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Role of the high-spin nucleon and delta resonances in the KA and KX
photoproduction off the nucleon
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We have investigated the effect of nucleon and delta resonances with spins 11/2, 13/2, and 15/2 in the
kaon photoproduction process y + N — K + Y by using two covariant isobar models. The formalism for
high-spin propagators and interaction Lagrangians were adopted from the works of Pascalutsa and Vrancx
et al. The calculated scattering amplitudes were decomposed into six Lorentz- and gauge-invariant
matrices, from which we calculated the cross sections and polarization observables. The unknown
parameters in the amplitudes, i.e., the coupling constants and hadronic form factor cutoffs, were obtained
by fitting the calculated observables to experimental data. In the KA channels the inclusion of N(2600)7; ;;
and N(2700)K ;5 resonances improves the agreement between model calculations and experimental data
significantly and reduces the dominance of resonances in the model by increasing the hadronic form factor
cutoff of the Born terms. Furthermore, the inclusion of these resonances reduces the number of resonance
structures in cross sections, including the structure in the KOA differential cross section at W ~ 1650 MeV,
which could become a hint of the narrow resonance. In the KX channels the inclusion of N(2600)I, i,
N(2700)K 13, A(2420)H; ;. A(2750)15 3, and A(2950)K; 5 states also significantly improves the
model and increases the hadronic form factor cutoff of the Born terms. However, different from the KA
channels, the inclusion of these high-spin resonances leads to more resonance structures in the K+X°
differential cross section. This investigation reveals that the second and third peaks in the K20 differential
cross section originate from the A(2000)F35 and N(2290)G 9 resonances, respectively. We have also
evaluated the resonance properties at the pole positions and using the Breit-Wigner method. In both KA and
K% channels the inclusion of the high-spin baryon resonances was found to improve the agreement

between the resonance properties obtained in this study and those listed by the Particle Data Group.

DOI: 10.1103/PhysRevD.104.076022

I. INTRODUCTION

Recently, the effect of spins-7/2 and —9/2 nucleon
resonances on kaon photoproduction processes has been
phenomenologically investigated by using a covariant
isobar model [1], in which the scattering amplitude was
calculated by using the appropriate Feynman diagrams
depicted in Fig. 1. The analytical calculation performed
in this study made use of the consistent interaction
Lagrangians proposed by Pascalutsa [2]. The calculated
observables were fitted to nearly 7400 experimental data
points. The result of the fitting process showed that the
inclusion of spins-7/2 and 9/2 nucleon resonances could
improve the agreement between the model calculation and
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the experimental data. The model was later extended to
describe both yp — K*A and yn — K°A processes, simul-
taneously [3]. In the latter, the model was fitted to nearly
9400 data points, including recent data from the CLAS and
MAMI collaborations. The extended model yielded a nice
agreement between the calculated observables and exper-
imental data in both isospin channels.

Despite the success of the model, it has not yet consider
the resonances with spins-11/2, 13/2 and 15/2, which are
tabulated by the Particle Data Group (PDGQG) listing [4] (see
Table I). Given the fact that the inclusion of spins-7/2 and
9/2 resonances in Ref. [1] significantly improves the
model, we could also expect that a similar phenomenon
would be obtained with the inclusion of the resonances
listed in Table I. Furthermore, we can also extend the model
to include the four KX isospin channels, i.e., K*X°, K'Z+,
K*X~, and K°2° channels. Since the total isospin of these
channels is 3/2, the A resonances are allowed as the
intermediate states. An isobar model for KX reaction can be
constructed from the well-known KA model based on our
previous studies, e.g., in Ref. [5]. For the KA final states,
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FIG. 1.
channel intermediate states.

the isospin symmetry couples the K™ A and K°A channels,
whereas for the KX final states, the KtX0, K0T+, K+Z-,
and K°X° production processes are coupled by isospin
symmetry to one model. As mentioned above, there are
nearly 9400 data points available for the KA channels, and
nearly 8000 data points for KX ones. These data sets will be
fitted to the KA and KX models separately. In principle, all
six isospin channels can also be coupled, since all KA and
KX isospin channels utilize the same leading Born coupling
constants, i.e., the ggay and ggsy. However, since we have
fixed these coupling constants to the SU(3) values [6], the
KA and KZ channels are naturally decoupled.

To the best of our knowledge, there are limited studies
investigating the contribution of high-spin nucleon and
delta resonances in kaon photoproduction with the field-
theoretic model. Presumably, this is due to the complicated
formulations of propagator and vertex factors along with
the problem of lower-spin background that plagued the
formulation of high-spin (J > 1/2) resonance propagator.
Therefore, the first purpose of this paper is to set forth the
formulation of higher-spin resonances amplitude. After that
we can study their effect on the six isospin channels of kaon
photoproduction (see Table II) by means of a covariant
isobar model.

We have organized this paper as follows. In Sec. I we
present the formalism used in our study. In Sec. III we
present the numerical result and discuss the comparison
between model calculations and experimental data. Finally,
in Sec. IV we summarize and conclude our work. The
extracted form functions used to calculate the observables
for the fitting process are given in Appendix.

TABLE I. Nucleon and delta resonances with spins from 11/2
to 15/2 used in our study and tabulated by the PDG in their
particle listing [4].

Resonance JP Status  Mass (MeV) Width (MeV)
N(2600)1, 11/2~- ##E 2600 £ 50 650 + 150
N(2700)K, 3 13/2% wE 2612 £ 45 350 £50
A(2420)H3 11727 #=xxx 2450 + 150 500 + 200
A(2750)15 13 13/2 wE 2794 + 80 350 £+ 100
A(2950)K5,5 15/27 ok 2990 +£100 330+ 100

Y K

A K K* K,
N Y
(b) (©)

Feynman diagrams of the kaon photoproduction y(k) + N(p) — K(q) + Y(py) for the (a) s-channel, (b) u-channel, and (c) ¢-

II. FORMALISM

As mentioned above we adopt the formalism of the
nucleon propagators and the interaction Lagrangian devel-
oped by Pascalutsa [2] and Vrancx et al. [7]. In our
previous work, we explained this formalism in details
and constructed the reaction amplitude for the nucleon
resonances with spins 7/2 and 9/2 [1]. To facilitate the
reader, in this section we briefly discuss this formalism
and derive the construction of the spins-11/2, —13/2, and
—15/2 resonance propagators along with their interaction
Lagrangians. A preliminary result for the analytical form of
the production amplitudes involving nucleon resonances
with spins up to 13/2 has been reported in a conference [8].
The notation of the four-momentum of photon, nucleon,
kaon, and hyperon used in the following discussion is given
in the caption of Fig. 1, with pr = p + k = py +¢q.

