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It is shown that the condition of no Adler-Bell-Jackiw anomalies in the SU(2) X U(1) X U(1)’ gauge theofy
having vector-type C, coupling 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 V¥V + AA4.

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
discoveries.?

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 ask if it is possible to
have no parity violation in atomic physics when
the vight-handed fermions ave all assigned in the
singlet representations. Of course it is not pos-
sible in SU(2) X U(1) theory. But is it still the case
if there exist more neutral gauge bosons? We
would like to answer this with 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 fwo 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(¥). 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(1)’ gauge theory,
the charge can be defined by the formula @ =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,+3Y. (1)

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

1%

L,= (e) » Vers€g; etc.
e L

(2)

ul
L,:( ) y Ug,dp; etc.
d L

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

¢= (4’) . b= (). (3)
¢0

We proceed to construct neutral-current inter-
actions of the form V(e)V(g) +A(e)A(q) while main-
taining the renormalizability of the theory, in par-
ticular requiving the absence of Iriangle anoma-
lies.'! Since this constraint is independent of the
detailed mass matrix of the gauge bosons, we
choose any independent set of gauge fields, say
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Al(i=1,2,3), A, (= photon), C, (4)

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}, B,
and C,. The gauge fields in (4) are associated
with the matrices;,

T,Gi=1,2,3),Q,C. (5)

Note that the use of relation (1) leaves the gauge
boson C, couplings ccmpletely arbitrary. Were
Q=T,+(Y +C)/2 used, Y or C would be arbitrary
though (¥ +C) is not. The merit of using (1) here
lies in that the triangle graphs involvingA":L and
A, (= photon) do not cause anomaly in the case of
equal number of “V - A* leptons (@ =0, - 1) and
color-tripled quark doublets (@ =%, - %). This is
because!?

TrQT?=0, (6)
or equivalently Tr @ =0 is satisfied in this case.

Extending the argument of vanishing d,,. terms to
include C,, we find the following constraints:

TrCT?=0, M
TrQC?=0, ‘ (8)
TrcQ?=0, 9)
TrT,QC =0, (10)
TrC3=0. , (11)

The “V —A” fermions contribute to (6)-(11) posi-
tively whereas the “V +A” fermions contribute
negatively. 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,, 1),
and (v,, 7) and the three quark families (,d),
(c,s), and (¢,b) symmetrically, we have eight ¢

TABLE 1. Eigenvalues of Y and C.

Y c
L, -1 (@,-1+2a)
Vg 0 a
er -2 -1 +2a
1 2
Ld 3 (E"a,—'i)
4 2
ug 3 -
2 1
dr -3 -3
¢ 1 (e, co)
¢’ 0 c’

parameters, cZ, cZ, ¢k, ¢k, c®, ¢, ¢k, and c}.

Five of these can be removed from the relations
(7)=(11), thus leaving three unknown c’s. How-
ever, if the C, coupling is vector, i.e., cZ=cF, cZ
=ck, etc., then only (7) and (10) give nontrivial re-
sults for four remaining ¢ 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

c,=a,

ce=—1+2a, (12)
Cu=§_a’

Cg=— 3

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 @ =0. In this case the
eigenvalues of C are simply given by the respec-
tive electric charges. For completeness we give
the eigenvalues of ¥ and C in Table I. Hence the
gauge-invariant Lagrangian is

L£=- %(auAv - 3,,Ku +gKu X Ku)z = %(BMBV - BvBu)z - %(BMCU - avcu)z

-Lyy,|8, -igzT-A, +3ig'B, —%ig”(

o 0

0 -1+2«

Jel

-€gy, (8, +ig'B, +7ig"(1 - 2a)C,)eg = Topy, (8, —3ig”aC, )V,

- - 2_a 0
+(p-family terms) + (T-family terms) - L,y, [au—%ig'% A,- Lig'B, —%ig”( : o L) C“]L‘

'ﬁﬂyu[au" % izg'Bu— %ig”('g' - a)cu]uR "aRyu (au +?13_ig,Bu + % ig”cu )dR

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

-

- ) c, 0
- au¢-§.g‘?.Au_%ig‘,Bu¢_%ig”(0 C>CU¢
o .

