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Abstract A new elementary operator for kaon photoproduction on the nucleon and
nuclei has been developed within a Feynman diagrammatic framework. By fitting
the unknown coupling strengths at the electromagnetic and hadronic vertices of the
baryon resonances to all available experimental data across the six isospin channels,
the model achieves excellent agreement with the data. The operator includes 26 nu-
cleon resonances in the KA channels and 17 additional A resonances in the KX chan-
nels. For applications to nuclear reactions, such as hypernuclear photoproduction, the
operator is formulated in Pauli space, allowing a straightforward implementation of
the nonrelativistic approximation. Several alternative forms for expressing the oper-
ator output are proposed. In one of them, the spin operators and photon polarization
vectors are separated from the operator, since both are frame dependent, thereby en-
hancing its versatility in nuclear applications.

Keywords Kaon photoproduction - Isobar model - Hypernuclear - Elementary
operator

1 Introduction

Two of the most fundamental questions in particle physics concern the nature of the
building blocks of the universe and the mechanisms governing their interactions. Re-
markably, even after more than a century of research, these questions remain only par-
tially answered. The current theoretical framework, the Standard Model, has achieved
great success but still faces several unresolved issues. One of the major challenges lies
in understanding the strong interaction in its non-perturbative regime, which contin-
ues to be a central focus of particle and nuclear physics. This area of study has evolved
into a distinct and vibrant field known as hadronic physics.
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Table 1 Threshold energies for kaon photoproduction on the nucleon, YN — KY, for the six possible
isospin channels, expressed in terms of the photon laboratory energy E;,h‘ and the total c.m. energy W,

Channel E" [MeV] whr [MeV]
yp = KA 911.1 1609.4
yn — K°A 915.3 1613.3
yp— Ktx0 1046.2 1686.3
yp — KOZ+ 1047.4 1687.0
yn — KOx0 1050.6 1690.3
yn— KtE- 1052.1 1691.1

At the core of hadronic physics lies the nucleon—nucleon (NN) interaction. To
extend this framework toward a more unified description of baryon-baryon inter-
actions, as suggested by SU(3) flavor symmetry, it is essential to incorporate the
hyperon-nucleon (Y N) interaction via the strangeness degree of freedom. A key pro-
cess that explicitly involves strangeness and provides valuable insight into this ex-
tension is kaon photoproduction, in which a hyperon (Y) is simultaneously produced
to conserve strangeness. A theoretical understanding of this process requires detailed
knowledge of both the electromagnetic interactions, YNN, yYY, and YKK, and the
strong interaction KY N. With support from experimental data, these interactions can
be studied within phenomenological frameworks such as isobar or constituent quark
models.

Kaon photoproduction on the nucleon has been investigated since the late 1950s
[1]. Surprisingly, this early work already considered all six possible isospin channels
listed in Table 1. However, the lack of experimental data and detailed knowledge of
the relevant particles at that time inevitably led to limited results. For instance, the
cross sections for the yn — K°A and yn — K°X° channels were predicted to be zero,
since only the Born terms were included and neither the nucleon anomalous magnetic
moments nor resonance contributions were taken into account due to the absence of
information on these parameters.

Nearly a decade later, a more comprehensive phenomenological study of the
¥Yp — KA channel became possible, supported by sufficient experimental data to
draw more definitive conclusions [2]. Since then, numerous theoretical [3-9] and
experimental [10-21] studies have significantly deepened our understanding of this
process. Although the primary motivation for these works has been to elucidate the
underlying mechanisms from a particle-physics perspective, kaon photoproduction
also plays an important role in nuclear physics, particularly in the study of hypernu-
clear production. This aspect forms the main focus of the present work, namely, the
construction of an elementary operator that encapsulates the dynamics of the elemen-
tary reaction at the particle level for use in nuclear calculations.

The elementary operator must account for all possible isospin channels, as pos-
sible rescattering processes require the inclusion of channels beyond the one directly
considered. Table 1 lists the six possible isospin channels of kaon photoproduction
along with their corresponding threshold energies, expressed in terms of the photon
laboratory and total c.m. energies. Unlike pion photoproduction, the relatively high
thresholds in kaon photoproduction allow contributions from numerous baryon and
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meson resonances even near the production threshold. This circumstance makes the
formulation of kaon photoproduction inherently more complex than that of pion pho-
toproduction. As a result, the photoproduction of kaons continues to attract significant
interest as an active subject of study.

