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Abstract

A model of electro-weak interaction involving leptons and quarks
in SU(3) xU(l) gauge theory is constructed by means of the helicity
mixed representation. This model is left-right symmetrical before
spontaneous symmetry breaking and anomaly free. As a limiting case,
it gives the same results as those of Weinberg-Salam model in the low
energy range. The Weinberg angle is bound by sinzew s-%. A new
conserved quantum number SW called the weak strangeness is introduced
in this model. The Kobayashi-Maskawa expression of Cabibbo mixing for

quarks may be obtained in the model generalized to include three

generations of fermions.
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1. Introduction and Motivation

Recent neutrino induced elastic and deep inelastic neutral current
data are in agreement with expectations based on the simple SU(2) x U(1)
gauge model of Weinberg-Salam [1,2]. The Weinberg angle 6, is shown to
be slightly less than 30°,

The motivation of the present paper is to investigate the following
questions:

1. Whether sinzeW < %—has special physical meaning?

2. Are there possibilities other than SU(2) xU(1)?

The requirements for the new model to be constructed are:

1. It gives the same observable results as the Weinberg-Salam

model in the low energy range.

2. There might be some predictions different from the usual

SU(2) xU(1) model, which can be tested in the near future.

3. The model is right-left symmetrical before spontaneous

symmetry breaking.

4. The model is anomaly free.

It will be shown in the present paper that such possibility indeed
exists for gauge group SU(3) xU(1l) in which the value of sinzeW cannot
exceed-%. In this model a global U(l) symmetry is also postulated
which turns into a conservation law called weak strangeness conservation
after spontaneous symmetry breaking. Conservation of weak strangeness
ensures that the additional gauge bosons have no direct coupling with
the ordinary fermions and makes our model different from that of B. W.

Lee and S. Weinberg [3].
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This model contains right-handed neutrinos, heavy fermions and
bosons yet unobserved. Their number is rather large and we are aware
of the possibility that they might cause difficulties in problems not
discussed in the present paper. We shall discuss them in later
publications.

The paper is outlined as follows. 1In Sections 2 and 3 we discuss
the transformation properties. In Section 4 the model is presented with
a brief discussion of the left-right symmetry and the cancellation of
the anomalies. In Section 5 the mass spectrum is obtained from spon-
taneous symmetry breaking. 1In Section 6 the weak currents are obtained
which tends to that of Weinberg-Salam model as sin26W +-%. Section 7
is devoted to the conservation of weak strangeness and its experimental
implications. In Section 8 generalization to more generation of fermions
is briefly discussed. The section contains the summary and some

conclusions.

2. Transformation Properties of Fermions and Gauge Fields

In order to preserve the left-right symmetry before spontaneous
symmetry breaking, we introduce an unified description of transformation
properties for two chiral components of fermions. In the chiral repre-
sentation if three left-handed fermions form a triplet representation 3
of SU(3) group, then the corresponding right-handed fermions form_g*
which is the conjugate representation of 3. We will embed Ys into some
of generators to describe the transformation properties of both 3 and éf
in an unified formula simultaneously. Since the mass terms of fermions
connect the left-handed components to the right-handed componénts, the

unified description is rather useful for many physical discussions and



makes them simple and brief. We formulate generally this kind of des-
cription in the following. The connection between this description and
usual notation is given in Appendix B.

The generators ii’ i=1,...,8 of the SU(3) group can be composed
into two sets ia and ia’ where the choice of a and o is one of the seven

possibilities listed in Table I. We now define operators iée) by

$&) _ $(e) _ % (2.1)
a o

a ’ o

where e commutes with Ii and satisfies the relation €2= 1. One easily

2 ()

verifies that the Lie algebra for Ii are the same as that for ii'
Four possible choices for e: e=+1, -1, Y5> ~Yg will be used below.
They are denoted simply by +, -, 5, =5 respectively.

The first choice for a and o listed in Table I will be used in the
following. The second, third and fourth choices will give essentially
similar results. The generator of the U(l) gauge field will be denoted
by %.

Besides the conservation of various fermion numbers there is another
global U(1l) symmetry whose generator will be denoted by S. This global
U(1l) will combine with an Abelian subgroup in SU(3) xU(l) to give a new
quantum number S after spontaneous symmetry breaking. This new quantum
number S is called weak strangeness and will be discussed in detail
below.

For simplicity, suppose there is only one generation of fermions
(leptons and quarks), the model involving several generations will be
discussed later. The leptons form two Y=0 triplets of Dirac spinor in
SU(3) and are denoted by wz and wz respectively. The represeﬁtations

for quarks are two triplets wq and wg with Y= %— together with a couple
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2 . . .
of Y=-§ singlets u and uh. Transformation properties for fermions are

respectively

R GRS P ,

S A U('S)(sj(x)) LT8G0 IS¢y b

RN s CICONE S CL ’

LU AR A CICONE S CLIN ’ (2.2)
where

(e) _ .~ (e)

U (Ej(X)) = exp {ﬂj Ej(x)} . (2.3)

In (2.2) and (2.3) €j(x), j=1,...,8, 8(x) and n are group parameters
for the local SU(3) xU(l) and the global U(l) respectively. The generator
é will take value %- for fermion triplets and —%— for fermion singlet.
One note that wh and uh transform just as ¥ and u with ~Ys instead
of Yg, SO We may call wh the helicity conjugation of ¥ and vice versa.

