
P H Y S I C A L R E V I E W V O L U M E 1 2 3 , N U M B E R 3 A U G U S T 1 , 1 9 6 1 

Resonance Model of A — K° Production* 
AKIRA KANAZAWAf 

Department of Physics, Purdue University, Lafayette, Indiana 
(Received March 30, 1961) 

A resonance model is proposed to explain the excitation function, the angular distribution, and the large 
polarization of A in the reaction p-\-ir~ —> A-\-K°. It is assumed that there exists a low angular momentum 
resonance in the channel ^+7r~ —> (resonant state) —> A-\-K°. 

There are five real parameters in this model. Two of these are the coupling constants of the usual inter­
actions. The other three are the position, half-width, and height of the assumed resonance. With reasonable 
choices of parameters a fairly good fit is obtained, for both a scalar and a pseudoscalar K meson, to the 
experimental data in the interval 910 to 1300 Mev of the pion kinetic energy in the laboratory system. 

I. INTRODUCTION AND SUMMARY 

TH E R E are three remarkable features observed in 
the reaction p+w~—>A+K° in the energy in­

terval 910-1300 Mev of the incident pion kinetic 
energy.1 They are: 

(a) The total cross section rises from threshold to a 
peak of about 0.8 mb near 960 Mev and then drops 
again to about 0.3 mb in the interval 1100-1300 Mev. 

(b) The angular distribution of A is similar in the 
interval 910-1300 Mev and markedly peaked backwards. 

(c) A large asymmetry is observed in the decay of 
A's produced in the reaction in the interval 910-990 
Mev. Conclusive evidence concerning the asymmetry 
factor a in A decay is limited to the relation aP ^0.73 
±0.14, where P is the average of the polarization over 
the energy and angle. 

The sign of a is still uncertain, but a more recent and 
statistically more reliable experiment indicates that it 
is negative.2 

There have been several investigations3 based on the 
possible existence of a new Kf meson or a sharp K—w 
resonance, explaining the angular distribution. The 
existence of a Kr meson does not, however, account 
directly for either the large polarization or the peak in 
the total cross section, at least within the approximation 
considered by the authors of reference 3. 

In this paper we try to give an explanation of all 
three experimental phenomena on the basis of the 
assumption that there is a resonant contribution in the 
sr integrals of the dispersion relations (8) in Sec. 2 for 
the invariant production amplitudes (see Fig. 1). 

There are five real parameters in this model. Two 
of them are the coupling constants of the usual 
d'Espagnat-Prentki interactions. The other three are 

* This work is supported by the National Science Foundation. 
f On leave from Hokkaido University, Sapporo, Japan. 
1 J. Steinberger, 1958 Annual International Conference on High-

Energy Physics at CERN (CERN Scientific Information Service, 
Geneva, 1958). F. Eisler, R. Piano, A. Prodell, N. Samios, M. 
Schwartz, and J. Steinberger, Nuovo cimento 10, 468 (1958). 

2 R. Birge and W. Fowler, Phys. Rev. Letters 5, 254 (1960). 
3 A. Pais, Phys. Rev. 112,624 (1958). M. Gell-Mann, Proceedings 

of the 1960 Annual International Conference on High-Energy 
Physics of Rochester (Interscience Publishers, Inc., New York, 
1960). J. Tiomno, A. L. L. Videira, and N. Zagury, Phys. Rev. 
Letters 6, 120 (1961). 

the position, half-width, and height of the assumed 
resonance. 

The main results of the present paper are as follows: 

(1) A satisfactory fit with experimental data is 
obtained over the energy range in question [Figs. 3 to 
5(b)] . The values of parameters chosen are shown in 
Table II for both a pseudoscalar and a scalar K meson. 

(2) If this resonant contribution is due to the sug­
gested resonance in the A—K scattering, it will be at 
about 100 Mev of i£-meson kinetic energy in the 
laboratory system, with a half-width of about 50 Mev. 

(3) The total angular momentum and parity (relative 
to the TT—N) of the resonant state can be (i=2> °dd) 
or (y=f, odd) if the K meson is pseudoscalar and 
U— 2 ? even) or 0*=f, even) if the K meson is scalar. 

(4) The resonant contribution cannot be attributed 
to the higher energy resonances observed in w—N 
scattering.4 

(5) A negative value for P is preferable, though the 
other case is not entirely rejected. 

