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We have investigated phenomenological aspects of kaon photoproduc-
tion in three different extreme kinematics. The first kinematics of interest
is the threshold region. At the threshold, we have investigated the conver-
gence of kaon photoproduction amplitude by expanding the square of the
amplitude in terms of the ratio mg /m, where mg is the mass of kaon and
m is the averaged mass of nucleon and A hyperon. The amplitude is calcu-
lated from the appropriate Feynman diagrams by using the pseudovector
theory. The contact diagram as a consequence of the PCAC hypothesis is
also taken into account in the amplitude. Our finding indicates that the
convergence can only be achieved if the amplitude was expanded up to
the at least 12" order. As a consequence, applications of some theoretical
calculations based on the expansion of the scattering amplitude, such as
the Low Energy Theorem or Soft Kaon Approximation, cannot be easily
managed in kaon photoproduction. The second kinematics is the forward
region, where we could assume only ¢-channel contributes to the process.
Here, we have investigated the effect of amplitude expansion on the extrac-
tion of the coupling constants g+ 4, and gxr Ap' The last kinematics is the

backward region, where we have also assumed that only u-channel survives
and we could extract the leading coupling constants gx+ 4, and gg+ sop,.

DO1I:10.5506 /APhysPolB.50.1389

1. Introduction

In the previous works, we have studied kaon photo- and electroproduc-
tion near their production thresholds by using the pseudoscalar (PS) and
pseudovector (PV) theories |1, 2|. Extended studies to cover not only the
threshold energy but also the resonance region have been also performed
[3-5]. These studies indicate that compared to the PV coupling, the PS one
leads to a better agreement with experimental data. This is the reason that
the PS coupling is commonly used in the phenomenological investigations of
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kaon photoproduction. We note, however, that this is not the case in pion
production, where the PV coupling can be and is mostly used in the pro-
duction formalism. The reason is that the cross section of kaon production
obtained in experiments is two order of magnitude smaller than that of pion
production, whereas the Feynman diagrams and the coupling constants used
in the theoretical formulation of both processes are similar. Since in pho-
toproductions the pion thresholds are the lowest, pion photoproduction has
been used as the main reaction for investigating the Low Energy Theorem
(LET) |6, 7|. LET is derived by using the PV coupling and expanding the
pion photoproduction amplitude in terms of the ratio of pion and nucleon
masses. Since this ratio is considerably small and the expansion can quickly
converge, terms with higher orders can be obviously neglected. We also
note that the successful Chiral Perturbation Theory formulation assumes
that pion is a pseudovector particle.

On the other hand, kaon mass is much heavier than pion mass. There-
fore, for kaon photoproduction, LET has not been seriously considered since
the convergence cannot be easily achieved. However, an attempt to derive
LET for the radiative decay width of charged kaon K — [ + v + v within
the so-called Soft Kaon Approximation (SKA) was performed more than
five decades ago [8]. Comparison with the result obtained from the Pole
Dominance Approximation [9] reveals the fact that the result of the SKA
is shifted upward by approximately 20%. Such a significant difference in-
dicates that further studies of SKA are strongly required. Presumably, the
problem originates from the intrinsic properties of kaon as compared to the
pion, e.g., the heavier mass of kaon. A systematic and careful investigation
of the convergence of kaon scattering amplitude is therefore very impor-
tant to this end. As a first step, we might investigate the convergence of
kaon photoproduction amplitude, for which experimental data are abundant
nowadays.

Furthermore, kaon photoproduction at forward and backward angles is
also of interest, since at the two extreme directions contributions of ¢- and
u-channels it would be dominant. As a consequence, theoretical formulation
of kaon photoproduction in both cases could be extremely simplified. This
is valid not only in kaon photoproduction, but also in the electromagnetic
production of meson in general. For instance, in Ref. [10], it is shown that it
is possible to extract the pion electromagnetic form factor by merely using
the t-channel diagram, provided that only the pion electroproduction data
obtained in the forward direction are used in the analysis. It is also impor-
tant to mention here that forward angles are very decisive for hypernuclear
production, since only in this kinematics the nuclear cross section is suffi-
ciently large. The nuclear form factor suppresses this cross section strongly
as the kaon scattering angle increases. Since the elementary operator for
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this purpose is constructed from the kaon photoproduction amplitude, an
accurate description for the forward angles production is inevitable [11]. To
check whether or not the u-channel contribution dominates the kaon photo-
production amplitude, measurement of kaon photoproduction at backward
angles was also performed at SPring8 more than a decade ago [12].

