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Differential and total cross sections for the reactions 2H(γ , K0�) 1H, 2H(γ , K+�)n, 2H(γ , K+�0 )n,
2H(γ , K+�−) 1H, 3He(γV , K+)3

�H, and 3He(γV , K+�)X taking into account the effects of KN , K�, and N�

interactions in the final state are presented. A comparison with the few experimental data on kaon photopro-
duction on the deuteron and on kaon electroproduction on 2H and 3He at WN = 1.91 GeV, Q2 = 0.35 GeV2 is
made. It is shown that the presented model correctly reproduces the dependence of the cross sections on energies
and angles, especially in the region of small kaon emission angles. The eigenfunctions of the nuclei 3He and
3
�H are directly obtained in this work by solving coupled homogeneous Faddeev equations with respect to the
components of a three-body T matrix. The cross sections of 3He(γV , K+)3

�H and 3He(γV , K+�)X with these
functions are calculated, and results also turned out to be in good agreement with the available experimental data.
An analysis of the calculated cross sections for kaon photo- and electroproduction on the 3He nucleus showed
that the magnitude of the final state interaction effects in the considered processes is negligible, noticeable only
in the region of large kaon emission angles.

DOI: 10.1103/PhysRevC.107.014611

I. INTRODUCTION

Electromagnetic production of ss̄ quark pairs in a nu-
clei allows one to better understand the dynamics of strange
hadrons, shedding light on the magnitude of the hyperon-
nucleon interaction in the nuclear medium and on the
contribution of the interaction of kaons and hyperons with
nucleons in the final state. In addition, photoproduction of
neutral kaons on a deuteron in the absence of neutron targets
allows for more accurate identification of the position and
parameters of baryon resonances. In this case, for the process
2H(γ , K0�) 1H the amplitude contains only the neutron part
with a small admixture of proton, which is contained in the
part responsible for the final state interaction.

The first measurements of the differential and total cross
section of the reaction 2H(γ , K0�) 1H were performed on the
CLAS [1] detector in the Thomas Jefferson National Acceler-
ator Facility laboratory. The isobar model KaonMAID [2] and
fit [3] were used to describe the experimental data obtained in
[1] and to clarify the contribution of s-channel N∗ resonances
to the cross section of kaon photoproduction.

The experimental study of K+ electroproduction on helium
was performed only in the work [4] in coherent processes of
�-hypernuclei production and in the work [5] in quasifree
processes of kaon production in K+�, K+�0, and K+�−
channels. The work [4] shows qualitative agreement with the
experiment of theoretical ratios σlab(3,4He)/σlab(1H) of the
laboratory cross sections of 3,4He(e, e′K+)3,4

� H to the cross
section on the free proton. The values σlab(3,4He) have been
calculated with the use of model nuclear form factors [6].
An estimation of final state interaction of � hyperons with
nucleons on 3,4He targets in the region of small kaon emission

angles in the laboratory frame was carried out in work [5]
using the NSC97f hyperon-nucleon potential and amounted to
7–15% of cross section. A theoretical evaluation of the final
state interaction of a � hyperon with nucleons in the process
3He(γV , K+�)X was earlier carried out in [7] using a separa-
ble �N potential. It has been shown that the �N interaction
can be significant in the region of small kaon emission angles.
No other microscopic calculations of the interaction of kaons,
hyperons, and nucleons in the final state of electromagnetic
production of kaons on nuclei have been carried out.

Another question is the extent to which the known wave
functions of light nuclei adequately reproduce their internal
structure in the processes of kaon electroproduction in the
region of large momentum transfer. The strong influence of
the wave functions of 3He, 3

�H on the cross section of kaon
electro- and photoproduction was already noted earlier in [8].
The work showed that only with the placement of a final
hyperon on the mass shell can the theory be reconciled with
the experiment of [4]. No other studies of the influence of
wave functions of hypernuclei in the processes of photo- and
electroproduction of kaons on light nuclei have been carried
out. The processes (γ , π ) also provide an opportunity to test
the known three-body wave functions of involved three-body
nuclei in a wide range of transferred momenta, and also pro-
vide a serious check for elementary production operators. The
latest data on 3He(γ , π+) 3H process [9] in the region of pho-
ton energies 0.5–1.55 GeV indicate the need to find additional
contributions to the already known two-body corrections [10],
which are absent in the impulse approximation, and which be-
gin to play a significant role in the region Eγ > 0.5 GeV, θπ >

60◦. Such two-body corrections to the impulse approximation,
which, along with the use of Faddeev’s three-body function,
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improve the agreement of the theory with experiment only in
the region of large momentum transfer in the backward hemi-
sphere of pion emission angles, should compensate for the
lack (if it exists) of an accurate calculation of the three-body
function in the same kinematic region. Models of processes
3He(γ , π ), also including the various corrections to the im-
pulse approximation, have previously encountered problems
in describing experimental data both in the area of small pion
emission angles [11,12], and at fixed momentum transfer [13].
Accurate treatment of the 3He internal structure is necessary
not only in the pion photo- and electroproduction, but also in
the electromagnetic production of η mesons [14–16], in which
the η-nuclear final state interaction in the threshold area is
highly important. To date, no microscopic model adequately
reproduces the cross section of coherent photoproduction of
η mesons on the 3He nucleus, especially above the breakup
threshold. Therefore, there is no doubt that accurate treatment
of nuclear wave functions in processes characterized by high
momentum transfer is necessary for the study of meson photo-
and electroproduction on light nuclei.

