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The effects of the initial-state interactions on the K ~-p radiative capture branching ratios are
examined and found to be quite sizable. A general coupled-channel formalism for both strong and
electromagnetic channels using a particle basis is presented, and applied to all the low energy K™ -p

data with the exception of the 1s atomic level shift.

Satisfactory fits are obtained using vertex

coupling constants for the electromagnetic channels that are close to their expected SU(3) values.

PACS number(s): 13.75.Jz, 24.10.Eq, 25.40.Lw, 25.80.Nv

I. INTRODUCTION

The K~ -proton interaction is a strong multichannel
process [1], with the A(1405) resonance just below the
K~ -p threshold at 1432 MeV. At low energies, the K~
can elastically scatter off the proton, charge exchange to
KO0-n, or scatter to (Zt#n™), (X£°#°), (=), or (An?)
final states. The electromagnetic radiative capture pro-
cesses K™p — Ay (£%y) are also possible [2]. The
amplitudes of these latter reactions can be related to
those of the associated strangeness photoproduction, i.e.,
vp = KTA (K*X0), by crossing symmetry. Much effort
has been made experimentally and theoretically to under-
stand this system. In particular, experiments to measure
the branching ratios of the radiative capture reactions
K~—p — Ay and K~p — X%y were recently performed [3]
to help clarify the details of the reaction mechanism, with
a special interest in the nature of the A(1405) resonance
[4]. However, on one hand the result for the Ay channel
is unexpectably smaller than both the previous measured
value [5] and those obtained through phenomenological
models [2], and on the other hand the measured branch-
ing ratio for the X%y final states comes out significantly
higher than the one for the other channel, producing yet
another mystery to this already complicated problem.

The most recent measurements of the threshold
branching ratios with stopped kaons, done at Brookhaven
[3], are

'K~ p— Ay) _
Rpy = = = 0.86 + 0.07 £ 0. 3
A1 = T(E=p ol 07 £ 0.09 x 10
and
— 0
Rey=TEP2EY 440204011 x 1075,

L(K—p — all)

Existing calculations [2] overestimate Rx., by a factor of 3
or 4 (except a few recent phenomenological analysis [6,7]
of the kaon photoproduction processes). The pioneer cal-
culations considered the A(1405) in two different ways:
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as an s-channel resonance [8] or as a quasi-bound (K-
N, Z7) state [9-11]. In the quark-model approaches, this
hyperon is considered as a pure ¢° state [12,13], a quasi-
bound K N state [14,15], or still as a hybrid (¢>+¢%*g---)
state [16-18]. A number of potential model fits to the
scattering data incorporate the A(1405) as a quasibound
(K-N, X7) resonance [19-21]. It would be interesting to
see if the radiative capture channels can also be under-
stood within a single model, especially since the radiative
capture data were taken to help distinguish between these
two possibilities.

The diversified nature of the low energy data challenges
theoretical models. Even if the analysis is restricted to
the hadronic sector, difficulties arise when trying to un-
derstand the K ~p Is atomic-level shift. The sign of the
K~ p scattering length extracted from this experiment
is opposite to that determined from K matrix and po-
tential model fits to the other hadronic data. This con-
flict poses interesting questions which are discussed in
Refs. [19,20,22]. Only one potential, Ref. [20], has been
published which is compatible with all the low energy
hadronic data. We will examine the initial-state inter-
actions for the radiative capture branching ratio for this
potential.

Calculations which focus on the radiative capture
branching ratios usually do not include the initial-state
interactions. Only one group [15], which uses the cloudy
bag quark model, has included these in the electromag-
netic branching ratio calculation. Since the interactions
are strongly coupled among the various channels, any
meaningful comparison with the data needs to include
channel couplings. We find here that the effect of the
initial-state interactions is far from being negligible. One
limitation with this latter calculation is that no compar-
ison is made with the strong branching ratio data. The
other threshold branching ratios are {23,24]

(K~ p—7ntE™)
v = K ponot) 2.36 £ 0.04,
K~ p — charged particles)
I'(K—p — all)

R, ="t

= 0.664 £+ 0.011,
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T(K~—p — w°A)

= = 0.189 £ 0.015.
I'(K—p — all neutral states)

R,

They put tight constraints on the threshold amplitudes
and potential coupling strengths [17,20,21]. In fact, the
five branching ratios are among the most precise data in
the strangeness sector. However, at present there is no
comprehensive analysis which includes both the hadronic
and electromagnetic branching ratios of the K ~p system.

