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The structure of flavor-changing neutral currents (FCNC’s) which arise when one tries to give
masses to quarks through the analogue of the seesaw mechanism for neutrino masses is studied.
General conditions for the absence of FCNC’s in the seesaw limit are derived. A specific model
where these conditions are satisfied by the tree-level-quark mass matrices is identified. The FCNC’s
get generated in this model through radiative corrections to quark masses. These corrections lead
to a hierarchy Fy, <F3 <F,3 in typical strength F;; of the neutral-current transition between ith
and jth generations. Moreover the flavor-changing transitions between down quarks are suppressed
compared to the corresponding transitions between up quarks. As a consequence, the FCNC’s con-
necting d to s quark are greatly suppressed in conformity with observations such as K%K mixing
and the decay K, —u*u~. In contrast, the transitions between c and ¢ quarks could have observ-
able magnitudes. The branching ratio for Z —7c could be as large as 107°~1077 in the model con-
sidered here. The D°-D " mixing could also be in the vicinity of the present experimental limits.

I. INTRODUCTION

The observed suppression of fermion masses relative to
gauge-boson masses is attributed in the standard
SU(Q2); XU(1) model to the presence of arbitrary small
Yukawa couplings. The situation is most embarrassing in
the case of neutrinos. If they are to obtain their mass in
the same way as the other fermions do then one would re-
quire Yukawa couplings as small as 10~ 1°-107 !, This is
avoided by the seesaw mechanism of Gell-Mann, Ra-
mond, Slansky, and Yanagida' where additional suppres-
sion in neutrino masses comes from the presence of vastly
different mass scales in the theory. Small Yukawa cou-
plings can be avoided this way also in the quark sector if
one introduces additional SU(2)-singlet quarks having the
same electric charges as the up and down quarks. Re-
cently, such a seesaw mechanism for quark masses has
been discussed by many authors.?~3

An immediate consequence of the seesaw mechanism
for quark masses is the absence of the Glashow-
Iliopoulos-Maiani (GIM) mechanism® which requires that
all the quarks with given helicity and charge should
transform identically under SU(2), X U(1). This results
in the absence of flavor-changing neutral-current (FCNC)
couplings of quarks to the Z boson in the SU(2), X U(1)
model. In contrast, in the seesaw models,>” % additional
SU(2), XSU(2)g-singlet quarks give rise to FCNC’s
through their mixing with the conventional quarks. Such
couplings have to be adequately suppressed if the seesaw
mechanism is to be viable.

This paper is addressed to a detailed discussion on the
structure and magnitude of FCNC’s in seesaw models.
The basic objective is twofold. First, we wish to derive
conditions under which the FCNC’s are naturally absent
to the leading order in the seesaw limit. A complete ab-
sence of FCNC’s need not be required in practice. From
the observational point of view it is sufficient to require
that the flavor-changing couplings are adequately
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suppressed so as to be consistent with observations such
as K°-K ° mixing or the near absence of K; —u*u™ de-
cay. Such couplings could be present in transitions in-
volving higher generations. If this happens then the ob-
servation of such currents could in fact provide a window
into the seesaw mechanism under study. The second ob-
jective of the paper is to study a specific seesaw model®
which is shown to exhibit such hierarchy in FCNC tran-
sitions. In this model, the tree-level seesaw mass matrices
do not give rise to any FCNC’s. The radiative correc-
tions to masses do generate FCNC’s but they are such
that one obtains a hierarchy in their structure.
Specifically one finds Fy, < Fy3 <F,; where F;; character-
izes the strength of FCNC’s between the ith and jth gen-
eration. Moreover, transitions in the down-quark sector
are suppressed compared to the corresponding transitions
in the up-quark sector. This pattern is consistent with
observations and has interesting phenomenological conse-
quences.

We proceed as follows. Section II contains a general
discussion on structure of FCNC’s in a class of
SU(2); XSU(2)g XU(1)g —; models which employ the
seesaw mechanism to generate quark masses. Conditions
for the natural absence of FCNC’s in such models are de-
rived in Sec. III to leading order in the seesaw limit.
These are shown to be satisfied in specific models of Refs.
7 and 8 at the tree level. The radiative corrections to
quark masses reintroduce FCNC’s in these models. The
structures of these induced FCNC'’s is studied in Sec. IV
and V. In Sec. VI we discuss phenomenological conse-
quences of this structure. Section VII contains a sum-
mary.

II. SEESAW MODELS AND STRUCTURE
OF FCNC’s

The seesaw mechanism can be naturally implemented
in the left-right-symmetric'” SUQ2), XSU(2),
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XU(1)g _; =G model. However, the conventional'® fer-
mionic and bosonic content needs to be changed in order
to implement it. In addition to n conventional quarks g;
(i=1,...,n) one introduces m SU(2); XSU(2)g-singlet
charged —1 (%) quarks N, (P,) (@=1,...,m) trans-
forming as triplets of SU(3).. The conventional Higgs
field transforming as (4, 1,0) is to be replaced by a pair of
complex Higgs fields ¢ r transforming, respectively, like
1,0,1) and (0,%,1) under G. This has the consequence
that the ordinary mass terms for quarks [transforming as
(+,4,0) under G] cannot be generated at the tree level.
Instead the following seesaw form2?~ % results for the

quark masses:

