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Crossing-consistent analysis of kaon photoproduction and radiative capture
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A crossing-consistent description is presented for j:+photoproduction p (y,E+ )A and K radia-
tive capture p (E,y )A using an effective-chiral-Lagrangian model. Crossing requires that these re-

actions should both be described by the same physical model including identical dynamic parame-
ters such as coupling constants. It is demonstrated that previous analyses of these crossing-related
reactions, which have also used this effective-chiral-Lagrangian model, have not utilized the cross-

ing constraint and thus do not simultaneously describe both kaon photoproduction and capture.
New sets of coupling constants that consistently describe both reactions are presented.

I. INTRODUCTION

"Effective" hadronic field theories, such as quantum
hadrodynamics' (QHD), have no explicit quark degrees
of freedom but can be used to describe phenomenologi-
cally intermediate- and low-energy particle reactions.
QHD is properly relativistic and is naturally suited to the
diagrammatic covariant S-matrix formalism. The theory
presupposes the existence of strong-coupling parameters
which can be phenomenologically determined. Previous
researchers have separately investigated the crossing-
related kaon photoproduction p(y, K+}A and capture
p(K, y)A reactions within the QHD framework and
have obtained a number of possible strong-coupling pa-
rametrizations. However, no study to date has incor-
porated the crossing symmetry of the analytic S matrix to
simultaneously analyze both reactions.

Crossing is believed to be an exact symmetry, based on
the CPT theorem and analyticity of the S matrix.
Crossing-related reactions, such as kaon photoproduction
and radiative capture, are described by the same transi-
tion amplitude evaluated in different kinematic regions of
the S matrix. Even if the model uses running coupling
constants, this statement should be correct when the
magnitude of momentum transfer involved in crossed re-
actions is the same. As an example, the same form of
quantum-chromodynamic coupling constant a, ( ~ q { ) can
be used both in timelike and spacelike regions of q . For
QHD phenomenological analyses, previous investiga-
tions have demonstrated that a reasonable description of
low-energy kaon photoproduction is possible using
energy-independent coupling constants over a relatively
large energy range, roughly 500 MeV from threshold to
1.4 GeV. Since this analysis is restricted to E+ pho-
toproduction energies below 1.4 GeV and because the
maximum c.m. energy difFerence between I{: p capture at
rest and E+ photoproduction is also less than 500 MeV,
it is reasonable to expect that both reactions should be
described by the same energy-independent coupling con-
stants. The purpose of this paper is to report a new, im-
proved analysis which, by respecting the crossing con-
straint, has obtained consistent strong-coupling parame-
trizations which simultaneously describe both kaon pho-

toproduction and capture processes.
This paper is organized into four sections. Section II

contains formalism and the details of our calculations.
Our results are presented in Sec. III where numerical
computations of cross sections, branching ratios, and po-
larizations, using the parametrizations we have found,
provide a good description of available data for both re-
actions considered. Also, the sensitivity to uncertainties
in model parameters is documented. Because this sensi-
tivity is channel dependent, difFerent parametrizations
that fit data for a reaction in one channel will produce
very different cross-channel predictions; hence crossing
can be used to eliminate the "unphysical" model parame-
trizations. We summarize and further discuss our results
in Sec. IV.

II. FORMALISM AND MODEL DETAILS

We investigated the specific QHD model parametriza-
tions of Refs. 2, 3, 4, and 5 [hereafter we designate these
PR2, PR3(a,b}, PR4(a, b), and PR5, respectively] for the
sake of comparison. We denote the parameter sets which
we have found by Cl and C2. A "model" (here) is
defined to be a specific set of pole-model resonances
which are believed to make significant contributions to
the transition amplitude. Discussion about a specific
model can be found in the paper of the corresponding
reference. For notation, we define the five models con-
sidered in this paper as follows:

{BornI = {A,X,K,K'J,
Ml = {Born),
M2= {Born,N&, N~),
M3 =

{Born, Y„Y2,Y3,N4, N6),
M4 = {Born, K, , Y2, N „N4],
M5= {M3,N„K, j,

where we have used the standard notation for identifying
specific Y, N, and K resonances (masses and widths
for the various states are listed in Table I). Model M5 is
unique to this analysis where we simultaneously consider
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TABLE I. Masses and widths of various states used in our
models.