In this paper, systematic calculations of the cross sec-
tions of kaon photo- and electroproduction on 2H and 3He
nuclei are carried out using a widely proven elementary
production operator and with precise consideration of the
interaction of kaons and hyperons with nucleons in the final
state. In this work, further steps are also taken to obtain and
analyze the microscopic wave functions of three-body sys-
tems 3He and 3

�H. Section II is devoted to the formalism used
in photo- and electroproduction of kaons on light nuclei. Sec-
tion III describes the procedure for searching for three-body
wave functions which were used in calculations. Section IV
describes the procedure for accounting for interaction in the
final state. The main results and discussion of the work are
given in Sec. V.

II. FORMALISM

The interaction of a virtual photon γV with a proton and a
neutron is characterized by three different isotopic channels of
kaon photo- and electroproduction. Using standard kinematic
variables for the energies ωγ (photon), EN (initial nucleon),
EK (kaon), and EY (hyperon) and for the momenta �k (photon)
and �q (kaon) in the overall center-of-mass system (CMS),
one has the following types of considered electroproduction
processes on a proton:

γV (ωγ , �k) + p(EN ,−�k)

→

⎧⎪⎪⎨
⎪⎪⎩

K+(EK , �q) + �(EY ,−�q) (1, 0),

K+(EK , �q) + �0(EY ,−�q)
(

1√
3
, 2

3

)
,

K0(EK , �q) + �+(EY ,−�q)
(−√

2
3 ,

√
2

3

)
;

(1)

and on a neutron:

γV (ωγ , �k) + n(EN ,−�k)

→

⎧⎪⎪⎨
⎪⎪⎩

K0(EK , �q) + �(EY ,−�q) (1, 0),

K0(EK , �q) + �0(EY ,−�q)
(− 1√

3
, 2

3

)
,

K+(EK , �q) + �−(EY ,−�q)
(√

2
3 ,

√
2

3

)
.

(2)

The isospins multipliers are indicated in parentheses, (T =
1/2, T = 3/2), separately for channels with intermediate
isospins T = 1/2 and T = 3/2. For kaon electroproduction,
not only the energy dependence of ωγ (Q2) on Q2 momen-
tum transfer of the γV photon plays an essential role; so
does the contribution of the longitudinal photon couplings
(with nonzero contribution of ε0 = εz = +1 component of
virtual-photon polarization vector �ε) to the total amplitude of
the processes (1) and (2). The photo- and electroproduction
elementary operator for (1) and (2) has a general form in the
matrix representation,

〈Y, K|t̂ (Q2,WN , �k, �q)|N, γ 〉= (−1)m̄s is̄C
1
2 ms′
1
2 ms s̄−m̄s

(K [s̄][t̄] )m̄s .

(3)
In (3), notation is used for the Klebsch-Gordan coefficients
connecting spin (1/2) and its projection ms of the initial
nucleon with spin (1/2) and its projection ms′ of the final
hyperon. Tensor K [s̄][t̄] determines the contributions of the
isoscalar (t̄ = 0) and isovector (t̄ = 1) components of the
elementary amplitude, as well as the non-spin-flip (s̄ = 0) and
spin-flip (s̄ = 1) its parts. For comparison with the data from
[1], it is necessary to take the single-nucleon total energy WN

as an independent quantity associated with the total energy of
the system W and the photon energy ωγ in the CMS by the
following relations:

Eγ = W 2
N − M2

N

2MN
, W = √

MA(MA + 2Eγ ),

ωγ = W 2 − Q2 − M2
A

2W
. (4)

The mass of the target nucleus in (4) is denoted as MA. The
isotopic structure of the tensor K [s̄][t̄] for the processes (1) and
(2) is the sum of the isoscalar and isovector amplitudes,

K [s̄][t̄] = (K [s̄][t̄=0] + (−1)bK [s̄][t̄=1]), (5)

the signs of which are determined by the following rule:
b = 0 for processes (1) and b = 1 for processes (2). Thus, to
determine the nuclear amplitude, one should as the sum of the
contributions K [s̄][t̄=0] and K [s̄][t̄=1], like as their difference for
each of the six charge channels.

In this work, the model of kaon photo- and electroproduc-
tion on a proton [17] is used, which allows one to find only
the sum of the contributions of the isoscalar and isovector
amplitudes (5). A characteristic feature of the N (γ , KY )
model used is the relatively strong suppression of background
Born terms, as a result of which the main contribution to
the cross section is associated with the excitation of baryon
resonances. For kaon photo- and electroproduction, the
parameters of hadron resonances were fixed in [17] from
the visible agreement of the calculated total and differential
cross sections with available experimental data in three
charge channels, K+�, K+�0, and K0�+. A characteristic
feature of the model [17] is the use of sufficiently strong,
Q2-dependent form factors for suppressing background
terms of the single-nucleon amplitude. The longitudinal
components of the amplitude of the kaon electroproduction
which depend on ε0 are also strongly damped by form factors.
In this model gauge invariance is in order of resonance terms
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FIG. 1. Schematic illustration of the coherent process 3He(γV , K+)3
�H. (a) Impulse approximation; the shaded region corresponds to a pair

of nucleon-spectators. (b) KN interaction in the final state. Note that momentum integration of �pz = (0, 0, pz ) can no longer be easily removed
by renormalizing �

3He
lsLi

.

which vanish when �k�ε = 0. Regarding Born terms, gauge
invariance broken by form factor inclusion is restored by
contact term implementation (see formula (B1) of [18]). This
single channel formalism used in the present calculations also
includes energy-dependent widths of the hadron resonances
that can be considered to be a partial restoration of unitarity
of photo- and electroproduction amplitude.

