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Abstract. The electromagnetic production of kaon-hyperon on the nucleon has been studied by means of a
diagrammatic technique. All important resonances listed by the Particle Data Group up to spin 5/2 are included in
this analysis. To extract the unknown coupling constants the new data from CLAS, SAPHIR, LEPS, and GRAAL
collaborations have been used. In this paper we report on the preliminary results of this analysis. The available
elementary model along with the modern nuclear wave functions have been used to analyze the process of photo-
as well as electroproduction of the hypertriton off the 3He. In this analysis we found that a proper treatment
of Fermi motion is essential for describing the process, whereas the few available experimental data favor the
assumption that the initial nucleon is off-shell and the final hyperon is on-shell. The influence of the higher partial
waves in this process is also investigated. We also discuss the prospect of investigating kaon production off 4He.

1 Introduction

The present interest in the associated strangeness produc-
tion is strongly motivated by the advancements in the ac-
celerator and detector technologies. Compared to the rel-
atively established pion photo- and electroproduction, the
cross section of kaon electromagnetic production off the
nucleon is three order of magnitude smaller. Therefore, in
order to achieve reasonably accurate measurements, high
intensity and continuous electron beams are inevitable. To-
gether with the construction of modern detectors, this has
been achieved in the last decades. As a consequence, sig-
nificant improvement in the number and quality of experi-
mental data, unprecedented before, have been also achieved
recently.

The electromagnetic production of kaon is one of the
important subjects in the investigation of the dynamics of
the strangeness quantum number. It is obvious that the non-
perturbative nature of QCD at these energies forces us to
derive a number of approximations to QCD. One such at-
tempt is the relativistic or relativized quark models. These
models predict more excited states of nucleons than those
found in experiments. Other “missing” states are suspected
to weakly interact with the pion-nucleon state, a conven-
tional mechanism used by the Particle Data Group (PDG)
to determine the existence of the nucleon resonances. Thus,
it is expected that these “missing resonances” may couple
strongly to other channels, such as theKΛ andKΣ chan-
nels [1] or final states involving vector mesons.

In order to firmly investigate these missing resonances
one needs a reliable elementary operator that can micro-
scopically describe the process. There have been several
approaches for this purpose, namely single-channel or multi-
channels analysis, multipoles approach, chiral quark calcu-
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lations, etc.Meanwhile,it is also important to remember
that this operator is also required for the investigation of
hypernuclear states. In this case, a fully covariant elemen-
tary operator has an obvious advantage, since the nuclear
and hypernuclear wave functions are mostly constructed in
a non-relativistic way and, therefore, the elementary oper-
ator should be constructed in a frame independent fashion.
For this purpose, a single channel isobar model is very ap-
propriate, since it provides a simple and covariant ampli-
tude for use in the nuclear sector. The needs of this simple
operator would become more obvious when we discuss the
cpu-time required in the calculation of the hypernuclear
states.

This paper is organized as follows: In Section 2 we will
describe the construction of the elementary operator used
in our investigation. The results of our analysis on the kaon
photo- and electroproduction will be also presented in this
Section. Section 3 will focus on the construction of the nu-
clear operator and the result of the analysis on the hypertri-
ton production. In Section 6 we will conclude our findings.

2 Elementary Operator

2.1 The Model

The elementary process for kaon electroproduction off the
nucleon can be written as

e(ki) + N(pN) −→ e′(kf ) + K(qK) + Y(pY ) . (1)

To phenomenologically describe this process we have
used the Feynman diagrammatic technique. The appropri-
ate diagrams for this process is depicted in Fig. 1. Such
a technique has the advantage that the elementary ampli-
tudes can be written in a completely covariant way and,
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Fig. 1.Feynman diagrams for kaon electroproduction offthenucleon. Except contributions from theN∗ intermediate states, all diagrams
are considered as the background terms. A contact diagram might be added to restore gauge invariance if we used the pseudovector
coupling or included hadronic form factors.

therefore, the corresponding elementary operator can be
expressed in a completely frame independent form. This is
extremely important when we have to include Fermi mo-
tion in the nucleus.