There are nine gauge fields Ai(x), j=1,...,8 of SU(3) and Bu(x) of

U(1). Define

Aée) = igAi(x) i§€) (2.4)
Aﬁe) transform under SU(3) in the following way
), A L e () (e)+
325 A9 - v e (5, + A7 )0 P00 @)

The covariant derivatives for the fermions are easily constructed.

They are



H U
== 1 'A
Duu 3u+2g YBu>u ’
D u = (a +%g'YB o (2.6)

The invariant Lagrangian involving fermions and gauge fields can be

written as

QFG B __ll;FivFiuv - % HV B
+ L_IJQY“(au 5)>w + npgy <a +A( 5)> vy
+ %Y (a +£(5) +i%'—§Bu)¢q + -\I)qy (a +A( =3) +15—YB )wz
+ uyu<3u+i%'—‘}Bu>u + Ghy“<au+ igz—'ﬁ?Bu>uh . (2.7)

3. Transformation Properties of Higgs Field

We choose Higgs multiplet & to be a 3x 3 matrix. It transforms as

LAY800) 180 (=) L (D)+

o > o'
> gt o o TYOM) 180 () b (4 (3.1)
Since
*
SO M CL) , 5e) _ e+ (3.2)

for our choice of a and a, we obtain from (3.1)

e-i?ze(x) e—i§n g g%y )+

" > 9
T a3 o JAYe0O i8n U(_>$U(+)+ (3.3)
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i.e., ¢ transforms in the same way as ¢. Thus 9 decomposes into two

irreducible representation by the following additional conditions

58 _ 3® ’ 6
B - 3G 3 (3.4)
2® and 2¢® can be expressed as
L Y
7 a
R (3.5)

where ¢O, ¢a and ¢a are complex in general.

The triplet ®<3) can also be expressed in the column form

The transformation rule (3.1) can be expressed in this form as

RONNCO RIS CICNEELMOINE)

NOPRRCO R CIORC L NOLMOL (3.6)
and (3.2) as

L L @ it i) (B

NONIE ORI (ORE FOMOL (3.7)

The covariant derivatives of Higgs fields are

~ - A ' ~
Do = 30+ATs-0a™ 418980 ~(3.8)
u U u U 2 Ty
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(6) (3)

for matrix form of both ¢ and ¢ and

Do = <a + A 4 8 4 >¢ (3.9)
u ! 2 T

(3)

for column form of & respectively.
In order to see how to generate the mass spectrum for quarks let us

consider the Lagrnagian interaction involving quarks and Higgs field

- * - 4+

v e,y +f£ §otE_

+ £, a0 R, v +f FOP_u

£, 58Py +fy P8 P u

R U Qe

+ f? et e ¢+ f?* P or, o

TR i B LR S S (3.10)

In (3.10) Pi=-%(1:tys), which are necessary for the quark Higgs coupling
to be invariant.

We note that any one multiplet such as y or u contains same portions
of left-handed and right-handed components. The left-right symmetry
requires that fl and f2 be of the same magnitude. Suitable choice of
the phase of ¢ makes both f1 and f2 real and we may define a parity
transformation P to realize the left-right symmetry which distinguishes

(3)

two kinds of ¢ as

q) -+ Y41P ’ u > 'Y4'l.1 s
. (3) (3) %
P: @A -+ —¢A

(3) | (3% (3.11)
<I>B ®B
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(3.11) holds for ¢(3) in the column form.

The P-invariance require that

- _ (3)
f1 = f2 for @A

= (3)
£, = £, for op . (3.12)

Of course, for leptons we get f1==f2==0 since there is no singlet for
leptons. These properties are sufficient for the model to be'left—right

symmetrical.

4. A Possible Model in SU(3) x U(1l)

Now we construct a left-right symmetrical model involving one

generation of fermions. Fields belonging to this model are

h
leptons : wl’ wz
h h

uarks : u, s U

q wq, wq

gauge fields: Ai (3=1,...,8) , Bu

Higgs fields: 3: QA’ @B, @Y ; 6: 9
where @A, @B and ¢ have quantum numbers Y=0 and S= - %—, while Y=-1,
S=-% for @Y, QA and @B have opposite behaviors under P transformation

given above. oy is free under P transformation because it does not
couple directly with fermions.

The invariant Lagrangian has the form

& = LEFG + SZH + SZFH -V (4.1)

where S?FG is the Lagrangian given in (2.7) and
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_ +, . u +. .u
£, = tr(Du¢A) (D @A) + tr(Du®B) (D @B)

+ tr(Duch)“L(D”cpY) + tr(Du®)+(Du<I>) (4.2)

2 =t (3 7,8
FH ng<%®AP+% * wQCDAP—wIL)
_ -+
+ £, (0,0, + 9,02y, )
+ £, (v.o,P.y +‘M>+Pw)
Aq(qA"'q qQA-"q
- -+
+ £ (y Py +7 0P
q(wq +wq wq -wq)
+f (‘4>+1>w + 3 6P 3% P po*p
Au\PaP+Yq F VgPaPu T B Vg m WP
+ f (‘¢+Pw + 7 6P u+08.Py + J0°P
Bu\U%pF+¥q T VipP-u T udpP vy "’B+“)
+ (w > wh, u > uh, P, >P_, £~ gh terms) (4.3)

where f's are real by a suitable choice of phase factors. Renormaliza-
bility restricts the self interaction potential V of Higgs fields to be a
polynomial of Higgs fields with powers < 4. Owing to the global U(1)
symmetry only terms with even power are allowed. The explicit form of

