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Calculations for the kaon capture, electron pair, and hyperon (Y) production reactions,
p(K~,ete”)Y, are made for Y = A, ¥°, and A(1405) using our previously developed crossing
and duality constrained electroproduction model. Because there is no constraint on the minimum
4-momentum transferred by the timelike photon (¢*> > 2MZ ~ 0), we observe that the low-lying p,
w and ¢ vector mesons are kinematically accessible, producing up to four orders of magnitude en-
hancement in the theoretical hyperon production cross section. We also discuss the significance and
utility of this dramatic enhancement for investigating several important topics of current interest.

PACS number(s): 13.75.Jz, 12.40.Vv, 25.80.Nv

Recently, we have described a hadronic resonance
model for kaon electromagnetic production reactions in
which duality and crossing symmetry have been exploited
to constrain the model parameters [1]. We were able to
develop a simultaneous description of the available low
and intermediate energy data in both kaon production
and capture reaction channels for the interrelated ¥ =
A, ¥° and A(1405) hyperon processes. In this paper,
we detail theoretical predictions for the p(K~,ete™)Y
electron pair producing kaon capture reactions. Our
main observation is that the low-lying p, w, and ¢ vector
mesons are kinematically accessible, since the three-body
final state permits the photon to carry a full range of
timelike 4-momentum transfer (¢2 > 2M2 ~ 0). In gen-
eral, this feature is present for all electron pair produc-
ing meson capture reactions of the type B(M,e"'e‘)B'
(where M and B represent the incident meson and target
baryon, respectively). In contrast, two body processes
such as the annihilation reactions, ee™ +» K™K~ (pp),
are constrained to transfer at least ¢ > 4MZ (4M2)
by energy conservation, which makes the very impor-
tant low-g2 timelike region inaccessible. Since the vec-
tor mesons couple strongly to other hadrons, and be-
cause they are above threshold in B(M,ete™)B’ re-
actions, there is a dramatic resonant enhancement in
the cross section when the photon’s 4-momentum trans-
fer approaches the mass of a vector meson (i.e., when
g% — M?2). For p(K~,ete™)Y, we calculate an ehance-
ment of up to four orders of magnitude in the vector
meson resonance region (relative to the cross section at
g? = 0). In addition to reporting this novel result, we
also discuss the utility and significant ramifications of
this clear signature for investigating several important,
but potentially small effects, which may be difficult to
observe with other reactions.

Before presenting our numerical results, we establish
some notation and briefly descibe the model formal-
ism. Because our model is designed to be generally ap-
plicable to the crossing related (v,,K*) and (K,7,)
reactions, we must employ an explicitly covariant for-
mulation. A covariant representation of the transition
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amplitude (ty;) for pseudoscalar meson electroproduc-
tion/capture (within the one-photon exchange approxi-
mation) can be expressed as the contraction of leptonic
(£) and hadronic (H) currents mediated by the photon
propagator
L(h)-HN, A

e (1)
where h, ', A denote the virtual photon helicity (0,+1),
hyperon and proton spins, respectively. Notice that vir-
tual photons are effectively massive, introducing an addi-
tional polarization component (longitudinal) correspond-
ing to a helicity zero state. The leptonic current is given
by the normal quantum electrodynamics vertex (with
h=s, +5s,)

‘C#(h):e Ue- (62732) r* Ue*(eusl) ) (2)

whereas the hadronic current is expressed in terms of
six explicitly Lorentz and gauge invariant matrices (V, ;1)
multiplying scalar functions of the Mandelstam variables,
B,(q?%,s,t,u), the so called invariant (or elementary) am-

plitudes
6
Ho (N, A)=a, (1, \) (Z B; N’;) up(p, A) . (3)
=1

The bilinear covariant matrices (N:) are purely kinemat-
ical (model independent), whereas the six invariant am-
plitudes contain all of the reaction dynamics. Our model
is based on an effective field hadronic Lagrangian eval-
uated at the tree level. The elementary amplitudes are
obtained by applying the covariant Feynman rules to a
specified set of Born and hadronic resonance diagrams.
For a detailed account of the resonances included and the
resulting expressions for the invariant amplitudes, we re-
fer the reader to our recent paper [1].

Realistic electromagnetic form factors are employed to
account for the internal structure of the hadrons in the
model. Introducing form factors produces a well-known
violation of gauge invariance in the Born graphs due to
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differences between the kaon and proton charges probed
by the off-shell photon. We use the standard technique
of restoring gauge invariance by modifying the hadronic
current density with counter terms proportional to the
photon 4-momentum. Specifically,

. nc

e R =) E M)
a conserved current, Hj,, is constructed by explicitly sub-
tracting the nonconserved current, #}}°, contracted with
the photon’s 4-momentum. This procedure exactly re-
stores gauge invariance, however it does not produce any
effect on the numerical calculations since all observables
are computed from the amplitude, tf; [see Eq. (1)], and
q - L = 0 by the Dirac equation.