The aim of this paper is to examine all the low en-
ergy data within a single model and determine if it can
be understood using known coupling strengths and min-
imal SU(3) symmetry breaking for relevant vertices in
the electromagnetic channels. In doing so, we focus on
how the two radiative capture branching ratios are af-
fected by the initial-state interactions among the differ-
ent channels. In order to unravel the essential physics
from the many channel system, in Sec. II we will first
set up a general procedure to separate the strong (or
initial-state) interactions from the electromagnetic ones.
As shown in Sec. II, the initial-state hadronic interac-
tions can be described with six complex numbers. Thus
we need a model of the interaction between the strong
channels to produce these six numbers. In Sec. III we
examine two phenomenological potential models, each
of which fits the low energy scattering data, the reso-
nance at 1405 MeV, and the hadronic branching ratios
at threshold. In one potential, the present work, the rela-
tive potential strengths between the various channels are
guided by SU(3) symmetry. For this potential, the pa-
rameters are adjusted to fit all the low energy K~ p data
with the exception of the 1s atomic level shift value of
the K~ p scattering length. The other potential is from
Ref. [20], in which the scattering length is compatible
with the atomic level shift data.

To clarify our discussion, we wish to underline here the
nature of the fitting parameters in the potential guided
by SU(3) symmetry. For the hadronic channels, the rela-
tive potential strengths are given by a value determined
from SU(3) symmetry times a “breaking factor,” which is
equal to 1, if the the relative channel couplings are SU(3)
symmetric. This SU(3) structure is motivated by chiral
symmetry [14]. For a good fit to the low energy data we
need to vary the relative strengths somewhat, allowing
the breaking factor to deviate from 1. The final values
of this factor have no obvious physical significance. The
potential enables one to estimate the effects of the initial-
state interactions from a potential which gives a good fit
to the low energy data. In the electromagnetic chan-
nels, the radiative capture amplitudes are derived from
first order “Born” photoproduction processes, which in-
volve the meson-baryon-baryon coupling constants gxpa,
gKps) 9rxs, and gxza. These coupling constants are re-
lated by SU(3) symmetry to the well known # NN cou-
pling constant. For the fit, these coupling constants
are allowed to vary up to £50% from their SU(3) val-
ues. Here the final values of these four parameters will
have physical significance and can be compared to val-
ues derived from other analyses. Thus we will examine
if the radiative capture branching ratio data can be un-

derstood using vertex coupling constants for the electro-
magnetic channels that are close to their expected SU(3)
values when initial-state interactions are included from a
hadronic interaction which fits the low energy hadronic
data.

II. GENERAL FORMALISM

Consider a coupled-channel system consisting of n
hadronic channels and one electromagnetic channel. We
assume that the interaction between channels can be rep-
resented for each partial wave ! by real potentials of the
form V;(v/s, ki, k;) where /s is the total energy and k; is
the momentum of channel 7 in the center-of-mass frame.
We will use the notation where the indices ¢,7 are inte-
gers for the strong channels and «y for the electromagnetic
channels. We will also assume that the transition matrix
element for each partial wave from channel 7 to chan-
nel j can be derived from a coupled-channel Lippmann-
Schwinger equation:

Tii(V's, ki ki) = Viz (Vs, ki, k)
+Z/Vzm(\/g7k17Q)Gm(\/§3Q)

Xij(\/ga q, kj)qqu) (1)

where G;(4/s, q) is the propagator for channel i. We sup-
press the index [, since for our problem only the [ = 0
partial wave is of interest. The electromagnetic coupling
is weak, and to a very good approximation we can ne-
glect the back coupling of the photon channels. Thus the
T matrix for radiative capture can be written as

Ti‘Y(\/E’ k'i’k‘v) = V;"Y(\/Ey ki,k')’)
+ 3 [ Vin(V5,k5,0)Gm (V5,0

m#Ey

X Ty (V/3, , k) g dg. (2)

Note that in the above equation there is no integration
over the photon’s momentum. There is only an integra-
tion over the hadronic momentum k; in the V;, potential.
This means that only half off-shell information is needed
for the hadron-photon potential. Since /s and k. are
fixed in the integral, we can write V;,(/s,q,k,) as

