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Failure to detect parity-nonconservirg effects in atomic transitions coupled with the
available neutrino neutral-current data would appear to rule out all SU(2) U(1) gauge theo-
ries which respect "natural" conservation laws for charm and strazgeness and quark-
lepton symmetry. We analyze a left-right symmetric "natural" (in the above sense) and
quark-lepton symmetric SU(2)1. '3 SU(2)z U(1) gauge theory and find that it accommodates
all the features of neutral-current phenomena.

In a recent joint paper' by the University of
Washington and University of Oxford collabora-
tion, it has been reported that the parity-noncon-
serving optical rotation, R, in atomic bismuth is
8», „„,= (-8+3) &&10 s (Washington experiment),
R«, „=(+ 10+ 8) && 10 ' (Oxford experiment),
where the quoted statistical error represents 2
standard deviations. Within the systematic uncer-
tainty (&+10x10 '), each of these results is con-
sistent' with 8 =0. The predictions of this effect
in the Weipberg-Salam SU(2)~ gyU(I) modei2 plus
the atomic central-field approximation is 587,

„

= —3&&10 ' and A,4, „=—4&10 '. The predictions
for other SU(2) CIU(1) models with more quarks,
that (a) obey a "naturalness'* condition' for charm
and strangeness conservations to order GF (called
"natural" models henceforth) and that (b) have the
number of leptons equal to the number of quark
flavors, also predict similar numbers for 8, after
the parameters are adjusted to fit neutrino neu-
tral-current experiments. ' ' Thus, insofar as
the approximations behind the theoretical esti-
mates of the atomic parity-nonconserving effects
are reliable, ' the present neutral-current data

imply the following:
(a) The original Weinberg-Salam SU(2) @U(1)

model with Glashow-Iliopoulos -Maiani" mecha-
nism is inconsistent.

(b) If there are four quarks and four leptons,
SU(2) @U(1) is unacceptable as the weak gauge
group.

(c) Furthermore, all SU(2) CIU(1) gauge theo-
ries satisfying the restrictions of "naturalness"
and quark-lepton symmetry (with arbitrary num-
ber of quarks) are also ruled out if quark charg-
es are only + ~3 and ——,'.

(d) In fact, if the hints of parity nonconserva-
tion in v„escattering' ' become confirmed, atom-
ic physics experiments will rule out all "natural"
SU(2) @U(1) theories (i.e., with or without quark-
lepton symmetry. The reason for this is that in
SU(2) U(1) theories, there is only one massive
neutral gauge boson (Z), which couples to the en-
tire weak neutral current. " So, if pA and ve
couplings involve V and A combinations for elec-
tron and hadron currents, eX coupling must then
violate parity conservation. In this Letter, we
point out that a previously suggested left-right-
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symmetric gauge model" based on the gauge
group SU(2)~ @SU(2)„U(1), with four guarks
and four leptons is both "natural" and able to ac-
commodate all the features of neutral-current
phenomena. This model has other attractive fea-
tures: (i) It has parity nonconservation arising
purely as a result of spontaneous breakdown of
the gauge symmetry, the same mechanism that
gives boson and fermion masses in the theory, "
and (ii) it provides a natural basis for gP-non-
cons erving interactions.

First, we present a model with four quark fla-
vors. " For simplicity, we ignore CP nonconser-
vation. The quarks and leptons are assigned to
the following representations of the gauge group
SU(2)i (g SU(2)s (g U(1):

( „d(8,)), (,s, (8,)), (-', o, -')'

(...d.(8.)), (... .(8.)), (0, —.', -');

(v„e,-), (v, ', u, -), (-,', 0, —1);

(vs. es ) (vs' ~~ ), (o, -', —1).

We impose a discrete left-right symmetry on the
Lagrangian, which yields only two gauge coup-
lings: g~ =g„=gfor SU(2)~ Im SU(2)„andg' for
U(1). These couplings can be written in terms of
the electric charge, e, and an angle 8 as g=W2e
&seco and g'= e csc0.