A. Consistent interaction theory

A consistent interaction Lagrangian is required to
eliminate the appearance of the lower-spin background
amplitude, which is known as an intrinsic problem in the
Rarita-Schwinger (R-S) formulation of the spin-3/2 (or
higher) propagator. A number of solutions have been put
forward to solve this problem in the last decades. Among
them, those of Pascalutsa [2] and Vrancx et al. [7] are
relevant to our present work. They constructed the inter-
action Lagrangians which automatically cancel out the
lower spin contributions to the scattering amplitude.
Pascalutsa proposed a gauge-invariant interaction structure

TABLE II. Six possible isospin channels of kaon photopro-
duction on the nucleon along with their threshold energies in
terms of photon lab energy k™. and total c.m. energy W™,

No. Reactions kT (MeV) whr (MeV)
1) y+p—>K"+A 911 1609
2) y4+n—->K' +A 915 1613
3) y+p—Kt+30 1046 1686
4) y+p—- KO+ 3Tt 1048 1687
5) y+n—-> K" +% 1052 1691
6) y+n— K430 1051 1690
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for spin-3/2 particles by introducing a local symmetry to
the R-S field y,, , . The local symmetry reads [7]

Yoy = Vo,

1
nw(n—1) 1
+l’l(}’l— l)l%aﬂléﬂzmﬂnv ( )

where the totally symmetric and space-time dependent
tensor-spinor field &, fulfills

—0. (2)

M1
4 5.”1”2-“/4;1—1

To construct a consistent interaction Lagrangian for
particles with spin-3/2 we need a gauge-invariant field

G,,, taken from Ref. [2], and the interaction operator
OEﬂ D))l, adopted from Ref. [7]. The invariant field and the

interaction operator is written in the form of

G, = aﬂl//y - aylllﬂ
= (augul - auQﬂl)VM
_ 0By o)
()2
with
3/2
OEM,/U))A = (allgl//l - 81/9;41)’ (4)

where y, is the massive R-S field that obeys the R-S
equation and its constraints. The interaction operator fulfills
the following property,

32
= O

90;,3,(0) L(0)9, (5)
which maintains the invariance of G,, under the uR-Ss/,
gauge as stated in Eq. (1). With the invariant field and
spin-3/2 interaction operator, Vrancx et al. constructed a
consistent interaction theory for spin-5/2 field. This
formulation is later expanded for general high-spin field.
Vrancx et al. defined a general interaction operator as [7]

(n+1/2)
O(ﬂl V1 V) Ayl (6)

l’l' 222 ;1/21/1 )‘]

3/2
)03, (©): (©)

with P(u)P(2) indicate all possible permutations for all y
and A. Vrancx reduced the indices of the G, field
introduced by Pascalutsa in Eq. (3), because the G, field
contains too many indices compared to the original
field y,, , . A new field is introduced by Vrancx as

Y, = 08/5))1'// y". For particles with spin-(n + 1/2) the

gauge-invariant field can be written as

n+1/2 Vy...l,
¥ - OEﬂT -iln)»bl V)i (a)wﬂl---ﬂny 1 " (7)

Hi---Hn

The interaction operator for the above field reads

(n+1/2) vy n(nF1/2)
O(ﬂlu-ﬂn)/ﬁm/ln(a) v 0(141 Hp V1 V) A /1,,(8)
3/2 (3/2)
2 141 /11 O (#n)on <8)’ (8)
where
3/2 v A(3/2
Oéﬂf)zn (8) =7 OEﬂ/Iz))i(a) (9)

With this consistent interaction we are ready to construct
the Lagrangians for high-spin interactions.

B. Interaction Lagrangians

The basic Lagrangian for the kaon-hyperon-nucleon
interaction is

Lhad = gKYNliIY75lPN(DK' (10)

Following this basic Lagrangian, the standard interaction
Lagrangian for the interaction with spin-1/2 resonances is
written as

Lhaa = 9xve¥Pyrs¥r®x + Hec. (11)

According to Pascalutsa the hadronic interaction
Lagrangian for spin-3/2 resonance with mass mp reads [9]

g va S\ *
Lhag = :;R Py 0 ysy.(O,w,) + He., (12)
R

where W, is the spinor field of the hyperon, ¢ is the
pseudoscalar field of the kaon, and vy, is the massive R-S
field of the nucleon or resonance. However, the above
Lagrangian is inconsistent for higher-spin resonances. With
the substitution proposed by Vrancx, y, — _” /mpg, the
Lagrangian for a resonance with spin 3/2 can be written as

g aff\J *
L:had = %eﬂy ﬂlPYa/}qﬁ }’5]/(1(9”le + H.C., (13)
R

whereas the Lagrangian for hadronic interaction with
spin-(n 4 1/2) resonances has the form of
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Ehad = 7gKYR GMD”(lﬂabl .. .8""—";’y8ﬁ¢*

m%n+l
X 757/0:(8/4‘1‘1/1“.1/”) + H.c.
IKYR  uab *

= S @ P 0 ysy
mg

(n+1/2)
x a#O(ﬂl oMl "-I/n)}'] j’n (a)

Xy y%nyhAn 4 Hee. (14)

In addition to the hadronic Lagrangian, Pascalutsa has also
constructed the Lagrangian for the electromagnetic inter-
action, which is written as [10]

e -
'Cem = Flpﬁ{(gleymﬁaalp + gZySQﬁuaulP
R

+ g3y;¢7p€pua/}aalp + 9475}//47p
% (0,9, — 0,9,5) ¥} F* +H.c., (15)

where F* 1is the conventional electromagnetic field
strength tensor. To correctly model the interaction in
discussion, a consistent interaction for the electromagnetic
interaction Lagrangian is needed. The electromagnetic
interaction Lagrangian for the resonance particles with
spin-(n + 1/2) can be written as

e
2n+1
mg

Lo = VP (91 €ap, O + 92759,00, P

+ 93 Yyype/)ya/}n 0" + 9475 yuyp (a/)gl/ﬁn - aygp/}n)lp}
x dp ---0p F* +H.c. (16)

The consistency of the interaction is guaranteed by the
operator interaction which fulfills:

4 (172
Pr OEﬂ]Jr...ft,,),y]...L/n)ﬂl..j,, (pR> =0, (17)

with i =1,2,...,n and pfé’ is the four-momenta of the
resonance particles with spin-(n + 1/2).

The electromagnetic and hadronic vertices, which are
required to calculate the scattering amplitude, can be
obtained from the interaction Lagrangians constructed in
the previous discussion. As the result the hadronic vertex
can be written as

had  _ IKYR _.ap 01 Up-1
L, = 2] €PN DN pYSYaPRu
R

n+1/2 ay a,
X OEUI_'-—"{/ns)al'“an)ﬂl"-ﬂn (pR)y y ' (18)

and the electromagnetic vertex reads

[em _ € (Br-Brsar -y vy,

vitbn T dnkl Y ntl /2 (PR)YaI “Ya,
R

X {gleﬂuaﬁ”pa + gZyS.g[i,,up/A + 937;17p€puaﬁ,,pa
+ 94757,u7" (P9up, = Pu9pp,)}
X k/}] s kﬁn—l (kﬂeb — ky(:‘ﬂ) =+ H.c. (19)

The vertex factors can be simplified to

a 1 Uy, /(172
T = g i ™00 (PR) (20

My---Ho
Fem -

1~ nt172) em
m_;,e0<yl_“yn)ﬂ,‘__ﬂn (pR)Fl/l...l/n (21)

where @mﬂ/z)

(1. o, (PR) is the interaction

operator

defined by

7 (n+1/2) _ (nt+1/2) a a,

0(”1"'”11)/‘1"'}% (pR) o 0(”]""‘%*“1"'arl)”l"'ﬂn (pR)y e ‘y ’
(22)

In the present work we use the propagator
Pr+ mg = nt1/2

P.u]--ﬂn;l/]..l/n (pR) = p% _ m% T imgl Zlmﬂn;v]...vn (pR),

(23)

where 75,','#,,1,{3;,,] ..., (PR) is the on-shell projection operator.
The complicated form of the projection operator will be
discussed later.

