the unitary triangle, one has
Im(

ViViq) =(1.38+0.33 X104, (53

Re(ViVg)=—(3.20.93 X104, (54)
which, using forCy(x;) the value of 0.79 corresponding to
the central value of the top quark masg(m;) =166 GeV,
give

Imz3M

=(1.09+0.26)x 104, (55

ReZ3M=—(2.54+0.7)x 10" . (56)
The complex nature of the couplirzﬁg" is responsible for
CP violation in the SM, as can be verified by looking at the

expression foke’/ e as given in Ref[8]:

€' €' €’
—_(— + =] (57)
€ € z € rest
where
E!
(?> =ImZyd1.2-Rr¥|BF?] (58)
z
and
6I
(—) =IM(VEVg){— 2.3+ RJ 1.1r®| B2
€ rest
+(1.0+0.12r®)BE2 7, (59)

which is proportional to IM{V,). All the parameters ap-

pearing in the above expressions are fully described in Re

[8]. As pointed out in Ref[8], if we assume that no new

operators in addition to those present in the SM contrlbuteBR(K'-H'u ©o)

and this is true in the approximation of neglecting the new
contributions which are suppressed by the factdmé,/ one
can make the replacemeny—Z4, where

PHYSICAL REVIEW D65 054035

QF

Zys= Zgg/l afzds (60)

The above relation holds separately for Reand ImZ,

2

g
ReZqs=ReZS +g—§Rez§S, (61)

2

g
IM Zge=Im ZSM gglm AN (62)

The replacemer 3y — Z, is justified without the modifica-
tion of QCD renormalization-group effects evaluated at the
next-to-leading-ordetNLO) level for scales belovD(m;).
This means that to look at the effects of new physics, de-
scribed by a modified effective coupling of tizeboson to
down-type quarks to the quantig//e, we just need to sub-
stitute ImZ by ImZin Eq. (58). Looking at Eq.(51), st

is the product of the parametby which is real by definition

in the framework of the one-parameter model introduced in
Egs. (16) and (45) of Ref. [4], and the functionCy(Xg )

which is also real makin@j, real. This implies that |n our
model there are no corrections to Eﬂ" and consequently to
€'/e. Obviously this means that we cannot use the experi-
mental results or’/ e to constrain the parametér Notice,
however, that in the nonminimal case with two parameters
for the 1-2 element of Eq15), namelyb exp( 6), one would
have a nonvanishing new physics contributionetde for

0+ 0. In the extreme case with= 7/2, our model makes a
contribution only toe’/e and not toK, — u* u~. The con-
straint obtained o in this case is of the same order as that
coming fromK, —u" . We concentrate on the minimal
case in this paper, and hence on the new physics contribution
to ReZy. As shown in Ref.[8], if new physics affects
ReZys, as is the case in our model, the process to look at to
reveal the effects of new physics is the FCNC de&gy
—utu”, whose experimental branching ratiBR(K,
—utuT)=(7.2£0.5)x10° [10]. The effects of new
physics appear in the short-distan¢®D) contribution to
BR(KL.—u"u"),

BR(K, —u" 1 )sp=6.32X10 ][ReZys— By

X RE(V{Vig) + AC] (63

whereBy= —0.182 is the box diagram function evaluated at
m,(m,) =166 GeV, and

A= —(6.54+0.60 X 10°° (64)

fepresents the charm contributiphl]. From the analysis in

Ref. [8] of the long-distancé€LD) and SD contributions to
the highest possible value f@R(K,
—>,u M )sp IS derived,