As shown in Fig. 1, in this technique we assume that
the electromagnetic interaction is mediated by only one
photon exchange. The elementary transition operator can
be written as

Mfi = ǫµ Jµ = ū(pY )
6
∑

i=1

Ai(k
2, s, t, u) Mi u(pN) . (2)

where the virtual photon momentumk = ki − kf and the
Mandelstam variables are defined as

s = (k + pN)2 , t = (k − qK)2 , u = (k − pY )2 . (3)

The gauge and Lorentz invariant matricesMi in Eq. (2) are
given by

M1 =
1
2 γ5 (ǫ/ k/ − k/ ǫ/) , (4)

M2 = γ5
[

(2qK − k) · ǫ P · k − (2qK − k) · k P · ǫ ] , (5)

M3 = γ5 ( qK · k ǫ/ − qK · ǫ k/ ) , (6)

M4 = i ǫµνρσ γ
µ qνK ǫ

ρ kσ , (7)

M5 = γ5

(

qK · ǫ k2 − qK · k k · ǫ
)

, (8)

M6 = γ5

(

k · ǫ k/ − k2ǫ/
)

, (9)

with P = 1
2 ( pN + pY ) andǫµνρσ represents the four dimen-

sional Levi-Civita tensor withǫ0123 = 1. The coefficient
functionsAi are obtained from Feynman diagrams shown
in Fig. 1. All observables can be calculated from the co-
efficient functionsAi by using the standard procedure [2].
Except theN∗, all diagrams contribute to the background
terms. It is then clear that different models appear as the
different use of the nucleon resonancesN∗.

To relate the coupling constants among the various isospin
channels, we first consider the hadronic vertices. Since the
lambda is an SU(3) isosinglet, one obtains

gK+Λp = gK0Λn . (10)

Similarly for theN → K∗Λ vertex

g
V,T
K∗+Λp = g

V,T
K∗0Λn

. (11)

Therefore, Eqs. (10) and (11) couple theγ + p → K+ + Λ
andγ + n→ K0 + Λ channels.
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Fig. 2. Kinematic variables for kaon electroproduction on nucle-
ons.

Onthe other hand, the sigma is an isovector. Therefore,
theN → KΣ couplings are related by the Clebsch-Gordan
coefficients coupling isospin 1 plus isospin1

2 to isospin1
2,

gK+Σ0p = −gK0Σ0n = gK0Σ+p/
√

2 = gK+Σ−n/
√

2 . (12)

Theserelations are used to couple all four isospin channels
in theKΣ productions. Furthermore, in these processes the
∆ resonance contributions with spin 1/2 and 3/2 are al-
lowed. Their coupling constants are related by

G∆ ≡ GK+Σ0∆+ = −
√

2GK0Σ+∆+ = GK0Σ0∆0 =
√

2GK+Σ−∆0

(13)
For unpolarized photons and hadrons the cross section

of the real photon production can be simply written as

dσ
dΩK

=
qc.m.

K

kc.m.

mpmΛ
32π2W2

∑

ǫ

(

|L|2 + |K|2
)

, (14)

wherethe spin-independentL and spin-dependentK am-
plitudes are related to the elementary amplitudeǫµJµ given
by Eq. (2) throughǫµ Jµ = L + iσ · K .

For unpolarized initial and final states of electrons and
hadrons, the cross section of the virtual photon production
can be written as

dσv
dΩK

=
dσT

dΩK
+ ǫ

dσL

dΩK
+ ǫ

dσTT

dΩK
cos2Φ
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Table 1.The resonances used in Kaon-Maid and in the present
work.

State Kaon-Maid Present Work

S 11(1650)
√ √

D15(1675) -
√

D13(1700) -
√

P11(1710)
√ √

P13(1720)
√ √

F15(2000) -
√

D13(2080)
√ √

D15(2200) -
√

D33(1700) -
√

S 31(1900)
√ √

F35(1905) -
√

P31(1910)
√ √

P33(1920) -
√

D35(1930) -
√

+
√

ǫ(1+ ǫ)
dσLT

dΩK
cosΦ , (15)

whereΦ is the angle between the electron (scattering) and
hadron reaction planes, andǫ is the transverse polarization
of the virtual photon

ǫ =

(

1− 2k2

k2
tan2(ψ/2)

)−1

, (16)

with ψ the electron scattering angle. All kinematical vari-
ables given in Eqs. (15) and (16) are shown in Fig. 2.

The subscripts T, L, TT, and LT in Eq. (15) stand for
transversely unpolarized, longitudinally polarized, trans-
versely polarized, and interference between transversely
and longitudinally polarized virtual photons. The individ-
ual terms may be expressed in terms of the amplitudesAi,
as given by Eqs. (4)–(9) [2].

One of the widely used phenomenological isobar mod-
els is Kaon-Maid. This model is constructed from gauge-
invariant background and resonances terms, whereas the
background terms include the standards-, u-, andt-channel
contributions along with a contact term required to restore
gauge invariance after hadronic form factors have been in-
troduced [3]. The resonance part consists of three nucleon
resonances that have been found in the coupled-channels
approach to decay into theKΛ channel, i.e., theS 11(1650),
P11(1710), andP13(1720). Furthermore, the model also in-
cludes theD13(1895) state that is found to be important in
the description of SAPHIR data [4].