0 m,

M= . (2.1)

m, Mg

Here m; (m,) is an n Xm (m X n) matrix while My, is an
m Xm matrix. The scale of m, [m,] is determined by the
vacuum expectation value of ¢? [@%] and hence by the
SU(2), - [SU(2)g-]breaking scale. Thus for equal Yu-
kawa couplings m; <<m,. The matrix My could result
either from a bare mass term for the additional quarks or
from their couplings to G-singlet scalar fields. Thus, the
scale of My is arbitrary. The seesaw limit corresponds to
My>>m,,. In this limit, the matrix /M generically
possesses n light quarks with masses ~{¢? ){(@®)h2/M
and m heavy quarks with masses ~M. Here h and M
correspond to typical Yukawa coupling and a typical
scale in the matrix My. Because of the additional
suppression {¢% ) /M and because of the presence of A2
instead of A, the required Yukawa couplings could be
much larger than in the standard SU(2); X U(1) model.
The neutral-current couplings of the additional quarks
N, P, are different from that of the conventional quarks.
The physical mass eigenstates involve both of them with
the result that the Z° couplings to light quarks are not
flavor diagonal, in general. Let us define the original

=(d{,N,) g With a=1,...,n+m. We shall some-
times denote them collectively by G, r =(q/,H., )L.R
with g (H) representing u(P) or d(N). Physical mass
eigenstates are determined by diagonalizing /1 having the
form of Eq. (2.1) by a biunitary transformation. Thus we
have, for the unprimed mass eigenstates,

Q)L r=(A4%)Lr(Qy)L R » 2.2)
where 4% A4 d, respectively, diagonalize the charge % and
the charge — 1 mass matrices. Explicitly,
A, M, Al =diagonal . 2.3)

The SU(2); XSU(2)x XU(1)p_; model contains two
massive neutral fields Z, ,. Both of these will couple to

FCNC’s in models under consideration. Let us define!!
the states Z, D orthogonal to the photon field:

A,=sinf, qu +cos,, B, , (2.4a)
Z,=cos0, W}, —sinb,B, , (2.4b)
D, =cos¢ Wy, —singC,, , (2.40)

where 0, is the weak-mixing angle. In terms of the
gauge coupling g; r [gc] of SUQ), z [U(1)5_,] we have
tang=gc/gr,  tanf,=g'/g;, and  g'=gpg./
(gh +g2)'"2. The field B, appearing in Egs. (2.4) is given
by

B, =sing Wy, +cos¢C,, . (2.5)

The physical fields Z, , are mixtures of fields Z and D:
Z,,=cosBZ,+sinD,, , (2.6a)

Z,,= —sinBZH+cos[3’D# . (2.6b)

Given these definitions, it is easy to work out the cou-
plings of weak eigenstate fermions f’'=(u’,d’,P’,N’) to

weak eigenstate by Us,r=u/,Py) gDy 1 g Z,,. Wehave
J
e —1 ’ 7’ ’ —_ ’ 7’ ’
Lnc= sind,,cos0,, 21 , Z,(af g ;v q1, +a,fl{H alVH o +taRq RV R +ale{zH arV*Hpy) 2.7
p=1

Here e =g, sinf,,q’' ~(u',d) and H' ~(P',N') as before and, for any of these fermions,

af, =cosB(T5, —sin%6,Q°™) 7, ~¥sinfsind, tang(B —L); , (2.8a)

af, = —cosBsin?0,,(Q°™) fo " 7SInBsinG, tang[(B —L); —2cot’¢(Tsg) ] (2.8b)

a ,%f r are obtained from a If;,fz by replacing cosf— —sinf3, sinf3— cosf3.

Equation (2.7) when reexpressed in terms of physical fields defined by Eq (2.2), contains flavor-nondiagonal terms be-
tween light quarks g;. Using the unitarity of 47  we obtain

e

sinf,,cos,, 29

Lrene= > Zp#[(ag—a;l)LFi‘fL(‘7Li7”‘IL,j)+(a;?"apH)RFi3R(‘7Ri7’”4Rj)] )
p=12

i
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where
(Ffg)y=(A% A8 r

with i, j,k running over 1,...,n. As would be expected,
the FCNC'’s are absent if the additional quarks H do not
mix with g (so that F;; «<§;;) or if the former transform in
the same way as g under G (so that apq"—‘apH). The
strength F;; of FCNC’s is fixed once the matrices 47 g
are given. In the next section we work them out for the

quark mass matrices of the form displayed in Eq. (2.1).

(2.10)

III. CONDITIONS FOR ABSENCE OF FCNC’s

In this as well as the subsequent section, we shall work
in the seesaw limit My >>m,m,. Moreover we shall as-
sume that M, appearing in Eq. (2.1) is invertible. The
case® with detMy =0 needs a separate treatment. In the
seesaw limit, the matrix /0 [Eq. (2.1)] can be brought to a
block-diagonal form by means of a biunitary transforma-
tion induced by®

1— %PL,RPZR “PLR

Ur= "‘O(Pi,R)

¥
PE,R 11— %PL,RPL,R

(3.1

Here p; p is an n Xm matrlx and it is to be chosen in
such a way that U; M UR does not contain any couplings
between light (g) and heavy (H) quarks. Explicitly, one
finds, to leading order,

pr=mMg", (3.2a)
pR=Myg'm, , (3.2b)
and
UL MU} = MmO 1+o |22 || 33
L R 0 My, " - 3

