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The part of the weak Hamiltonian responsible for the CP-conserving decay E1 —+ (3x)I 0 is constructed
phenomenologically from three-meson-field products. With the aid of this Hamiltonian we also discuss
the process E+ ' —+ m+ l+l as well as the P-wave parts of various E —+ 3x decays. For the CP-conserving
decay E&' —+ (3~)I 0 we estimate a decay ratio, E1' ~ 3m/E2' —+ 3m 10 '—10 '.

I. INTRODUCTION

'HE discovery' of CP violation in E& decay has
increased the interest in the possible E1' —+

m+m ~' decay mode. ' This decay can proceed as a CP-
violating transition to a 6nal state of 5-wave pions, and
is therefore not inhibited by angular momentum barrier
penetration factors. The allowed total isotopic spin of
the three-pion wave function is then I=1 (obtainable
by a LU=-', or —,'transition) and I=3 (obtainable
through IiI= —,'or —,'). In addition, a Ei'~ 7r+s. s' CP
conserving transition can also occur, with the pions in
P-wave angular momentum states. In this case, the
symmetry restrictions allow for the isotopic spin of the
three pions I=O (for AI= s) and I=2 (realizable
through AI= ss or s).

The experimental search' is still inconclusive. With
a1 and a2 denoting the complex amplitudes for E1,
E&' ~ s+s. s', and (at/as) =x+iy, Anderson et rrt. s ob-
tain x=0.1 0.5+", y=0.2 0.8+", when the DI=-,' rule
is being used to calculate the E~' —+ m.+x x' lifetime. If
no use is made of this constraint they obtain
x= —0.1 O.4+" y=0.6&0.9. One should remark that in
the absence of final-state interactions, the (Ets—+ 37r) cr v
amplitude is imaginary, compared to the real chosen
(Es'~ 3s.)cr c amplitude. However, one knows that in
practice the pion-pion interaction is not negligible.
Nevertheless, when a~ and u2 are comparable in magni-
tude, Glashow and Weinberg4 point out that CPT in-
variance and AI ~& 2 require the phase of their ratio to be
close to —,'m, if the amplitudes a& and a2 are completely
symmetric. '

f Based in part on a thesis by S. Eliezer submitted to the Senate
of the Technion, Israel Institute of Technology, in partial fulfill-
ment of the requirements for the degree of Master of Science.
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' J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay,
Phys. Rev. Letters 13, 138 (1964).' In our notation, E10 and E20 are the "nearly" eigenstates of
CP with eigenvalues (+1) and (—1), respectively, denoted also
in the recent literature as Eg and EI.. We shall also use subscripts
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3 J. A. Anderson, F. S. Crawford, Jr., R. L. Golden, D. Stern,
T. O. Binford, and V. G. Lind, Phys. Rev. Letters 14, 475 (1965);
15, 645(E) (1965); 16, 968(E) (1966); A. Engler (private com-
munication); L. Behr et al. , Phys. Letters 22, 540 (1966).

4S. L. Glashow and S. Weinberg, Phys. Rev. Letters 14, 835
(1965).' For additional discussion on these topics see M. K. Gaillard
Nuovo Cimento 52, 359 (1967).

A mere detection of E&' —+3m is evidently not yet
sufhcient to be attributed to a CP-violating transition
and it is of obvious interest to have also estimates for
the strength of the CP-conserving transition. This is all
the more so as it is often supposed that this transition is
negligible compared to the CP-violating part, owing to
angular momentum barrier suppression.