We note that Kaon-Maid was fitted to a limited number
of experimental data and therefore its predicting power is
certainly very limited. Recent advancements in the accel-
erator and detector technologies in the last decades have
paved the way to accurately measure the kaon production
observables in a wide range of kinematics. It is then obvi-
ous that Kaon-Maid is no longer in the position to describe
all these new data and a significant improvement of Kaon-
Maid is inevitable.

In this paper, we propose a new model based on Kaon-
Maid. For this purpose we add more resonances included
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Fig. 3. Comparison between experimental data of theγ + p →
K+ + Λ kaon photoproduction differential cross section from
CLAS (solid blue squares) [6] and LEPS (solid red circles) [11]
with the model calculations from Kaon-Maid (dashed black lines)
and the present calculation (solid red line).

in the process, because we want to include recent experi-
mental data, i.e. cross sections as well as single and dou-
ble polarization observables, with higher energies up to
2.5 GeV. A comparison between the resonances used in
Kaon-Maid and those used in the present model is sum-
marized in Table 1. Note that we use nucleon resonances
up to spin 5/2. The propagators and vertex factors for spin
3/2 and 5/2 resonances are adopted from Ref. [5]. Further-
more, we maintain the use of hadronic form factors in the
hadronic vertices of all diagrams, with the gauge prescrip-
tion adopted from Haberzettl [3]. In the case of electropro-
duction we use the standard electromagnetic form factors
for the Born terms, whereas the cutoffs of resonances are
left as free parameters in the fitting process.

For photoproduction the fitted data include differen-
tial cross sections, recoiledΛ polarizations, photon asym-
metry, target asymmetry, and the beam-recoil polarization.
For electroproduction we include the separated differential
cross sections (σu, σTT , andσLT ) as well as the beam-
recoil polarization data, both from the CLAS collabora-
tion. Other older data were not used in our fits.
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Fig. 4.As in Fig. 3, but for theγ + p→ K+ + Σ0 channel.The solid black triangles show experimental data from the LEPS collaboration
[11,14]. The cosines of the kaon scattering angles are shown in each panel.

2.2 Results for Kaon Photoproduction

For almost one decade, in theγ + p → K+ + Λ channel,
there has been a problem of data consistency between the
SAPHIR [4,7] and CLAS [6] data. Apparently, the prob-
lem just shows up in the differential cross sections atW ≈
1900 MeV, where CLAS data are larger than SAPHIR ones.
In Ref. [8] it has been shown, however, that the use of
SAPHIR and CLAS data, individually or simultaneously,
leads to quite different extracted photo-coupling parame-
ters. To further investigate the differences of these two data
sets, Ref. [9] has studied their statistical properties and it
has been found that the CLAS data are in good agreement
with the LEPS ones [11], whereas the SAPHIR data are
coherently shifted down with respect to both CLAS and
LEPS data, especially at forward kaon angles. In Ref. [10]
it is suggested that measurements of the polarized total
cross sectionσTT′ by the CLAS, LEPS, and MAMI col-
laborations are expected to help to solve this problem.

In this paper we only exclude the SAPHIR differential
cross section data for theγ + p → K+ + Λ channel. Other

data from SAPHIR, CLAS, LEPS, and GRAAL collabora-
tions are included in our fits. Thus, we can avoid the long
discussion on the data discrepancy problem as discussed
above and focus on all isospin channels.

The result of our fit in this channel is shown in Fig. 3,
where we compare the calculated differential cross sec-
tions of Kaon-Maid and present model with experimen-
tal data from the CLAS and LEPS collaborations. From
this figure we can clearly see significant improvements are
shown by the present calculation as compared to the Kaon-
Maid. Only at the forward angles (0.50≤ θc.m.K ≤ 0.9)
we see that our new fit indicates apparent discrepancies
at W ≈ 1.85 GeV. We suspect that this problem originates
from the use of hadronic form factors. Such a problem was
previously pointed out by Ref. [9]. It was found that the
use of hadronic form factors leads to a strong suppression
of the cross sections at forward angles and higher energies.
In order to fit the data at this kinematics, the fit increase the
cross sections at lower energies, which is compensated by
the resonances atW ≈ 1.85 GeV.
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Fig. 5.As in Fig. 3, but for theγ + p→ K0 + Σ+ channel.Exper-
imental data are from the SAPHIR collaboration [12].

For theγ + p → K+ + Σ0 channel, the result of our fit
is shown in Fig. 4. It is clear from this figure that the re-
sults of our fits are much better than those of Kaon-Maid.
Especially at higher energies, where the calculated cross
sections of Kaon-Maid tend to diverge. This is understand-
able because Kaon-Maid does not have resonances with
masses equal to or larger than 2.0 GeV. We observe that
both SAPHIR and CLAS data indicate the need for a reso-
nance, at least, atW ≈ 2.1 GeV.