V used in the present model is given in Appendix A. This Lagrnagian

has left-right symmetrical form as it is invariant under the following
parity transformation

* %
Y > Y4¢’, u > Y4us q)A g —QA’ e, > qDB

Now we discuss the problem of triangular anomaly in this model.
The typical triangular anomaly is shown in fig. 1. Two of the vertices
are vector vertices and the third is axial-vector one. In our model,
both vector and axial-vector vertexes are discribed uniformly by

~(+
generators I§~5)- The Feynman amplitude of this diagram is
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5,00 = @0 d% e sy 1 (0071 (0,0

P19 trem)] [0 2 aen?]
+ (2w)'7d4k tr Sp[YA?[I((—S) (Y,Q+k)Yvi§—5)(Y,k)

vl -1
152 ()] (@t 2 (] (4.4)

where (y,k) = Yuku, Sp means trace for Dirac matrices and tr means trace

for matrices in SU(3) x U(l) space. In (4.4), iiis), i=1,...,8 are given
(£5)

above and Io is define as

2(5) _ 3(=5) _ 15
I, =1, 77 = 3Y (4.5)

N =

Two terms in (4.4) are contributions of wl’ wq’ u and w?’ ¢2, uh

respectively.

(£5)

Since all i.
i

commute with vy, (4.4) can be simplified as

S @@ = 0 Hd' sp e [T 4 1O

1

-1
(v,q+k) v (y,k) Yu(Y,k—P)YA} [('q+k)2k2(k-p) 2] (4.6)

The factor

r - aftO1P1 + 10V ] 4.7)

is important in the discussion of anomaly. The existence of anomaly
requires T ~ Ys5» i.e.,

Sp(yST) # 0 (4.8)

hence there should be odd number of the "a'" type vertices. Furthermore

as i(_5)=—i(5), i(—5)==i(5), we get
a a a a
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IQHOHONEOHOHS

T = tr[I i i KL i ] =0

So the model is anomaly free exactly.

5. Spontaneous Symmetry Breaking and the Mass Spectrum

The self interaction potential of Higgs fields is chosen to be
(see Appendix A)

+ + .2 + .2
—aA®A¢A + bA(éAQA) - ag o + b_(8,.0.)

v B BB B

+
0]
B
+ + .2 + + .2
- aY®Y®Y + bY(QYQY) - atrd & + b(trd @)

+ + + 0 2
+ct,0 000, - d(8,0, + 2,2,)

+ +o
etr[(wA + 0,0 )¢Y¢Y] (5.1)

where all coefficients are positive. The vacuum expectation value are

"A\ s
<<I>A>O = 0 , <<I>B>O = 0 s
0 / 0
(5.2)
0 0O 0 0
o> = |0 > =]o o %
Yo > o . /2
v
v 0 — 0
Y V2
respectively.

After spontaneous breaking of symmetry, eight components of gauge
fields become massive while the nineth one corresponding to photon
remains massless.

Let us perform infinitesimal gauge transformation for the Higgs

fields near their vacuum expectation values, which can be expressed as



8
3, ¢
£+ =3
/§ 64 - iES
1 _ i 1 L2 Vo i 6 7
QA,B = QA,B-F sz’B £+ ig , o = ®Y + sz g - 1ig
4 5 2 .8
+ 3 -——— - 26
g ig 7 g )
~ . .D 1 L2000
0 E + i§ + it
8
' -i 4 ) 6 , 7 3 g
' = ¢ + —=v| € + 2 + - + == 5.3
-/ ig (g ig’) (6 @> (5.3)
8
gl + 122 —(&3 + 5—) 2(e% - 1g)
/3

It is possible to eliminate eight components in ®A and @Y by a suitable
choice of EJ and 8 after spontaneous symmetry breaking and get the

remaining components as

[e} (o) 2,10 -
VA + ¢ VB + ¢1 + 1¢1 X
2, = 0 s 0= ¢, , o, = 0 ,
+ (o]
0 43 vy + X
o + -
241, 19 %13
_ _l_ + ++ o) . .10
0= =1 4 24,, vt dya+ 1659 (5.4)
- o .. 10 —_—
413 VHéyytidy, V24 53

where ¢o, Xo, ¢?, ¢i0, ¢;3 and ¢ég are real and the others complex.

All of them will be heavy Higgs bosons, since the Higgs potential has
no additional higher global symmetry, no pseudo-goldstone appears after
spontaneous breaking of symmetry. In other words, for given <¢A>o and

<®Y>o, all degeneracy on the minimum of V are removed.
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@Y does not couple directly with fermions owing to the conservation
* o] o% + - + - - ++ .
of Y. ¢3, ¢11, ¢11, ¢12, ¢12, ¢22, ¢22, ¢33 and ¢33 do not couple with
ordinary fermions owing to the conservation of weak strangeness SW
discussed below.
One local U(l) and on global U(l) symmetry remain unbroken. Their

generators are the charge:

qQ = 13 - /§i8 + ¥ (5.5)

and the weak strangeness:

A _ l-l\ ~ ~
SW = 7 I8 +Y+S (5.6)

respectively, which are conserved quantum numbers. After sponteneous
symmetry breaking, all physical particles are eigenstates of charge Q

and weak strangeness Sw as shown below.