The existing estimates for both types of E&
—+ m+m m

amplitudes can be summarized as follows: By using the
observed CP violation in EP —+ 2~ decay as a charac-
teristic strength, one expects' for the CP-violating decay
E1'~ 3z, a relative rate

F(Ei' +s. s')cr y/I'(E ' z.+s s')cr c—10 '.
Nonetheless, in some theoretical models~ a figure as high
as 1 is predicted for the above ratio. For the CP-con-
serving transitions, one 6nds from angular momentum
and symmetry considerations that the amplitudes for
Ei' —& (3s)r=o and Ere~ (3s.)r s should behave like
(kR)' and (kE)', respectively, where k is the average
pion momentum and R is a characteristic radius of in-
teraction. By assuming kR~-'„and that the ratio of the
(AI= ss)/(AI= —',) transition amplitudes for nonleptonic
CP-conserving decays is a few percent, Lee and Wu'
estimate

PLE1'~ (37r)r=o]crc.'1LEt' ~ (37r)r=s]crc'.
rt E,o 3 ]„,=10-s: 10-'. 1.

The authors cautiously warn, however, that "these
estimated values may even be wrong by several orders
of magnitude. "

In this article we present a model calculation for the
~I= ~ CP-conserving amplitude EP —+ 3x, which indi-
cates that indeed

1'LEt' ~ (3~)r=o]c~c/1'[&s' ~ 3~]chic
could reasonably be as high as 10 '. This is done by con-
sidering a weak Hamiltonian, from which the process of
interest as well as the decays E+'~ s+ 'l+t (where t
stands for lepton), and the P wave parts in (E-s'~
7r+s 3 )cpc and E+ —& s. s s can be calculated and
related.

II. WEAK HAMILTONIAN

We are interested here in that part of the weak
Hamiltonian which is responsible for nonleptonic CP-

' T. D. Lee and C. S. Wu, Ann. Rev. Nucl. Sci. 16, 471 (1966).' S. L. Glashow, Phys. Rev. I.etters 14, 35 (1965).
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conserving meson decays with DQ=0, AV= &1.More-
over, as the (Evo —+ 3vr)cpc decay is also a parity-con-
serving one, we shall deal only with the parity-conserv-
ing part of the Hamiltonian.

As is well known, a current-current Hamiltonian with
Cabibbo currents gives rise to AI = —,

' as well as to AI = —,
'

transitions, and needs to be supplemented by some addi-
tional mechanism to enhance the hI = 2 part. %e choose,
therefore, to proceed by building directly an effective
Hamiltonian containing the experimentally observed
symmetries.

We shall assume henceforth that the relevant part of
the Hamiltonian can be built in its effective form from
three-meson 6elds. The part giving rise to the E —+ 3z
decays with P-wave pions derives therefore from a prod-
uct of one vector (V) and two pseudoscalar (P) Acids.
This is evidently a vector-dominance model, the
decays proceeding through the sequence P —& P+ V ~
P+P+P.

There is now a vast amount of experimental evi-
dence' that the CP-conserving nonleptonic (NL) tran-
sitions are either purely of hI= ~ type, or contain at
most a few percent of AI=-,' transitions. We take the
first point of view here, and our Hamiltonian is sup-
posed to contain only AI=~ transitions. The I' and V
are taken to be SU3 multiplets, and then the most gen-
eral form of our Hamiltonian, assumed to behave like
a component of an SU3 octet and to induce AI'= %1,

1 5) 2 4) 3 6 )

fv= fo fv O fv f3
(2)

We are therefore left with two independent amplitudes
in the Hamiltonian:

Hpc"L Gvvvv{ fv T——r([P',P]{V,ho))

+fv(Tr(hoP VP') Tr(hoP'VP—))) . (3)

Written explicitly in terms of the various meson fields,
our Hamiltonian has the following form:

AQ= 0 transitions, will be

Hpc Gm——[fv Tr(hoP'PV)+ fv Tr(hoP VP')

+fo Tr(hoVP'P)+ f4 Tr(hoP'VP)+ fo Tr(ho VPP')

+fo Tr(hoPP'V)+ fv Tr(hoP) Tr(P'V)

+fo Tr(hoP') Tr(PV)+fo Tr(hoV) Tr(PP')]. (1)

In writing this Hamiltonian we used I" for B„P and
suppressed explicit Lorentz indices. I' is taken to be
the pseudoscalar octet, while V is the vector nonet, thus
taking into account the co-y mixing. The usual assump-
tion is taken that no terms proportional to Tr(V) ap-
pear in the Hamiltonian. '0 6=10 'm„' is the weak-

coupling constant, and m a characteristic mass, so that
the f s are dimensionless.