Another important result found from this figure is that
contributions from resonances with masses around 2.1 GeV
show up at the forward and very backward angles. Such an
issue would be appropriately addressed for the future ex-
periments of the LEPS collaboration at SPRING8, where
kaon photoproduction at very forward and backward kaon
angle are possible and can be measured accurately. At the
present, LEPS data show an indication of resonance around
2.1 GeV. Nevertheless, by collecting more statistics one
could single out the appropriate resonance at this energy
unambiguously.

The photoproduction ofK0Σ+ reveals the fact that one
could isolate contribution of resonances with masses around
1.9 GeV by means of this isospin channel. This is clearly
exhibited in Fig. 5. From this figure we can see that contri-
bution of these resonances appear in almost all kaon angles
except at the very forward regions.

Figure 5 also indicates the same deficiencies of both
Kaon-Maid and the new model at high energies and for-
ward directions in theγ + p → K0 + Σ+ channel. This
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Fig. 6.As in Fig. 3, but for theγ + n→ K+ + Σ− channel.Exper-
imental data are from the LEPS collaboration [14].

problem is still investigated and will be reported in the fu-
ture publication [13].

Experimental data for the production on neutron target
are recently available from the LEPS collaboration [14].
These are the only neutron channel data available at present
and, as a consequence, could provide a severe constraint to
the models. The result of our fits in this channel is shown
in Fig. 6. It is certainly interesting to see that the result of
present work fits nicely the experimental data in this case.
Furthermore, the data also indicate an important resonance
contribution atW ≈ 2.2 GeV. Such a strong contribution at
this energy is not observed in other isospin channels.

As we have pointed out in the beginning of this Sec-
tion, we have performed our fits by including also single
and double polarization observables data. Details of our
findings for these observables will be reported in future
[13].

2.3 Results for Kaon Electroproduction

Recently, the CLAS collaboration has released two set of
electroproduction data bases consisting of a large number
of experimental data on differential cross sections and po-
larization transfer [15,16]. Although we have used both
data bases in our fits, we will only focus on the former
in the following discussion.

In what follows we adopt the notation of Ref. [15]

σU =
dσT

dΩK
+ ǫ

dσL

dΩK
, (17)

σTT =
dσTT

dΩK
, (18)

σLT =
dσLT

dΩK
, (19)

whereσU refersto the unpolarized cross section.
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Fig. 7. Separated differential cross sections for kaon electroproductione + p → e′ + K+ + Λ asa function of the kaon scattering angles
for different total c.m. energies atk2 = −0.65 GeV2. Note that different total c.m. energies imply different virtual photon transverse
polarizationǫ. Experimental data are from the CLAS collaboration [15]. Notation of the curves is as in Fig. 3.

Results of the fit for the case ofK+Λ andK+Σ0 electro-
production are shown in Fig. 7 and Fig. 9, respectively. It is
obvious from the two figures that the present work provide
substantial improvements on the Kaon-Maid model. Espe-
cially at low energies, where the prediction of Kaon-Maid
enormously overestimate experimental data of theσU and
σTT of the e + p → e′ + K+ + Λ channel. In general, the
forward peaking behavior ofσU is nicely reproduced. Nev-
ertheless, At low energies we observe that our new calcu-
lation slightly underestimate forward angles data. We sus-
pect that this phenomenon has the common origin as in the
case of photoproduction, i.e., the hadronic form factors.
Since these form factors result in a strong suppression at
forward angles and higher energies, the cross sections at
lower energies must be raised up in order to reproduce ex-
perimental data at higher energies. The larger error bars at
forward angles allow this process.

The calculatedσTT cross sections have mostly negative
values as desired by the experimental data, while the cal-
culatedσLT cross sections are all negative, in accordance
with data. In bothσTT andσLT the crossing behavior pre-
dicted by Kaon-Maid is not observed by the new data as
well as the present calculation.

From Fig. 7 it is also apparent that there exist drastic
changes in the cross section behavior at low energies. This
happens in all three cross sectionsσU , σTT , andσLT es-
pecially at 1.650≤ W ≤ 1.825 GeV. We have investigated
the origin of this behavior and found that this is due to
the huge contributions of theS 11(1650) andP13(1720 res-
onances in the case of electroproduction. Their contribu-
tions to the separateddσT /dΩ anddσL/dΩ cross sections
at three different kaon angles are depicted in Fig. 8. It is
clear from this figure that in the new fits these contributions
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Fig. 8. Separated longitudinally and transversely unpolarized
crosssections for thee + p → e′ + K+ + Λ channel as a func-
tion of the total c.m. energies at three different kaon angles.

are strongly suppressed in order to reproduce experimental
data, which are of the order of 0.1µb/sr. At W ≈ 1.725
GeV the cross sections show minima, which explain the
drastic change at 1.725 GeV in Fig. 7.

