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F16. 2. G versus square of momentum transfer ¢, in units of
2 F2, where & is proportional to the total cross section proton-
antiproton annihilation into electron-positron pairs, taken from
Table III. The point is a measurement from Ref. 18.

The values of G, 4, and sing are presented in Table
TII for ¢ in the annihilation region. In Fig. 2 we compare
our G values with the one measured point!8 of G=2.2

18 M. Conversi, T. Massam, Th. Muller, and A. Zichichi, Phys.
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at /=86 and fair agreement is observed.® The values
of sing are extremely small due to the restricted form
of the input function and the constraints at ¢=45.

An approach identical to the one presented here is
now being applied to the simultaneous analysis of the
neutron and proton data. It is hoped that a self-con-
sistent four-pole fit will emerge with the important
resonances having the more physical characteristics of
widths.
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19 The one other determination (Ref. 8) of this plot has identical
shape but occurs just above the data point. A few points are =45,
G=3.4;1=83, G=2.4; and t=400, G=1.6.
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Photoproduction of a neutral K-meson beam at high energies from hydrogen is computed in terms of a K*
vector-meson exchange mechanism corrected for final-state interactions. The results are very encouraging for
the intensity of high-energy K, beams at high-energy electron accelerators. A typical magnitude is 20 ub/sr
for a lower limit of the K° photoproduction differential cross section, at a laboratory peak angle of 2°, for

15-BeV incident photons.

INTRODUCTION

‘ N 7 E compute the cross section for photoproduction
' of K° mesons at high energies

v+p— K2+ 1)

due to the mechanism illustrated in Fig. 1, i.e., via K*
exchange. Our purpose is to obtain an estimate for the
neutral K beam which may be produced with high-
energy electron machines. There is now experimental
evidence that vector-meson exchange plays an im-
portant role in high-energy two-body or quasi-two-body
reactions.! Furthermore, in reaction (1) the K* meson
is the lightest particle with the quantum numbers of
the ¢ channel, since there is no K° current. We thus
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17.D. Jackson, Rev. Mod. Phys. (to be published).

expect K* exchange to be a dominant feature in high-
energy K° photoproduction.

Nevertheless, one should not be satisfied with a simple
Born-approximation calculation as illustrated by Fig. 1.
In order to reproduce experimental data in the 2-4-BeV
range, the one-meson-exchange approximation has to be
corrected to take proper care of the existence of many
competing channels. This correction has been applied
with great success by Gottiried and Jackson? and other
authors to several reactions. The method used is the
distorted-wave Born approximation, currently applied
in low-energy nuclear physics. Each partial-wave ampli-
tude F; is obtained from the Born-approximation
partial-wave contribution Bj, through the following

2K. Gottfried and J. D. Jackson, Nuovo Cimento 34, 735
(1964); A. Dar and W. Tobocman, Phys. Rev. Letters 12, 511
(1964) ; L. Durand and Y. T. Chiu, dbid. 12, 399 (1964); M. H.
Ross and G. L. Shaw, ibid. 12, 627 (1964).



PHOTOPRODUCTION OF NEUTRAL K MESONS

relation:
F(s)= e B (s)e®, )

where §;; and §;; are the scattering phase shifts (generally
complex) for angular momentum j in the final and
initial states; s stands for the c.m. energy squared. This
method provides an answer free of adjustable parame-
ters when the elastic-scattering amplitudes for the
initial and final two-body systems are purely imaginary.
The inelasticity parameters 5;=[¢*?| can then be
obtained from the shape of the elastic diffraction peak
and the total cross section.

It must be pointed out though that this distorted-
wave approximation, as expressed by (2), does not in
general have a firm theoretical basis in application to
high-energy reactions. Where it is valid, as has been
recently shown by Omnes? is for partial waves with
inelasticity parameters that are not too different from
unity. Nevertheless, if (2) is not formally correct for
low partial waves, where the absorption is large, it does
give the correct qualitative behavior of a strong damping
of the two-body reaction amplitude due to the effect of
many open competing channels. In other words, we
expect the statistical model to be more reliable than
the one-meson-exchange approximation when calcu-
lating the low partial-wave amplitudes. Since there are
so many open channels, these particular two-body
channels of low angular momentum should enter with a
small amplitude and not play a dominant role in the
total amplitude.

We do not expect then that (2), used for all partial
waves, will give a result much different from what could
be obtained with a more refined procedure, and it should
be adequate in order to yield an estimate of the cross
section. In particular, we present results corresponding
to the maximum possible absorption (no S wave at all)
in this formalism in order to make a pessimistic estimate
of the K beam intensity.