The first term on the right-hand side of the above equa-
tion can be diagonalized by a matrix

Kig O

SLr=| 0 P, (3.4)
with

K, (—m Mg 'my))Ki=m, , (3.5a)

P MyPi=m, , (3.5b)

where m; (my) are diagonal matrices with light (heavy)
quark masses as entries. K; p (P ) are n Xn (m Xm)
unitary matrices. The matrix 4 connecting the physical
and weak basis [Eq. (2.2)] is given by

AL r=SLrULR
K(l—%ppT) —Kp
Pp' P(1—1p%p) L

(3.6)

As a result, the strength of FCNC appearing in (2.10) is
given as

(Fpr)ij =[K(1—1pp")(1— ppT)K liLr

~8; — (K rpy, RPL RKLR) +O(pLR) . 3.7

It follows from Eq. (3.7) that there are no FCNC-induced
transmons 1n the seesaw limit if both K Lpr,TJK z and
K RpRpRK g are diagonal. Conditions for this to happen
are easy to derive. Remembering that p;, =m My ! and
pk =My 'm,, Eq. (3.5a) implies

=KRpRm}Lm lpLK;Q =diagonal .

(3.8

KLPLmzmWztl’JTLK;r

Hence if mezmsz (plemlpR) commute with prL
(pRpR ) then F; p given in Eq. (3.7) will be diagonal and
there will not be any FCNC’s to leading order in
m, ,/Mpy. This can happen in a variety of ways but we
point out two important classes of models where this
happens. Consider a situation with

m,=Bm} (3.9a)

and

My=yI, (3.9b)

with 3,y being constants. Then mzm; is proportional to
p}[p r with the result that p Lpz commute with
pLm,m,p; oc(prJ,[ 2. Asa consequence, the matrix K,
which dlagonallzes prmom zp 1. [see Eq. (3.8)] also diago-
nalizes prL and (Fp); in Eq. (3.7) are proportional to
8. Similarly (Fg); are also proportional to 8, and
flavor-changing terms are absent to leading order 1n Eq.
(2.9). The second class of models where this happens cor-
responds to the addition of only one heavy quark coupled
to light quarks of a given charge. In this case, m Jlrml and
mzm; are numbers and mezm;pL (pRmImlpR) trivial-
ly commute with p Lp L (Pr pTR ) resulting in the absence of
FCNC'’s as before. Recently proposed models of Refs. 7
and 8 fall in this category. The quark mass matrices at
the tree level in these models have the structure displayed
in Eq. (2.1) with m =1. They therefore do not contain
any FCNC’s at the tree level in the seesaw limit. As we
shall demonstrate in Sec. V, this property is in fact more
general and even when one does not take the seesaw lim-
it, the flavor-changing transitions are absent at the tree
level in these models.

So far our discussion assumed that there are no direct
mass terms between light quarks. These may be generat-
ed by radiative corrections as in the models of Refs. 7 and
8. The general form of mass matrices one should consid-
er then is

SM m
M= M,

This can be brought into approximate block-diagonal
form by the same U, r as in Egs. (3.1) and (3.2). But
K, r now satisfy

(3.10)

K, (8M —m My 'm,)K} = (3.11)

instead of Eq. (3.5a). The presence of 8M could introduce
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now nontrivial FCNC’s even if they are absent with
86M =0. But the smallness of FCNC’s would then be
linked to the presumed smallness of 8M. We will see this
explicitly in the next section.

IV. FCNC’s: SEESAW LIMIT

In this section we shall consider the seesaw limit and
work out the structure of FCNC’s in the model proposed
by Balakrishna, Kagan, and Mohapatra.® In their model,
only one additional heavy quark N or P is added to each
charge sector. In addition, they introduce a color-triplet
SU(2), XSU(2)g -singlet scalar field » with B —L=—2,
We shall explicitly consider the case of charged Z quarks.
At the tree level, their masses are given by

0 UL|h3>

0 —
My vg{hsl  Mp

> 4.1)

where |hy) is a column vector with n entries and
VLR z(¢‘}_’ & 7. We shall restrict outselves to the case
n=3. MY is obtained from above by changing M, to
My and by changing Yukawa couplings |43 ). Following
Ref. 8 we shall choose equal Yukawa couplings and
hence the same |h;) for both M2 and MY. In order to
do this naturally, one needs to enlarge the gauge group to
SU((2); XSU(2)g XU(1)y XU(1)p_, as discussed in Ref.
8. This contains three neutral gauge bosons and one
should include them in the analysis of the flavor-changing
processes. For simplicity, we have chosen to work with
the gauge group SU(2); XSU(2), XU(1)z_; but we
choose equal Yukawa couplings in J/,, and M, by hand
in what follows. The results so obtained would be expect-
ed to hold in the case with three gauge bosons provided
the additional gauge boson does not have significant mix-
ing with Z, , considered in Sec. II.