- }MVW(\/@ ki, ky)

Vi’y(\/qu?k"/) V;‘y(\/g k‘l. k‘y)

or

Viy (V5,8 ky) = ving (@) Vi (V'5, Ki, iy ). 3)

Substituting this form for V;, into Eq. (2) we obtain for
the T' matrix

Tiv(\/zs)’kiakv) = Z Mim(\/g)vmv(\/ga km, k),

m#Ey

with the matrix M;,, defined as



394 PETER B. SIEGEL AND BIJAN SAGHAI 52

Mim = 6im + /‘/i,m(\/gy ki, ) Gm (V3 q)vm~ ()% dg

+Z//Vm(«/g,ki,q')Gn(x/E,q')Vnm(x/E,q',q)Gm(x/E,q)vm(q)q’qu’qqu+-'--

n#Ey

The state m is the last hadronic state before the photon is
produced. Since all the on-shell momenta are determined
from /s we have

Tey(V3) = 3" Mion(v/3)Vina (v5). (4)

m#EY

This form for the transition matrix to the photon chan-
nels is very convenient, since it separates out the strong
part from the electromagnetic part of the interaction.
The matrix M is determined entirely from the hadronic
interactions and vertices. In the absence of channel cou-
pling M is the unit matrix. Any deviation from unity
is related to the initial-state interactions. Note that no
assumptions were made on the form of the propagator or
the potentials connecting the hadronic channels. They
need not be separable.

Labeling the K~ -p channel as no. 5, and defining
Am(+/s) as Msmn(4/s) we can write the scattering am-
plitude to the photon channels as

FK‘p—)A'y(Eo'y) = Z Am(ﬁ)fm-—)A*y(Eoﬂy)’ (5)

where the f,,’'s are the amplitudes to go from the
hadronic channel m to the appropriate photon channel.
These amplitudes are derivable from diagrams represent-
ing the photoproduction process. The quantities A4,, are
unitless complex numbers, and contain all the informa-
tion about the initial-state interactions for radiative cap-
ture. Generally the sum over m is restricted to states
which have charged hadrons. For the K ~-p process the
problem is greatly simplified, since there are only three
channels which have charged hadrons: 7+ %~, 7~ X+, and
K~p. To a very good approximation (see Sec. III), the
A,,’s are the same for both the Ay and the X%y chan-
nels. Thus three complex numbers, determined from the
hadronic interactions, describe all the initial-state inter-
actions for decays to both Ay and %%y final states.

The result of Eq. (5) is essentially Watson’s theo-
rem [25] using a particle basis. Watson’s theorem, which
also relates information about the strong interaction to
that of the electromagnetic process, uses an isospin ba-
sis. The photoproduction amplitude is shown to have
a phase equal to the hadronic phase shift for a given
isospin. Equation (5) reduces to this result if there is
only one strong channel. In this case, A is proportional
to e where § is the phase shift of the strong channel.
For pion-nucleon photoproduction it is useful to use an
isospin basis since the T matrix is diagonal and both the
photoproduction amplitude and the hadronic phase shift
can be determined from experiment. It is especially use-
ful if one isospin dominates (i.e., the Ps3). However, the
T matrix (or potential) for the K-N, X7, An system is
not diagonal in an isospin basis. Watson’s theorem would

[
apply to the eigenphases of the coupled K-N, ¥ system
for I = 0, and the coupled K-N, ¥, Anw system for
I = 1. Since these phases are not easily determined from
experiment the results of Watson’s theorem are not as
useful in this case. Also, in the next section we point out
that isospin breaking effects are very important at low
K~ -p energies. Thus, in analyzing threshold branching
ratios, a particle basis is necessary. Another advantage
of using Eq. (5) is that the interference of the “Born
amplitudes” f due to the initial-state interactions of the
hadrons is made transparent.

III. RESULTS AND DISCUSSION
A. The potentials for the strong channels

The two parts in determining the photoproduction
rates in Eq. (4) are the A,,, which are determined from
the strong part of the interaction, and the channel ampli-
tudes fr,Ay(sy).- For notation, we will label the chan-
nels 1-8 as 7t 3~, 79%8°, 7~ X+, #%A, K~ p, KOn, A~,
and X%y, respectively. We begin by discussing the de-
termination of the A4,,. These were obtained by using a
separable potential and fitting to the available low energy
data on the strong channels. We took v;4 in Eq. (3) to
be equal to v; in Eq. (6) below. Two different separable
potentials were used: one guided by SU(3) symmetry for
the relative channel couplings which fits all the low en-
ergy data except the Is atomic-level shift, and one from
Ref. [20] which fits all the low energy data including
the sign of the scattering length from the 1s atomic-level
shift. Values for the A,, at the K ~p threshold for each
fit are listed in Table I.

