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§1 Introduction

The Weinberg-Salam theory of unified weak and electromagnetic
interactionsl) has achieved a remarkable success in the neutral curreant
phenomena, and no one can deny its excellent features as a fundamental
theory. 1In contrast to the simplicity of gauge coupling, however, this
theory contains too many parameters in the interactions with the Higgs
boson, which generate the masses of quarks and leptons, the Cabibbo
mixing angle etc, through the spontaneous breaking of the gauge symmetry.
Furthermore we do not know how many quark or lepton flavors exist. Thus,
1t can be said that our understanding of the nature still lacks some
fundamental physical principle which regulates this complication.

Recent discovery of the T particle, which indicates the existence of the
b-quark, has raised the importance of this problem.

The purpose of this lecture is to present a introduction to overcome
the above problem. We concentrate ourselves to quark masses and mixing
angles. How to treat them in a certain extended version of the Weinberg-
Salam (W-8) model will be explained in detail. A basic knowledge about
the W~S theory is assumed, but not necessarily required. All discussions
will be made in the tree approximation, and no renormalization problem
will be considered since it does not change the essential features of
the following discussion except finite corrections.

In §2, the comstruction of quark mass terms is discussed and the
mmber of mixing parameters in the sequential scheme is given. §3 is
devoted to some phenomenological analyses in the six-quark case.

In §4, an attempt to obtain relations between masses and mixing angles

is explained.

- bh -

§2 Quark masses and the generalized Cabibbo mixing
2.1 Gauge fields and Higgs fields
First, we recall the basic quantities of the W-S model. The model

is the SU(2) x U(1l) gauge theory, which requires four gauge fields;

a
Au veee SU(2), Y=o0, (a=1,2,3)

Bu cees (D), Y

0, (2.1)

where Y is the weak hypercharge which describes the transformation

property under U(1l). Spontaneous symmetry breaking is realized by
introducing a Higgs doublet;

= |¢
L4 [d):], Y=1. (2.2)

It is useful to notice that

. ¢o*
e, Y= -1, (2.3)

is also transformed as a doublet.

The Lagrangian of this partial system is given by

el a2 1 2 ® a 1 2
L i B -7 F+ 0, - 1g A - 1g' 5 B)0% - vy,
2.4)
where
a a a abe . b,c
F@ = -
IV VLN SRR e i W
Fo= 3B, -038, (2.5)
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and

4.2
V(o) = viete - aeTe)%

(2.6)

+
vwhere W;, Zu and Au are the charged, neutral weak bosons and the photon,
respectively.

2.2 Quarks --- four-quark case.

In the tree approximation, the vacuum expectation value of ¢ is

given by
o |
<> = v[ r*zl R

where

v = uzh - (ﬁGF)’I/Z

In this subsection and the next one, we describe the way of
constructing the quark parts of the Lagrangian, especially their mass

terms. We first illustrate it in a simple four-quark case, so called

@.n 2)

G.I.M. model”™, so that notational complexity of the general case which
is discussed in the next subsection may not prevent understanding of

physical implications.

Interactions between the gauge bosons and the quarks are determined

(2.8)

by the transformation property of the quarks under SU(2) x U(1). Since

we are considering parity violating interactions, there is no need for

The last equality follows from the equivalence with the Fermi's theory

the left and right components of the quark fields to have the same

at the low energy. Then, the shifted fields are expressed as follows;

1 2

iXT + X

0 1

¢ = +=
[V/ﬁ} /2 [cp—ix?’

where xi are the Goldstone modes to be absorbed into the weak bosons

and ¢ describes the physical Higgs boson.

are given by

W= Ll xad,

L L

z =~——-l—~(gA3-g‘B)a

s 7 7 v ¥
g +g'

A = ——2 — (g'a> +gB),

u I u
g” +g'
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transformation properties. The left and right components are defined by

1, = - -1
(2.9) vy =7 (L 4+ 75>w, b=z (12 Yg). (2,11)
R

R

Note that we have simple but useful relations;