The requirements of C conservation (equivalent to
CP conservation in our case) and correct Bose statistic
properties imposed on (1) give the following relations:

HpcNL=Gvvv'{K *+(v2fv[vr )8'vr j+(1/%2)(fv fv)[Kv')8—&K ] (2/+6)f—v[vv81'vr j
—(1/~2 (fv+ fv) [Kvo,8'K ])+E„*(V2 fv [vr+, 8"vroj+(1/V2) (fv fv) [Evo, 8"K—+j (2/+6) fv[v—v,

8"vr+j
+(1/v/2)(f +f,)[K,o,8"K+])+(E*o)„(v2f [vr+, 8 vr j+&2f [E+,8 K j)+(E,oo)„(2/+6)f [vro, 8"qj
+p„'((1/v2) (fv —fv)[r', 8v'K j+v(1/~2) (fv+ fv) [K,8"vr+j+(1/v2) (v3 fv (fv/~3) [vv,—8"Ev j
+(1/~&)(fv+ fv)[~, E8+j)+u.+((1/ 2v)(fv —fv)[~ 8"Kv'j+(1/~~)(fv+fv)E~ 8'K''j
+(1/~2(f +f,)[ ',8 K j+(1/v2)(%3f (1/v3) f )P—q, 8"K j)+p„—((1/%2)(f, f,)[ +,8—K ]

(1I~&)(fv+—fv) I:~+)8"Ev'j (1l~&)(fv+—fv) I:~')8"K+] (1/~&)( 3fv—(1I&~)fv)E~—,8"K+j)
+ p» (fl[vr )8&K+] fv[vr+, 8&K—] fv[vr', 8&K—v j+(&3fv (2/v3)fv)p—& 8,Kvo])+I o((1/ 1/2)(fv —fv) [ v,

r"8+K]

—(1/~2) (fv fv) [vr+&81'K—j (1/v2) (fv ——fv) [vro, 8~Kvo] —(1/v2) (~3fv—(1/v3) fv) Eq) 8"Kvoj)l . (4)

In the exPression (4), Kvo and Kvo are de6ned as eigen-
states of CP with eigenvalues (+1) and (—1), respec-
tively, while K~'* and K2*' are eigenstates of CI' with
eigenvalues (—1) and (+1), respectively. fv and fv are
real by the requirement of CI'T invariance.

From the Hamiltonian (4), various weak processes
can be calculated. The most straightforward ones are
the weak nonleptonic decays of vector mesons into two
pseudoscalar mesons. Relations among such transitions
can be obtained from (4). They are, however, of no

8 N. Cabibbo, in Proceedings of the Thirteenth Annual Interna-
tional Conference on High-Energy Physics, Berkeley, 1W6 (Univer-
sity of California Press, Berkeley, 1967).' M. Gell-Mann, Phys. Rev. Letters 12, 155 (1964); B.%V. Lee,
Lectures in Theoretical Physics (University of Colorado Press,
Boulder, 1964), Vol. VDB, p, 51.

practical interest at this stage, and we shall return to this
in the last section.

By considering the strong coupling of vector mesons

to two pseudoscalar mesons and also their electromag-
netic coupling, the Hamiltonian (4) can be used to cal-

culate the processes Kvo —+ vr+vr vro (CP conserving)
and E+~ vr+e+e, K+~ vr+p+p [as well as Ev'~'
vroi+l and the P wave parts of (Ev' -—+ vr+vr vro)cpc and
K+ —&3vr]. By using the experimental upper limit for
K+~ m+l+l, as well as theoretical considerations, some

meaningful conclusions can be drawn, for the expected
rate of Kvo —& (vr+vr vro) r o.