Following Ref. [21] the separable potentials for the
strong channels are taken to be of the form

Vij (k, k') = T=Cliblvi(k)v; (k) 6)

2
9
4 WY

TABLE I. The A; values from Eq. (5) for two different
strong potentials. The potential with approximate SU(3)
symmetry fits all low energy hadronic data except the 1s K p
atomic level shift. The potential of Ref. [20] fits the atomic
level shift as well.

Potential of
Tanaka and Suzuki [22]

A; Potential with approximate
SU(3) symmetry

A, (1.20, 0.52) (1.49, -0.28)
Ay (-1.02, -0.14) (-1.10, 0.52)
Az (0.83, -0.23) (0.71, -0.75)
A, (-0.16, -0.34) (-0.30, -0.39)
As (-0.15, 1.06) (2.01, 2.55)
As (1.18, -0.41) (2.08, -1.12)
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TABLE II. The “best fit” values of CJ;(b/;) for the poten-
tial of Eq. (6).

cl=° P KN
o —2 (0.50) — Y& (1.29)
KN — Y8 (1.29) —2 (1.43)
clt s Aw KN
S —1 (0.50) 0 —-1(1.37)
Am 0 0 vE
KN —1(1.37) oAl ~1 (0.50)
as, = 974 apr = 886 agn = 445 g2 =1.19 fm?

where the Cin are determined from SU(3) symmetry. The

bfj are “breaking parameters” which are allowed to vary
slightly from unity. The v;(k) are form factors, taken for
this analysis to be equal to a?/(a? + k?), and g is an
overall strength constant. These potentials are used in
a coupled-channel Lippmann-Schwinger equation with a
nonrelativistic propagator to solve for the cross sections
to the various channels. The data used in the fit are from
Refs. [26-30]. The resonance at an energy of 1405 MeV
was also fitted. As discussed in Ref. [21] it was not possi-
ble to fit all the low energy data using potentials that had
b{j =1 for all < and 5. To get an acceptable fit without
including the radiative capture data, it is necessary to
vary the bin by at least £15% from unity. To get a very
good fit to all the data and determine the range of the
A, we let the b{j vary from 0.5 to 1.5. In Table IT we list
the values we used for the I = 0 and I = 1 potentials for
our “best fit.” This “best fit” also included the radiative
capture data, and is discussed in the next section. The
elements are listed as a product of the C,-IJ- values from

SU(3) times b{j which was allowed to vary from 0.5 to
1.5. Also listed are the values for o; in MeV/c and the
overall strength g2 from Eq. (6). We note that for this
fit the A(1405) is produced as a K-N(X7) bound state
resonance [21] (see Fig. 4).

The A; are a measure of how much the initial-state in-
teractions enhance the single scattering amplitude. Not
all the A; are needed in the K ~p radiative decay calcu-
lation, since only channels which have charged particles
contribute. Thus only A;, A3, and As enter the calcula-
tion. Also due to isospin symmetry in the ¥m sector A,
A,, and A3 must satisfy the relation 4; + 43 = —2A4,.
In the absence of initial-state interactions, A; = A3 =0
and As = 1. As can be seen in Table I, the magni-
tudes of A4;, A3, and As are between 0.8 and 1.3. Since
Frg-posny = A1fs-nt say+Aszfstn- ooy +Asfk-ponqys
cancellations among the various amplitudes can make the
radiative capture probability very sensitive to the initial-
state interactions. Unfortunately, the A; cannot be di-
rectly determined experimentally, and will have some
model dependencies. We tried to estimate the model de-
pendency for the potential of Eq. (6) by allowing the bin
to vary different amounts between 0.5 and 1.5 and see
how much the A; changed. For acceptable fits to the
data, excluding the atomic 1s level shift, the A; varied
only +20% in magnitude.

