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scattering.19 Dynamical calculations11'12 of the T-T 
scattering amplitude consistently yield a different 
result: ap(0) >0.9 . I t should be noted, however, that the 
dynamical calculations of ap(0) are very sensitive to Tp 

and were performed for the TT-T elastic channel only. 
The analysis given in this paper is not sensitive to r p 

(see Fig. 4); neither are the p-n charge exchange and 
T-p scattering analyses. 

Let us now examine the consequences of the present 
analysis for higher photon energies (15-25 BeV). Due 
to the choice 0 .2<a p (0)<0.5 , the p-exchange contri
bution to double pion photoproduction drops slowly 
with increasing energy. Hence, the differential cross 
section to photoproduce a high-energy (K—iev~ 2 BeV) 
charged pion at 0̂  = 0° will be about 10~2 mb/BeV-sr 
for K= 20 BeV. This cross section is comparable to the 
electromagnetic differential cross section (18). Since the 
energy dependence of photoproduction cross sections is 

19 G. Von Dardel, D. Dekkers, R. Mermod, M. Vivargent, 
G. Weber, and K. Winter, Phys. Rev. Letters 8, 173 (1962). 

IN this paper we wish to discuss K-3w decay and 
the K2°—Ki° mass difference on the current-current 

picture. In an earlier paper,1 we used this picture in a 
simple approximation to explain the experimental 
decay rate of Ki° —-»7r+7r~~ and we also showed that the 
s-wave amplitudes of hyperon nonleptonic decays can 
be rather well understood on this picture. We now wish 
to extend similar considerations to KSTT decay and the 
K2°—Ki° mass difference. We show that the current-
current picture seems to explain these processes as well. 

K-Zn DECAY 

We first consider K+ —> 7r+7r+7r~ decay and write its 
matrix element as 

* This work was supported by the U. S. Atomic Energy Com
mission. 

f On leave of absence from Instituto de Flsica Teorica, Sao 
Paulo, Brazil. 

1 Riazuddin, A. H. Zimerman, and Fayyazuddin, Nuovo Cim-
ento, 32, 1819 (1964). 

not very well known, it is very speculative to compare 
these numbers with the Drell cross section. An un-
Reggeized 7r-exchange process contributes a cross 
section of about 0.3 mb/BeV-sr at 6T~inT/wT. Reggeiza-
tion of this contribution reduces this number by one 
order of magnitude.3 Comparison of these cross sections 
is given in Fig. 10 for K=20 BeV, wr= 18 BeV. As can 
be seen, detection of the p-exchange cross section at 
07r=O° is more complicated for higher energies since the 
angular resolution needed is one-tenth of a degree, as 
compared with half a degree at K=5 BeV. 

The considerations given in this paper may be applied 
to K photoproduction if the correspondence T—^K, 
p —> K* is made. 
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where Ms and Mv denote the 5-wave and p-w&ve parts 
of the decay amplitude, respectively. We now assume 
that Ms on the basis of the current-current picture is 
described by 

MS = - [ ( 0 1 i / | TT+XX+TT-1 g / | K+) 

+(o|g/|Jfi:+XT+T-li/k+)], (i) 
where G is the universal Fermi constant and j A and 
gA are the strangeness-conserving and strangeness-
changing axial vector currents, respectively. Denoting 
the four momenta of K+, w+, w+

y and w~ by K, ki, k^ 
and kz, respectively, we can write (1) as 

^=-[/WM<^-|g/ |^)+M/<7r%-|y/i7r+>] 
V2 (2) 

where q~K—(ki+h) = k2 a n d <?'= (—#2) — (&1+&3) 
= — K are the re levant m o m e n t u m transfers a n d / r a n d 
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JK are the decay constants for 7r and K, given, respec
tively, by: 

fx = (GA/G) (y/2tnN/grNN), fK « K M ) / , . (3) 

Assuming now that divergence of gA is proportional to 
the kaon field while that of j A is proportional to the 
pion field,2 we get 

ffAV-1 £/1K+) ̂ fsmAi+v-1 & I ̂ +) 
«/<*•+*- |i/17T+) = / , w , V * " k k + ) • (4) 

This is equivalent to the boson pole approximation 
described by Feynman diagrams3 shown in Fig. 1, so 
that we get from (2) and (4), 