Radiative corrections induce’’8 the couplings between
light quarks and change the structure of M2 to

8Mu UL|a>

M, = vplal M,

u

(4.2)

The 8M,, and |a) depend upon the details of the model
but have the following generic form? at the ith loop level:

(8M,);= 3 a,ulH*n3)(H'hsl, (4.3a)
0<k=<2i
la);= 3 b |H*Ry) (4.3b)
0<k<2i
where H* stands for the product H THH'H - - of k-

symmetric matrices H;; defining the couplings of light
quarks to color-triplet field w at the tree level.”8

In the seesaw limit, the /M, can be brought to a block-
diagonal form. The upper 3X3 block describing the
effective light-quark masses is given [see Eq. (3.11)] by

M,=8M,—ayla){al (4.4

with ag=v vg /Mp. At the tree level, this has only one
nonzero eigenvalue corresponding to ml=ayh} with
h3={hslhy). The radiative corrections in the model are
such’ that the charm and up quarks receive their masses

at the one- and two-loop levels, respectively.

In the absence of radiative corrections (8M, =0) the
FCNC’s are absent as already discussed in Sec. III. With
nontrivial 8M,, M, and p; » pL Rr cannot be diagonalized
simultaneously and the model contains FCNC’s [see Eq.
(3.77]. In the present case, M, is Hermitian and so
K; =Kp=K in Eq. (3.5a). The structure of K has been
determined”-? perturbatively by expanding M, into a pa-
rameter A which counts the loop order. We briefly de-
scribe the procedure for completeness.

The radiative corrections [Eq. (4.3)] are expressed in
terms of the column vectors |h3),lh,)=|Hh,),
|hy)=|H'Hh,), etc. We shall assume that |h; )
(i=1,2,3) form a linearly independent set and construct
an orthonormal set of states from |4, ):

) =-1hs) @.5)
3
160 =-1 [lg5)— L 1n,) (4.5b)
2 N, 3 e, 1 ’ ’
__1 f3 oy 1
l¢,) = 7 (|¢3)+ " |¢,) " lhy) |, (4.5¢)

where e, =(¢;h,), e;=(d3lh,), and e;={¢,lh,).
N, , are normalization constants.

The states |¢; ) are eigenfunctions of M, at the tree lev-
el'? and therefore describe physical states in this approxi-
mation. In general,

liY“=A"m )} (4.6)
and

mf=A"m} (i) 4.7)
describe the eigenfunctions and eigenvalues of M, up to
O(A™). We expand |m)? in terms of eigenfunctions

|0);,=|¢;) of M, at the tree level:
lmYe=x/¢,), i#j, 4.8)

where x/ are O(A™). Then the standard perturbation
theory up to O (A) gives”?

x{i=—x}=0, (4.92)
(M{)
xf=—xl=—"T2, (4.9b)
t
(M3)y
lu — _ lu— . 49
X 12 X 21 m, ( C)

Here (M?);;={¢,|MF|$,). M}P corresponds to M* at
the ith loop level and nonzero quark masses up to O (1)
are given by m, =(M}{ )y, and m)= —(MY),;.

The expression for x,—}“ given above are sufficient to
determine the Fj; up to O(A). We have, up to one-loop
level,
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2
(prpR )"

VL
(pLp} )= !—v
R

VL,

2
a | B8 (8]

(4.10)

The matrix K* which connects the mass eigenstates | ¥
to the |¢; ) basis is given by

Kji=8;+ 3 x,-;?’“ . (4.11)
m=1
As a consequence,
UR
=—(KprpL K"
2
Uy et
=— |—— | h3 |85+ o
M, 3193 m2=1x13
X 8,3+ > xj3 (4.12)
n=1

It is clear from Egs. (4.92) and (4.12) that up to O(A)
(Ff g 12» (Ff )13 are zero and no flavor-changing transi-
tions are induced between the first and the remaining
generations. Only the nontrivial transition at this order
is between the second and third generations and is given
by

2

v
(Fllf );%esaw — i (FK )ggesaw
v 2
=— M—L h2xly (4.13)
p

We have explicitly added the label seesaw on F,; to dis-
tinguish it from the exact result to be derived in the next
section. The x4 can be expressed in terms of the quark
mass ratio m, /m which is O (1). In the present model,?

Mi=8M{=a,  |h){h|+aolhs){h;|. (4.14)
From Eqgs. (4.9b) and (4.5) it follows that
a

x4 = 1’:)1(—-N2e%)
t
me. 1

= —_, (4.15)

m,o Nz

where we have used the fact that m,=($,|M¥|$,) Asa
consequence of Eq. (4.15) the strength (F3;); r is essen-
tially determined in terms of quark masses up to a nor-
malization constant N, involving the Yukawa couplings.
This arbitrariness can also be removed if both the u and d
sectors contain the same Yukawa couplings |A;) as as-
sumed here. In this case, the element V,, of Kobayashi-
Maskawa (KM) matrix is given by®

1 s c
Vomxdl pgui= LM e | (4.16)
cb 2 2N, mp  m?

Equations (4.15) and (4.16) completely determine
(F3; ), g of Eq. (4.13) in terms of various masses:
(FE)y= |—— | (Fp)y
2
v V,

=— X | n2 P 4.17)

UR ) mg, m,

m. m[?

with h3=Mymp /v vg =Mpm2 /v vg. Analogously, the
corresponding transition in the d sector is given by
2

v
(Ff)23= - (Flg)23
2
v V
=—|-X h%—d’o. (4.18)
VR m, my
mg mto

By carrying out this analysis further, one sees that
transitions between 13 and 12 generations are of O(A?)
and O(A%), respectively. In the seesaw limit, one has
ml/m=My/Mp. As a consequence My>>M,. It
then follows that the FC transitions are more suppressed
in the charged — ; sector compared to the charged 2 sec-
tor. In fact, if Mp is not very different from v; then
(Ft),; may be quite substantial but Eq. (4.17) could be
misleading in this regard, since one has already used the
seesaw limit My p >>v; p. A general analysis of the
model is needed if M} is not very different from v, . This
we shall do in the following section.