The parameters of the hadron resonances of the model
[17] for neutron processes (2) were selected in such a
way that with a constant amount of sum K [s̄][t̄=0] and
K [s̄][t̄=1] their difference allowed one to describe the
data from [1] quite well. The changes carried out in
this way in the model [17] affected only the isoscalar
ks and isovector kv constants of the resonance coupling:
P11(1440) (kM

s = 0.18, kM
v = 0.252), S11(1535) (kE

s =
−0.16, kE

v = −0.2), S11(1650) (kE
s = 0.1, kE

v = −0.214),
F15(1860) (kM

s = 0.8, kM
v = 0.87, kE

s = 0.15, kE
v = 0.18),

P11(1880) (kM
s = −0.003, kM

v = −0.11), D13(1875) (kE
s =

0, kE
v = 0.01), P13(1920) (kM

s = −0.07, kM
v = −0.091), and

F17(1990) (kM
s = 0.25, kM

v = 0.36). As total decay width of
hadron resonances also includes terms without kaons, the
calculations of resonance widths have been extended to other
channels. The parameters of the hadron resonances in kaon
free channels were assumed to be equal to the parameters
of the resonances of the previous work [19], in which a
model of double neutral pseudoscalar meson (π0π0, π0η)
photoproduction on light nuclei was constructed. Such hadron
coupling constants transfer ensures the systematicity of the
calculations being made.

The pointlike character of the interaction of a high-energy
photon with the nucleus and high momentum transfer to
the active nucleons ensure the applicability of the impulse

approximation, according to which the nuclear amplitude

〈B, K|t̂IA(Q2,WN , �k, �q, �p1 f )|A, γ 〉

= 〈B, K|
A∑

i=1

t̂i(Q
2,WN , �k, �q)|A, γ 〉 (6)

is equal to the coherent sum of the single-nucleon operators
sandwiched by nuclear wave functions. In (6), the wave func-
tion 〈B| is equal to the eigenstate of the final hypernucleus
in the coherent processes and the sum of hyperon and the
residual nuclear system wave functions in incoherent pro-
cesses. The index i in (6) denotes an active nucleon whose
momentum after the kaon emission is equal to �p1 f . In the
impulse approximation, the wave functions of kaons and of
quasifree hyperons, as for a photon, are treated as plane waves.
The model [20] for the deuteron and the projection of the
exact three-body wave function �( �p, �s) [21] for 3He in partial
wave channels 1S0-S, 3S1-S, 3S1-D, 3D1-S, and 3D1-D were
used as the initial wave functions |A〉. For a coherent process
3He(γV , K+)3

�H, the momentum �p1 f becomes a function of
the integration variable: the relative momentum �p of the active
nucleon and the spectator pair (see Fig. 1),

�p1 f = �p − �q + A − 1

A
�k, �p′ = A − 1

A
(�k − �q) + �p. (7)

Here atomic mass A = 3 for the 3He nucleus. The difference
between masses of final nucleons and hyperon in (7) is not
significant and they are assumed to be identical there. The
calculation of the matrix element (6) sandwiched by the nu-
clear wave functions is performed in the LSJ (where L-orbital,
S-spin, J-total angular moment of the system) representation.
In this coupling scheme, each term of the right part (6) for the
incoherent process 3He(γV , K+�)X has the form

〈� + X, K+|t̂i(Q2,WN , �k, �q)|3He, γ 〉

=
∑

JMJ slLi

∑
ml msMSi m̄s

C
SiMSi
sms SMSi −ms

CJMJ
LiMJ−MSi SiMSi

C
LiMJ−MSi
lml LMJ−MSi −ml

(−1)m̄s is̄Cs′ms′
sms s̄−m̄s

(K [s̄][t̄] )m̄s

�
3He
lsLi

(p, s)Ylml ( p̂)YLiMJ−MSi −ml (ŝ)√∑
ν

∫ (
�

3He
lsLi

(p, s)
)2

d3 p
. (8)

014611-3



MIKHAIL EGOROV PHYSICAL REVIEW C 107, 014611 (2023)

Here �
3He
lsLi

(p, s) are the components of the helium-3 wave function, depending on the modules of the relative momentum of
the active nucleon (p) in the CMS and the relative momentum of the pair of nucleon spectators (s) [see Fig. 1(a)]. Spherical
harmonics Ylml ( p̂) and YLiMJ−MSi −ml (ŝ) depend on the angular variables associated with the momenta �p and �s.

For coherent processes, the nuclear matrix element is equal to〈3
�

H, K+∣∣t̂i(Q2,WN , �k, �q)|3He, γ 〉
=

∑
JMJ slLi

∑
ml msMSi m̄s

C
SiMSi
sms SMSi −ms

CJMJ
LiMJ−MSi SiMSi

C
LiMJ−MSi
lml LMJ−MSi −ml

(−1)m̄s is̄Cs′ms′
sms s̄−m̄s

∑
s′l ′L f

∑
ml′ ms′ MS f

C
S f MS f

s′ms′ SMS f −ms′

× CJMJ
L f MJ−MS f S f MS f

C
L f MJ −MS f

l ′ml′ LMJ−MS f −ml′

∫
d3 p d3s

(2π )3
�

3
�H
l ′s′L f

(p′, s)Y ∗
l ′ml′

( p̂′)Y ∗
L f MJ−MS f −ml′

(ŝ)

× (K [s̄][t̄] )m̄s�
3He
lsLi

(p, s)Ylml ( p̂)YLiMJ−MSi −ml (ŝ). (9)

The isotopic structure of the nuclear matrix elements (8) and (9) is identical and has the form

(−1)T +Ti+t ′+t̄
√

2Ti + 1
√

2t ′ + 1C
Tf M f

TiMi t̄−m̄

(
t T Ti

Tf t̄ t ′

)
. (10)

The notation used in (10) for the 6 j symbol is t, t ′: isospins of the initial nucleon and the final hyperon; Ti, Tf : full initial and
final isospins; T : isospins of a pair of nucleon spectators; t̄, m̄: the transferred isospin and its projection. For a coherent process,
Tf = 0 since the hypertriton isospin is zero.