This paper is organized as follows. Section 2 presents the basic formalism of
the elementary operator for kaon photoproduction on the nucleon and compares the
calculated observables with the available experimental data. Section 3 describes the
construction of the operator and its application to nuclear processes. Finally, Sec. 4
summarizes this work and provides the conclusion.

2 Kaon Photoproduction on the Nucleon
2.1 Formalism

In general, kaon photoproduction on the nucleon in six isospin channel can be written
as

Y(k) +N(pn) — K(q) +Y (py), )]

The corresponding Feynman diagrams are shown in Fig. 1, illustrating the contribu-
tions from the Born terms, which involve intermediate nucleon, hyperon, and kaon
states, as well as from their respective resonance states. It follows from Eq. (1) that
the Mandelstam variables can be expressed as

s=(k+pn)*, u=(k—py)’, and t=(k—q)>. ©)

Concerning the future extension of the operator to include electroproduction, from
now on we shall consider the formalism of kaon electroproduction, which is more
general, and indicate the necessary modifications when reducing it to the photopro-
duction case.

The vertex factors and propagators for the Born terms are well established and can
be found, for example, in Ref. [3, 4, 22]. Since hadronic form factors are included at
the hadronic vertices, gauge invariance of the Born terms must be restored. For this
purpose, we adopt the prescription of Haberzettl [23]. The resonance terms are, by
construction, gauge invariant.
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Fig. 1 Feynman diagrams for kaon photoproduction on the nucleon, showing the contributions from (a)
s-channel intermediate nucleon and nucleon-resonance states, (b) u-channel intermediate hyperon and
hyperon-resonance states, and (c) #-channel intermediate kaon and kaon-resonance states.
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For nucleon resonances, the corresponding propagators and vertex factors are
well established only for spin-1/2 states. For higher-spin resonances, ambiguities
arise, particularly due to the presence of lower-spin background contributions. To
eliminate these unphysical components in the scattering amplitude, we employ the
consistent interaction formalism proposed by Pascalutsa [24] and explicitly derived
later by Vrancx et al. [25]. Within this framework, the scattering amplitude for nu-
cleon resonances with mass mg and spin n + % can be written as [26]

n+1/2 oy 1 M Uyt V] Vg
jfres =y Hijg%#l had mR pR_mR_i_lmR[‘gZ(”vL]/z) (PR)

i=

2n
_ =had PR pR+mR Wy e,V Vi ~B1...5n
=dy Iy, w2 pE— i impl  41/2) (pr)Lem ™ up,  (3)

where 17{"1?‘_1 and I'bem B, denote the hadronic and electromagnetic vertex factors,

respectively, while 2" IH%)VI n (pr) represents the on-shell projection operator for
a spin-(n+ 1) nucleon resonance.
As an example, the hadronic and electromagnetic vertices for spin-15/2 nucleon

resonance are given by [26]
FIW] Hop3paps et

8KYR
=5 Lllor-a—py )7 +pyat - ary) |y Yy oy e oy . @)
R

and
L 1 p (e~ ) + 2K p-e—€'p-k) s K~k E)p
R

+g4vY" (}é¢ — ¢k)¢ +gs7” (p ef—p- k¢) e kVZkv3kv4kv5kV6F¢ ,
%)

respectively, where the parity factor It = iys and I_ = 1, for nucleon resonances
with positive and negative parities, respectively. The products of coupling constants
gKYR & = G%)Y r are determined by fitting the calculated observables to the available
experimental data.

In the case of electroproduction, the total scattering amplitude, which is obtained
by summing the contributions from all Born and resonance diagrams, can be decom-
posed into six gauge- and Lorentz-invariant matrices,

M =ity Y Ai(s,t,u,k*) M; uy . (6)

I
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The six invariant matrices M; are given by [27, 28]

My = 3y ($k—K¢), (7a)
M, = %5((2g—k)-eP-k—(2q—k)-kP-g], (7b)
M = y5(q-k¢—q-€k), (7¢)
My ::iguvpcyﬂqvgpkaa (7d)
Ms = ¥ (q-ek* —q-kk-¢), (7e)
Me = ¥ (k-ek— k%), (7f)

where €, denotes the photon polarization vector, P = (py + py)/2, and €uypo is the
four-dimensional Levi-Civita tensor. In the case of photoproduction, we have k> =
k- € =0, and consequently, the longitudinal amplitudes M5 and Mg vanish.