(6) Even relative parity between 2 and A is preferable. 
(7) A Kr meson (or K—w resonance) would enhance 

the peak in the case of a pseudoscalar K meson, though 
its existence is completely unnecessary in order to 
explain the data in the case of even 2 parity. 

The kinematics is given in Sec. II. In Sec. I l l we 
develop the general formalism of the resonance model. 
The last section is devoted to numerical analysis. 

II. KINEMATICS 

Consider the process 

p+T-->A + K0. 

FIG. 1. The assumed reso­
nant state in the 5 channel. 

(i) 

Resonant 
State 

4 An investigation has been done by T. Sakuma and S. Furui, 
taking into account the ir—N resonances in addition to the Born 
terms (private communication). 

997 



998 A K I R A K A N A 2 A W A 

The four-momentum and the mass of the p (A) are 
denoted by p (p') and m (mf), while those of the iT (K°) 
are denoted by k (k') and \i (M0> respectively. The 
S-matrix element of the process is given by 

( mm' \ * 
— -)T, (2) 
popo £o&o / 

or 

with 
popo 

T=uA(p')TtA+±iy(k+kf)Blup(p)J (3) 

where up and ^A are the Dirac sponsors of p and A, 
respectively. A and B are invariant functions of three 
variables, 

s=-(p+k)2, t=-(k-k')2, and u=-(p-k')2, 

which satisfy the restriction s-\-t-\-u — m9Jrmf2Jrix2JriA/2. 
r is 1 if the K meson is pseudoscalar and 75 if the K 
meson is scalar, where we have adopted the convention 
of the same parity for p and A. 

In the center-of-mass system the amplitude T can be 
written in the following form: 

/ I a k ' X k I v 
' W A / i + t — r z — f 2 \ p ) f o r r = l , 

\ kkf / 
(4) 

or 

T= 
< 

ff-k < r k ' I v 
A | — / i + — / a | A f o r r = T5. (40 

* V 

Here \p) and |A) stand for the Pauli spinors of p and 
A, respectively, k (k') is the three-momentum of if~ (K°) 
and k (kf) is its magnitude. f\ and f2 are linear combina­
tions of the invariant amplitudes A and B with real 
coefficients. They are explicitly given by 

or 

with 

f1 = NN'(A-yeB)+f2cosS, 

/ 2 = -NN'xx'(A+zeB), for r = 1, 

f^NN'xiA+yoB}, 

f2 = NN'x'(-A+z0B), f o r r = 75, 

N= C(E+w)/2w]*, N'=Z(E'+tn')/2fn'yy 

x=k/(E+tn), x, = k,/(E,+m/), 

ye=W—^(m+mf), yo=W—^(mf—m), 

(5) 

(5') 

(6) 

ze=
zWJr^{m-\-mr), Zo=W+^(m/—m). 

Here W=\/s is the total center-of-mass energy of the 
system and E(E') is the energy of p (A). 6 is the angle 
between k and k \ 

The differential cross section and the polarization 
P(6) are given in terms of f\ and / 2 by 

da 1 mm' k! 

da (4TT)2 W2 k 
( l / i | 2 + l / 2 | 2 s i n ^ ) , 

p(ey-
2smOIm(fif2*) 

\M*+\M*sm*e' 

0) 
f o r r = l , 

da 1 mm1 k! 
- r -CI / i | 2 +l /2 | 2 +2Re( / i / 2 *)cos^ ] , 

dQ (4TT)2 TF2 ifc 

P(d) = 2smdlm(f1f2"
i)/ 

[ | / i | 2 + | / 2 | 2 + 2 R e ( / 1 / 2 * ) cos^], for T = 75. 

(70 

The polarization is positive if the spin of A is parallel 
to k ; Xk, and negative if antiparallel. 

I t is worthwhile to note here that in order to obtain 
a large polarization /1 and f2 must be of the same order 
of magnitude and nearly out of phase in either case of 
iT-meson parity. 

III. RESONANCE MODEL 

Let us start with investigating what behavior might 
be expected for the invariant amplitudes in order to 
reproduce the experimental situation mentioned in 
Sec. I. 

We assume, after Mandelstam,5 that the invariant 
amplitude A satisfies the dispersion relation 

A(s,t,u) = -
Rs Ru 

1 r dsr r l n P l2( 
+ - I -j—I- I dit—! 

