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Perturbation calculations of the lowest order are carried out for K-meson photoproduction from single
nucleons. Results are given for scalar and pseudoscalar mesons, with or without anomalous magnetic mo-
ments for the nucleons and hyperons, and with scalar, pseudoscalar, vector, and pseudovector couplings.
Numerical results are given assuming unity for the coupling constant. The difference between the present
results and those carried out for pion photoproduction is due to the mass difference of the nucleons and
hyperons, the larger ratio of the meson mass to the nucleon mass, and the different values for the anomalous
magnetic moments. The last of these effects is particularly striking and might be of practical significance

when sufficient experimental information is available.

I. INTRODUCTION

HIS paper presents calculations in the lowest
order perturbation approximation of the photo-
production of K mesons from single nucleons.! While
the validity of such calculations in the case of the K
meson-nucleon interaction depends, roughly speaking,
on the magnitude of the K meson-nucleon coupling
constant, an @ priori skepticism concerning the success
of such an approach is quite justified, especially in view
of our experience with the pion-nucleon interaction.

It is reasonable, therefore, to begin our considera-
tions by trying to present a raison d’élre for perturba-
tion calculations as applied to the K meson-nucleon
interaction. We think that there is a case to be made
even apart from pointing out the possibility that the
interaction in question might be weak enough for the
perturbation approximation to hold. The history of the
pion-nucleon interaction shows that while the per-
turbation calculations gave very poor agreement with
experimental data (especially so for the angular dis-
tributions), the qualitative features of the discrepancy
between experiments and the perturbation results
served as a stimulant for a phenomenological theory
which in the end could be justified by more basic calcu-
lations. The perturbation calculations were the starting
point, leading to the realization for instance in the case
of pion photoproduction, that we can retain the per-
turbation predictions for the entire meson current
contribution and for most of the nucleon current con-
tribution and change only the P%, % nucleon current
contribution to get a good agreement with experiments.
We suggest that perturbation calculations might also
serve as a basis for the theory of K meson-nucleon inter-
action which will evolve, once sufficient guidance from
experimental results is available.

* Assisted by the Air Force Office of Scientific Research and the
U. S. Atomic Energy Commission.

1 On leave of absence from the Research Institute for Funda-
mental Physics, Kyoto University, Japan.

1 Similar investigations have been carried out simultaneously
but independently by A. Fujii and R. E. Marshak, following paper

[Phys. Rev. 107, 570 (1957)]. The two articles were coordinated
prior to publication in order to avoid duplication.

II. GENERAL CONSIDERATIONS

The following notation will be used. M will denote
the nucleon mass, and 9 the hyperon mass. The K-
meson mass will be denoted by x. The units z=c¢=1 will
be used. The meaning of the other symbols is as follows:
k for momentum (and energy) of the incoming photon,
$ for the momentum of the incoming nucleon, ¢ for the
momentum of the outgoing meson, p’ for the momentum
of the outgoing hyperon, e for the polarization vector
of the photon, go for the total energy of the outgoing
meson, and E(p) and E(p’) for the total energy of the
incoming nucleon and outgoing hyperon, respectively.
Boldface letters stand for three-dimensional vectors,
while italics denote four-dimensional vectors. Scalars
are also denoted by italics, but this ambiguity causes
no confusion with the possible exception of Eq. (2.7)
where #? and p? denote the squares of the four-vectors.
Our v’s are defined so that vy, is Hermitian and its
square is unity, while the other three v,s are anti-
Hermitian and their square is —1. Our scalar product
is defined by a-b=a¢bo— a- b, and we use a=a¢yo—a-v.

Our calculations will be carried out in the center-of-
mass system. We chose this system for its simplicity
and because experimental data are also likely to be
given in this system. The kinematics of the reactions is
trivial and will not be discussed. The threshold for pro-
duction of a K meson together with a A meson is at a
photon laboratory energy of 910 Mev, and for the
production of a K meson with a ¥ meson is at 1040 Mev.

At the present time the spin and parity of the hy-
perons and the K meson are not known, and in fact it
is still open to question whether the K meson is a
parity doublet or not. As far as spin is concerned, our
calculations have been based on'the assumption that
the spin of the K meson is 0, and the spin of the hyperon
is 3. This assumption appears to be the most probable
both on general theoretical and on experimental grounds.

