
PHYSICAL REVIEW D VOLUME 52, NUMBER 3 1 AUGUST 1995
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In order to build realistic models in which electroweak symmetry is dynamically broken we should
explain the smallness of the Peskin-Takeuchi S and T parameters. In accordance with the decoupling
theorem, these paraxneters must be suppressed by SU(2)x, xU(1)x. invariant masses. From this fact
we can expect that if fermions with large SU(2)x, xU(1)x. invariant masses undergo condensation
and break electroweak symmetry, the S and T parameters can be small. It is interesting that not
only the S but also the T parameter can become small even if there exists a large isospin violation
in fermion condensation. In this paper we examine the possibility that, by the strong four-Fermi
interaction, massive vectorlike 6elds undergo condensation and break electroweak symmetry. The
model becomes almost the same as the standard model at a low energy scale and predicts a heavy
Higgs boson. Moreover, we discuss a model in which the four-Fermi interaction can be induced by
massive gauge boson exchange. In this model, the masses of ordinary matter fermions (quark and
lepton) are enhanced.

PACS number(s): 12.60.Nz, 12.15.1 k

I. INTRQDUCTION

Dynamical electroweak symmetry breaking is one of
the most attractive solutions to the naturalness prob-
lem in the Higgs sector [1]. Unfortunately, however, it
is hard to build realistic models because of some difEcul-
ties. One of them is in regards to the Peskin-Takeuchi
S and T parameters, which are defined in terms of the
new physics' contribution to the vacuum polarization
II~~(q') (X,Y = 1, 2, 3, Q):

dS = 16' II33 —II3~

T=,', [ll"„."(0) —11,";"(0)]
sin Og m~
1—(p psM) )

where we have adopted the notation of Peskin and
Takeuchi [2], and m~ and 9~ are the mass of the W
boson and the Weinberg angle, respectively. Recent
fits to these parameters indicate that they are small
(S —0.12 + 0.20, T 0.32 + 0.20 [3] for top quark
mass mq ——175 GeV and Higgs boson mass mH ——1000
GeV). The smallness of these parameters severely con-
strains new physics. For example, for N generic left-
handed doublets (U, D)I. with right-handed singlets UR
and D~, these parameters can be calculated as
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in which Y is the hypercharge of the doublets. Only
when isospin syxnmetry is not broken (mrs = mxx), does
T = 0 in Eq. (2). If SU(2)l. xU(1)y. is mainly bro-

ken by- these fermions' condensation without the isospin
symmetry, the typical value of the T parameter is ) 10
because these fermions' masses are around 1 TeV. On
the other hand, the experimental value is almost zero,
or at least less than 1. Therefore we should require that
these doublet fermion masses must be degenerate. This
degeneracy can be naturally understood by introducing
the so-called custodial symmetry, which ordinary tech-
nicolor (TC) theories have. Even in this case, isospin
violation in nature should be explained by introducing
other physics with a large isospin violation such as ex-
tended TC (ETC), which largely contribute the T pa-
rameter [4], especially in walking TC xnodels [5]. More-
over, the smallness of the S parameter severely constrains
the dynamical electroweak symmetry-breaking scenario.
If custodial symmetry exists in order to realize a small
T parameter, there exists a positive contribution to the
S parameter. The smallness of the S parameter means
that not so many SU(2)L, doublets are allowed. Since
ordinary TC theory usually has a lot of SU(2)1, doublet
technifermions, it is diFicult to understand the smallness
of the S parameter by TC models.

Top-quark condensation [6—8] is attractive as a point
that no new particle exists. Unfortunately, however, it is
not a solution for the naturalness problem in the Higgs
sector. This is caused by the smallness of the T param-
eter (strictly speaking, the Ap parameter). In the top-
quark condensation model, the lower the composite scale
is, the heavier the top quark is. If we take the compos-
ite scale around 1 TeV in order to avoid fine-tuning, the
mass of top quark becomes more than 600 GeV, which
is inconsistent with the smallness of the T parameter.
In order to avoid the naturalness problem, one may in-
troduce fourth generation fermion condensation. In this
case, since the masses of fourth up-type quark and down-
type quark should be degenerate, the constraint &om the
S parameter may become severe.
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In this paper we analyze a mechanism which was pro-
posed by the author [10] in order to reduce S and T
parameters. It is interesting that not only S but also T
parameters can be made small even if large isospin viola-
tion exists. The point is simple and as follows. The S and
T parameters must be suppressed by SU(2)L xU(1)y in-
variant masses M because of the decoupling theorem [9]
when M are larger than the weak scale. From this fact,
we can expect that S and T parameters can be made
small if massive vectorlike fields can undergo condensa-
tion and break SU(2)L xU(1)i [10—14].