For an incoherent process 3He(γV , K+�)X , isospin Tf = 0 when X is a bound proton-neutron pair, and Tf = 1 when X is
a proton pair (channels K0�, K0�0, K+�−). Isotopic structure (10) for coherent and incoherent processes of kaon photo- and
electproduction on 3He for all channels (1) and (2) is reduced to a multiplier of 1/

√
2 from the formula (10).

The unpolarized cross section of the kaon electroproduction is

dσ (Q2)

d
cm
K

= dσT (Q2)

d
cm
K

+ ε
dσL(Q2)

d
cm
K

, (11)

where 
cm
K is the solid angle characterizing the kaon emission in the CMS. In (11) σT and σL are the cross sections associated with

the transverse and longitudinal components of the photon polarization vector �ελ. The photon polarization index takes the values
λ = −1, 0,+1. The polarization degree of the photon beam is ε ∈ [0, . . . , 1]. For the experiments [4,5] one has ε = 0.765.

For coherent processes, the right part of the formula (11) takes the form

dσ (Q2)

d
cm
K

= (2π )−2
Ei

√
ω2

K − M2
K E f

4ωγW 2

1

2(2J + 1)
(|Tλ=±1|2 + 2ε|Tλ=0|2). (12)

The energies of the initial and final nuclei in (12) are denoted as Ei, E f , respectively. The energy and the mass of the kaon are
ωK and Mk , respectively. For the nuclear transition amplitudes in (12) for photons of longitudinal and transverse polarization
quantities Tλ=0 and Tλ=±1 are introduced.

For an incoherent process 3He(γV , K+�)X , the cross section of the kaon electroproduction has the form

dσ (Q2)

d
cm
K d
Y X dωY X

= (2π )−5
Ei pY X

√
ω2

K − M2
K MX MY

4ωγW 2

1

2(2J + 1)
(|Tλ=±1|2 + 2ε|Tλ=0|2), (13)

in which pY X is the relative momentum in the subsystem Y X with the masses of nuclides MY and MX . 
Y X is the solid angle at
which the nuclides Y and X are visible in their own center-of-mass system with invariant mass ωY X .

III. WAVE FUNCTIONS OF THREE-BODY SYSTEMS

In this work, along with the use of the parametrization from [21] for the wave function 3He, the eigenfunctions of the nuclei
3He and 3

�H are obtained by solving the homogeneous Faddeev equation at the point EB, the binding energy of a three-body
system. The algebraic approximation of the homogeneous Faddeev equation on an N × N grid of momenta p and s written for
three bodies of different masses has the form⎡

⎢⎣
⎛
⎜⎝

1N×N 0 0
0 1N×N 0
0 0 1N×N

⎞
⎟⎠ −

⎛
⎜⎝

0 a12 a13

a21 0 a23

a310 a23 0

⎞
⎟⎠

⎤
⎥⎦

EB

⎛
⎜⎝

�1×(1−N )

�1×(N+1−2N )

�1×(2N+1−3N )

⎞
⎟⎠ =

⎛
⎜⎝

0
0
0

⎞
⎟⎠. (14)
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Components of a numeric vector (�1×(1−N ), �1×(N+1−2N ), �1×(2N+1−3N )) [22] give an expression for the total three-body wave
function � in the particle representation:

�(31)2 = �1×(1−N ) − �1×(N+1−2N ) + �1×(N+1−2N ),

�(12)3 = �1×(1−N ) + �1×(N+1−2N ) − �1×(N+1−2N ),

�(23)1 = −�1×(1−N ) + �1×(N+1−2N ) + �1×(N+1−2N ). (15)

Here 1,2,3 are the particle numbers of the nuclei 3He and 3
�H. Each of the components of � is normalized to unity,

∑
ν

∫
d3s d3 p�2

ν (p, s) = 1. (16)

Summation in (16) is carried out over partial-wave channels in which the complete function has expansion coefficients
�ν (p, s) ≡ �lsL(p, s). The components ai> j, a j>i, i, j = 1, 2, 3 take the form

a12 =
(

EB − s2

2μ23
− p2

2M2(31)

)−1 ∫
d3q′′t1

(
q′′, s, cos (θsq′′ ), EB − p2

2M2(31)

)
,

a13 =
(

EB − s2

2μ23
− p2

2M3(12)

)−1 ∫
d3q′′t1

(
q′′, s, cos (θsq′′ ), EB − p2

2M3(12)

)
,

a21 =
(

EB − s2

2μ31
− p2

2M1(23)

)−1 ∫
d3q′′t2

(
q′′, s, cos (θsq′′ ), EB − p2

2M1(23)

)
,

a23 =
(

EB − s2

2μ31
− p2

2M3(12)