In this paper, we investigate the convergence of kaon photoproduction
amplitude by expanding the squared amplitude, which is proportional to the
cross section, in terms of the ratio my/m, where my is the mass of kaon
and m is the averaged mass of nucleon and A hyperon. For this purpose, we
construct the minimal model that can explain experimental data very close
to the threshold. We use the suitable Feynman diagrams with PV coupling
based on our previous studies [1, 2]. The analytic calculation of the ampli-
tude expansion was performed with the help of Mathematica software. The
same method is also used to derive the reaction amplitudes in the forward
and backward angles.

This paper is organized as follows. In Sec. 2, we present the kinematics
of the photoproduction process. Section 3 discusses the expansion of the
photoproduction amplitude in general. The corresponding numerical result
is given in Sec. 4. Section 5 is devoted to the discussion of kaon photopro-
duction in the forward region. The case of backward angles photoproduction
is given in Sec. 6. We will summarize our finding in Sec. 7. The expansion of
the photoproduction amplitude up to the 9*" order is given in Appendix A.

2. Kinematics

Let us consider the kaon photoproduction process

v(k) + p(pp) — K (q) + A(pa) , (1)

where the four-momenta of the photon v, proton p, kaon K+ and A hyperon
are explicitly indicated.

To derive the photoproduction amplitude, we use the first order Feyn-
man diagrams shown in Fig. 1. Following the previous works on pion pho-
toproduction, here we consider kaon as a pseudovector particle, instead of
pseudoscalar one. As will be explained in the next section, the choice is
also supported by the fact that the expansion of the PS amplitude has a
serious problem since the PS amplitude contains the large O(m/mp) terms,
instead of the small and expandable O(mg/m) terms. The conservation of
axial-vector current requires the kaon to be massless. Therefore, at mg — 0
and ¢ = 0 (at threshold), the amplitude to the first order of electromagnetic
coupling can be written as

M(mi = 0,g = 0) = w(pa) [—m w] wm). )
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Fig.1. Feynman diagrams for the Born terms of the K+ A photoproduction. The
corresponding s-, u-, and t-channels are shown by diagrams (a), (b), and (c),
respectively, whereas the contact (seagull) term is given by diagram (d).

This term is known as the contact (seagull) term, which contributes in the
zeroth order of amplitude and is considered as a consequence of the par-
tially conserved axial current (PCAC) hypothesis [13]. Besides the Born
and contact terms, we also include two more intermediate states that have
been proven to be important to achieve a better agreement with experi-
mental data. They are the K* and K; vector-meson resonances. The total
amplitude reads

9K+ Ap P, +k+mp
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where € is the photon polarization, 1, and p4 represent the magnetic mo-
ments of proton and A hyperon, respectively, while s, ¢t and u indicate the
Mandelstam variables. In Eq. (3), we have introduced M =1 GeV to make
the transition strengths g« g+, and gg, g+, dimensionless. Note that since
in the phenomenological studies of kaon photoproduction the two transition
strengths cannot be explicitly separated, we define Gyl = IR+ Kty gl\é’glp
and G\I/(’lT = 9K\ K+vy g}/{’lap.

For the calculation of cross section with the full amplitude, it is custom-
ary to decompose the transition amplitude in Eq. (3) into the gauge and
Lorentz invariant matrices M, i.e., [14]

4
M = a(pa) Y Aj(s,t,u)Mju(py), (4)
j=1
where
Ml = ’75¢%a 5

My = 2v5(qePk —qk Pe)

Mz = v5(qk¢ — qek),
My = ieuupaV“qyepko’

EN{

~ /N~
co D
— — — —

with P = (pp + pa)/2 and €5 the Levi-Civita tensor. The form functions
A; given in Eq. (4) can be used to calculate the cross section.