This treatment protects unitarity in the incident and
outgoing channels by including the possibility of tran-
sition to all the open inelastic channels, as first discussed
by Sopkovich and Baker and Blankenbecler.t Its main
effect is to reduce the Born-approximation predictions
and to make the angular distribution more strongly
peaked at small angles.

-~ K°(w,q)

F16. 1. K* exchange
in photoproduction.

p(E,.p) ¥ (Epup)

3 R. Omnes, Phys. Rev. 137, B649 (1965).
4N. T. Sopkovich, Nuovo Cimento 26, 186 (1962); M. Baker
and R. Blankenbecler, Phys. Rev. 128, 415 (1962).
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Fic. 2. K* exchange in pp
collision.

7 A

In the photoproduction process, the corrections come
only from the strong final-state interactions. Equation
(2) is then replaced by (n;i=1)

Fy(s)=[ni()]*By(s). 3)

To obtain the photoproduction cross section for K°
mesons we must still insert values for the K*K%
coupling constant, or the K% radiative decay width,
as well as for the K*pZ coupling constant in the B;
amplitudes, and for the KZ elastic-scattering angular
distribution and total cross section for the absorption
factor ;. In order to obtain a reliable order of magnitude
we may with some confidence use SU; symmetry to
relate these parameters to already known quantities. We
can, in this way, make predictions for the K° photo-
production cross section in terms of “experimental”’
parameters.

Our calculation follows the same lines as one already
carried out for the pp — AA reaction in the 2-4 BeV
range. In this process K* exchange® dominates, as shown
in Fig. 2, but with the low partial waves absorbed out
using the model of Gottfried and Jackson. An extremely
good fit to the experimental data is obtained assuming
identical inelasticity parameters for the pp and AA
channels and a K*pA coupling constant obtained from
the p-nucleon coupling constant by SU; symmetry.

Although this strengthens our confidence in the
model, one must be aware of the fact that we want to
obtain a cross-section estimate for (1) at energies
ranging from 10 to 20 BeV, which are much higher than
the energy range in which it has proved successful
(2-4 BeV). In using this approximation we assume that
the vector-meson-exchange contribution remains the
dominant feature when the energy increases.

Our motivation in earrying out this calculation is
to emphasize the strong suggestion that an intense
“healthy” K, beam will emerge from high-energy elec-
tron accelerators (SLAC in particular) and will be
available for detailed experimental studies.

In the spirit of making such an experimental pre-
diction we shall bias the calculations in the following
section so as to yield a lower limit prediction by
overemphasizing absorption from the final K=+
channel. The final results are shown graphically in
Figs. 3-6. They illustrate the reduction from the simple

8 G. Cohen and H. Navelet, Nuovo Cimento (to be published).
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Fic. 3. Center-of-mass differential cross section at 10 BeV.
Curve (1) gives the Born approximation. Curve (2) is obtained
after subtraction of the j=% partial wave. Curves (3) and (4) are
respectively obtained after the j=3%, %, §, 7, and all partial waves
have been corrected for absorption in final state. The results are
shown as directly obtained from and drawn by the computer.

one-particle exchange amplitude when absorption is
taken into account in the individual partial waves.
CALCULATIONS

In the simple one-particle exchange approximation
the amplitude for Fig. 1 with the indicated kinematics
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Fi1c. 4. Laboratory differential cross section at 10 BeV. Curves
(1), (2), (3), and (4) refer to the same steps as on Fig. 3.
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is written
8K*pZ MyMs\'2
M= grrKy *—)
m* \dkwE,E,

X (2m)%6(g+pe—pr—R)F, (4)
where

éuwré“k”q’{’d(P2)'Y'u(?1)}
(q__ k)?__ m*2

F

I

©®)

e is the photon polarization vector, m* denotes the K*
mass, and My and M3 the nucleon and Z mass, re-
spectively. The K*Ky vertex with the coupling constant
gr+ky has the unique form shown by the antisymmetric
outer product in the numerator of (5), up to a form
factor depending on momentum transfer ¢= (¢—k)>%
This form-factor dependence on ¢ is neglected here.
In the region of interest at the peak of the differential
cross section |[{|=m*. The relation of gg+x, to the
radiative decay width T'g«,x, is given by

gK*Ky 24T g+ Ky

- _m*(l—mz/m*2)3/2 ’

(6)

where m stands for the K mass. The coupling strength
at the K*pZ vertex grrpsti(p2)vuu(p1) is denoted by
grrpz. A Pauli-type coupling is neglected as relatively
unimportant when computing the magnitudes of differ-
ential cross sections for low momentum transfers.