V. FCNC’s: Exact analysis

Now, we shall derive the general structure of FCNC’s
for the quark mass matrices of the form (4.2) without as-
suming the seesaw limit My p >>v; . We present expli-
cit results for the up-quark sector. Corresponding results
for the down-quark sector are obtained by My<>Mp and
by interchanging the down- and up-quark masses. The
structure of the matrix 47 » defined in Eq. (2.3) essential-
ly follows from the analysis of Ref. 8. We summarize

their results and use them to work out (Ff z); of Eq.
(2.10).
The matrices Af p satisfy
APVEA“= A} VE A*=diagonal . (5.1)

Here V; E./’/Lu./%z and Vi E./l/ll./l/l,u are to be expanded in
powers of A:

VirR=2A"VmLr - (5.2)
m

Let us first concentrate on determination of V. The
eigenfunctions |X, )% of the zeroth-order matrix V¥, are
given by

$1,2)
0

ch|¢3>‘

1
’ |Xk z_

|X1,2>1’1= —"_N” (5.3)
kL



Here [¢,,;) are (3X1) vectors defined by Eq. (4.5).
k=3,4and N} =C}*+1. C}, satisfy

vEh3ICY +Mpv hy=E4(k)CY, ,
Mpv, hyCH +vihi+ME=E4(k) .

(5.4a)
(5.4b)

These equations determine E (k) and C,; separately.
Explicitly

m2=E43)=LM3+vh})[1—-(1-A)"?], (55a)

ES(4)=L(M3+v2h)[1+(1—-A)"], (5.5b)
with

4vlvini vr 2
A= oy =4 —
(MP+U h3) UR

and

vi=v}+0v3

The matrix 4§, which diagonalizes VSL is then given by

60 162 Ele) e

1 1
Nip Nip

(4i )= (5.6)

Just as in the previous section, we expand the general
eigenfunctions |a )¥ of V} in terms of the eigenfunctions
|X, )% of V& [compare Eq. (4.8)]:

X, )i+ 3 Xmmlx, ) .
b

la )4 = (5.7

The coefficients X;7; are O(A™) and can be determined

perturbatively.® Below, we give the expressions of the
ones which are required for our purpose:
X}l = (5.8a)
(X, |lmimystx, )
Xlu — _vylu — R (5.8b)
Lk2 Lok Ei(k)
X2 =1 (X, sy’ 1x, ) <X, lmyTIx, )
Ej(k) m,
— (X, Jmgmytx, ) (5.8¢)

k =3,4 in these expressions. The masses m, and m, are
O(A) and O(A?), respectively, and coincide® with their
expressions in the seesaw limit:

m,={X,| MY X,), m,=(X|M5X,) . (5.9)

Using Egs. (5.6) and (5.7) the matrix A7 of Eq. (5.1)
can be written as
(AL (5.10)

8ac + 2 Lac (4 8L )cb

=1

The expressions for the strength (F} );; [Eq. (2.10)] of
FCNC’s follow from Eq. (5.10). Remembering that
X/13=X[14=0 we get, to leading order in A,
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1 3L
(F})yy=— X4+ xle |t (5.11a)
L7723 (NE‘L )2 L23 NZL L24
1 N5
(F} )= ——— | X} + x|, (5.11b)
L’13 (NgL)z L13 NZL L14
(FE)y=—(NY)AFF)y(F)ys (5.11c)

The constants N}, appearing in the equations above are
determined from Egs. (5.4) while X/’s are given in Eqgs.
(5.8). From Egs. (5.11) it follows that (F/'); (i) are
zero at the tree level. This is a consequence of the struc-
ture of Ag; given by Eq. (5.6). Analogously (Fg);; and
(F, f’ r),; also vanish at the tree level. Thus, the present
model does not contain any FCNC'’s at the tree level even
if the seesaw limit does not hold. Moreover, (F}),s,
(F} )%3, and (F}),, are, respectively, of O(A), O(A?), and
O (A°).

We shall now calculate (F/);; in terms of the basic pa-
rameters of the model. At the one-loop level, we have

MY 0
)

8M is given in Eq. (4.1). The X}¥ of Eq. (5.8) are then
related to the corresponding parameter x4 in the seesaw
limit [Eq. (4.9b)] as

MY =

’

vgphs mto
Ny Eg(k)

X}, =— x3%, (5:12)

m? appearing here is the top-quark mass in the seesaw
limit and is different from the exact m, of Eq. (5.5a). In
the following, we make two approximations. First, we
neglect higher powers of A <4(v; /vg)? in Eq. (5.5). In
this case one obtains

02
m
2 t
m;= ront (5.13)
where 8“=(1+v?h%/M}). Second, we neglect terms of
O(m,/Mp). With these approximations, the expression

of Cy; following from Egs. (5.4) lead to the following
(Ff'),; when use is made of Egs. (5.11a) and (5.12):

(FJ )= CH(F} sy (5.14a)
with
u 5
cp= 5 kLo ysu |

(8% —1+84)*2 8" 842

(5.14b)

In Eq. (5.14a), we have added a label “exact” to Ff,; of
Eq. (5.11a) to distinguish it from the corresponding ex-
pression in the seesaw limit. given by Eq. (4.13).
8. r =1+v}gh3/M}, 8“=58}+84—1. In the seesaw
limit 87 x —1 and Eq. (5.14a) reduces to Eq. (4.13).