Particle

ac+
g4+

A

X

Y1

Y2

Y3

N1

N4

N6

E1

gP

1+
2

0
1
1+
2
1+
21—
2I—
21—
2
1 +
21—
21+
2

1+

Mass (GeV)

0.938 28

0.493 67
0.892 10
1.11560
1.19246
1.405
1.670
1.800
1.470
1.650
1.710
1.280

Width (GeV)

0.051

0.04
0.040
0.300
0.200
0.150
0.120

0.090

all the diagrams of the other models.
Predictions for the experimental observables (cross sec-

tions, branching ratios, and polarizations) are calculated
by standard theoretical expressions involving the transi-
tion amplitude. For clarity of discussion, selected details
of the calculation are briefly summarized. Complete de-
tails can be found in. Ref. 7.

The Lorentz-invariant transition amplitude Tf; has the
same crossing properties as the S matrix, and is related
by

Sf, =(p.pi, p,p„) 5f, +t(2~) 5(Pf P, )Tf, , —

In order to calculate branching ratios we use the kaon-
ic atom approximation of Ref. 5 (zero kaon momentum,
s-state capture). The branching-ratio result in our nota-
tion (in the c.m. frame) is given by

4
k g A "A "Q"

(3)
16ir( mx +m~ )mx m~ W~

rK p~yA
rK p ~all

where k is the c.m. photon energy, mk and m are the
kaon and proton mass, respectively, the Q matrix ele-
ments are functions of invariant Mandelstam variables
s, t, u (listed in Table III below), and the u-channel ampli-
tudes ( A ") are related to the s-channel amplitudes ( A ')
through the crossing relations:

AJ(s, t, u)= AJ( u, t,s),
Q;"(s,t, u )=Q,', (u, t,s) .

(4)

(I)— (l)

Also, 8' is the imaginary part of the E p pseudopoten-
tial (with the value 560+135 MeVfm ) used by Bur-
khardt, Lowe, and Rosenthal to calculate the total decay
rate for the capture process. After we used Eq. (4), we
confirmed that the transition amplitude for the photopro-
duction process reproduces the amplitude for the kaon
capture process presented in Ref. 5.

The polarization of the final-state A baryon is defined
in the usual way as the asymmetry in the angular distri-
butions between spin-up and spin-down A particles [here
"up" is taken to be perpendicular to the production plane
(pAXk)]:

where a, b, c,d label the particles in the general two-body
reaction

a+b~c+d
10 dQ

(I)+ (l)
(5)

Mi = ys~~, —

M2 =2y(e PpPy PA e.P„P» Pp ), —

Ms =ys(ttP Pp P~e P~), —

M4=ys(ttP P„Pye PA), —

(2)

and the invariant elementary amplitudes are determined
diagramatically from the Feynman rules. Propagators
and vertex factors are well known and are listed in many
sources (see Ref. 3).

and 5f, contains Dirac and Kronecker 5 functions
representing the preservation of the initial state when no
interaction occurs, with coefficients (p's) determined by
the covariant normalization for single-particle states and
with final and initial four-momenta labeled by Pf and P;,
respectively, (see Ref. 7 for details). For the reaction
p(y, K+)A, the transition amplitude can be written as an
expansion in terms of four Lorentz- and gauge-invariant
amplitudes (A ) and bilinear covariant matrices (MJ).
The matrices are given by

Polarized cross sections are governed by the imaginary
part of the amplitude and are related to the unpolarized
cross section by

do'
(1 l) dCT

10 '
dQ

~pA~'sin8,
+ g Im(A;A, ')ImQ,), (6)

8ir s

where the minus sign is associated with spin up.
Using the pseudoscalar coupling scheme, we evaluated

the Feynman diagratns (see Fig. 1) corresponding to the
standard Born terms and the spin- —,

' resonances con-
sidered by Refs. 2—5. The resulting invariant amplitudes
( AJ ) are listed in the Appendix. To describe all models,
there are a total of 12 effective parameters appearing in
the amplitudes (any particular model may have less), four
due to the Born terms and the rest coming from reso-
nance contributions:
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s channel chagrams;

t channel diagrams:

K

K

u channel d&agrams:

Kt

K,
h

C

K ~

Y (-'I

QKNv

P

g A gKAW & Yl Yl gKNY1

1 V
N gKAN, GV gKyK, gK, AN ~

X TIKXN & Y2 Y2gKNY2

1 T
4 +Ã4gKAN4 GT KyK1gK1AN

V
gK'K gK*AN'

T
GN =KN6gEAN6& ~T g

involving products of the strong couplings g„zz, the elec-
tromagnetic coupling g„~ (where A, B,C are hadrons)
and transition moments (a' s). We assume that the above
resonances are sufhcient for a proper dynamic analysis.