An important aspect of the problem is to include the
appropriate isospin breaking effects due to the mass dif-
ferences of the particles. This was done as described in
Ref. [21] by using the correct relativistic momenta and
reduced energies in the propagator. The effects are very
important in calculating the threshold branching ratios,
since the masses of K%-n are 7 MeV greater than the
masses of K~ p. As shown in Ref. [31], the Coulomb po-

6 r 0.8 [
r 0.75
¢ / - (b)
’/,’ 0.7 +
2 E- HSJ ——————
0.5 N T FIG. 1. The five branching ratios, defined
0 (‘)‘ L ‘Slol — ’1('30‘ . ‘HIBO‘ = 06 JO‘ — '540'4‘ |1C|>O‘ et ‘Téo' 0 in the text, are plotted as a function of K~
laboratory momentum: (a) branching ratio
v, (b) R, (¢) Rn, (d) Ray, and (e) Rg,. The
0.6 three curves correspond to different amounts
] of SU(3) breaking as listed in Table III. The
;ié 0.4 solid curve corresponds to our “best fit” pa-
= rameters: the vertex couplings of Table V be-
S 02 low and the strong couplings of Table II. This
5 - corresponds to the first line in Table III. The
@ o Ll v b b bw o Bl b b by dotted curve is for +£40% variation in all the
o © 50 100 150 200 0 50 100 150 200 parameters, the third line in Table III. The
x 10 Incident Kaon Lab. Momentum (MeV/c) dashed curve is for +30% variation in all the
0.2 parameters, the last line in Table III. The
(e) data points at threshold [3,19,20] with error
0.15 bars are also shown. The K°%n threshold is
0.1 =TI at 89.4 MeV/c.
0.05
0

0 50 100 150 200
Incident Kaon Lab. Momentum (MeV/c)
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FIG. 2. Cross sections are compared with
the experimental data for the six strong chan-

nels and the two electromagnetic channels:
(a) K™ p elastic scattering, (b) K" p — K°n,
(c) K'p — w°A, (d) K™p — 7«7Z, (e)

Kp — n°%°% (f) Kp — =« %%, (g
K~ p— Av, and (h) K~ p — £°%. The three
curves for each cross section correspond to
different amounts of SU(3) breaking as in Fig.

1.

150 60
N ? (a) 2
100 E7 N & 40 F
50 E g 20
0 B v b v ] o E
50 100 150 200 50
200 g
150 E
i~ 100 E
E | s b
c RN SR R ST B E a | 0 E
-2 100 150 200 50
®
%]
0
2 80 80
S 60 £ (e) 60 E
S 40 F 40 |
2 20 F 20 B
0 B v vl 1 T o E
50 100 150 200 50
0.5 g 0.5 ¢
0.4 el (9) 0.4 E (h)
0.3 3 0.3 F
0.2 02 E
0.1 E 0.1 E
o Eu 0 B v i L 1T
50 100 150 200 50 100 200

Incident Kaon Lab. Momentum (MeV/c)

tential can be neglected when calculating the branching
ratios. In Fig. 1 we plot the branching ratios as a func-
tion of kaon laboratory momentum Py,;,. The three dif-
ferent curves for each ratio correspond to different types
of SU(3) breaking to be discussed later. Note that the
energy dependence is particularly strong for branching
ratios v, Ry, Ray, and Ryx,.

For v, which is the ratio of X~ n* production to X+t~
the energy dependence is easy to understand. For a
model such as the one presented here which does not
include the A(1405) as an s-channel resonance, the reac-
tion K~p — 7T~ cannot occur in a single step. This
is a double charge exchange reaction, and needs to un-
dergo two single charge exchange steps with the middle
one being neutral. From the total cross-section data (See
Fig. 2), the most important neutral channel in low en-
ergy K~ p scattering comes out to be K%n. This causes
the ratio v to have a strong energy dependence near the
KOn threshold. Since the K%n channel is also important
in An® production, the ratio R, also varies rapidly with
energy near threshold. Thus for an accurate comparison
with the data one needs to use a particle basis in calcu-
lating the photoproduction branching ratios at threshold.
We note that, if an s-channel resonance was the domi-
nating process in the ¥« reaction, then the ratio v would
not have as rapid an energy dependence near the K’n
threshold. It is also interesting that I'(K "p — Avy) is
substantially less than I'(K ~p — 2%y) at energies below
the KOn threshold and greater at energies above. Ex-
perimental data of these branching ratios near the K—p
threshold would help clarify the nature of the A(1405).