For fermions we must replace (5.5) and (5.6) by

L COIY R ICORN 5.7
. 2 2(#5) | 5, a(#5)
w = % 18 +Y+S (5.8)

. . h |
on account of the transformation properties of § and ¥ introduced above.

For example, wl’ wq and u can be expressed as

o o 2/3 2/3
Lija TR Lae T Riye
.- + | =173, 573 (273 . 273
Yo = L2 PR | Yo Yae TRie |0 U7 (L1/6 + R7/6> (5.9)
+ - 5/3 ~1/3
Lyt Ry Lize T R6

where Lg and Rg denote the left-handed and the right-handed fermions
W w

with charge Q and weak strangeness Sw respectively.



~15-

After spontaneous symmetry breaking the mass terms of the fermions
are derived from S?FH' For wz, wq and u, they have the form given in

(4.3) and the masses are determined by the following expression

—/l"z_ (fz\’ + fAQVA)<§I/2LI/2 * I—‘1/1’-1{1/2)

. ./13( ) (Bt + o)

+ s (5 + fgn) (RJE75 18 + 5516500

+ 75 (tq - faga) (B/8H76 + T176R308)

* (5 ) (B758008 + T768705)

+ (fas - e ) (B4 + F17R0s e

The charged fermions with S = 1/2 and 7/6 are made light while those

with S = -1/2 and 1/6 very heavy by means of suitable combination of

"f'"s and "v'"s. In addition, we assume that the coupling constants for
wg, wq and uh are nmuch larger than those for wz, wq and u to make the

masses of charged components of wg, wz and uh very heavy. Thus the

lgiht fermions remaining after spontaneous symmetry breaking are

vL4-vR uL
by e > wq > dL s u > (uR)
°r dg
(5.11)
v?*-vL -
T e R I TR
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We note that there are four massless neutrinos appearing in the
present model. However, as will be discussed below, there is no con-
tradiction in comparison with experiments.

The charges and the weak strangeness of all bosons are given in

Table II.

The mass terms of the vector gauge bosons are easily derived from

(4.2). They are

1 2 2 2 + - + - 2 02
Eg(]vAI + | vy >(ww +VV + 52 )
+ % gzlvlz(w+w’ + vV o+t + —%— z°2>
1 2 2(. 4. ~ .
+-2-gl\)Y|(VV +UU>
1 2 2/ 1 _o 1 o2
_ —_ —— 1]
+ 78 vyl (@z + o 2 ) (5.12)
where
+ 1 _ .2 + 1 .4 5
Wo o= = (A' T i = — (A" + iA
;/E ( + lA) N A /é' ( 1 ) ’
vt o L8 s a7y , 2° = L 343 + 4% ,
/2 2
z'° = —%(A3-—/§A8) sing + Bcoso (5.13)
and
1
sinp = *———ji——j; s cosp = ————J£—~—E- (5.14)
g2+g! VeZ+g'

From (5.14) and (5.15) we obtain:

(1) The photon field

A= %( A2- /§A8) cosp + Bsing 7 (5.15)

is massless as required.
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(2) The masses of the charged vector bosons are

my - %gz(l\’A‘z“L [vg” + MZ)
w2 = L (lvy |2+ alvi?)
w2 = 3 g2(Juy 2+ Ivgl? 1ol o+ 1yl?) (5.16)

From (5.16) the inequality

m% < m% < m% + mé , m% < m% + 3m§ (5.17)

holds. Let us introduce a new parameter

i} l"Y‘2 _ “‘\21
I A e
A B v Ty

which will be useful in the following.
The Z and Z' bosons are not eigenstates of the mass matrix. Let
the true neutral vector bosons be Z1 and ZZ’ they are related to Z and

Z' by a rotation

N
I

cosaZ1 + 51naZ2

il

yA —sinaZl + cosaZ2 (5.19)

Diagonizing the mass matrix we have

2
V3
A
Zq Z 4 sing

2 21, 2 /52
v
Z mz{}g a+ g (tga + sinw) ] (5.20)

=
1
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where

N

cos o (5.21)

NF
It
Wl
o

and

tg2a = 2/3v sing (5.22)

S3v- (4+v) sinch

2

R 2 2 2 2 2 o 4
We note that tgo = 7 sing, mZl = mw/cos GW and My My, mZ2~+ in the

limiting case v+« for arbitrary value of sin¢. The neutral current

2

J between fermions can be written as JN = Ji-sin GWJE'm'. There-

N,u

]

fore, all observable results in this limiting case are exactly the same

as those in Weinberg-Salam model. Another interesting limiting case is

. 2
sinp << 1 s -il%ig << 1 (5.23)

In this limiting case eq. (5.22) becomes

D SR b L2 )
tga 7 sing (1~F 35 sin'e + O(sin @)) (5.24)

Substituting eq. (5.24) into (5.20) and (5.21), we obtain

2 2 4 . 4 . 6\
mZl = m, (1 + gy Sine + 0(sin @))
m2 = m2-——§Z—— (1 + g-sinzw + 0(sin4¢))
Zy Z hsi 2 3
sino
2 in
>> m for samll sing (5.25)
Z]. v
and
2 4 2 I . 4 )
m, = 3 W (l 3 sin'g + 0(sin o) (5.26)

Comparing with the mass formula in Weinberg-Salam model

m, = m%/ cos26W (5.27)
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We obtain to order sinzm that

cos @ < %- (5.28)

SIS

sinze
w

This is an encouraging result since recent experiments require that

. 2 1 . , .
sin GW S 0f course, this result is model dependent, one obtains

. . 2 : . ,
different values of sin GW when different representations for fermions

and Higgs are chosen. But in this model, 1/4 is the limit value for

sinzeW and thus has special meaning.