The production amplitude is obtained by sandwiching
the propagator between the two vertices, i.e.,

M- -HpsV1-- Uy

1/2 _
M?;; / = uAFhad P(n+l/2)

Hi---Hn

(PRI b, up (24)

By inserting Egs. (20), (21), and (23) into Eq. (24) we
obtain

12 _ - Faya, )2
M = NN 0?;1 ~/~an>.ul--~”n (Pr)
1
M- HpsVy-- Uy
x ma Piias " (pr)

X Off:{l/gn)yl < Up (pR)I:'grlnﬂ” up7

— Fap...a, An+l/2
= ipT 0(al'~/~an)ﬂl"'/’n (Pr)

1 ﬂR + mp
2 _ 0 |
my' pr —mp + imgl’
% Pﬂ]"-ﬂml’]"-”n( )0(/3»"/5")1/1'-1/”( )
(n+1/2) PRIV pi1)2 PR

X fgﬁi"ﬁ”up. (25)

The above formulation is simplified by considering the
orthogonalities of the projection operator,
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1--Un

7Pty ™ (Pr) = PO ()7 = 0. (26) PP (Pr) = PP ™ (Pr) = 0.

and with i = 1,2, ..n.

Thus, the scattering amplitude can be written as

- - 1 PR+ mg s &
Mn+1/2 - I PoHL e Vi . .F/I"ﬂnu
res A E ﬂRg(llﬂ, had m%{’ p12e _ m% + lmRF (n+1/2) (pR) ll:Jl: ﬂRg/}Jy/ em P

2n
= uA~had PR Pr +mg IR N2
Hi---Hn m%n p% _ m% + imRF (n+1/2)

~Up (pR)l"grln/}n up-
The above equation shows how a consistent interaction structure constructed intuitively.

C. Propagators

(27)

(28)

The propagators used in this model are constructed from the corresponding particle projection operators. The generalized
projection operator has been explored by Huang et al. in Ref. [11]. The projection operator for spin-11/2 can be written as

HUTHOH3HY —— m Z N R Rl VR T 7 ﬁ P e
wvpr3g 0 P(ﬂ)sp(y)

5 5
+ g Pﬂﬂ] PWI Pﬂzlls PV2V3 Pﬂ4b4 + ﬁ Y’y Pll/’ PWP#] 2 Pllzlfz Pﬂ3l/3 Pll4l/4

10 5
- gypy Pﬂl’P’/ﬁPﬂlﬂzpl’lePﬂsHPﬂ4’/4 +ﬁ}’p}/ PﬂﬂPWPlllﬂzpyll/zPﬂ3ﬂ4Pl/3l/4}’

and for spin-13/2 particles the projection operator is

1 15
13/2 . Z
HH1K2H3HANS 6!)2 {Pﬂbpﬂll/lPMZVZPM3V3Pﬂ4V4Pﬂ5V5 - 13 PﬂmPWlPﬂz”zpﬂ3’/3PM4’/4Pﬂ51/5
winneas (6075075

45 5
+-—P,P, P, . P, P, P p,.P,P,. P,,P,,P

143 M T VUL T Jop3 T Uol3 T gl HsUs _429 HHL T VVLT Pz T Ual3 ™ fafls ™ Vals

6 60
VY PupProP s Pus Pusi Pus Pusss = 2 7777 Py PP

13 MV 7 Holn ™ H3V3™ paly™ HsUs 143 P P P P

Hipo ™ VU™ H3V3T falsg™ HsUs

30
+@J’/ yUPﬂ/JPWPHl#zPVIUZPM/MPV}MP#SUS }’

while the projection operator for spin-15/2 particles reads

152 1
HIVHQH3HARS G W Z {PIWPIl]D]Pﬂz”zPﬂzl/%PMUaPﬂSUsPﬂsDﬁ
7 P(p).P(v)

W VQU3v4VsLe

21

7
- EPWMPWIPﬂzl’zPMV}P#4V4PM5V5PM6V6 +3P PWIP Py Puw P P

13 i Hap3 ™ Vol3™ Haly™ HsUs™ Hele

7
PﬂﬂlPWlPﬂ2ﬂ3PVZV3PM4ﬂ5PVAVSPMGV() + EypyapﬂﬂpwpﬂlblPM2V2Pﬂ3V3PM4V4Pﬂ5V5Pﬂel/c

143

7 21
- EyﬂyﬁpﬂﬂpwpﬂlﬂzPV]”2Pﬂ3V3PHAMPH.SUSP%% +my[ yGP#/’PWPM#zPUIUZP#3#4PU3D4P/45U5Pﬂs%

P00
7Y PupP oy Py Py Pry, Pusug

- o P,,P,.P,,P P,,S%},
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The projection operators written above fulfill the ortho-  and
gonality condition given by Eq. (26). According to
Eq. (28), the propagator for spin-11/2 resonance can be pIs/2 _ s (PHKEEmr) sy (34)
written as e mat (s —my + imglg) " s
Pl 8 (PHK+mr) g respectively, with s = p% = (p + k)?> = W2, Notice that
HELHQH3HA 5 (32)

UL HQH3 I — T
A/b] bz l/3 1/4 (

s —my + imglg) " wirpay the factors s°/mY, s°/m}2, and s7/mk* originate from the
consequence of the consistent interaction.
whereas for spin-13/2 and spin-15/2 resonances the

propagators read D. Hadronic and electromagnetic vertices
6 By using the above prescription we obtain that the
pl3/z _ 5 (7 + K+ mg) 13/2 33 hadronic and electromagnetic vertices for spin-11/2
HpL K4S 12 FHLH2HIHANS ( ) & P
w1n2r3ta0s (s = mg + imglg) " wivavyoass reads as
|
+ _ Ykyr
Thd " == Txl(pa - a = A" + Pad” = dPN)IPR PR PR P (35)
R
and

V%Y =i v v v v v v
Fe2 =P W =) + (K p-e—ep k) + g5(eh = KA)p+ gur* (ke = )y
R
+ 957" (p - ef = p - k) |k K2k kAT (36)
respectively, whereas for the spin-13/2 resonance

Ha Hs

+ 9
rpipetatans = KR [(pr - q — Pad)?" + Pag” — dp)IPN PR PP Pl (37)

R

and

VU Vo U3 Vgl —i v v v v v v
% = — (g1 p" (B = ) + (kP e = & - k) + g3 K = k) + gar (K — ) ¥
R
+ 957" (p - el = p - ke) |k k2 k> k4 kT (38)
respectively. The above result indicates that the number of momentum dependence increases with the number of spin. This

conclusion was previously made by Ref. [11].
For the spin-15/2 resonance the hadronic and electromagnetic vertices are given by

) +_ 9
Ty e = SSE T (pa - g = Pad)r" + Pad’ = 40PN PR PR PR PR P (39)
R

and

Tt = [yt (= ) + oK p - € = - K) + (K = K9)p -+ gar* (K — )
R
957" (p- ek = p - KRR RS T (40)

respectively. The above formalism is valid for both positive and negative parities, for which the parity factors are denoted by
I'y =iys and I'_ = 1, respectively.

