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It is shown that the condition of no Adler-Bell-Jackiw anomalies in the SU(2) X U(1) )& U(l)' gauge theory
having vector-type C„couphng and the right-handed fermions all in the singlet representations excludes the
possibility that the neutral-current interaction of the leptons and hadrons is of the form VV + AA.

The original Weinberg-Salam (WS) model' of
gauge theories has successfully predicted the ex-
istence of neutrino related hadronic neutral cur-
rents as confirmed by CERN, Fermilab, and
Brookhaven experiments. ' However, the need for
extending the gauge groups and fermion represen-
tations was often motivated by new experimental
dls cove ries.

The proliferation of quarks and leptons began
with the so-called "high-y anomaly". A right-
handed quark doublet was introduced. Since the
high-y anomaly has not been confirmed by more
recent experiment, this motivation for the intro-
duction of the right-handed doublets in SU(2) x U(1)
theory is no longer operative. Hence the WS theory
seems to describe all neutrino-hadron experi. —

ments. ' However, a problem still remains: Is
there parity violation in atomic physics' 'The
first-generation experiments on this have brought
conflicting results. The Washington (Seattle)
group' did not see the effect, but the Novosibirsk
group' saw the effect agreeing with the WS pre-
dictions. The first' of the second-generation ex-
periments again by the Washington group con-
firmed their earlier result. Therefore, it is fair
to say that the parity-violation problem in atomic
physics is not settled yet.

Nevertheless, we may ash if it is possible to
have no parity violation in atomic physics when
the right-handed fermions are all assigned in the
singlet representations. Of course it is not pos-
sible in SU(2) x U(l) theory. But is it still the case
if there exist more -neutral gauge bosons'P We
would like to answer this witb the previously con-
sidered SU(2) x U(1) x U(1)' model. ' [The method
may easily be extended to any number of U(1) fac-
tors. In principle, some of these U(1) factors can
be remnants of, e.g. ;, the superunified gauge group
or any simple flavor group whose rank is larger
than 2.]

In this theory, we have two massive neutral vec-
tor bosons. Hence one may think" that it is al-

ways possible to have the VV+AA. form of neutral
currents, and the parity is conserved by the elec-
tron-related neutral currents but apparently violat-
ed by the neutrino-related neutral-current experi-
ments because of the left-handed (right-handed)
laboratory v(v). Our results show that it is not the
case. The main reason is the constraint coming
from no triangle anomalies which is often over-
looked in phenomenological application' of gauge
models. In an SU(2) x U(1) x U(l)' gauge theory,
the charge can be defined by the formula Q = T,
+(Y+C)/2 where Y and C are two different weak
hypercharges. But we can always redefine the
gauge fields such that only one of the hypercharges
appear in the charge relation

Q=T, + —Y2.

We will use this convention, because it gives sim-
pler expressions for the triangle anomaly. There
are gauge fields A'„(i = 1, 2, 3), B, and C„. Fer-
mions are groupedinto "V-A" doublets and "V+A"
singlets as in the WS model,

(2)

We choose to work with the minimal scalar multi-
plets, one doublet and another singlet,

We proceed to construct neutral-current inter-
actions of the form V(e)V(q) +A(e)A(q) while main-
taining the renormalizability of the theory, in par-
ticular requiring the absence of triangle anoma
lies." Since this constraint is independent of the
detailed mass matrix of the gauge bosons, we
choose any independent set of gauge fieMs, say
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A'(i =1,2, 3), A„(= photon), C„ (4) TABLE I. Eigenvalues of F and C.

and require at the outset that there be no triangle
anomalies. In general, the photon field A, is a
linear combination of primordial fields A, 8„,
and C„. The gauge fields in (4) are associated
with the matrices,

(n, -1+2e)

T;(i=1,2, 3), Q, C .

Note that the use of relation (1) leaves the gauge
boson C couplings cc,mpletely arbitrary. Were
Q=T, +(Y+C)/2 used, Y or C would be arbitrary
though (Y+C) is not. The merit of using (1) here
lies in that the triangle graphs involvingA, ' and

A (=—photon) do not cause anomaly in the case of

equal number of "V-&" leptons (Q =0, —1) and

color-tripled qua, rk doublets (Q = -', , ——,'). This is
because"

TrQT'=0,

or equivalently Tr Q = 0 is satisfied in this case.
Extending the argument of vanishing d,~, terms to
include C„, we find the following constraints:

'TrCT'= 0,
TrQC'=0,

TrCQ'= 0

TrT,QC =0,
TrC' =0.

(7)

(8)

(9)

(10)

(11)

The "V-A" fermions contribute to (6)-(11)posi-
tively whereas the "V+A" fermions contribute
nega, tively. Further, (8), (9), and (11) get contri-
butions from the singlets.