-
'o S. Okubo, Phys. Letters 5, 165 (1963);S. L Glashow and R.

H. Sokolow, Phys. Rev, Letters 15, 329 (1965).
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III. CALCULATIONS

We consider first the decay K+ —+ ~+/+1, This type of

weak decay, involving an electromagnetically induced

neutral lepton current, has been discussed by several

authors in recent yeas. " "Its descrption involves the
knowledge of the (K+~ J„~7r+) weak electromagnetic
transition. Assuming vector-meson dominance of the
electromagnetic current, we calculate this decay by us-

ing the Hamiltonian (4) and the direct transition vector
meson+-+ y."The two relevant Feynman diagrams are
summarized in Fig. 1(a). tP3 is the appropriate combina-

tion of the co and q fields which has octet transforma-

tion properties under SUB and thus couples to the
photon (the isoscalar part), i.e.,

y3
——(1/43)(o+42/K3) 37.

I
7r4 I

I

r

r+ I

I r

The strength of the vector-meson —photon transition is

taken as f»=e/f„ f437=e/f&„with a gauge-invariant

vertex function

28f V7(p (Vl3a(V) p„(V) 3Vla)(p&»~«»" —
p&7) 3(7)").

The matrix element for the K+ —+m+t+t transition
is given then by

(c)

Fn. 1.Feynman diagrams (a) for the process X+—+ m+l l+ and (b),
(c), (d) for CP-conserving part of the process E1'~ 2I.+2r ~0.

The decay width is found to be
M=v2e2Gm2(f3+ f2)

p. ' '~(p )v"~(p+)-
x(f.7+(1/&~f4.),(5)

(p++p )'—mv' with

4G2m4(f1+ f2) 2r42

I'(K+ +7r+l+l )=- -mgI,
277r2(f 32/47r)

where p&~&, p+, p are the four-momenta of K+, I+, t, '

and we have simplified to m, =m&, =my.
By using SU3 we now relate f&a=V3f„. For f, we use

the value recently obtained experimentally" by mea-

suring the branching ratio for p' decay into lepton pairs.
The observed ratio (p —+ p+p, /p —+ all) =0.44 3.37+'"
gives (f,2/47r) = 2.5, in very good agreement'" with the
equality f,=g, predicted by the p dominance of the
pion form factor.

"N. Cabibbo and E. Ferrari, Nuovo Cimento 18, 928 (1960).
"L. B. Okun' and A. Rudik, Zh. Eksperim. i Teor. Fiz. 39,

600 (1960) I English transl. : Soviet Phys. —JETP 12, 422 (1961)j.
"M. Baker and S. L. Glashow, Nuovo Cimento 25, 857 (1962).
~4 M. A. Baqi Beg, Phys. Rev. 132, 426 (1963).
'M. Gell-Mann and F. Zachariasen, Phys. Rev. 124, 953

(1961); see also N. Kroll, T. D. Lee, and B. Zumino, ibid. 157,
1376 (1967); P. Singer, Phys. Rev. Letters 12, 524 (1964).

"R. A. Zdanis, L. Madansky, R. W. Kraemer, S. Herzbach,
and R. Strand, Phys. Rev. Letters 14, 721 (1965);J. K. de Pagter,
J. I. Friedman, G. Glass, R. C. Chase, M. Gettner, E. von Goeler,
R. Weinstein, and A. M. Boyarski, ibid. 16, 35 (1966); see also
S. D. Drell, in Proceedings of the Thirteenth Annua/ International
Conference on High-Energy Physics, Berkeley, 1066 (University of
California Press, Berkeley, 1967), for the corrected value we
quoted.

'7 J. J. Sakurai, Phys. Rev. Letters 17, 1021 (1966).

