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The formation of sigmas through low-energy kaon photoproduction from nucleons is described

by using Feynman diagrams. Di6'erent models for the production process are compared, including

pseudovector versus pseudoscalar coupling for the KNX vertex. The elementary coupling constants
are fitted to the cross-section data up to 2.2 GeV and agree with previous fits obtained from the pho-
toproduction of lambdas from protons. This operator is then implanted into the nucleus via the im-

pulse approximation. Using Woods-Saxon shell-model wave functions for the sigma and the nu-

cleon and a particle-hole basis for the nucleus, angular distributions are obtained for the formation
of '&N, &K, and ' &Tl. Cross sections for processes employing the reaction 'H(y, K+)X are about
one fifth of those corresponding to lambda hypernuclei, while reactions involving n (y, I( +)X yield

counting rates comparable to those of lambda-hypernuclear photoproduction.

I. INTRODUCTION

New experimental facilities under construction or con-
sideration in the multi-GeV regime have created an in-
creased interest in the electro- and photoproduction of
hypernuclei. ' While the formation and excitation of
A-hypernuclei with real as well as virtual photons along
with the elementary production mechanism has been
studied for several years, no estimates of X-hypernuclear
photoproduction are available. This is partly due to the
lack of information of the elementary process with far
less cross section and no polarization data available as
compared to A photoproduction. Little is known about
the X-nucleus potential, which makes it difficult to ob-
tain X-single-particle shell-model wave functions for a re-
liable nuclear calculation.

On the other hand, X hypernuclei have provided many
puzzles over the last few years so that it seems reasonable
to consider production mechanisms other than the usual
(K,n)reaction t. hat has been employed to create X hy-
pernuclei from the start in 1979. The well-known small
widths of X peaks in the excitation function have been
surprising not only because the X states produced up to
now are unbound, but also they are expected to be short
lived due to the strong XX—+AN conversion process.
Even though a recent version of the KEK data with im-
proved statistics indicates a broad structureless bump for
' C, the question is not considered resolved. X-nuclear
bound states have not been observed yet, and it is not
clear if this is a consequence of the shallow X nuclear po-
tential predicted by several models. Another open ques-
tion concerns the magnitude of the X-nucleus spin-orbit
splitting, where different analyses and models predict a
ratio R =

V&, /V&, of 0.5 to 2.
This paper is a straightforward extension of previous

work involving A photoproduction ' and is similar to a
recent study by Kadowaki and Suzuki. ' The advantages
of an electromagnetic production mechanism involving
the weakly distorted K+, as well as its ability to preferen-

tially excite high-spin and unnatural parity states are well
documented and will not be repeated here.

In Sec. II we develop different models for the elementa-
ry process 'H(y, K+)X and compare them with the
available low-energy data. The nuclear calculation based
on the impulse approximation is presented in Sec. III
along with a variety of angular distributions for the hy-
pernuclei &&6N A@K, and z&OSTl. We summarize our
findings in Sec. IV.

II. THE ELEMENTARY PRQCESS

The basic ingredient to an analysis of X-hypernuclear
photoproduction is an elementary photoproduction
operator that can be used in the nuclear environment.
For this purpose we choose Feynman diagrams to de-
scribe the elementary process, since this assures a frame
independent operator which is needed to include Fermi
motion in the nucleus. In this section we follow Refs. 6
and 11 in deriving the amplitudes for the reactions
'H(y, K+)X and n(y, IC+)X . Even though data are
only available for the former process, the latter one could
be studied on the deuteron or heaver nuclei. Employing
the formalism developed in Ref. 11, we write the basic
matrix element in the notation of Bjorken and Drell' as

4

MI; =u(p~) g A (s, t)M, u (p~),
j=1

where the gauge and Lorentz invariant matrices are given
by

M, = —ys8Pr,

M2 2y5(e pNp px e pxp pw)

M3 =ys(~p

M4=ys(~p, px P, e p~), —

with pr =(Er,pr), p&, pz, and pz being the four vectors
of the photon, nucleon, kaon, and sigma, respectively.
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(3)

with qN, qz and ~N, ~& denoting the charge and anor-
malous magnetic moments of the nucleon and hyperon,
respectively, and g& =gzzN. In case of X photoproduc-
tion there is a contribution from the A exchange to the
amplitudes A