The plan of this paper is as follows. After this in-
troduction, Grst we discuss the S and T parameters.
We will see that these parameters are suppressed by
SU(2)LxU(1)y invariant masses and try to answer how
large invariant masses are needed for small S and T pa-
rameters. Second, we discuss the condensation of mas-
sive vectorlike fermions by a four-Fermi interaction, and
show that these models predict a heavy Higgs particle
in the leading N approximation. Third we make some

models in which this mechanism can work. Finally we
discuss fine-tuning, which appears in order to realize this
mechanism.

II. S AND T PARAMETERS

The Peskin- Takeuchi S and T parameters are so-called
"nondecoupling" parameters. Actually particles with
large SU(2)LxU(l)y-breaking masses (for example, top
quark) are not decoupled in a sense. On the other hand,
particles with large SU(2)L xU(1)y invariant masses [for
example, supersymmetry (SUSY) particles or heavy par-
ticles in grand unified theories (GUT's)] must be decou-
pled because of the decoupling theorem [9]. When the
condensation fermions have large breaking masses around
1 TeV, how large an invariant mass M is needed for small
S and T parameters? In order to answer this question,
we would like to estimate the S and T parameters in a
theory with massive vectorlike fields [15, 16]. The I a-
grangian is

8 = Q(iD„P~ + Mg) Q + U(i D„P"+ MU) U + D(i D„P"+ MD) D

+(JJ U Q L UR 4 + gU Q R UL 4 + QD Q LDR 4' + pD Q R UL 4' + H.c.) .

Here Q = (Q, Q ), U and D are Dirac fields which have vectorlike couplings to SU(2)LxU(1)v gauge bosons as
(2,Y'), (1,V+1/2) and (1,Y' —1/2) representations, respectively, and D„are covariant derivatives. The suffix L and 8
represent the chirality, Mq, MU, and MD are gauge invariant masses, and yp, yU, yD, and yD are Yukawa couplings.
After SU(2)LxU(l)y is broken by the vacuum expectation value of the Higgs field (p) = (v, 0) (p is the charge
conjugate field of the Higgs field P, which will be regarded as a composite field later), the fermion mass part of the
Lagrangian becomes

(3)

in which

~~ U(L, R) 1 'l~

(+(L,R) 2 )
&D(I.,R) i l
(D(L,R}2)

= &U(L, R) I

&Q L,R

(Q(L,R) l
D(L,R) ~ (I,R)

simplccj. ty, we take M:—Mg ——MU = MD )) m =—mU
and m'U ——mD = mD ——0 (mD ——m'D ——0 means that
the isospin in the fermion condensation is almost maxi-
mally violated). In this case, we can use a perturbation
in terms of the SU(2)L xU(l) ~-breaking mass m (see Fig.
2). The results are

and SU(2)LxU(1)y. -breaking masses mU = yUv, m'U ——

yUv, mD ——y~v, and mo ——yov. Here V~UD~~L, ~~ are
unitary matrices. The S and T parameters can be esti-
mated via the fermion loops (see Fig. 1) [17]. The gen-
eral expression is presented in Appendix A. Here, only for

2N m 2 m 4

13Nm' m 2 & m 4 l
480m sin~ 8~m~~ (M) i (M)

FIG. 1. S and T parameters are estimated by these Feyn-
man diagrams.

We are sure that the decoupling theorem works. For
example, if we take rn =1 TeV and M = 10 TeV, then
S 0.0004K and T 0.06N. Notice that the parameter
T is fairly small in spite of such a large isospin violation
(mU = 1 TeV and mD = mD ——0) [18].