The transition amplitude M in Eq. (3) can be also written within the
PS theory by replacing gg+ 4,754/ (ma + myp) in the s- and u-channels and
9ic+ apY5(d — K)/(ma + myp) in the t-channel with g+ 4,75 [1]. However, it
is found that the expansion of the PS amplitude is difficult because the ex-
pansion contains the terms that are proportional to 2!, where & = my /m.
Thus, to achieve the convergence is a daunting task in this case. The prob-
lem originates from the fact that in the PS theory the amplitude is not
proportional to the kaon momentum ¢, as in the case of PV theory [see

Eq. (3)].
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3. Expansion of the amplitude

The transition amplitude of kaon photoproduction obtained from the
Feynman diagrams shown in Fig. 1 is given in Eq. (3). The form functions
A; are intended for the calculation of the cross section in the data fitting as
well as for obtaining the result of full calculation which will be compared with
the approximations made in the present work [1]. Since we limit our study
to energies very close to the threshold, we do not use nucleon resonances
in our calculation. The latter is also important to significantly simplify the
amplitude formulation.

There are very few experimental data points near the threshold, as will
be shown in the next section. The closest ones to the threshold are obtained
from the SAPHIR data [15]. Since we exclude the nucleon resonances, the
calculated full amplitude in the present calculation differs from our previous
model [1]. As a consequence, we must refit the coupling constants in order
to obtain a reasonable amplitude. The result is shown in Table I, where
we compare our present result with that of the previous PV calculation [1].
From Table I, it appears that the coupling constants obtained from refit-
ting the experimental data differ, although not dramatically, from those of
previous work. The larger value of x?/N obtained in the present work is
understandable because the number of free parameters decreases due to the
exclusion of nucleon and hyperon resonances.

TABLE I

Coupling constants extracted from fittings to experimental data in the previous [1]
and present works and the corresponding x2/N.

Coupling constant | Previous Present
i+ Ap/ VAT -3.80 -3.00
G+ x0p/ VAT 1.20 1.30
GY.. /4T —0.79 —0.73
GL./An —-0.04 0.70
GYQ /4m 1.19 0.80
G?(l/47r —0.68 —1.50
x2/N 1.526 1.739

The square of photoproduction amplitude is expanded in terms of the
ratio between kaon and baryon masses in the reaction. Different from the
pion photoproduction, in the kaon photoproduction, the baryon in the initial
and final states are proton and A hyperon, respectively. Therefore, we define
the baryon mass m as the average of the proton mass m,, and A-hyperon mass
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my, and the ratio becomes * = mg/m = 2mg /(my, + mx). Furthermore,
to simplify the formalism, in the present work, we also make the assumption
that m, ~ ma.

In this work, the expansion of the square of amplitude has been per-
formed up to n = 20, in order to reach the convergence. The expansion has
been done analytically with the help from the Mathematica software. We
calculate the expansion of the squared amplitude instead of the amplitude
itself because we find it is more simple and practical to use and to compare
with experimental data as well as the result of other calculations. We are
aware that there exist a number of studies which compare the results with
multipoles amplitudes. Nevertheless, for this exploratory study, we limit our
calculation to the total cross section. At the threshold, the (reduced) total
cross section of kaon photoproduction can be written as

K| 1 2
|q|UtOt N 6471'8‘ | (9)
with
20
IMPP = D IMy = MG+ MG+ IM[Fy + - (10)
n=0

where the subscript indicates the order of expansion. Therefore, |M |?n) o x”.

The formulas of \M\?n) with n up to 9 are given in Appendix A. For higher
order amplitudes, the formulas are very complicated and too long to be
written in this paper, although it is produced by Mathematica and relatively
simple for numerical computation. Nevertheless, for the sake of completeness
in the present work, we still calculate the cross section with n up to 20,
in spite of the fact that to reach the convergence, the number of order is
significantly less than 20, as will be discussed in the next section.

4. Numerical results

The momentum and energy distributions of the calculated reduced total
cross section are shown in Fig. 2, where we also compare the result of previ-
ous calculations obtained by using PS and PV couplings [1| along with the
available experimental data [16]. As discussed above as well as in Ref. [1],
the PS model yields a better agreement with experimental data. This is
clearly shown in Fig. 2. Furthermore, we can also see that the PV model
without hyperon and nucleon resonances produces a slightly different cross
section compared to the full calculation. This result indicates that without
hyperon and nucleon resonances, the PV model can still nicely work and
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provide a good framework for the purpose of comparison with the present
work. Furthermore, from Fig. 2, we find that the calculated reduced total
cross section at threshold is around 0.65 pb. This is clearly smaller than
the experimental data near the threshold. However, we also observe that
the experimental error bar in this case is significantly large. Thus, we still
believe that for the sake of comparison made in the present work, Fig. 2
justifies that we can use the simplified model, i.e., the model constructed
from Born terms along with the K* and K vector mesons.