BRIK,—utu )sp<2.8x10 °. (65)
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Now using Eq.(65) together with Eqs(60), (56), and(51), M2 géon(XF )
we obtain the following upper bound on the paraméter ;’V 5 — qSM
Mcql9 Re(Vi Vi) Eg (X0)

|<8.7>< 108, (71)

b<2.5x10 4, 66
(66) where we have useElgM(4.27):0.27. From what we have

where in ng we have usedC,(10 ®)=0.5, which corre- seen above, the amplitudes with tile- A operator for the

sponds tdVl .q=200 GeV andVl ;=200 TeV, and irzgcwe  Photon and for the gluon, which have corresponding ones in

have usedy=0.65 andgg-= 1. the SM, are negligible. Now the amplitudes with tie- A
Looking at the expressions f@R(K, — 7°»7), BR(K,  Operator Whlc;h appears in our model, and are present in the

—mY%*e”), and BR(K™— " vp) given in Ref.[8], we effective vertices for theZ, the photon, and the gluon, are

observe that there are no new contributions from our mode®lso IM&-suppressed and are not relevant.

to the first two decays, which depend only onZg, while For the box diagrams, we look at the function which mul-

there is a contribution t&* — 7" v», which depends also tiplies the ¥ —A)(V—A) operator. We obtain the ratio

on ReZy. In Ref.[8], the expression for the upper bound on

BR(K* — 7" vv) is given in terms oBR(K, — 7%vv), and M2 4g4bBy(xe )

the parametek related toBR(K, —u " 1" )sp by the rela- W Fo Fg w—| =019, (72

tion M3 | 9* Re(ViVig) [Vig2BEY(xy) |
BR(K, — pu* " )ep= kX 1072, (67) where we have useBly(10 °)=1 and for the SM quantities

B5M(4.27)=—-0.18 and |V,4|=9.1x103. Similarly, the
Now, if as in Ref.[8] we use the upper bound f&@R(K amplitudes containing the operator&/ {A)(V+A), (V
—u" 1" )sp given in Eq.(65), we obtain —A)(V+A), and V+A)(V—A) are also not relevant. It is
important to notice here that, for the box diagrams, thé2/
BR(K*— 7" 1) <0.229 BR(K, — 7%0) + 1.76x 10~ 10 suppression of the new contribution is balanced by| Yhgl?
(69) suppression qf the SM one. _ _

In Ref.[4], it has been shown in two numerical examples
while, if we use the upper theoretical value for B®(K,  how itis possible to derive the neutrino mass splittings3,
—uptu7)EY given in Ref.[8], we obtain andAm3, for different values ob. In fact, in Ref.[4], b has

been introduced as a free parameter chosen to be smaller
BR(K* — 7t 1) <0.229 BR(K, — 7%57) + 1.15% 10~ 12, than unity._ In this paper, it has been shown how it is possible
to constrain the parametérby looking at the quark sector.
(69) In accordance with the upper bound forderived in this
In Ref. [8], for the particular scenario in which all the effects Paper and presented in E@6), we give here the neutrino
of new physics are encoded in the effective couplig, mass splltt_mgs obtained numerically in REt] for the par-
BR(K,—7°v7) is estimated to range in the interval ticular choice of the parametér=0.000 095,
(1.3x107192.4x 10719 for B{?=0.6, and this makes the
contribution due to the maximum value foBR(K_ AmZ,=1.77x 1072 eV?, (73
—u"u)gp in the expression for the upper bound of
BR(K*— o *vv) the dominant contribution. The difference

between the two upper bounds BR(K"— 7" vv) allows Am3,=5.42<10 % V2, (74)
for a possible contribution of new physics associated to the
quantity ReZy. It is important to notice here that, when one chooses a

Using the constraint oh derived in Eq.(66), we can now  particular value of the parameter one also has to choose
check if the amplitudes that we know to béviZ-suppressed the internal loop variables which appear in the function given
are negligible with respect to the corresponding SM ampliin Eq. (A11), in order to reproduce the mass splittings of
tudes. In the case of the photon, matching the absolute valuggs.(73) and(74). This means, as one can see from the two
of the functions which multiplies th& — A operator for the numerical examples with different values of the parambter
new amplitude and the SM one, we have, after canceling out Ref.[4], that different values ob will correspond to dif-

all the common factors, ferent sets of masses for the three light neutrinos.
M2, gﬁbDO(xFq) VIIl. OTHER RARE KAON DECAYS BEYOND THE SM