&
and A4

A4~ =
u —M A

with GA=scTgzAN, where ~T is the AX-transition mo-
ment. The amplitudes for the E* and other resonances
in the s and u channel can be found in Ref. 6. Performing
the analysis in pseudovector (PV) theory requires an addi-
tional diagram, the contact or "seagull" term, and replac-
ing the coupling at the EXX vertex i y 5 by

[g /(M~ +M+ )]y ~ with q being the exchanged four
momentum. Only the amplitude A& has an additional
contribution given by'

gpv gps+ KN Ky

2(M~+ Mx ) M~ Mx

+
(MA+Mx )(M~+M~)

(5)

The magnetic moments of the proton and neutron are

The four amplitudes A depend only on the elementary
coupling constants and the Mandelstarn variables

s =(piv+pr ), t =(pr p—tt ), u =(p~ —pit)

The basic diagrams are given by the nucleon exchange
in the direct or s channel, kaon exchange in the t channel,
and sigma exchange in the u channel. Usually included
in the model are the exchange of a lambda in the u chan-
nel in case of X photoproduction and the K in the t
channel, which is a 1 resonance of the kaon. The Born
amplitudes for the X,E+, and X exchange in pseudosca-
lar (PS) coupling are given by

Bo. gee
A, ~'" = (q~+x~)+ q (qx+Irx),

s —MN u —M X

well known, whereas p, has been determined to be

(—1.41+0.25) nm. Since the magnetic moment of the X
has not been measured, we used the SU(3) relationship

p 0= —
—,'pN, pN being the magnetic moment of the neu-

tron.
Compared to the process 'H(y, K+)A, less cross-

section and no polarization data are available for
'H(y, K+)X in the low-energy regime from threshold
[which is E7,'b=1.046 MeV for 'H(y, K+)X and 1.052
MeV for n(y, K+)X ] to about 2.2 GeV. ' Since our
primary goal is to provide an effective production opera-
tor suitable for nuclear calculations, we performed a
least-squares fit to the available data in pseudoscalar and
pseudovector theory for the Born terms (including the A
and K* exchange). The eff'ective coupling constants ob-
tained from this fit are presented in Table I, where we
have defined Gi, =g, g, and GT=g
representing the vector and tensor coupling of the K at
the K *XX vertex. Note that the reduced y is slightly
better for PS-Born terms (row 1) as compared to PV-Born
terms (row 2), which is reminiscent of the situation for A
photoproduction. ' The coupling constant gz~N can be
obtained from GA by dividing out the AX-transition mo-
ment to yield gxA~/v'4m=2. 15 for the PS mode and
1.87 for the PV mode, which is to be compared with the
respective values extracted from 'H(y, K )A, namely
2.00 and 1.65 for PS and PV theory, ' respectively. How-
ever, even though the values for gz&N are in agreement,
gzzN varies widely in the diferent fits.

The y for the Born terms is rather large, indicating
that resonant states in the direct and crossed channels
should be included. However, little is known about the
required parameters of the higher resonances, and the
limited amount of data for X photoproduction would
make a result obtained with too many adjustable parame-
ters meaningless. We, therefore, allowed for only one res-
onance to contribute to the fit. As an obvious first choice
we included the 6(1236), known to be very important in
pion-nuclear reactions, but, surprisingly, this reduced the

only slightly. Consequently, we included higher reso-
nances up to spin —,

' and up to 2.2 GeV in the fit and
found that the s channel b, (1700) with spin —,

' was able
to significantly improve the fit to the data. The prefer-
ence of the data of the b,(1700) over the b.(1236) might
be explained by its proximity to threshold (E;,„~ =1685
MeV), but the final conclusion will have to await further
data. We do not claim theoretical rigor for our method;
our goal is a reasonable description of the elementary
data in terms of an effective operator in order to obtain a
rough estimate of X hypernuclear cross sections. The re-
sulting coupling constants and g are given in the third

TABLE I. Coupling constants obtained by a least-squares fit.