B. The electromagnetic channels

We now turn our attention to the most important part
of the calculation, the amplitudes for the Ay and X%

- channels. As discussed previously, only the amplitudes

for the three charged channels will contribute to the ra-
diative capture amplitude in Eq. (5): K~ p — Avy(XZ%),
LERF — Avy(X%y). Here we will use the amplitudes ob-
tained from the diagrams shown in Fig. 3. These dia-
grams are the leading order contributions to photopro-
duction [32]. We include the most important amplitudes
which are the “extended Born terms,” including the A
and the ©° exchange terms, and the vector meson ex-
change terms (K*,p). The expressions for these terms
and their relative importance are given in the Appendix.

There are four coupling constants which enter in the
photoproduction amplitudes: gxna, 9K NS, grss, and
gxxa. Since there are only two branching ratios to fit,
we need to limit the method of our search. We inves-
tigated three cases: (a) assume exact SU(3) symmetry
for the coupling constants with g,nyny = 13.4 and vary
the F-D mixing ratio a to best fit the data, (b) assume
a = 0.644, g,nn = 13.4 and vary the coupling constants
slightly from their SU(3) values for a best fit, and (c)
use the A,, from the potential of Ref. [20] and SU(3)
symmetry for the coupling constants to see if a fit of
the radiative decay branching ratios is possible. For the
search, we weighted each data point equally, and thus
the two radiative capture branching ratios did not have
a great effect on the hadronic parameters.

In the first case, we assumed exact SU(3) symmetry
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FIG. 3. The main diagrams which contribute to the radia-
tive capture amplitude for K~ p — Ay: (a), (b), (¢), and (f)
are the “Born” terms, (d) the T or cross term, and (e) the vec-
tor meson K* exchange term. The K ~p — %%y reaction and
the & reactions 7 XF — Avy(=°y) will have similar terms.

with gy~ = 13.4 and varied the F-D mixing ratio « for
a best fit to the data. We found an acceptable fit with
a x2 per data point of 2.47 for o = 1.0. The branching
ratios for this fit are v = 2.25, R, = 0.66, and R,, = 0.17
for the strong channels, and Ry, =1.22 x 1073 and Rz
=1.47 x 1073 for the electromagnetic channels. Although
this is not the accepted value for «, it is remarkable to
get a fit with only one adjustable variable.

In the next case, we fix a to be 0.644. The search
is done using MINUIT code [33] on 13 parameters: the
three ranges for the strong channels and the six breaking
factors for the strong channels b{j, 9KpA, 9KpS, 9rss,
and grna. We allowed the b/, to vary +50%, +40%,
and +30% from unity while the four coupling constants
9KpAy 9KpxE, rEx, and grZA varied by i50%7 :‘:40%1

and +30% from their SU(3) values, respectively. The
range parameters o were allowed to vary from 200 to
1000 MeV/c. The results for the branching ratios and
the reduced x? are listed in Table III. The first column
lists the percentage that the parameters, except gxpa,
were allowed to vary from their SU(3) values (or in the
case of the bI ’s from unity). The second column lists the
percentage that gk pa Was allowed to vary from its SU(3)
value of —13.2. We also tried to find a satisfactory fit
in which gxpa was as close to —13.2 as possible. A fit
was found in which gx,a was varied only +20%, while
the other parameters were allowed to vary +50%. The
first row of Table III shows these results. We call this
our “best fit” since the most well determined coupling
constants, gk na and gx Ny, are close to their SU(3) val-
ues, with gxns only 50% high. Our best fit values for
the coupling constants are ggnya = —10.6, gg Ny = 5.8,
grxy = —7.2, and grza = —5.0. Notice that our values
for the two first coupling constants are in agreement with
those obtained from strangeness photoproduction [7,34]
and hadronic sector [35,36] analyses. The electromag-
netic branching ratios change drastically if the initial-
state interactions are excluded from the calculation. We
obtain Ry, = 0.56 x 1073 and Ry, = 0.12x 1073 without
the initial-state interactions. The two branching ratios
are hence decreased by roughly a factor of 2 and more
than one order of magnitude, respectively, by switching
off the initial-state interactions.