< — 6
WF_q 92 Re(ViV ) DM(x))| 171077 (710 Being sensitive to flavor dynamics from a few MeV up to
several TeV, rare kaon decays provide a powerful tool to test
where we have useDy(10 %)=—2.66x10"°, and for the the SM and to search for, new physics. Decays lig
SM quantitied:)cs,'\"(4.27)z —0.46, ReV{.Vyg) as givenin Eq.  —ue and K —mue are completely forbidden within the
(54), and obviously the constraint dnfrom Eq. (66). SM [7], where lepton flavor is conserved, and are also abso-

In the case of the gluon, we have lutely negligible if we simply extend the model by including
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(a) (b)

s Q. I s Q. n
—_— - e - s a [ S
Fq FI M1q M1I
—_—t e ————— —— e e
d Q| e d Q| e
(© e 8, " () e 8, "
""""""""""" FIG. 8. Feynman graphs for th®S=1 pro-
E M M e cesssd— ue. In the graph(e) the vertices are
¢ ! e ' effective. The corresponding diagrams with the
S RSP SR, RSyRy Uiy . — pseudo-NG bosons Rg instead of the NG
d Q; e d Q; e

bosonsﬁi’ are omitted.

Dirac-type neutrino masses with the standard Yukawa masglues for the mass of the vectorlike fermiaks, a.
1

term. . . . This decay happens through five diagrams, shown in Fig.

In our model, the neutrinos are still only Dirac, but the g. 5,1 hox diagrams that have to be considered with their
way they get masses is through loop diagrams, and processgsyresponding crossed diagrams, and the diagram obtained
like K — pe or K, —mue are made possible through the py Jinking two effectiveZ vertices by a virtuaZ. It can be
exchange of virtual NG boson/ . In fact, as we have shown that the crossed diagrams dresuppressed with
already said, they can couple to different flavors, and, in theespect to the ones shown in Fig. 8. The diagram where
way we build our model, are the same for the lepton and thé¢he virtual Z is exchanged is als®d-suppressed, but not
quark sectors. 1/Mé-suppressed as the surviving box diagrams, and so we

In the following, we will calculate explicitly the branch- will expect that the sum of all the contributions will depend
ing ratio for the decayX, — ue in our model, and we will on the values of the parametdrandM . The final ampli-
give a theoretical range of values corresponding to differentude for the procesk, — we is given by

ige [[ 9f g’gEMs —
M= m WB(XFq'XFI’b)_ 327T4M%C052( 0W) b CO(XFq)CO(XF|) Sy PLdE’)/MPL,bL
97 9?
+ WB(XFq,XMI,b)g')/MPLdE'}/MPRM'i' m B(XMqaxFlyb)g‘yMPRdg‘yMPLM

2
O _
+ 477_2 B(XMq!XMlvb)SFyMPRdEFyMPRM ’ (75)

with B being the function coming from the box diagrams . ]ge 100 TeV* ) )
(which is too long to be written down explicitely in this BR=11.24<10 lZ[EM—\1 (CLq—Crg)*(C{i+CR)),
papel, Cy given in Eq.(21), andP_g=(1% Y2)12. In the ¢ (76)
above equationg is the SU(2) coupling andyg is the fam-

ily SO(4) coupling. To obtain th&8Rwe can use the expres-

sion given in Ref[12] for our case, which for our purpose can be rewritten as
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Log ( (Crq-Crg)? (Cra?+Cr1?))

0 2 4 6 8
Log (2u/%F)

10 12

FIG. 9. The logarithm of the function CILq—CRU)Z(CE,
+C2)), which appears in Eq76) for the BR(K_— ue), is plotted
vs logy /x=) for b=2.5x10"4, Mg=200 TeV, andx=10 6.