12 12
PV of Ref. [1] ———~-
10 PS of Ref. [1] ——-— 10
PV, Bormn + K/ + K ——
Ei 8 z s
g g
0 6 6 6
= =
~ ~
x 4 N3 4
2 2
0 0
0 50 100 150 200 0 10 20 30 40 50
g (MeV) W= Wy, (MeV)

Fig.2. Reduced total cross section as a function of the kaon three-momentum
q = |q| (left panel) and the total c.m. energy above the threshold energy (right
panel) obtained by using the PV (dashed lines) and PS (dot-dashed lines) couplings,
where the Born, K*, K;, hyperon, and nucleon resonance terms are included [1].
Solid lines are obtained from the calculation that includes the Born, K*, and K,
terms only. Open circles indicate the CLAS 2006 data [16].

By using the PV model with parameters given in the third column of Ta-
ble I and the particle properties taken from the Particle Data Group (PDG)
listed in Table II, we calculate the reduced total cross section at threshold for
each of the expansion order. The result is listed in Table III and graphically
displayed as a function of n (order of expansion) in Fig. 3, where the solid
thick/green line indicates the full order calculation as our reference value.
From Table IIT and Fig. 3, it is apparent that the lowest order calculation
yields very large discrepancy with the full calculation. Figure 3 shows that
the expansion starts to converge at the 9" order. Although at this order a
small discrepancy still exists (about 6%), we have also to admit that we have
made an assumption for baryonic mass m, which could also create sizable
error.
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TABLE II
Properties of the particles considered in this study [17].
Particle S Jr 1 I Mass Width
[n.m.] [MeV] [MeV]
p o i 1 2.79284734 938.2721 —
n 0o T 1 191304273 939.5654 —
K+ 1 o 1 — 493.677 —
0 -1 1T 1.61 £0.08 1192.642 —
A -1 170 —0.613+0.004  1115.683 —
K*+ 11 4 — 891.76 £0.25 50.3+0.8
K 11t 3 — 1272+ 7 90 + 20
TABLE III

Contribution of the n*" order photoproduction amplitude to the cross section at
threshold.

Order of the  Cross section

expansion [b]
oth 33.98
18t 19.38
ond —37.89
3rd —10.58
4th 12.56
5th —2.96
6th —0.31
7th 1.78
gth 0.03
gth 0.53
10th 0.66
11tk 0.47
12th 0.54
13th 0.55
14th 0.53

15th 0.53

20t 0.53
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Fig. 3. (Color online) Convergence of the reduced total cross section as a function
of the number of order of the expansion (n) with n > 4. The solid thin/red line
indicates the approximated total cross section, whereas the solid thick/green line
shows the result of full calculation. The inset displays the similar comparison but
started with n > 0.

The result discussed above indicates that compared to the case of pion
photoproduction, the LET for kaon photoproduction would require higher
order terms. Actually, by excluding the K* and K contributions, we can
achieve the convergence relatively faster, i.e., it converges at the n = 7 order.
However, it is well-known that the Born terms alone cannot reproduce the
kaon photoproduction data, even near the threshold. This is in contrast to
the pion photoproduction case. Note that in this work, we expand the square
of amplitude instead of the amplitude itself. As a consequence, it is natural
if the order of expansion required in the first case is twice larger than that
of the second case. Nevertheless, as we explained above, the convergence of
this squared amplitude is reached with n = 9. Therefore, the convergence of
linear amplitude would be reached with n > 4. This is still not comparable
to the case of pion photoproduction.

The expansion of squared amplitude given in Appendix A reveals the
fact that there are zeroth order and first order squared amplitudes that
depend solely on the coupling constant gx+ 4, [see Eqgs. (A.11) and (A.12)].
Should we propose a LET by using only these term, as in the case of pion
photoproduction, then we would find that the value of gg+ 4, must be much
smaller than the prediction of SU(3) symmetry if the calculated cross section
must be comparable to experimental data. The reason is that the cross
section of kaon photoproduction is much smaller than that of the pion one.
To sum up, we can safely say that the theories which are based on low
order expansion of kaon mass, such as SKA and Chiral Perturbation Theory,
should include higher order terms in order to produce the experimental data.
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Should we try to create a LET by using higher order terms in our formal-
ism, then the main problem would be the number of unknown parameters.
We can also see that the expansion described above reduces the number of
unknown parameters, i.e., the coupling constants of K; and K™ interme-
diate states. From Eq. (3), we see that there are two coupling constants
for each of them. From our assumption to generalize the baryonic masses,
i.e., my, = my = m, the two couplings reduces to only one coupling [see
Egs. (A.9) and (A.10)]. As a result, in this formalism, we have only four
unknown coupling constants. Nevertheless, it is by no means easy to de-
rive LET from these 4 parameters. We have to find other mechanisms to
reduce them. This is the interest of our future study, i.e., to create higher
order LET for kaon photoproduction. Furthermore, in the future, we will
consider the expansion of amplitude, instead of the squared one described
in the present work.