Results for thee+ p→ e′+K++Σ0 channel are shown
in Fig. 9. In this channel we observe almost the same be-
havior as in the case ofK+Λ electroproduction, although
we do not see the problem of hadronic form factors here.
The larger error bars ofσTT in this channel is suspected to
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Fig. 9.As in Fig. 7, but for thee + p→ e′ + K+ + Σ0 channel.

bethe origin of the fit flexibility, which is indicated by the
discrepancies between data and calculated cross sections
at all energies.

The difference between this channel to theK+Λ one is
also apparent here, i.e., in this channel the cross sections
do not show the forward peaking behavior, a phenomenon
that is also found in the case of photoproduction.

We also note that using these new data bases it is possi-
ble to separateσT andσL from the unpolarized cross sec-
tions for both isospin channels. However, since the error
bars forσL are significantly large, we will not discuss this
topic in this paper. We will report a complete result in our
future publication [13].

To conclude this section we would like to say that the
separated cross sections ofσL andσT are urgently required
in order to shed more light on the small contribution of the
S 11(1650) resonance in theK+Λ isospin channel (see Fig.
8).

3 Nuclear Operator

The corresponding Feynman diagram for the hypertriton
electroproduction on a3He target in an impulse approxi-
mation is displayed in Fig. 10. From this figure it is obvi-
ous that we can write the nuclear transition matrix element
in the laboratory frame as

〈f |Jµ| i〉 =
√

3
∫

d3pd3qΨ ∗f (p,q′)Jµ(k, pN ,pY )Ψi(p,q),

(20)

wherethe integrations are taken over the three-body mo-
mentum coordinates

p = 1
2(k2 − k3) , q = k1 , (21)

andthe hyperon momentum in the hypertriton is given by

q′ = k1 +
2
3Q, (22)

with the momentum transferQ = k − qK . The factor of√
3 on the right hand side of Eq. (20) comes from the anti-

symmetryof the initial state. The derivation of this factor
is given in Appendix B of Ref. [21].

K

He H

N
Λ
3

M

k

k2

3N

NN

N k Λ
k

k
2

3

q

(    )k’

(    )

(    )
3

kγr,v

(    )

(   )

1

(    )

(    )

fi 1

K(    )

Fig. 10.Feynman diagram describing the process of the hypertri-
ton electroproduction on a3He target in an impulse approxima-
tion.

The3He wave functions may be written as

Ψi(p,q) =
∑

α

φα(p, q)
∣

∣

∣{(LS )J, (l 1
2) j} 12 Mi

〉 ∣

∣

∣(T 1
2) 1

2 Mt

〉

(23)
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Table 2. Quantum numbers and probabilities (in %) of the3He
and the hypertriton wave functions for the five leading partial
waves. Note that there are 34 and 16 partial waves for the3He
and hypertriton wave functions, respectively.

α L S J l 2 j 2T P(3He) P(3
Λ
H)

1 0 0 0 0 1 1 44.580 -
2 0 1 1 0 1 0 44.899 93.491
3 2 1 1 0 1 0 2.848 5.794
4 0 1 1 2 3 0 0.960 0.034
5 2 1 1 2 3 0 0.189 0.027

whereα = (LS Jl jT ) is introduced to shorten the notation,
with L, S , andT are the total angular momentum, spin,
and isospin of the pair (2,3), while for particle (1) the cor-
responding quantum numbers are labeled byl, 1

2, and 1
2,

respectively. The hypertriton wave functions can also be
written in the form of Eq. (23). The quantum numbersα
for all partial waves of both the nuclear wave functions are
listed in Ref. [21]. In Table 2 we gives only the most impor-
tant partial waves that significantly contribute to the photo-
and electroproduction processes.

The elementary operatorJµ = (J0, J) given in Eq. (2)
can be recast in the form of

J0 = N
{

iF17pN · (pY × k) + (F2 − pN · pYF17)σ · k

+(F6 + pY · kF17)σ · pN + (F10 + pN · kF17)σ · pY

}

,

(24)

and

J = −N
[

(F1 + F14pN · k − F15pY · k − F16pN · pY )σ

+σ · k{(F3 − pN · pYF18)k + (F4 − F14

−pN · pYF19)pN + (F5 + F15 − pN · pYF20)pY }
+σ · pN {(F7 + F14 + pY · kF18)k + (F8

+pY · kF19)pN + (F9 + F16 + pY · kF20)pY }
+σ · pY {(F11 + F15 + pN · kF18)k + (F12 + F16

+pN · kF19)pN + (F13 + pN · kF20)pY }
+i{−F14pN × k − F15pY × k + F16 pN × pY

+pN · (pY × k)(F18k + F19pN + F20pY )}
]

. (25)

For the purpose of calculating the observables it is use-
ful to rewrite the elementary operator in the form of a ma-
trix [ j], through the relationJµ = [σ] [ j], i.e.,

Jµ = (1, σx, σy, σz)



























j00 jx0 jy0 jz0
j0x jxx jyx jzx

j0y jxy jyy jzy
j0z jxz jyz jzz



























, (26)

where the individual components are given in Appendix C
of Ref. [21].