The physical gauge fields

Ty =Fgp=Fyv =Ty =0 (2.12)

In the G.I.M. model, the assigmments of transformation properties

are as follows

N
u‘ = 'B
[d' L, Y =1/3, d cosecd + siuecs .
c

(2.10) s'|L, Y =1/3. g' = —sinecd + cosecs R
Ups Cp» Y = 4/3,
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d Y = -2/3. (2.13)

R’ SR’

where u, d, s, c¢ are the usual quark fields which diagnalize the quark
mass terms. For later convenience we note that we can represent two

left-handed doblets equivalently as

u' = A - -
[d }L , Y = 1/3, u cosecu sinecc ,

[S ]L ’ Y = 1/3, ¢! = sindu + cosf c , (2.14)

since any linear conbination of doublets is also transformed as a doublet.

Writing down the Kinetic parts of the Lagrangian, which include the
couplings to the gauge fields, is straight forward from the. above

assignment;

a
= i[a. 4 —qg I a8 _ o0 1 [u] u>c
L=ily, I'1¥, G, - 13-4y - 18" £8) (4] + {d'+ S,}
= a2
+iugY, (3, - 1g' By, + {u~ e}
= V1
+ 1dRYu(au + ig 3 Bu)dR + {d » s}.

(2.15)
Since, as is seen in (2.13), the left and the right components have
different transformation properties, any scalar density of quark bilinear
- form can not be gauge invarient. Therefore, quark masses arise only from
the Yukawa coupling to the Higgs field, through the spontaneous breaking

of the symmetry. Then, we find that the proper form of the Lagrangian is

L=- gu{GR;T;'} P+ d'lou) - @ o
- gd{§R¢+{:'] L Aled) - @a s, (2.16)
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where
=/ = . (2.17)
8, ) mu/v’ g4 2 md/v, etc

Replacing the Higgs field by its vacuum expectation value, we can easily
check the adequacy of (2.16). Note that other gauge invariant forms,

such as
: ;+[:JL’ etc. (2.18)

do not appear, since they violate the asumption that u,d,s,c diaganalize
the mass terms.

An important fact is that, in this shceme, the requirement of gauge
invariance does not impose any constraints on the values of masses and
mixing angles,

2.3 Quarks --- generalized sequential scheme.

We have already had experimental indications of the existence of
more than four quarks. The T and T' are interpreted as aq states of a
heavy quark, b. A simple and attractive assignment of b~quark is such
that b forms another left-handed doublet with t-quark which is not yet
discovered. In view of this proliferation of the quark flavour, we
glve here a general frame work for the sequential left-handed doublet
scheme.

Let us assume that we have N sequences of doublet and therefore
2N quark flavours. Then, they are denoted as follows;

¥
- i Y=1/3,

z U, ¥
j={d,s,b..3 3]
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where

iR’
& = /fmk/v. (2.22)

Rj = ij , Y = -2/3, (2.19)
The range of summation will be selfevident from the above notational

convention.
where wi and uH stand for the physical quark fields and i runs over

To make a further investigation, we rewrite the Lagrangiam in terms
u,c,t... and { runs over d.s,b... Note that the position of sufficies

of the physical fields:
of L and R indicates which set of the flavour indices they should take.