Before we can write down the neutral-current
interaction, we will have to specify the Higgs sec-
tor and diagonalize the neutral gauge-boson mass
matrix to find its eigenstates, which are the Z,
and Z, bosons. As noted earlier, ' to maintain
left-right symmetry, in the Higgs sector, we
must choose the following symmetric sets of
Higgs bosons: X~(-2', 0, 1) and ys(0, —,', 1); 51(1,0,
0) and 5„(0,1, 0) and rp( 2, —,', 0). It h-as been shown

f01
(rp)=(, ) and(5~)=0 and (it+)= b

for a range of parameters in the potential. We
can make b»~, k, and O'. Since 5~ contributes
to the mass of only the charged right-handed W„'
bosons, the above choice of b makes M~„»M~,
M~„M~,. As a result, the right-handed charged-
current interactions are suppressed, as required
by experiment. Note that suppression of right-
handed charged current is not necessarily a re-
quirement if we have more than four quarks.
Further, the photon and the neutral Z bosons can
be written in terms of W„,~ and W»s and the U(1)
gauge boson B„as

A„=(cos8/W2)(W, „~+W,„")+ sin8B„,

Z,„=(W,„'—W,„")/W2,

Z, „=sin8(W» + W» )/V2 —cos8B„.
(2)

Their masses are

M2, =M2, (1+e),

M2,2= M~ '(1 —e) csc'8,

where

(3)

(h2+ hx2)/( y2+ $2+ hx2)

We can now write down the neutral-current inter-
action involving u and d quarks and leptons in
terms of e and 0 as follows:

earlier" that one can choose a Higgs potential
such that one, obtains the following sets of vacuum
expectation values:

(x,) =&x. )=( ),

L„«,= (ie/2 cos8)(ey&y2e —2 vy&(1+y2) v —u y&y2u+

—(ie/sin28)( cos28ey„e+2vy„(1+y,) v ——',(1

Zy), y d)Z
„

—4 sin 8)uy„u—z(1+ 2 sin 8)dy„djZ2 (4)

It is clear from the above interaction that coup-
ling of electrons to nucleons is parity conserving;
thus, one does not exPect any Parity-nonconsexv-
ing effects in atoms to o2"der Gz. Furthermore,
the neutrino interactions with both electrons and
nucleons do not conserve parity.

The values of C~ and C„for various other neu-
tral current couplings in this model are given in
Table I. For antineutrinos, only C~ changes sign.
A fit with the v,e scattering data of Reines, Gurr,
and Sobel' yields for both e = 0 and e = O. i rough-
ly 0.3 &x&0.7 (where x=cos28). The present Qar-

Process Cv CA

V~8 V~8

V&e V„e

VQ VL4

Vd Vd

1+2 (2x —1)/(1 —e)

(-2+x)/(1- e)

( - 2 +3x)/(1 ~ E)

(-. —Sx) /(1- ~)

1-g(1+a) '

—[2(1+&)l

—[2(1+~)J '

[2(1+a)] '

TABLE I. Values of Cz and Cz for various neutral-
current couplings of neutrinos are given for the four-
quark model. Cz and C„aredefined by H~ =(GF/

2) V7P(1+75) v47~(CV+CA75)~; x =- cos20.
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TABLE II. Predicted ratios R" =-o' (NC)/o' (CC), R' =o' (NC)/o' (CC),
and R =av (NC)/o" (NC) are compared with experiment. Here NC and CC
refer to neutral and charged currents, respectively.

Predictions
Reaction ~ =O, x =0.4 ~ =0.1,x =0.3 Ref. 7

Experiment
Ref. 5 Ref. 6

0.39
0.33
0.4

0.37
0.36
0.33

0.39+0.06 0.39+ 0.10 0.39+ 0.06
0.25+ 0.04 0.31+ 0.06 0.24+ 0.02
0.59+ 0.14 ~0.61+ 0.25

gamelle data' for v„escattering and the upper
limit for v„escattering (90%%uo confidence level)
are also consistent with the above range of x and

For the ratio of inclusive neutral to charged-
current neutrino scattering cross sections off
isoscalar targets, our predictions are compared
with experimental values in Table II. Our predic-
tions for elastic vp and vp scattering" are listed
in Table III for various values of the parameters.
With the above choice of e and x, we get M~,

'
=M~ +'= 0.VMS',

'= (87 GeV)'. We further note that,
in this model, neutrino masses are nonzero and
arbitrary.