The invariant amplitudes A; extracted from Eq. (6) can be employed to calculate
all experimentally measured observables. A comprehensive list of complete observ-
ables for meson photo- and electroproduction is provided, for example, in Ref. [29],
where the cross sections and single- or double-polarization observables are expressed
in terms of the Dennery [30] or CGLN ([31] amplitudes Fi,...,Fs in Pauli space.
These amplitudes are related to the invariant amplitude of Eq. (6) through

6
My =i(py) Z (.1, u,2) Miu(py) = 23 F A, ®)
where
F =ioc-aFi+o-Go-(kxa)h+ioc-kj-aF;
+i0'-(j(j-aF4—|—i0'-l?:l?:-an-i——i—iO'-(lee-aFé, )
with
au:8u_80ku/k0- (10)
By substituting Egs. (7) and (9) into Eq. (8) we obtain
1
FI,Z = m (ENimN) (EyimY){i(W$mN)A1+k-q(A3—A4)
+ (W F ) (W Ty )Ag — A |, (11a)
k||q| EYimY{ 2 1,2
Fyq = DAL JEY MY [ )2 As T K3 (Ay — As) + (W + A—A}.
3.4 8w \| Ev Ly (s —my) Ay F 5k (A2 — As) + (W £ my) (A3 — Ag)
(11b)
F5,6 = 87'CW\/ EN:I:mN) (Ey:l:my) |::|:A]+(W:FI’)’LY)A47(W:FmN)A
1
———{tW(|k]* =2k - q)Ar £ (k- gko— Exk®)(As — 3A
Foo VEW P =2k @)k (k- gho — Exk®) (A5 — 342)
— [Ex(W £ my) — k-q)(43 — Ag) } | (11c)

The above relations can be used to calculate all observables in kaon photo- and elec-
troproduction on the nucleon listed in Ref. [29]. At this stage, it is important to note
that the Pauli amplitudes F5 and Fy vanish in the case of photoproduction.
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2.2 Comparison with Experimental Data

A reliable elementary operator for use in nuclear reactions must be capable of accu-
rately describing the underlying elementary process. Therefore, before discussing the
formalism within the nuclear environment, it is essential to examine the performance
of the operator in reproducing experimental data at the elementary (or particle) level.
The performance of the isobar model employed to construct the present elementary
operator has been comprehensively analyzed in Ref. [26]. Here, we provide a brief
overview of the comparison between the calculated observables and the available
experimental data. In addition, we compare the results of the present operator with
those predicted by Kaon-Maid to evaluate the degree of improvement achieved with
the current elementary operator.

It is important to note that for both the KA and KX channels, two models were
discussed in Ref. [26]. For the KA channels, Model A was constructed by including
23 nucleon resonances with spins up to 13/2 and fitting the calculated observables
to 9364 experimental data points, resulting in a 2 per degree of freedom (2 /Nyof)
of 1.46. Model B, taken from an earlier study [9], used 21 nucleon resonances and
the same experimental database, yielding a y%/Ngof = 1.52. For the KX channels,
two corresponding models were also considered. Model C employs the same set of
nucleon resonances as in Model A and, in addition, includes 17 A resonances. By
fitting to approximately 8000 data points, Model C yields a x> /Naot = 1.18. Model
D uses 21 nucleon and 14 A resonances and was fitted to the same KX database,
resulting in a ¥ /Nyof = 1.22 [32].
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Fig. 2 Differential cross section for the yp — KA reaction as a function of the c.m. energy for three
different kaon angles. The solid and dashed curves correspond to Model A and Model B of Ref. [26],
respectively, while the dotted curves represent the results of Kaon-Maid [7, 33], which is valid only up to
W = 2.2 GeV. Experimental data are taken from the Crystal Ball 2014 (open circles) [19], CLAS 2010
(solid circles) [16], CLAS 2006 (open squares) [12], and LEPS 2006 (solid triangles) [34].

