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Properties of kaon-photoproduction operator on nucleons and nuclei
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We discuss the properties of the transition operator for K+ photoproduction on a free proton
and for hypernuclear associated production. The main points discussed are (i) the relation be-
tween the operators in the pseudoscalar and the pseudovector-derivative coupling schemes; (ii) the
theoretical uncertainties embedded in the tree-level operator; (iii) the nuclear-structure effects and
uncertainties in the relativistic many-body model based on the Dirac equation with large scalar
and vector potentials.

I. INTRODUCTION

The recent interest in the proposed electroproduction
[(e,e'K+) reaction]' and photoproduction [(r,K+) reac-
tion) of a K+ meson on a nuclear system, thereby pro-
ducing a hypernucleus, has resulted in a growing number
of theoretical studies and publications, ' as well as pre-
liminary experimental plans and discussions.

Of crucial importance in estimating cross sections for
the electromagnetic production of hypernuclei is the
basic transition operator, or S-matrix element, for
y+p~K++A. This operator is subject to large uncer-
tainties. One such uncertainty, namely, the problem of
the actual values of the coupling constants to be used in
the calculation, has been pointed out in a previous publi-
cation. ' However, the basic properties of this bare opera
tor, as well as its properties tvhen embedded in the nu
cleus, seem to be relatively unknown, despite their great
importance in dealing with the production process. The
object of this note is to provide a handy reference to the
properties of the transition operator both for the bare pro
cess and for nuclear applications The ma. in questions to
be discussed are the pseudoscalar (PS) versus
pseudovector-derivative (PV) theories, and the role of
nuclear effects, especially within the context of the rela-
tivistic nuclear models based on the Dirac equation in
the presence of large scalar and vector potentials, or o.

and co mean fields. We shall also comment on some oth-
er questions regarding the assumptions behind the model
used to construct the photoproduction operator.

Although we are aware of the fact that our discussion
is, to a large extent, a recapitulation of existing knowl-
edge, we are still convinced that it serves the very useful
purpose of shedding some new light on the properties of
the photoproduction operator. Hopefully, this will
prevent some future misunderstandings and misconcep-
tions prevailing in some of the current lore on the sub-
ject. Thus the motivation for this note is at least partly
instructive (and it should be viewed as such by the
reader); at the same time we believe that some of the dis-
cussion presented here is new.

II. PS AND PV COUPLING SCHEMES
AND THE ELEMENTARY BARYON CURRENT

We start with a discussion of the meson-baryon-
baryon vertices. It is well known that there are two pos-

sible ways of coupling the KYp vertex (in the context of
an effective-Lagrangian theory}: pseudoscalar (PS) and
pseudovector derivative (PV). In the pseudoscalar
theory the KYp vertex is described by the y5 operator
and a coupling constant g&Yp The resulting Feynman
diagrams at the tree-level, obtained within an effective-
Lagrangian approach, are shown in Fig. 1. These con-
sist of particle-exchange diagrams in the s (proton ex-
change), t (kaon exchange), and u (A and X hyperons
exchange} channels. In the pseudovector theory, the
KYp vertex is described by

fKYp r
mo

where f=t r and t is the outgoing kaon four-
momentum. The mass scale mo is arbitrary, and only
the combination flmo has a physical meaning. The
coupling constants are chosen such that the vertices in
the two coupling schemes are identical for unbound par-
ticle lines. Using the free-particle Dirac equation for the
proton,

PNuN(PN} MNuN(PN} i

and the hyperon,

~YuY(PY} ~YuY(PY} ~

it follows immediately that

Y(uPY}rst (uPpNl ™Y+MN}uY(PY}rsu (PN}

In these expressions, MY and MN are the hyperon
(A, Xo) and proton masses, while the Dirac spinors u (p)
are functions of the momenta. (Note that these relations
will not be true for bound particles in a nucleus in the
relativistic nuclear-structure model, where the large sca-
lar and vector potentials are introduced in the Dirac
equation. ) The two coupling schemes will therefore be
equivalent if

fKYp gKYp

mo My+MN

This result is reminiscent of the relation

f NN ~m g NN ~2MN

in the m.NN sector. However, this relation for the pion
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FIG. 1. Feynman diagrams for the elementary reaction

y„+p~K++A in the pseudoscalar theory.

case could also be derived by demanding that the usual
nonrelativistic reductions of the two possible vertex
operators be identical. This will no longer be true for
the KYp system, due to the difference in masses between
the proton and the hyperon. While the PS yields the
nonrelativistic reduction

PY
KYp+Y

Y

PN

2M p'

the PV result is

fKYp 0"t .
mo

p~a„uo&"u

to the electromagnetic current density (J~). It has long

Thus, the two couplings are not equivalent if the usual
nonrelativistic reduction is performed first.