7T ^ ( m + M ) 2 ^ — SIT J ( M + M ' )2 t' 

Pi2(s',n 

1 (• PU(S ,u') "I 
+ - I du' +PI(S')\+ 

•K J(m'+B)2 U' — U J 
(8) 

and the amplitude B satisfies a similar relation. The 
dots represent the other double- and single-integral 
terms that occur in the Mandelstam representation. If 
there exists another Kf meson,3 we must add a cor­
responding pole term Rt/(t—mK2) to (8), where % ' 
is the mass of the Kf meson. 

Invariance under time reversal requires the reality 
of all the residues Rs, Ru, and Rt and of the weight 
functions p's in all the integrals. Now it is clear from 
(5) and (50 that the Born terms alone, even taking 
into account the Kf meson, fail to give any polarization 
irrespective of the iT-meson parity, since f\ and f2 are, 
to this order, just in phase. The large polarization 
indicates that the contribution from the s' integral in 
(8) must be large, at least over the energy range in 
question, since only the sf integral can contribute an 
imaginary part to the amplitudes in the channel in 
question. 

Now we assume that there is a resonant state with 
definite angular momentum and parity in the s channel, 
schematically shown in Fig. 1, whose contribution 
dominates the integral terms in (8), or explicitly that 

5 S. Mandelstam, Phys. Rev. 112, 1344 (1958) and 115, 1741 
and 1752 (1959). 
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TABLE I. ai(s,0) and a2(s,0) for several choices of the total angular momentum j and parity P of the resonant state. The parity is 
denned relative to the T—p intrinsic parity. I is the orbital angular momentum of the resonant state if it is involved in the A—K 
scattering. C(s) is a certain slowly varying real function of s. 

Pseudoscalar K meson 
d\ #2 

Scalar K meson 

+ 

+ 

+ 

s 
p 

D 
P 

D 
F 

C(s) 
Ccosfl 

C(3cos20-1) 
2C cos0 

C(3cos20-1) 
C(20 cos20+9) cos0 

0 
C 

— 3C cos0 
C 

3C cos0 
C(2Ocos20--11) 

P 
S 

P 
D 

F 
D 

0 
C 

2C cos0 
C(3cos20-1) 

2C cos0 
-C(5cos 2 0- 1) 

C(s) 
0 

c 
3Ccos0 

-C(5cos 2 0-1) 
1C cos0 

the invariant amplitudes can be approximated by 

.PA(S',6) 
A=AP+-

B = B 

ds'-
(m+M)2 S S 

as -, 
f ' 

(9) 

where Ap and Bp represent the pole (Born) terms. pA 

and pB are real functions of s' and 8, which have a peak 
at the resonance energy s' = so. If we, further, assume 
the Breit-Wigner form to p's, (9) can be reduced to 

To2 r 
A(s,d) = Ap+a(s,6)— I ds' 

IT * J / W I , A 2 

IV 

x-
1 

. (* ' -* ) [ (* ' -*o) 2 +IV] 

3\s,6) = Bp+P(s 
IV C 

,6)— I ds' 

X-
(5'-i)C(5'-5o)

2+ro2] 
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FIG. 2. The real and imaginary parts of / as a function of 
(s—50)/r0. The upper scale of TT corresponds to the case sQ= 152.8 
and r 0 = 7 , while the lower scale is for 50== 151.5 and r 0 = 5 . 

(11a) 

Here a(s,d) and P(s,0) are slowly varying functions of s. 
To corresponds to the half-width of the assumed 
resonance. 

Putting (10) into (5) or (5'), we obtain finally, for 

fi=fpi+fP2 cosO+ai(s,d)J(s,so,To), 

/2=fP2+a2(s,6)J(s,so,To), 

with 

fpl=NNf(Ap-yeBp), 

/P2= -NN'xrf(Ap+zeBp), 

a1(s,d) = NNf(a-yej3)+a2(sJd) cos0, 

a2(sfl)=-NN'xxf(a+zel3), 

To2 r ds' 

J(S,SQ,TQ) = — J 

(12a) 

(10) or, for T = 75, 

7T - W M ) 2 ( ^ - ^ ) C ( ^ - ^ o ) 2 + r 0
2 ] 

fi=fpi+ai(s,d)J(s,s0jTo), 

f2=fp2+a2(s,d)J(s,So,To), 
(Hb) 