~ .= (1/2m2r)(mIr2+p2 4m72)—,

&max d&g (442 p2) 3/2

(mlr2+ p2 mv' 2m—lr(4) '—
2m)

Xi 1+
mlr2+ p2 —2m'(v)

4m'X1-
mlr2+ +2—2mlr40)

where mz, p, m&, are respectively, the kaon, pion, and
lepton mass and n is the fine-structure constant. For
m~ we use the p mass in the numerical calculations.

From (6) and (7) we obtain

F(K+ ~ 7r+14+I4 )/F(K+ + 7r+e+e ) = 0.2. (8)

So fax the E+ decays to neutral leptonic pairs have
not been positively identified, and only upper limits
have been established experimentally. These are:
(K+~ 7r+e+e )/(K+ —& all)(1.1X10 ' (Ref. 18) and

'8 U. Camerini, D. Cline, W. F. Fry, and W. M. Powell, Phys.
Rev. Letters 13, 318 (1964).
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(&+~ 4r+)4+44 )/(K+ ~ all) (3X10 o. 'o By using the
limit on the electronic decay, which is the more stringent
one, one obtains from (6)

G'm'(fi+ f )'(1.8X10 " (9)

Ke now turn to calculations of the CP-conserving
decay E&' —+ ~+a m'. This mode can be obtained from

(4) by considering the sequence P —& V+P —+ P+P+P
with an intermediate vector meson. The strong cou-

pling of vector mesons to pseudoscalar mesons is used
in its SU& invariant form, namely with an effective

Lagrangian of the form L.ff fypp Tr(V„[P,B&P]).
The diagrams contributing to this decay are given

in Figs. 1(b), (c), and (d). In addition to the diagrams
with the weak vertex preceding the strong one [e.g.,
Kio~ (p+)+sr —+s.+4ro4r ], one has to include also

the diagrams with the reversed order [e.g., Kio~
(K*+)+s. -+4r+4ros. ]. We shall again assume that
m~*=m, =m~ in order to simplify calculations,
and keeping in mind that this hardly aRects our

numerical estimate. Then the matrix element for

(Ei'~ vr+4r 4r')cpc is

(px+ qo) (q+—q-)
cV =v2Gm'fypp(fo 2fi)—

(prr —
qo)

'—my'

(px+q+)(q= qo) (px+q )(qo q+)-—
+ +— . (10)

(px q+)' rlv' (p-x q)-' m-v'-
The decay rate is given by

I'(Eio ~ s.+s. 4ro)

3G'm'(f: 2fi)'(fypp /4—1I)

Sx'm~

with
~max d(o[p((o)]o

(mx'+((4' —2mx(o —my') ',
d~ o (~)&(~)

my —m~ —p, +2m~M

X((o) )).(o))+miry((o)
X 2 — — —ln — —,(12a)

mxo ((o) ).((o) m—x(p(oo)

) ((o) =p' m—y'+mlro),

X(~)=2(—mv'+4 '—mx'+4mx~),

(o...= (1/2mx) (mx' —3)(4') .
In performing numerical calculations we use my=m„
and for fypp which is related to gz by fypp=og~
from the dehnition of the strong-interaction Lagrangian,
we use the experimentally determined g, '/4o. =2.4,

Then we obtain

J=3.51239 MeV', L=3.51261 MeV'. (12b)

An enormous reduction occurs, therefore, in the rate
for K~ —+7t.+x m, due to the totally antisymmetric
form of the matrix element (10).The difference

~
J Lt-

is smaller by a factor 10' than J, which represents the
contribution to the rate from an individual term in (10).
Such a strong cancellation could induce gross numerical
errors. Our computation is performed with the necessary
accuracy, the numerical error in ~J L~ being le—ss
than 10%.

For an additional check, we calculated I'(Bio~
s.+4r 4ro) with a nonrelativistic approximation to Eq.
(10). To this end, we combine the three terms in (10)
to obtain

(qo' q- —q-' q+) (qo' q+
—

q—'q+) (qo'q- qo' q+)
3II ~

[my' —(prr —
qo) '] [my' —(plr q) ']I m—y' (prr q—+)']—

and we neglect the kinetic energies of pions in the de-
nominator, i.e., my' —(px —

q )' my' —(mrs —44)'. The
rate is now obtained with the technique of Barrett et
al. ,"and we verified in this manner the correctness of
the result given in Eqs. (11) and (12).