As far as parity is concerned, we have calculated for
both scalar and pseudoscalar K mesons. If the K meson
is a parity doublet, the actual cross section is some linear
combination of the cross sections for the two definite
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parity states. Since parity is conserved in photopro-
duction, no cross terms between the two parity states
of the K meson can enter. It should be mentioned that
because of the associated production of hyperons and
K mesons, only the relative parity between a hyperon
and a K meson has meaning. If we use the convention
of defining the parity of the hyperon to be the same as
that of a nucleon, our parity nomenclature refers
directly to the parity of the K meson.

Strangeness considerations prohibit K~ and K° pro-
duction and so there are only six possible reactions:

(1) y+p— K+=H,

(2a) y+p— K420,

(2b)  v+p— KH+A", 2.1)
(3a) y+n— K43, '
(3b) v+ — KA,

4 y+n— Kt+Z-.

In isotopic spin notation the interaction between
hyperons, nucleons, and K mesons can be written as

G}:’IzinI’gI/NgoK and GAl;APg&Nq:K, (2.2)

where T' is unity for scalar mesons and I'=vys=~v¢yrv2vs
for pseudoscalar mesons. If one does not use the isotopic
notation, the interactions involving ckarged 2’s are

V2Gs¥sTYn o, (2.3)

while those involving 2% and A° remain uncharged. Our
numerical results and graphs are given for the case when

Gs/ (4m)i=Gy/ (4m)i=1. (2.9)

In our units ¢?/4r=1/137.

The matrix element of a given process can be con-
structed from the contributions of the various graphs
by using Feynman’s method. Our numerical and nor-
malization factors will be in agreement with a set of
rules given by Schweber.? The matrix element so con-
structed will be denoted by T's. The differential cross
section is then given by?

do qq0C
—=(2m)* , o (2.3)
aQ [14+qo/ E(p)J1+E/E(p)]

€=|T5|?/3®(0)5® (k+p—g—p).  (2.6)

We have outlined the above procedure on account of
the frequent confusion about the status of factors like
V2 and 4.

Finally, before we give the results of the calculations,
let us see in what respect we can expect the results to
be different from similar calculations carried out for
pion photoproduction.®

where

2 Schweber, Bethe, and de Hoffmann, Mesons and Fields (Row
Peterson and Company, Evanston, 1955), Vol. I, pp. 242, 247,
248-254.

3 G. Araki, Progr. Theoret. Phys. Japan 5, 507 (1950).
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There are three types of differences. One is due to
the fact that final state contains a hyperon instead of
the initial nucleon, and in one of the graphs even the
intermediate state is a hyperon. This fact brings about
certain additional terms, not present in pion photo-
production, which will be proportional to some power
of the difference between the mass of the nucleon and
the hyperon. Secondly, the ratio of the meson mass to
the nucleon mass is not 1/7 as it was in the case of the
pion, but %, which makes the so-called “recoil terms”
more important. Finally, when we include the effects
of the anomalous magnetic moments, the values of the
moments of the hyperons enters our formulas.

An example of an effect of the first type is the modified
form of the equivalence theorem between the pseudo-
scalar (PS) and pseudovector (PV) couplings. For-
tunately the modification is just in the numerical factor.
The theorem can now be formulated as follows.

Let us consider a K meson being emitted by a nu-
cleon. The initial or final baryon need not be a free
particle. The part of the matrix element describing this
process is, for PSS coupling,

P+ p+M
5
p’Z_m2 PZ_M2
1 p+on
CMAM pr—9m
p+M
XvsLp'+9M—p+M—(p'—p) ] (2.7)
pZ_M2
1 p+M P
= —Ys Vs
m_l_M P2—M2 P’Z_mz
P p+M

Plz_mz‘yaqu_Mz ’

In the first-order photoproduction process the first two
terms disappear for the meson-current graph, thus
proving complete equivalence between the two coup-
lings for this graph. For either of the two nucleon-
current graphs, only one of the first two terms dis-
appears. The other, however, gives the “catastrophic
interaction” term. Thus for the lowest order calcula-
tions without anomalous magnetic moments over-all
equivalence still holds. This, and a similar argument
for the scalar meson, can be summarized in the follow-
ing equivalence relation:

GI' -

Tq, (2.8)

MF

where + holds for the pseudoscalar meson and — for
the scalar meson. '

In this paper, therefore, we shall use scalar and
pseudoscalar couplings unless indicated otherwise.
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III. CALCULATIONS

We shall carry out only one of the calculations in
any detail, and shall state only the results of the other
cases we have considered. It is assumed that the spin
of the K meson is 0 and the spin of the hyperons is 3.