PS
pv
PS+delta

2.20
1.50
2.72

—4.82
—4.20
—3.60

Gv
4m.

0.113
0.068
0.104

—0.038
—0.063

0.005

61
4m

0.0
0.0

—0.069

g2

4'
0.0
0.0
0.314

5.60
5.90
3.15
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row of Table I, where G & and G & indicate the two possi-
ble electromagnetic couplings at the yhN vertex. Note
that the delta resonances could not contribute to A pho-
toproduction due to isospin conservation.

Figures 1 and 2 illustrate the difference between the
three models at a given photon laboratory energy. While
there is little difference between PS and PV theory, in-
cluding the b.(1700) resonance improves the description
of the data. In Fig. 3, one can see that the delta decreases
the effect of the nonresonant background almost from
threshold on. Clearly more data are needed to perform a
reliable analysis and uniquely determine the inhuence of
resonances on the elementary process.
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FIG. 2. As in Fig. 1 for E(b = 1450 MeV.
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FIG. 1. Differential cross section for the process
'Hiy, IC+)X in the cm system for Ei'b =1157 MeV with the
solid curve showing PS-Born terms, the dashed-dotted curve
PV-Born terms, and the dashed curve showing the PS-Born plus
delta resonance terms.

III. X-HYPERNUCLEAR EXCITATION

Calculating nuclear matrix elements of the photopro-
duction operator in an impulse approximation framework
requires knowledge of the single-particle wave function of
a X bound in the nucleus. Contrary to the case of A hy-
pernuclei, ' not much strength has been observed below
the X threshold in the X formation spectra from (K, vr) re-
actions, indicating a mean field that is considerably
weaker for the X than for the A. Due to this lack of ex-
perimental information, we used a theoretical calculation
done by Kohno, ' who started from a microscopic
density-dependent effective XN interaction' and ob-
tained an X-single-particle potential as a Hartree inser-
tion over occupied nucleon hole states. The resulting
shallow X potential yields no bound states for C and a12

barely bound Os state for the 3 =17 system, which
seems consistent with observed X -formation spectra
from (E sr+) reactions. ' We parametrized the X poten-
tials obtained by Kohno using the usual Woods-Saxon
form and adjusted the depth and radial parameters to
reproduce his single-particle energies and rms radii.

The resulting parameters for the A =16, 40, and 208
systems are given in Table II, where the difFuseness is
given by a, and the radius is R =ro(A —1) . Due to1/3

the peculiar behavior of the X potential as discussed in
Ref. 17, the parameters vary widely for the three different
nuclear systems. Since various analyses predict the ratio
of X to X-nucleus spin-orbit potential R = V„/V„ to beX N

between 0.5 and 2, we simply neglect the X spin-orbit in-
teractions in our calculations below. Separation energies
for the X and X are listed in Table III, where we have
included an additional attractive Coulomb potential that
brings about single-particle energy shifts reminiscent of
those between protons and neutrons. The nucleon
bound-state wave functions used in our calculations are
obtained by solving the Schrodinger equation with stan-
dard central and spin-orbit potentials of Woods-Saxon

0.00
1.0 1.2

!

1.4 1.6
E

) ~ (GeV)
2.0

TABLE II. Parameters for the X potential.

16N 208Tl

FICx. 3. Differential cross section at 0' as a function of pho-
ton lab energy. Everything else as in Fig. 1.

ro (fm)
a (fm)
V„„(MeV)

1.25
0.6
6

0.8
0.5

24

1.0
0.6

28
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TABLE III. X-single-particle separation energies (in MeV).

yO

16N

yO

40K

yO

208Tl

Os

op
od
1s

1p
Og

1d

-0 3.4 9.7
-0

20.5
9.1

2.3

23.4
18.9
13.7
12.2
7.5
5.9
1.8

49.0
43.4
37.2
36.1

30.5
28.9
23.4
21.6

shape, where parameters have been adjusted to fit binding
energies and rms radii.