9

4
BR=11.24x 1012 100 Te C.4C)?+(C4CrD?
. g MG [( Lqg LI) ( Lqg RI)

+(CroCL1)?+(CrCr1*—2(CLCL1)(CreCL1)
—2(CLCr)(CreCr1 1, (77

where C4,Crq,C.;,Cg appear in the expression for the
operatorOy a ,

2
Or _
OV,A:_ZM 7 SY*[CLqPL+ CrqPrldey,[C 1P +CgPrlu
G

+H.c. (78

From the way we have written the amplitudd in Eq. (75),
it is possible to isolate the four contributiorS C,,,
CLqCri» CreCri, andCgrCg, that appear in Eq(77),
2
OF
CLqCLI = WB(XFqIXFlab)

_ dg’gEM3
32*M3 co( by)

szO(XFq)CO(XFI)a

9?

CLqCRIZ 4772 B(XFq,XMl,b), (79)

BR(K, — ue)=11.24X 1012[%

=6.65x 1072

where we have used fdr the upper bound given in Ed66).

4
100 Te\% (
g
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FIG. 10. The logarithm ofBR(K_—pue) is plotted vs
log(xy /x=) for b=2.5X10"%, Mg=200 TeV, andx=10 °. The
lowest flat zone corresponds BR(K, — ue)=6.65x 10?2, while
the highest flat zone correspondsB&(K, — ue)=1.02x 10714,

2
9

CRqCLI: 42

772 B(XMq1XFI1b)1

2
F
CrCrI= 42 B(Xquxml,b)-

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

—Crg)?(C{ +CB)) is plotted as a function of the logarithm
of the ratioxy /Xg, with Mg=200 TeV,xz=10°, and us-
ing for b the upper bound given in Eq66), so that the
contribution coming from the diagram with the virtuahas

its highest value. In doing the plot of Fig. 9, we have also
chosenM M= MM? and Mpi=Mpgq=200 GeV. In Fig. 10,

the logarithm oBR(K| — we) is plotted as a function of the
logarithm of the ratioxy /xg, for the same values of the
quantitiesM ¢, Xg, andb as in Fig. 9, and the same choice
MM|1= MMclq andMgi=Mpgq=200 GeV. It can be seen from

Fig. 10 thatBR(K_ — ue) depends strongly ory,, starting
from 6.65<10 %? for xy/xg=1, and reaching the
asymptotic value of 1.0210 . It is important to notice
here that the lowest value f@R(K, — ue), whenxy, /xg
=1, corresponds to the situation in which the contributions
of the box diagrams cancel out and the only contribution left
is due to the diagram with the virtuZl In this case, we have

2.2 2
g9
x b?Co(Xe ) ColXe,)

32m*M3 co( )

(80)

The asymptotic value foBR(K_ — ue), whenxy, /xg>1,

corresponds instead to the situation in which the box diagram Rlitand F9 propagating in the loop gives the dominant
contribution, and all the contributions from the other diagrams, including the one frozhgkaguin diagram, are negligible.

In this case, we have

BR=11.24x10 12 9r 1007Te
g Mg

which is independent db.