)−1 ∫
d3q′′t2

(
q′′, s, cos (θsq′′ ), EB − p2

2M3(12)

)
,

a31 =
(

EB − s2

2μ12
− p2

2M1(23)

)−1 ∫
d3q′′t3

(
q′′, s, cos (θsq′′ ), EB − p2

2M1(23)

)
,

a32 =
(

EB − s2

2μ12
− p2

2M2(31)

)−1 ∫
d3q′′t3

(
q′′, s, cos (θsq′′ ), EB − p2

2M2(31)

)
. (17)

Mi( jk) is the reduced mass of the active particle i relative to a
pair of spectator jk nucleons. Two-body t matrices in (17) are
determined by the interaction in a pair of particles t1 → (23),
t2 → (31), t3 → (12). Integration in (16) is carried out by
the relative momentum in the interacting pair of particles.
Taking into account nontrivial kinematic connections in the
selected coordinate system [22,23] polar angle cos (θsq′′ ) of
the on-shell momentum s becomes a function of the solid
angle of �q′′ and the modules q′′ and s.

The Bonn [24] model for NN potential and the models
[25,26] for Y N interactions were used as two-body input gen-
erating t matrices. The phenomenological model [25] based
on the coupled Lippmann-Schwinger equations allows one
to describe fairly well the few experimental data on Y N in-
teraction in the low energy region and accurately takes into
account the conversion of �N → �N . The microscopic ex-
tended soft-core (ESC) model of �N [26] was reproduced
using a computer code available at [26], which allows one to
calculate the coordinate components of Y N potentials in given
partial wave states. Then, these components of coordinate
potentials using Fourier transforms [27] were used solving a
coupled Lippmann-Schwinger equations to obtain two-body t
matrices.

Figure 2 shows the component �NNN in the partial wave
1S0-S of the total wave function of the 3He nucleus obtained
from the system (14). For comparison, the parametrization

of [21] for the same partial wave is also shown there. Fig-
ure 2 also shows calculations of the �NN� function in the
1S0-S wave using phenomenological Y N [25] and microscopic
[26] models. Subsequently, these wave functions are used to
calculate the cross sections of processes 3He(γV , K+)3

�H and
3He(γV , K+�)X .

IV. FINAL STATE INTERACTION

Taking into account the interaction in the final state, the nu-
clear amplitude Tλ should contain the additional contributions
to the impulse approximation (8)

Tλ = tIA(Q2,WN , �k, �q, �p1 f ) + tFSI(Q
2,WN , �k, �q, �p1 f ),

tFSI(Q
2,WN , �k, �q, �p1 f )

=
∫

d3 p′

(2π )3

(tKN + tKY + tNY )

ω(p′) − ω(p) + iε
tIA(Q2,WN , �k, �q, �p1 f ).

(18)

The two-body t matrices in (18) depend only on the relative
momenta of the KN , KY , and NY subsystems before and
after the interaction. For simplicity, in (18), arguments for
t matrices and summation over projections of intermediate
spins of the interacting particle subsystem are omitted. The
imaginary term iε in the denominator (18) provides a correct
bypass of the pole that occurs at the point p′ = p, at which the
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FIG. 2. (a),(b) Components of the full wave function 3He in the partial wave 1S0-S in the parametrization of the work [21] and in
the calculations of this work, respectively. (c),(d) Components of the full wave function 3

�H in the partial wave 1S0-S, obtained using
phenomenological [25] and microscopic [26] Y N models, respectively.

energy ω(p′) of a kaon or hyperon in the loop coincides with
the energy of the same particle ω(p) on the mass shell. In the
pole approximation, the momentum of a final hyperon �p1 f is

�p1 f = −MK + MN

MK
�q + �p′ MK + MN

MN
. (19)

For a coherent process 3He(γV , K+)3
�H, the interaction in

the final state in the pole approximation is also reduced to
equality of relative momenta (kaon, hyperon) before and after
the interaction. Finally for a coherent process on 3He, the
momentum of the active particle in the final state is

�p1 f = −�p′ + �pz + �k
2

. (20)

As one can see, the presence of the second loop [see Fig. 1(b)]
in a coherent process leads to a more complex dependence
of the momentum of the active nucleon on the integration
variables. Note that the choice of the z axis can be provided
by �s = �pz.

Figure 3 shows the processes of final state interaction,
which are taken into account in this work. The contribution

of the two-step process γV N → πN → KY , which involves
the spectator nucleons of the target nucleus, is neglected
in this work. The reason for this is that the structure of
the elementary process πN → KY is not well studied yet.
Note the work [28], which gives estimations of the differ-
ential cross section dσ/d
 of the process π+n → K+�

depending on the incident-pion momentum in the laboratory
frame.