Can this situation be realized in dynamical models?
This situation is realized in models in which the

Georgi-Kaplan mechanism [13] works. They discussed
the misalignment of vectorlike Geld condensation in or-
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III. CONDENSATION
OF MASSIVE VECTORLIKE FIELDS

BY FOUR-FERMI INTERACTION

Is it possible that such heavy particles ( 10 TeV) un-

dergo condensation and the condensation scale becomes
the electroweak scale? If it is possible, the situation dis-
cussed in the previous section is realized. In this section
we discuss the massive vectorlike Beld condensation by
four-Fermi interaction [19]. Here we adopt the following
Lagrangian with a four-Fermi coupling G/¹

U

L4 ——Q(iD"p„—Mq) Q + U(i D"p„—MU) U

G
+~ (QL, U~)(U~QL, ),

where we neglected the down-type fermion (D) and ev-
ery four-Fermi interaction except that in Eq. (4) for sim-
plicity. Here we only assume the chiral structure of the
four-Fermi interaction, which we will discuss later [21,
22]. The Lagrangian (4) is rewritten by using auxiliary
field method as

FIG. 2. In the limit that M )) m, we can estimate the S
parameter (a) and T parameter (b) by calculating the above
Feynman diagrams. You can easily 6nd that the other dia-
grams with lower order of m are cancelled or zero.

Cy = Q(iD"p„—Mq)Q+ U(iD"7„—M~)

xU — PtP+ (—QI,U~P+ H.c.).
G

If we integrate out these fermion fields, we get the effec-
tive action of the Higgs field P and gauge fields A„:

g4 t +g

der to avoid the fiavor-hanging neutral current (FCNC)
problem. This possibility is attractive, but in this paper,
we would like to discuss another possibility that heavy
particles with SU(2)L, xU(1)y invariant masses undergo
condensation and break electroweak symmetry.

"iD„p" —Mq
2

The effective potential of the Higgs field in the lead-
ing N approximation V[(P) = (v, 0)+] = S~[P(x)
(v, 0)+, A„(x) = 0]/ f d4x becomes

V = —v — I+ const ~v2(v ~ oo) iv" (1 ~(~& ~~)
) (v ~ 0)

N 2 N x ~ GA

G 8' 2 G G 8~2 )

W4 1+n+ p 1+n —PI = ln(l + 2n + xqx~) + 2n —(n + P) ln —(n —P) ln
2 Q+

=-(*q+*r + /A )
=1 2 2

2
1 1 x' (1+x)

f(x, y) = + —— 21n
~ ~

— + (x m y)
2(1 + x)(1 + y) 2 2(x —y) ( x ) 1 + x

with the cutofF A. From Eq. (6) and a fact that 0 (
f(x, y) & 1, we can expect that for any fixed values of M~
and Mq, there exists a critical coupling G (xq, x~) =
8m2/[A2f(xq, xU)] (see Fig. 3). If the four-Fermi cou-
pling G is smaller than G, the electroweak symmetry is
not broken. On the other hand, when G & G, the elec-

I

troweak symmetry is spontaneously broken (see Fig. 4).
On the contrary, for any Bxed value of G greater than
8m /A, the critical line exists in the (Mq, M~) plane,
at which v drops to zero. This is intuitively understand-
able. If the interaction is so strong that the binding en-
ergy becomes larger than sum of the bare masses, the
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FIG. 3. The inverse of critical cou-
pling G (0, 0)/ G (x, x) = f(x, x) with
x = M /A . You will easily find that the
larger M requires the stronger four-Fermi in-
teraction.

0.2 0 4 0. 6 0. 8

symmetric vacuum becomes unstable. Therefore larger
invariant masses need a stronger four-Fermi interaction
for dynamical electroweak symmetry breaking.

