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Abstract

We determine the vacuum expectation values of the

Higgs scalars within the framework of a six quark

SU (2)L x SU (2)RXU (1) gauge model after the imposition of dis-

crete symmetrics that are necessary in order to express the

Cabibbo angle in terms of quark mass ratios and phases of

the vacuum expectation values.  We find both real and complex

solutions for the vacuum expectation values depending on the

relative values of the parameters in the Higgs potential.

* Work supported in part by the U.S. Department of Energy under
contract number EY-76-C-02-1545.  *000

t Permanent address:  Kobe University, Kobe, Japan

--NOTICE--
This report was prepared as an account of work 1 '

m I  sponsored by the United States Government. Neither the |    
United States nor the United States Department of  

Energy, nor any of their employees, nor any of their

| contractors, subcontractors, or their employees, makes # 1
any warranty, express or implied, or assumes any legal l

  liability or responsibility for the accuracy, completeness j    
< |  or usefulness of any information, apparatus, product or 1   1

|
Mocess disclosed, or represents that its use would not    

1.-inTige p.vately owned rights.                               _ I

 .   NOTICE    MN ONLL

PORTIONS OF THIS REPORTARE ILLEGIBLE. itIla*-fiff#lireprOB,iEmil-fromilialiest-avallable11

00", to Pormit tile broadest possible avail-
1#bnity; DISTRIBUTIO* pF t#LS DOCUMENT I&

- - -R



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



1                             ·                                                             
                                                                     2'<  j.. /

a
J

The cabibbo angle has been expressed in terms of quark mass ratios,1 ,2,3

  phases of the vacuum expectation values (vevs) of Higgs scalars3, or both4

within the framework of the gauge group SU(2)LXSU(2)RXU(1) by re4uiring

the Lagrangian be invariant under specific discrete symmetries.  In

addition to affecting the magnitude of the cabibbo angle, the phases of

the vevs of the Higgs scalars can provide a mechanism for spontaneous

CP violation.5  Since the phases can play a significant role, we deter-

4
mine their values for one of the published models by minimizing the most

general Higgs potential which is invariant under the discrete symmetries

originally utilized to obtain the quark-Higgs Yukawa interaction.  We show

that even after the discrete symmetries are imposed, it is possible to obtain

real or complex vevs depending upon.the relative values of the parameters

in the Higgs potential.

We consider the model of Ref. 4 which contains two Higgs scalars $1

and 02 that belong to the (*, *, 0) representation.  The most general

gauge invariant, renormalizable Higgs potential can be written as,

V· - -6, t'  1; 14'R +} + 4 hij     T.(ttr; +) Tr  (ttc  *) +  J A: ·  11  C •1·4;  + *' r. +1;
*      6.1   .,

(1)

- -    -
.,

where    *=(01,    02'    02'    01)'    0n= T20n'r2'    and the parameters   B:,1..,    X:.    are
1  1 J    13

6real.   The r. are the sixteen hermitian 4 x 4 matrices,  and the summa-
1

tion over i, j has been suppressed.  As indicated in Ref. 4, the potential

must be independently invariant under the following two discrete symmetries:

    -;     S m      1            bl  R  1,  5 (2)
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where

5 1= -i f 3

 0  7  0 0                         
 (3)

5 1-    ,2  <1 C.   rt t- - (f, +.7 6. 3 6

0 'l /

L. »,. 1 -
i

2

' 0   0   74 0 J                                (4)

and   N =  exp (211'i/3). Thd further requirement   that the potential  be  CP

invariant leads to the relation

V= -  6/':  T,  1+'  r:+ ) +  *  A 2,· T. (*' r:'+)1;  C +'rf,1,)+  #AI,·1;(1'r;'+ 11+ff'119.
(5)

To facilitate the construction of the most general potential which

is invariant under CP and the discrete transformations Sl and 52' we have
*

tabulated in Table I, ri' the complex conjugates ri and the di envalues

s  of the discrete transformations which are defined by the relation

s'r: S =s r..  We have defined c.,  =
(/301 - 02)/2   and   0- = - (al + /3072)/2m i m m l

which are simultaneous eigenstates of Sl and S2.

It is immediately clear from Table I that there are only two

quadratic terms which are invariant under CP, Sl and S2' Trllf*49 and

t

Tr*  03 0 To write   down   the quartic terms, the notat ion is simplified

so that rr, for example, represents the two invariant quartic terms

Tr(*trg)Tr(*tr'110 'and. Tr(litr**tr'110.     We  can immed iately construct   from

Table I the ten invariant quartic terms:  JJ, JP3' F303'· a3 03'       (:'3  (P 3 03)  '

C03'3) (P3c3), PiPi' 0202'  (9103) (Hla3) and (02a3) (0203).  It is possible
to construct five more invariant quartic terms as follows.  While a a

--

*
is invariant under Sl and S2' it is not invariant under CP since a  is

a linear combination  of  c_  and   c .    We  find  a_c_+ c a,   to  be  invariatit.
Similarly, the final four invariant terms are (pl'-) (01'-) + (Plat)(Plat),

CP2'-  <P2'-)+ (029+) (P2'4),   (Aja-) (035- )+ (036+) (P3at).,   and   (P36_)ay(030+)q+.
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It would appear from arguments similar to the above that a linear com-

bination of the terms (pla_)  (P2(-) and    (plqi-) (02at)
would be invariant,

but this turns out not to be the case.