Tir ( M e v } - ~ 910 960 990 IIOO 1200 1300 

1.0 1.5 2.0 2.5 3.0 3.5 

K Meson Momentum ( /A = I un i t } 

FIG. 3. The total cross section of the reaction p~\-ir~ —* A-\-K° 
in the energy range from the threshold to 1300 Mev of the pion 
kinetic energy T* (lab system). The unbroken curve is the cal­
culated cross section in the case of a pseudoscalar K meson with 
a ( i = | , odd) resonant state, while the broken curve is for a 
(j—i> °dd) state. The dot-dash curve stands for the cross section 
of a scalar K meson with a ( i = J, even) resonant state. The cross 
section with a ( j = f, even) state is quite similar to the corre­
sponding one for the pseudoscalar K meson. The values of 
parameters chosen are given in Table II. The experimental data 
are given in references 1. 
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TABLE II. The choices of parameters in the case of even 2 parity. The x—N coupling constant is fixed as/2/47r=15. The unit /*=1 
is used. The ratio C/fpi(s=so, O—TT/2) gives an idea of the magnitude of the resonant contribution. The iT-meson kinetic energy (lab 
system) TKQ and ATKQ, corresponding to So and ± r 0 , are also shown. 

K meson G2/4TT j'G'lJG (C//G)X 103 C / / p 0 ( W 2 ) TK0 (Mev) ATKQ (Mev) 

ps 5.0 
5.0 

5.0 
5.0 

-0.538 
-0.538 

+0.570 
+0.570 

10.0 
6.8 

10.4 
7.0 

0.465 
0.316 

1.07 
0.722 

152.8 
151.5 

152.8 
151.5 

7 
5 

7 
5 

106.5 
91.5 

106.5 
91.5 

±30 
±25 

±30 
±25 

with 

fpi=NN'x(Ap+yoBp), fP2=NN'x'(Ap+zQBp), 

al(s,d) = NN'x(a+y0P), a*(sfl) = NN'x'(a+z<fi), (12b) 

nitude of a\ and a2 in (11a) and (lib). They are given 
in Table I for several angular momentum states. 

IV. NUMERICAL ANALYSIS 

We discuss first the Born terms fpi and/^2 in (11a) and the same / as in (12a). 
The angular momentum and parity of the resonant and (lib). We are here concerned with four vertices 

state fixes the angular dependence and relative mag- (wNN), (7r2A), (KNA), and (KN2). The renormalized 
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FIG. 4. (a)-(e) The differential cross 
sections for the pion kinetic energies TV=910, 
960, 990, 1200, and 1300 Mev.1 The notation 
for the various curves are the same as in Fig. 
3. 
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coupling constants corresponding to these vertices are 
denoted by / , / ' , G, and G', respectively. / and G, and 
/ ' and G', always appear as products in the Born terms. 
For the four combinations of K and 2 parities, they 
are given by 

(ps, even): 

fpl=NN'Z- (W-m)F(s)+(W+ni2-ni-tn') 

XF'(un 
fp2= -NN'xx'Z(W+m)F(s) 

— (W—mn+tn+tn')F'(u)li', 
{ps, odd): 

fpl=NN'l- (W-m)F(s)- (W-m*)F'(u)], 

fp2=-NN/xxfl(W+m)F(s)+(W+m^) 

XF'(u)l; 

(s, even): 

fpl=-NN'xt(W+m)F(s) 
+ (W+fnz-tn'+fn)F'(u)'], 

fp2= -NN'X'[(W-M)F(S) 

+ (W—m^+mf—m)Ff(u)~]\ 

(s, odd): 

fpl=-NN'x[(W+tn)F(s) 

— (W—m^—mf+m)F,(u)'], 

/ p 2 = -NN/x,i(W-m)F(s) 

— (W+m^+m,—m)F/(u)']; 

with F(s) = Gf/(s-m*), F'(u) = G'f'/(u-fm?). 