E. Production amplitudes

As stated above the production amplitudes for spin-11/2, —13/2, and —15/2 resonances are obtained by sandwiching
the propagators given by Egs. (32)—(34) between the corresponding hadronic vertex factors given by Egs. (35), (37),
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and (39), and electromagnetic vertex factors given by Egs. (36), (38), and (40), respectively. As a result we obtain the
amplitude for spin-11/2

M), = bnrs{=s £ me(F +K)} {7(3351l + 18¢icyc3 + Teje3) x {_p/\l/ +%CA(I7 + k)y} = 14cicy(6¢7 + 2¢5¢3)
X {—ky + éck(p + k)y} + (21c} + 14cicaes + cgcg){—m +§6A(ﬂ+ k)}{—yy +%(1/+ H(p+ k)U}
1 1 1
— 14c(6¢t + 20203){—1‘/\ + ;CA<I7/+ k)}{‘k‘*‘ ;Ck(ﬂ‘i‘ k)}{_p/\l/ + ;CA(P + k)y}

+4cy (7t + cac3) X {—ﬂ/\ + %CA(ﬂ‘F lf)}{—k+ %Ck(lj‘l' k)}{_ku + %Ck(l’ + k)p}]

X [Giap*(Kf = #K) + Gou(Kp - € = €"p - k) + G3, ("} — K*d) Plu, (41)
with:

SSQKYRQI
G, = ; , 42
T3 1mB (s — m3 + imgly) (42)

SSQKYR.QZ
Gy, = 5 , 43
27 231m2 (s — mi + imgly) (43)

5

G, = S"JKkYRY3 (44)

© 231mP (s — m} + imglg)
The production amplitude for spin-13/2 particle is given by
1
M), = iprsis Emp(P+§)} {301(1430? + 110cieyc3 + 15C%C%){_pAu + ;CA(P + k)y}
1 1

—5¢y(33¢t + 18ctees + C%C%){—ku + ;Ck(l? + k)y} +¢1(33ct + 120cicyc5 + SC%Cg){—I/A + ECA(ﬂJF k)}

1 1 1
X {—h + ;(17”' K (p+ k>y} —5(33¢} + 18cieaes + c%c%){—p/,\ +;CA(ﬂ+ k)}{—k+;0k(15+ k)}

1 , 1 1

X4 =P +ECA(p + k), ¢ +20cic2(3¢t 4 c203)§ =P +ECA(?+ K) —k+gck(ﬁ+ K)

1
bt el 0, b G = 0+ Gk e =ep ) + Gus(e = )l (45)

with

6
S"9kyYRY1 (46)

Gy = ,
Y 420m20 (s — m3 + imglg)

6
S"9dkyYRY2 (47)

Gy = ,
b 429m38 (s — m3 + imgly)

S6gKYRg%
Gy, = : . 48
T 429m3 (s — m3 + imgly) (48)

Finally, the amplitude for spin-15/2 resonance reads

076022-7
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1
M), = prsi=s £ mp(p+K)} {45(1430(1’ + 143cfeyey +33cic3e5 + Cgcg){—l?/\y + ;CA(P + k)y}

1
—9¢;¢,5(286¢T 4 2202 cyc5 + 30c%c%){—ky + ;Ck(p + k)y} + (429¢8 + 495¢tcyc; + 135¢3c3c3)

c{=m e+ tealrt 0 on 4 L0+ 0, | = 18014360+ T10eicocs + 15630

comrreatr 0 { e et e b Hpa e+, | 30663 1 18006 + 36)

«{emtteawr oA ta -k 1o+,

X [Gi.p*(ff — f) + Goc(K'p - € — €' p - k) + G3. (€K — k) Plu,, (49)

with
579KY g
G, = RI1 , 50
' 6435m3 (s — m3 + imgly) (50)
S79KY g
Gy = R2 , 51
7 6435m30 (s — mi + imgly) (1)
S7gKYRg3 (52)

G;. = .
7 6435mPO(s — m3 + imgly)

Note that in the fitting process only the product of the
hadronic and electromagnetic couplings, i.e., gxyrg; With
i =1, 2,3, are extracted from the data. Furthermore, in the
production amplitudes given by Egs. (41), (45), and (49)
we have used the following definitions,

¢ = by —cpci/s, (53a)
c, =mx —ci/s, (53b)
c3=ci/s— Kk, (53¢)
¢y =2b, + K, (53d)
cs = 4b, + k2, (53¢)
b,=p-k (53f)

by = pa -k, (53g)

b, =q- k. (53h)
¢p=(p+k)-p, (53i)
ey = (p+k) - pa (53))
o= (p+k) -k (53K)
cg=1=cp/s. (531)

|
F. Calculation of the observables

The production amplitudes given by Egs. (41), (45),
and (49) can be decomposed into six gauge and Lorentz
invariant matrices M; through

6
My =1y Y AMu,, (54)
i=1

where the gauge and Lorentz invariant matrices M; are
given by [12,13]:

M = ysé¥, (55)

My, =2ys(q-€P-k—q-kP-¢), (56)
My =ys(q-kf —q-€). (57)
My = ie,,.r"q ek, (58)

Ms =ys(q-ek> —q - kk-e), (59)
Mg = y5(k - e} — k*¢). (60)

where P =1 (p + ps) and ¢,,,, is the Levi-Civita anti-
symmetric tensor. All observables required for fitting the
experimental data can be calculated from the form function
A; extracted from Eq. (54), after adding the contributions
from all involved intermediate states. The form functions A;
for baryon resonances with spins up to 9/2 are given in the
previous works [1,14], whereas those with spins 11/2,
13/2, and 15/2 considered in the present work are given in

Appendix.

G. Pole position

Besides the Breit-Wigner parameters, such as mass,
width, and branching ratios, the Particle Data Group has
recently listed new information on the resonance properties,
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i.e., the pole position. It is obvious that the Breit-Wigner
parameters extracted in each model depend highly on the
background terms of the model. Therefore, all resonance
properties obtained by using such parameterization is
difficult to compare with those obtained from other models.
This problem does not appear in the case of pole position.
Currently, the pole position has been extensively used in the
realm of hadronic physics. In the Particle Data Book 2018
the pole positions of resonance are listed before the Breit-
Wigner parameters. The placement shows that the pole
positions is currently considered as the important properties
of a resonance.

In principle, the pole position can be calculated by
setting the denominator of the scattering amplitude to zero.
Approaching the pole position the scattering amplitude of a
resonance increases dramatically. Since the resonance
scattering amplitude becomes extremely larger than con-
tributions from other intermediate states, the resonance
property calculated at the pole position is insensitive to the
contribution of background terms. As a result, the evalu-
ation of resonance properties at the pole position is
practically model independent.

In the present work, the pole position properties of a
resonance are the resonance mass and width. They are
defined via

m = Mpole - irpole/z- (61)

As previously stated, this is obtained by setting the
denominator of scattering amplitude to zero, i.e.,

sg —m% + imgl(sg) = 0.

(62)

Notice that the above equation cannot be directly calcu-
lated, since in the present study we use I'(s) that depends
on the total c.m. energy. Therefore, the solution of Eq. (62)
must be obtained numerically.