2_ o, ¢’ - 3ig"c'C, 0" |2-V($, 9"), (13)
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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 (¢°) =v/v2 and (¢) =v’/V2.
While the charged vector bosons W3 =(A4,'FiA4,2)/
V2 have the mass

My,=3gv, (14)

* those of the physical neutral gauge bosons A,, Z,,
and X, are governed by

%(Mzzzuz'*'szXuz)‘*O XAuz

sinf, — cosé cosy, - cosf sinyd

cos@ sing, sinf cosy sing

+siny cosg, - cos¥ cosg

- cosf cosg, —sinf cosydcos{ - sinb sinycos

+siny sing, — cos¥sing

The neutral gauge bosons couple to fermions as

ey 3_ 1, 1 ” 0
£Y%=(v,,2),4v, (ng“ 20 +2087C

sinf sinY sing

=%v2(gAu3-g'Bu-g”coCu)2+-{;‘-v'z(g"c’cu)z.
(15)

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

Al A,
B, =M\ Z, |, (16)
Cllr Xu

where M is

. 17

0, —%gA,ﬁ—%g'Bu+%g"(-—1+201)C]u e/,

+8giy,[-2'B,-3g"(1 - 2a)C,Je, +Vgiy, (z8"aC ,)vy,

= 1 3, 1ot 1 m(2
+(@,d) iy, <2gAu +38&'B,+38"(£-0a)C,, O

0, _égAus"‘%g'Bu_ ég"cu

) G,

+URlY, [28'B,+8"(3 - $Q)C Juy, +dgiv,(-3g'B, - Lg"C, ). (18)

There are relations between 6, ¢, ¢ and g, g’,
g”, ¢,, v, and c’v’. The electromagnetic coupling
is correctly given if

g sinf =g’cos.6 sing , ' (19)
along with either

(i) cost =0,
or
(ll) a=0.

Then the case (i) gives
. gg’
e=gsind “F g7 (20)

while the case (ii) gives
e =g sinf — 3g"cosh cos{ . (21)

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)
sing is set to +1.

We now proceed to examine the possibility of
having the neutral-current interactions of the
V(e)V(g) +A(e)A(q) form. Consider, for example,
the case where J7 is a vector current and J¥ is an
axial-vector current. Then we must have from
case (i) that cosy =0, which results in 1 - 4 sin%0
=0, 1-%sin*0 =0, and 1~ 2sin% =0 all at the
same time. This is clearly impossible. The case
(ii) gives cosy +sind sinP cotf =0, which results
cosf sind — 3 tand(sind siny — cosy cott) =0, cosb siny
- 2 tané(siné siny — cosP cotf) =0, and cosé siny -

+ 7 tanf(sind sinyd — cosy cott) =0 again all at the
same time. These relations are mutually incon-
sistent. Similar inconsistency arises when the

_role of JZ 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) X U(1)

X 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 couplings of case (i).

Currents Z, X,
iy, v —%gsech cosi + tog''sind —Lgsect siny— -;-Olg"cdsll)
iy, VsV —+gsech cosy —Lgsect siny
ey, e 1gsech cosy— Lg ' (1 - 20)siny 1gsect siny(L - 4 sin’)
+%g"(l —20) cosy
iy, yge %gsecB cosy +gsect sind .
iy, u —%g sech cosP(l — %sin20) —%gsece sind(l — % sin%0)
+1g"" (2 - o)siny -1g" (% —a)cosy
Y, Y5t —-}gsece cosy —%gsece siny
idv,d %gsecﬂ cosy(l — % sin%g) %gsece siny(L - £ sin’6)
_%g"sinz,b +-é—g"cosl,b
idY,vsd %gsec() cosy -14-gsec0 siny

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 larger vectorlike group!® which contains SU(2)
X U(1) XU(1)’, there would necessarily be right-
handed nonsinglet fermions and there would be no
triangle anomalies.

Note added in proof. 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(g)+A(e)A(q).

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

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

Currents Zz, Xy
Nz ~1gsect cosy - Lgtané cott siny —%gsecﬂ sind + %gtanﬂ cott cosy
Dy, ysY —+gsech cosy - %gtane cott siny —Lgsect siny + Lgtand cott cosy

iey,e %g cosb cosy — %gtane(sineoosz,b + sinycotf)

—-;-g’ ’(—sinb cosy cost + siny sink)

+gcosb sind — 3¢ tanf (sinf siny — cosy cott)

+4 g (sinf sind cost + cosy sinf)

i€y, Ve 1 osect cosy + Lgtand siny cott 1 gsech siny + Lgtand cosy cott
Y5 1 1 T 4
iy, u —Lgcos6 cosy + gtand (sind cosy + siny cott) —1gocosb siny + gtané (sinb siny — cosy cott)
b n v} 1 12
+.;_g”(_sin0 cosy cos{ + siny sing) —-;-g” (sinf siny cos¢ + cosy sing)
Y, YU _%gsec(J cosy — %gtanﬂ siny cot¢ —%gsece siny + %gtane cosy cotl
idv,d . 1 gcosb cosy — Lgtanb (sind cosy + siny cott) 1 2cos0 siny — Lgtand (sind sind — cosy cott)
u 1 iz 1 v
+1g"(sinf cosy cost — siny sin¢) +1g'"(sind siny cos¢ + cosPsing)
3 G
idv,Vsd 1gosech cosy + Lgtand siny cots 1osech siny — Lgtand cosy cotl
(e 5 1 8 1
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