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We work in the narrow-resonance approximation,
where

Jxgf( J+ I /2&~ (s) = (x/P)x JJI/IJ 1& 6 (s -MJ )

e.g. , the works of Ref. 8 indicate this is satisfactory
for our purpose. Our procedure can be repeated with

ImA and ImB calculated through phase shifts; whether
this is a significant improvement over resonance satur-
ation is rather unclear.

~~Our resonance contributions to ImB& ~ at t = 0 (not
presented in this paper) have been compared and found
in approximate agreement with the corresponding re-
sults of Ref. 8; also, they are in agreement with
R. Dolen, D. Horn, and C. Schmid, Phys. Rev. 166,
1768 (1967) (a comparison of the signs of the contribu-
tions can easily be made by means of our results of
Table I; between t = 0 and t = -0.175 the sign remains
unaltered) .

Our normalization is as follows:

«(-u- ")=—(IP,I'+IF I'),do 8r
S

P(m p urn) = 2Im(F+E*)/(I& I'+ I& I')

The sign of our E+ g ) is the same (opposite) to that
of E++ P+ ) of HM.

~3An estimate of the polarization by a somewhat simi-
lar approach has been reported by M. S. Chen and F. E.
Paige, Phys. Rev. D 5 2760 (1972); there are impor-
tant differences in our approach and in our results.

~4For pion laboratory momentum of 6 GeV with ~s~
= 2.0 GeV and 0.(t ) varying in the range -0.2 ~ u(S )
~ 0.2, we find 3.9~ (do/dt)(t ) ~ 5.2 pb/GeVr and
0.384 ~ P ~ 0.287. With Vs~ = 2.5 and 3.25 the variation
is smaller.
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A renormalizable gauge-field model of weak and electromagnetic interaction of leptons and

hadrons is constructed. The model can explain CP violation in hadronic weak processes and

the suppression of hadronic neutral currents.

I. INTRODUCTION

Recently, considerable attention has been fo-
cused on the problem of constructing models' of
weak and electromagnetic interaction of leptons
using the Higgs -Kibble mechanism for spontane-
ously broken gauge symmetries. The spontaneity
of symmetry breaking enables one to have a mas-
sive vector boson mediating the weak processes
and a massless one mediating electromagnetic
processes, while simultaneously preserving the

gauge invariance of the Lagrangian. This gauge

freedom can be exploited to show that such models
are renormalizable. ' In order to give a unified
theory of weak and electromagnetic interactions
various attempts have been made to include had-
rons' in such a scheme, and the most symmetri-
cal way to do this seems to be to enlarge the had-
ron spectrum from the SU(3) to the SU(4) group
This model is consistent with the present upper
limits on the coupling of AS = 1 neutral hadronic
currents; however, it appears to violate experi-
mental upper limits' on the process
g(v+p- v+¹'). The purpose of this note is to
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suggest the possibility of introducing CP violation
into the above SU(4) scheme in such a way that the

gauge invariance (and, therefore, the renormal-
izability) of the model is preserved. The resulting

model also explains the upper limit on
u(v+P- v+N*') and seems consistent with present
experiments.

II. CONSTRUCTION OF THE MODEL

We consider a theory invariant under the local SU(2)x U(1) gauge group and introduce spontaneous break-
ing by giving a nonzero vacuum expectation value to some scalar field in the model, as usual. Further-
more, we construct the following objects:

~~X~cose+ le~sine ~

SU(2)

representation

I=—1
2

U(1)
quantum number

~ -X~sine+x~cose I

I=—1
2 Y=a (lb)

(
I ~R cosy+i llew sing

~

I=—12 (1c)

Q4= +s I=O X=a+1 (1d)

Q, =i sing 'Xs+ cos Q A.„ Y=a-1 (le)

where 8 is Cabibbo angle, ltl is a small number, and 6', 4', %, A. are the quark field operators belonging to
the basic representation of the SU(4) group. (Note that (P' has a charm quantum number. ) I and Y repre-
sent the isospin and hypercharge quantum numbers associated with the SU(2}xU(1} group and have nothing
to do with the corresponding strong-interaction quantum numbers. We have not specified a because one
could assign integral or fractional charges to the quarks; for example, the (-'„—'„-—'„-—,') charge assign-
ment requires n= —,

' (since Q =Is+ —,'Y). The results that follow are independent of the value one chooses for
a and are therefore the same in both fractionally and integrally charged quark models. The assignment of
lepton states is the same as in the original model. One can write down a gauge-invariant Lagrangian using
these states which after the introduction of spontaneous symmetry breaking gives rise to massive vector
bosons. We do not repeat these standard steps.