4
ﬂ (CLeCL)?=1.02x10",

(81)
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The range of values foBR(K, — ue) agrees with the hundred-GeV regiofil4], despite the fact that one will not
actual experimental upper bound o&k30 % at 90% C.L. be able to observe K, —ue. The second case
[13]. This range is, however, quite wide, spanning eight or{1.02< 10" % corresponds to a possible observation Kgr
ders of magnitude, and is due to the fact that the branching- ue, while foresaking that of the singlet quark and charged
ratio has a strong dependence on the masses of the vectorlikgton M' 9. And finally, there are the in between cases, as
fermionsF'd and/\/l' 9. Notice from Table | thaF'-% are the  can be seen from Fig. 10.
vectorlike leptons and quarks which are SU(Zoublets, Because of the upper limit dn and obviously because of
while M}9 denotes an SU()singlet charged lepton and the choice of heavy family gauge bosord of O(100
quark, respectively. It is interesting to note from Fig. 10 that,TeV), it turns out that the physics of the kaon sector by itself,
in the case in which all vectorlike fermions are in the inter-in our model, is not too different from the SM. Nevertheless,
esting mass rang@ few hundreds of GeVjswhere they can we have seen that there is still some margin for possible
be produced by QCD or electroweak processB&(K. contributions of new physics t&;, —u*x~, the bound on
— ue) is hopelessly small to have a chance to be observelf "— 7" vv. As for the decayK, — ue, which is forbidden
(the lower flat part of Fig. 10 At the other extremdthe in the SM, we have seen that our model can make a non-
upper flat part of Fig. 10 BR(K,— ue)~10"* while the  negligible contribution BR~10"*% which is practically in-
mass OfMll,q is unreachabldof O (few hundreds TeV’s dependent ob. In the region where it depends strongly lon
assuming the mass @9 is of order a few hundreds of (the lower flat region of Fig. 10 the branching ratio is neg-

GeV's| by any conceivable Earthbound machine. ligible, practically similar to the SM with a Dirac neutrino.
In that region, as we have stressed above, the new physics

signal would be the production and observation of the vec-
IX. EPILOGUE torlike fermions.
The bound orb could have interesting implications on the
We have presented a link between the quark sector angeutrino sector itself, as we have mentioned above. It was
the lepton sector based on a model of neutrino mas8es shown in Ref[4] how the parametds affects the mass split-
This link manifests itself in a commofsmal) parameterb,  ting of three formely degenerate neutrinos. In particular, it
which appears in both sectors. In the neutrino sector, as disvas shown howAm? is sensitive tdb. However, it was also
cussed in Ref{4], one begins with thredegenerateeutri-  shown howb indirectly affects the overall magnitude of the
nos whose masses are obtained at the one-loop level. Thgasses. Unfortunately, at the present time, one is quite far
parametem is introducede.g., via Eq.(16)] to lift this de-  experimentally from a direct determination of the masses
generacy. To fit both solar and atmospheric oscillation data, themselves. Needless to say, future experiments are of para-
small mixing between one of the three light neutrinos and theénount importance to this crucial question.
fourth ozne is introduced in such a way as to obtain the cor-
rectAm<’s. Neverthelessj is still neededo split two of the
three light neutrinogsee, e.g., Eq65) of Ref.[4]]. In the ACKNOWLEDGMENTS
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to be linear inb at the lowest order. It is well known that and by the Italian INFNA.S.).
these penguin operators are important in various aspects of
kaon physics: €'/€, rareK decays, etc. Strong constraints APPENDIX A
in this sector would also constrain the neutrino sector as
well. It turns out, as we have shown above, that there is no In this appendix, we will summarize the results of Ref.
contribution toe’/e from our model, to lowest order ib. ~ [4]. The Yukawa part of the Lagrangian involving leptons
However, at the same order I our model makes a contri- can be written as
bution to the rare decay proceks —u™* ™. Taking into
account the upper bound on the short- distance contnbutlonﬁIepton Oel {pert GO Frt GuF FLoMg
to that process we found a strong constraintbowhich is

b<2.5x107% + G FLdMbg+ GhMY, Qe+ G My pinli
We have also calculated tiBR(K, — ne€), finding that it 2 "
strongly depends on the masses of the vectorlike fermions +MF'E'LFIR+MM'/\_4I1LM|1R+ MM'/\_/lIzLMlz
I, I,q R 1 2
F"9 and M7“ and onb for a certain range of those masses.
We found thaBR(K, — ue) goes from 6.6% 10 22, which +H.c., (A1)

makes this decay practically unobservable, to .00 4
with the choice ofMg=200 TeV andxz=10"°%, when  which, after integrating out the vectorlike fermioR§ M.,