Figure 2 shows the comparison between the differential cross sections obtained
from Models A and B with those from Kaon-Maid and the experimental data for the
K*A channel at three kaon angles: forward, right-angle, and backward directions.
The amount of available experimental data is evidently abundant. However, at the
forward angle, the data exhibit some inconsistencies. Although the CLAS 2006 re-
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sults appear consistent with those of LEPS 2006, both sets differ from the CLAS
2010 measurement. Consequently, Models A and B reproduce an average trend of
these data. This is rather unfortunate, since in nuclear calculations the cross section
at forward angles is typically the largest and therefore provides the most favorable
kinematics for experiments, given that nuclear cross sections are usually extremely
small. Furthermore, at all kaon angles shown in Fig. 2, two distinct peaks are consis-
tently observed at W ~ 1.650 and 1.900 GeV. The first peak originates from several
nucleon resonances with masses around 1.650 GeV, whereas the second arises from
the P3(1900) state, as exhibited in Fig. 9 of Ref. [9]. The comparison with Kaon-
Maid predictions clearly demonstrates that the present elementary operator yields a
substantial improvement in describing the data.
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Fig. 3 Same as Fig. 2, but for the yn — K°A reaction. Experimental data are taken from the CLAS g10
and g13 Collaborations (open circles and open squares, respectively) [21], and from the MAMI 2018
Collaboration (solid circles) [35]. Note that the Kaon-Maid prediction has been multiplied by a factor of
0.5 to fit the scale.

Figure 3 highlights the substantial improvement achieved by the present elemen-
tary operator in comparison with Kaon-Maid. Nevertheless, this difference is under-
standable, as the Kaon-Maid results shown in Fig. 3 are purely predictive and ob-
tained solely by invoking isospin symmetry. This contrasts with the results of Models
A and B, which were fitted to the currently available experimental data.

In the case of four KX channels, shown in Figs. 4-7, we can see that experi-
mental data from different collaborations are relatively consistent each other. Again,
we see significant improvement has been achieved by the new elementary models.
In general, for the kinematics where experimental data are available, the difference
between models C and D is insignificant. However, this is not the case when the con-
straint from experimental data is absent, as shown by the K°X° channel in Fig. 7. In
this case, all panels, that describe different kaon angles, show that the discrepancy
between the two models starts to appear at W ~ 1.85 GeV.

The results presented in Figs. 2-7 indicate the energy range within which the
present elementary model remains valid. For the K TA, KA, and K+ X0 channels, the
model provides a reliable description from threshold up to W ~ 2.8 GeV. In contrast,
its validity extends only up to 2.1 and 2.2 GeV for the K°2F and KT X~ channels,
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Fig. 4 Differential cross section for for the yp — K+ X0 channel as a function of the c.m. energy for three
different kaon angles. The solid and dashed curves correspond to Model C and Model D of Ref. [26],
respectively, while the dotted curves represent the results of Kaon-Maid [36]. Experimental data are taken
from the CLAS 2006 (solid diamonds) [12], CLAS 2010 (solid circles) [18], and Crystal Ball 2014 (open
circles) [19] Collaborations.

y+p HK0+Z+

0.14 —————— 0.12 ————————— 0.08 —_——
6=0.70 cos6 =0.10 L cos 0 = -0.50
= 012 ©s 1 o1l ] oo7
5 010p oosl | o006} ]
= i 0.05} :
= 008} / .
S 006 0.06[ 0.04} :
s 0 0oal 0.03} &
S 004f :
g " 0.02} :
002} (¥ 0021 0.01} b
I\ L 000 L L L L L A Om L L L L L L 7
17 18 19 20 2 17 18 19 20 21 17 18 19 20 21

W (GeV)

Fig. 5 As in Fig. 4, but for the Y+ p — K® + X+ channel. Experimental data are taken from the SAPHIR
2005 (open circles) [37], CBELSA 2008 (solid circles) [14], MAMI A2 2013 (solid squares) [38], MAMI
A2 2019 (open squares) [35].
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Fig. 6 As in Fig. 4, but for the y+n — K+ + X~ channel. Experimental data are taken from the LEPS
2006 (open squares) [39] and CLAS 2010 (solid circles) [17] Collaborations.
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respectively. Finally, for the K°X° channel, the model remains applicable up to W ~
1.9 GeV, beyond which noticeable deviations begin to appear.
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Fig. 7 As in Fig. 4, but for the y+n — K? 4+ X0 channel. Experimental data are obtained from the MAMI
A2 2019 [35] Collaboration.

Since polarization observables are particularly sensitive to the underlying dynam-
ics of a model, it is crucial to examine the performance of the present operator in this
regard as well. For brevity, we limit our discussion to the KA channel at selected
total c.m. energies. For a more comprehensive comparison with experimental data,
the reader is referred to Refs. [9, 26, 32].