6. Interactions between the Fermions and the Gauge Bosons

The gauge interaction Lagrangian for fermions can be written as

L =By (a +A(5))w£ + EQY (3 +A( 5))‘”1

2(5) ;) hu( 2(=5) , 1o )h
+wqy <3 +A 2g YBu wq+wq 3 +A + 2g YBU wq

- i -h u i, h
+ uy (2) +2gYB)u+uY(3u+2gYBu\)u (6.1)
We shall discuss the interactions between the light fermions and the

gauge vector bosons first. For this purpose, the terms involwving heavy

fermions are neglected and the following substitutions are made in (6.1)

<
+
<
<
[+

L R R L
= " = !
q)2+ eL —111 + 0 ] ‘Pq“’ d-L qu U+uR s
ep 0 dR
h
vR+-v 0
o>l o ,ovgr o), wteo C(6.2)
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H

As EYUR =Ry'L = 0, one immediately see that Au[4,5,6,7] do not couple

directly to either 5iyuwi or @&yuw&. It is also easily verified that

u
=y 1, (5) = somt L( 1 2 T a3 TCAWE
Py Au /] igy 5 SA AT+ AZALl + YSABAu + YSASAu P
= 1gy’ ﬁ( + a2 Al )w' (6.3)
2 1 27y 3 8 U '

where ¥' denotes either wi or wé, ii’ i=1,...,8 are the usual Gell-Mann

matrices for SU(3) and

~

1
AL, = — 1 (6.4)
8 /3
is just the generator used by Ne'eman, Fairlie and others [4] in their
graded SU(le) gauge group formulation. It occurs here simply as a

result of the differences in the action of Y5 on left-handed and right-

handed fermions, i.e.,

ysL = L,

In terms of the physical gauge fields found in the previous section,

+
the interactions with W~ and the photon have the usual form with

o

= -% g coso (6.5)

which indicates that sinzeW =-% cosz¢ in the charged current sector.

This is in agreement with that obtained from the mass of Z1 boson in
the limiting case of small sinzm.
The additional charged interaction involving 2 is

_ig (o gt -u-)
7 (vRy VueR + eryY VuvR (6.6)
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Since my is probably much heavier than m, on account of experimental
limitation, one may expect the contribution of V boson is much less than
that of W boson in the low energy processes. But in the high energy
range, the influence of such term might be observed experimentally.
There 1s another possibility for choice of leptons which gives the
usual form of charged current for ordinary fermions. One may propose
the existence of singlets s and sh for leptons. The charge of s is
neutral and the weak strangenesses are 1/2 for right-handed component
and -1/2 for left-handed component respectively. Vo will couple with
Sy, after spontaneous symmetry breaking and get heavy mass just similar
to that for corresponding quarks. However, the coupling between vy and
sp can be chosen to be vanished by suitable choice of coupling constants

among Higgs fields and leptons. In this case, the remaining light

and sh. Since Sp belongs to the singlet,

neutral leptons are Vis Sps Vp L

it will decouple with any component of SU(3) gauge field. The charged
current involving V corresponding to (6.6) should vanish in the low
energy range and the lightest weak strange boson should be stable. One
may expect to find in high energy experiment a heavy weak strange boson,
perhaps, the double charged U boson.

The interaction Lagrangian of ¥' or wa with the neutral vector

bosons has the form

ig@.YH {Zlu[?.lfg (2;\3 - (3+§) cosa + —;— (simpé - silmp Y) sina]

1 3 NN 1f. ~ 1 3 .
Zz‘1 [2@ (2)\3 Q+Y)sina - z(suan sing Y> cosa]} v (6.7)
In the limiting case of small sing, this interaction can be greatly

simplified. The effective Lagrangian for the interchange of a neutral
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vector bosons between fermions can be written as

Cp U uo4
Logg = & 7 [JNIUJN1+JN?-“JN2 —9—‘;] (6.8)
where
JNlu = Ji - sinzein'm' - 34;,- (1- 4sinzew)JE (6.9)
and
JN21J = Jﬁcoszew + (1 - 4sin26w)<J3 - Jim) (6.10)
with
sin26 = l—coszw
w 4

are two neutral currents coupled to the Z1 and Z2 bosons. 1In the case
of sin Sw = 1/4, the first neutral current has exactly the same form as
in the simple gauge theory; the second one is a pure vector current for
quarks which is difficult to observe owing to the interference with
strong interaction. Recent experiments tell us that sinzew is slightly
less than 1/4, the present model provides a small correction (depending
on the value v) in the neutral currents of fermions. This small effect
could be measured by more accurate experiments.

and vh can be

The additional neutral interaction involving Vps VR L
written explicitly as
i (- uw _chuh =-huyh . 6.11
7 8< VRY Vg = VY V[ + vpyivp)(2) cosa + ZZuSlna> (6.11)

which is difficult to observe directly in the low energy range. When
free Zl is observed in high energy processes, the branching ratio
Br = F(Zl-+v5)/F(Zl—+all) may be used to check this model since Br

should be four times of that predicted in usual model.