The breaking mass of the fermion mU and the Higgs
boson mass m~ can be roughly estimated by using the
TV boson mass m~ as follows. If the weak scale A, g is
much smaller than the invariant mass scale M and the
cutofF A, the induced efFective Lagrangian in the leading
N approximation will be calculated via fermion loops as
the form

(8)

where

N ( 1+x
16~2

m (, 1+x
8m' q x

1
1+x
1

1+x

1

3(1+x)2p '

1

2(1+x)2
1

3(1+x)')

Z,g = Q(iD"p„—Mg)Q + U(iD"p„—MU)U

+Z, ID„4I' — '4t4 —-(0'0)'
+(QI,UJtp+ H.c.) + l:s „s„

Here x = M /A . As implied by the above discussion,
this lnodel becomes almost the same as the standard
model at the low energy scale. Prom the above equa-
tions, we can get the relations

mU =V)

m~ = —g2Zyv
2

2=2 2m~ —— Av .

Therefore, we can easily find that

2m~ 1
g2Z N
4Am~ 1

2Z2 Ng2
(12)

e)

FIG. 4. The potential in the cases (a) G ( G„(b) G =
G', and (c) G ) G . These graphs imply that the transition
is second order.

Typical values of these masses are 1 TeV (see Fig. 5);
namely, this model predicts one heavy Higgs boson. For
example, if we take x = D.l, N = 4, and v = 1 TeV,
we get m~ 1.5 TeV, S 0.0016, and T 0.23. You
should notice that this prediction about the Higgs boson
mass is caused by the leading N approximation. Actu-
ally, it will be discussed later that the prediction looks
inconsistent with the triviality bound because sublead-
ing effects play important roles in the estimation of the
triviality bound.

In order to suppress S and T parameters, we should
take m~ && M, which requires a kind of fine-tuning (see
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5

4,

2

FIG. 5. SU(2) y. x U(1)i.-breaking mass of
fermion m~ (solid line) and the Higgs boson
mass mH (dashed line) with z = M /A .
In the limit A —+ oa, i.e., x ~ 0, the ratio
mH/m~ becomes 2, which is the so-called
Nambu —Jona-Lasinio relation.

0.2 0 4 0. 6 0. 8

Fig. 6). This is not so strong a fine-tuning as top-quark
condensation, and what is important here is that the con-
densation of the massive vectorlike fields is possible under
four-Fermi interaction.

I:v. MuDELS

What models can realize this mechanism? If I intro-
duce any four-Fermi interaction by hand, the top quark
condensation scenario is naturally extended to the fourth
family and antifamily scenario. In addition to the strong
four-Fermi interaction, we introduce four-Fermi interac-
tions instead of Yukawa terms; then we can make a dy-
namical model which is almost equivalent to the standard

model in the low energy scale. This model is interest-
ing because it does not need so strong a 6ne-tuning and
because large isospin violation can be realized. What
models can induce these four-Fermi interactions?

In the following, we try to induce the strong four-
Fermi interaction. We would like to discuss an ex-
tended model of the one-family extended TC model. This
model is interesting because the strong four-Fermi inter-
action can be induced by massive gauge boson exchange.
The model follows. In addition to ordinary one-family
technifermions, three families, and ETC gauge group
SU(NTc + 3)c, we prepare antitechnifermions and anti-
generation group SU(NTc)~G. Namely we introduce the
anomaly &ee set

TQ, q: (NTc + 3, 1,3, 2, 1/6) L„(NTc + 3, 1, 3, 1, 2/3) ~, (NTc + 3, 1,3, 1, —1/3) ~,
TL, t: (NYc + 3, 1, 1, 2, 1/2) L„(NTc + 3, 1, 1, 1, 0)~, (NTc + 3, 1, 1, 1, —1)~,
AT Q: (1,NTc, 3, 2, 1/6) ~, (1,NTc, 3, 1, 2/3) 1„(1,NTc, 3, 1, —1/3) I„
AT1: (1 NTc 1, 2, 1/2) ~, (1,NTc, 1, 1,0)L„(1,NTc, 1, 1, —1)I„

FIG. 6. The potential vrith Bne-tuning
v = v/A (( 1. Here we take M = 0.1A
and G = 1.636G, (0, 0).

