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Abstract

General structures of the mass matrices resulting from a

quark-Higgs Yukawa interaction are discussed.  We assume that there

are two sets of Higgs bosons in a six quark SU(2)L X SU(2)RXU(1)
gauge model and require that the interaction be invariant under. a

general discrete symmetry.  We find three physically acceptable

mass matrices including those of Fritzsch, and Hagiwara et al·

Special attention is paid to the phase of the vacuum expectation

value of the Higgs boson, which is related to CP violation.  A

mads relation among six quarks, mt = mi, * m /m m  is obtainedu c  d s
for the latter models. No new mass matrices are found when there

are'  three  sets of Higgs bosons.
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I.  INTRODUCTION

There is recent interest in computing the Cabibbo angle in terms of

12
quark mass ratios in six quark models '  in the framework of a gauge group

SU(2)L X SU(2)RXU(1). In order to reduce the parameters, specific discrete

2
symmetries have been used.  In a previous article,  an extended Cabibbo

current in a six quark gauge model is obtained in terms of Eulerian angles

which are functions of the quark mass ratios and phases in the quark mass

matrices.  The model predicted CP violation for |AS| = 1 nonleptonic decays,

a long-lived heavy quark and a dominant b-quark decay mode b - u.  It is

interesting to examine whether other such cases may exist in the six quark

models.  We therefore consider the general type of discrete symmetry

Qi -lliQi, 0i - x 0i ('Tlil = Ixil = 1) together with the Ey64etry Qi 44 Qj,

0i ** 0 j (if needed) and pursue the question of how many physically interesting

mass matrices exist, where Qi and 0i represent the quark and Higgs field,
respectively. We assume left-right symmetry and require that the Cabibbo

3(Eulerian) angle  be expressible in terms of quark mass ratios and phases.

The maximum number of Higgs bosons which interact with quarks should be

three due to the latter requirement, unless there are some relations among

vacuum expectation values of Higgs bosons.  The one Higgs boson case leads to

trivial mass matrices.  The two Higgs boson case is most interesting, which

is discussed in detail.  The three Higgs boson case which is given in the

Appendix leads to either mass matrices which are included in the two Higgs

boson case or the one which is physically unacceptable.

Interesting results are obtained in the two Higgs boson case.  A mass

relation exists between the upper·quark (u,c,t) and the lower quark (d,s,b).

1
There are three physically acceptable mass matrices, i.e., the F model,
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, the Q model,2 and a new model.  It is shown that when mu, mc << mt and

md,   ms   <<  mb'    the GIM mechanism4   is well satisfied   in   the u c d s sector.

The plan of the paper is as follows.  In Sec.II we discuss the dis-

crete symmetry that leads to various Riggs quark couplings, in Sec.III the

resulting mass matrices, and in Sec.IV the extended Cabibbo current for the

Fritzsch model and a new model.  Finally, remarks are made in Sec.V and a

new quark mass relation is presented.

II.  HIGGS  QUARK COUPLING AND DISCRETE SYMMETRY

We propose that a quark mass matrix is generated by a quark-Higgs

Yukawa interaction for the case of two Higgs bosons,

Y,

W =  t
   2 J'           9 2 R     n       Q J L        +      1.  c.            ,

,.

L, i :   1,2,·3
n =  6 2                                                                                                         (1)

where the Higgs scalars 0n transform  as   C *,*,0). Interactions   of   the   form

QiR0nQjL' where  0n =  72 0n T2' are eliminated by requiring invariance under

the discrete trans formation   QiL   -   QiI. '   QiR-D   -iQiR,     Dn  -   -i0ho       The   QiL,R

represent the quark doublets, QlL,R = (uo,do)L,R' Q2L,R = (co,so)L,R and

93L,R =   0' o L,R'
(t  b )

The coupling constant gn  in (1) that are taken to be real are sup-
ij

pressed and the discrete transformation

Ab=



4·

Q,R, 9,R,-aR, QIL , Q,L, 931 -+1AQ,R, 763,#,41'03«,11),L.'1%2''tt,L
(2)

is considered, where abcde and f are arbitrary numbers and Ilit = 1.  Then
the quark part 4  Q  is transformed to

iR j L

-                    - - 4+ J Ate 44  

C  Q,R,  9, R  ,Q,R) C   7                           9       .                 9                               91 L

6+d            7  6 0£            7 6+ L    jl.     9 47

   C+ 01     1
C+C

4"f    Q"
(3)