The generalized Cabibbo-like mixing is expressed by an N * N unitary

- ¢
L=2I Uey s ¢ -m ¥ (1 +=)
matrix U, whose ij-component is denoted as Uij‘ The mixing matrix U k={u,d,s,c...} PRETRETR iy P % v
must be unitary in order that the kinetic parts of the quark fields have
- 1/2 2 - =
a properly normalized diagonal form (See below). Corresponding to +eQui Y VA, Ve + g’ WY Q¥ 2,
(2.14), we introduce the following:
-1 z - + * o -
z vl + B CRANCERATA TS AR AN R AR
u 5 i 5771
| t=tu,e,te ) ii 1] 1 d 2/7 i={u,c...} 3 3 iiw b,
Lﬁ‘ = = I UjiL 3={d,s8...}
- wj jL i={u,c,t...}
(2.23)
j=4d, s, b, ... (2.20)
where Qk is the electric charge of Wk and
In this notation, the Lagrangian has a simple form:
2
1
}—-ZQ —-——g—————!'-y k = u,cee.
A 1 ) : . 2 k g2 + g,z 25
L= uily @ - 1g 7 A - 18" ¢ BYLY + URY, @ - 1g° $B)R %=1, 2
t ! 7 % T Tt s k = ds.. (2.24)
g2 +g' . - TONN .
= 1
+ 1iIR 3 + ig' =B )R
P jyu( u £ 3 H) 3
We have taken the unitary gauge, so that no Goldstone modes appear in
- zgi{ii&ﬁi + ttorh) (2.23).
i
An important fact in this scheme is that flavour changing interactions
- Zgj{§j°+ij + ijQRj} . (2.21) arise only from the last line in (2.23). In such a case, some of the
3

phases of 011 can be absorbed into the phase convention of the quark
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fields and do not have physical significance. As an example, let us
consider the case of N = 2, The most general form of 2 x 2 unitary

matrix is given by

d s
u | cosé ej(Cv + 8 siné ei(u v
U=
¢ |-sind ei(a - cosf ei(a -8 (2.25)

Then, we change the phase convention of quark fields as

i¢k
wk +e wk (2.26)

by =mat B o -b =oaty, 6 -6 =-B-Y. (2.27)

In the new convention, U looks like

d s
u | cos® sin€

¢ |-8in® cos® (2.28)

This is nothing but the G.I.M. model. So, we find that the G.I.M. model
does not lack any generality in the four=-quark (two-doublet) case.

Now, let us turn to an arbitrary N. An N X N unitary matrix has N2
parameters. Among 2N phase parameters of 2N quark fields, 2N-1 are
responsible for the reduction of number of parameters of U. Note that
the overall phase of quark fields does not affect to U. As a result, we

find that the number of parameters of the Cabibbo-like mixing is given by

M-@n-1=0-12 (2.29)
- 52 -

2.4 CP violation.
Here, we investigate the CP properties of the Lagrangian (2,23).
Let us consider the following CP-transformation;

-> ¥ =T
hem T % Ty,

- I SR
Y@ T Yam®C Yo,

=
=

¢ > 6 (2.30)

where C is the usual charge conjugation matrix with

(2.31)

and

-1 u=0
n=
L 1 p=1, 2, 3.

It is easy to check that the first bracket in (2.23) is invariant

under the transformation (2.30). Our main concern is the charged current

interaction part, which is
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- + % - -

g - - W .32

I U9 @ = YW, + U0y A Yg) ¥y u} (2.32)

2/§“i=§3,c.--§ In the above arguments, our assumption that the Higgs field is only
j={d,s...

one doublet has played an essential role. If we have many Higgs fields,

we have possibilites of CP-viclation through the Hi
Under (2.30), this is transformed into g ggs boson exchange,

even for N = 2. (For example, see ref, 4) To determine what mechanism

& 3 {U,. 9.y (1 - Y u.W_ + Uf.@_y @a-x )W-W+} (2.33) is true, detailed phenomenclogical analyses are necessary.
. ij7iu 5771y ij'iu 373y
2/2 i={u,c...}
j={d,s...}
Therefore, if all Uij are real, (2.32) is CP-invariant. Here, however, §3 Phenomenology in the six-quark scheme
we should remind the problem of the phase convention. In general, we 3.1 Parametrization
can multiply an arbitrary phase factor to the right hand side of the As seen from (2.29), we have four parameters to describe the Cabibbo-
transformation of each quark field in (2.30). But this phase factor like mixing for N = 3. Here we adopt the following explicit parametri-
L3
can be removed by changing the phase convention of quark fields. This zation;
d
implies conversely that we can assume CP-transformation of the form u [ e =s,¢, -s,5,
= is
(2.30) for the field with phase convention whatever we like. Therefore, U=c 8,0y c1c2°3 - 8y85e CkCZCB + szc3e15
t |s,8 ¢c.s + 1 -
if we can make all Uij to be real by suitably adjusting the phases of 172 15263 T €848 €187¢3 ~ €ycqe |, (3.1)
quark fields, then, defining the CP-transformation as (2.30) for the
where
new fields which make Uij real, we can see that the system is CP~-
invariant.
cy = cosei > 8y = sinei B i=1, 2, 3.