After spontaneous symmetry breakdown, the vevs of the Higgs scalars

7
are written as

lf'                             C \1 t  (fit 61)   0
(*t  0  A   , ..2,- 1

< +1> =1

/0  5-  1                                 , ( /3 +633  0\0 Y e / 1
0 Vt

(6)

When the above vevs are substituted into the invariant potential(5),

it  takes  the  form V=V +V where the phase dependence  has  been
m P

isolated in V
P.

V    = - iB: (xzt il'+ 3,+ v:.) +* l (X'+ 121*+ (4'+V')'J +  ·  11('+U.2)(A'tvo0        2

4  0  1(x'- U')2+ Cy'-132)13 +  f (xlut)(:tiv,)  ,

Vp = ,(9 Uv (ac.06 + 6£.09 1 4  ·ic { x'v'c. (74£ 1+ y'li'<*.(7-5 )1.

The phases 6 and TI are given, respectively, by 6= 62 - 81 and TI=

201+2P2+ 61+ 82' The parameters *2, A, B, D, E, a, b, and c are linearly

independent.

Let us first rewrite V in the form,
P

Vp= c x'U' C [(1+rfc.ee+2(1+5)*Coo+Ji+ [ rt&-042 Sta-012

-(r+522) I= (1+22)4 k ,

(7)

where 8= (11+ 8)/2, 0 = (71 - 8)/2, and z=yu/xv. The conhtants r and s

tatisfy the equation6
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1
(1+r #(It  sji.     =  (0.+6)/2c   ,        (rl#(5)2=(a.-6)/2C  ,

and are given by

r =  1  a6 - c'    T  I ( c'- a.'  ) (  ci- 62 1 Ji   k  /2 Cl  >

S  =  1   46  -2    i   i   (   ci  2 )  C  c'-  6')'   k   /2 c',
(8)

It is particularly simple to find the angles 0 and 0 that minimize

2222
V    with the requirement   (c    -  a  ) (c   -  b  ) 2 0 which we adopt.     It
P

turns out that the yevs can be real or complex.  We use the inequality

2222 2 2(c · -a  ) (c  -b  )c (abic  )   ,  and  find that there are five cases  to be con-

sidered independently.

2                      2Por case I, ab-c >0, c>O or ab+c <0, c<0, in which case

Vp = X' v' { ic I I(11+ rl)4ceoe +  93  (11+st#(.04 12+ 'clf(In)*Ai•,8 + 2 (Isljfb#jj

-   C     [  2  (r  +  5 2 2)   +     (1+   2 2) J  /1      1.
(9)

2
For case II, ab-c2< 0, abtc > 0, c> 0, and Vp is given

by Eq. (9) except that the sign of the coefficient of the second term

is negative.  For case III, ab - c2 < 0, abtc2 >.0, c< 0, and V  is
given by (9) except the sign' of the coefficient of the first term is

2                                            2negative.  For case IV, ab- c > 0, c<.0 and for case V, abtc <0,

c>  0  6 In
cases    IV   and   V, V 

is given  by   (9 )   with   the   s ign   of   the

coefficients of the first two terms being negative.

The V is minimized in case I when
P

(11 + r l) &  Ceo 8     +      2    (1 I  t  s  1  )# coo  t     :        0      ,

(10)
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0

and

1

(1'.112 Lai#  e   +       2    (15 I i i 46-0   =   o.

(11)

Equations  (10)  and  (11)  lead  to  thd following solutions  for  6=0-0 and

n=et$

c=S   =   [a e  -6-    2' (a t  +   6  ) J  /2 6 2   ,
(12)

0001 = [ 6 -a,E -2' (at + 6)]/,c.,6 ,

2     1 171/2
(13)

where e =d: I (c2 - b )/(c - a )]    0 With these values for '11 and 6, V ,

for case I takes the form

V I   .   =  x3 v  I (62_ ci)(1 - 22)- d.be (1+22) 1/'c€.
» min

(14)

Now the potential  V=V t VI  . is minimized with respect  to
m  pmin.

x, u, y and v.  This leads to the four equations

gV =   -/+ A ( 2+ 12 )+ B ( :14 V' ) + D(xil·l')4 E.(:Itu' J +v'(b'. C'-a 66  )/c ejx = 0,
)X