G r 32TTX 32TTX "1 
Ms=—\ — : -f*fKinK

2-] -J^fKmT
2 

v2L 

v2 

MRM~m^ 

327rX/T/iic, 

m^—MK2 

(5) 

where X is defined by the unitary symmetric Lagrangian: 

4*r\Ziz->iz+2KK+rirjy. (6) 

We have to still symmetrize (5) over the two like pions 
and when we do that we obtain 

Ms=G(32ir\)fKfT (7) 

Now, since experimentally the spectrum of unlike 
pions in K+ —» 3w decay deviates only slightly from the 
statistical distribution (a fact which will also be borne 
out by our calculation of the p-wa,ve part Mv to be 
discussed below), the decay rate for K+ —> T+TT+T~ is 
determined almost entirely by Ms and is therefore 
given by 

R= 
3^277r2mK 

Q2 
(8) 

=—x2G2fK%2-
3v3 mK 

where Q=mK—3mT. Using gTNN2/4:ir~ 15, G= 10 5/MN2, 
niK=3.5tnT, GA=1.25G, we obtain from (3) and (8), 

ie=5.4Xl07X2sec~1 . (9) 

2 The constant of proportionality for the pion case x^j^m^ [see 
M. Gell-Mann and M. Levy, Nuovo Cimento 6, 705 (I960)]. 
Similarly for the kaon case the proportionality constant is JK^K2' 

3 I t was pointed out by Hori et al. [S. Hori, S. Oneda, S. Chilia, 
and A. Wakasa, Phys. Letters 5, 339 (1963)] that these two 
diagrams cancel out in exact unitary symmetry limit, i.e., when 
K-ir vertex is constant and is the same whether K or ir in this 
transition is on the mass shell. In our method we are essentially 
using a broken unitary symmetry where the mass dependence of 
K-TV vertex is determined by the current-current picture so that 
when we take account of which of K or ir is on the mass shell, the 
two diagrams do not cancel. For a similar approach see S. Oneda 
and Y. S. Kim (unpublished) where, however, mass dependence of 
this vertex is introduced arbitrarily, 

A ^ w ^ ^ 
K T w 77- + 

FIG. 1. Feynman diagrams for K+ —> 7r+7r+7r decay in the 
boson pole approximation. 

In order to obtain the experimental value of R, which 
is about 4.5 X106 sec-1, we need X to be about —0.29, 
which is not inconsistent with the value of X obtained 
from the relation do— — 5X, where ao is the s-wave T—TT 
scattering length and is given by Hamilton et al.4 to be 
1.3±0.4. Our value of X is somewhat larger than the 
value4 — 0.18d=0.5 normally used but is within experi
mental error. 

Let us now discuss the ^-wave part of K+ —» 7r+7r~"7r+ 

decay from the point of view of the current-current 
picture. The relevant currents here are neutral counter
parts of the strangeness-conserving and strangeness-
changing vector currents j v and gv so that in the same 
type of approximation as for Ms, we get: 

M F = - ( T + l i ^ K + ) ( x + | ^ | Z + ) 
v2 

=—G(h-h)li(G
l/G)(K+k1)ll 

(10) 

+same expression with ki and ki interchanged, where 
G1 is the strength associated with the strangeness-
changing vector current and is given by Gl = \G. After 
some manipulation, Eq. (10) can be reduced to the 
following form5 : 

Gl 

Mv=—(~2mKQy) 
V2 

= — z ( - 2 m K Q y ) , 
4v2 

(11) 

where y is the Dalitz variable (STz—Q)/Q, T3 being the 
kinetic energy of the unlike pion in K+ —* ir+ir~'7r+ decay. 
Using (3) and X~—0.29, we get from (7) and (11): 

Mv/Ms^Ttsy. (12) 

Thus the contribution from the intrinsic structure of 
primary vector current-current interaction to the 
spectrum of unlike pion in r + decay is substantial. 