Models toith more than four quarhs and four
leptons. If we want —to include right-handed cur-
rents" of type (ub)„, the new quark assignment
of the model can be modified as follows: (u~,
d~(())), (e~, s~(0)) as left-handed doublets, and

(us, b„),(t„,ds) as right-handed doublets, with t~,
b~, c~ and s„,as singlets. " The interesting fea-
tures of left-right symmetry are maintained in
this way. We need not now have the 5~- and 5~-
type Higgs mesons since we do not need to sup-
press any of the right-handed currents. We must
then, of course, have six leptons and the new lep-
tonic assignment is modified as follows: (v~, e~ ),
(v~, p~ ) as left doublets, (E„',e„),(v„',M„)as

right doublets, with F~', M~ and v~ and p, ~ as
singlets. This again maintains the left-right sym-
metry. The important point to note is that, as
long as 7.,„(u„)=+-,', 7.,„(ds)= ——,', and ~,s(ea )
= ——,', the predictions for the neutral-current sec-
tor remain identical in any variant of the model.
We, however, need a somewhat larger value of
e, to understand the high-y anomaly in antineu-
trino scattering.

Lastly, we would like to remark on the question
of natural conservation laws for charm and
strangeness in this class of theories. The con-
dition for naturalness is the same as in the SU(2)
U(1) theory as long as we assign all right-hand-
ed fermions to the SU(2)s group and left-handed
ones to the SU(2)~ group. The condition is that,
7» and z» for particles of charge -', must be +-,',
and for all particles of charge ——,', it should be

From this point of view, the six-quark mod-
el just stated does not have natural conservation
law for strangeness unless we put (es, ss) and

(t~, b~) in corresponding doublets. [By lepton-
quark symmetry, (M,a, p. s ) and (E,~, M~ ) must
also belong to the right and left doublets, respec-
tively. ] Thus, all the models we have discussed
in this Letter have this elegant property.

To summarize, failure to observe parity non-

TABLE III. Predicted ratios for &e~ =&(4 W)/0(~ & P) ~ +e&
=o(vp vp)/o(vp p'n), R =o(vp vp)/o(vp vp); m„represents the
mass that parametrizes the axial form factor of the proton,

Reaction

Predictions
~ =O, x =0.4 e =O.l, x =0.3

mg ——0.85 mg = 1.15 mg ——0.85 mg ——1.15
{GeV) {GeV) (GeV) {GeV) Experiments~

0.13

0.11
0.30

0.16

0.19
0.37

0.16

0.13
0.3

0.17

0.17
0.3

0.17+ 0.05(HPW)
0.23 + 0.09(CIR)
0.20+ 0.10(HPW)
0.4+ 0.2(HPW)

'HPW {Harvard-Penn-Wisconsin): Cline et el. , Ref. 14. CIR (Colum-
bia-illinois-Rockefeller): Lee et ~., Ref. 14,
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conservation in atomic transitions will rule out
all "natural" quark-lepton symmetric SU(2)~
@U(1) gauge models. The SU(2)~ C3SU(2)„I3U(1)
model with four quarks and four leptons appears
to accommodate this and other neutral-current
experiments and may provide interesting insight
into gP and P nonconservation in weak interac-
tions. " A six-quark extension of this model is
possible, if we want to accommodate the y anom-
aly.
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We have measured at Fermilab the production of hadrons at -90' in the c.m. system as
a function of incident proton energy, atomic number A of the production target, and the
transverse momentum p~ of the produced hadron. The A dependence of the production
cross section of the hadrons can be described by a function A (~-Li, where the power o.
rises with pi. Atpi -5 Gev/c, n is -1.1 for n+ and Es+, and -1.8 for p, p, and h . The
energy dependence of the power is also measured.

In an earlier paper' we reported on the atomic-
number (A) dependence of hadron production at
large transverse momentum (pi). Similar data

have also been reported by other groups. '~ These
results were surprising because the A dependence
of the hadron yield, when fitted to a form A &~»,
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