1. Positive-K-Meson Production from Proton
with Dirac Magnetic Moment

The graphs for the lowest order processes are indi-
cated in Fig. 1. The double solid lines indicate hyperor.s,
the solid lines nucleons, the broken lines K mesons,
and the wavy lines photons. For the case under con-
sideration, only graphs (a) and (b) contribute, since
the A° (or 2°), having no charge or Dirac moment, does
not interact with the photon. The contribution from
these two graphs gives

i eG(MIM)*
Tpo=~— w(p)T
(2m)? [2k2qOE(:b)E(P')]%

——— )u(p)s® (p—g+h—p"), (3.1)

gk 2p-k

where the integration over the intermediate meson
four-vector has already been carried out. In deriving
Eq. (3.1) we used p- e=0 which holds both in the center-
of-mass system and in the laboratory system.

We can easily convince ourself that Casimir’s rule
still holds even though we have different spinors in the
initial and final states. Thus we have

EGPMIM
| Ta|?= (2m) o ——
8kqoE(p) E(p")
g-e ke P+M sq-¢ ek \Pp+M
XTr{ e )r r( ) }
gk 2p-k 2M q-k 2p-k/ 29
X3®W(0)6@W (p—g+k—p"). (3.2)
The computation of the trace yields
eG?
l Tbal P P
(2m)*4kqoE(p) E(p')
XW(0)6® (p—g+k—p) Ko, (3.3)
where K is, for scalar mesons,
W= (M—M)?
Kos= (ZM EYI’L—*)
2
¢ sin%0 go—q cosf
- T - 3 (34)
R (go— g cos)* E(p)+k

(a) (b) (©

Fie. 1. Graphs for the lowest order K-meson photoproduction
process. Solid lines represent nucleons, double lines hyperons,
dashed lines mesons, and wavy lines photons.

and, for pseudoscalar mesons,

w2— (M—M)? sin%
Kops=— ( — +1
2 k? (go—q cosh)?
qo—q cosf
—_— (3.9
E(p)+k

where 6 is the angle the emitted meson makes with the
incoming photon in the center-of-mass system. The
corresponding cross sections can be obtained by using
Eq. (2.5). The result is, in the center-of-mass system,

1 &G? ¢ 1
( ) ! Ku (3.6)
4 (4r)* k LE(D)+EILE®)+0]

To obtain the total cross section, the integration over 6
can be carried out easily. The result is

622

)2“;EE )+ LEP)+g0T

0'2=

X [ /ez( 1—E(;)°+k) 49U — (42— (OT— 1)) ]

Z:J_rzm 3.7)

(3.8)

X[l—q—oln
2q

where
A=-1 for scalar meson

=0 for pseudoscalar meson.

The angular distribution and the excitation function
for the above-considered process is given in Figs. 2, 3,
and 4.

2. Other K-Meson Production Processes from
Single Nucleons with Dirac Magnetic Moments

The remaining four reactions of Eq. (2.1) can be
calculated similarly. Reaction 1 will get contributions
from graphs (b) and (c), and reaction 4 from graphs (a)
and (c). Reaction 3 has no contributions from any of
these graphs, and thus has zero cross section according
to the theory under consideration.

The differential cross sections for reactions 1 and 4
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v . F16. 2. Differential cross section in the center-of-mass system
forreaction 2(b) with scalar coupling without anomalous magnetic
moments.

are given by

do
()
aQ/

(da go—qcosf 2
dﬂ)g(E(p’)-}—q cose) ’

[ T T i

(3.9)

4
o)
@

1200 Mev

do/dQ (y +p—> Ktlf);tb/sterod
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Fic. 3. Differential cross section in the center-of-mass system
for reaction 2(b) with pseudoscalar coupling without anomalous
magnetic moments.
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and
E(p)+k