5. Kaon photoproduction in the forward direction

It is well-known that in the forward direction, the denominator of the
t-channel propagator (t — m%() is small. As a consequence, the correspond-
ing propagator becomes large and the ¢-channel contribution dominates the
production amplitude. The total amplitude given by Eq. (3) can be reduced
and the unknown parameters can be limited to the coupling constants g+ 4p,

and g}]q Ap only. Since very close to the threshold there exist no experimen-

tal data in the forward angles, we extend the model to cover the resonance
region, where |g| # 0.

It is important to note that the ¢-channel exchange is not individually
gauge-invariant. In the PV coupling theory, the nucleon exchange in the
s-channel and the contact term must be included to restore the gauge in-
variance. In the PS coupling, the electric part of the s-channel alone is
sufficient to restore the gauge invariance. This is in contrast to the anoma-
lous magnetic moment part, which is already gauge-invariant by design, but
not included in this work [18].

In the present analysis, we only have the coupling g+ 4, as the unknown
parameter, which can be directly extracted by fitting the model prediction
to the experimental cross section obtained from the CLAS and LEPS collab-
orations. To this end, the closest available data are within 18° < 6 < 25°.
The result of extraction is listed in Table IV, where we can see that the
coupling constant is relatively consistent to all orders. As expected, the
x2/N decreases as we go to higher orders. Actually, the sign of the coupling
9K+ 4p cannot be determined from the fitting process because the ampli-
tude is calculated from the squared of the coupling. Therefore, we fix the
sign by using the SU(3) prediction [19], although Table IV exhibits that the
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extracted value is smaller than the SU(3) prediction by almost 50%. Never-
theless, we also note that such values were commonly obtained in the kaon
photoproduction analyses without including hadronic form factors [20, 21].
To remind the reader, within 20% symmetry breaking the SU(3) predicts [19]

—10.6 < ggr+4p < —15.6. (11)

TABLE IV

Coupling constants g+ 4, and gx+ Ap extracted from the expanded photoproduc-
1

tion amplitude up to n'* order in the forward region.

Order K™ exchange K+ and K; exchanges
giceap XN Gkrap Gge,, XN

0th | —5.09 1.10 —5.09 149 111
ond —5.32 0.88 —9.55 5.93 0.72
4th —5.32 0.86 —8.38 5.42 0.72
6th —5.32 0.86 —8.89 6.46 0.72
gth —5.33 0.86 —9.07 6.79 0.72
10tk —5.33 0.86 —9.13 6.89 0.72
12tk —5.33 0.86 —-9.15 6.93 0.72
14tk —5.33 0.86 —9.08 6.79 0.72

The vector-meson coupling g}f<+ ap €1 also be estimated by utilizing the
1

SU(3) symmetry. However , since the extracted coupling from fitting process

is the product 9K Ky gK1+ Ap’ there are further uncertainties coming from

the determination of the electromagnetic coupling g KKty Thus, we do not

pursue to compare our present result with the SU(3) prediction in this case.

By adding the K;(1270) exchange to the existing K+ one, the consid-

ered coupling constants become the g+ 4, and gXJr Ap The extracted values
1

along with the corresponding x? are given in the last three columns of Ta-
ble IV. It is apparent from this table that the K; exchange is very important
in the forward angle kaon photoproduction, since by adding the K; exchange
the x? decreases and the gy + Ap increases approaching the SU(3) value. To
our knowledge, previous calculation has shown that the K; exchange is very
important to bring the extracted g+ 4, closer to the SU(3) prediction [22].
Therefore, our present finding corroborates this result.