In the PV coupling mode there is an additional dia-

gram, the so-called seagull or contact term (Fig. 2). We
note that although the graphical representation of the
particle-exchange terms is unchanged, the expressions
representing the contributions to the S matrix arising
from each term do differ in the two coupling schemes.

The contributions of the magnetic moments are in-

cluded phenomenologically using a Pauli-type term in
the Lagrangian to represent the interaction of the elec-
tromagnetic 6eld with the anomalous magnetic moment,

pz, of the baryons. These contribute terms of the type

FIG. 2. The seagull, or contact term, that arises in addition

to the particle-exchange diagrams of Fig. 1 in the pseudovector

coupling scheme.

been realized that these contributions should emerge as
higher-order corrections to the perturbation calcula-
tions. A complete theory along these lines has never
been worked out; indeed, very similar words were writ-
ten 37 years ago under very similar circumstances. It is
important, however, to keep in mind that the magnetic
moments should not be treated as tree-level contribu-
tions in the strict theoretical sense.

An important observation is the identity of the lowest

order (in the coupling constant) photoproduction S matrix
in the pseudoscalar and pseudovector deriva-tive coupling
schemes when all electromagnetic moments vanish

These moments should be excluded from this discussion
since, in the rigorous theoretical sense, they are part of
higher-order contributions. This identity is easily
verified from the explicit expressions for the S matrix in
the two theories, using the Dirac equations and the
energy-momentum relations for free particles. In partic-
ular, the kaon-exchange diagram [Fig. 1(a)] is identical
in the two coupling schemes by virture of Eq. (1). The
sum of the PV proton exchange diagram [Fig. 1(b)] plus
the contact tertn (Fig. 2) is identical to the PS proton-
exchange term. The u-channel diagram has contribu-
tions only from electromagnetic moments, which are ex-
cluded in the present comparison of the two coupling
schemes. Thus, the two theories are identical for free
particles in the absence of electromagnetic moment contri
butions. In fact, one theory can be obtained from the
other as a result of an algebraic chiral gauge transforma-
tion.

If the electromagnetic moment terms are included, the
two theories differ by an amplitude arising from an
equivalence-breaking term generated by the electromag-
netic moment contributions. In the present case, the
corresponding contributions to the PS baryon current
are

J„=—u „(p~) y~(g+MN —M~ )io "q +g KhpPp gKwpPA
ysio q„(g+M~ —MN)

(p2+K) —MN (pi —K) —M~

+ gKrpPT
2 z y&io "q„(X+M 0 —MN) u (p, ) .

(p, —K) —M o
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In Eq. (3), p~ and pz are the anomalous magnetic mo-
ments of the proton and the A hyperon, while P& is the
A~X transition moment (governing the yAX vertex).
The four-rnomenta of the photon, initial proton, and the
final A and K+ are q, p, , p2, and K, respectively. The
corresponding contributions in the PV coupling scheme
differ by

g KApPp g KApPA

M M M MA+ N A MN

g Kr'p»+ M 0+MN
ysio ~"q„uz(p&),

(4)

III. THEORETICAL UNCERTAINTIES
IN THE TREE-LEVEL OPERATOR

It has been pointed out' that there is a substantial un-
certainty regarding the values of the coupling constants
g Kpp and g K& appearing in the S-matrix element.