I t should be noted that JnAg».A can also contribute to 

4 J. Hamilton, P. Menotti, G. C. Oades, and L. J. Vick, Phys. 
Rev. 128, 1881 (1962). 

5 Similar approach for j^-wave part of the decay amplitude has 
also been proposed by S. Oneda and Y, S. Kim (unpublished). 
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the ^-wave part Mv through the following transitions6: 

K—>7T—>p+7T , K-±K+p 
\ \ \ (A) 

7T7T 7T 2lT 

and6,7 

\ 
K+T (B) 

\ 
*"> 

where the iT-7r coupling is due to jnAgpA as follows: 

/ w = / * + r + = / O T = (G/^)(0|i/kX0|^/|ir) (13). 

if the kaon is on the mass shell or (G/^/2)fTfKfn7r
2 if the 

pion is on the mass shell. This gives fKir
2/4:Tr~0.12 

XlO-13^^4 in the former case and ~10~ufnT
4 in the 

latter case. With these values of the K-w coupling 
constants the contribution from the transition (B) to 
Mv is negligible, while from the transition (A) it is 
given by 

1 1 
Mv/Ms~ (7pxx2/4ar)—J > (14) 

10 8X 
which is about YU, using8 (yPinr

2/4:w)~2 and X~ —0.29. 
The contribution to Mv from the s-wave final state 
7r-7r interaction as calculated by Khuri and Treiman9 

is given by 
1 

Mv/Ms~-(ai-ao)y, (15) 
7 

where we take from Hamilton et al? #0=1.7 and a^ 
= (f)1/20o. Then (14) and (15) cancel each other. 
Hence we are left with the contribution (12) and get 

M~Ms(l+&y), (16) 

which gives a good fit to the spectrum of unlike pion in 
r+ decay.10 However, if a low-mass s-wave resonance 
exists in the T-W system, it can affect the spectrum (16); 
but the existence of such a resonance is not yet con
firmed experimentally.11 Note that jnVg^v can also 
contribute to the K-w vertex used above; however, this 
involves a continuum of intermediate states which 
is outside the scope of our model. Our model is based on 

6 M. A. Baqi Beg and P. C. Decelles, Phys. Rev. Letters 8, 
46 (1962). 

7 Riazuddin and Fayyazuddin, Phys. Rev. Letters 7, 464 (1961). 
8 J. J. Sakurai, Proceedings of the International School of Physics, 

"Enrico Fernii" Varenna (Academic Press, Inc., New York, 
1962). 

9 N. N. Khuri and S. B. Treiman, Phys. Rev. 119, 1115 (1960). 
10 M. Gell-Mann and A. H. Rosenfeld, Ann. Rev. Nucl. Sci. 

7, 407 (1957); M. Ferro-Luzzi, D. H. Miller, J. J. Murray, A. 
H. Rosenfeld, and R. D. Tripp; Nuovo Cimento 22, 1087 (1961). 

11 See however, L. M. Brown and P. Singer, Phys. Rev. 133, 
B812 (1964). 

a simple boson pole approximation in the current-
current picture. 

We shall not consider the / decay mode of K+ and 
K2°-S7T decays because they are simply related to r 
decay by the AI= J rule, which is implied in our model 
and which fits the data. 

To summarize, we have shown that the current-
current interaction, calculated on the basis of simple 
boson pole-approximation model is capable of explain
ing both the decay rates and spectra for 3x decay modes 
of K+ and K2°. 

KJ-KJ MASS DIFFERENCE 

We first discuss the contribution of 7r°-pole to the 
(K2°—Ki°) mass difference. The 7r°-pole contributes to 
the K20 self-energy only and its contribution is given 
by 

1 IK,2 

8ntK2«= , (17) 
2mK^tK2—m* 

where /KT is the coupling constant for the K20—TT0 

transition. This contribution has been considered by 
several people.12 Our aim, however, is to obtain an 
estimate of 8MK2^ on the current-current picture by 
using the value of /K> estimated by us on this picture 
in Eq. (13). We obtain 

5wx2o==3X10-7eV, 

which is too low by an order of magnitude. We see that 
in this approximate treatment based on the current-
current picture, the contribution of the 7r° pole to the 
mass difference is very small. This is independent of any 
possible cancellation with the contribution which the 
rj pole12 may give in the unitary symmetry model. 

Next we consider the contribution of the p° pole to 
the mass difference. Again, as discussed by Biswas and 
Bose,13 p° contributes to the K20 self-energy only because 
of CP invariance. Its contribution to the i^0 self-energy 
is given by13 

1 
dntK2°= -fKP

2qfi[pllv+qtxqv/inp2~] {q2+mp
2)~1qv 

2mK 
(18) 

mK 

2mp
2 

where JKP is the coupling constant for the K2°—p° 
transition. We can estimate /xP(=/x+P+) on the 
current-current picture and it is given by 

1 

12 S. K. Bose, Phys. Letters 2, 92 (1962). 
13 S. N. Biswas and S. K. Bose, Phys. Rev. Letters 12, 1777 

(1964). Due to a wrong sign of the vector boson propagator, these 
authors got a negative value for 5rnK%0-
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K,, K2 

J ~ \ 

K l f K. 