As stated before, the sign of coupling constants cannot be determined
from the numerical calculation. Different from the K; exchange, the K*
intermediate state has much smaller contribution in our calculation. The
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corresponding couplings, g}f(* Ay and g};* x> should have very large values
in order to produce a small effect in the calculated cross section. Thus, we
do not show the corresponding values and discuss them here.

Compared to the result obtained from the single t-channel intermediate
state, adding the K; exchange seems to slow down the convergence rate as
can be seen by comparing the second and fourth columns of Table I'V. In the
single intermediate state, the convergence is already achieved by calculating
the amplitude up to the second order. On the contrary, the result obtained
from using both K+ and KfL mesons seems to be not convergent even at
the 14" order calculation.

do/dQ (ub/sr)

16 17 18 19 20 21 22 23 24 25

do/dQ (ub/sr)

16 1.7 1.8 19 20 21 22 23 24 25
W (GeV)

Fig.4. (Top panel) Differential cross section at the forward direction obtained
from the K intermediate state in t-channel (solid line) and from the combination
of K™ and K intermediate states (dotted line). (Bottom panel) Differential cross
section at the forward direction obtained from the 0" order (dotted line), 2°¢ order
(dashed line), and 14" order (solid line) expansion. Experimental data are taken
from the CLAS Collaboration (solid squares) [16] and LEPS Collaboration (open
circles) [23].
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The sensitivity of the K7 exchange is depicted in the top panel of Fig. 4.
It is apparent from this panel that the contribution of this state is signif-
icant near the threshold region, where its effect is shifting the calculated
cross section closer to experimental data. The convergence of the squared
amplitude expansion is displayed in the bottom panel of Fig. 4. Obviously,
after the second order expansion, the expansion is practically convergent.
This is also supported by the fact that the error bars of the present data
cannot resolve the differences produced by different order calculations (see
the bottom panel of Fig. 4).

To conclude this section, we might safely say that as in the case of the
determination of pion electromagnetic form factor from the ¢-channel pion
electroproduction [10], the extraction of the leading kaon coupling constant
JK+Ap can be approximated by only using the ¢-channel intermediate states
K and Kl.

6. Kaon photoproduction at backward angles

In general, the differential cross section obtained from the u-channel con-
tribution is relatively smaller than that obtained from the K+ exchange in
the t-channel. In the backward direction, however, the magnitude of Man-
delstam variable |u| is very small and, as a consequence, the corresponding
contribution becomes significant and can be expected to dominate all con-
tributions [24]. Note that different from the t-channel term, the u-channel
amplitude is individually gauge-invariant, since the exchanged particle A is
neutral and, therefore, the u-channel amplitude contributes only the mag-
netic moment term.

Since we have two exchange particles in the u-channel, i.e., A and X°, the
unknown parameters in this case are gg+ 4, and gg+xo, couplings. These
coupling constants were extracted from fitting the kaon photoproduction
data with 152° < 6 < 161°. The result is shown in Fig. 5, where we compare
the calculated cross section obtained from the expanded squared amplitude
with 0" up to 14*" orders with the CLAS 2010 and LEPS 2007 data. From
Fig. 5, we can see that the cross sections obtained from expansions with
different orders show a large variance only at low energies, where unfortu-
nately no data are available in this kinematics. Therefore, the experimental
measurement to this end is strongly required in order to check whether or
not the high order expansions are decisive in the backward direction.

The extracted coupling constants along with the corresponding x?/N ob-
tained from expansions with different orders are listed in Table V. In contrast
to the case of forward angles, in the backward direction both the x?/N and
the extracted coupling constants are very large. The latter are even much
larger than the prediction of SU(3). This result indicates that photoproduc-
tion of kaon at the backward angles cannot be explained by merely using the
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u-channel. We observe that the coupling constants can be greatly decreased
if we add the s-channel contribution. Previous analyses have shown that
including hyperon resonances could also alleviate this problem [25, 26].

0.30 — —— ; ; ; ; ; ‘
\ CLAS 2010 —=—
025 F o\ LEPS 2007 —o—
-, \ Oth order -
., \
= 020 "\ 4™ order —-----
3
2 s |
S .
I
L o1}
0.05 |
0

W (GeV)

Fig. 5. Differential cross section in the backward direction obtained from different
orders of expansion compared with experimental data. Experimental data are taken
from the CLAS (open circles [27]) and LEPS (solid squares [12]) collaborations.

TABLE V

The leading coupling constants in K+ A photoproduction, 9+ 4p and g+ xop, €X-
tracted from the backward angle data for different orders of expansion.