The evaluation of (F});; requires the analysis of the
two-loop corrections having the general form given in
Egs. (4.3). In the model of Ref. 8 b, 1, @351, @3 pos and
a,qp, with p =2,3,4 are zero. In addition, if one neglects
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the contributions of various b, ;’s and of a, 3; to /M, then
simple expressions analogous to (5.14) follows for other
transitions also. After some algebra one finds

vph m?
Xzsz:R_u3u—’x%g , (5.15a)
Ny E§(k)
v 2
(Fix)n;)éactzcz L h%x%g , (5.15b)
Mp
where
m, 1 €3
2u_— __ 4
x%= — |1+ . (5.15¢)
1 m? N, Nye,

The parameters N;,e;,e, are related to the basic Yukawa
couplings |A;) and H;; of the model and are defined in
Eq. (4.5).

In an earlier section, we noticed that the unknown con-
stant N, appearing in x % [Eq. (4.15)] can be determined
in terms of the element V_, of the KM matrix. This can
be done in the present case also if we work in the limit
849 1. 84 =1+vEhi/M3i=1+ (v, /vg)m®/Mp) where
mp is the mass of the top quark in the seesaw limit. It
then follows the even if M, is not very different from v,
8% is close to 1. 87 is in fact smaller than 8%. Thus, it is
reasonable to assume 8%~ 1. In this case, A3, Ag{ ~1
and the elements V;; of the KM matrix are given by

4

Vi= 2 |8t EXZ}S] [6,.c+ S xp (5.16a)
Explicitly Co;; has to leading order

Vo =X[5H+X[% (5.16b)

Ve =~X5 + X145 (5.16¢)

Vis=X[51 + X1, . (5.16d)

Within the approximations we are working in, we have,
from Egs. (5.12), (5.15), and their analogues in the down-
quark sector,

8
lu,d — u,d ld o lind
XL ? (8}‘{’d2+52,d_1)1/2x23 X23 ) (5.17a)
8
Xz u,d d o x2ud (5.17b)

(8%g +O29— 1127 1
Equations (5.16) and (5.17) can be used to eliminate the
unknown Yukawa couplings appearing in (F}),; and
(Ff),3 in favor of quark masses and KM matrix elements.
As a result we obtain

2 2
vy, Veoh3
Flyy=—C} A ~ m =7 (5.18a)
1——_t |2
mb mc [Sd l
2 2
23 Vuph3
U = __ = .
Fiis C M, mym, & 7z » (5.18Db)
1________._. —_
mumb Sd
»
Fiy,=—— 58 +8] —1)F}3Fly; . (5.18¢c)
vih3

The corresponding couplings in the right-handed sector
can be obtained by diagonalizing Vj E./M,L./%u. It is easy
to see that they can be obtained from the above (F7);; by
interchanging v «<>vg. As a result, (Fg); and (Fp ), are
related as follows:

(Fi,= | SE | |22 2F“ (5.192)
R/23 CE v, L23 » .
Ci UR 2
(F¥),= =2 Fry (5.19b)
R /13 C[,j vy L13
ci 1 [vg |P[8024088—1]
Fpou= 2o | |7 | |cerme =7 [Tz -
cr | | | | sE+6r—1
(5.19¢)

Cj is obtained from Eq. (5.13b) by interchanging v, <>vg.
In the 8% —1 limit C¥/C¥—(8%)'/2. Finally we note
that the (F§ );j in the down sector is obtained by replacing
Mp by My and interchanging m, ., and m,, in Egs.
(5.18) and (5.19).

It is remarkable that the strength of the FCNC'’s is
completely!® fixed in terms of the masses and KM matrix
elements and it displays the hierarchy present in elements
V. The only Yukawa coupling h3 appearing in Egs.
(5.18) and (5.19) is also related to the masses. Using Eq.
(5.13) and its analogue and the d sector one sees that

2 2
M m
. —£ | -1, (5.20)
vh, my,
As a result 8¢ is always close to 1. Therefore one has
Mym?) Mym
Ri=N0 NTH (5.21)
ULVUR ULUR

The M in fact gets fixed in terms of M, as follows:

2 1/2
MN“% |(MN)min+ (MN)12111n+4 mt MIE ] ,
b
(5.22a)
with
2
(My)pin=-Fom, | |2 | —1 (5.22b)
N/min= vy b m,, .

VI. DISCUSSION

A. Phenomenological implications

In this section we briefly discuss some of the conse-
quences of FCNC’s present in the seesaw model under
construction. As already noted, the strength of flavor-
changing transitions exhibit remarkable hierarchy. The
strengths F,;, Fy3, and F|, in both the left- and right-
handed sectors are directly proportional to the KM ma-
trix elements V,,, V,,, and V,, V,,. Furthermore, M, is
constrained to be much greater than M, due to the
hierarchy m, >>m,. Since the former (latter) sets the
scale of FCNC’s in the down (up) sector, the flavor-
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changing transitions among d-type quarks are suppressed
in comparison to the corresponding transitions among up
quarks. As a consequence, the violation of the GIM
mechanism is expected to be minimal in the d-s sector
where it is already known to be very small due to the
stringent limits coming from the K; —u*u™ decay and
K°%K° mixing. In contrast, there could be a sizable
departure from the GIM mechanism in transitions in-
volving ¢t and ¢ quarks. This could result in an apprecia-
ble mixing among ¢ and fc states. Furthermore, if the
top quark is light enough then the Z could decay into ¢
through FCNC’s with comparatively large branching ra-
tios. The mixing among u and c, although suppressed
compared to u-t and ¢-c mixing, could still be appreciable
and leads to a DD ° mass difference which is close to
the current experimental limit. Let us now turn to a
quantitative analysis of these effects.