Figure 8 presents a comparison of the three phenomenological models discussed
above in terms of the single-polarization observables P, X, and T, as well as the
double-polarization observables Oy, O,, Cy, and C;. It is evident that a similar trend is
observed here, with Models A and B showing substantial improvements over Kaon-
Maid, although small discrepancies with the experimental data are noticeable for the
beam-recoil polarization C.
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Fig. 8 Single and double polarization observables for the yp — K+ A reaction as functions of the kaon
angle. The corresponding total c.m. energy (in GeV) is indicated in each panel. The notation of the curves
is the same as in Fig. 2. Experimental data are taken from the CLAS 2016 (solid circles) [20], CLAS 2010
(open circles) [16], CLAS 2006 (solid squares) [12], and CLAS 2007 (solid triangles) [13] Collaborations.
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Based on the performance of the elementary models discussed in this section,
Model A is adopted to describe the KA channels, while Model C is used for the KX
channels in constructing the elementary operator for nuclear applications.

3 Elementary Operator for Nuclear Applications
3.1 Construction of the Operator

The photoproduction of kaons on the deuteron, *He, and heavier nuclei can be il-
lustrated by the Feynman diagrams shown in Fig. 9, panels (a), (b), and (c), respec-
tively. For the deuteron case, represented in panel (a), we assume the absence of
final-state interactions (FSI) for simplicity. As a consequence, the initial nucleon that
interacts with the elementary operator is off-shell, whereas the produced hyperon
is on-shell. This situation differs from the hypertriton photoproduction depicted in
panel (b), where both the initial and final baryons participating in the interaction with
the elementary operator are off-shell. A similar condition applies to the production
of heavier hypernuclei, as shown in panel (c). Therefore, it is essential to construct
a more versatile operator in which the four-momenta of all interacting particles are
defined in a frame-independent manner. This is particularly important, since nuclear
observables are usually calculated in the nuclear rest frame.

y LK
y K Y o K
. 4 7
N : A
N M S N M A : " :
N N N N
N N
@ (0) ©

Fig. 9 Feynman diagrams for kaon photoproduction on (a) the deuteron, leading to an unbound kaon-
hyperon final state; (b) helium-3, resulting in the formation of a hypertriton; and (c) a heavier nucleus,
producing a heavier hypernucleus. The elementary production operator is denoted by M in each diagram.

On the other hand, there are several representations of the output of the elemen-
tary operator that can be employed to incorporate the dynamics of the elementary
reaction into nuclear process calculations. The first representation is in terms of the
A; amplitudes, as defined in Eq. (6), which is the most straightforward form. This
representation was used, for example, in Ref. [40] to investigate kaon—nucleon and
hyperon—nucleon interactions in kaon photoproduction on the deuteron. The second
option is to use the Dennery or CGLN amplitudes in Pauli space, as given in Eq. (9).

The third alternative is to expand the scattering matrix of Eq. (6) into the complete
set of amplitudes in Pauli space, rather than adopting the Dennery or CGLN forms,
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i.e., [28]

EN+mN) 1/2 (EY +my) 1/2

6
M= AiM;u =
fi (pY) l; iV (pN ) ( 2my Imy

Xx;f (ﬁlo’-6+ﬂza~kz&‘o+3¢3a‘ ckk-e+ %40 -kpy-€e+ Fs0-kpy - €
+F60 -PnE+ - F70 -pnk - €+.F30 - pNPN-€+ F90 - PNy - €

+Z100 -pr&o+F110 -prk-€e+F 0 -pypn-€+F 30 -pypy €
+Fly0-€0-ko-py+ Fis0-pyo-eo-k+ Fgo-pyo-eo-py
+F170 -pyo ko -pye+ Figo-pyo-ko-pyk-e

+Z190 -pyo -ko-pypy - €+ F0 -pyo - ko -pypy - G)XN, (12)

where we have defined the amplitudes .%; that can be related to the amplitudes A; in
Eq. (7) by using the lengthy equations given in Appendix A of Ref. [28].