III. NUMERICAL ANALYSIS

FIG. 1. Feynman diagrams for p(y, I( )A.
We checked the validity of our branching ratio compu-

tation by reproducing all theoretical branching ratios (us-
ing the pseudoscalar coupling scheme) reported in Ref. 5.
We also tested our E+ production cross section and po-
larization calculation by reproducing the previous results

TABLE II. Couplings, predicted branching ratios, and y per point for the parametrizations con-
sidered.

Model

Parameter set

M1 M2 M3

PR2 PR3a PR31 PR4a PR4b
M4

PRS C1 C2

gw

Gg

Gv

GT
Kl

Gv
Kl

GT

Gy

Gy

Gy

GN1

Gw,

9.110 7.232 3.651 11.166 15.243 —13.187

S.388 —4.396 —2.861 11.627 12.762 11.812
1.319 3.104 2.76S 0.339 1.558 —1.147

0.804 —2.375 —0.603 —2.362 —4.247 —4.218

1.659 3.380

0.792 10.418
—1.7

2.474 11.875 0.059

0.255

5.211 —3.935 —3.215

0.358 0.358 0.365 0.358

7.434 10.581
—7.212 11.590

3.869 0.323
—4.116 —1.791
—0.211 1.986
—0.248 0.364

0.138 1.862

0.169 —1.503

0.704 0.703

—0.185 —2.104

0.112 0.273

0.101 0.037

s channel p(y, K+)A
2

Xtr

g (1.2 GeV)

x
xI (90')

A

19.7
13.9

268.0

5.8

12.1

3.42

8.2

10.4
3.2

21.4

4.0

5.1

3.7
15.3

3.8

S.8
3.9

11.6

4.8 1.0

1.5 X 10 12.8
9.5 X 10 0.7
8,7 10.1

8.7
34
7.7

5.5

u channel p(K, y)A
Branching ratio (10 ')

expt. : (0.86+0. 17)X 10

1.79 0.96 0.28 4.32 14.38 0.90 1.03
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of Refs. 2—4.
Using a standard nonlinear y -optimization routine,

we have found several parametrizations that simultane-
ously fit all the available angular distribution and A po-
larization data, ' while predicting a branching ratio that
is consistent with the recently published experimental
value" of (0.86+0. 17)X10 which is believed to be
more accurate than the (2.8+0.8) X 10 value reported
by Lowe et al. ' The new parameter sets are modified
versions of those provided by previous researchers and,
by and large, the numerical difFerences between new and
old sets reAect the crossing constraint. Specifically, C1
and C2 are based on PR3a and PR4a, respectively. In
Table II all parametrizations are compared by listing the
values for the various couplings, the branching ratio they
predict, along with the g per point for the cross section
and polarization. The global y and y~ per point in-

clude crossing section and A polarization data, respec-
tively, for all available angles over the photon energy

range from threshold to 1.4 GeV. The value of the total
global g per point will be between y and y& . Because

of the large quantity of cross-section data near 1.2 GeV
and polarization data at 90' we also show local y values
for these kinematics as well. Throughout this paper the
solid, dashed, dotted, and dotted-dashed curves represent
C1, C2, PR4b, and PR5 sets, respectively. For compar-
ison we also plot the curves for parameter set PR4b
which is the best photoproduction fit, unconstrained by
crossing, contained in Ref. 4. In Fig. 2(a) we present our
first crossing result, the II'+ photoproduction cross sec-
tion near threshold provided by sets C1, C2, PR4b, and
PR5. It is important to note that curves C1, C2, and
PR4b are fits whereas curve PR5, which exceeds the data
by an order of magnitude, is a prediction based upon
crossing a E p capture analysis. This sizable overpredic-
tion by the PR5 set is also present at higher energies and
is not shown in subsequent figures [i.e., Figs. 2(b)—2(d)].
Using the parametrizations C1 and C2, we plot the pho-

p(y, K+)A p(y, K')A
0.5 I I I

( b ) c.m. cross section

0.6-
(isb/sr)

0.4-

E„~1.0 GeV

0.4-

0.3
(pd)/sr)

0.2

~ 1.2 GeV

0.2-

0-1 -0.5 0.5

II
l~l

r

0.1

r r/
0 -0.5 0.5

co88~ m
COSO~ m

p(y, K')A
I I I

c.m. cross section

p(y. K')A
I I I

c.m. cross section

der
dQ

0.4-
~ 1.3 GeV

0.4

0.3
/sr)

0.2

0.3-
(pb/sr)

0.2

0.1 0.1

0-1 -0.5 0.5
0 -0.5 0.5

cosa C.IYl.
cosa~ m

FIG. 2. Photoproduction cross-section predictions for C2 (dashed line), PR4b (dotted), and C1 (solid).