III. RESULTS AND DISCUSSION

In the present work, the isobar model used to analyze
the effect of spin-11/2 and —13/2 nucleon resonances in
the KA channels is based on our previous model developed
to describe all available data in these channels [3].
Furthermore, in this study we also investigate the effect
of spin-11/2, —13/2, and —15/2 A resonances in the KX
reaction channels. Along with the nucleon resonances used
in the KA channels, these A resonances are listed in Table I.
In total, there are 23 nucleon resonances included in our
analysis for the KA and KX channels and, in addition, 17 A
resonances in the KX channels with spins up to spin-15/2.
The result obtained in all channels will be discussed in the
following subsections.

TABLEIII.  Coupling constants and other driving parameters of
the background terms for KA channels obtained in the present
work (Model A) and the previous one (Model B) [3]. Error bars
were not reported in Model B. See Ref. [3] for the explanation of
the parameter notation.

[c]lrr Parameter Model A Model B
gxan/ VAT —4.40 £0.03 -3.00
grsn/ VAT 0.90 £+ 0.04 1.30
Gy./4n 0.08 + 0.00 0.13
GY. /An —0.07 £ 0.00 0.17
G,‘§]/4n 0.12 +0.00 0.13
G,@l /4n 2.43 +0.00 3.89
TK\K, 0.52 +0.01 0.65
Ag (GeV) 0.89 £ 0.00 0.70
Ag (GeV) 1.09 + 0.00 1.10
Ohaa (deg) 94.31 £ 0.64 90.0
Phaa (deg) 90.00 + 4.09 0.0
x> 13316 13867
Npar 264 247
N ata 9364 9364
22/ Naot 1.46 1.52

A. KA channel

In Table III we present the leading coupling constants
and other background parameters obtained from the pre-
vious work (Model B) [3] and current analysis (Model A).
Note that in the present work we have omitted the K°A
photoproduction data obtained from MAMI collaboration
[15] due to the problem of data discrepancy as discussed in
Ref. [3]. Furthermore, it was shown that by excluding these
data from the database leads to a better model that can
nicely reproduce the yn — K°A helicity asymmetry E [3].
It is important to note that Model B was also obtained from
fitting without these data.

From Table III we can conclude that there is no dramatic
changes in the background parameters after including the
spin-11/2 and —13/2 nucleon resonances in the model.
Nevertheless, the increase of ggay coupling and the Born
hadronic cutoff Ag shows that the inclusion of the two
resonances increases the contribution of the background
terms. We note that in the case of Kaon-Maid, the Born
cutoff is very soft, i.e., Ag = 0.637 GeV [16]. Clearly, the
Kaon-Maid model is dominated by the resonance terms,
whereas the Born terms are strongly suppressed. Such
situation is completely different from the case of pion or eta
photoproduction and could raise a question, whether Kaon-
Maid is a realistic phenomenological model.

The listed y* values indicate that the agreement between
model calculation and experimental data is significantly
improved after including the two nucleon resonances, as
clearly expected. Since the calculation includes two isospin
channels,i.e.,yp - KTAandyn — KYA, in the followings
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FIG. 2. Calculated total cross section of the yp — KA
channel obtained from previous [3] and present works, com-
pared with the experimental data from the CLAS collaboration
(solid squares [17]).

we present comparison between model calculations and
experimental data in details.

1. K* A channel

Comparison between calculated yp — KA total cross
sections from Models A and B, Kaon-Maid, and exper-
imental data is displayed in Fig. 2. Note that the exper-
imental data shown in this figure are only for visual
comparison. The data were not included in the fitting
process, since differential and total cross sections data
come from the same experiment.

Compared to the prediction of Kaon-Maid, both models A
and B displayed in Fig. 2 show substantial improvement.
However, since our main motivation in this work is to
investigate the effect of spin-11/2 and 13/2 nucleon
resonance, we will not compare our result with the prediction
of Kaon-Maid in the following discussion, except in the case
of total cross section, in which recent experimental data are
in good agreement with Kaon-Maid for certain isospin
channel. Both current and previous models seem to have
a great agreement, with a tiny difference only at higher
energy region, i.e., W > 2.6 GeV. The difference originates
from the use of the high spin nucleon resonances, as
obviously seen from their masses. However, since there
are no available data in this energy region, no conclusion can
be drawn at this point. Future experiments with 12 GeV
electron source at JLab could be expected to reveal more
information in this energy regime.

Both peaks shown by the two models seem to agree with
each other, with minuscule difference at W ~ 1.85 GeV,
where the second peak is attributed to the P,3(1990) state,
as discussed in Ref. [18].

More information can be obtained from the differential
cross sections shown in Figs. 3 and 4. Figure 3 shows that
the difference in the total cross sections of models A and B
originate from the forward and backward regions of the
differential cross section. Furthermore, as shown in Fig. 3 at

Y+p oK +A

0.20~ w w
0.15} cos 06=-0.70 |

0.10}
005}
000k
0.15F
0.10} 1
005}

000k
025}
020}
0.15} §
0.10}

0.05}
0.00

0.40}
030} §
020}
0.10} ¥
0.00

do /dQ  (ub/s)

16 1.8 20 22 24 26 16 18 20 22 24 26 28
W (GeV)

FIG. 3. Energy distributions of the yp — K+A differential
cross section obtained from Model A (solid red curves) and
Model B (dashed black curves) for different values of cosé.
Experimental data shown in this figure are obtained from the
LEPS 2006 (solid triangles [21]), CLAS 2006 (solid squares
[17]), CLAS 2010 (solid circles [19]), and Crystal Ball 2014
(open circles [20]) collaborations.

backward angle (cos @ = —0.70), it is also apparent that the
result of model A has a better agreement than model B,
except in the higher energy region, W > 2.4 GeV. Another
interesting result is that the second peak of Model A is
slightly shorter, but wider, than that of Model B. As a result,
Model A yields a more accurate explanation of experimental
data, especially for the CLAS 2010 [19] and Crystal Ball
[20] ones. However, in the forward region Model A yields
fewer peaks than Model B. Nevertheless, Model A seems to
produce more natural shape of the cross section at the very
forward angle, cos @ = 0.90, where unfortunately, the avail-
able experimental data from different collaborations produce
uncertainty in differential cross section up to nearly 40%.

The angular distribution of differential cross section
displayed in Fig. 4 shows that both models are in good
agreement with experimental data. Furthermore, experi-
mental data in higher energy region are better reproduced.
This figure again shows that the inclusion of the high-spin
resonances with higher masses does not influence the cross
section behavior in the lower energy region, where exper-
imental data exist.

Figure 5 shows the single- and double-polarization
observables, for which experimental data are abundantly
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FIG. 4. As in Fig. 3, but for angular distribution. The
corresponding value of total c.m. energy W in GeV is shown
in each panel.

available at present. In this case we do not see a dramatic
changes after including the spin-11/2 and 13/2 nucleon
resonance in the model, except improvement in the agree-
ment between model calculation and experimental data
at forward direction and high energy region, which is
expected due to the higher masses of these resonances.
Nevertheless, we still see significant improvement in the
beam-recoil double-polarization observables C, and C, at
higher energies, where experimental data have large error
bars. Note that only a small part of experimental data can be
displayed in Fig. 5. More data are available in the fitting
database, especially for the recoil polarization P, and are
not shown in the figure due to their different kinematics.