As we have seen, in the case of N = 2, U,, can be made real.

ij
Therefore we have no CP-violation in this case. For a general N, a

The phase convention is such that the first low and the f
unitary matrix whose elements are real is nothing but an orthogonal T e first column of

U are made real. If § vanishes, then U is an
matrix. The most general N x N orthogonal matrix has N(N - 1)/2 ’ orthogonal matrix and we

2 have no CP-~violation.
parameters. This number should be compared with (N ~ 1)° in (2.29).

In the following we investigate t ;
Thus the number of the parameter responsible for CP-violation is given by & g © what extent presently available

experimental imformations can determine the parameters. Systematical
analysis has been done first in ref. 5).
®-DF-NE-D/2= N -DE-2/2 (2.34) )
3.2 Nuclear B-decay and fdsi = 1 semileptonic decays.
Recently, Shrock and Wan 2 mad
From this we can conclude that for N > 3 we have a possibilities of CP- , * " Temmalyeis of the above processes

3) - and obtained
violation through the Cabibbo-like mixing.
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lu ]cosel| = 0.9737 + 0.0025

ud| =

[0,

it

|sine; cose,| = 0.219 +0.011 3.2)

from which they concluded

+0.21
|sine,| = 0.28
- 0.28. 3.3)

We note that 8. is essentially the Cabibbo angle, and

1
v 13.2° (3.4)

0
1

The magnitude of u-b transition is determined by

= fu,l? - |

lu
us

ub!
0.06 + 0.06 (3.5)

oe

3.3 KL—KS mass difference
Direct measurement of the other components of Uij useful to determine
the rest of parameters are not yet available. Therefore, we must resort to
some model dependent arguments. The neutral K-meson system has been
well investigated for this purpose.
Let us consider the mass matrix M of K°-K° system. It can be

decomposed into the dispersive and absorptive parts;
i
M=m +'§‘F, (3.6)

where m and [ are 2 X 2 Hermitian matrices. Since we are cosidering a
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local field theory, CPT invariance should hold, and therefore we have
<K°]M§K°> = <i°|Ml§°> (3.7)

Then, in our phase convention, KL—KS mass difference will be approxi-

mately given by
o =0
tm = m(K) - m(K ) v 2Re<K” [m|K">. (3.8)

An estimation of <K°|m|i°> has been made by considering a simple

diagram of Fig. 1. The result is given by N8

2
Bf’m G
— *
<«°|n|R% = - —«335—3—5— D UisU:desUjdAij (3.9)
12/Z sin“e i,j=u,c,t

where

lenx lenx

1 b R I

1
.= +
B G- oy =) | axp? - xj)2 (3.10)