~23-

7. Weak Strangeness and Weak Strange Particles

The weak strangeness SW is a conserved quantum number in this model.
Owing to the conservation of lepton number and quark number, one may

re-define the weak strangeness for fermions as

h
= 1] ]
S, =0 for bos wq, Ups Vps
- h
SW =-1 , for V> Vi -

Since vg and vg only couple with neutral vector boson in the above
approximation, they will be unimportant in the following discussion on
weak strangeness. It is sufficient to consider only one weak strange
lepton Vp- The weak strange bosons are Vi and Uti together with many
kinds of weak strange Higgs as shown above. These bosons are heavy and
probably heavier than Wi and Zl' The conservation of weak strangeness
requires that:
(1) Weak strange particles can be produced only in pair.
(2) They do not couple directly with ordinary quarks and some of the
single charged weak strange bosons can couple with electron and Vg
(3) They are weak decaying and ended in final state with the lightest
weak strange particle.
It is interesting to discuss the decaying behavior of U since it
might be the lightest weak strange bosons. If my < mw4-mv, U might

decay through the virtual V boson

U -*’W + V

I——.e +\) u + v

(u +v

R,...)

uL,...,u-l—?l,...)
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It is an electro-weak process of order two with the propagator of V
boson.

If m < Mg U++ will decay through the electro-weak process of
order three with both W and V virtual. So it may appear as a long lived
particle with double charge decaying possibly into two positively charged
lepton.

If my > My, one may expect to discover V boson earlier than U
boson. In this case, V boson will decay into electron and VR through
the V+A current with a short life time

V+ -+ e+ + 29 (u+4-vuR,...)

Decay of V particle into ordinary hadrons is forbidden in the pre~

sent model.

8. Model Involving Several Generations of Fermions

Three generations of leptons (ve,e), (vu,u) and (VT,T) have been
discovered experimentally and it is probably the same for quarks.
There might be symmetrical properties between various generations. An
important problem is the Cabibbo mixing among various generations of
quarks. This problem has been discussed by many authors [5].

It is easy to generalize present model to include several genera-
tions, for example, three generations of fermions by the method of

Kobayashi and Maskawa [5]. Denote the ith generation of fermions by

h

h h
py Ul ¢Qi, wqi’ ui

wli’ wa i

Because of the degeneracy of various generations, we must consider all

possible coupling term among these generations in SZFH’ For example,
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the term
£ (v,0P 0, +9,5P v )
an\VelaPiVy T V0P ¥y

must be replaced by

fAEij(EliQAP+w2j * EszZP-wzi)
etc.
Let us denote the Q=-1 lepton, Q=2/3 quark and Q=-1/3 quark of
ith generation by e Uy and di respectively. It is easy to derive the

mass matrices among various generations from above generalization. They

can be expressed simply as

m

.e.e, +m . u.u, +m,,.d.d, (8.1)
eij i 7j uij 173 dij i7j

where all mass matrices are Hermitian.

For leptoms, we can introduce an unitary transformation to make

the mass matrix diagonal and obtain

..e.e, - ee + m uu + TT .
meljel i m ee Uuu m (8.2)

Since all neutrinos are massless, they will remain massless under

the same unitary transformation. Of course, the kinetic energy term of

leptons
u “(5)>

: +

VosiY <3u SYRASH
is invariant under such transformation. From this rearrangement of
leptons, we conclude that for leptons:
(1) There exist three kind of charged leptons with various masses and

one may identify them as e, u and T.

(2) There are three neutrinos corresponding to three charged leptons

respectively. All neutrinos are massless.
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(3) Three kinds of leptonic numbers can be introduced to distinguish
three generations of leptons. They are conserved individually.
There is no Cabibbo mixing appearing among leptoms.

For quarks, the unitary transformations to diagonalize the mass
matrices of u, and di are different in general. So if we introduce an

unitary transformation to make ug diagonal

m.,,u,u, -+ muu+4+mocec+mtt (8.3)
uij 1 j u c t

d., will transform into d! (d',s',b') but remain undiagonal in general.
i i

The connection between di (d',s',b') and diagonal di (d,s,b) is

described by an unitary transformation, i.e.,

d' d
s' = U| s (8.4)
b! b

There are nine parameters appearing in the 3 x 3 unitary matrix U.
Owing to the arbitrariness of relative phases, five of them can be
removed by suitable choice of relative phases among these six states.
The remaining matrix with four parameters is the well-known Kobayashi-
Maskawa general expression of Cabibbo mixing. Therefore, for quark:
(1) Both uy and di get masses by Higgs mechanism in contrast to

neutrinos which are massless.

(2) In general, us and di will not diagonalized simultaneously, it

leads to the Cabibbo mixing.
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(3) The Cabibbo mixing can be described by a 3 x 3 unitary matrix with

four parameters.

Of course, all above discussions is easy to extend into the case

with more generations of fermions.

9. Summary and Several Remarks

In the previous sections we proposed an electro-weak model in
SU(3) xU(l). The main results of this model can be summarized as:

(1) The nature is left-right symmetrical before spontaneous
symmetry breaking. The left-right asymmetry is caused by the spontaneous
symmetry breaking.

(2) This model is anomaly free exactly.

(3) As a limiting case, it gives the same results as those of the
Weinberg-Salam model and is in agreement with present experiments. The

Weinberg angle ew is bound by the relation sin26W < l-and the neutral

=4
current for ordinary fermions reduces to that of Weinberg-Salam model
. . . . 2 1
exactly in the limit of sin GW =7

(4) There are some small deviation from the Weinberg-Salam model
about the predictions in neutral currents, where sinzew is slightly less
than 1/4 which can be verified by more accurate experiments in the near
future.