2. KA channel

The available data for the K°A channel are significantly
fewer than the K™ A one, given that the experiment with
neutron target is more difficult to perform. The number of
data included in this study is less than 1000, which will
affect the accuracy between model calculation and exper-
imental data. The calculation of this channel is performed
by using the isospin relation of the hadronic coupling
constants, as well as information on the neutral kaon
transition moment and neutron helicity photon coupling
obtained from PDG [4], in the K™ A model as discussed in
Refs. [25,26]. Thus, investigation of the K°A channel can

be considered as a direct test of isospin symmetry in kaon
photoproduction.

Experimental data of this channel are already available
from the CLAS g10 and g13 collaboration [27] and MAMI
2018 collaboration [15]. In the previous work [3], both data
sets were included in the analysis. However, in the present
work we exclude the data from the MAMI 2018 collabo-
ration, since it was found that the data are more difficult to
fit and have a discrepancy problem with the CLAS g10 and
g13 data. Furthermore, in the present work our main
motivation is to investigate the effect of the higher spin
nucleon resonances, in which we need an accurate iso-
bar model.

Figure 6 shows the calculated total cross section of the
yn — K°A channel. Obviously, both models A and B yield
similar cross section trend, except in the lower energy
region and especially near the production threshold, where
the cross section obtained from model B is steeper than
that of the present work. All models give the total cross
sections within the experimental error bars. As discussed in
Ref. [26], threshold behavior of K°A photoproduction
provides important information that can shed more light
on the difference between pseudovector and pseudoscalar
theories in the kaon photoproduction process. The absence
of K° exchange in this channel also reduces the number
of unknown parameters in the model. As a consequence,
threshold properties of the K°A can be more accurately
investigated. Note also that the over prediction of Kaon-
Maid model is understandable, since it is pure prediction
and the model was fitted to old data.

Figure 7 shows the differential cross section of the
yn — K°A channel. At a glance, both models seem to
be similar, especially at W > 1.8 GeV region. However,
the inclusion of the two high-spin nucleon resonances leads
to different differential cross section near the threshold. The
difference is more apparent at the forward angle, i.e.,
cos @ = 0.75. The angular distribution of differential cross
section shown in Fig. 8 corroborates this result. In Fig. 8 we
can see that the difference between the two models is more
obvious in the forward and backward regions.

In general, the KA differential cross sections also show
that the inclusion of the two high-spin nucleon resonances
improves the model. However, there is an important
phenomenon appears in the K°A channel. As in the case
of the K™ A channel, the inclusion of these resonances leads
to fewer structures in differential cross section, especially at
the forward region (see Fig. 3). The same phenomenon is
also displayed by the K°A channel as shown in Fig. 7. In
this channel the previous work displays a clear structure at
W =~ 1.65 GeV, which appears in a wide range of angular
distribution, but is more apparent near forward region. The
structure is eliminated by the inclusion of the two high-spin
nucleon resonances. We found that this structure is very
interesting because it originates from the N(1650) reso-
nance contribution and the corresponding width is less than
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FIG. 5. Asymmetry of the single-polarization (P, X, and T), and double-polarization (O,, O,, C, and C,) observables for the
yp — KA channel as a function of kaon angle for different total c.m. energies W shown in each panel. Dashed black curves are
obtained from the previous isobar model [3], solid red curves are obtained from the present calculation. Experimental data shown in this
figure are taken from the GRAAL 2009 (open squares [22]), CLAS 2006 (solid squares [17]), CLAS 2007 (solid triangles [23]), CLAS
2010 (open circles [19]), and CLAS 2016 (solid circles [24]) collaborations.
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FIG. 6. Total cross section of the yn — K°A isospin channel
calculated from different models. Experimental data are obtained
from the CLAS g10 and g13 collaboration (open circles and open
squares) [27] and MAMI 2018 collaboration (solid circles) [15].
Note that the data shown in this figure were not used in the fitting
process and shown here only for comparison.

50 MeV (see the dashed curves in Fig. 7, especially at
cos @ = 0.75). In the previous work [26] it was concluded
that the structure could be a hint of the narrow resonance,
which was found to have the mass of 1650 MeV.

B. KX channel

As in the KA channels, the four available channels of KX
photoproduction can be also simultaneously analyzed by
exploiting the isospin symmetry and some information on
the resonance properties from PDG [4]. Recently, we have
studied these channels by using a partial wave approach for

v n—>K"A
-0.55

dc / dQ (ub/sr)
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FIG. 7. Energy distribution of the yn — K°A differential cross
section for different values of cos @ shown in each panel. Notation
of the curves and experimental data is as in Fig. 6.
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FIG. 8. AsinFig. 7, but for angular distributions. The total c.m.
energy W is shown in each panel in GeV.

the resonance part, whereas the background part was still
constructed from the covariant Feynman diagram technique
[28]. The model was fitted to nearly 8000 experimental data
points available from all four channels, but dominantly
from the KTX° one.

In addition, a fully covariant model to describe photo-
production of KX has been also constructed by including
nucleon resonances with spins up to 9/2 and the result has
been submitted for publication [29]. In the present work we
add the nucleon and delta resonances that are not available
in this covariant model. They include the nucleon reso-
nances with spins 11/2 and 13/2, as well as the delta
resonances with spins 11/2, 13/2, and 15/2, listed in
Table I. The experimental data used in this study were
obtained from the CLAS, Crystal Ball, GRAAL, SAPHIR,
LEPS, and SPring8 collaborations. Thus, to observe the
effect of including these resonances, we will compare the
result of our present work to that of the covariant model
reported in Ref. [29].

Table 1V lists the leading coupling constants and other
background parameters extracted from the present analysis.
For the sake of discussion, the present model and the model
reported in Ref. [29] will be referred to as Model C and
Model D, respectively. As seen from the values of y? /Ny
in Table IV, the agreement between model calculation
and experimental data is improved after the inclusion of
the high-spin nucleon and delta resonances. The result is
clearly expected, because the addition of resonances
increases the free parameters in the model. Table IV also
shows that the inclusion of the high-spin resonances helps
to increase the hadronic form factor cutoff of the Born
terms as in the KA case.
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TABLE IV. Extracted coupling constants and other background
parameters in the KX channels obtained from the present work
(Model C) and the previous one (Model D) [29]. Note that error
bars were not reported in Model D.

Parameter Model C Model D
gxan/Var —4.26 +0.01 -3.00
grsn/ VAT 1.30 +£0.25 0.90
Gy./An —0.04 £+ 0.00 -0.15
GY./an —0.03 + 0.00 -0.21
G,‘él /4n —0.46 + 0.00 0.12
G%l /4n 0.07 £ 0.01 4.37
TK\K, —2.00 £ 0.36 S
Ag (GeV) 0.84 +0.00 0.72
AR (GeV) 1.00 £ 0.00 1.25
Ohaa (deg) 90.00 £ 10.11 90.0
Phaa (deg) 0.00 £ 20.05 0.00
s 8729 9053
Npar 379 341
Ngata 7784 7784
22/ N o 1.18 1.22

*Not reported.

1. K*X° channel

Among all possible KX isospin channels, the yp —
K*X0 channel has the most abundant experimental data.
This is understandable since, as the production of Kt A, the
production of K*X is relatively easier to measure due to
stable proton target and relatively simpler technique to
measure the decay of A or Z° hyperon in the final states.
The experimental data mentioned here include those
obtained from the Crystal Ball (at MAMI) [20], CLAS
[17,30,31], GRAAL [32], LEPS, SAPHIR and SPring8
collaborations.