Xm /xg goes from 1 to 18. x¢ andxy are defined in Eqs. and A1, brings to the effective Lagrangian
(19) and (25). For b we have used the upper bound derived

from K, — u™ u~. As one can see from Fig. 10, the first case

(6.65x10 2% corresponds to the interesting situation in L = gel { de, rt Gel {(Q,00F)egr
which it might be possible to produce and observe these —ra S B
vectorlike particles since their masses could lie in the few- + G L(Qadbp?) 1grtH.C., (A2)
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where which, for

GG v G GG (G}
e e VV'IMaM 0 ~0(1), (A5)
GE MFIMMll y GN MFIMMlz . (AS) F M2

The main assumption in building the above Lagrangian is
the conservation of lepton numbkr thereby forbidding the
presence of Majorana mass terms. The @&y =(0,0,0YV)
and (p)=(0,0,0V'®s,), with s;=(3), have been chosen
makes the neutrino of the fourth family massive at tree level,
while the other three neutrinos remain massless. These three

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

MFIMMI Slr(ZB)

neutrinos would get a mass dynamically via loop diagrams. m,=my - —Al(G,P), (A6)
For the neutrino of the fourth family we have VvV 32m
AVAVARR ) .
_l [ e whereAl(G,P) is given by
my GlGM'zG3MF|MM|2 5 (A4)

M2 M2 M3

Mg M2IM2In[ —5 | =M2In| — | [+M Mpln( )
AI(G,P) M M Me (MM ) [ . a7)

P)= — [ [ .
Mei =M, (MZ—MZ)(M32—MZ) " Mz
|
Notice thatMg's are the masses of the family gauge sin(28)

bosons andVl s are the masses of the pseudo-NG bosons my=Mmy—5 2 {AI(G,P)—bAI(G,P,b)},  (A8)

which are discussed in Sec. IlIB and the Appendix of Ref.

[4]. The main result that was obtained in Rief] is that one

can obtain fom, a value of theO (eV), or equivalently the m,=m sin(2B) AI(G,P), (A9)
ratio R=m, /my~0(10 1Y as long as the ratios of masses N 3272

of the particles propagating in the loop satisfy certain rela-

tions. In Ref.[4], it has been shown that, taking the masses sin(2p)
in units of M|, whereML could be ofO (=200 GeV}, one Mg =mMy—5 > {AI(G,P)+bAI(G,P,~b)},
obtains (A10)

R=101! for MG/MMZSlO*3 when Mg=<10°, or for
MG/MM|2~1O’2—1(TI when Mg>10, with Mp  whereAl(G,P,*b) is given by
~1-1C@. After liting the degeneracy of the three light neu-

trinos, by breaking the remaining family symmetry S0 Al(G,P,£b)=I(Mg,=b)—I(Mp,*b), (All)
one obtains the following mass eigenvalues for the three
light neutrinos: with
|
2
M2 Mgy —M {1 b+In| — | |+ MZ(1+b)
G |:|
I((Mg,xb)= —(Mgi=M . Al2
(Mg, =b) Me—Mud | (ME—MZ)3{1=b[ME/(ME—MZ)T} (Mrr=Ma) (AL2

The above results were derived using Ep) of Ref.[4]. One obtains exactly the same expressions if one were to use Eq.
(53) of Ref.[4], with the replacemert—v2b.
The mass splittings, neglecting terms of ortér are now

m5—m3= mszstn( f)AuGP -b), (A13)
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> sin(28) which means thap? is of order ofM\ZN. One obtains the final
mj—my=mzmy2b —=—=A1(G,P,b). (Al4)  expression
2
The above mass splittings are almost degenerate, and in Ref. 92 mp, 1 (B7)
[4] a possible solution to lift this degeneracy was presented. W\, p?—mg’