(5) A new conserved quantum number Sw’ called the weak strangeness,
is introduced in the present model. Furthermore, there exist many weak
strange particles with non vanishing weak strangeness. Three of them,
the right-handed neutrino Vps the vector bosons V and U are more

interesting, because they might be lighter than the others. The weak
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strange particles can be producted only in pairs and decay through the
electro-weak interaction with vp in the final states. These predictions
are the common results of a class of models analogous to the present one.
(6) The number of fermions is four times the number of the known
fermions. After spontaneous symmetry breaking, about three quarters of
them get heavy masses and cannot be observed in the present energy
accelerator experiments. Since all four kinds of neutrinos are massless,
the influence of them ought to be considered. vg and v? couple only
with neutral vector boson and give no influence in charged current.
They are very difficult to be discovered experimentally. The right-
handed neutrino Vg can couple with V and er via the V+A current. The
coupling constant of this vertex is the same as that for W boson.

However, since both the vertexes of W and V will give contribution to

the decay of muon

M +> Vv + W u > v + Vv

uL uR
L»e_+; L»e-+;
e

L eR

one may estimate the mass ratio mV/mw by the decay parameters for muon
\gA/gvl = 0.85 f g:ii and ¢ = 180° + 15° obtained experimentally. It
seems that if mv/mw is of the order 3 or more, there is no contradiction
with the present experiments. More accurate measurement of decay para-
meters for muon is important for estimation of the mass of V boson in
the present model. Of course, the existence of four kinds of neutrinos
might be observed in higher energy experiments.

In addition, for the another choice of leptons discussed in Section:

6 the V+A charged current involving V should vanish in the low energy

range and the lightest weak strange boson should be stable.
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(7) This model can be extended to include several generations of
fermions. The mixing among various generations of fermions appears
naturally after spontaneous symmetry breaking and leads to the well-

known Kobayashi-Maskawa description of the Cabibbo mixing.
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APPENDIX A
The Form of Higgs Potential

The second order term in potential V for a Higgs field ¢ is unique

and can be expressed as

tr(¢¢+)
The number of the fourth order term is restricted by the following
theorem.

Theorem: If there are m irreducible representations with various
transformation properties decomposed from the direct production ¢’<¢+
for a given irreducible representation ¢ of an unitary group G, the
number of independent invariant terms constructed by four ¢ and ¢+
should be less than m.

Proof: Let ¢ = (¢1,...,¢n) be a n-dimensional representation of
unitary group G. There is only one invariant of second order and we

denote it by

Assume the direct product & X §+ is decomposed into m irreducible
representations Dl""’Dm with dimensions Nl""’Nm respectively.

We use INj to denote the fourth order invariants tr D,D; and define
the normalization of IN- to be N., i.e., IN- is the sum of the squares

J
| J
of magnitudes of all component- appearing in Dj‘ Then we have

m
j{: N, = n2
j=1

-
It
B
-
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and

T n n
YTy = 2L 2l (et =1 = nr

j=1 3 i=1k=1 °

thus one can use this relation to eliminate one of the invariants and

only m~1 of Iy,, j=1,...,m or less are linear independent.
J
According to this theorem, Q(S) has an unique fourth order invariant
and ®(6) has two.

In the present model four Higgs multiplets are introduced. Their

properties are listed in following Table:

(3) (3) (3) (6)
@A @B @Y o}
Dimension 3 3 3 6
Y 0 0 -1 0
S -1/3 -1/3 5/3 -1/3

P A B

First, we discuss the minimum of self interaction potential for a

(3)

three dimensional Higgs field @ (denoted by 9)

Vv = -aste + b(ote)? (A.1)

The minimum takes place at

0 = (A.2)

so it determines only the magnitude of the vector and there is a
degeneracy along the relative direction and the phase of the components.
If there are two three dimensional Higgs fields ¢ and &', both @

and ¢' have self interacting potentials of form (A.l) and get minima at
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+

® ¢ = a/2b and o' o1 = a'/2b' respectively. Now we introduce some
additional term to generate the correlation between & and &' and reduce
the degeneracy. If the quantum number Y of ¢ is different to that of

', the coupling terms allowed by Y conservation are
+ st R R A
cd 33" @' + c'0 0'G7 O (A.3)
It is interesting for us to discuss the second term since it can reduce
the degeneracy of the minimum. This term can be expressed as
2 2
et x2x2|s] (A.4)
where

+ +
X= Voo |, X' = Ve'ler ® ¢' = XX'S and |S

in
Ju—

Thus the minimum takes place at

|s|? =

2 _ 1, when c¢' < 0 .

I
o

, when ¢' > 0 ;

s

In the present model we select c¢' > O for & &, and ¢' = &_ in

A Y
order to make the minimum to take place at different components for
@A and @Y, i.e., the not vanishing vacuum expectation values take place
at the first component of @A and the third component of ¢Y.

Now we turn to the correlation between @A and @B. They have the
same quantum number Y=0. We hope that the not vanishing vacuum
expectation values of this two triplets take place at same component,

i.e., the real part of the first component. A coupling term of power

two may be introduced for this purpose. It is

+ + :
d(chch + @B@A) (A.5)
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where d is real. With the notation used above it can be expressed as

2dXAXBReS (A.6)
The minimum takes place at
ReS = -1 when d > 0

.
>

ReS

+1 |, when d < 0 .