where terms of order (Mv —MN)/(Mv+MN) and
higher have been suppressed. Using our standard'
values for gK+p gK~D Pp PP and P~, we find that theKr p'
terms in large parentheses in Eq. (4) have the value of
10.87 in units of 10 e/2MN MeV. For comparison,
the corresponding numerical value for (y, m) (pion pho-
toproduction) is 0.85 in the same units. This simple esti-
mate explains the big qualitative difference between the
(y, K+) and (y, m. ) operators: While the two coupling
schemes (PS and PV) yield virtually the same results for
the latter, much larger differences are found between
the two schemes for the former. ' " [Indeed, Ref. 11
tries to fit phenomenologically the available data for
y+p~ K++A, and the authors find that they need very
different sets of coupling constants for the PS and PV
operators (differences are in the range of 20 —30%).
Likewise, using the PS-fitted coupling constants in the
PV operator would overestimate the data by a factor of
2—3, while the inverse procedure underestimates the
data by 30—40%. We note that the approach of Ref. 11
is to treat the couplings as phenomenological Aexible pa-
rameters, to be readjusted in each new calculation. In
such an approach, the theoretical basis of an underlying
effective Lagrangian and field theory is absent, so one
gives up the possibility of exploring higher-order correc-
tions to the operator. In view of our discussion in this
section, it is understood that the differences between the
PS and PV operators, arising from the electromagnetic
moment contributions, are part of those higher-order
corrections. ]

The baryon current, J~, is gauge invariant in both
coupling schemes when calculated as described here. In
particular, each of the electromagnetic moments contri-
butions is gauge invariant by itself (q&o~ q, =O due to
the antisymmetry of cr~ ). In the PS case the combina-
tion of the remaining two terms from the diagrams 1(a)
and l(b) is gauge invariant, while the addition of the
seagull term (Fig. 2) is essential for gauge invariance in
the PV case.

Values derived on the basis of the available photopro-
duction data, described by a production operator based
on tree-level diagrams, largely differ from those obtained
by other sources, namely, gK+p is aPProxirnately 65%
larger in the latter case, while gK+p is much smaller.

Although the reason for these discrepancies is at
present unclear, it is important to realize that the
(y, K+ ) reaction is not necessarily a reliable source of in-
formation for determining the required coupling con-
stants. This observation is a direct result of the Kroll-
Ruderman theorem, ' which states that photomeson pro-
duction provides an unambiguous means of measuring
the (renormalized) meson-nucleon coupling constant
only if the meson mass is much smaller than the nucleon
mass. More precisely, the matrix element for a charged
meson photoproduction at threshold, correct to all or-
ders in the meson coupling constant and in the limit of a
vanishing meson mass, is equivalent to the weak-
coupling result obtained from second-order perturbation
theory. The K+ meson has a rather large mass,

m +/ —,'(MN+M~)=0. 48,

and the product of the latter ratio with gKN& is also
large. One cannot hope, therefore, to determine the cou-
pling constants from the Born terms alone in the
y+p~K++A case. By the same argument, a transi-
tion operator based on tree-level diagrams alone may not
be enough. This observation is also supported to some
extent by a study of K++N~K++N at threshold us-
ing the same theoretical techniques (see Appendix). The
extent of necessary corrections to the coupling constants
and the right way to extract such corrections using a
phenomenological Lagrangian is at present unclear,
however.

IV. RELATIVISTIC NUCLEAR STRUCTURE EFFECTS

In addition to nonrelativistic-nuclear-model predic-
tions, ' we have recently' studied the (e, e'K+) reaction
using the fully relativistic transition operator and nu-
clear and hypernuclear wave functions containing
Dirac-Hartree orbitals. (The latter are obtained from a
relativistic nuclear structure model extended to hypernu-
clei. ) In this section we present a critical discussion of
the effects of the relativistic scalar and vector potentials
and of the four-component wave functions on the cross
sections. We shall be interested especially in the
differences between the pseudoscalar and pseudovector
theories.

Our present work is based on the relativistic o-co
mean field theory (MFT). ' We start with the MFT La-
grangian density for nucleons and A in the presence of a
scalar mean field $0 and a vector mean field V"=( VD, V)
(note that V=O for applications to closed-shell nuclei or
for nuclear matter calculations):

&M~=ON[y p(id" g. V") (MN —g. &0)]&—N-
+g [y„(id" g, V") (M—g, P —)]/„—
+purely mesonic terms,
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where the meson-baryon coupling constants for nucleons
and hyperons may differ. The MFT equations for the
baryon and meson fields in nuclear matter are obtained
following the usual procedures. ' The baryons acquire
an effective mass

Ms =Ms —g, Po (8 =N, A),

and the single-particle energies are shifted by the vector
potential.