Figure 9 shows the comparison between the calculated
total cross sections before and after the inclusion of the
high-spin resonances, where the prediction of Kaon-Maid

30 | | |
25+ Model C ——— |
. Model D ------
~ 201 Kaon-Maid -~ |
2 CLAS 2006 ——
LS SAPHIR 2004 —o— |
g
© o}
g?
"n " iy,
0.5 s |

17 18 19 20 21 22 23 24 25
W (GeV)

FIG. 9. Total cross section of the yp — KX’ channel. Nota-
tion of the curves and experimental is given in the figure. Data
shown in this figure were not used in the fitting process of the
present model.

is also displayed to show the improvement made by the
current models. It is seen that the prediction of Model C
(solid red curve) is practically similar to that of Model D
(dashed black curve). The difference between both models
is very subtle and can be seen only at W = 2.0 GeV and
W~ 2.25 GeV. Overall, both models fit nicely the exper-
imental data, with an exception at W 2 2.15 GeV, where
we observe that there is a discrepancy problem in the
existing experimental data of total and differential cross
sections. This problem will be clarified later when we
discuss the result for differential cross section.

Comparison between differential cross sections obtained
from the two models is shown in Figs. 10 and 11. The
energy distribution of differential cross section shown in
Fig. 10 reveals that the difference between the two models
is most obvious at cos @ = 0.95. At this forward angle we
can see that the inclusion of the high-spin resonances yields
at least two structures in differential cross section at the
W > 2.6 GeV, which can be traced back to the resonance
masses.

Furthermore, the second peak in differential cross
section becomes more apparent and much closer to
experimental data after the inclusion of these resonances.
This peak still clearly appears at cos § = 0.80 and 0.65, and
quickly disappears as we move to larger kaon angles. We
have investigated the origin of this second peak and found
that it is due to the A(2000)F35 resonance.

p(v.KHE’

04 ———————
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0407

FIG. 10. Energy distributions of the yp — K*X differential
cross section for different values of cos 6. Shown in the figure are
the results obtained from Model C (solid red curve) and Model D
(dashed black curve). Experimental data shown are taken
from the CLAS 2004 (open squares [30]), SAPHIR 2004 (solid
squares [33]), CLAS 2006 (solid diamonds [17]), LEPS 2006
(solid triangles [21] and open inverted triangles [34]), CLAS
2007 (solid circles [31]), and Crystal Ball (open circles [20])
collaborations.
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FIG. 11. As in Fig. 10, but for angular distribution. The
corresponding total c.m. energy W is shown in each panel in GeV.

In addition, we also observe a third peak at
W ~ 2.3 GeV, which originates from the N(2290)G state
with spin 9/2, has positive parity, and earns a status of four-
star in the Particle Data Book [4]. Interestingly, this state
appears in the K*X° channel after the inclusion of higher
nucleon resonances. This peak also quickly disappears as
we increase the kaon angle, but appears again in the
backward angles. In the latter, both models are in agree-
ment with each other.

The angular distributions of differential cross section
shown in Fig. 11 support this finding. In general, the
agreement with experimental data are similar for the two
models. In the case when the experimental data from
different collaborations are scattered, the models try to
reproduce their average.

2. K'Z+ channel

The K°Z* channel is the last channel measured for the
proton target. Although proton is stable, detection of the
neutral kaon and positively charged X hyperon in the final
state is more challenging. Figure 12 shows the K°Z* total
cross sections obtained from both models, as well as
Kaon-Maid for comparison. Obviously, the three models
display different shapes of total cross section, which
originate from different nucleon and delta resonances used
in the models. We note that experimental data for this
channel are relatively scattered, especially in the energy
range 1.77 S W < 1.90 GeV, where the new SAPHIR data
are almost 50% smaller than the older SAPHIR data.
Fortunately, near the production threshold all data are in
agreement with each other and, interestingly, closer to the
prediction of Kaon-Maid. Nevertheless, at this point we
still observe that the inclusion of higher-spin resonances

Model C

L2y py kO zt Model D ------
Kaon—Maid
10 . MAMI A22019 —=— |
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=
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©
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FIG. 12. Total cross section for the yp — KT process
obtained from the present and previous models. Experimental
data are obtained from the SAPHIR 2005 [37], CBELSA 2008
[38], MAMI A2 2013 [39], and MAMI A2 2019 [15] collab-
orations. All data shown in this figure were not used in the present
analysis.

improves the model prediction. Furthermore, as shown in
Fig. 12, very close to the threshold the predictions of the
three models are very different. While the predicted cross
section of Kaon-Maid is slowly increasing with energy, the
calculated cross section of the present model (Model C) is
rising steeply and reveals the contributions of resonances
with masses near 1.7 GeV. We note that there are four
nucleon resonances and one delta resonance to this end. As
stated in Ref. [35], experimental data near the threshold
region are very crucial to understand the production mecha-
nism and related phenomenological applications [36].

Despite the fact that there are limited data available for
this reaction, the agreement between model calculation and
experimental data increases significantly with the inclusion
of high-spin resonances. As in the case of previous
channels, the inclusion of high-spin resonances leads also
to a number of structures in the total cross sections, as
clearly shown in Fig. 12.

The limited number of experimental data for the K°Z+
photoproduction clearly impose a strong constraint on the
range of validity of our present model. Figure 13 obviously
shows that the available data are relatively scattered, with
apparent peak at W ~ 1.95 GeV. This peak is more obvious
in the forward regions. Furthermore, in this figure we can
also observe that the inclusion of high-spin resonances
eliminates the small structure at W ~ 1.85 GeV and empha-
sizes the contribution of resonances with m =~ 1.7 GeV as
in the case of total cross section. More experimental data
are strongly required, especially at these energy points, to
clarify the effects of the inclusion of high-spin resonances
in the present model.

The angular distributions of differential cross section
shown in Fig. 14 clear up the difference between Models C
and D, which is visible in the whole angles covered by
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FIG. 13. Energy distribution of the yp — KOSt differential

cross section calculated from Models C and D for different values
of cos 6, compared with available experimental data. Notation of
the curves and experimental data is as in Fig. 12.
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FIG. 14. As in Fig. 13, but for angular distribution. The
corresponding total c.m. energy W in GeV is shown in each panel.

experimental data. The improvement of the model after
including the high-spin resonances is relatively unclear due
to the scattered experimental data. In general, the inclusion
of the high-spin resonances slightly improves the agree-
ment between model calculation and experimental data.
Both Figs. 13 and 14 indicate that the present model prefers
the new MAMI A2 2019 data set [15] in the energy range
1.8 < W < 1.9 GeV, where experimental data from differ-
ent collaborations are significantly scattered.

3. K*X~ channel

The KX~ photoproduction channel has nearly 300
experimental data points in the form of differential cross
section [34,40] and photon asymmetry [34]. These data
were included in the fitting process. Thus, the total cross

25 ;
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20t
éi 1.5¢
2 ok
S 10 ,
05k Model D ------
7 Kaon-Maid -
o4 ‘ ‘ ‘ ‘ ‘
1.7 1.8 19 20 2.1 22 23
W (GeV)
FIG. 15. Calculated total cross section of yn — KX~ process.

sections shown in Fig. 15 are pure prediction and cannot be
compared with experimental measurement. Nevertheless,
we still can see the small effect of the higher-spin
resonances near the KTX~ threshold, as in the case of
K°%* channel, and at high energy W = 2.1 GeV where no
experimental data are available to constrain the model.
Otherwise, both models C and D show similar trend.