Since S==eiacose (]al < m/2), ReS =37l means that the not vanishing vacuum
expectation values of @A and @B take place at the same component with
relative phase m or 0 respectively. Thus, if the vacuum expectation
value of @A is real, that of @B should be real too.

(6)

The self interaction potential of & can be written as

+ + +
V=-atrd ¢ + b(tr <I>+<I>)2+b'tr<b %% o (A.7)

+
In the case of b'=0, the minimum takes place at tr & & = a/2b and is
degenerate for all six components of ¢.

A coupling term
+ + +
e tr [(o) + 0,8") oy @Y] (A.8)

can be adopted to remove the degeneracy. If the not vanishing vacuum
expectation values of @A and QY take place at the real parts of the first
component of @A and the third component of @Y respectively, (A.8) can be

written simply as
1 2
-5 e¢1x3 Re ¢23 (A.9)

The minimum takes place at ¢ll = ¢22 = ¢33 = ¢12 = ¢13 = Im¢23 = 0, the

sign of $93 depends on e and ¢y
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From the above discussion, we may construct a self interaction
potential of Higgs fields to generate the expected spontaneous symmetry
breaking. It has the form

2 2
+ + + +
vV = —aA<I>A(I>A + bA(®A®A> - anI)BCDB + bB(CDBCDB>

2 2
+ + + ( +>

- . 0. + b_{o.d - atrd® ¢ + b{tr ¢ @
Y'YY Y(Yz)

2
+ + +
+ e, 00000, - d(@Ach + ®B®A>

+
A

+ + +
e tr[(cpq:A + 9,0 )@Y @Y:l (A.10)

where all coefficients are positive. The wvacuum expectation values of

Higgs fields are

A B
<e,> =10 , <ep> = |0 ,

0 0

0 0 0 0
<ey> =10 , <ed> = |0 0 v/ V2

vy 0 v/V2 0

respectively. The values of v and v depend on the coefficients

A’ VB’ Yy
in (A.10).



—-35-

APPENDIX B
The Connection Between the Helicity Mixed Representation

and the Usual Notation

In models of electro-weak interaction we deal with left-handed and
right-handed fermions separately. One simple way to realize this require-
ment is to adopt the chiral group. In order to preserve the left-right
symmetry before spontaneous symmetry breaking one may adopt the direct
product of two chiral groups. Another attractive possibility considered
in our model is to require the group to be left-right symmetrical, i.e.,
the left-handed and right-handed components are conjugate to each other
in their representations. For example, if the left-handed components
form a 3 representation of SU(3) group, we use a_g* representation
(conjugate representation of 3) to describe the corresponding right-
handed components.

For simplicity we discuss the SU(3) description for the first

generation of leptons in our model. For triplets

h h
S
3 03 3" (8.1)

are introduced, where wh is the helicity conjugate of y as shown in
Section 2. We note that w; has the same transformation property as
129 under SU(3). Using the usual notations their transformation properties

under SU(3) can be expressed as

T o v - ¥
T R by >0 = Uu
ol -y, A T (8.2)
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+
where U = U( )(Ej(x)) as shown in (2.3) which is the usual transformation
matrix of SU(3) group. Using (B.2) one may discuss our model in the
usual notation. If we use the notation given in Section 2, from (3.2)

the transformation (B.2) can be rewritten as

L T A

N A A (8-3)
or simply

oy = U(S)w , v o= ¢L+¢R) ,

N LN (. .Y I (B.4)

This is just the SU(3) part of (2.2) for leptons. This means that our
description is consistent with the usual one.

Since both wL and wR are 3 representations of SU(3), they can couple
to scalar multiplets of either 3 or é% only. Both }é scalars and 6

scalars can be expressed as a field with two SU(3) indexes ¢ij with

*
¢ij = —¢ji for 3 and ¢ij = ¢ji for 6. In the usual notation ¢ij
transforms as
T = .
Using ﬁ(+)==U(_)+ given in (3.2), it becomes
g €] (-)+
1] = =
¢ij Uii' ¢i|lej'j Uiil (\billej'j

[v™ U<->+]ij

This is just the SU(3) parts of (3.1) with ®+ instead of .
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The use of the helicity mixed representation provides the following

*
conveniences: It describes both wL of 3 representation and wR of 3

representation in a unified formula simultaneously and then most of

formulas can be expressed in the matrix form simply. It reflects the

left-right symmetry naturally and concisely and gives the close connec-

tion between wL and wR’ especially the mechanism to get mass after

spontaneous symmetry breaking in a simple way.

(1]

£2]
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[41
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TABLE I

Case

I1

11T

Iv

Vi

VII

78

58

38




TABLE IT
y z. z, w o w v v v~ v
1 %
o 0o o0 -1 1 -1 1 =2 2
o 0 o0 0 0 1 -1 1 -1
0 - + o] o 10 - + -
X X X ol ¢1 ¢1 ¢2 ¢2 ¢3
o -1 1 o0 o0 0 -1 1 -1
o 1 -1 0 0 0 0 0 1
+ o 10 - + - + o% o
03 9p3 %23 13 %13 %12 %12 %11 41
1 0 0 -1 1 -1 1 o0 0
1 o o0 o o 1 -1 1 -1
— -+
%97 ®3p 933 P33
2 2 -2 2
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