The differential cross section in the center-of-mass
system for unpolarized particles is given by

(do) q MNM):/gK*K72)(gK*p22>
0Q) o kW \ 4r 4r
X3X 5 X |F2, (1)

Pol Spin

where W denotes the total energy.

Direct calculation of (4), (5), and (7) gives an upper
limit in the absence of final-state interaction, and we
quote the result here in order to provide a general
orientation. In the laboratory system and in the limit
of small angles and high energies, we find

. (d" ) 1 7gxeps\ (80K
lim — = >(
MIk=0,6~0\dQ /.1, 2m*2\ 4 4ar

O1a1”
=
(610024 m*2/ Royar* 2

Putting ggspz?/4r~1 and grxx,?/4r~1/137, as be-
comes an electromagnetic transition corresponding to a
radiative decay width ~0.1 MeV in (6), we find at the
peak angle 6i.,=m*/kp and at an incident photon
energy of k=15 BeV,

(do/dD)peax= 100 ub/sr. 9)

®)
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Fic. 5. Laboratory differential cross section at 15 BeV. Curves

(1), (2), (3), and (4) refer to the same steps as on Fig. 4.

We can compute with this production cross section
the K, yield with an incident beam intensity of 20-BeV
electrons of 10%/sec as predicted for SLAC. Through a
% radiation length target there will emerge 5X10% dk/k
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F16. 6. Laboratory differential cross section at 15 BeV. Curves
1), (2), (3), and (4) refer to the same steps as on Fig. 4. The
absorption is not assumed to be complete in the S wave but given
by Egs. (18) and (12).
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photons per second in an energy interval dk about £, or
3X10® photons/BeV-sec at 15 BeV. If these photons
are incident on an 8 g/cm? hydrogen target the resulting
long-lived K, flux is 10%/sec within a solid angle of
o (m*/k)~ 1073 sr about §=m*/k~3°.

In analyzing the effect of final-state interactions it has
been found to be necessary to treat the particle spins
correctly in order to avoid unphysical diffraction bumps
in the calculated angular distributions. Since our pri-
mary interest here is in the formation of a secondary
beam of K’s of high flux and in view of uncertainties in
the coupling constants ggxs, and gyxsx, it suffices to
make a simple spinless impact-parameter calculation of
the absorption from the K°2* channel. The qualitative
results obtained in this way are then confirmed by a
detailed calculation performed by decomposing the
amplitude F into individual helicity and angular-mo-
mentum channels and then absorbing each partial wave
with the parameters computed from the diffraction
scattering.

First we present the simple result. The peak in the
differential cross section (8) occurs at the angle §=m*/k
corresponding to a momentum transfer k9= |¢|2=m*.
This defines an impact parameter d=1/m* and ac-
cording to the distorted-wave Born approximation the
final-state amplitude is diminished by the factor

gy (S )
47 A (s)

[n(d) 2= {1— e-bz/m(a)}l/? (10)

representing the fractional absorption of the K=+
system into other channels when they collide with
impact parameter . In (10), o, is the K°Z+ collision
cross section at energy 4/s, and the approximation is
made that the amplitude for K°Z* scattering is imagin-
ary, i.e.,

—1f(5,0)=1Im f(5,0)= (k/4m)o(s) ,

and that for small finite momentum transfer, the ampli-
tude is parametrized as

flsp)=e"41f(s,0). (11)

4 as well as g, are fit to m-nucleon high-energy scattering
parameters. Using 15-BeV data, so that®

0;=27mb and A=10/(BeV)?,
we evaluate from (10) for b=1/m*,
7 2(b=1/m*)=0.7.

This gives a reduction from the peak of 100 ub/sr evalu-
ated in (9) by a factor of only %

do

1
—= 1001}(———) =50 ub/sr .
aQ m*

(12)

(13)

For a lower limit to the production cross section we may

¢ K. J. Foley et al., Phys. Rev. Letters 11, 425 (1963) ; S. Brandt
el al., ibid. 10, 413 (1963).
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set to unity the coefficient in (10), i.e., replace o,/474
by 1 in (10) corresponding to complete absorption of
the S-wave amplitude. This would reduce (9) then by a
factor 16 down to 6 ub/sr. However, this is only a rough
approximation of the effect since the peak also moves to
a smaller angle.