Order 9K+ Ap JK+x0p XQ/N
oth —172.9+62.5 —89.7+34.6 26.3
ond —1.58 +1340.3 4.80 +697.1 56.6
4th —457.7+121.9 —236.8 + 66.3 27.1
6th —694.0 +£ 2160.5 —360.1 £1152.2  36.8
gth —693.3 +825.9 —360.2 4+ 442.9 33.2
10th —695.6 &+ 929.4 —361.3 4+ 498.0 33.7
12th —695.5 4+ 926.9 —361.3 + 496.6 33.7
14th —695.5 +924.4 —361.3 +496.3 33.7

7. Summary and conclusions

We have investigated the convergence of the expansion of squared PV
amplitude for kaon photoproduction at threshold. We found that the ex-
panded PV amplitude starts to converge at the 9" order. Should we use
solely the zeroth and first order expansions, then the main coupling constant
9K Ap must be much smaller than the SU(3) prediction, if the calculated
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cross section is fitted to experimental data close to threshold. Therefore,
our present investigation concludes that LET using the expansion of lowest
order my /m would be difficult to derive. We have also extracted the lead-
ing coupling constants in kaon photoproduction by expanding the squared
PV amplitude at forward and backward directions by solely utilizing the
t- and u-channel amplitudes, respectively. It is found that, unless the K;
vector meson was included, the extracted coupling constants in the forward
direction are smaller than the SU(3) prediction. Adding the K significantly
improves the agreement of our calculation with the SU(3) prediction. In
the backward direction, we found a different result, the extracted coupling
constants are much larger than the SU(3) value.

This work has been supported by the PITTA A Grant, Universitas In-
donesia, under contract No. NKB-0449/UN2.R3.1/HKP.05.00,/2019.

Appendix A
Ezxpansion of the transition amplitude
As described in Sec. 3, we expand the square of the amplitude according

to IM? =320, |M|?n), where |M|?n) o z™. To simplify the formulas, we
define the following quantities:

m = (mp+ma)/2, (A.1)
r = mK/’I?’L, (A2)
y = (m—mg)/m (A.3)
K = Kp + KA ) (A4)
ga = egK*/lp) (A5)
9z = €dr+50p; (A6)
Ga = Kga, (A.7)
Gy = krgs, (A.8)
Gr+ = (Gi- + GY) /Mmi. | (A.9)
Gr, = Gy, /[Mmj, . (A.10)
The n'" order of the expanded amplitude is given by
(M) = 4975 +494G5y”, (A.11)
Mty = — (497 +494G sy — 204G xy®) x, (A.12)
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My = [294(294 + Ga+ Gx) + Gsy(ga — gay + Gay + 2Gxy)
+8Gk,m” (294 + gxy®)] 27, (A.13)

1

\M’%:),) = [2 (897 + 494G A + 494Gx + gAGxy + 2GAGxy + 2G3y
—2gAG2y2 — gAGng — 2G22y2) — Ggem? (Qg/l + GEyQ)
+4G e, m? (49/1 +2Gxy — Ggyz)] z3, (A.14)

1

\M!%Q = — {_16 (4g§1(4+/€)2+G2 (4+4y—7y2)+2GZ (16g4+2g1y
—7gAy2 + Gy (4 + 2y — 2y2))) + 4GK*m3(3gA +Gyxy)
—2G g, m*(10g4 + 2G4 + 2G5 + Gyy) — 16G%, m°

8GK1m5 (2g/1 + Gng) 4
+ 5 z,
mie,

(A.15)

8
+G 4 (4+y+26y%)) +16G% m° — G r=m?(2g4(8+k) +Gx(2
+3y))+GK1m3 (49/1(6+"4!) +Gx (4+3y—y2)) *16GK1GK*’I’)”L6
4Gk, m° (894+2G sy +Gxy?) +4G;<*m5 (204+Gxy?) | s

2 2 )
My, My

1
(Ml = - {(29%(4+H)2+G22 (2+y+53y*) +G 5 (1694 +9ay+294y°

(A.16)
1
Mgy = — ~5i (1697 (4 + K)* + G3; (16 + 4y — 63y”) + 2G5 (6494
1
+294y =94y +Ga (1642y—15y%))) = =G (= 10g4+4G4

+11G x)y? — 16G%.m" — 24G% m® + 24G ¢+ Gy m"