IV. DISCUSSION AND CONCLUSIONS

(A) The dependence of E+~ rr+l+l and Ei'~—
4r+4r s' on the coeKcients fi and f& exhibited in Eqs. ( 6)
and (11) does not allow us to directly deduce either one

from the experimental knowledge of the other. However,
we believe that some meaningful considerations can be
made on the basis of these equations.

For K+~x+e+e, indeed only the upper limit of
1.1X10 ' for its nonoccurrence is known. The various
theoretical calculations" '4 " of this process, which
treat it as electromagnetically induced, predict for it
a ratio very close to this limit, namely, between 10 ' and
10 '. Combining the experimental as well as this theo-
retical information, one expects therefore from Eqs. (6)
and (9) that

9 U. Camerini, D. Cline, G. Gidal, G. Kalmus, and A. Kernan,
Nuovo Cimento 37, 1795 (1965)."B.Barrett, M. Jacob, M. Nauenberg, and T. N. Troung,
Phys. Rev. 141, 1342 (1966).

G' m4(f i+f )4'&1 0'~1.8X10 ".
"K.Tanaka, Phys. Rev. 151,. 1203 l'1966).

(13)
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A first estimate for the (Kio~ m+~ pro)cpz decay
mode can now be obtained by assuming

(fi+f2)'=(fo —2fi) '. (14)

By using Eq. (13) and (14) one obtains from Eq. (11)

I'(K '~m.+~ 4ro)cpc&8.6X10 '—1.6 sec ', (l5)

which gives

r(Ki'~ ~+7r 1r')cpc/r(Ko' —+Ã+7r 7r')

&0.37X10 '—0.68X10 '. (16)

One could try various possibilities for the ratio of fi,
fo, such as fi« f2, fo« f&, f2= fi None . of these possible
choices changes appreciably the result given in Eq. (16),
the maximal change being less than one order of mag-
nitude. The only obvious exceptions are fi= f& an—d
fi=o(fo). For the first case the K+ —+ ~+I+t would be
strongly depressed, while for the second one this would
happen to (Kio~ 7r+4r mo)cpc. However, we consider
these to be possible either by a "Clebsch-Gordan acci-
dent" or because of the assumption of a higher sym-
metry. Although both cases are possible in principle,
they do not relate to the main purpose of our work. Our
model is intended to take into account the reduction of
K&' —+ z+x m', due to angular momentum barriers, by
use of a specific model as this is generally considered to
be the reason for the inhibition of this decay mode.
Moreover, our Hamiltonian contains only those syrn-
metries which are on a more solid ground. Therefore,
the possible above-mentioned "accidents" bear no rele-
vance to the problem under study, and, on the basis of
the calculations and considerations we described, one
expects a ratio (Kio —+ vr+vr m') cpc/(Koo ~ 4r+m m') of
the order of 10 7—10 '

(B) The Hamiltonian we have suggested can also be
used to calculate the I'-wave contribution to the decay
modes Kg'~ m+~ ~' E+—+ m+m+x —,and E+~ ~+a'x'
For the K+ decays, we obtain for the amplitudes to P-
wave decays

A(K+ —+ or+++~ )p ~gveg

(K+~ ~+~o4ro) p, (17)

This is of course consistent with the isotopic-spin wave
function, which describes three pions in a state I=1,
where a pair of pions has also I&' "=1, namely

~I&' '&,I,Io)= )1,1,1)=-,'( ~w+n'x')
—

~
7r'~+or') —

~

1r+7r—7r+)+
~
7r m.+m+)) . (18)

For the contribution of the I' wave to the total decay
rate we obtain

I'(K+~ ~+~+~-)p ..„
G'm (f +42foi)'(fvpp'/47r)

(19)
8m2m~

where J is given in Eq. (12). By again reasoning along
the same lines as before for the coeKcients fi, fo, we

obtain using (fi+ fo)'~(fo+2fi)' and Eqs. (12b), (13),

I'(K+ ~ m+m+vr )p „.../I'(K+~ ~+~+a. ). o

&0 54X10 '-0.96X10 ', (20)

while for the same ratio in 7- decay the ratio is 4 times
as large. This seems to us a very reasonable number for
the P-wave contribution.