Since the hypertriton has isospin 0, we may drop the
isospin part of the wave functions. By inserting the two

nuclear wave functions in Eq. (20) and writing symboli-
cally m = (mLmS mlmsmJm j) for the sake of brevity, we
can recast the transition matrix element in the form of

〈 f | Jµ | i 〉 =√
6
∑

α,α′

∑

m,m′

∑

n,mn

(LmLS mS |JmJ)
(

LmLS mS |J′mJ′
)

×
(

lml
1
2ms| jm j

) (

l′ml′
1
2ms′ | j′m j′

) (

JmJ jm j| 12 Mi

)

×
(

J′mJ′ j
′m j′ | 12 Mf

) (

1
2 −ms′

1
2ms|nmn

)

× (−1)n−
1
2−ms′ δLL′ δmLmL′ δS S ′ δmS mS ′ δT0

×
∫

p2dpd3q φα′ (p, q′)φα(p, q) Y l′
ml′

(q̂′)Y l
ml

(q̂)
[

jµ
](n)
mn
.

(27)

Note that the elementary operator
[

jµ
](n)
mn

is completely
frame independent, since it is independent from the frame
whereǫµ andσ(n) are defined. Hence, by summing and av-
eraging over the nuclear spins we can construct the spin
averaged Lorentz tensor

Wµν =
1
2

∑

Mi Mf

〈 f | Jµ | i 〉〈 f | Jν | i 〉∗ , (28)

with which we can write the nuclear structure functions as

WT =
1
4π

(Wxx +Wyy) , (29)

WL =
1
4π

W00 , (30)

WTT =
1
4π

(Wxx −Wyy) , (31)

WLT =
1
4π

(W0x +Wx0) . (32)

Thecross sections are conventionally measured in the c.m.
system. In this frame of reference the individual cross sec-
tions are given by

dσi

dΩ
=

e2

4π

qK M3HeM3
Λ
H

(W2 − M2
3He

)W
Wi , (33)

with i = T,L, TT, and LT.

4 Results on the Hypertriton Production

4.1 The Numerical Results

We first investigate the contribution of non-localities gen-
erated by Fermi motion in the initial and final nuclei. The
exact treatment of Fermi motion is included in the integra-
tions over the wave functions in Eq. (27). The local ap-
proximation can be carried out by freezing the operator at
an average nucleon momentum (see Fig. 10)

〈k1〉 = −κ
A − 1
2A

Q = − κ
3

Q , (34)
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Fig. 11. Effects of Fermi motion on the differential cross sec-
tion of the hypertriton photoproduction. The dashed curve is cal-
culated from the “frozen nucleon” approximation (〈k1〉 = 0),
the dash-dotted curve is obtained with an average momentum of
〈k1〉 = − 1

3Q, while the solid curve shows the exact treatment of
Fermi motion.

sinceA = 3. Forκ = 0, Eq. (34) corresponds to the “frozen
nucleon” approximation, whereasκ = 1 yields the average
momentum approximation.

The effect of these approximations on the calculated
differential cross sections in the case of photoproduction
is displayed in Fig. 11. It is obvious from this figure that
the use of “frozen nucleon” approximation leads to signif-
icantly different results. Although the average momentum
assumption can approximate the exact treatment of Fermi
motion, for the sake of accuracy we will use the exact treat-
ment of Fermi motion in the following discussion.

Since all baryons involved in the hypertriton produc-
tions are off-shell, whereas however, the elementary oper-
ator is constructed and fitted to experimental data with both
initial nucleon and final hyperon are on-shell, off-shell as-
sumption should be made here. For this purpose we pro-
pose four assumptions, i.e.,

1. both initial and final baryons are on-shell [k0
1 = (m2

N +

k2
1)1/2, k′01 = (m2

Y + k′21 )1/2],
2. the initial nucleon is on-shell and the final hyperon is

off-shell [k01 = (m2
N + k2

1)1/2, k′01 = k0
1 + k0 − EK ],

3. the initial nucleon is off-shell and the final hyperon is
on-shell, [k01 = k′01 + EK − k0, k′01 = (m2

Y + k′21 )1/2],
4. both initial and final baryons are off-shell. In this case

the static approximationk0
1 = mN is used for the initial

nucleon, whilek′01 = k0
1 + k0 − EK .