0.005
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where these numbers are quantum numbers under gauge
groups SU(NTC + 3)~ x SU(NTC)~G x SU(3)c x SU(2)r,
xU(1)y and TQ, TL, AT@, ATL, q, and l mean tech-
niquark, technilepton, antitechniquark, antitechnilepton,
quark, and lepton, respectively. We assume that some
other physics (for example, some scalar fields or other
strong gauge group) induce the breaking pattern

SU(NTC + 3)G X SU(NTC)~G X GSM

Ag

—+ SU(NTC+ 2)~ x SU(NTc)~G x GsM

A2

m SU(NTC+ 1)G. x SU(NTc)~G x GsM

A3

m SU(NTc)& x SU(NTc)&G x GsM

A

—+ SU(NTC)v x GsM,

where GsM =SU(3)c x SU(2) r, x U(1)y and SU(NTC) v
is a vectorlike technicolor group. Here the breaking
SU(NTc) ~ x SU(NTc) ~G —+SU(NTC) v at the A is impor-
tant for inducing the strong four-Fermi interaction. The
breaking can be realized by forming the vacuum expec-
tation value (VEV) (@b) = diag(V, V, V) of a scalar field
4b, which transforms as (NTC, NTc) under the groups
SU(NTg)~xSU(NTc)~G. (This situation is similar to
the top color model introduced by Hill [S].) If we intro-
duce Yukawa interactions to technifermions and antitech-
nifermions,

yqQr, Qrrb4~ + yv Urr Ur, b@~ + yDDrrDr, b4~

+technilepton + H.c., (13)

then technifermions have masses of yV, which are
SU(2)r, xU(1)y invariant masses. If we take SU(NTc)t-
xSU(NTC)AG couplings as g~ and gpG, respectively,
massless SU(NTC)v gauge bosons V„with the gauge
coupling gv and massive vector bosons A„("technicol-
orons") are defined by

Suppose that ga. )) gAG, namely, cot 0 )) 1, which can
be naturally expected because NTC + 3 ) NTC. More-
over, we assume that the gauge coupling gG. at the scale
A is large enough to induce the strong four-Fermi interac-
tion as we discussed in the previous section (if the phase
transition is second order, it is possible to induce effec-
tively the strong four-Fermi interaction by tuning the
parameter gt- [20]). Note that TC interaction under the
scale A plays little role in breaking the electroweak sym-
metry (namely, the composite scale of the Higgs field is
A). EfFective four-Fermi interactions J& J& /M& are in-Ap
duced by technicoloron exchange. Since cot8 )) 1, the
four-Fermi interactions between TF's becomes stronger
than between TF and ATF or between ATF's. Namely,
at the scale A, the strong four-Fermi interaction between
an up-type TQ induced by the ETC interaction is

).Qr, v (T )Qr, Uric"(T )UR.
A

(21)

The above interaction is rewritten by Fierz transforma-
tion as

NTcgv cot 8
I R R I

A

+) Qr, (A )URUrr(A )Qr, , (22)

in which T and A are generators of SU(NT~) and of
SU(3)c, respectively. Here we take trT Tb = hb/2 and
trA Ab = bb/2. The first term in Eq. (22) is nothing but
the four-Fermi interaction discussed previously. There-
fore if g~(A) is so strong that the induced ETC interac-
tion can break SU(2)r, xU(l)y the S and T parameters
in this model can be made small when the breaking scale
mU is much smaller than the gauge invariant mass scale
M. In this model, in addition to the above four-Fermi
interactions, there exist strong down-type four-Fermi in-
teractions of down-type TQ's (and of TL's):

A„= cos OA&„—sin OAAG„

V„=sin OA&„+ cos OA&G

(i4)
(») ) Qr.~~(T )Qr Drr~"(T )Drr

A
(23)

where A&„and A&a„are gauge fields of the groups
SU(NTc)~ and SU(NTC)~G, respectively, and

tan 8 = gxG/g~ 1/gv = 1/g~ + 1/g„'G.