For the I'-wave contribution in K~ ~ m+~ x we
obtain

I'(Koo -+ sr+~ ~o) p

G'm4(fo+2fi)'(fppp'/4m)
(2I+L), (21)

8m2m~

with I and L given in (12).
%e can compare our result with a recent estimate of

Truong" for the I'-wave contribution in E2 —+ x+~ x'
decay. Truong uses for the (Koo~ ~+~ ~o)+pc ampli-
tude the expression M = P+h~r cos0, and using the ex-
perimental data for the x' energy spectrum he obtains
Iri/X = —0.4. In performing the fit he includes an S-wave
~-m interaction in the I=O state with scattering length
ao ——1.5A/pc. From Truong's result one can calculate
with his amplitude the ratio of the

I'(K ' + ') .../I'(K ' +s—a')

thus obtaining 4.4X 10 . If we use this ratio in combina-
tion with our result (21), we get

Gorr44(f, +2f,)o= 3 8X10-»

in very good agreement with our considerations. Hence,
we can conclude that our Hamiltonian gives quite
reasonable results for the I'-wave contributions to E
decays.

(C) As we have already mentioned, the Hamiltonian
(4) can be used to calculate nonleptonic weak decays of
vector mesons. Relations between amplitudes can be ob-
tained from it. To give an example:

A (p+ —+ Kio~+)+A (p+ ~ Koo7r+)

=V3A (K*+—& pa+), (22)

as well as many other similar relations which can easily
be written down. Unfortunately, there does not seem to
be any sensible way to check such relations experimen-
tally in the foreseeable future.

(D) The decay Kio —+ ~oI+t can also be calculated in
our model, and it turns out to be proportional to
(f&—2fi)', and hence directly related to the (Kio-+
~+~ ~o) &pc decay, although the basic contributing
diagrams are quite di6erent. The decay rate for this
mode comes out as given in Eq. (6), with (fz—2fi)'
replacing (fi+f&)'. lf we again consider (fo—2f,)'

(fi+ fo)o, then the experimental upper limit for
E+~ m.+e+e combined with our model gives

I'(K,'~ aoe+e—
) ~

I'(Ki'.~ all) &7X10 ". (23)
~ T. N. Truong, Phys. Rev. Letters 1?, 15$ (j966).
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In our model there is no direct relationship between
K~ ~ m'e+e and E+—+ m+e+e-, unless some relation is
assumed between ft and fe.

(E) As we mentioned in the Introduction, the esti-
mate of Lee and Wu' for the ratio (Et' —+ ~+~ ~')c'c/
(IC2e ~ ~+~ xe) is ~10 '. This was based on the fact
that this ratio is proportional to (kR)" and that kE has
been chosen to be 3, corresponding to R, approximately
equal to the pion Compton wavelength. "Our ampli-
tude for K& ~ m.+m m. obviously also behaves like
"(kE)'," as can be easily checked from Eq. (10). The
value of the equivalent radius is however determined by
the parameters of the model (like fvpp1% p). The'result
in Eq. (16) supports the choice of Lee and Wu in their
rough estimate of the rate. It is of interest therefore to

~ It should be remarked, however, that by using the same argu-
mentation, N. Byers, S. W. MacDowell, and C. ¹ Yang PIigh-
Energy Physics md E/ementary Particles {International Atomic
Energy Agency, Vienna, 1965)] predict a ratio