In the spirit of the relativistic MFT, the free-particle
lines of Figs. 1 and 2 should be corrected for interactions
with the medium through the vector and scalar fields.
This picture yields medium-modified propagators as well
as bound-baryon Dirac spinors. Denoting the free-
baryon Feynman propagator by Go =(P —Ms) ', and
recalling that the scalar and vector potentials result in a
self-energy
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the medium-modified propagator 6 is obtained as a solu-
tion of Gg=GO+GOXgGg ~ This yields the many-body
modified propagator
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FIG. 4. As Fig. 3, but for the PV case.
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FIG. 3. PS cross sections for the (Als&&2, P 1p &z'2) exci-0, 1

tations in AO. Results are shown for the "complete" calcula-
tion (full lines) and for the calculations with X& ——0 in the
propagators (dashed lines). The calculations have been carried
out for incoming electron momentum of p, =4 GeV/c and out-
going electron and kaon angles of 8„,=5, 8K=5, and /K=0.

~e
The results are shown as a function of the outgoing electron
momentum p,'. Full and open circles refer to J =0 and 1

respectively.

In our calculations' we have modified the nuclear
current accordingly. While using finite-nucleus Dirac-
Hartree spinor waue functions, we approximate the
medium-modified propagators [Eq. (7)] by using the con-
stant nuclear matter values of the potentials. We have
also used V=O: we remark upon this in the following.

The calculation of the cross section for the (e,e'K+ )

reaction has been described in a recent publications. '

Here we wish to elaborate on the differences between the
PS and the PV results. In Figs. 3 and 4 we show two ex-
amples of calculated cross sections in the PS and PV
theories, respectively. The "complete" calculations in-
clude the modified propagators [Eq. (7)], and are com-
pared to the case where Xs ——0 in the propagator (but
the single-particle wave functions are still those of a
finite nucleus in the MFT).

The apparent large differences discovered here, follow-
ing Cohen, Price, and Walker, ' between the PS and PV
couplings are a common feature in nuclear-reaction cal-
culations adopting the Dirac nuclear structure approach
when a pseudoscalar meson is involved. For example,
Wallace' finds overly large potentials for proton-nucleus
scattering as the proton energy approaches zero, but re-
sults based on pseudovector m.N coupling may avoid this
difficulty. ' An interesting early study of this problem
was reported by Miller and Weber. ' ". They find large
differences between the predictions of the PS- and PV-
vertex calculations for the (p, m) reaction, and trace
those directly to the role of the large relativistic self-
consistent potentials which change the relation between
the large and small components of the Dirac spinor.
Subsequently, Friar' has shed more light on the
difference between the PS and PV couplings in these rel-
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ativistic approaches. For the pion and nucleon cases,
m.NN matrix elements in both PS and PV couplings
should yield identical results with the exception of the
scalar potential term (and, when dealing with elec-
tromagnetic processes, in the absence of electromagnetic
moment terms, as discussed earlier). Denoting the pion
wave function by P(r) and the nucleon wave functions
by gN (r) and i}'jN (r) for the final and initial states, re-f
spectively, the matrix element for the m.NN vertex
operator (the pion has an outgoing momentum t) is

Hf; —— rN rI NN r zr
In the PS case I „NN

——gy y5, while in the PV case
I NN=gy yg/2MN, and g includes the irNN coupling
and the appropriate isospin Clebsch-Gordan coefficient
(hl or &2). The equivalence-breaking term is a result of
the strong scalar potential U, = —g, $0:

Hf Hf; +'f drgN (r)y y5U P(r)QN (r) . (8)

The extra piece is a "seagull" diagram, shown in Fig. 5.
The effect is large since the scalar potential is large, typi-
cally around —0.5 MN for nuclear matter.

The situation is more complicated in our case. In ad-
dition to the scalar-potential equivalence breaking term,
we also have an additional term proportional to the
difference of the nucleon and hyperon vector potentials,

UN UA (gN gA)y

This term arises because in the final state one deals with
a A spinor. (In the case analyzed by Friar' this term
vanishes since the same vector potential appears in the
initial and final states. )' In dealing with K mesons and
strange nuclei, it introduces new many-body effects.
These effects are also large, since

U„—U„=0.5 U„=0.25 MN .