The mass of the massive vector Gelds A„ is given by

NTcgv cot 8
Q D D QL R R L

A

V+gAG2 2 (i7) +) Qr, (A )DRDrr(A )Qr, (24)

The currents of SU(NTC) v and SU(NTc)~ will be

Jvp =gv[QVl (T )Q+ U&p(T )U+Dvl (T )D
+technilepton],

J&„——gv cot 8[Qr,p„(T )Qr, + URp„(T )Urr

+Drr7„(T )Drr + technilepton]
—gv tan 8

[Qadi&

(T )Qri + Ur, p„(T )Ur,

+Dr, p~(T )Dr, + technilepton]. (20)

By these four-Fermi interactions, the down-type TQ's (or
TL's) may condensate. For models with fine-tuning such
as this model, however, the small difference between the
up and down sector can induce the large difference be-
tween the VEV's of up- and down-type TF's [23, 24],
which will be understood by the previous discussions
about the critical coupling. In this model, SU(2)ri vi-
olation is introduced by the difference between Yukawa
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couplings yU and yD in Eq. (13) and the difference of
the hypercharge. By using this criticality, this model can
realize large isospin violation in ordinary fermions. Ordi-
nary fermions (for example, top and bottom quarks) get
their masses through ETC gauge boson exchange as in
Fig. 7:

"(")'aUU, - "('"(UU),

bbDD + mg (DD).A23
A23

These vacuum expectation values are

(25)

(26)

(UU)

(DD)

A 21
dI

A: U 1

(4vr)2 o k2 ~ MU2 (4m. )2

A 21
dk2

k D 1

(47r) ' k' + M~2 (47r) '

(27)

(28)

V. DISCUSSION

In order to realize our mechanism, we need fine-tuning.
We should take the weak scale A~ around 1 TeV, and
in order to make S and T parameters small we should
take the invariant masses around 10 TeV. If we take
the composite scale A = 30 TeV, (A~/A)2 10
fine-tuning is needed. This fine-tuning is not so strong
as in the top quark condensation scenario. Moreover,
this fine-tuning enhances the masses of ordinary mat-
ter. This is because the vacuum expectation value of
UU is enhanced by factor (A/A~) . For ordinary TC
models, the vacuum expectation value of technifermions
(UU) As~/(47r)2. On the other hand, for four-Fermi
models, (UU) mrrA2/(4vr), as in Eq. (27). Therefore
there exists (A/A~) enhancement. Of course such an
enhancement is also good for solving the FCNC problem.

ETC

What is important here is that the condensation of up-
type TQ and down-type TQ are proportional to the up-
type TQ's breaking mass mrs and the down-type one m~,
respectively, because of the chirality. Therefore, large
isospin violation in TF sector causes large isospin vio-
lation in ordinary matter sector. Moreover, mass hier-
archy of ordinary matters between diferent generations
can be induced by the hierarchy of breaking scales of
gauge groups as in ordinary one-family TC theory. Un-
fortunately, however, this model seems not to induce the
Kobayashi-Maskawa matrix [25]. Therefore this model is
not a realistic model. Building realistic models will be a
future subject.

FIG. 8. A Feynman diagram contributing to the renor-
malization group equation of the Higgs quartic coupling A.

Since these models are almost the same as the stan-
dard model at low energy scale, the above prediction of
Higgs boson mass naively looks inconsistent with the triv-
iality bound. The triviality bound of Higgs boson mass
are derived as follows. From the renormalization group
equation of quartic coupling of the Higgs field,

167r —= 12A,2dA
(29)

it is seen that if we take a large value of the coupling,
it is diverging at some scale. Here we take t = ln p and
p is a renormalization point. If the standard model is
correct until a scale A, we can get the upper bound of
Higgs boson mass,

2 8' v

3 1n(A/m~)
' (30)

&om the condition that the running coupling is not diver-
gent at the scale A. Here we estimated the Higgs boson
mass by the relation m~ ——2A(p = m~)v2. If we take
the A = 10 TeV, the upper bound of the Higgs boson
mass is 526 GeV. The triviality bound of the Higgs bo-
son mass can be derived mainly by the 1/N subleading
graph (see Fig. 8), in which the Higgs particle propa-
gates. On the other hand, in this paper the estimation of
the Higgs boson mass is done by taking account of only
the 1/N leading graph. Therefore we can expect that the
Higgs boson will become lighter than the value estimated
in this paper if we take account of the 1/N subleading
graph. The CERN Large Hadron Collider (LHC) may
find such a heavy Higgs boson.