Graphs of the different fits for the five branching ratios
and total cross sections as a function of kaon laboratory
momentum are shown in Figs. 1 and 2, respectively. In
Fig. 4 we plot the Y7 spectrum normalized to the data of
Hemingway [37]. As in Ref. [14], we plot k7 |Tsr—5x|?,
where T, 5~ is the T matrix in the I = 0 sector for
Ym — Yw scattering. In each figure, the solid line cor-
responds to the “best fit” parameters, the dotted line
to £40% SU(3) breaking for all the parameters, and the
dashed line to +£30% breaking for all the parameters. In
each case the A(1405) is produced as a bound state res-
onance as in Ref. [21].

The K ~p scattering length obtained from our best fit is
(—0.63+0.767) fm. This compares closely with the value
from Ref. [32] of (—0.66 + 0.647) fm. These values, how-
ever, have the opposite sign for the real part from that
extracted from the Is K~ p atomic-level shift data [38].
Since the atomic-level shift data are still puzzling [39],
we did not try to fit them in our search. This discrep-
ancy has been discussed in detail in Ref. [20] with some
interesting results. Hence we used the A,, obtained from
the potential of Ref. [20] which fitted all the hadronic

TABLE III. Branching ratios and x? per data point for different amounts of SU(3) breaking. Column 2 lists the variation
in the coupling constant gxpa. Column 1 lists the variation in the other parameters.

All except 9KpA gKpA Xz/N vy Rc Rn RA-y X 103 Rg-y X 103
+50% +20% 1.76 2.31 0.661 0.164 1.09 1.55
+50% +50% 1.21 2.35 0.659 0.194 0.89 1.46
+40% +40% 1.54 2.32 0.659 0.179 1.04 1.53
+30% +30% 2.94 2.20 0.652 0.174 1.31 1.65

Experiment 2.36 & 0.04 0.664 £ 0.011 0.189 £ 0.015 0.86 + 0.07 1.44 £+ 0.20
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FIG. 4. The 7 mass spectrum normalized to the data of
Ref. [37] is plotted as a function of the Xm center-of-mass
energy. The three curves correspond to different amounts of
SU(3) breaking as in Fig. 1.

low energy data and has the same sign for the scattering
length as the atomic-level shift data. We were able to
reproduce their results using their nonrelativistic poten-
tials. From Table I we see that A, and A3 do not differ
too much from those obtained with the “SU(3) guided”
potential. However, Ay is much different in magnitude
and its real part has the opposite sign. Perhaps this is be-
cause the atomic Is shift and hence the scattering length
has the opposite sign. For the potential of [20] the re-
sulting radiative capture branching ratios using coupling
constants from SU(3) symmetry are Ry, = 17.5 x 1073
and Ry, = 3.29%x10~3, which are far from the experimen-
tal values. For satisfactory agreement with the radiative
capture branching ratios, the coupling constants would
have to deviate from their SU(3) values by an unreason-
able amount. The reason for the bad agreement is that
Ag is very large and its real part is positive. In order to
obtain a small value for Ay production, the amplitudes
have to cancel in Eq. (5). Since the relative signs of the
Fm—Ay(zo4) are fixed by SU(3) symmetry, the A,,(1/s)
have to have appropriate relative phases to cause this
cancellation. The A,, from the potential guided by SU(3)
symmetry have this feature.

IV. CONCLUSIONS

We have done a comprehensive analysis of all the low
energy data, except the s atomic-level shift, on the K ~p
system. To facilitate the analysis, we derived an expres-
sion for the radiative capture cross section which sepa-
rates out the strong interaction from the electromagnetic
ones. The initial-state interactions can be described by
six complex amplitudes A,,, with only three of them rele-
vant to the radiative capture process. For the strong part

of the interaction we chose a separable potential whose
relative potential strengths were guided by SU(3) symme-
try. This potential is phenomenological and serves to pro-
duce appropriate A,, from the low energy scattering and
resonance data. The radiative capture amplitudes are de-
rived from first order “Born” photoproduction processes,
and are determined from meson-baryon-baryon coupling
constants, whose values are related by SU(3) symmetry
to the well known 7NN coupling constant.

We found a number of good fits in which the coupling
constants were close to their expected SU(3) values. For
these fits, the relative coupling strengths in the strong
channels were guided by SU(3) symmetry. In all of the
fits, the A(1405) is produced as a bound K-N(X) res-
onance, and the initial-state interactions were very im-
portant for the radiative capture branching ratios. The
ratio Rj~ varies roughly by a factor of 2, and the ratio
Rs., by more than a factor of 10 due to the initial-state
interactions.