To be more general a right-handed neutrino is
introduced, thus making it massive in principle.
Treating the three lepton families (v„e), (v„, p),
and (v„, 7') and the three quark families (u, d),
(c, s), and (t, b) symmetrically, we have eight c

i
3

4
3
2
3

2

3
1
3

(c„co)
c

C„=Q,

c,= —I+2m,

C =--Q,=2
3

1Cg=—

(12)

If the neutrino appears only as a member of the
left-handed doublet and yet the C coupling is of
vector type, we must have n =0. Tn this case the
eigenvalues of C are simply given by the respec-
tive electric charges. For completeness we give
the eigenvalues of Y' and C in Table I. Hence the
gauge-invariant Lagrangian is

Five of these can be removed from the relations
(7)-(11), thus leaving three unknown c's. How-
eve.r, if the C coupling is vector, i.e. , c~=c~, ca~

=c, , etc. , then only (7) and (10) give nontrivial re-
sults for four remaining c parameters, leaving
only two unknown c's. We will study this simple
case of vector C„coupling in the following. As
far as fermions are concerned one of these pa-
rameters can be absorbed into the redefinition of
the gauge coupling g". We then find for the vector-
type C couplings that

Z = ——,'(8,A„—8„A„+gA, && A„)' ,'(8„B„8„B„)'——,'(8„C„8„C„)'
n 0

L,y„8, —-ig ,'r A„+-,'ig'B-„--,'ig"
~

C„L,«1+2nl ".
—eely„(8„+ig'B„y ~ ig"(1 —2n)C„)ez —v,zy„(8„—2 ig"nC„)v,z

+(p-family terms) + (r-family terms) —I ~y„8 ——,
' i'' A„-,' ig'B„

(-', —n 0)—zig
~

~

C„L~
0

ugly„[8„—', i—2g'B„2i-g"(2 —n-)C„]us -de (8„+,' ig'B„+—,
' ig"-C„)dz

+ (s-family terms) + (b-family terms) + (Yukawa-coupling terms)

c, 0
ig~'A„- ig B 0 — ig

~
I C.@ '- (8.0' l&g"c'C.0'~' -V(e e'). -

(0 co
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where the Yukawa-coupling terms generate fer-
mion masses as usual through spontaneous sym-
metry breaking and V is the usual Higgs potential
having minima at (Q') = v/v2 and (Q') = v'/W2.
While the charged vector bosons W'„=(A„'+iA„')/
v2 have the mass

1g

=-,'vm(gw ' g'B„g"c,c„)'+ ' ~"(g"c'C,)'.
(i5)

The fields of the mass eigenstates are related to
the primordial fields through

(~„')
those of the physical neutral gauge bosons A„, Z,
and X„are governed by

—,'(M,2z, '+M 'x. ')+0 xz„' where I is

(16)

sine,

cos8 sin&,

—cos8 cosg, —cos8 sing

sin8 cosg sing sin8 sin/sing

+ sing cost, —cosg cosf
—cos8 cosf, —sin8 cosP cosf —sin8 sing cosf

+ sing sin&, —cos() sing

The neutral gauge bosons couple to fermions as

lg ~l+ pi~ ~+ . p p

!
0, —2g&, ' —Fg'B, +-,g"(- I+2n)C„)

+e„iy„[-g'B„-2 g"(1 - 2n)C ]ez+ v„iy~(—,
' g"nC )v~

(e ) I

.'gA„'+-,' g B.+ ,'g"(; -n)C„, Ol t'u't

«, .' g~.', , g-B-„-—,g-c—„ i «),
+upsy„[ ,' g'B~+g"-(3 —~ n)C„ju„+dziy„( ,'g'B-„——,

' g"C—„)dz.

gge =gsin8 =,
(g +g

while the case (ii) gives

e =g sin8 —&g"cos~ cosf .

(20)

(2i)

We have given in Tables II and III the respective
neutral-current couplings of cases (i) and (ii) ex-
plicitly. The entries of the Tables are the coupling
strength of the neutral gauge bosons, Z and X„,
to the respective fermion currents. For case (i)
sin& is set to +1.