The following models of two-body interactions were used:
the dynamical coupled-channel (DCC) KN model [29] in
the s-wave approximation, the chirally motivated (ChM)
KN model [30], the microscopical KY model [31] for
K� and K� interactions, and the hyperon-nucleon phe-
nomenological (Ph.) [25] and microscopical (ESC) [26]
models. Here one can briefly analyze the magnitude of
the considered effects of interaction in the final state on
the reaction 2H(γ , K0�) 1H for example. Figure 4 shows
the ratio of total cross sections calculated with and with-
out Y N and KN interactions in the final state at two
energies. As a variable on the abscissa axis, the relative im-
pulses pY N/KN in the subsystems Y N and KN are given, which
are related to the invariant mass ωY N/KN of the corresponding

FIG. 3. Final state interaction in a two-nucleon system: (a) KN , (b) K�, (c) N�. A dashed circle with an arrow indicates integration over
a loop momentum. Filled circles correspond to the elementary operator of kaon photo- and electroproduction.
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FIG. 4. The relative contributions of Y N (a), (b) and KN (c), (d) final state interactions to the total cross section of the reaction
2H(γ , K0�) 1H at two energies WN = 1.6, 1.9 GeV. Hyperon-nucleon (kaon-nucleon) interactions are calculated in the top (bottom) panel
with the use of Ph. [25] and ESC [26] models (ChM [30] and DCC [29] models).

subsystems by the formula

pY N/KN =
√(

ω2
Y N/KN − (MY/K − MN )2

)(
ω2

Y N/KN − (MY/K + MN )2
)

2ωY N/KN
. (21)

I also introduced masses of hyperon (MY ), kaon (MK ), and
nucleon (MN ) in (21). In the near-threshold region at WN =
1.6 GeV, the contributions of Y N and KN interactions are
maximal for relative momenta pY N = 200–250 MeV and
pKN = 150–230 MeV, respectively. The maximum relative
contribution of Y N final interaction was 1.4–2.4 times, while
the relative contribution of KN final state interaction reaches
9–15 times in corresponding momentum regions. The large
final state interaction effect in the near-threshold region is not
surprising by itself and was noted, for example, in [32] for
the reaction d (γ , η)np. It is noteworthy that in the processes
2H(γ , η)n1H, and 2H(γ , K0�) 1H, the influence of ηN and
KN interactions in the final state is maximal in the region

of large invariant masses of the corresponding subsystems.
With an increase in the energy of WN , the behaviors of Y N
and KN interactions differ. At WN = 1.9 GeV, the interaction
of Y N remains noticeable only in the region of large relative
momenta of pY N , while KN still makes the main contribution
in the region of small pKN . The existence of local maxima
in Y N and KN interactions in the momentum range of 200–
250 MeV can be related to the dynamic features of the models
of KN and Y N interactions used. The difference between the
predictions of final Y N or KN interactions of models used
can be up to several times at defined relative momenta. In
the next section, it will be shown that despite the variation
in the magnitude of the interaction effect in the final state, the
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FIG. 5. Differential cross sections of 2H(γ , K0�)1H in three different areas of the kaon emission angles in the center of mass (c.m.) frame:
cos (θ c.m.

K ) = 0.75 (a), 0.05 (b), −0.65 (c). Contributions of final state interactions (see Fig. 3) have been marked with solid blue lines (with the
phenomenological Y N [25] model) and with red dash-dotted lines (with the ESC [26] Y N model). Data are from [1].

available experimental data are not enough to unambiguously
filter out certain models.

V. RESULTS AND DISCUSSION

The results of calculations of total and differential cross
sections of the processes considered in this work are shown
in Figs. 5–9. First, the differential cross sections of quasi-
free kaon photoproduction on a neutron in the reaction
2H(γ , K0�)1H were calculated (see Fig. 5). Experimental
data [1] on this process allow one to calibrate the model of
kaon photoproduction in a sufficiently wide range of kaon
emission angles and in a wide range of photon energies. The
results of such simple calibration of the model from [17]
according to data [1] for the values of the kaon emission
angles cos (θ c.m.

K ) = 0.75, 0.05,−0.65 are shown in Fig. 5. It
can be seen that, in the area of cos (θ c.m.

K ) = 0.75, the present
model conveys the features of the cross section well. The con-
tribution of the considered final state interaction in the region
of small kaon emission angles turns out to be negligible. In
the regions cos (θ c.m.

K ) = 0.05,−0.65, the contributions of the
final state interaction, in contrast, become more noticeable.

One can expect that with WN ≈ 1.8 GeV and at cos (θ c.m.
K ) ≈

−0.65 the contributions of the impulse approximation and
the final state interaction are comparable. Apparently, the too
high contribution of the processes of Fig. 3 in the area of
cos (θ c.m.

K ) = −0.65 is due to the absence in the formula (18)
of additional form factors suppressing the KN , K�, and �N
interactions at high momentum transfer. The influence of such
additional damping factors in the formula (18) will remain
the subject of further research. Note that the resonant kaon
emission of the model from [17] on a neutron in the region of
large angles may be slightly increased in the future for a better
agreement with the data of [1].

At the next stage, the differential cross sections of the kaon
electroproduction on the deuteron in three different charge
channels, K+�, K+�0, and K+�−, were calculated at WN =
1.91 GeV, Q2 = 0.35 GeV2 (see Fig. 6). From the comparison
of these calculations with the experiment in [5], it follows that
the predictions of the present model are in quite good agree-
ment with data. The contribution of the final state interaction
processes turns out to be significant for the K+�0 channel,
in which K+n, K+�0, �0n interactions take place. The lead-
ing role in these processes is played by the �0n interaction,

FIG. 6. The differential cross section of the kaon electroproduction on a deuteron at WN = 1.91 GeV, Q2 = 0.35 GeV2 in three different
charge channels: K+� (a), K+�0 (b), K+�− (c). The contributions of the final state interaction processes (see Fig. 3) are shown by solid
blue lines (KN DCC model [29] with phenomenological Y N model [25]), dash-dotted red lines (KN DCC model [29] with microscopical
Y N model [26]), dotted magenta lines (chirally motivated KN model with phenomenological Y N model [25]), and navy dash-two-dotted lines
(chirally motivated KN model with microscopical Y N model [25]). For the KY interactions the microscopical model [31] was used. Data are
from [5].
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FIG. 7. Total cross sections of the kaon photoproduction in the four possible charge channels: K0� (a), K+� (b), K+�0 (c), K+�− (d).
Calculations without and with the final state interaction processes (see Fig. 3) are shown. The designation of the lines is the same as in Fig. 6.
Data are from [1].

calculated in this work using the phenomenological model
[25]. For the K+�− channel, the impulse approximation
seems to be in fairly good agreement with the experiment
in the region of cos (θ c.m.