8G . m” (294 — 4Gk, m + G 1>
—SGEGKlmng— K (QA - K Zy)
M,
4G =m®(5g4 + Gxy + Gxy? 1
_ K (gAm2 =Y Ey)—4(GK1m3(4gA(28+5/-i)
Kx

1
+Gy (20+12y=37y°)) ) +5 (Grom® (94 (40+6r) + Gz (6-+6y

—v°)))

. 2Gr,m° (294(13 + k) + Gx (2 + 5y + 2y?)) 46
2
mKl

)

(A.17)
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1
MGy = - Gl (1693 (4+r)* + G3; (16+2y—15y*) +2G's; (6494 +gay
4Gg-m" (294 + Gxy?)

4
mK*

64G, m® N 4G ,m" (12ega + 2G sy + 3G xy?)

2 4
mKl mKI

GK1m5 (—49/1(3 +2k)+ Gy (8 — 11y + 7y2))

2
mKl

—i—% (GK1m3 (4GA + Gy (4 — 4y + 3y2))) — 36GK1GK*m6

~1992y* + G (16 +y — 6y%))) —

+16G%,m5 +

Grom® (2g4(18 + k) + G (2 + Ty + 4y?))

2
mK*

+8G%.m5 +

—% (Gr=m® (3294(6+k)+Gx (32+24y—Ty?)) ) +16G%, m°

16GK* GKlmS

2
Ki

xG,m® (494 (8+k)+Gx (4+5y—3y°))mi, +

+16GK*GK1m8 4G g, m® (1694 + 6G sy — Gxy?) 7
2 B 2 ’
mK*

mKI
(A.18)

1
256
+294y — T1gay® + G (64 + 2y — 219°))) + 50G k, G=m°
+112G%<1m8 B 2Gk,m" (294(25 + k) + Gx (2 + 9y + 8y?))

(Mg = - (6495 (4 + £)? + G%, (64 + 4y — 49y°) + 2G5 (25694

my. mi,
48G2 m'°  8Gk,m® (294 + Gxy?
_ [11 + K ( ZA >y ) —40GK1GK*77’L8
mKl mKl
+8G§(*m8 n 4G =m " (Tgs + Gey(1 + 2y)) B 40G i, G +m®
s ¢ Gr=m®(+294(56+5k) + Gg (10+20y+7y?))
2%,

—|—%Gwm3 (169.4(28 + 5k) + G5 (80 + 48y — 19y?))

Gg,m® (52g4(8 + k) + Gy (52 + 64y + Ty?))

2 6
1
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1
—ZGKImg’ (494(36 + 7r) + Gx (28 + 12y — Ty?)) | 2, (A.19)

1
(MlTo) = — | 1552 (3205 (4 + 5)* + G2 (32 +y — 21y°) + G (25694

Fgay — 6894y + G4 (64 +y — 19y%)))
144G%(1m10 B 4G g, m? (169/1 +2G G, my + 5G2y2)

m%ﬁ m?ﬁ
_48G§(1m8 n Gg,m’ (49/1(16 +3k) +Gx (12 + Ty — y2))
M, mi,
3Gr,m® (—4ga(4 + k) + Gx (—4 + 12
+3G%,m’ + — ( yr ( )
Ky
1 s o AGg=m’ (294 + Gxy?)
—1—3—294(}’1(1(—1280 + 8007k)m’y~ + 5
Kx
16GK*GK1m10 4 76GK1GK*m8 16GK1GK*'m10
Mic Mic M,
Gr+=m® (8g4(80+9k) + Gy (72+ 104y +21y>
152G 0 4 G (894(80+9%) ; z y+21y7))
SmK*
24G%..m*  Gg=m" (294(32+ k) + Gx (2 + 11y + 12¢?))
 m2 o mi
Kx K

><3—12GK*m3 (6494(16 + 3k) + G (192 + 96y — 47y?))
Gr,m® (—4gA(31 + 4K) — Gx (16 + 19y + y?))

+48G% m® + 5
mi
16G g, G g+mto
—i—GKngmS (8 + 3y — 2y2) — %
M, My

1
o5 Gram?® (128094 (1 + %) + Ga (256 — 8007y%))
128G, m® N 4G, m" (28egs + 6eGxy + 5eGsy?)
mi, mie,
+76GK1GK*TTL8

2
mie,

— 66G K, Grm®| 2° . (A.20)
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