Vector mesons couple to the interacting hadrons and
the ete™ pair through the electromagnetic current. The
form factor for each hadron has been derived using ex-
tended vector meson dominance (EVMD). The general
EVMD prescription incorporates several vector mesons
(including excited states), an intrinsic form factor for the
purely hadronic vertices, and a direct photon-hadron cou-
pling term to allow for a smooth transition to the well-
known perturbative QCD scaling behavior (see Ref. [1]
for full details). The resulting form factors provide an ex-
cellent phenomenological description of the available data
for the nucleon and kaon. The G%,, G%,, and Fx+ EVMD
parameters have been determined in previous indepen-
dent investigations [2, 3], whereas the Fix. g+ and Fg, g+
transition form factors are predictions of our model re-
sulting from a fit to the kaon electroproduction data [1].
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FIG. 1. Spacelike and timelike form factors utilized in our

calculations.
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FIG. 2. Convenient frame for the pair producing kaon
capture reactions.

We display the functional behavior of these form factors
for both spacelike and timelike regions in Fig. 1 (G%,
is not displayed for clarity). We note that our electro-
production model (for A production) involves nine dia-
grams, each having a corresponding, generally indepen-
dent, form factor (except the proton graph, which has
two). As in our phenomenologically successful electro-
production analysis [1], we take the remaining, poorly
known, baryon magnetic and transition form factors to
be proportional to G4, (with normalization fixed by ei-
ther SU(3)y relations, radiative decay widths, or photo-
production data). These assumptions are very reason-
able in light of vector meson universality [4] and the ap-
proximate SU(3) flavor symmetry of the octet baryons.
However, we note that the qualitative features of our pre-
diction for the capture cross sections are independent of
these assumptions.

In Fig. 2, we specify a convenient laboratory frame for
evaluating the transition amplitude and calculating the
differential cross section. Our model predictions are given
in Fig. 3, which demonstrate the dramatic effect vec-
tor mesons have on the hyperon virtual photoproduction
cross section (defined in Ref. [1]) as a function of ¢g*>. The
pronounced peaks directly correspond to the resonant
timelike vector mesons (p, w, and ¢) governing the elec-
tromagnetic form factors of our model when ¢2 — M2.
Notice that the vector mesons increase the ete™ pair,
hyperon production rate by 2—4 orders of magnitude rel-
ative to the real photon production rate (cross section at
g% = 0). We note that unitarity corrections may suppress
this enhancement somewhat; however, if VMD is fully
consistent, then the timelike cross-section magnification
should be a persistent, dramatic effect. The differences
between the A, £° and A(1405) curves simply reflect the
sensitivity to their different couplings with the various
hadrons included in the model. While the cross section
is single peaked as a function of g2 for a particular vector
meson, when expressed in terms of the laboratory system
kinematic variables (i.e., the kaon beam momentum, |k|,
the angle between the leptonic and hadronic scattering
planes, ¢, the final state hyperon angle «, the virtual pho-
ton angle 6, and the electron or positron angle %) it can
be dual peaked as indicated in Figs. 4 and 5. In general,
the condition g2 — M2 permits multivalued solutions in
terms of laboratory frame variables. This useful feature
will enable an experimentalist to choose the most conve-
nient arrangement of detectors for observing a particular
vector meson resonance.

While the experimental confirmation of our predic-
tions for p(K~,ete™)Y may be of intrinsic interest, we
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FIG. 4. Location of vector meson resonances as a func-

tion of the A hyperon angle o for 3 GeV incident kaons and
photons emitted at 30° in the lab frame. The resonant o
positions occur when \/q_2 — M, (i.e., points of intersection
between the curve and horizontal lines).
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FIG. 5. A doubling of detector positions, which will ob-

serve a specific vector meson resonance, is seen in the two-
body unpolarized virtual photon radiative capture cross sec-
tion as a function of the hyperon angle. The kinematics were
chosen to maximize ¢? through the constraint ¢, = .

note that several exciting possibilities exist for using
B(M, e*e™)B' meson capture to obtain new information
about novel, potentially small effects that may be diffi-
cult to observe with other reactions. In particular, me-
son capture can be utilized for investigating the follow-
ing diverse topics: (1) strangeness content of the nucleon,
(2) medium modifications of static hadron properties, (3)
magnification of small amplitude processes (such as the
parity violating weak decay of hyperons), and (4) ex-
tracting electromagnetic form factors in the previously
unobserved low-q? timelike region. The essential fea-
ture, which can be exploited is the accessibility of vector
mesons with the corresponding resonant enhancement of
the cross section. The vector meson resonances provide a
clear, unambiguous signature from which important new
information can be extracted, as we now detail.