D. DRELL AND M.
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For a result with more quantitative meaning we
return now to (5) and project out the four individual
helicity amplitudes? corresponding to an incident baryon
of + helicity ending up with + or — helicity with
absorption of a right-handed or left-handed photon,
respectively :

Fy — 292 sin(0/2)[(1+w/q) (rr)+ (1—r)(1—7s) cost(6/2) ]
e F; _ _].—<E1+MN)1/2<E2+M2>1/2 1 €%/ sinf sin (6/2) (1471) (1—72)
Fi3| 2V2\ 2My 2M s cosf—V | 92 sinf cos (0/2) (1+r1) (1472) ’
Fy —2e7¢ cos(8/2)[(1—w/q)(n—ra)+(1+r)(1—n) sin*(6/2) ]
(14)
where

w  m¥r—m? El—MN 1/2 Eg—Mz 172
e e
q 2kq E1+MN E2+Mz

In the high-energy limit 74, 72— 1 and only the first
and third amplitudes above, corresponding to no helicity
flip on the baryon line and to right- and left-handed
incident photons, respectively, survive to leading order
in M/E. The angular-momentum projections of the
individual F; are achieved with the representation co-
efficients of the rotation group,

1
Fﬁ':/ d(cos)F1(0)d1/2—1/2°(0),
-1

1
F2j= / d(COSO)Fz(@)dg/z_llzj(e) y
-1

. (15)
F3f=f d(cost)F3(0)d_3/2-1,57(0) ,
-1
1
Fyi= / d(cost)Fs(0)d_1/2-1,27(0) ;
-1
] sin(8/2)
dyjp-1/97 ()= —— (P’ i1t Plimvpe)
jt+3
COS(G/Z)/ 27 —1\172
d _ i 0)= _( ) Pl.
3/2 1/2( ]+% \ 2j+3 H1/2
2j43\1%2
+(—-—> P'j—l/a) )
25—1
(16)

_ sin(8/2) 7 /25— 1\1%
d_3/2-1/2"(0) = —— ((**-) Plitae
Jjt+3 243

27+43\172
+(*—> P,j—-l/2),
25—1
cos(8/2)

—(P'j31/2—P'i12) -

d_y/0-1,7(0)= T
JTz

In terms of their partial-wave expansions the individual
amplitudes are given by

Fi= Y (j4+3)Fdijo127 0N n;

7=1/2

Fo= 3 (j43)Fodsse1,2'(0)/ 5,
7=1/2

an

Fy= 3 (G+3Fsd_spp? O\ n5,

7=1/2

Fi=Y (G+3Fdd 1701270V 05,

7=1/2

where the factor 4/n; corrects the jth partial-wave chan-
nel for the absorption from the final K=+ state. The
absorption factor for the jth partial wave is obtained
by substituting for the impact parameter by the classical-
wave prescription

I j—3
b i? . nj—_—(l__‘f_‘_ew(j—%)zn‘«xq%)‘ (18)
qg q 4rA

Since many partial waves contribute at the high energies
of interest, little error is introduced by using (18) for all
7 values in (17). We also neglect spin dependence in the
absorption.

We have inserted (18) into (17) and added up the
contributions for each j. The results are presented in
Figs. 4 and 5 for two different photon energies, 10 and
15 BeV, [Figs. 3 and 4 give the differential cross section
at 10 BeV] in the center-of-mass and laboratory sys-
tems. Shown in these figures are the Born-approxima-
tion results given in the high-energy and small-angle
limit by (8), together with the curves showing succes-
sive reduction of the individual partial waves. More-
over, since we are interested in a lower bound in the
production process in computing the secondary Ko
beam intensities, we choose o,/4rA=1 corresponding
to maximum S-wave absorption. In Fig. 6 the actual
parameters of (12) were used in evaluating (18).

? M. Jacob and G. C. Wick, Ann. Phys. (N.Y.) 7, 404 (1949).
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The coupling constants used have been obtained in
the following way: SU; symmetry® relates the K*p2
and p-nucleon coupling constants; namely

(19)

If the p meson is assumed to be coupled to the isotopic
spin current one further has g,0,,=2%g,0.+,+. With a p
meson width of the order of 100 MeV, one takes

gzK*pg/ﬁhr%OJS. (20)

The K*K«v and pry coupling constants may be easily
related by SU; symmetry if the electromagnetic current
transforms like a member of an octet. This gives
gr*gty=—2g,0.0,. The pry coupling constant is then
related to the p radiative decay width by (6) when the
K* and K masses are, respectively, replaced by the p
and 7 masses. If T', stands for the p radiative decay
width, in MeV, we have

gx*Ky/4r~0.13T,.

gK*UpEi‘: ——'\/fgpqpp .