We impose left-right symme try, extract an arbitrary phase ·9 , put
a+d

1 =  lb-a and  g =  lc-a  (111  =   Ig 1  =  1), and obtain

1 2 72 5, 1.
(1    1 2    k, /                                                           (4,

2  2There are six independent phases  (1,9,9,11  '9  'Ng)   in (4). When the Higgs
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fields 01 and 02 transform so as to cancel out the phases above, then one

obtains a Hamiltonian invariant under a discrete transformation.  When some

of the phases are equal, then there are some interesting couplings.  The

general conditions that any two of them have the same value are given as

(a) 11 = g2, (b) ng= 1,  (c) 12 = 1, and (d) 1 = g.  It is noted that the
2alternative cases g=9  and g2 =1 t o (a) and (c), respectively, lead to

the same result when the Q2 and Q3 quarks are exchanged.

2
Let us first consider the case (a) A=g  in.which case (4) becomes

2

1 '5 3

/1        14          3,     1.

       ':'    f j
(5)

We find from (5) that the Higgs fields can couple to Q  and QjL in theiR
5

following ways in matrix form.

Al 0, 01
C t,= 1,   1A =      0,      0,     0,

+2 +1 4, (6)

o t +2
A=

1,1  6 0 h,=1)  2
U                                                                           (7)

\

\02 0 0
,l
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CO 0,0 0 0 0/

F=#,ot , 8= 0 0 02
(14.  l) .

\O *,t , & 0               (8)

The notation gn = 1 (following the Higgs coupling) means g = exp[2Ni/n].

Trivial cases in which  the u c d s sector decouples  from  the t b sector  are

neglected.  The matrices which coincide with A, 0, F, and B by exchange of

Q  and Q  quarks are also neglected because they are equivdlent:

The  second  case  (b)  1 g=1 leads  to  the same matrices  as  in (a) because

if we set 1 = g-1 in (4), multiplying by g2 and transforming (Qi,Q2,43) to

,(Q3'Qi,Q2)' we obtain  (5) . There  are two additional matrices  in case  (c),

ft, 0, 0,1C=                 D=   0 0  *         (2=1 ).
< ,s  ,,              1: : ,  I l 42  +2 0                                                                         (9)

The case (d) does not lead to any new matrix.

We now discuss the quark mass matrices for the Higgs coupling given

above and show that the physically acceptable models are F, 0 and a new

model D.  We incorporate the consequences of left-right symmetry,

n ij  =  ji The condition  that the Eulerian angles  in weak currents be expressible

in terms of quark mass ratios and phases,requires. that the number of parameters

in mass matrices should  at  mos t be three   up to phases. Therefore, in order   to

reduce the number of parameters, we sometimes assume invariance  of the interacti6n

under the exchinge  of some- quark fields QirQj which imposes corresponding

n
equalities among the couplings g We can perform the exchange due to the

ijo

fact that the strong interaction (mediated by gluons), electromagnetic and

weak interactions are invariant under the exchange.

- -
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III. MASS MATRICES

Let us take up model A of (6) that includes six coupling constants.  We

introduce a (discrete) symmetry (Qi,Q2'Q3)  + (Q2'Qi'Q3) which yields

1 1 2 2
 11 = Z22 and Z13 =  23'  The resulting mass matrix, when the neutral scalar

Higgs fields develop vacuum expectation values, can be written as

00(Y
mI= 0(O Y.

*       7 1 6

(10)

The. phase of y and the common phase of a,  B and b .are  supDressed. Upon exchange

(redefinition) of (Qi,Q2'Q3) - CQ3'Q2;Qi '
one obtains

1
6YY

YOA /0«0e

YO((3
(11)

A constant unitary transformation leads to.