The semiweak Lagrangian obtained in this model is the following:

L~ = (g/2W2)(J„+ J„,+ l&)W'„+H.c.+, ",&2 [K„+(g'+g, ') cosQ sinlIl(Vs7 —A„')], (2)2 +gl

where

J =cos8(V'+ "+A'+")+sine(V '"+A '")
P P P

8„,= (cosp —sin8) Vs~2, '+ (cos 8+ i sing)V&~s, ' —(sine+ cosp)A~ss, ' + (cos8 —i sing)A~ss,=

l „=(ig 2/W2)[vy„(1+y, )e+ v'y„(1+y, )p, ],
%212 2

shoal

y 4l g (a)l/2/ 2+ 2)Vs+ g (1 + 2 'n 4) gl s 0 Vs + 2(g +g'l }cos
%As

(4)

+ —,'[(2+ cos'lIl)g ' —(1+sin'lIl)g, '] V& + —,'[(1+sin'p) (g +g, ')]A&2+ w(g'+ g, ')[vy&(1+ y, )v —ey„(1+y, )e]

+ 22gls e y& e+ (e- p, and v v') .
We have the following definitions:

Vp ——~.i qyp g, q,
A.'„= —,

' i gyp y5&a q
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V = =
p i6''yp%,

g and g, are the universal couplings of the isovector and. isoscalar gauge fields, respectively, and are re-
lated to the Fermi coupling as follows:

gi +g'
v 2 8m~ 8mv'

mv and mv being the masses of the charged (W„') and neutral (U„) vector mesons, respectively.
Now, observe that the term J& U& in the interaction Lagrangian has odd-CP properties and will cause CP

violation in weak interaction, and to get the right order of magnitude, we will have to give a small value
to

III. MAGNITUDE OF P

In this section, we will argue that a value of P of the order of 10 ~ will give rise to the correct order of
magnitude for CP-violating processes and will also be consistent with other observations. Let us consider
the decay E~ —2z. The matrix element for this process is given by

M „=Csin// d'0 '" " ", e-"'d'x(2m~T(K„"(x)(V'„-A'„))~lC'),5,„+k„k„/mv
V

(8)

where C is some coupling constant and K& is the hadronic neutral current. It is clearly very difficult to
estimate this matrix element, because a whole set of hadronic intermediate states will contribute to it.
But a rough order-of-magnitude estimate suggests that

2~ sin&I
M~0 „sin0 '

S

does contribute to K~ —p. p, decay, and the Hamil-
tonian causing this decay is

and this implies that p = 4 x 10-~ .
One thing to be noticed now is that the CP-violat-

ing neutral current term contributes to K~-K~
mass difference and K~ —p. p, decay. In the former
case one will have contributions from a complete
set of intermediate states; however, if one keeps
only the vacuum contribution, one gets, using the
above value of p,

H»o» ——i(G/v 2 ) cosg sin/A„' V, y„y,p .
S

From this we obtain

F(IIE$ p p ) p 42 lp 2 sing
F(Kz - all)

'
sin8

= 10-' to 10-'. (12)

&M»» = (G/v 2) f»'M» sin'Q

= 6x10-' eP. (10)

Even though this suggests that the order of magni-
tude suggested for P is consistent with observa-
tion, one must remember that we have evaluated
the contribution of the vacuum state only; for ex-
ample, when one evaluates the m' intermediate
state, this tends to cancel a part of the vacuum
contribution to LM~ ~,; therefore the value of
Q could really be slightly higher (between 10 '
and 10 'eV).

Moreover, we note that the neutral-current term
does not contribute to E~- p p. decay, whereas it

From this result, we conclude that the E~ - pp,
puzzle cannot be resolved within this scheme un-
less the value of p= 3 x 10 ', and one will have to
resort to some other exotic mechanism' to under-
stand this.

IV. OTHER CONSEQUENCES

(a) The new Hamiltonian gives rise to K'- m'vv

decay to lowest order in the Fermi coupling con-
stant due to the presence of the V„' term, and we

get

F~ ~(K'- v'vv) = . F(K'- »'e'v),
sin8
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1'~ i(K+ -w'vv) 1 sin{P
I'(K'- all) 20 sin8

= 2x10-' if p-4x10-4

= 10 ' if {I)=10 '.
Experimentally, the upper limit on the above ratio
is 1.2&& IO ', therefore our prediction is consistent
with present experimental limit.