(15)

22 = f-/,1 +A  1%1+ 2 )+ B (3'+ VV -D f xi u' 3- E (31.17' )- 4)' ( bi 24 466 ,/,11'*' o)
Vil 1

(16)
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 V _  2- -[-t + A (947,2) + Blxz+LL')*Dly'-11')+ St,2-l )-12(bici+Abc)/cfj.Y: 0
)W

(17)

1)1 : f./+ A (32+ v')+ B (x'+ (2)-D (Ul v')- E (xl-u') + x*(6:- cl-a he)/ceJ·LI # 0,DU L

(18)

After multiplying (15), (16), (17), and (18) by x, u, y and v, respec-

tively, and summing, one gets,

V=-tz(x:+ 2 + 91 + v')/4,
(19)

where x, u, y and v are solutions to Eqs. (15) - (18).

The solution to Eqs. (15)-(18) with no further requirments is

x'= u*= 22(1'- .1. ),/(13'- * r ),
(20)

1       2

9  =   U.   =    -/1  (  B t y)  / (  p,- 4 Y)
)

(21)

where

« = RIA+Bl-(a64) ,

e = C bi- c')/c E , (22)

Y =   1 (D-  E)   -    Cab/c).
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We  bote  that the relations  x=v,  y=u are incompatible with  the

4
quark mass ratios. There are two methods for overcoming this

problem. The most natural is to introduce additional Higgs fields

whith, because of donsetvation laws, cannot couple  to the quark

*ields.  Another way is to require that the parameters in the poten-

8
tial are such that two of the equations  become linearly dependent.

Cade I yields the most interesting solution since, as will be seen,

it is the only one for which the phase 6 is unequal to zero.  In the

model of Ref.  4 the tabibbo angle depehds  on  6 and  6 En/2  is  required

to obtain a value which is in a rdement with experiment.

For  case   II,   it is 68vious   that  V   is  nlinilititad  when  0=0= Tr/2
that implies TI=Tr and 6=0. If we assume thete are no relations

among the parameters in the potential such .that equations become

linearly de endent, we find

Xi 12 = 93 = 732= /81 / ( 9A + 2 8 + 4 - b - c. ) .

For  case  III,  V is obviously minimized when  0=0 6 0  or Tl =6 1=0
P

that implies we have only real solutions.  Again assuming no.dquations

became linearly dependent, we find

*z: U -  '. 13' 6 1,2/ (94 + 28 + a + b + c )-3-

To solve case IV, we use the inequality ((1 + e)(1+ s) 1/2 2

  (lt r) (lt s)  ]./2cosecos$+ (rs) sinesin* which is valid

since   r,   s  2 0.     .The   V 
is minimized   when   0=0=0   and   we   are   led   to   the

Aolution of case III.
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7 1/2To solve case V, we use the ineqUality (rs)*2 (ltr) (1+s)  
A

cosecos$+ Irs] 2sinesint which is valid' since r,s <-1.   The V  is minimized

for  8=0= TT/2  and we obtain the solution of  case  II.

2222
We  found  x   =u   =y   =v in cases  II  - V which is incompatible  with

.

the quark mass ratios.  The methods suggested for case I are needed to

overcome this problem. In any event the Cabibbo angle would not be in

agreement with experiment  as  6=0  for the final four cases.

2
Fritzsch's six quark model  does not incorporate spontaneous CP

violation because only the case when vevs are real was considered.  This

model can be readily  modified so as to incorporate spontaneous CP

9
violation  in which case the Cabibbo angle depends on the phases of the

vevs.  Techniques employed here can be used to obtain the vevs of

the Higgs scalars in the Fritzsch model and we expect conclusions

similar to the above.

We thank T. Hagiwara for discussions.  Two of us (T. K. and K. T.)

benefitted from discussions at the VI International Workshop on Weak

Interactions at Iowa State University.
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-=        ·                 Table I

The eigenvalues
sm

defined by St r. S for discrete symmetries Sm and matrices
m i m

*

ri and complex conjugates Fi 0

*

Fi           s             s1                 2                              ri
3         1          1                   J

03         1           1                     03

a_                       1                            1                                      -  C a-  + /30  )/2

930-        1           1
-

(P30-+/3030+ 12

c                     1                     -1                                          a
3                                                            3

03a3 03a3
1         -1

a          l  .        -1 ( c.  - /30_  ) /2

930         1 -1
C F30+ 4-3930- )/2

P        -1          1                   Pl1

02         -1            1                    -02

010-         -1            .1                   -(Plo-+/3010+ 12
02 a- -1                                   1                                                      (  02 0. +/3 02 0-1-  )/2

0103       -1          -1                    0 0-13

0203       -1          -1                    -0203

plc+          -1               -1                         ( Plo+ 1/3010- )/2

0204        -1           -1                  - ( P20+ 43020- )/2
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