In the literature, it is customary to recast the operator in Eq. (12) into the spin—non-
flip and spin—flip amplitudes, L and K, respectively, as

Mpi=xy (L+io-K)xw, (13)
with [41]

L=N {f(y,ﬁy,sfy,ﬁ) py-(kxe€)+Fis ax- (kxe)
~Z16 PN (qr X €) = [F17 &0+ (F1s+ Fn0) k- €
+(F19+F20) Py - €— F20 qk - K] pN-(QKXE)}, (14)
K=-N(Tet+Dhk+Tpy+Tiqk) , (15)

where

. (ENerN);(Ewamy)Z, 6

2mN 2my
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and

T = F\ +(F1a— Fis— Fi6) oy -k + Fis (g -k — k)
+F16 (PN - 4K —PRY); a7
T, = [F2+-F0+ (px-q—pR) Fi1) €0+ [T+ Fs+ Fu+ Fi3+ 2705
+(pn-a—py) (Fis+F20) k- e+ [Ty + Fs+ T+ Fi3— Fia
+Z15+Fi6+ (pn-q— ) (Fro+ Foo)| pv - € — [ Fs + T3+ Fis
+(pv-a—PR) P gk €, (18)
Ty = [Fo+ F10+ 2py - k+ k> — qx - k) F17) &0+ [F7 + Fo+ F11 + T3
+ T+ Fis+ Fie+ (2pn-k+ K —qi-k) (Fis+ Fa) k- e+ [Fy
+ P9+ Fio+ Fi3+2F 16+ (2o -k + Kk — qk - k) (Fro+ Fx)| Py - €
~[Po+ Fi3+ Fro+ (2pn-k+ Kk —qx - k) P gk €, (19)
Ty = —(F10+Z17 oy - k) &0 — [F11 + F13+ F15+ (F1s+ F) py -kl k- €
+F 12+ Fi3+ Fi6+ (Fr9+ Fa0) py -k pn - €
+H(F13+F0pN-k) gk €. (20)
In this representation the spin—independent (L) and spin—dependent (K) com-
ponents of the operator are explicitly separated, making it particularly convenient
for nuclear applications. The amplitude expressed in Eq. (13) was employed, for in-
stance, in Ref. [41] to investigate the photoproduction of hypertriton, and in Ref. [42]
to investigate the A- and X-threshold phenomena in both inclusive Kt and exclusive
K™Y photoproduction on the deuteron.
At this stage, it is important to emphasize that both the spin—non-flip (L) and
spin—flip (K') amplitudes depend on the photon polarization vector €. This depen-
dence may complicate calculations in nuclear applications, since the polarization vec-

tor is typically defined in the nuclear rest frame. To address this issue, the amplitude
in Eq. (13) can be rewritten as [43]

M =2y tyk XN 1)
with
tyx = (1,i0%,i0y,i0:; R R g | . (22)
VK ( X Yy Z) ny Kyy Kyz 8};

Equation (22) shows that the elementary operator is now expressed in the form
of a 4 x 3 matrix, which is completely independent of the reference frame in which
the spin operator o and the photon polarization vector € are defined. In contrast to
Eq. (13), the spin—non-flip amplitude is now represented as a vector [43],

L :N|:cg514kxpNJchZlSkXpYJchZleNXpY

+ py 'kXpN(ylsk-l-meN-i-yzoPY)}, (23)
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whereas the spin—flip amplitude is expressed as a tensor,

Kij = 6;jA+pyiBj+pniCi+pyiDj, i,j=xy7, (24)
with
A:7N[<755]+<75‘\]4p1\]-k7j15py’k*gé\lépN'pY] > (25)
B = —N[(#4— F 14— F19DN - DY) PN + (F5 + F15 — F20pN - PY) Py, (26)
C = —N|[(Fs+ -F19py - Py) PN + (Fo+ Fi6+ - Fopy - k)py] (27)
D = —N[(ZF12+ Fi6+ Fr19Pn - k)py + (F13+ Foopn - k) py] | (28)

whereas N is given by

N=— En+my 12 Ey +my 1/2 my [my (29
N sz 2my Ey EN.

The amplitude given in Eq. (22) was employed, for example, in Refs. [43, 44] to
investigate kaon photoproduction on the deuteron, both in the quasi-free scattering
region, where one nucleon acts as a spectator with negligible momentum, and in the
kinematical region where the hyperon—nucleon FSI plays a significant role.