These four different assumptions result in systematic
variations of the differential cross sections as depicted in
Fig. 12. From this figure we observe that the first assump-
tion yields the smallest cross section, while the third as-
sumption leads to the largest cross section. However, at
higherW the situation changes, the latter gives in fact the
smallest cross sections. AtW = 4.04 GeV we estimate
that experimental data at forward angles with about 10%
error bars would be able to check these off-shell assump-
tions. For other kinematics (higherW) the cross section
differences are presumably to small in view of the present
technology [17].

Contribution of the missing resonanceD13(1895) in the
hypertriton production is also found to be significant, espe-
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Fig. 12. The effect of different off-shell assumptions on the dif-
ferential cross section calculated for the hypertriton photoproduc-
tion.
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Fig. 13. Comparison between differential cross sections of hy-
pertriton photoproduction obtained in the present work with the
missing resonanceD13(1895) included in the elementary opera-
tor (solid lines) and those obtained by excluding this resonance
(dashed lines). Results from the previous work [22] which have
been obtained by using different nuclear wave functions and dif-
ferent elementary operator [23] are shown by the dash-dotted
lines.

cially atW = 4.04 GeV (see Fig. 13). This results is under-
standable, because the energy corresponds to the elemen-
tary total c.m. energyWγp→KΛ = 1.9 GeV, i.e., almost at
the resonance pole position. As shown in Fig. 13, the effect
gradually disappears at higher energies. We note that, due
to the strong nuclear suppression at large kaon scattering
angles, this effect also vanishes forθc.m.K > 25◦. Therefore,
W ≈ 4.04 and 0◦ . θc.m.K . 20◦ represent an example of the
recommended kinematics for the measurement of hyper-
triton photoproduction. This conclusion is apparently also
supported by Fig. 11, where for this kinematics the varia-
tion in differential cross sections is found to be remarkable.

Off-shell effects are also found to be important in the
case of electroproduction. This fact is clearly exhibited in
Fig. 14, where we can see that the “final hyperon on-shell”
assumption can nicely shift the cross section upward closer
to the experimental data atθc.m.K = 2.7◦ and 9.5◦. Although
this finding is in contrast to the phenomenon observed in
the pion photoproduction off3He [18], it can be understood
as follows: The hyperon binding energy in the hypertriton
is much weaker than the binding energy of the nucleon in
the 3He. Therefore, shifting the hyperon in the final state
closer to its mass-shell moves the model closer to reality.
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Fig. 14. The calculated cross section of the hypertriton electro-
production on3He compared with experimental data [17]. Dif-
ferent curves in both panels show different off-shell assumptions
used in calculating the cross sections.

The experimental data point atθc.m.K = 18.9◦ requires a spe-
cial explanation. Although the elementary cross section at
this kinematics slightly increases, the nuclear suppression
from the two nuclear wave functions is sufficiently strong
to reduce the cross sections atθc.m.K ≥ 10◦.
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Fig. 15. Differential cross section of the hypertriton electropro-
duction on3He plotted as functions of the total c.m. energy and
kaon scattering angle.

Since our investigations should be performed in a wide
range of kinematics we also extend our analysis to higher
energies and kaon scattering angles. The results however
do not change our conclusion as described above. As an
example, we have calculated the differential cross section
of the hypertriton electroproduction as functions ofW and
θK , and show the plot in Fig. 15. From this figure it ap-
pears that the kinematical region where the experimental
data exist (W≈ 4.1 GeV and 0◦ ≤ θc.m.K ≤ 20◦) represent
the region where the cross sections are considerably large.

4.2 Effects of the Higher Partial Waves on the
Numerical Accuracies

It has been found that a full calculation by using all par-
tial waves could cost a significantly long cpu-time. To un-
derstand this problem consider the integrations given in

Eq. (27). For the full calculation at every point of cross sec-
tions of interest integrations over 34× 20× 64× 30× 10≈
13 × 106 grid points should be carried out. The numer-
ical computation becomes more challenging because the
integrand consists of the elementary operator

[

jµ
](n)
mn

in
the form of 4× 4 complex-component matrix. For a more
concrete example, the required cpu-time to calculate 961
points of the cross section for the three dimensional plot
shown in Fig. 15 by using a single processor Pentium-4
PC would take about 11 days (15,344 min). Although this
problem could be easily solved by using a parallel com-
puting system, it would be appropriate to ask whether the
use of all partial waves is really necessary for a sufficiently
accurate numerical computation. The answer is shown in
Fig. 16, where the required cpu-times to calculate the 961
points of the cross section for the full calculation and the
three approximation, i.e., usingα ≤ 5, 4, and onlys-waves,
by means of a single processor 3 GHz Pentium-4 PC are
depicted.
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104
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∆ m
ax

. (
nb

)
1.5

1.0

0.5

0.0

-0.5
(1) (2) (3) (4)

Fig. 16. The cpu-timet required to make the three-dimensional
plot shown in the Fig. 15 along with the maximum deviations
from the full calculation for different approximations, i.e., using
all partial waves (1),α ≤ 5 (2),α ≤ 4 (3), and onlys-waves (4).