B. Z —itcdecay

There is no direct coupling between Z and ¢ in the
standard model. This could be induced at the one-loop
level. This induced coupling is very small because of the
GIM mechanism. The branching ratio of Z — ¢ decay in
the SU(2); XU(1) model with three generations de-
pends'* on (m, /My)* and is around 10~ '°. In contrast,
the FCNC’s in the present case could lead to a much
bigger branching ratio for Z —fc.

The model under consideration has two Z bosons. We
shall concentrate on the decay of the lighter Z (namely,
Z,) into f¢. The coupling of Z, to £ can be read off from
Egs. (2.8) and (2.9). The (Fj;); p appearing in (2.9) are
worked out in Egs. (5.18a) and (5.19a). The actual
strength of t€Z, coupling depends upon the vacuum ex-
pectation values (VEV) of Higgs fields through angle B.
In the present case with Higgs fields ¢; [pg] transform-
ing as doublets under SU(2), [SU(2)g] one obtains

3

1 6.1)

&c

gy tanf,
&R

8L
cos@,,

. v
sinfB~ — l*‘

UR

where v; /vy is assumed to be <<1. Using this, one
could derive the decay width I'(z —fc)

aM.

F'=——2—(1—x%)(2+x2)(F4,, )?
45sin220, Ly

X (1+tan*g, 8% ) , (6.2)

where we have used Eq. (5.19a) and the limit 87 —1.
F},; is given in Eq. (5.18a). x=m,/M, and we have
neglected the charm-quark mass.

The branching ratio for Z —¢c+¢¢ is shown in Fig. 1
as a function of Mp /v; for various values of m,, m,, and
vy /vg. For m, in the range 30-60 GeV the branching
ratio is very sensitive to the assumed quark masses. The
biggest uncertainty is in the strange-quark mass and we
have displayed results for different values of m, assuming
m,=5.3GeV, m.=1.4 GeV, I" (Z—all)=2.8 GeV, and
sin’0,=0.226. Note that the F},; depends on the mass
M, also through h3=m,My /v, vg. But given m, and
Mp, My, gets fixed by Eq. (5.22).
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FIG. 1. Branching ratio for the decay Z — t¢ +#c shown as a
function of My /v, for various values of m; and m,. The labels
on various curves correspond to different values (in GeV) of
(mg,m,). 1, (0.13,30); 2, (0.12,45); 3,(0.13,45); 4, (0.15,45), 5,
(0.12,60). The dashed (solid) lines are for vg /v; =20 (15).

It is to be noted that for certain values of parameters
the denominator in Fj/,; of Eq. (5.17a) becomes very
small and as a result the branching ratio becomes ex-
tremely large. However, in this region the perturbative
analysis leading to (F'),; cannot be trusted since [as fol-
lows from Egs. (4.15) and (4.16)] x 1% also becomes large
for a fixed V,,. Therefore we have displayed in Fig. 1 the
branching ratios only for xig‘ < 1. But even in this case,
the branching ratio could be several orders of magnitude
larger than predicted in the standard model'* or its su-
persymmetric extensions.'> In particular, for low m, and
vg /vr, the branching ratio reaches the observable!* value
1075-10"". A more careful analysis which retains non-
leading O(A?) term in V,, and x}¥ is needed to predict
branching ratios in the region for which x 1% ~1.

C. PO-P ° mixing

Another distinctive feature of the model could be a siz-
able mixing among Pozuiﬁj and P°= u;u; states. In the
SU(Q2);, XSU(2)g XU(1)z_; model under construction,
this mixing arises at the tree level from the exchange of
neutral bosons Z, , between u; and #;. The expression
for the effective Hamiltonian describing P%-P ° mixing
follows from the Lagrangian given in Eq. (2.9). In the
limit v; <<vy one arrives at
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Hea=V2 Gp (inj)z(ﬂLiY,,,uLj)z
v 2
+ U—L (Fi Mgy g, | . (6.3)
R

The first term in the above equation arises from the ex-
change of the Z, boson. In contrast, the second term
describing transition among right-handed quarks gets a
dominant contribution from ‘Z, resulting in the relative
factor (v, /vg ). This follows from the fact that purely at
the SU(2), XU(1) level there are no FCNC’s among
right-handed fields since u; and Py transform identically
under SU(2); XU(1). Thus, the right-handed transitions
are caused either due to mixing among Z and D or due to
exchange of Z, of which the latter dominates since
sin?B~ (v, /vg)*.

Equation (6.3) leads to a splitting (Am); between PO
and P ,
G

F i (Fi?R )2

— 2 u 2 L
(Am )U_T/? SfPMP (FU[) + |—

(6.4)

Here, we have used the vacuum-saturation approxima-
tion'® in writing the matrix element of the quark operator
between P° and P°. f, (M}) denotes the decay constant
(mass) of P°.