An important point emerging from our discussion is
that, in the relativistic model, calculated (y, K+) and
(e,e'K+) results are sensitive to the type of coupling
adopted (PV or PS). This is just one facet of a general
and deep problem in the relativistic nuclear structure
model. The role of pseudoscalar mesons (pions, kaons,
etc.) is an outstanding unsolved problem in the relativis-
tic 0-co renormalizable field theory of nuclear dynamics,
quantum hadrodynamics (QHD). ' A satisfactory rela-

FIG. 5. The equivalence-breaking term, with nucleon, pion,
and external scalar potential lines 4,'fu11, dashed, and wavy, re-
spectively).

tivistic Lagrangian containing pseudoscalar mesons has
not yet been found, ' and it is therefore impossible to
construct a QHD-based reaction model that incorporates
these mesons accurately and consistently while leaving
intact the existing successes.

In view of the large sensitivity in our results to the
type of coupling (pseudoscalar or pseudovector) used at
the KNY vertices, it is important to understand which
one of the two types is more appropriate. ' In fact, the
preferred type of coupling in the lowest-order transition
operator depends on the organization of the underlying
strong-coupling relativistic field theory with pseudosca-
lar mesons. There may be large corrections to both
types of couplings treated here. What is inissing (and re-
quired) is a relativistic theory that tells us what the
correction terms are (whether the theory is organized on
the basis of a pseudoscalar or a pseudovector type cou-
pling) to the lowest-order diagrams considered here.
Stated somewhat differently, ' what is needed is a careful
investigation of the higher-order relativistic many-body
corrections to our transition operator, and this is
difficu1t at present in the absence of a satisfactory La-
grangian.

At present, the status of research concerning this
problem concentrates on the mN system and is best
characterized by two results. ' First, existing self-
consistent relativistic calculations of pion-nuclear dy-
namics may indicate a preference for the PV (over PS)
coupling. It may be that a PV m-N Lagrangian is more
economical than its PS counterpart, in the sense that it
reduces the number of necessary corrections. The
second of the two results deals with the question of
chiral symmetry needed in order to reasonably account
for low-energy pion dynamics. Such chiral models intro-
duce strong nonlinearities in the scalar field, changing
significantly the binding energy per nucleon in nuclear
matter. Furthermore, nuclear-matter mean-Geld-theory
solutions corresponding to abnormal nuclear matter
(second minimum in the energy per nucleon) can now be
obtained in addition to the conventional nuclear matter
solution. The saturation of nuclear matter has not been
successfully explained in a consistent chirally symmetric
theory. What is needed is a Lagrangian theory that
would correctly describe both the properties of nuclear
matter and the low-energy optical potential for pions in
the nuclear medium.

In view of this discussion it is clear that the relativis-
tic calculation of the electromagnetic production of
pions and kaons is subject to considerable uncertainties
at present. In particular, it is not possible to claim any
new features in the (y, K+) reaction based solely on a PS
calculation. " Furthermore, the authors of Ref. 11 use
free-particle propagators for the baryons in their calcula-
tion. As Figs. 3 and 4 demonstrate clearly, the many-
body modifications of the propagators cannot be neglect-
ed.

We wish to comment now on another general problem
encountered when using a relativistic nuclear structure
model. Theories such as QHD suggest important
corrections to the diagrams included in the present cal-
culation. The presence of several-hundred-MeV-strong
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potentials, combined with a response of the vacuum to
an external perturbation via the intermediate production
of NN pairs in the nuclear environment, should motivate
the study of additional terms involving vector meson ex-
changes. Several studies have already reported re-
sults indicating that some large relativistic effects origi-
nating from the presence of the attractive scalar poten-
tial can be significantly decreased due to terms involving
the space components of the four-vector field [Eqs. (5)
and (7)]. This mechanism would effectively renormalize
the kaon-photoproduction operator in the many-body
medium. It has recently been shown that this kind of
operator renormalization has interesting effects especial-
ly in hypernuclear systems. The implications of this
mechanism should be studied before any firm conclusion
can be drawn from the relativistic calculations. It would
be extremely interesting if this kind of many-body effect
could resolve the question of the real meaning of large
relativistic effects.