  6     ,IFY     O                          /   1       0      0
U'mi u= <JIY   p'«   0 1)

U =     0   1/k   VI·

\ 0     0     P-« 1 , O    *  - ,14-

(12)

In view of the fact that a weak current is invariant under a constant unitary

transformation, the Q3 quark is decoupled in the resulting weak current from

Ql And Q2. In model C of (9), after introducing (Ql,Q2,Qj) 4-, (42'Qi,Qj)

symmetry and (Qi'Q2'Q3) - CQ3'Q2'Qi) exchange, we obtain

*
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OYY

mt= Y  1' 4,10((3

which upon comparison with (11) indicates that this model also belongs to

a decoupled case.  The model B of (8) gives zero and two degenerate eigen-

values so it is not interesting.

We now have the non-trivial quark mass matrices for models 0, F,

and D,  given in  (7),  (8),  and (9). After imposing the symmetry

(Ql'Q2'Q3)L,R 4 (41'Q3'Q2)L,R and (01,02) 4 (02'01) for the
0 model, the

resulting mass matrices can be written as

0 OU 0

m; =    a-   o   be      ,
iS

O      6 2S     C

(13)

Id S

0     6 6     P€/6

10=          6  2 S            e                      O                     '
26

BE/6      0         b e
(14)

/0 0  Teis  1../

pno   =   1    0        0         P e.'a          ,

l y 'ti       ee"'S           0<          j

(15)

1 -"//'/"/-
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where the subscripts of the parameters in the matrix elements are suppressed.

_o   ipi  0  0
The quark mass terms take the form  E  9 e mi   WiL  +h.c. ,    and

' 1,   
iR

 L,R = CUO'Co,to)L,R and 92L,R = (do,so,bo)L,R   The matrix m  of (23)
differs from Fritzsch's hermitian mass matrix due to the fact that here the

expectation values of the Higgs scalar are complex whereas there it is the

coupling constants that are complex.  The mass matrix m  of (14) is discussed

in Ref.2, so no further remarks are made.  The mass matrix m  is a new case

that is discussed in Sec.IV.

IV. EXTENDED CABIBBO CURRENT

We now consider the quark mass matrix and the extended Cabibbo current

for the Fritzsch model  (13)  and  the new model  (15) .   The mass matrix m  is

diagonalized by the transformation KU  Pom  P U  = m where the subscript i

1
is suppressed and

c.08 -6-e

0        \     p. If'   0
0 11  0 0\1

uo= 6-ec.y c..ec-,- 61   1  0       6 6 0   ,   K=10-1  0 )

6- e 6-7   c.oe 6.1     600>7'                   \  0

0 \0 0 1/

(16)

Put· Vt = KU  P0,   U =  P0 U0,   then  the mass eigenstates are expressible  in
to

terms of the original states by a bi-unitary transformation as V m_.U·= m .Pl

Let us define gi,L = Pi U 11' L, and Wi,R = e-ipi Piv  $ R  and thoosep. i

so that the 2 x 2 sector of the extended left-handed Cabibbo current J     is
BL

real.6  The extended Cabibbo current J can be written as
BL,R

.IBL •R  =   i L,R YA '|'2L,R   =    FlL, RFL,R  YX  '|'2L,R'

A-
-
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1(5-9j

1/006<
-  6.#-eL . 4 4" -        \

rL  -  pt U; U: '2   -   ai.. 8. Ceo 84 - Ic coo el
)

2 7                                      -2(3 +S)

\'fc Oi. di
e. 9(0008'e            I

(17)

where      ·                     /

ir,           -2 5

(00 91  e            =    CO• Ve (440  91   e.          +    AE,V. lt;  41,& fl         ,. ri

279                  -l
Sin :A t          =     40 9 1  6'& 92       -    d       6*- 1,  cdo YL        ,                                                                                                    

LY I.     026
(448( e    =  cbo e, codOIL     +  oi.8,6t -82  ,

.OD'4 8( e.6'2 =   cwo e,  ai,#01  -   e- L  6 e,  cAo ea   ,
/ (18)

8 = 62-51 , S = St 4,
 td- 8,   = C m ./m( r -6,„,81.(Md/Ms)t,

1 1

h* Y ,   = -[Ac-'Y,w)/mtj 2

6- 91 = -[CMS-m,)/Mb JT.)