In Fig. 2, we plot the D°-D © mass difference (Am ),, as
a function of M /v; for several values of m,, mg, v, /vg.
Note that despite the factor (v; /vg)? the second term
dominates the (Am),; in view of Eq. (5.19) and we have
retained only this contribution in evaluating (Am),. As
in the previous case we display results in the case of
x 1% <1 where the perturbative analysis could be trusted.
As is clear, one obtains a D%-D ° mixing which is several
orders of magnitude larger than in the standard model."”
But it still falls below the current experimental limit'® of
(Am),, 10713 GeV at least by an order of magnitude.

We note that no significant limit on the value of Mp
comes from the observed'® limit <10~ * on the branching
ratio for the process D°—u ™. First, the rate of this
process is suppressed by the muon (mass)®. Second, the
FC currents in the left- and right-handed sectors give
comparable contribution to the decay unlike in the case
of D°-D° mixing. One finds that even for the values for
M and m, leading to sizable Z —fc branching ratio and
(Am )y, F} 1, is ~107° leading to a much smaller branch-
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FIG. 2. The D°-D° mass difference Am as a function of
Mp /v,. Labels are explained in the caption to Fig. 1.

ing ratio for D°—>utyu~ than the current limit. With
F},, as small as 10~%, one would obtain a much smaller
branching ratio than the current experimental limit!®
even in case of inclusive flavor-changing decay
couptu.

We end this section with a brief comment on the d sec-
tor. In principle, the FCNC’s could lead to mixing
among K°%K©° or B®-B° and to other flavor-changing
processes such as K; —uu~, Z— b5, etc. All these are
suppressed here due to the fact that v; /My <<1 [see Eq.
(5.22)]. As a consequence (Ff );; are very small. Numeri-
cally (see Table I) one finds that for m, =25 GeV contri-
bution of FCNC’s to BJ-B § mixing is much smaller than
in the standard model. BY-B ° mixing can at most get a

TABLE 1. Strength of FCNC transitions in d-quark sector. The assumed values of various parame-
ters are m;=0.15 GeV, M, /v, =1, and vg /v, =15. (Am)yqy refers to the value of (Am) in the

SU(2), X U(1) model.

BO-BO BO.5O0
m, (GeV) (Am)ESE? (GeV) {Amgene |7 (&m Jrene |%ad (Ff)p
(Am )gq (Am )gq
25 3.17X10718 1.4 0.07 3.18X1077
30 3.81X107 " 0.12 0.024 1.1x1077
35 1.19%x 107" 0.028 0.0099 6.18X 1078
50 1.58X 10720 0.0019 0.0012 2.25X1078
60 6.61x1072! 5.6X107* 4.11X1074 1.45x10°8
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comparable contribution from the FCNC’s if m, is ~25
GeV. Moreover, even in the most favorable case of
m, ~25 GeV, Mp /v, ~1 and v /g ~ i,
Ff,~3X1077. This results in a K; —u "~ branching
ratio well below the current experimental limit <1077,
Moreover, the contribution of FCNC’s to K;-Kg mass
difference following from the formula analogous to Eq.
(6.4) is also much smaller than the standard-model contri-
bution (see Table I). Thus, the violation of the GIM
mechanism is indeed very small in the charged —1 sec-

tor.

VII. CONCLUSIONS

We have made a general analysis of the expected
FCNC'’s in a large class of SU(2); XSU(2), XU(1)z_,
models?~? in which quarks obtain their masses through a
seesaw mechanism. A detailed quantitative analysis of
the strength of FCNC’s is made in a specific model. It
turns out that flavor-changing effects in the charge —4
sector are not significant. In contrast, the model studied
could accommodate fairly large FCNC’s in the up-quark
sector. A particular transition studied is the flavor-
changing decay of Z to 7c. This has a distinctive signa-
ture in the form of a fat jet originating from ¢ balanced by
a thin jet coming from c or in the form of two jets plus a
hard lepton arising from the semileptonic decay of ¢ (Ref.
14). For a light top quark?® one obtains the observable!'*
branching ratio in the range 107°~1077. This is unlike

the three-generation standard model'* or its supersym-
metric generalizations.'” Likewise, one predicts a D°-D °
mixing which is much larger than in the standard model
if the top quark is light. This is similar to the
SU(2), X U(1) model with four generations in which case
one also finds fairly large branching ratios'* for Z —7#c
decay and a large D°-D  mixing.?!

We have not worked out detailed predictions for other
rare processes induced by FCNC’s, e.g., rare decays of B
or D mesons. Although their rates have been argued to
be less than the current experimental limit, it could still
be more than the standard model. Also we have not
worked out the strength of FCNC’s in the leptonic sec-
tor. At the SU(2); XSU(2)g XU(1)g_; level, this will
involve a new mass scale analogous to My or Mp but in
some grand unified framework the leptonic FCNC’s
could be related to the FCNC’s in the quark sector.

In this analysis we have assumed real mass matrices
and CP conservation. The FCNC’s connecting d and s
although not sufficient to account for the real part of K °-
K ° mixing may provide a source of CP violation in such
mixing. In this case, one would expect large CP-violating
effects in mixings involving higher generations. This as-
pect is under study.
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