What has been shown is that if one introduces mixing terms o )
in the neutrino mass matrix between the three light familiesWQ'CthhOWS the characteristic term of the GIM mechanism
and the fourth family, one can obtain reasonable values foiy/My, for FCNC processes involving exterrial
the mass splittings. Two numerical examples have been pre- Now, looking at our model, we assume that the process
sented. The mass splittings for the particular choice of thé—cFIM{ can kinematically occutalthough in reality it
parameteb=0.000 095 that satisfies the upper constraint forcannot becaus#l =200 GeV andM MI= Mgq). The am-
b derived in this paper and presented in E&f) are given in plitude will be proportional to
Eqgs.(73) and(74).
1
2 Ag Al a7 (B8)
APPENDIX B TR -MG

In the following, we will show in a simple example of
how the dependence on the paramétemtroduced in Eq.
(16), for the amplitude of the FCNC processes in our model

whereA, is a unitary matrix given bysee Ref[4])

appears. This example will be introduced in an analagous i i i
fashion to a FCNC process in the SM, which we know to be V2
governed by the GIM mechanism. The process that we are
considering ig—cW"W~. Now the amplitude of this pro- A= 1 _ i 1 (B9)
cess is proportional to the quantity o : R
1 1 1
> VAV (B1) -— 0 —
=Tsb U pt-m V2 V2

where the sum appears because one has to consider all pG&osen different from that given in E(f) because otherwise
sible virtual down-quarks, ang is the momentum of the We will have no transition from top to charm, _and the sum
virtual quarks. Notice that EqB1) represents the approxi- COMes out from the fact that we have. to lconS|der as v.|rtual
mation p>m;, which is a valid one as we shall see below. States any gauge boson of &D The unitarity of the matrix

Vj; is the CKM matrix, and the unitarity of this matrix im- Aa implies the particular relation

plies in particular the relation

Ej} Aq j3Af 2 =0, (B10)
D ViV=0. (B2)
j=dsb which we can use to rewrite the amplitude as
Using the above relation, we can write E§1) as . 1 . 1
-2 A(),j3An,2jW+.2 AQ,jSAQ,szv
1 1 =23 Q, =23 Q;
— > ViVt ViV
j;&b tj chZ_md j:dz,s,b tj clpz_mj (Bll)
m2— m2 in the same way as we did for the SM. Now for the particular
= > ViV, i d B3) Mmatrix A that we have chosen, we obtain
. tiVejr a2 72 (B3)
j=d,s,b (pe—mgy)(p mj)
1
Using now the approximation An,zaAng,zzz - E
ViV o= — ViV~ — 6° (B4) (B12)
tsVcs tbVch AQ,33AI),23: 0,
and doing the sum we can rewrite E81) as which gives
2 2
mg—m 2 _\p2
2 b__ s (B5) 1 MQZ Mﬂl

2 m(D2—m2) -— : B13)
(p s)(p b) 23 (kz_M(le)(kZ_Méz) (
From kinematic considerationp? falls in the range

Substituting forM?, andM§,_ the expressions given in Eq.
(My+my)?<p?<(m—My)?, (B6) (54 of Ref.[4], we obtain
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bM2
[k2—M&(1+b)][K>—M&(1—b)]

(B14)

PHYSICAL REVIEW D65 054035

b

m, (816)

which shows the linear dependence on the parantet®ne

From kinematic considerations, we have the following con-notices that the linear dependence on the paranbetemes

straints fork?:

(Me+ M 40)?<K*<(M—Mgo)?, (B15)

2

which impliesk?<M?2, with My

pression becomes

MZ,<M2. The final ex-

out in the same way as the linear dependence on the quantity
mz/MZ, in the GIM mechanism of the SM. It is important to
notice here that, in the SM, the GIM suppression comes from
two factors: the appropriate product of CKM elements and
the ratiom;/mg,, wheremy is a quark massup or down.
[Even if m2/mg,~O(1) such as for the top quark, the CKM

suppression factor can be very smialh our case, the am-
plitude is always suppressed by the parambter
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