FIG. 2. Feynman diagram 
for the self-energy of Ki° 
OTK2°. 

where fp is related to G by a Goldberger-Treiman type 
of relation: 

fp=^2Gmp
2)/yp^, 

ypvv being the same as defined by Sakurai.8 Hence 

fKp=fK(Gm2
p/yPTir). (19) 

Using (3) and G= lO-*mN~2, yP^2/^^2, we obtain 

/xp2-10-13m.2, 

and hence, from (18), 

5mx2o=10-6eV, (20) 
so that the mass difference 

dm=bniK<p — dmx^ = 10~6e V. 

We thus obtain a positive sign for dm which is in 
accordance with recent experimental indications.14 

However, the magnitude is rather small. We, therefore, 
discuss other contributions to the mass difference 
dm, which go beyond a pole approximation. In par
ticular, we consider Feynman diagram for the self-
energy of Ki° or K2° shown in Fig. 2. In the spirit of 
the dispersion-theoretic approach, the lowest mass 
state which replaces the black box shown in Fig. 2 is 
the pion giving us the Feynman diagram for the self-
energy of Ki° shown in Fig. 3. The contribution of this 
diagram to the self-energy of Ki° can be easily written 
down15 and is given by 

1 i f 1 1 
5mKlo = / dAq F2(q< 

2mK (2TT)V qt+mS (q-p)2+ (m*) 
) , 

(21) 

where F(q2) is the form factor for Ki° —>T+T~~ decay. 
This decay has been discussed by us in Ref. 1 and it 
was shown there that the current-current picture gives 
the following matrix element for this decay: 

(0\jSW+)(T-\g/\K»)=to»(T-\gS\K^ 

Since this matrix element is determined by the diverg
ence of gnV, which was assumed to be proportional to 
scalar16 K meson (/=£, 7=0, mK = 725 MeV) in Ref. 1, 
our current-current picture for Ki° —> W+T~ is equivalent 
to the K pole approximation shown in Fig. 4. Hence, in 
view of good agreement with experiment for the decay 
rate of Ki° —»ir+w~ obtained on this picture in Ref. 1, 
we take the view that the form factor for Ki° —»ir~w+ is 
dominated by the K pole and is therefore given by 

F(q2) -Mo^-im^-m^/iq'+m^ (22) 

where /x1oT+T- is the decay constant for Ki° —» T+W~ 
and is given by1 /ic10x+7r-2/47r~6X10"-13w7r

2. Putting 

FIG. 4. Feynman diagram 
for Ki° —> 7r+7r~ decay in K 
pole approximation. 

the form factor (22) in (21), we obtain 

5wXlo«-1.2X10-6eV. 

If we add the Ki° —± 7r°7r° contribution also, where 
/zc1o7ro7ro= (l/21/2)/jR:1or+Jr- on the A/=4 rule, we get 

dmKlo^-1.8XlO-*eV. (23) 

Combining (20) and (23), we obtain finally for the mass 
difference 

dm=8mK2o-dmKlo== 2.8 X10~6eV. (24) 

The sign of the mass difference obtained by us in 
(24) is, as before, in agreement with recent experimental 
indications.14 As far as the magnitude is concerned, 
different experiments have given different values for 
dm and in fact, at the present time, it can lie in the 
range14: 

3X10- 6 eV<|H^10- 5 eV. 
Unless the experimental situation regarding the magni
tude of dm is cleared up, it is premature to say whether 
the current-current picture as used by us is sufficient to 
explain the mass difference although the sign seems to 
be correct. 

K: O K, 

FIG. 3. Feynman dia
gram for the self-energy 
of Ki° with two pions in 
the intermediate state. 

14 International Conference on Fundamental Aspects of Weak 
Interactions, Brookhaven National Laboratory, Upton, New 
York, September 1963 (unpublished). 

15 See for instance Riazuddin, Phys. Rev. 114, 1184 (1959), 
where a similar problem is discussed for the electromagnetic self-
energy of 7r+ in dispersion theoretic approach. See also V. Barger 
and E. Kazes, Phys. Rev. 124, 279 (1961): and Nuovo Cimento 
28, 394 (1963), 
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