(g)4=2(%)2<m)2, (3.10)

while the corresponding total cross sections are

' E(p) 1 |EQp)+
al=41rB{[(E(p)—l—k)+2A P J—ln‘ @)t
kg |E(p)—q
E(p")+2 A
—zu-z;—}, (3.11)
E(p)+k k?
N I R N
///
7
Ve
/7
/7
3 — / —
s+ SCALAR
/
/
/
Q Vs
2 ’
& /
L /
+ /
Ko ’
© /
/
=y PSEUDOSCALAR 7

1200 1300
k Mev (LAB)

900 1000 1100 1400 1500

Fic. 4. Total cross section for reaction 2 (b) with scalar and pseudo-
scalar couplings without anomalous magnetic moments.

and 24 A QE(Q)+¢ +
a4=87rB{ P LN
B gk E(p)+q0  |qo—q
A @ED)+¢ E(p)+Ek E(p)+
(_90 (" q+ (») )ln (") +q } (3.12)
qk* E(p")+qo 2q E(p")—q
where
=—3[w— (MEM)?], (3.13)
and
1 &G* ¢ 1
= (3.14)

B=——o- ,
4 (4r)? kLE(p)+E

Here, as well as in the subsequent formulas, the upper
sign holds for the scalar case and the lower sign for the
pseudoscalar case.

The differential cross sections and the excitation
functions as predicted by the above formulas are given
in Figs. 5 and 6.
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3. Productions Involving Baryons with
Anomalous Magnetic Moment

The anomalous magnetic moment calculations were
carried out in a way similar to Kaplon’s* calculation
for pion photoproduction. The matrix element of a
given process with the inclusion of the anomalous-
magnetic-moment interaction can be thought of as the
sum of two contributions, one being the matrix element
obtained without considering the anomalous moments,
and the other the added effect of the moments. This
latter addition to the matrix element is, apart from the
numerical value of the moments, the same for all four
reactions. The cross section can therefore be written as

do
(d—(—l) :n,B[Q12K0+Q¢K1+K2], (315)

where K is the expression given by Eq. (3.7), K; is
given by

M M
K= (I-‘Nq:MY—) (:I:—-H
M M

and K, is given by

— 0
_M‘i), (3.16)
E(p)+k

KF%[ %)24— (—;—;)2][/1+k(40—q cosf) ]

2 E(p)+k
:tumty[_q_ sin’ @) +A+k(go—q cosb)

2 ! E(p")+q cosd
ALE@) +kIEMLE(p')+g cost]}?
LE(")+EILE(p)+q cosd]

}, (3.17)

where py is the nucleon anomalous magnetic moment in
units of nucleon magneton, and uy is the hyperon
anomalous moment in terms of hyperon magnetons.®
Q: is a multiplicative factor depending on the reaction
one considers. It is given by®

E(p)+k
E(p)+q cosd

Il

Q1=

(3.18)
go—q cost

E(p)+gcos

¢ M. F. Kaplon, Phys. Rev. 83, 712 (1951).

5 In the limit when the hyperon and nucleon masses are taken
to be equal our expressions agree with those given by Kaplon,
except for K in the scalar case, where we believe there is an error
in Kaplon’s formula.

8 The result for reaction 3 is the most uncertain since all of the
cross section arises from the anomalous-magnetic-moment inter-
action, and since the possibility of the A° changing into a Z° after
the absorption of the photon, or vice versa, has not been consid-
ered. Nevertheless we include this result for the sake of
completeness.

Q5=0, Q4=
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Fic. 5. Differential cross section in the center-of-mass system
for reaction 1 excluding anomalous magnetic moments. The
scalar theory is shown by the dashed line and the pseudoscalar
theory by the solid line.

Finally #; is 2 for reactions 1 and 4, and unity for the
other processes. Some of the differential cross sections
for the processes including anomalous moments are
given in Figs. 7-10.
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F1G6. 6. Total cross section for reaction 1 with scalar and pseudo-
scaler couplings without anomalous magnetic moments.
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As is well known, the equivalence theorem ceases
to be valid even in the lowest order when anomalous
moments are included. The results of calculations
carried out with vector and pseudovector couplings
consist of the complete formula obtained by scalar and
pseudoscalar couplings, plus an additional term which
has one part which is linear in the anomalous moments,
and one which is quadratic. This additional term is

2(%:1:;—;) (OMFM)Q:

¢ sin%0
x{—k[E(p'>+qcoso]i—[E@)JrkJ
2 (go— q cosb)

+ (‘ﬂx‘if) (BLE(p)+FILE(p)+q cost]
M

+ (MF M) {(M=LM)ELE(p)+Fk]

FME(go—qcosd)}}. (3.19)

In the absence of any experimental information on the
hyperon moments, we referred to a theoretical estimate
of Marshak, Okubo, and Suderarshan.” In the nu-
merical computations we used the following values for

the anomalous magnetic moments:
u(EH =133, p(AY)=-—1.44, (3.20)

in units of hyperon magnetons.