A

-—§-———'\/\N\-—-§——




3.4 CP violation

with As we have seen in §2-3, in the six-quark scheme we have a possibility
of CP violation through the Cabibbo-like mixing. In the following we
2,2
[ ! " s (3.11) investigate how the observed CP violating phenomena are described in this
scheme. Allowed regions of the parameters are also discussed.
and B is a model dependent factor. The bag model calculation gives 1t is worth while reminding the follwoing point. Since the effect of
By 0.4, CP violation is very small, the observed CP violaton may arise from
In order to see how this formula works, we consider the limited other additional interaction which is very weak and practically does not
case of sin63 = 0. Assuming xj << 1, we have change the ordinary weak interaction phenomenology. In such a case, the
2 following arguments should be changed substantially.
G m
Amk N~ Zszmk——E—o'—‘ 1 e c252 Now, we consider again the KO-I-(O system. The mass matrix M contains
o Kk 4T 2 171
2 3sin’ ew Mw
2 2 informations on the CP violation. However, we can not say anything about
4, 4% 22 1 P
x1e, + 8, 73 + ey8, 73 B CP violation from the dispersive part alone. The relevant quantity is
B 1- mc/mt o (3.12) O |=0 0| plz0 :
) the phase difference between <K Im|R®> and <K lFIK >, The latter is
given by
which yields
2 2 k°|T|R®> = 2720 <k®|T|F><F|T|R®> (3.15)
4, 4% 22 1 o 313 P
¢, +5, 7 + 58y 55 in 5 v 2.5 (3.13)
m 1-n"/m m
c ¢t c

where Pr is the phase volume factor. Therefore we must investigate first

where we have used B v 0.4, £ 1 170 MeV, and m n 1.5 GeV. the nonleptonic decay amplitudes.

For example, setting m = 15 GeV, we have The K° + mn amplitudes can be written as

is
Isy| » 0.33 (3.14) AjTE®> = e a,
o 16 o
<I|T|R®> = e AL (3.16)

The value of [52] decreases with increasing m .
As seen from (3.3), sing, in not necessarily small. Therefore the where <I| denotes the final 77 state with isospin I, and §; is the strong

required numerical analysis becomes complicated. This, combined with the interaction phase shift. Since we have already fixed the phase conventionm,

constraint arising from the CP violation effects, has been done recentl .
t arising from the C ’ y A, is no longer a real quantity in general. It is necessary mot to confuse

in refs. 9) and 10) (See below).
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with the usual Wu Yang convention in which Ao is real.
Let us consider the quark diagrams which contribute to the K° »

decay. The contribution of Fig. 2(a) to AI is real, because no complex

mixing parameters appear in this diagram. Diagrams (b) and (c) contribute

only to the AL = 1/2 part, and give rise to the imaginary part of Ao'

Therefore, we can consider that in our phase convention only Ao is complex

and A2 is real. It has been argued that the contribution of (b) may be
small because of the 0ZI rule. Then the diagram (c), so called penguin
diagram, is important for the phase of Ao. as well as for the AI = 1/2
rule in nonleptonic decavs. Theoretical estimate, however, seems to have
some uncertainty. Here, we consider an experimental upper bound of the

phase of Ao.

Aol
AR

o J
£V

(a) (b) (¢)
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Let us consider the ratio

n

oo € - Ze'// e+ ¢’
L 1 -2y 1+w |, (3.17)
where
<0|T|K > <2|T|K > <2|T|K_>
g = — b et = 2 w=——2E. (318)
0|k >, 2<0|tlR > , 72olTlk >,
Since &' << ¢, we have
n t
_o0 3
e n |1-3?+3w|
i(8, - ¢8)
a§1+1§£—2-e 2 0 a (3.19)
2 % £
where o is defined by
ia
A = |a] e (3.20)

It is known that the contribution of the penguin diagram gives o < 0,11)
which implies |n /n_| < 1.

From the present experimental value of

n
% = 1.02 * 0.04, (3.21)
-
we have
a
Il <o0.2 (3.22)
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It is critical whether this bound is compatible with the contribution
of the penguin diagram. Improvement of data on !noo/ n 4_i will provide
more stringent test of this scheme.
Now we turn to the estimation of the mixing parameters. In terms
of the mass matrix elements. € is given by
10<k° |8 - trak®| 7[R

€ = + ia

1
AT
iAm+2A

" Im<k® |m R°> - Amo
Y

1em + ar (3.23)

where we have used the approximate relation

Im<k® |T[K®> » waT , (3.24)

which holds because the main contribution to T comes from the I = 0 77
state. From (3.22), & in (3.23) may be negligible. In this case, €
is given by in terms of the mixing parameters by using (3.9), and
experimental constraint on them can be obtained. References 9) and 10)
made detailed numerical analyses. Results are seen in Fig. 3, which
show regions allowed by sm and e. According to the sign of coss,
g = cosd/|coss|, we have two solutions for each m, and sg4.

