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Abstract

We determine the vacuum expectation values of the
Higgs scalars within the framework of a six quark
SU(Z)IAXSU(Z)R><U(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 parametérs in the Higgs potential.
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Coms

The cabibbo angle has been expressed in terms of quark mass ratios,l’z’3

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

within the ﬁramework of the gauge group SU(Z)I‘XSU(Z)R.XU(l) by requiring
the Lagrangian be invariant under specific discrete symmefries. 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.® Since the phases caﬁ play a significant role, we defer-
mine their values for one of the puBlishednmdelsaby minimizing the most
general Higgs potential which is invariant under the discrete symmetries
originaily wiiiized to obtain the quark-Higgs Yukawa interaction. We show
that even after the discrete symmetries aré imposed, it is possible to obtain
real or complex vevs depending upon:the relative values of fhe parameters
in the Higgs potential.

We consider the model of Ref. 4 which contains two Higgs scalars 91

and ¢7 that belong to the (%, %, 0) representation. The most general

gauge invariant, renormalizable Higgs potential can be written as,
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where y=(91, ¢, $2, gl), $n=72¢:¢25 and the parametefs ui,kij, xij are

real. The Fi are the sixteen hermitian 4 x4 matrices,6 and the summa-

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

must be independently invariant under the following two discrete symmetries:

R T S @)




where

. (3)
fo n o0y
S,=| o ¢ o == {5§+3E ) /9
o oo oon
. - v o/ ”
Sl Q‘ ¢/ %)

and N = exp(2mi/3). Thé further requirement that the potential be CP

invariant leads to the relation
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To facilitate the construction of the most general potential which

is invariant under CP and the discrete transformations S1 and SZ’ we have

tabulated in Table I, Fi, the complex conjugates T: and the‘éigenvalues
ém of the discrete transformations which are defined by the relation
S;Fi3m==smri. We have defined @ = 6/301-02)/2 and c_='-(614-/3aé)/2>
which are siﬁultaneous eigenstates 6f Sl‘and Sy-

It is immediately clea; from Table I that there are only two
quadratic terms which are invariant‘gnder Cp, S1 and Sz, TrWt&W and

+ X ' i '
Try PN To write dOWnlthe quartic terms, thé notation is simplified °

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

'Tr(WTFW)Tr(WTFW)‘andATr(wTFww+FW).' Wé can immediétely construct ffom
Tdble I the tenAinvariant quartic terms : .JJ,JP3,93p3,'0303, 03(p303);
(0303) (9303)1 plpl) 9292: (9103) (0103) and (9203) (9203)' It is p0551b1e
to construct five more invariant quartic terms as follows. While oo
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is invariant under Sl and 52’ it is not invariant under CP since o
a linear combination of ¢ and - We find 0 © 4-q+q+ to be invariant.

Similarly, the fina} four invariant terms are (plc_)(plc_)+-(plq+)(plc+),

(P90 (a0 7+ (939,) (#59,), (30 (P46 )+(p40,) (p40,), and (9490 +(p40,)3, .




It Would appear from arguments similar to the above that a linear com-

bination of the terms (910 )(pzc )and (pl_+)(pzc )would be invariant,
but this turns out not to be the case.

After spontaneous symmetry bfeakdown, the vevs of the Higgs scalars
are written as7
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When the above vevs are substituted into the invariant potential(5),
it takes the form V==Vm+Vp where the phase dependence has been
isolated in V

Van
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The phases § and 7| are given, respectivel?, by 6==62-f61 and M=
2914-2p24-61+-62. The parameters uz, A, B, D, E, a, b, and ¢ are linearly
independent.

Let us first rewrite Vp in the form,

Vp- ¢ X' [(\+r)’c«»9+ z((+s)’coo¢J + [ P’Am9+z stand)’

=lriSE) - (14397 i

where 0= (M+8)/2, ¢=(N~8)/2, and z=yu/xv. The constants r and s

satisfy the equations$




T o .
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and are given by
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It is particularly simple to find the angles 6 and ¢ that minimize
2.2 .
Vp with the requirement (c2 -a ) - b2) 20 which we adopt. It

turns out that the vevs can be real or complex. We use ‘the inequality
) .

-(c‘~- az).(cz-bz) < (ab_:bc2)2 , and find that there are five cases to be con-

sidered independently.
For case I, ab-c2>0, c>0 or ab+c2< 0, ¢c< 0, in which case
é A f* | 2 £ + 2
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For case II, ab-c <0, ab+c¢c >0, ¢> 0, and VP» is given .
by Eq. (9) except that the sign of the coe’fficienf of the second term
is negative. For case III, ab- cz <0, ab+c2 >0, ¢c<0; and VP is
given by (9) except the sign of the coefficiAent of the first term is
negative. For case IV, ab -c2 >0, ¢c<0 and for case V, ab+ c2<0,
c>0. In cases IV and V,Vp is’ givén by (9) with the sign of the
coefficientAs of the first two terms being negative.