(21)

The curves of Figs. 3, 4, 5, and 6 correspond to (20)
and (21) with a p-meson radiative width of 0.15 MeV.

This is a conservative estimate as recently reported
measurements® of p° photoproduction, if interpreted as
due entirely to one-pion exchange, lead to a p radiative
width of 1.5 MeV, ~ ten times larger. Our results in
Figs. 3,4, 5, and 6 can be scaled simply by the ratio of
the observed p radiative decay width to the assumed
value of 0.15 MeV when data are available.

CONCLUSIONS

Before anyone is tempted to ascribe too much weight
to the detailed numerical results we call attention to the
fact that a representation of the diffraction scattering
of a meson-baryon system by a purely imaginary
amplitude, as done in (11), fails to reproduce the recently
reported real part of the forward scattering ampli-
tude.® Also there is considerable latitude at present in
our knowledge of the coupling constants ggxg, and
gx+pz- The relatively large cross section, obtained from
K* exchange, is due to the fact that absorption, although
strong, is mainly confined to the low partial waves
(<8 at 15 BeV). An additional and noninterfering
mechanism for photoproducing K° mesons is via the

8 M. Gell-Mann, California Institute of Technology Report
CTSL-20, 1961 (unpublished).

9 H. R. Crouch, Jr., et al., Phys. Rev. Letters 13, 640 (1964).
The p radiative width would be further increased if the one-pion
exchange calculations to which the experiments are compared [S.
M. Berman and S. D. Drell, Phys. Rev. 133, B791 (1964)] are
reduced by the analogous final-state corrections as discussed in
this paper. More recent counter data on the energy dependence
of p? photoproduction from hydrogen [F. Pipkin (private communi-
cation) Jindicate the presence of the one-pion exchange in addition
to the diffraction mechanism and support the use of 0.15 MeV as
a conservative estimate of the p radiative decay width.

1S, J. Lindenbaum, Rapporteur’s talk, 1964 International
Conference on High-Energy Physics, Dubna (unpublished).
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charged K* current followed by the subsequent decay
K*+— K07+, As discussed in Ref. 9 this could be
important at small angles if the charged K* has a non-
vanishing anomalous magnetic moment. There is also
the additional cross section for the exchanged K* in
Fig. 1 to excite resonance and multiparticle final states
in addition to the =+ as shown.!

Although the peak in the differential cross section
for K* production increases approximately with the
square of the photon energy, the cross section integrated
over the peak width of ~wm*2/k? sr is constant, inde-
pendent of energy. This may prove to be an over-
optimistic extrapolation from the 4-BeV to the 15-BeV
region if further experience shows that, in addition to the
reduction due to absorption into competing channels,
the vector K* exchange should also be “Reggeized.”’?
If so, it may help to erase at least part of the pessimism
built into our calculations by our choice of parameters
corresponding to maximum absorption and to a small
p radiative decay width.

These results have to be compared to photoproduction
of charged K mesons expected at the same energy.
Assuming the electromagnetic current to transform like
a member of an octet we use charge independence to
obtain a ratio of 1 between the y-4p— K°Z° A° and
v+p— K°Z* cross sections as computed above. We
expect then a K+ differential cross section of the order
of 10 ub/sr at the laboratory peak angle for an incident
photon of 15 BeV due to K* exchange. This is to be
compared with a peak differential cross section of =100
ub/sr expected from the K+ current contribution which
is illustrated in Fig. 7, when we include all inelastic
final states that can be excited by the normalized
equivalent quantum spectrum from an incident 20-BeV
electron.

The numerical calculations were carried out on the
Stanford B5000 computer. Results as plotted directly
by the machine are shown in Fig. 3. It is a pleasure to
thank S. Howry for an introduction to the Algol system.

11 Whether or not the absorption factor, computed here to reduce
the peak cross section by a factor of 10, is present for multiparticle
final states is an open question. In the analogous situation for p
production via one-pion exchange no reduction in cross section
was observed up to energies of 18 BeV. [L. Jones, Phys. Rev.
Letters 14, 186 (1965).]

12 Tn the present calculation a decrease in the cross section with

energy can be found only if the diffraction peak becomes less
broad at higher energies.