(X,o-+ ~+~- o)gpss/(Z~o~ + -F0)=10-
which is much larger than our estimate. As these authors use
A~1/p, , i.e., the same value used by Lee and Wu, it seems to us
that the discrepancy stems from a diferent interpretation for k.

have a model also for the Ere ~ (3~)r r amplitude, as
this might turn out to be the dominant CP-conserving
transition. '

(F) The strong cancellation occurring in Eq. (11)
implies that electromagnetic corrections to the process
could be significant. The reduction caused by the can-
cellation being of the order of 10, one expects in fact
corrections as large as the matrix element itself. The
simplest correction would be to take into account the
mass difference p + —p, o and to allow for a small differ-
ence (e.g. , a few per thousand) between g,o+ — and
gp+ + o. The effect of such corrections has been studied
with a similar matrix element for the g ~ 3m C-noncon-
serving decay, "with the conclusion that the rate is
increased by a factor of 1.5—2. As we do not know the
accuracy of our SU3 assumptions, there is no point in
making detailed estimates. One should however keep in
mind that the electromagnetic effect of isospin noncon-
servation alone, could change our numerical 6gure for
Ere~ (~++ ")r=~ by a factor of 2.

'4 G. L. Shaw and D. Y. Wong, Phys. Rev. Letters 8, 336 (1962);
Y. Fujii and G. L. Shaw, Phys. Rev. 160, 1551 (1967).
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Regge Theory of High-Energy Scattering with Relatively Large
Momentum Transfer
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Functional equations for the Regge parameters a(t) and P(t) are derived from the unitarity condition,
which is valid for relatively large momentum transfer. By solving these equations we compute the high-
energy cross section with relatively large momentum transfer up to two arbitrary periodic functions. The
result agrees with Orear's fit except for the appearance of dips. We compare this result with high-energy
experiments on p-p scattering with large momentum transfer, and some prediction is made concerning the
position of the dips.

1. INTRODUCT&ON

NUMBER of empirical formulas have been pro-
posed" for the differential cross section of high-

energy proton-proton scattering with large momentum
ftranser. Among these the simplest is Orear's 6t'

Joel
s (s,t) =ye(—ay sin8)

dQ

with 2=595~135 GeV' mb/sr and 1/@=158~3
MeV/c, which is true for relatively large momentum

transfer, namely, for ~t~ &1(GeV/c)'. It is remarkable

*Present address: Department of Physics, University of
Colorado, Boulder, Colorado.

~ G. Cocconi et al. , Phys. Rev. Letters 11, 499 (1963); S.
Minami, T. A. Moss, and G. A. Armoadian, Nuovo Cimento 33,
982 (1964); A. D. Krish, Phys. Rev. Letters 11, 217 (1963);and
Phys. Rev. 135, 1456 (1964}.

J.Orear, Phys. Rev. Letters 12, 112 (1964); and Phys. Letters
13, 190 (1964),

that Eq. (1) can cover measurements with a wide range
of incident mornenta —from 1.7 to 31.g GeV/c. How
ever, recent measurements made by Allaby et al. ,

' and
also by Clyde et al.,4 revealed a significant deviation
from Orear's 6t, although Eq. (1) can still reproduce
the gross features of the elastic scattering. Another
series of measurements of the elastic differential cross
section for 90' center-of-mass (c.m. ) scattering angle
was performed by Akerlof et ul. ' for the range of incident
momenta from 5.0 to 13.4 GeV/c. The plot of ln(do/dt)
versus p' was 6tted by two straight lines with a break
at p'=3.4(GeV/c)'. In order to compare this measure-
ment with Orear's formula, we plot the deviation 6,

' J. V. Allaby et al. , Phys. Letters 23, 389 (1966).
4 A. R. Clyde et at. , University of California Radiation Labora-

tory Report No. UCRL-11441 (unpublished); UCRL-16275
{unpublished).' C. W. Akerlof et al., Phys. Rev. Letters 17, 1105 (1966}.