The Vp is minimized in case .I when
4 ’ . -é- .
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and
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Equations (10) and - (11) lead to the following’sol'utions for §=6-¢ and
N=0+ 0
2 : / ‘
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where e'=i:|:(c - b )/(c - a )-\ . With these values for T and 6§, VP‘
for case I takes. the form
V) = 2V LR 20 - abe (14 20)] /ace,
n
(14)
Now the potential V=V +vY . is minimized with respect to
m pmin.
X, u, y and v. This leads to the four equations
v ! L) B L' vt )+ DI W) Elyiv') $ 0 (6 - abe ) /ce]X = 0
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After multiplying (15), (16), (17), and (18) by x, u, y and v,respec- -
tively, and summing, one gets,
~\/=_),‘(x‘+ Wt oyl u’)/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
2 2 a ' /1t |
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¥=1200-E) - (ab/c) .



We note that the relations x=v, 'y=u are incompatible with the

_ quark mass fatios.é There are two mei:hods for overcoming this
problem. The most natural is to introduce additional Higgs fields
which, because of‘ ¢onservation lav}s; cannot cOUpl"e to the quark
fields. Anothér way is to require that the parameters in the poten-
tial are such that two of the equations become liﬁearl'y d,epenclent.8
Case I yields the most interesf:ing solution since, aé will be seen,
i‘t is the only one for which the phase 8 is -unequlal toA zero. In the
model of Ref. 4 the Cabibbo angle dépends on 8 and ééﬁ/Z is required
to obtain a value which is in agreement with egperﬁnént.

* For case II, 1t is 6Bvipu's thé;t Vp is m‘inithiééd Iv&he_n 6=o=m/2

" .that implies T=m and §=0. If we assume théi‘e are no relations

among tﬁe paraﬁeter‘s in the pote'ntial such that equations B‘ecome

~ linearly dependent, we find

x‘.—.u,’.-.-'g’gv’:)»’/f(*zAHB*d—b—c,);‘

" For case III, Vp is obviously minimized when 6=¢%0 or N=6=0
that impliés we have only real solutions. Again assuming noéc‘;ﬁatidns
became linearly dependent, we find
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To solve case IV, we use the inequality | (1+¢)(1+4s) >
- ) » 4
[ (L+r) (L+s) ]1/ cosBcosd+ (rs).%sinesin§ which is valid
since r,'s >0. .The Vp is minimized when 8=0=0 arid we are led to the

solution of case III.



To So}ve‘case V, we use the ineqhality (rsjézl:(l-Fr Y(l+s) ]1/2
cosecos¢+-[rs]%sinesin¢ which is valid since r,s <=}, The Vp is minimized
for 6=¢=m/2 aﬁd we obtain the solution of case II.

We found x2==u2 =y'2==v2 in céses>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 exﬁeriment as 85=0 for the final foﬁr cases.

Fritzsch}é six quark model2 does not incorporate spontaneous CP
violation because only the case when vevs are reai was considered; This
model can be readily modified so as to incorporate spontaneous'CP
violatioﬁ9 in wﬁich case thé CabiBb6 angle dependé on the phases of the
ve&s. Technidues employed here can be used to obtain fhe vevs of
the Higgs scalars in the Fritzsch model and we expect conclusions
similar to the above.

We thank T. Hagi&afa for discuﬁsions. Two of us (T. K. and K. T.)
benefitfed from discussions at the VI International Workshop on Weak |

Interactions at Iowa State University.
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The linear combinations (16)/u+ (18)/v = (15)/x - (17)/y and

(18)/v+ (i?)/y - (16)/u - (15)/x lead, res.pectively, to

-SxtwWe gyt v PUXY Wyl V)= o, .
B weo-v)- F(x4uw-g-v)=0,
where o |

%

n

2D+E) + (ab/c),

Q(AQB) 4+ (ab/c).
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If the determinant 651-82==0, the values of X, ¥, u, and v
. ,

can be chosen independently:
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The eigenvalues s defined by S

‘ *
I"i and complex conjugates 1"i .

1-

m

~ 12
Table I

r, Sm for discrete symmetries S_ and matrices

- (o_+/30.)2
- (p50_+/3p,0, )2
P393
(o -/30_ )/2
(P40 /3040 )/2
1
_92
- (pyo_+/3p0,0, V2
o 9‘20_ -i-f3p20+ Y2
.9103
~P2%
(P49 ~/30,0. )2

= (py%+ ~/3p,0_ )2



Department of Energy
Chicago Operations Office
9800 South Cass Avenue
Argonne, lllinois 60439

J. S. Kane, Acting Director
Division of High Energy & Nuclear Phy81cs, HQ
Mail Station J-309

CONTRACT EY-76-C-02-1545, OHIO STATE UNIVERSITY RESEARCH FOUNDATION

We are transmitting copies of documents submitted in accordance with

our requirements under the subject contract.

~.

Harold N. Miller, Director
Contracts Management Office

CMO:SLP
Enclosures:
CO0-1545-239 (4)
K\\Y"Bm”‘))
&
Ry
S 3
=8
\’ ..;
)
¢
<95pe

cc: CH Patent Division w/enclosure
chnical Information Center, Oak Ridge, Tenn.
(THRU CH PATENT DIVISION) w/enclosure and Form 427

CMO-2