K ) ≈ 0. Note that the production of
K+�− occurs on a neutron, for which the present model was
previously calibrated according to experimental data [1], and
the isotopic contributions of T = 1/2 resonances in the chan-
nel K+�− are

√
2/3 times less than in the channel K0� for

which a reasonable agreement with the experiment (see Fig. 5)
was obtained in the region cos (θ c.m.

K ) = 0.75. Final state inter-
actions of K+ p and �− p seem to be partially compensated by
each other in the K+�− channel. Final state K+n interaction
in the K+�0 channel is less than K+ p interaction in the K+�−
channel, which results in a more sizable final state interaction
effect in the K+�0 channel due to uncompensated �0n.

Figure 7 shows the results of calculations of the total cross
sections of kaon photoproduction on a deuteron in four possi-
ble charge channels. Comparison with the experiment [1] for
the K0� channel indicates the need to introduce an additional

damping factor into the formula (18), which would ensure
suppression of the excessive final state interaction processes’
growth in the region WN > 1.9 GeV. As before, for the K+�

channel, the contribution of final state interaction processes is
noticeably less than for the K0� channel, which is associated
with a weaker K+n interaction compared to K0,+ p. For the
same reasons, the final state interaction contributions in the
channels K+�0 and K+�− differ. Unfortunately, there are no
experimental total cross sections for the last two channels, nor
for the K+� channel, for a more representative comparison
with theory.

A more complicated situation is observed in the calcu-
lations of the cross sections of kaon photo- and electropro-
duction on 3He. In this case, not does only the number of
possible interaction processes in the final state increase, but
also the peculiarities of calculations of the target nucleus
wave functions—as well as the final nucleus wave function,
in the case of coherent processes–manifest themselves. Fig-
ure 8 (left) shows the differential cross section of the kaon
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FIG. 8. Left: the differential cross section of the kaon electroproduction in incoherent process 3He(γV , K+�)X at WN = 1.91 GeV, Q2 =
0.35 GeV2. In calculations the target eigenfunction of [21] and the function obtained in this work (new wave function) were used. The models of
interaction in the final state are described in the text. Data are from [5]. Right: the total cross section of the incoherent process 3He(γV , K+�)X ,
obtained with and without taking into account the final state interaction (see Fig. 3) with different eigenfunctions of the target nucleus.

electroproduction in the incoherent process 3He(γV , K+�)X
at WN = 1.91 GeV, Q2 = 0.35 GeV2, obtained with and with-
out taking into account the final state interaction, as well as
using the helium-3 wave function of [21] and the function
obtained in this work by solving Eq. (14). Additionally, the
different �N interaction models [25,26] were used. These
models are not very distinguishable in terms of final state
interaction contribution to the cross section. As one can see
from Fig. 8 (left), the effect of the final state interaction
depends on the type of the target eigenfunction. With the use
of the parametrization of [21] for the 3He wave function, the

contributions of final state interaction processes are barely
noticeable in the region of large kaon emission angles θ c.m.

K >

130◦, whereas in the region of small angles their influence is
absent, which is consistent with the picture earlier observed
for the process 2H(γ , K+�)n. On the other hand there is a
characteristic local maximum in the differential cross sec-
tion in the region θ c.m.

K ≈ 50◦ with the eigenfunction obtained
in this work. This maximum is absent in calculations with
the parametrization from [21]. This behavior of the cross sec-
tions is due only to the difference of the wave functions 3He.
Indeed, from Figs. 2(a) and 2(b) it can be seen that already for

FIG. 9. Left: the differential cross section of the kaon electroproduction 3He(γV , K+)3
�H at WN = 1.91 GeV, Q2 = 0.35 GeV2. Addition-

ally, the calculation with the replacement of the hypertriton wave function by the 3He function [21] is presented by the dash-dotted line.
The models of final state interaction are described in the text. Data are from [5]. Right: the total cross section of the kaon photoproduction
3He(γV , K+)3

�H, obtained with and without taking into account the final state interaction (see Fig. 3). The designation of the lines is the same
as in Fig. 6.
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the leading 1S0-S term the eigenfunction of 3He obtained in
this work has a rather more complex structure characterized
by a local minimum in the variable s (momentum in a pair
of nucleon-spectators) for a wide interval around the variable
p (momentum of the active nucleon). The contributions of
the final state interaction processes (KN , K�, �N) for the
3He wave function obtained in this work are more notice-
able already in the region of small kaon emission angles,
where the role of the impulse approximation is greater than
in calculations with the function from [21]. Note that with
the phenomenological model �N [25] it is possible to obtain
a good agreement of calculations with the data [5], whereas
calculations with the function from [21] slightly exceed these
data regardless of the interaction processes in the final state.
On the right in Fig. 8, the total cross section of the kaon
electroproduction in the 3He(γV , K+�)X process is given,
taking into account the final state interactions. As one can see,
the leading role in the region of large energy WN is played
by the eigenfunction of the target nucleus. The total cross
section 3He(γV , K+�)X obtained with the function from [21]
turns out to be less than the total cross section of the pro-
cess 2H(γ , K+�)n at the same energy WN . This circumstance
corresponds to the previously observed picture of quasi-free
pion photoproduction on the deuteron and 3He [15]. Calcu-
lations with the function obtained in this work demonstrate a
constant growth of the cross section, significantly exceeding
calculations with the function from [21] at WN > 1.9 GeV.
The contributions of the interaction processes in the final state
also correlate with the target function used. The most probable
reason for the growth of the cross section 3He(γV , K+�)X
with the function obtained in this work is the nonrelativistic
nature of the original equation (14).