1300 Mev
25— -

1100 Mev
2.0 /\

do/dQ(y+p—K*+A°) ub/sterad

1.0~ 940 Mev

05 | L 1 | |
30 60 S0 120 150

8 DEGREES

180

F1c. 7. Differential cross section in the center-of-mass system
for reaction 2(b) with scalar coupling, including the effect of
anomalous magnetic moments.

7 Marshak, Okubo, and Sudarshan, Phys. Rev. 106, 599 (1957).
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In addition to the extra term given by Eq. (3.19) for
the vector and pseudovector couplings the coupling
constant must also be changed in accordance with Eq.
(2.8). Therefore, in order to present an appropriate
comparison of the various couplings, one should use
for the vector and pseudovector coupling constants the
numerical values of

G/ 4r=1/(MFM)2. (3.21)

IV. CONCLUSIONS

Let us summarize our results by comparing them with
the corresponding formulas for pion photoproduction.

The mass difference between the nucleon and the
hyperon changes the results by an amount which de-
pends on the form of the theory. In general, the cor-
rection is larger for the scalar theory than for the
pseudoscalar case. In Fig. 2, for instance, the effect of
the mass difference accounts for about 209 of the cross
section. The effect is small compared to those obtained
from perturbation calculations of K-meson scattering
from nucleons (where the intermediate state contains a
hyperon). In this latter process the mass difference can
enter in denominators in a sensitive way, making the
correction as large as a factor of 2 or larger.

In making a comparison between K-meson and pion
photoproductions, one should take into account the
difference in the isotopic spin structure. Thus, for in-
stance, reaction 4 of Eq. (2.1) corresponds to negative-
pion production from neutrons.

It is interesting to notice the maximum in the ex-
citation curve for the pseudoscalar case in Fig. 4,
brought about by the combined effect of the mass
difference and large ‘“recoil” terms. In general, one of

1300. Mev
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do/dQ(y+p—K*T+A°) ub/sterad
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Fi1c. 8. Differential cross section in the center-of-mass system
for reaction 2(b) with pseudoscalar coupling, including the effect
of anomalous magnetic moments.
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F1c. 9. Differential cross section in the center-of-mass system
for reaction 1 with scalar coupling, including the effect of anoma-
lous magnetic moments.

the most striking differences between the K-meson and
pion photoproductions is the order of magnitude equal-
ity of neutral and charged productions. This is a direct
consequence of the “recoil effects.”

The effect of the addition of anomalous magnetic
moments depends, of course, greatly on the numerical
values of the anomalous moments. With the values
chosen by us, there is relatively little change for re-
action 1, and for the pseudoscalar coupling of reaction
2(b). However, the scalar case for reaction 2(b) changes
by a large factor and the shape of the angular distribu-
tion is also altered drastically. The sensitivity of the
excitation function to the addition of anomalous mag-
netic moments is discussed by Fujii and Marshak.!

It is also found that there is a large difference between
the pseudoscalar and pseudovector, and scalar and
vector couplings. In particular, the vector coupling
gives a very large cross section.
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F1c. 10. Differential cross section in the center-of-mass system
for reaction 1 with pseudoscalar coupling, including the effect of
anomalous magnetic moments.

In summary, we believe that the above results might
be of use in several ways. The various possibilities differ
from each other sufficiently, both in the magnitude of
the cross section as well as in the shape of the angular
distribution, to be of help in making a choice among
them on the basis of a comparison with even quite
rough experimental data. Coincidentally with this
choice one might also be able to say something about
the order of magnitude of the anomalous moments.
Finally, once more precise data are available, the
deviations from the above results, if they exist, might
indicate the direction in which a more phenomeno-
logical theory should develop.
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