(13a) 

(13b) 

(13c) 

(13d) 

Now we examine the case of pseudoscalar K meson 
in detail. First it should be noted that / p 2 is negligibly 
small compared with fpl over the energy range con­
sidered, simply because of the kinematical factor xx'. 
We can see, further, that the only complex quantity in 
(11a) is the integral / , the real and imaginary parts of 
which are shown in Fig. 2. Then, if we neglect fp2, the 
differential cross section and the polarization become, 
except for over-all kinematical factors, 

da 

dQ 
ex \Jpl*+2(nfpl R e / + (a1*+a2

2 sin20) | / 1 2 ] , 
(14) 

P(6) oc -2aifpi sin6> lmJ/(da/dti). 

Now it is clear from (14) and Table I that the only 
possible quantum number of the resonant state is 
(j=h, odd) or 0*=f, odd), since the (j=i, even) state 
gives no appreciable polarization, and t h e ( j = f, even) 
and the higher angular momentum states give a wrong 
angular dependence for the polarization and a poor 
angular distribution, too. This excludes the possible 
identification of this resonance with one of the known 
higher energy resonances observed in pion-nucleon scat­
tering. A similar situation results in the scalar iT-meson 
case. Thus? the assumed resonant contribution might 

i i i i i 

(a) 

FIG. 5. (a) The polarization of A in the energy interval 910-990 
Mev of the pion kinetic energy.1 The group a of curves corresponds 
to the energy 910 Mev, while the group b is that for 990 Mev. The 
notation for the various curves is that given in Fig. 3. The data 
are not P{d) but aP(6), where a is the asymmetry factor in the 
decay of the A. (b) The polarization of A at 990-Mev pion kinetic 
energy1. The curve a is associated with the energy 1240 Mev, 
which shows the typical figure for an energy higher than the 
resonance energy. 

be attributed to a resonance in A—K scattering at low 
energy. 

There are five real parameters in this model. They 
are /G, / 'G ' , so, T0, and C(s), the last of which is a slowly 
varying function of s and is assumed to be constant for 
simplicity. 

The markedly forward peak (backward for A) of the 
angular distribution must be mainly due to this behavior 
of the Born term / p i , since otherwise the distribution 
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turns out to be nearly symmetric with respect to cos#. 
In this respect, even parity of the 2 is preferable to odd 
parity, since with the even parity we can easily obtain 
the strong forward peak of fpi over the energy range 
in question if the ratio fG/fG is adjusted properly. 

I t is worthwhile to note here that a K' meson would 
be helpful in obtaining the peak only in this pseudo-
scalar JT-meson case, though it is not at all necessary 
for the case of even 2 parity. 

In the case of even 2 parity, a fairly good fit with 
experimental data is obtained by fixing the parameters 
as shown in Table I I . The choice of either (j=%, odd) 
o r (j=h °dd) is satisfactory. The fit can be seen in 
Figs. 3 to 5 (b). 

The resonance energy chosen corresponds to 90-100 
Mev for iT-meson kinetic energy (lab system) in the 
A—K scattering. The half-width is about 50-60 Mev. 
The resonant contribution is the same order of mag­
nitude as the Born terms, which is well indicated by 
the ratio C/fpi (s=s0, 6=ir/2). As for the coupling 
constants, if we fix /2/47r=/ / 2/47r=15, then we obtain 
a best fit with G 2 / 4 T T ^ 5 and G / 2 / 4 T T ^ 1 . 5 , 6 which are 
reasonable. 

With a positive ratio C/fG (Table II) , we have a 
negative mean polarization P , as shown in Figs. 5(a) 

6 See, for example, R. H. Capps, Phys. Rev. 121, 291 (1961). 

and 5(b). A negative ratio with a positive P is only 
possible with a rather poor over-all fit to the data. 

Finally we briefly discuss the case of a scalar K 
meson. In case of even 2 parity, Eq. (13c) indicates 
that fP2 is about ten times smaller than fpi over the 
energy range in question. Further, if we note that each 
of two terms in fp\ of (13c) is almost the same numeri­
cally as the corresponding term in fpi of (13a), except 
for their relative sign, we can see that the analysis may 
proceed similarly to that in the pseudoscalar case. In 
fact, we can get the same good fit with almost the same 
absolute values of the parameters for each of the cor­
responding two resonant states (Table I I) . In Figs. 3 
to 5(b), only the fit in the case of (j=J, even) is shown 
for simplicity. I t is very difficult to obtain a good fit 
with odd 2 parity in this scalar iT-meson case. 
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