To invoke the impulse approximation we separate the
nuclear structure aspects from the single-particle matrix
elements by writing the many-body matrix elements as

& JfMf, &+ ITIJ,M, ;y &

where Q is the momentum transfer to the nucleus and
fulfills the boundary conditions of an outgoing

kaon. A first-order optical potential ' has been used to
describe K+ distortion with parameters obtained from a
E +N phase shift analysis.

The elementary production operator can be divided
into a spin-1 and spin-0 transition amplitude

= g & JfMflb+~. I&;M &&~',&+ltl~;y&,
aa'

(6)
t=L+io"K= g i'( —1) 'o'

where we have assumed t to be a one-body operator. For
simplicity we choose a pure particle-hole configuration
for the nucleus, which eliminates the sum over the
single-particle states a and a' in Eq. (6). Using distorted
waves for the kaons we can write the matrix elements in
coordinate space

&a';K+Itla;y &

r% ~ r 4z' 'r t e'"'4 r, 7

s, m

g l&JfMf, lt+ITIJ;M;;y&l'= g IFMI',
M,.Mf J,M

where FM is given in the LS-coupling scheme

where o = 1 and Ko =L. To arrive at a cross section we
carry out the spin projection summations to obtain

.S+1 +I& 1&+L+S~ l
I'~=4njj ' i ~ —1 L / l~l'l

L,S1,1~

l' —,
' j'

oo ooo
L S J

X [[Y& (k)X Y& (q)] XK I~f r dr p(r)UI (r)ji (kr), (10)

where p(r) =g„&.'(r).Q„I (r) is the product of the sigma and nucleon bound-state wave functions, U& (r) is the radial

wave function of the distorted kaon with asymptotic momentum q and orbital angular momentum lz, and the operator
E is evaluated for frozen nucleons. Details of the calculation are presented elsewhere.

The nonrelativistic production operator has been obtained by reducing Eq. (1) to Pauli spin space. Dropping terms of
order p /M from products of the small spinor components we obtain for L and K

G, 1L = p(eXk) — p'(eXk)
N X

I

K= —e G3 —G(+ +
2k MN M~

I

I

2k MN M~

6) —k64 G2+ kG4
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FIG. 4. Angular distributions in the lab system at EI,'b=2
GeV for the reaction ' O(y, K+ )' N for various transitions.

where the four momenta of the nucleon, sigma, and pho-
ton are p =(E,p), p'=(E', p'), and k =(k, k), respective-
ly, and we have chosen the usual gauge in the lab system
of so=0, e k=O. The G; are de6ned in terms of the am-
plitudes A; from Eq. (3)—(S) by

G, =k/I, , 6,=22, (e p'k. p e—pk .p'),
G3= A k.p+ 24k.p' 64= 33m p+ A4e. p' .

In the following we have used the coupling constants for
Born terms with PS coupling. PV theory yields almost
identical results, whereas including the 6(1700) slightly
enhances the cross section but does not change the shape
of the curves.

In Fig. 4 we show angular distributions of various tran-
sitions of the reaction ' O(y, E+)z N. Since the X is
barely bound in the A =16 system, we have employed
the process n (y, X+ )X to produce the final X hypernu-
cleus ' N. Assuming isospin to be a good quantum num-

ber, the operator from Sec. II was used with a coupling
constant g z+ =~2g 0 +, and lambda exchange inX K n XK p'
the u channel cannot contribute to this reaction.

Figure 4 shows one of the ground states of ' N, the

(si/2, pi/z)0 state, which is zero at ex-=0' and has a
maximum at about 5'. Also presented are the first excit-
ed states 1 and 2 with a (si/2 p3/p) configuration,
which are degenerate in the extreme particle-hole model.
Realistically, one would expect the two levels to split by
about a few hundred keV, depending on the strength for
the residual XN interaction. As in previous studies on A
hypernuclei, the 2 state has the highest counting rates.