Results presented in this paper, reproduce well enough
the existing strong and electromagnetic data from thresh-
old up to P}2® ~ 200 MeV/c. Our predictions, specially
for the branching ratios, show clearly the need for more
experimental investigations; one of the main motivations
being to clarify the nature of the A(1405) resonance.
Such measurements are planned at DA®NE [40] using the
tagged low energy kaon beam and may also be achieved
at Brookhaven and KEK.
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APPENDIX

In this Appendix we will summarize the contributions
to the photoproduction amplitudes shown in Fig. 3. Here
we will write the expressions for the K ~p — A~y ampli-
tude. The amplitudes for the K~p — X0, T¥xF — Avy,
and *nF — X%y processes will be the same with ap-
propriate masses and coupling constants.

To lowest order the amplitude for the K ~p — A~y re-
action f is the sum of three amplitudes,

fK—p—>A7 = FBorn + Fx +FK‘7

which correspond to the the Born, the ¥V, and the K*
diagrams shown in Fig. 3.

The Born amplitude is derived in Ref. [32] and is given
by
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TABLE IV. Values of the coupling constants which were
held constant.

TABLE V. “Best fit” values of the coupling constants for
the electromagnetic amplitudes.

Kp = 1.793 Ghepa = —4.5
kA = —0.613 Giepp = —16.6
KsA = 1.6 g}é.pz = -2.6
KKk =1.58 Gkeps = 3.2
Kpr = 1.41 gVsa =0

Kg- = —2.157 g%m =11.1
kgt = 1.42 gifm = —5.2
kzo = 0.619 ghs =128

[EA + ma grpae
F =, =2 A JApPAT
Born 2ma 2mp

k‘Y
X(1+m(”’“”+“’>’

at the K~ p threshold. The ¥ term is also derived in Ref.
[32] and is given by

e — [EA + ma gkpxe Vs —my
Y= - KEA .
2my 2my, Vs +mg

In a similar manner, the K* exchange term can be eval-
uated. In this case, there is a vector and a tensor piece.
We obtain for the amplitude

Fyge = —
K 2mp 2mp (¢t —m%.)(Ea +ma)

+911('*p1\e KK'K"’E,(\/E“ myp) (mA + mp)}

Ep +myp l:gK"pAe ri-kk2(\/5 —mp)

2m, (t — m%.)2m, mp + Ep
In the absence of initial-state interactions, the differential

cross section is given by

do _ (Ba + ma)(Ep + mp)
aQ 64m2s

P. 2
ﬁlfx—p-mvl .

The first part of Fgorn has the largest magnitude. The
other pieces are reduced by kinematical factors, with
Fy-. giving the smallest contribution. The K* exchange
makes up about 2% of the amplitude. Thus the uncer-

gKpx = 5.8
grza = —5.0

gkpa = —10.6
grysx = —7.2

tainty in the vector and tensor coupling constants is not
so important, and we fixed them to be the SU(3) values.
Also, since the calculation is not particularly sensitive
to the values of the electromagnetic couplings, we fixed
them at their accepted values. Values for the constants
which were held fixed during the search are listed in Table
Iv.

The search was done on the more important coupling
constants, gxpA, JKkpxs, gnxs, and g.za. At the K™p
threshold, using the coupling constants of Table III, the
radiative capture amplitudes are

e
fK‘p—FA‘V = QFP[—QKPA(128) - ng2(0.2) - 075],
€
fK‘p——)Eu'y = E—[—-gxpg(1.32) - gKPA(O.IS) + 0.02],
mp
e
f1r+)3_—+A’y = '2"_[_9#21\(0~835) + g'rrE)](O-lg) + 0.21]’
ms
e
frtm-o3x0y = -2——[-9,,22(0.95) + grxa(0.153) + 0.19],
my
€
fr-stoay = E—[g,,}jA(l.lﬁ) — g»xx(0.19) — 0.21],
mxy

[
f,r—z+_~,20., = E[—gﬂ-zz(l.ZS) + g,,EA(O.153) + 0.19],

where the three terms in square brackets correspond to
the three amplitudes described above. The above equa-
tions show the relative importance of the different contri-
butions to radiative capture at the K ~p threshold. The
best fit values for these coupling constants are summa-
rized in Table V.
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