Equation (17) is written in the limit sing  - 9 .  The right-handed Cabibbo

current is then given below to the zeroth oeder in 9  since the right-handed

current interaction is suppressed by the mass ratio of the vector bosons

(MWL/MWR) 244 1,

c  -i<Pl-02)    t t t 2 c*     2
F e =  Pl vl V2 P2 =   (Pl)   K rL   K (P2)R

t-
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12(3- Y,p) -12(6 + 1 +  I,)
60 ect 44£ ec e.                                      0

12(1- J,) -S (6 + + 'E, )                                        (19)-Ai-64 e Ceo Sce

O                             0                        2(&0219,) 0

The mass matrix  m  is diagonalized similarly  by the trans formation
t O t o

K U  P  m  P  U  =  V  mDU = m, where the subscript  i is suppressed  and
0 0 D o o

i   -26A,08          Le  ceo Y'       Et..,  86*-f   c o
U.,1-»'   c„, „0,  c„,»,1 'po=  e  ,-2, 01 , 1(,1  '1 «'1,

1   0              -41.6 9 te,69   100 j 10 0 1/

(20)

where

1  112 9,- mc/mt, 4*   9%  =  m s/m b   ,

{4: +4 ( N. 7.'J j=  Ynct Ynt, ·1  «; +4(N, 3')it rns, 016,
4                =  M£ - Mc

« L                 =       PY) b  -  rns,1

t** 8, , 4/1" , -6. 8 2      =  6  /P:   ,
(21)

This is a model that gives m  =m =0 and 0i is not expressible in terms ofU

quark mass ratios as one cannot determine Yi and Qi separately.

The left-handed Cabibbo current J can be written as  JpL = I IL rLYX '1'2L 'BL
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000 60 AI= 04 'P: bi,•469

C   16 +

FL    =     eu,    Ua  =     -  04&4                     c.  sc  2 C<Y,  - ft e    S                        (22))
.  r
&0        .6 S

- f, 6*484           1£ c.0 6,-  f: e                             e.

where

ec =  e2- el      '         6 =  62-61'

Equation (22) is written in the limit singi - Fi.  The right-handed current

is again given to the zeroth order in Fi,

c     -i (Pl- 02) t i6 2i 6   *cr e =V V e =e KT KR              12             L

22 5        c.  ec           -  A*e c.                    0         =e

1 WN'
89 ceo ec       0

<0  0  E#/ (23)

V.  REMARKS

We finally compare the three models discussed above.  One notes from

(17)  and  (19)  that CP irwariance is violated  for  |AS |  =  1  nonleptonic  decays
1                        2in  the F model   as  in  the 0 model   due  to the phase difference  (g +11 + 6).

The CP violation is due solely to spontaneous symmetry breakdown.  By com-

parison of (22) and (23), one notes that the new model satisfies CP

invariance in |AS| = 1 nonleptonic decays.

.

A
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-    One  notes  from  (7)   that  the  g12 Q].R Q2L'     2 Q2RQ].I,  and  g: 3 ZI3RQ3L terms

couple to the same Higgs boson 01.  Therefore, one finds from (7) and (14)

that

1  5  2< 0,> i   1= 6. 1 313<*>£ 1 = 6:Il

(24)

where <01>i expresses the vacuum expectation value of 01.  The parameters

are found in Ref.2 to be el = (mumc)2, bl = mt' 62 = (m(ims)  and b2 = mb

so that the equality 61/bl = 52/b2 leads to

i

mt,(- - , Mb  -3 Yn6 .W'14       11?c   \ 2

914  MS '
(25)

This relation holds approximately in the Fritzsch model.

The  strength of  the weak current in the u c d s sector is ' similar,  and  the

GIM mechanism is satisfied for the F, D, and 0 models.  There is, however, a

marked difference   in   the s trength   of the couplings between   the  u c d s    and   t b

sectors.  When the weak current is written for simplicity as

J,1 = gub ub + gct, Eb + gtd Ed + gts ts + gtb Eb, (26)

the orders of magnitude of g in terms of quark mass ratios are given for
ij

the various. models in Table I.