There are relations between 8, g, r and g, g',
g", c„v, and c'e'. 'The electromagnetic coupling
is correctly given if

g sin8 =g'cos 8 sing,

along with either

(i) cosg =0,
or

(ii) n=0.
Then the case (i) gives

We now proceed to examine the possibility of
having the neutral-current interactions of the
V(e)V(q)+A(e)A(q) form. Consider, for example,
the case where 4„ is a vector current and Jx is an
axial-vector current. Then we must have from
case (i) that cosg= 0, which results in 1 —4 sin'8
=0, I —-', sin 8=0, and 1 —-', sin'8 =0 all at the
same time. This is clearly impossible. The case
(ii) gives cosg+sin8 sin/cot( =0, which results
cos8 sing —3 tan8(sin8 sing —cosg cot&) =0, cos8 sing
—-' tan8(sin8 sing —cos(It coti) = 0, and cos8 sing
+ 3 tan8 (s in8 sing —cos g coti ) = 0 again all at the
same time. These relations are mutually incon-
sistent. Similar inconsistency arises when the
role of J„and J~ are interchanged.

Thus we have shown that the constraint of no tri-
angle anomaly excludes the VV+AA form of the
neutral-current interactions in the SU(2) && U(1)
&& U(1)' theory in which the right-handed fermions
are all singlets and the C coupling is a vector
type. We must face the parity violations in atomic
physics in such'models. If we relax the assump-
tion on the vector-type C„coupling, the analysis
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TABLE II. Neutral-current couplirgs of case (i).

Currents

/VS~ V

P Pit, +5V

i8/~ e

ie ")tp'5d

ZQ+ti Q

SQ P@+5Q

sdV d

id p~pgd

—'g sec0 cosldI)
4

—~ gsec0 cosg(1—
4

+ ~g
"(~ -&)sinlI

2 3
1 gsec0 cosg
4
~ gsec0 cosg(1—
4

II——g slntt)
6

~ g sec0 cosg
4

8 sin20)
3

4 sin~0)
3

——g sec0 cosg + —Gg sing
4 2

--gsec0 cosg1

4
gsec0 cosg ——g "(1—2n)sing

2

—~g sec0 sing —~ &g "cosg
4 2—~g sec0 sing
4

-gsec0 sing(1 —4 sin 0)
4

+kg" {1-2n) cost
~ gsec0 sing
4

4
—g sec0 sing(1 ——sin 0)

3—'g "(2 - 0'. )Cosg
2 3—~g sec0 sing

~ gsec0 sing(1 —4 sin20)
4 . 3

+-g cosset)
6

~ gsec0 sing
4

would require far more complexity, thus losing
the simplicity of the theory.

The conclusion reached in this paper does not
apply to the case in which right-handed doublets
are utilized. For example, if one starts out with
a la, rger vectorlike group" which contains SU(2)
& U(1) && U(1)', there would necessarily be right-
handed nonsinglet fermions and there mould be no
triangle anomalies.

Note added in p~oof. After we submitted this
paper for publication, .the result of the polarized
electron scattering by deuteron" was reported,
which essentially rules out the neutral-current in-
teraction of the form V(e) V(q)+ A(e)A(q).

This work mas supported in part by the U.S. De-
partment of Energy.

TABLE III. Neutral-current couplings of case (ii).

Currents

iPQ~ V

+5v

ie /~e

ie p~p5e

ZQQ~Q

ZQ P~+5Q

Wiped

ME/~ /5d

4
—~ g sec0 cosg —~ gtan0 cotK sin&

. 4

—~ g sec0 cosg —~ gtan0 cotK sing
4 4

4
~ g cos0 cosg - 3 gtan0(sin0cosg + singcotK)

—1g"(-sin0 cos& cosK + sing sinK)
2

4
~ g sec0 cosg + ~ gtan0 sing cotK

4—~g cos0 cosg + ~ gtan0 (sin0 cos g + sing cotK)
4 12

+ ~ g"(-sin0 cosg cos K + sing sinK)
3

4
—~gsec0 cosg —1 gtan0 sing cotK

4

-g cos0 cosy —-gtan0 (sin0 cosy + sing cotK)
4 12

+-'g "(sin0 cosg cos K —sing sinK)

4
~ g sec0 cosg + ~ gtan0 sing cotK

4

—~gsec0 sing+ ~ gtan0 cotK cosg
4

4
—gsec0 sin(+ -gtan0 cotK cosg

4

4
~ g cos0 sing —3 g tan0 (sin0 sing —cosg cotK)

4

+/&" (sine sing cosf + cosg sinK)

71gsec0 sing + ~ g tan0 cosg cotK

—g cos0 sing + -g tan0 (sin0 sing —cos g cotK)
12—~g" (sin0 sing cosK + cosg sinK)

3

4
—~gsec0 sing+ ~ gtan0 cosg cotK

4

4
~ gcos0 sing —~ g tan0(sin0 sing —cosg cotK)12-

+ ~ g"(sin0 sing cos K + cosg sing)
6

4
~ gsec0 sing —-'gtan0 cosg cotK

4
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