Clearly, the cpu-time is significantly reduced by a fac-
tor of 30 if we limit the partial waves up toα = 5, while
the accuracy is still maintained up to about 0.15 nb/sr. As
a consequence, the required cpu-time to obtain the plot
shown in Fig. 15 becomes less than 9 hours. If we used the
partial waves withα ≤ 4, the cpu-time is reduced by a fac-
tor of about 60, whereas the maximum deviation slightly
increases to 0.17 nb/sr. The use of onlys-waves substan-
tially reduces the cpu-time, i.e., by a factor of 300, but re-
sults in the largest deviation, almost 1 nb/sr at the top of the
highest cross section peak. In view of the presently avail-
able experimental data (see Fig. 17), it is obvious that the
latter provides a relatively poor approximation method for
the hypertriton electroproduction, since the largest differ-
ential cross section is around 5 nb/sr.
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We have also investigated the accuracy of the calcu-
lation if we limit the elementary amplitude to the non-
relativistic terms only [19]. Such an approximation was
suggested, e.g. in Ref. [20], in order to reduce the numer-
ical costs. We found that the omission of the relativistic
terms in the elementary process amplitude could lead to a
large deviation from the full calculation. Since no signifi-
cant cpu-time reduction obtained by omitting these terms,
a full calculation in this case is recommended.

5 Future Investigation
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Fig. 18.(Left panel) Experimental data of the4
Λ
H electroproduc-

tion cross section [17] compared with the calculated cross section
of the3

Λ
H electroproduction (dashed line) and with the scaled one

(solid line). (Right panel) As in the left panel but for a different
total c.m. energy.

Beside for the hypertriton electroproduction, experi-
mental data have been also available [17] for the

e + 4He→ e′ + K+ + 4
ΛH (35)

process. While the complete calculation is rather compli-
cated, since it involves a relatively large number of partial
waves, we can for the present estimate the cross section
from our result for the hypertriton electroproduction.

First, it is obvious that since the hypertriton has isospin
0, it does not have theα = 1 partial wave. As a conse-
quence, the cross section becomes small because theα =

1 partial wave is the leading term that significantly con-
tributes to the amplitude. We estimate that by including
this term, the amplitude could become roughly twice big-
ger (multiplied by a factor of 2).

Second, the antisymmetry factor in the case of the hy-
pertriton equals

√
3. It can be calculated by the method

of the second quantization given in the Appendix B of
Ref. [21] that the process given by Eq. (35) has an anti-
symmetry factor of 2. Therefore, the corresponding cross
section is roughly estimated by scaling the cross section of
the hypertriton production through

σ(4
ΛH) = σ(3

ΛH) × F = σ(3
ΛH) × 4× 4

3
. (36)

The result is shown in Fig. 18.

6 Conclusion

We have investigated kaon photoproduction and electro-
production on the nucleon by means of an isobar model
based on the diagrammatic technique. The transition am-
plitude is constructed from the background and resonant
terms obtained from the appropriate Feynman diagrams.
The free parameters in the model are fitted to the latest
experimental data from the SAPHIR, CLAS, LEPS, and
GRAAL collaborations. These data consist of differential
cross sections, single and double polarization observables.
The results of the present model show a substantial im-
provements to the predictions of Kaon-Maid.

We have also constructed a nuclear operator for photo-
and electroproduction of the hypertriton offthe 3He. It is
found that the effect of Fermi motion is essential in this
process. The effect of the off-shell assumptions on the cross
section magnitude is also significant. The assumption that
the final hyperon is on-shell, while the initial nucleon is
off-shell, can nicely shift the cross section upward closer
to the experimental data.

We have also investigated the effects of the higher par-
tial waves and relativistic terms on the accuracy of the cal-
culated differential cross sections. It is shown that an ac-
curate calculation could still be obtained if we used the
three lowest partial waves with isospin zero (i.e., using
α ≤ 4) The cpu-time for calculating differential cross sec-
tions could be reduced by a factor of about 60 in this case.

Finally, we have roughly estimated the differential cross
section of the4

Λ
H electroproduction on the4He by use of

the result on the hypertriton electroproduction. It is found
that our prediction nicely fits the available experimental
data.
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