Finally, the elementary operator can also be written as

M = (| gy JM i), (30)

Since g is defined in the nuclear rest frame, it is necessary to evaluate the term in
the elementary operator that transforms the nucleon state with spin projection m; into
the hyperon state with spin projection my, i.e., <% my |JH | % my). For this purpose, J*
can be rewritten as [28]

Joo Jx0 Jy0 Jz0

Jox Jxx Jyx Jzx

Joy Jxy Jyy Jzy

JOz Jxz Jyz Jzz

= jy +oc it +oyj + ot

1 +n
=Y Y (—mel M, 31)

n=0 my=-n

JI'L = (176)656)7562)

which is particularly convenient because the spin operator o™ can be evaluated

—my
separately, i.e.,

1_
(3umyg 60, 15ams) = V2(=1)"72 5 (L —my Jmg [ nmy) . (32)

and the resulting operator | j”]ﬁ,fn) is completely frame independent. Note that in

Eq. (32) we have defined

and
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The components of the matrix defined in Eq. (31) are given by [28]

Joo = iNZ17pN - (py X k) , (33)
Juo = iN[914pN X k+ Fispy x k— Fi6Ppy X py

—pn -py X k(F1sk+ F19py + F20py) . (34)
Jom = N{(yQ*pN'prW)kaF(cgé\()ﬁLpY'kjW)PN,m
+(F10 +pN'kyl7)pY,m}; (35)
Jim = A6€m+Békm+C€pN,m+D€pY,m , (36)
where ¢,m = x,y,z, and
A= —N[F 1+ Fupn-k—Fispy-k—Fiepyn-py| , 37
B = —N[(F3—pn-pr F18) k+(Fs— F1a—pn-Py F19) PN
+ (F5+ Fi5—pn-py F20) DY) , (38)
C =-N[(F1+ Fu+py -k Fg) k+(Fs+py-k F9) pn
+ (Fo+ Fi6+py -k Fr) py] , (39)
D = -N[(Fi+Fis+pn-k Fi3) k+ (Fi2+ Fie+pn -k F19) Dy
+ (Fi13+pn -k F) py] , (40)

with N is given by Eq. (16).

The amplitude given in Eq. (31) was formulated in Ref. [28] to investigate kaon
photoproduction on *He leading to the formation of the hypertriton f\H in the final
state. This formalism is particularly suitable for application within the partial-wave
representation, in which the wave functions of both the initial and final bound states
are expanded in terms of partial waves.

3.2 Verifying the Operator’s Numerical Output

After incorporating the elementary operator into the nuclear environment, it is im-
portant to verify the numerical output for consistency. This verification is performed
within the nuclear calculation framework by reducing the nuclear system to a single-
nucleon system, so that the numerical result reproduces the elementary process, i.e.,
kaon photoproduction on the nucleon. For example, in Ref. [28], the nuclear ampli-
tude was reduced to the elementary amplitude by replacing the nuclear wave func-
tions with unity and retaining only the necessary summations over angular momenta
and spin projections. As a result, the nuclear scattering amplitude, given by Eq. (33)
in Ref. [28], reduces to

(F]J* i) = V2 Y (— 1) V2 M (L e L vy nmy) R0, @D

n,my,
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from which the transverse and longitudinal cross sections can be written as [28]

dor g™ mpmp 3 2 .2
= [ Iy 5 42
d.QIC('m' ke-m. 3271'2W2 i;()(lJlX| + |Jl)| ) ( )

dor, qg™ mpmp 3 2

dQE™ ko™ 32m2W2 ,.;2'”0' ’ “3)
and are found to be identical to the standard definitions of the transverse and longitu-
dinal cross sections in the elementary process. It should be emphasized that Egs. (42)
and (43) are provided only for analytical comparison. The actual evaluation must
be carried out numerically using the nuclear calculation code, with the appropriate
reductions described above.

4 Conclusion

An elementary operator has been successfully constructed for application in kaon
photoproduction on both the nucleon and nuclei. In the case of kaon photoproduction
on the nucleon, the operator successfully reproduces the presently available experi-
mental data in six isospin channels, including differential cross sections as well as
single- and double-polarization observables. The fitting procedure was carried out
using nearly 17,000 data points. For kaon photoproduction on nuclei, the operator
has been formulated in a fully frame-independent manner. Furthermore, a general
extension has been developed to accommodate the electroproduction process, which
will be addressed in future work. Since kaon photoproduction on nuclei can be de-
scribed within different theoretical frameworks, such as the impulse approximation,
covariant formulations, or few-body approaches, the output of the elementary oper-
ator must likewise be expressed in corresponding representations suitable for each
framework. To this end, five alternative formulations for expressing the amplitude
have been proposed.
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