The ratio of the t-quark to u-quark production in neutrino reaction

Rt = av(d.- t)/av(d-u) ·= Igtd| 9    '                      (21)
is severely suppressed, Rt - 10-6 in the 0 model, while it is reasoriable Rt -
10-2 - 10-3 in the F and D models, provided the masses mu:md:m :m :In. =1:1:15:150:500S C D
and Eq. (25) is used.1,2  The b-quark produced in high energy reactions has a.
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rather long lifetime T(b - u B U) - 10-8 sec. in the 0 model,·while it has a

short lifetime in the F and D models.  The dominant decay mode of the b-quark

is u for the 0 model and c for the F and D models.

It is not possible to explain the trimuon events in terms of the

cascade decay of the t-quark in 0 due to the smallness of Rt' but it is

possible in F and D.  On the other hand, a rough estimate indicates that

- + +
the production ratio O(V+N-B 1111  t...)/c(v +N-11-B  B- t...) is rather

large for the F and D models provided the t-quark cascade process is a dominant

process for trimuon events.  Therefore, it seems difficult to understand  he

trimuon events by the t-quark cascade via the weak current that is a conse-

quence of a discrete symmetry.

A new model does not appear in the case of three Higgs bosons as shown·

in the Appendix. Therefore, the two ·Higgs boson case is sufficient to ex-

press the Euler:Lan angles in terms of ·quark mass ratios.      It is remarkable

that the F, D, and 0 models are the only possible ones that resulted from

the discrete symmetry considered.
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APPENDIX

We study here the three Higgs boson case.  Since there are already three

parameters    <01>,,<02 '    and <03 'no additional parameters    can be introduced.

Therefore, one boson, say 01, cannot couple to 4uark fields in the form

Bii Qili QiI.01+ BjkQjRQkL 01   (j   0 k) because the off-diagonal coupling  gjk

cannot be related to the diagonal coupling g by any symmetty 'consideration.ii
2  2

In the case in which phases (1, ,g,1 'g 'gl) in (4) are all different, .

we have a quark-Higgs interaction

'1 i   ;1    f  '                                               
        al

in addition to the interactions which give mass matrices essentially identical

to  those  of  the  F  and D model (the  only dif ference  is the phase) .     In  the  case

(a) 1 = g2, we have the new matrix

 3 0  t

0 +3 t
C kt = (A2)

0, tz 0

In Ehe case (c) 12 = 1, we have

C f, 0, 0, (1=-1).4 * 0
(A3)

£6 0  0

The case (d) 9=g does not lead to a new matrix.

The mass matrix from (Al) is given as
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A    O   Y                                                    (A4)

P Y O
where the phases are suppressed.  The matrix (A4) is diagonalized after

3
eliminating the phases in the elements.  The eigenvalue equation X  -

(|a 2   B 12+ 1912)1 - 2|a||B||y| = 0 leads to Emd *·ms Emb= 0 and
Em 2, m Em =0. Any combination of signs in these equations is notu           c           t

satisfied by the usual quark masses.

After introducing the symmetry (Ql,Q2,Q3) -4 (Q2'Qi,Qj) in (A2), the
mass matrix is given as

D,- 1-: -: ; .
(A5)

, 3 9 0

This has the same structure as the D-model in Eq. (15), except for the phases

in the matrix elements, because D' =D-a I(l i s a unit matrix) . Thereford,

the unitary transformation and the weak current in the b' model is almost

similar to those in the D model.  The u, d quark masses are non-vanishing in

the D' model.  Equation (A3) leads to a mass matrix which includes four

parameters and phases.  One cannot reduce the parameters to three.

*
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Table I

The.order of magnitude of the weak current couplings.  The letters

u c t d s b label the quarks  and  F,   0,  and D label the models.

| td| | ts| | ub| | cb| | tb|
1

F            < i ::1  ).              ' : . ),     (:  : },
f.... r      -1

\"b // -b2 / 

(mt ' 11'        ('i· ms,t    (ma  um·)'

m m
0                                                    s 2u

.1
  mb

D        'ine
(maj*

sine
- 

(11 'vl

\<4

cim / im /, t.   (::f      'Q '  , t.

-0