CROSSING-CONSISTENT ANALYSIS OF KAON. . . 1453

0.7
8 =90

0.8-
0.5-
OA-

A
0.3 " '

tt
IC

0.2-
0.1-

-0.1-
-0.2

0.9 1.1 1.2 1.3 1.h

F "' (Gev)

FIG. 3. Polarization curves with the same labeling as Fig. 2.

toproduction cross sections at 1.2, 1.3, and 1.4 GeV in
Figs. 2(b)—2(d), and display A polarization curves at

8, =90' in Fig. 3. Notice, that just as the PR5 set does
not describe the production data well, the PR2, PR3b,
and PR4(a, b) sets do not adequately reproduce the lamb-
da channel K p decay width (see Table II). Set PR3a is
consistent in both channels, but it contains only Born
terms which are not capable of describing the polariza-
tion data.

We now discuss the key features of our crossing con-
sistent parameter sets. Both sets provide a reasonable
description of the data with g comparable to previously
published fits. For the set C1 the magnitudes of gzzz
and gszN are within the rather wide range of values es-
tablished by previous purely hadronic scattering analy-
ses' although gzA& is somewhat smaller than that pub-
lished by Martin' and gz&& is somewhat larger than the
value reported by Antolin. ' However, as discussed in

Ref. 16, there exists a discrepancy between hadronic and
electromagnetic analyses in determining gz~~ values.
The parametrization C2 was constrained to provide
larger gzhz and g&zz coupling constants to be more con-
sistent with purely hadronic analyses. To achieve fits in
this framework it was found necessary to increase the
strength of certain resonance coupling parameters. This
correlated enhancement of Born and resonant parameters
was first reported in Ref. 4 and subsequently discussed in
Ref. 6. However, our value for gzzz is again larger than
that reported by Antolin. ' We have searched but have
been unsuccessful in finding a crossing consistent set that
has a large gz„z and a small gzzz.

Finally, we stress the importance of crossing as a way
to systematically eliminate unphysical model parametriz-
ations. Crossing produces a channel-dependent enhance-
ment of a model's sensitivity to parameter uncertainties.
Because the crossed diagrams are evaluated in a different
kinematic region of the S matrix, the crossed diagrams
will, in general, exhibit a different relative importance de-
pending upon the channel. Hence, diagrams which are
significant in one channel will not necessarily be
significant in the crossed channel. This is certainly true
when the coupling constants do not have any energy
dependence as we have assumed in this analysis. This
channel-dependent enhancement of a model's sensitivity
to parameter uncertainties is a general feature of crossing
which should be used to constrain and test all strong-
coupling parametrizations. In general, phenomenological

y parameter fits are not unique due to a large number of
parameters which are usually not linearly independent.
The y hypersurface will always have many local minima,
and hence many phenomenological parametrizations can
be found that do equally well fitting the data in one chan-
nel. However, these parametrizations will usually pro-
duce significantly different cross-channel predictions (due
to enhancement/suppression efFects), a very useful feature
for selecting the optimal parameter set. To further
demonstrate this point, we display the p(EC, y )A cross-
section predictions for parameter sets Cl, C2, PR4b, and
PR5 in Fig. 4. Unfortunately, data for this reaction are

TABLE III. Q;, Hermitian matrix elements used to evaluate the branching-ratio equation (3).

Reg, (s, t, u ) Img, (s, t, u )

(1,1)

(1,2)

(1,3)

(1,4)

(2,2)

(2,3)

(2,4)

(3,3)

(3,4)

(4,4)

(s —m )(u —m )

—'[(s —
m~ ) m A + (u —m ~ ) m~ (s —m ~)—(u —m ~ )(t —

m~
—m ~~ )]

—,
' [(s m~ )2m A

——(s m~~)(u ——m'„)m ]

2 [(u —m 2A ) m~
—(s —m 2)(u —m 2 )m „]

—[t—(m~ —m„) ]ReQ', 2(s, t, u)
—m~Reg', 2(s, t, u )

m„ReQ', z(—s, t, u )

—'(s —m ')'[t (m~ +m ~—)']
—

4 [m„(s—
m~ )—m~(u —m '„)]

4(u —m„) [t —(m~+m~) ]

m (u —m A )+mA(s —m )

(s —
mp )

0

0
—,'(mp+m A

—t)(s —m')+m'(u —m A )

( m p +m A t )( u m p )+m A (s m )

0

~mp(mA —u)+ —'mA(s —m )

0
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0.5

OA-

c.m. creel Iectton
e + e

toproduction and capture, pion-nucleon, nucleon-nucleon
scattering, etc.). We exhort the nuclear community to
routinely incorporate crossing, both as a constraint on
phenomenological studies, and as a stringent test in as-
sessing the general validity and applicability of relativis-
tic models.