In summary, we have discussed some of the properties
of the kaon photoproduction operator both for free par-
ticles and for a nuclear process. We have compared the
PS and PV operators, showing their similarities and the
source of differences between the two coupling schemes.
The problem of the large kaon mass has been pointed
out. For the nuclear process, we focused on the relativ-
istic nuclear structure model, where large differences ex-
ist between PS and PV theories. In addition to demon-
strating these differences, we have discussed the reasons
for the discrepancies between the two theories, and
pointed out the missing ingredients that are relevant to
our study and need to be solved in the pertinent nuclear
structure model.

This work was supported by the National Science
Foundation.

APPENDIX: EFFECTIVE-LAGRANGIAN APPROACH
TO K+-NUCLEON SCATTERING

AND K+-PHOTOPRODUCTION (REF. 25)

The various effective-Lagrangian (or tree-level Feyn-
man diagrams) approaches are a popular tool in inter-
mediate energy nuclear physics. Such phenomenological
Lagrangians have been applied to a variety of medium-
energy nuclear calculations.

In this appendix we calculate low-energy K+-nucleon
scattering parameters employing a commonly used
effective Lagrangian, and confront the results with the
experimental numbers. The motivation for this work
comes from the large discrepancies between KNY cou-
pling constants obtained through the reaction
yp —+K+A when analyzed using a model borrowed from
(y, n. ), and the canonical values of the same coupling
constants. ' Consequently, a relation to the (y, K+ ) reac-
tion will also emerge in this appendix. We emphasize

that we do not attempt here to build a Lagrangian for
describing the elementary-particle reactions dealt with,
but rather to test an existing model and shed light on ex-
isting disagreements in the literature.

The K+N scattering is described by the usual
Lorentz-invariant scattering (4 X 4 Dirac) T matrix.
Tree-level expressions are obtained for the scattering pa-
rameters (i.e., scattering lengths and volumes and
effective ranges). The Born term (u channel) using stan-
dard values of the coupling constants (see Ref. 1) yields
results in very poor agreement with experiment. Adding
a o-exchange (t-channel) graph, we can reproduce the
experimental value of the isospin-0 scattering length, but
only by worsening the result obtaining for the corre-
sponding isospin-1 quantity. Values of the o mass, need-
ed to account for other parameters, vary from one pa-
rameter to another, and are often rather too small for a
particle that decays quickly into two kaons. It is clear
that the proposed effective Lagrangian with the canonical
values for the coupling constants cannot be used for a reli-
able description ofprocess involving K+ 's and nucleons.

The same kind of phenomenological Lagrangian has
also been adopted for the description of K+ photopro-
duction, providing another set of coupling constants.
These differ appreciably from the standard values dis-
cussed so far. We have put these values to test in our
present calculations of K+N scattering. Given the
crudeness of the photoproduction data, the values ob-

tained for the scattering lengths are in much better
agreement with experiment. With the Born term only,
the effect on the rest of the scattering parameters is in-
conclusive. With the o.-exchange contribution added, we
find that a universal agreement with experiment is ruled
out. However, az 0 and az &

are fairly well reproduced.
Recalling that, in the m-N sector, the main success is the
sum-rule 2a3/)+a]/p 0 (and the rest of the low-energy
scattering parameters are essentially unexplained), we
may conclude that the second set of coupling constants
discussed here is more favorable. When this model is
used, the standard values of the coupling constants seem
to be ruled out by the data. If this conclusion is true,
then ~-N and K+-N low-energy scattering are theoreti-
cally accounted for at a similar level of accuracy (using
the other set of constants).

A few other possibilities should also be considered. It
may well be that the effective Lagrangian based on the cr

model is not a good starting point for the description of
processes involving mesons and baryons. Or, the prob-
lem may lie in the large mass of the kaon, without
affecting the n Nsystem. [Indee-d, the Kroll-Ruderman
theorem tells us that the (y, K+) reaction is not a good
source of information for determining the required cou-
pling constants. ] A more speculative conclusion involves
the contribution of Z* five-quark resonances, contribut-
ing in the s-channel diagram. Some'additional tests (and
caution) are needed in the interpretation of these results.
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