Figure 9 (left) shows the differential cross section of coher-
ent kaon electroproduction in the process 3He(γV , K+)3

�H at
WN = 1.91 GeV and Q2 = 0.35 GeV2. The same figure ad-
ditionally shows the cross section calculations performed
with the replacement of the hypertriton wave function by
the wave function of the 3He nucleus [21]. It can be seen
that in the area of θ c.m.

K < 30◦, the calculation with the re-
placement of the function of 3

�H by that of 3He within the
constant coincides with the exact calculation of the cross
section 3He(γV , K+)3

�H. A good agreement of the calcula-
tions with the experiment confirms the correctness of the
found solution of Eq. (14). The effect of the interaction
in the final state (KN and K�) turns out to be negligi-
ble, noticeable only in the region of large kaon emission
angles θ c.m.

K > 140◦. The total cross section of the process
3He(γV , K+)3

�H is shown on the right in Fig. 9. This cross
section does not exceed 6 nb in the resonant region. With
the growth of energy WN > 2.3 GeV the calculated cross sec-
tion demonstrates a sharp increase associated with an insuffi-
ciently rapid attenuation of the hypertriton function obtained
from the nonrelativistic equation (14) with an increase in
energy.

In this work, systematic calculations of the cross sec-
tions of kaon photo- and electroproduction on the lightest
nuclei d and 3He are performed, taking into account the final
state interaction. It is shown that the KN and Y N interactions,
indeed, turn out to be important in the threshold region for

the kaon photo- and electroproduction on the deuteron. The
contribution of the KN interaction can increase the prediction
of the impulse approximation up to 2.5 times in the near-
threshold region, and the combined contribution of the KN
and Y N interactions can increase σIA up to 4 times. At the
same time, the available experimental data are not enough to
unambiguously exclude one or another model of KN or Y N
interaction from consideration.

A procedure for finding the proper wave functions of
three-body systems was developed and applied, that made
it possible to find the functions of the 3He and 3

�H nuclei.
In contrast to the work of [8], the calculated hypertriton
eigenfunction generates a bound state with a binding energy
of ≈2.3 MeV. Calculations with these functions are in re-
markable agreement with the available experimental data. It
is shown that the main features of the cross sections of the
processes under consideration are dictated by the structure of
the elementary operator of photo- and electroproduction, as
well as the eigenfunctions of the target nuclei. A correlation
has been found in some kinematic regions between the wave
function of 3He and the contribution of final state interaction
processes, which can be noticeable not only in the region
of large kaon emission angles, where the contribution of the
impulse approximation is minimal, but also in the small-angle
region, where the contribution of the impulse approximation is
decisive. The developed formalism of kaon electroproduction
processes on light nuclei can be easily generalized to the
processes of �-hypernuclei production, whose wave functions
can also be directly found by solving Eq. (14) for the coupled
�NN-�NN system.

VI. CONCLUSION

Calculations of the total and differential cross sections of
kaon photo- and electroproduction on the deuteron in all
charge channels, as well as kaon photo- and electroproduction
in the processes of 3He(γV , K+)3

�H and 3He(γV , K+�)X ,
were performed in this work. Calibration of the elemen-
tary photoproduction operator on a neutron was carried out
according to the experimental data on quasifree K0� pho-
toproduction on a deuteron. Calculations of the differential
cross sections of the kaon electroproduction in various charge
channels at WN = 1.91 GeV and Q2 = 0.35 GeV2 show that
the developed model agrees with the few experimental data
in the region of small kaon emission angles already in the
impulse approximation. The contributions of the final state
interaction processes in the region of small kaon emission
angles turned out to be negligible. The role of the final state in-
teraction processes themselves is noticeable only in the region
of large kaon emission angles in differential cross sections and
in the near-threshold regions in total cross sections, respec-
tively. The contribution of KN and Y N final state interactions
can increase the prediction of the impulse approximation up
to several times in the near-threshold region of kaon photo-
production. However, the available experimental data are not
enough to unambiguously exclude one or another model of
KN or Y N interaction from consideration.

For coherent and incoherent processes of kaon electro-
production on the 3He nucleus the exact eigenfunctions of
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the 3He and 3
�H nuclei were obtained in this work. The

calculations of the differential cross sections of kaon elec-
troproduction on 3He indicate a correlation between the used
wave function of the target nucleus and the contribution of
the final state interaction processes. Theoretical cross sec-
tions for 3He(γV , K+)3

�H and 3He(γV , K+�)X are also in a
good agreement with the few available experimental data at
the small kaon emission angles. One can also conclude that the
available experimental data are not enough to unambiguously
exclude one or another model of KN or Y N interaction in the

final state. Finally, this work demonstrates the first calcula-
tions of the total cross sections of kaon photoproduction in
the processes 3He(γ , K+)3

�H and 3He(γ , K+�)X .
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