The recent European Muon Collaboration (EMC)
measurement of the proton’s spin structure function [5]
suggests the spin carried by strange sea quarks is roughly
equal to the spin carried by the u- and d-valence quarks.
This result appears to be in contradiction with the nor-
mal quark model assignment of spin to only u- and d-
valence quarks in the nucleon. Several theoretical at-
tempts to explain the EMC data without strangeness
in the proton have been proposed [6], however, there is
presently no consensus, and further study is obviously
warranted. Recently, there has been a proposal to mea-
sure the strangeness content of the nucleon by leptopro-
duction of the ¢ meson [7]. Due to the pure s3 structure
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of the ¢, the hadronic coupling of the ¢ to a hadron is
directly related to the hadron’s strangeness content [8].
For a nucleon with no s5 component, the hadronic cou-
pling (gonn) should be OZI (Okubo, Zweig, and lizuka)
suppressed (couple only through gluons). With appre-
ciable strangeness however, the /N coupling would be
OZI evading. We propose a complementary use of the ¢
meson for measuring strangeness in the nucleon through
the use of pion capture reactions N (m,l[TI~)N. The ben-
efit of pion capture lepton pair production is that the ¢,
which does not couple to the pion, couples to the nucleon
(assuming strangeness content) through the electromag-
netic current in the timelike momentum transfer region,
which in analogy to (K~,ete™), will produce a large,
unambiguous resonance signature in the cross section.
The ¢ N coupling can be extracted, and thus the nucleon
strangeness content inferred, from the magnitude of the
resonant cross section.

Meson capture on nuclei can be utilized to investigate
the modification of static hadron properties by the nu-
clear medium. In particular, several theoretical calcula-
tions predict a change of mass and decay constants for
hadrons in a nuclear environment [9]. The presence of
such medium effects would be evident by any distinct
change in a vector meson’s resonance shape (position,
width, and/or height). The magnitude of the resonant
cross section will also provide evidence for any renormal-
ization of the hadronic coupling in the nuclear medium.
For spacelike reactions, such as electroproduction, there
is no resonance signature; hence the medium effect is less
obvious and direct experimental observation becomes in-
creasingly difficult.

The high count rates expected for p(K ~,ete™)Y make
this type of reaction particularly useful as a tool for quan-
titative investigations of the weak and radiative decay of
hyperons. Decay rates and branching fractions of the hy-
perons can be measured with a higher degree of precision
due to the enhanced flux of hyperons produced by kaon
capture in the vector meson resonance region. Hyperon
decay measurements are important for studying parity
violating asymmetries-such as the magnitude and rela-
tive phases of parity-violating versus parity-conserving
amplitudes (for example, see Ref. [13]), and also for test-
ing various quark, soliton, and hadron model predictions
such as in Refs. [10], [11], and [12], respectively. The
A(1405) is particularly interesting due to its controversial
quark structure [14]. Measuring the decay properties of
the A(1405) hyperon resonance will help discriminate be-
tween different proposed exotic structures (i.e., an octet
mixed gqq state or molecular gg-gqq system).

Finally, we discuss the importance of pair producing
meson capture for extracting electromagnetic form fac-
tors. Interest in electromagnetic form factors is preva-
lent, as demonstrated by the number and frequency of
recently published quark model calculations, and com-
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mitted experimental effort devoted to this subject. With
(M,e*e™) reactions, an exciting possibility exists for ex-
tracting electromagnetic form factors in the previously
unobserved low-q? timelike region. Essentially all of the
timelike measurements performed to date utilize anni-
hilation reactions, which kinematically exclude the low-
lying vector meson resonance region due to a large thresh-
old energy (except for pion reactions). In a subsequent
communication, we detail how our model can be used to
analyze future K~ (p,eTe™)Y data to simultaneously ex-
tract up to six independent electromagnetic form factors
in this important, unobserved region. Because each of the
six invariant amplitudes (B;) involves a linear combina-
tion of N photoproduction amplitudes (b¥) multiplying
the electromagnetic form factors (Fi)
‘N
Bi(s,t, ") = > bl(s,t) Fi(d®) , (5)
k=1

it is possible to invert this relation (under certain theo-
retical model constraints) to obtain the form factors in
terms of the experimentally determined invariant ampli-
tudes. The major difficulty of this form factor inversion
procedure is the challenging experimental effort required
to determine the six elementary amplitudes. This is ac-
complished by measuring a “complete set” of polariza-
tion asymmetry observables. There are a total of eleven
independent measurements that are needed to completely
specify the magnitude and relative phases of the six com-
plex scalar amplitudes. We defer a detailed discussion to
our subsequent paper but stress here that electromag-
netic form factors can be extracted from experimental
data by using a reliable phenomenological model in con-
junction with the amplitude inversion procedure.

In conclusion, the electron pair producing meson cap-
ture reactions of the type B(M,ete™)B' are significant
because the low-lying p, w, and ¢ vector mesons are kine-
matically accessible. We made an explicit calculation of
the p(K~,ete™)Y reactions for Y = A, ¥° and A(1405)
and found a dramatic resonant enhancement of up to four
orders of magnitude in the hyperon production cross sec-
tion relative to real photon radiative capture. The ac-
cessible vector meson resonances in (M,ete™) are novel
phenomena, which provide a distinct experimental sig-
nature for investigating potentially small theoretical ef-
fects. We have explicitly discussed the benefits of using
(M,e*te™) processes to probe the nucleon’s strangeness
content, medium modifications of hadronic properties,
weak and radiative hyperon decays, and for extracting
timelike electromagnetic form factors in a new kinematic
regime.
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