(b) The present model gives rise to v+ p- v+p
and v+P- v+n+ w' processes to first order in the
Fermi coupling constant. The experimental limits
on the first process are not so good. However,
the limit on the second process is around 8%%uo of
o(v+p- p. +p+ w'). Making a theoretical esti-
mate of this process is rather complicated in such
models because of V-A interference and the ap-
pearance of form factors. However, using certain
simplifying assumptions, and assuming N* domi-
nance, steinberg' has evaluated the ratio

o(v+p - v+n+ w')

o(v+p-g +p+w')

1 o(v+P- v+N*')
Bo(v+p- p, +N* )

(15)

within the SU(4) scheme but with a different assign-
ment of SU(2) xU(1) multiplets from ours: The
assignment is that Q, and Q3 form I= -', multiplets,
where 6'~, d'~, Xz, and A,~ are singlets. In such a
model, the weak neutral hadron current contribut-
ing to e is

2&(g2+g 2)3/2 U y3 +A3 gl y32 1 P P Jl g2+g 2
1

(16)

The upper limits on v, +e- v, +e seem to indicate
that

gi ~~(g +gi ) (17)

Also, for small momentum transfers, only the
space components of V'„contribute. Therefore,
if one neglects the second term, one finds using
SU(2) properties of currents that n=&. However,
in our model (assuming /=0) the corresponding
interaction turns out to be

3, F3[3(8g —g3 )Vw + 3(g +gg )A))], (18)
2(g +g~ )

a=~= 3%% (20}

which can be rewritten as
2 2

—,
' U~(g'+g, ') '((V'„+A~)+2, ', )'„') . {19)

+Rz

Now, if we neglect the second term, we get

which is four times lower than Weinberg's esti-
mate. Even though the assumptions made in both
these models are quite plausible, we really do not
know the effect of the vector part; however, in
our particular case, we do not believe that the vec-
tor part will change the result so much as to con-
tradict experiments. So, we believe that our mod-
el provides a rather satisfactory explanation of the
suppression of AS =0 neutral hadron currents also.

(c} The neutron dipole moment in this model will
be of order 10-33 e cm. Moreover, the decay pro-
cess K'- m' ee will be CP-conserving to lowest
order. In the case of K~- m'ee, the CP-conserving
amplitude is of order Ge', whereas the CP-violat-
ing contribution in our model is G sin(p, and there-
fore both amplitudes are of the same order in
strength and one will observe gross CP violation
in this process. This can be contrasted with
Okubo's' model of CP violation, where the K'
—p'ee mode has both kinds of amplitudes of the
same order, whereas the E~ - m ee is dominantly
CP-violating. These processes could therefore be
used to distinguish our model from Okubo's model.
Moreover, the K~- 2g amplitude will have both
M= —,

' and Q, I = —,
' parts.

(d) Our model does not provide any explanation
for the observed b, I= —,

' selection rule in nonlepton-
ic decays.

(e) We further note that the order of magnitude
of the CP violation remains the same when (P is
replaced by w/2 —(P, but, as is clear from Eq. (5),
in this case one will get o. = &, in disagreement
with experiment. It would, therefore, seem pre-
ferable from the experimental point of view to
have a. value of (p near zero rather than wj2.

(f) Finally, it seems that the y3 anomalies' will
persist in our model and will tend to destroy the
renormalizability. However, this can be taken
care of by introducing a pair of heavy leptons with
right-handed coupling to the isovector gauge fields
and setting a= 1 in Eq. (1). (See below. )

V. MORE ABOUT THE MODEL

It may appear from the construction of the repre-
sentations in Eq. (1) that CP violation may be re-
moved from the theory completely by making a
transformation Xa - -ikey and Q3- i@3. However,
if there is a diagonal mass matrix for the quarks
in the Lagrangian, the above transformation will
make it CP-violating, and therefore, in presence
of the mass term, we cannot make the above
change of variables to remove CP violation. The
purpose of this section is to indicate how the mass
terms can be constructed. For this purpose, we
require two multiplets of Higgs scalar bosons;
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SU(2)
representation

U(l)
quantum number

It is then possible to give a nonzero vacuum expec-
tation value to T' and g', i.e.,

I=—1
2

(21)

We will choose the following gauge-invariant poten-
tial for the T's and g's:

g, = p, ,' T~T —b, '(T~T)'+ p, ,' w ~ m

(23)

We have therefore two Higgs bosons; however,
the number of massless scalar particles is still
three, and therefore when we work in the unitary
gauge we do not have any zero-mass particles.
We then choose the following interaction between
quarks (Q's), the scalar triplet (v), and the scalar
doublet T:

—b, '(v ~ v)'+f TtT T v+f'(T tT)(fr Pr) . (22)

QzQ, T+~ Q2Q, T+ 2ig Q,Q2 — Q3rQ2 ~ v+2 ia~ Q~Q~ ——Q37Q~ ~ 7r

+ ~Q~Q5 T+—b~Q2Q5 T+b~Q~Q2+- b~Q,vQ~ ~ v+,"b,Q,Q~ —
~~ Q37'Q, m+~ 'Q,Q4, ~

+ . . (24)

XI, , I= Op Y= -2

X,', I=O, Y=O.