Although the constraints obtained above are rather loose, we can
extract interesting consequences on the heavy quark decays. For example,
we can say, that the branching ratio of b - ¢ decay will be larger than

b -+ u. Further discussion is seen in ref. 9) and 10).
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§4 Relations between masses and mixing angles.
4.1 Diagonalization of the mass matrix

In order to understand the close relation between quark masses apd
mixing angles, we investigate again the origin of quark mass terms.
In §2 we started with the gauge multiplets which are written in terms of
the physical quark fields. Here we go back to a more fundamental step.

Let us consider N left-handed doublets and 2N right-handed singlets:

o)
n:LL, piR, niR‘ i=1,..., N
Y =1/3 Y = 4/3 Y = ~2/3 (4.1)

where Py and n, are not yet related to the physical quark fields.
Relations should be determined by diagonalizing the mass terms. The most
general Yukawa interaction with the Higgs field invariant under the

SU(2) % U(l) transformation is given by

N

L=-I  {g,,p “*[pi +g 05,0,
1,ge1 844Ps1g? a)y 8yylpynylyopsgl

N -+ [Py * .-
- 11;’3-1 {hijnm@- {“j]]_, +hij[pjnle@niR}. (4.2)

Replacing ¢ with its vacuum expectation value, we have

N
v - * -
LT b {815P4Pyy ¥ B13PyrPyg!
v N - * -
_/_2_. i’j'l {hijnianL + hijnjLniR}
- -+ - - 4
=~ pRMppL + pLMppR + oMo+ nLMnnR} (4.3)
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where we have used a matrix notation with N x N matrices Hp and Mn
defined by
v

M) M), =—h

A
p'ij /z—gi:l ’ LI SIS & . (6.4)

Note that Pr and P> a8 well as np and n,, are independent quantities
and therefore Mp and Hn are not necessarily Hermitian. Diagonalization

is performed by the unitary transformations

V=U

[ -
Py, ppL ’ Pr VPPR s
Ut Y o

The unitary matrices U , V , U and V_are determined so that M_ and M
P P n n P n

become diagonal;

VMU = m (4.6)

This is possible, since any complex matrices can be diagonalized by two
unitary matirces as shown below.
Let us consider an arbitrary matrix M. Since M+M is Hermitian,

usual diagonalization can be performed by a unitary matrix U as

4.7)

It is easy to see that ¥z 0. For the purpose of simplicity, let us

assume here that no zero eigenvalues exist. Then, we can define
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p1/2UM—1

V= (4.8)
Since we have
wt = 111/2UM--1(M-1)+U+ul/2
- u1/2(UM+MU+)—lul/2 -1, (4.9)
V is unitary. Equation (4.8) can be rewritten as
vt = 12, (4.10)

which completes the proof.

Now the original left-handed doublets are expressed in terms of the

physical quark fields as

+
I
Pe i={u,c...} O st
LTl o L=1,....N. (4.11)
i j={d,s...} ° ',

By taking linear combinations of them, we can rewrite them in the following

way;

-+
J}':”—’{d 8yen) ©%)e5% o i=u,c,... (4.12)

This is nothing but (2.19) with

U=yu . (4.13)
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From the above arguments, we can see that the original Higgs coupling
(4.2) completelyAdetermines both the quark masses and mixing angles.

As seen in (4.13), the Cabibbo-like mixing arises from the difference
between Up and Un'

In the present scheme, however, no constraints are imposed on the
mass matrices Mp and M by the SU(2) X U(l) gauge invariance alone.
Accordingly it has no predictive powers on the quark masses and the mixing
angles. It is hard to think that a fundamental theory has so many
free parameters. We believe that there exists a missing principle
which governs Higgs interactions.

An attempt, which may provide a hint to this problem, is to derive
some relations between masses and mixing angles by imposing higher
symmetries. This will be discussed in the next subsection.