In Fig. 5 diff'erential cross sections are shown for the
production of the X, as well as the X in the reaction

C(y, E+)z K. Compared to the photoproduction of A
hypernuclei, the cross section for X production on C is

10
E = 2GeVlab

102 (

C

O~

rg 10

0

"0

100

10
0 6 9 12 15

FIG, 5. Angular distributions for the reaction C(y, K+ )z K
where the solid (dashed) curves show transitions employing the
mechanism y+n —+%++X (y+p —+K++X ).

lower by almost an order of magnitude; this is due
to the momentum transfer being increased by
5M =M& —MA =80 MeV. The 1+ and 2+ ground states
of OK are presented in Fig. 5; both states are falling off
smoothly, with the 2+ state having the higher cross sec-
tion. The same 2+ ground state is shown for X produc-
tion with a cross section comparable to those of A pho-
toproduction. Large cross sections are obtained for the
(p3/z d5/2)4, almost reaching 1 pb for small kaon an-
gles. This can be traced to the elementary process
n(y, K+)X, which in this energy region yields cross
sections five times higher than those of 'H(y, K+)X .
Kaon distortion is uniformly reducing the angular distri-
butions by about a factor of 2 for the A =40 system.

Finally, Fig. 6 shows various high-spin excitations in
the reaction Pb(y, K+)z Tl, again employing the two
di6'erent production mechanisms. The highest spin state,
a (g9/2 g9/2)9+ substitutional transition has the highest
counting rates and is almost constant up to ez =8' be-
fore falling oA; Note that the next transition, a
(si/2 i i3/2 )7+ state still has a considerable cross section,
even though the overlap integral between a s, &2 and i&3&2

wave function is small. Similar in nature, but smaller in
cross section, is the 6 transition involving the X . Note
that at higher angles kaon distortion fills in the minima
for all three transitions. For comparison we present the
6 transition calculated with plane waves and distorted
waves. At small angles the cross section is suppressed by
almost a factor of 5 due to distortion, while the cross sec-
tion is clearly enhanced by orders of magnitude for large
kaon angles.

In order to assess the inhuence of the X-hypernuclear
spin-orbit coupling, we performed several calculations
varying the spin-orbit potential between zero and twice
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FIG. 6. Angular distributions for the reaction
'Pb(y, K+)z~'Tl at E(b =1.5 GeV where the 9+ and 7+ transi-

tions were calculated using y+ n —+K++X while the 6 tran-
sition was evaluated using y+n —+K++X . The solid curves
include distortion while the dashed curve has been calculated
with plane waves.

the nuclear value, but found that the cross sections
changed only up to 15%. It is therefore justified to
neglect it at the present stage.

In general, the angular distributions shown in Figs.
4—6 are very similar to those of A-hypernuclear pho-
toproduction. ' ' Due to the rapidly increasing
momentum transfer at E(b =2 GeV, the cross section
falls off by several orders of magnitude for 8& =0 —15 .
High-spin and unnatural parity states are preferentially
excited.

We have obtained an operator for the process
'H(y, K )X based on diagrammatic techniques, whose
coupling constants were fitted to cross section data up to
2.2 GeV. Using Born terms as well as an additional A
and E* exchange yields a satisfactory fit for PS and PV
theory; however, the coupling constants differ by
30—40%%uo. The influence of resonances is uncertain due to
the limited amount of data, even though the inclusion of
the 6(1700) in the s channel does improve the y .

This photoproduction amplitude was then implanted
into the nucleus in an impulse approximation framework.
As expected, the angular distributions for the three reac-
tions studied are very similar to those of A-hypernuclear
photoproduction. Kaon distortion is not significant for
light nuclear systems; however, for heavy nuclei the cross
sections are enhanced at large kaon angles, improving the
chances of performing exotic reactions that envision
deeply bound hyperons in an environment close to nu-
clear matter. Since the operator K' of Eq. (11) has been
evaluated at a fixed initial nucleon momentum p, nonlo-
cal effects arising from the propagation of the various
hadrons have been neglected, but will be examined in the
future.

The counting rates for X production are comparable
to those of A-hypernuclear production, while those for X
photoproduction are smaller by a factor of 5 or more.
Around 2 GeV such experiments should therefore be
feasible at laboratories like the Continuous Electron
Beam Accelerator Facility (CEBAF). Thus, kaon pho-
toproduction may become another tool to shed some
light on the problems of X-hypernuclear physics.
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