0.3-
(mb/sr) E„~1.2 GeV /

0.2 ~

0.1
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FIG. 4. Kaon-capture cross-section predictions with the
same labeling as Fig. 2.

The elementary photoproduction amplitudes,
A '(s, t, u ), are obtained by the diagrammatic analysis of
the graphs displayed in Fig. 1.

The amplitudes for the Born terms are given by

g Born
JX ] KA+

u —mA

e
(1+v& )+

s m 9 mg

currently not available and we strongly recommend that
this experiment be performed in the near future.

IV. CONCLUSIONS

Crossing has been used to develop several phenomeno-
logical strong-coupling parametrizations which simul-
taneously describe the kaon photoproduction and radia-
tive capture reactions. By examining the parameter sets
of previous researchers, who used the same effective La-
grangian model for these reactions but did not use the
crossing constraint, we have shown how parametrizations
that describe photoproduction well do not automatically
describe the crossed-channel capture reaction adequately
(and vice versa). Application of crossing was seen to pro-
duce a channel-dependent enhancement in the sensitivity
to parameter uncertainties. This enhancement was seen
to be useful for eliminating inconsistent sets of parame-
ters.

It should be recognized, though, that imposing the fun-
damental crossing constraint is not sufficient to produce a
unique set of parameters (especially in a large space such
as Cl and C2). In part this is due to the limitations of the
model and the questionable validity of an approach based
upon a perturbative treatment of effective Lagrangians.
Nevertheless, the thrust of this paper has been to demon-
strate that crossing can be applied to enhance the utility
and physical significance of phenomenologically deter-
mined coupling parameters. %e stress that future inves-
tigations (both theoretical and experimental) must be per-
formed before definitive conclusions can be reached on
this models validity including an unambiguous deter-
mination of coupling constants.

In conclusion, crossing is a powerful and useful con-
straint which can easily be applied to all phenomenologi-
cal analyses where crossed-channel data exist. Similar
analyses should be performed on other reactions where
data are more accurate and abundant (e.g., pion pho-

1+ (mA+m )
t —m + +im +I"

GTt+
m(m„+m )

g Born 2g e

(t —mx )(s —
m~ )

1 T

t m++im —I (mt, +my)m

g Born~ 3
Kp

(s —m)mz

1

t —m +im +I

Gv GT mA —
mp

m mA+mp

gAe KA 2G~e
g Born +4

u —m~ mA (u —mx)(mx+mA)

1 Gv GT mA —
mp+

2
+

t —m~++im +I + m m m„+m~K* K K

where g A, Gz, 6v, GT are the effective couplings defined

by Eqs. (7); s, t, u are the Mandlestam variables; Kp, Kp
are the anomalous magnetic moments of the proton and
lambda, respectively; m is an arbitrary mass (set equal to
1 GeV) inserted so that Gv and GT are dimensionless.

The amplitudes for the s-channel N* resonances can be
written
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N( — )
A 1

G,e(rn ++mr )

(s —m +im, I,)(m +m~)
lI

X 1—
2(m, +m )

The u-channel amplitudes of the Y* resonances are given

by

Y( — ) G„,e(m «kmA)
A 1

(u —m2, +im, I )(m„+m~)
N(-,'*)

A2
' =0,

N(12) +26 ge
A3

(s —m + +im, I,)(m, +m )

N(2 )

A4 ' =0.
The amplitudes for the t-channel E, resonance are given
by

K)
Ai '=0,

il
X 1—

2(m ++m~)
y

Y(~
A2

' =0,

A ' =0,Y( — )

3

Y(
I E) +2GY e

A4
'

(u —m„, +im„ I „)(m„+m~)
K

A 1

2

K,
A

K
A 1

4

1

&
—mK +~mK I'K2

1

+~m, r2

Ki Ki
Gv GT mt,

—m
+

m m mA+m

K)
GT 1

m(mA+mp) t mt' +imt—t I tt
1 1 1

K, K,
Gy GT mA —m+

m m mA+m

The total amplitude is a sum of contributions from each
diagram:

A,'(s, t, u ) = A ""(s, t, u ) + g A i" (s, t, u )

Y

+ g A (s, t, u)+A, '(s, t, u) .
N

'We use QHD as a generic name for field theories with effective

Lagrangians using only hadronic degrees of freedom. In the
tree level, one can regard QHD as a pole model.
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