4.2 Discrete symmetry and Cabibbo angle

Gauge symmetry larger than SU(2) X U(1l) have been considered from
many motivations. Another possibility of a larger symmetry is a dicrete
symmetry, which is fully utilized in the following discussions. The
basic idea is to obtain constraints on the mass matrices as a result of
certain discrete symmetries. Below we illustrate it in a simple model.lz)

Let us consider the SU(Z)L x SU(Z)R x U(1l) gauge theory instead of
SU(2) x U(l).*) To make a discussion simple, we consider the four-quark

case. Then, we have

*) We have interesting models within the SU(2Z) * U(1l) gauge theory.l3)

They, however, require rather involved calculations.
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Py Py _
Ly = (ni)L Ry g(ni)R i=1,2
2, L i, 2 (4.15)

where (2, 1), for example, implies SU(Z)L doublet and SU(Z)R singlet.

Higgs fields are two complex 2 X 2 matrices;

L X

2, 2 2, 2 (4.16)

bt * > *
Note that ¢ = 12¢ T, and X = TZX T, are also transformed as (2, 2)
representation. In this system, the most general Higgs-quark coupling
invariant under SU(Z)L x SU(Z)R X U(l) is

2
L=-~% R ' R ¢
Do GeRyeny ¢ s

»3=1

- ' -
+ hijxiij + hiniij} + h.c. (4.17)

At this stage we have no constraints on the mass matrices for general

vacuum expectation values of ¢ and x. First we assume a discrete symmetry

under the following transformation;

Ly > Ly, Ry >Ry, 3=1,2

> -i , X > -iX . (4.18)

From this invariance we have
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8y = hyy = 0. (4.19)

Next, we require a further discrete symmetry under the transformation,

L L, R, > -1R ,
L 7L, B>k
o4, X + =ix , (4.20)

from which we obtain

B11 T B1p ™ By <Py T hyy =0 (6.2

Finally we assume the invariance under parity transformation:
LR, 6 >0, x>y (4.22)
Then (4.17) becomes

- - *o
L= —ngé'I.2 - th)(I.2 - h RZXLl + h.c. (4.23)

where g 18 a real constant.

General vacuum expectation values of ¢ and X are given by

x, 0
<X> ,( 1 )
2l 0 (4.24)

where vy and x, are complex numbers. Replacing ¢ and X in (4.23) by

{4.24), we have quark mass terms of the following form:
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L= - (p; Py (: :‘)(:)L - () 8, (2 :.) tnl)

o'y

= - pRMPpL - nkyhnL + h.c.
where a, a', b, c, ¢' and d are complex numbers with
lal = la'], le] = fe'l .

Special forms of mass matrices should be noted.

(4.25)

(4.26)

Now we diagonalize these mass matirces In the following way:

m 0 m, O
VMU+=(u vuu*»x(d
PPP o m nee Vo om

(4.27)

It is convenient to devide the transformation into two steps:

ik
1 0 e P o
U=U'( i vV =V it
PoP\g o P, P Pl . P
with
wp = arg.(b) - érg.(a), Cp = ~arg.(a)
€p = arg.(b) - arg.(a) - arg.(a').

Then we have

a

vuut - v"”(lo 2

ppPpp P \|a

vt
)

Now it is easy to see that
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(4.28)

(4.29)

(4.30)

cos @ -8in@
V'=U'=( P |4

P P sind cosé@
P P
with

tanf_ = ym /m_ .

P u'c

Similarly we have

cos® -gin® 1 0
U =( n n
n \sin® cos® i
n n n
0 e N
with
tang = /md7ms

¢, = arg.(d) - arg.(c).

Then, the Cabibbo mixing matrix is given by

Uu=1U U+
PN
i 14
cc +e 88 c 8 ~e s8¢
- Pn Ppn pn n
( i4 is )
¢ s =-e cs s s +e cc
np PO PN P
where
A= ¢p -0 cp = cosep , s = sinep R

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)
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