(25)

Then the anomalies arising out of the Q, loop will

be canceled by the corresponding anomalies due to
the X~ loop. The electron and muon doublets of
Weinberg' cancel the hadronic anomalies arising
out of the Q, and Q, loops and the theory is free of

y, anomalies. Moreover, if we add to the Lagran-
gian the interactions

Zq» =d, X„Xz T+d2XsX~
~

+H. c. ,~ (T",
&

T-)
(26)

Using Eq. (23) in Eq. (24), we get a lot of bilinear
terms in the quark fields, and one can choose the

a, 's and b, 's in such a way that all nondiagonal and
parity-violating bilinear terms cancel, leaving a
diagonal mass matrix as desired. Therefore, the
CP violation in our model is genuine.

Next we turn to the question of canceling hadron-
ic and leptonic y, anomalies. As stated earlier,
to achieve this we have to introduce two heavy lep-
tons (X', X ) which have the following transforma-
tion properties:

X

Xsj

then this gives mass to the X leptons, and they
can be made heavy by choosing d, and d, suitably.

In summary, we would like to say that we have
been able to construct a renormalizable model of
weak and electromagnetic interactions of leptons
and hadrons with CP violation. The model is an
extension of the original Weinberg-Salam model.
We require three heavy vector, bosons (W„', U„);
four heavy leptonsj(X+, X',XO~,X ) apart from
electron, neutrino, and muons; four heavy sca-
lar bosons (o, w', v 0 ); and an extra charm quark 6".
Some of the consequences of the model are also
given.
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Polarization and differential-cross-section data for backward x+p scattering are explained
in terms of a model which includes the N„Regge pole plus a background term which one may
interpret as either a secondary pole or cut. This model, although simplifying the number of
exchanges, provides an excellent fit to the data. The dip-bump structure and polarization are
related. The rise of the differential cross section after the dip is shown in this model to be
due in part to the background term rather than solely the recovery of the N~ Regge-pole term
from zero. due to the vanishing of n —2 near u =-0.14 (GeV/c) .

Backward m'p scattering has proven to be a
difficult reaction to explain in terms of simple
Regge-pole exchanges. The earliest models' in
which N„and 6 are exchanged were found to be
inadequate. Further attempts which added either
a cut' or an additional pole' to the N and ~ have
not met with much more success either. The
most serious aspect of these failures has been
their consistent inability to explain the polariza-
tion. ' We return to this reaction with a simple
model which includes not only the N Regge pole,
but also includes a backg"ound term which we have
parametrized as a fixed pole. This term probably
represents a cut contribution, but in the interest
of limiting the number of free parameters we have
approximated it by a pole.

This approach is similar to the one used in our
recent analysis' of s p charge-exchange (CEX)
scattering in which we showed that both the differ-
ential cross section' and polarization data' could
be explained with a p Regge pole plus a fixed-pole
non-spin-flip background term. We were also
able to relate the dip-bump structure and the po-
larization. For

~
f

~
less than 0.6 (GeV/c)' we as-

sumed that the single p Regge pole dominates and
that for larger

~
t

~
the background term dominates.

The rise of the cross section after the dip at g

= -0.6 (GeV/c)' is due to the explicit t dependence
of the background and not because the a& factor was
recovering from zero. The parameters of the p
pole and background were determined by fitting
the differential-cross-section data. This enabled
us to determine the polarization without recourse
to parameter adjustment. Our excellent agree-
ment with the m p CEX data indicated the validity of
our assumptions and the possibility of their ex-
tension to other reactions. As we noted earlier,
the absence of a dip and any significant amount
of polarization for the reaction n p-qn is con-
sistent with our scheme but is not really a valid
test of our ideas.

We feel an attempt to fit the backward m'p scat-
tering would provide a nontrivial test of our mod-
el because of the fact that this reaction is even
more complicated than m p CEX and also because
it has so far eluded a successful analysis. We
were also pleased by the prospect of extending
the model to a reaction involving the exchange of
baryon trajectories instead of meson trajectories.

We express' the differential cross section and
polarization in terms of the s-channel helicity
amplitudes H and H, :