VI. CONCLUSION

We have seen that if massive vectorlike fields undergo
condensation and break SU(2)~ x U(l) y S and T param-
eters can be made small even if there exists large isospin
violation. The point is that 8 and T parameters must
be suppressed by SU(2)L, xU(1)y invariant masses which
vectorlike fermions can have. When the condensation is
induced by strong four-Fermi interactions, we can predict
a heavy Higgs boson. Though we need one fine-tuning in
order to break the gauge symmetry by massive vectorlike
field condensation, it is interesting that such an enhance-
ment may solve some fermion mass problems (heavy top
and FCNC).
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APPENDIX A: CALCULATION
OF S AND T PARAMETERS

In this appendix, we calculate the general expressions
of S and T parameters induced by one-loop correction:

2

S = —) —-YI,") ) l(VA. );,l'lnm'„, .

A=U, D i=1 cx=L,R

+- ).~+(mA' mA~) ) (VA-)1'( A. )'2(VA )~1( A-)2~
i,j=l n=L, R

1 mA mA~ ( 1 1
+4 ) - 6

+ 2 + X—(~A;, mAj) (VAr)1;(VAR)a(Vagal(VAR)m + (L++ 8) ), (Al)

). 8+(mU' mD') ) . l(vr -)'ll'l(vD-)~ll' ~

i)2 cx=L,R

+28—(m&™Dj)Re((VU'L)1'(VUR)1(VDI )~1'(VDR) lj}

) . 8+(m» mA2) ) l(VA-)»I'l(VA-)»I'
A=U, D (a=I,R

+28—(mA1 mA2)Re((VAI )ll(VAI )21(VAR)11(VAR)12} (A2)

where the functions

2x y x
8+(x, y) =x'+y' —, in —,

+2 + y2 +2
8 (x, y) =2xy ln ——2

+a 2 y2 y2

54x2y2x6+y6px2y2(x2+y2)
X+(x, y) = ——

g 3(x2 y2)2 3(x2 y2)3
X2

x ln —,
y2

fc —s
V~I, = VAIR =

l(8 C
(A5)

(c-si
VDI, =VDR=

l 8 C
(A6)

In this case, the S and T parameters become

If the mass matrices in Eq. (3) are symmetric and real,
we can take the unitary matrices

1
X-(x, y) =*y-

6x2

X2
x ln-

y2

1 x +y
6y2 (x2 y2)2

+ 2x y
(x2 y2) 3

S = ——4Y(c ln m&1 + s 1n m&2 —c ln mD1

—8 ill mD2)
are introduced by Lavoura and Silva [16]. N means the
number of SU(2)I, doublets, I~+ = 1/2 and I3D = —1/2.
Here we used the relation

—c 8
l

6y(m@1, mU2) + —2
l

22( mU, +m~2
m1Ilmp2 )

Mg —— VUR
t

VUL

VDR

VDI

(mU1 o
0 mU2)

if m1I, O

o m~2)

0 mD2)

0 mD2)

(A3)

(A4)

—c s
l

6y(mDl, mD2) + —2
l

-2-2 ( mD, +mD,
mDlmD2

T =
2 [c C 8(mU1, mD1) + c 8 8(mII1) mD2)
N 2 —2

8msin O~m~2

+s c 8(mU2, mD1) + 8 s 8(mU2, mD2)

—c 8 8(mU1, mII2) —c 8 8(mDl, mD2)],
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with the functions

x(~, y) = x+ (*,y) + x- (*,y),
0(x, y) = 8+(x, y) + 0 (x, y).

If we take mD ——0, i.e., the isospin is maximally violated
[26], and M = Mq = MU = MD )) m = mU, then the
S and T parameters can be expanded by m/M:

2N f Ill m 2 ~ m 4)8= iY+ —i(—) +Oui (
—)3xr g 20' M

~
M

0 ~ M
"

M

These results are also obtained by calculating Feynman
diagrams in Fig. 2.
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