The calculated K+X~ differential cross sections obtained
from both models are compared with experimental data in
Fig. 16. This figure reveals that the origin of the structures
shown in the total cross section. Near the threshold the peak
appears in the whole angular distribution, whereas the
difference between the two models at high energy origi-
nates from the backward angles. It is interesting to note that
at high energy the inclusion of the high-spin resonances
slightly increases the cross section, but in the backward
region this situation dramatically changes (see the panel
with cos @ = —0.65).
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FIG. 16. Energy distribution of the yn — K"~ differential
cross section. Notation of the curves is as in Fig. 15. Experimental
data are obtained from the LEPS 2006 [34] and CLAS 2010 [40]
collaborations.
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FIG. 17. As in Fig. 16, but for angular distribution.

For completeness, we have also checked the angular
distribution of KX~ differential cross section. Figure 17
shows the comparison between both models and experi-
mental data. Similar to Fig. 16, we can see that the difference
between models C and D is also small, except at high energy,
ie., at W = 2.174 GeV and backward angle.

4. K'2° channel

The K°X° channel has very limited experimental data.
They were obtained by the MAMI A2 2018 collaboration
by measuring photoproduction of neutral kaon on a
deuteron target. Although the number is very limited,
the existence of experimental data in this channel signifi-
cantly helps to constrain the prediction of the present
model. Figure 18 shows the comparison between calculated
total cross sections obtained from previous and present
models and experimental data. It can be seen that the
inclusion of the high-spin resonances improves the model,
although the cross section trend is relatively well

20} 0,0 /]
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z 10 + . ]
©
0.5 1
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FIG. 18. Total cross section of yn — K°%% process. Experi-

mental data [15] shown in this figure were not included in the
fitting process of the present model.
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FIG. 19. Energy distribution of the yn — K°%0 differential
cross section. Notation for the curves and experimental data is as
in Fig. 18.

reproduced by the three models. The importance of the
nucleon and delta resonances with m ~ 1.7 GeV is slightly
shown by Model D near the production threshold.

As shown in Fig. 18 the total cross sections increase
monotonically with increasing energy. In fact, the predicted
total cross section of the present model is more than 3 ub at
W =2 GeV, which seems to be unrealistic if we compare
it with those of the neutral kaon productions shown in
Figs. 6 and 12. Thus, total cross section data up to 2.5 GeV
are very important to this end.

Figures 19 and 20 compare the calculated differential
cross sections obtained from the previous and present
models with experimental data. Figure 19 shows that
models C and D start to differ at W ~ 1.86 GeV, where
no experimental data are available to constrain them. The
inclusion of the high-spin resonances in this channel
improves the cross section divergence, which is urgently
required in forward regions. Interestingly, the two models
predict a resonance structure above this energy point, albeit
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FIG. 20. As in Fig. 19, but for angular distribution.
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with different positions. Certainly, experimental data in the
energy range 1.8 < W <2.2 GeV are very important to
determine which resonance is responsible for this structure.

The angular distributions of differential cross section
shown in Fig. 20 reveals that the cross section of the K90
photoproduction has backward-peaking behavior. This
indicates the dominance of wu-channel in this process,
which is easily understood from the fact that this process
does not have a ¢-channel in the Born terms since a neutral
kaon cannot interact with real photon.

C. Extracted resonance properties

Having investigated the effect of high-spin resonances
on our models, we are ready to discuss the resonance
properties, i.e., their masses and widths, at their pole
positions, before and after including the high-spin reso-
nances. Note that during the fitting process we allowed the
resonance masses and widths to vary within the estimated
error bars of PDG. In Table V we show the resonance
masses and widths evaluated at their pole positions
extracted from the present and previous works, compared

TABLE V. Masses and widths of nucleon and A resonances evaluated at the pole position in MeV, obtained from the present work
(Models A and C), previous works (Models B [3] and D [29]) and PDG [4]. The status of resonances is due to the PDG [4].

PDG Model A Model B Model C Model D
Resonances Status Mpole 1—‘pole Mpole l—‘pole Mpole 1—‘pole Mpole l—‘pole Mpole 1—‘pole
N(1440)P, #HkE 137010 1754+ 15 13054+£27.9 173 £46.0 1305 173 1355+£52 208+72 1324 188
N(1520)D 5 kil 1510 £5 110f510 1488 £3.5 1124+10.8 1495 101 1487 +44 1124+11.7 1489 100
N(1535)S}, #EEE 1510210 1304+£20 1508 £15.0 169 £26.0 1475 162 1474 +152 2254173 1530 129
N(1650)S}, #EEE 165515 135435 1599+1.5 230+£50 1612 232 1600+ 18.1 230+4.7 1664 176
N(1675)D 5 Hkkok 1660 £ 5 135j113 1639 £ 0.0 147402 1640 147 1629+2.7 164+14.1 1643 136
N(1680)F s ok 1675j]50 120j113 1644 +09 11906 1651 123 1653+29 121 +£7.6 1667 98
N(1700)D 5 Hk 1700 £50 200+ 100 1668 4+0.3 155+£0.2 1692 158 1637 £0.6 183+£0.6 1630 111
N(1710)Py, #EEE 1700 £20 120440 165809 120£29 1657 175 1676 £0.8 71 £+£3.0 1705 47
N(1720)P,3 #EEE 1675 £ 15 250j1138 1632 +£0.1 22004 1648 193 1578 £0.7 242 +1.5 1665 300
N(1860)Fys  ** 1830720 250710  1874+02 226+04 1862 217 1836+04 241407 1787 156
N(1875)D 3 Hk 1900 £50 160+60 18404+0.2 230+£1.0 1815 222 176549 223+0.7 1757 219
N(1880)P, HHk 1860 £40 230450 1753 +1.7 325+£0.7 1785 298 1836 +4.8 278 £3.2 1831 166
N(1895)S,; #FEE - 1910£20 110430 1874 +0.2 299+04 1876 224 1848 +0.1 32004 1893 90
N(1900)P,; #EEE 1020420 1504+£50 1846+0.2 265+04 1865 256 1874 +0.7 186 £0.8 1899 239
N(1990)F; wE 203065 2404+60 19354+0.8 249+ 1.3 1867 240 1916 +0.5 225+ 1.2 2044 273
N(2000)F s *% 2030 40 3804+60 1858 +0.2 264+0.5 1932 273 1898 +1.2 2604+2.6 1978 232
N(2060)D5 Ak 2070f568 400f§8 1950 £ 0.7 400403 1856 341 19514+12 401+1.1 1968 334
N(2120)D; #kEk 210050 28060 1963 +0.7 354+£0.1 1884 354 1957 +£0.7 38515 2029 274
N(2190)Gy; #FEE 2100 £50 400+ 100 2014 +0.6 241 +£03 2025 244 2059 £30.7 256 t+64.4 2142 211
N(2220)H HAE 217038 4()0j§8 2047 +£04 220£2.0 2020 228 2114+184 240+53.0 2131 202
N(2250)G,y #xkk 2200 £ 50 420j§8 2138 0.5 284 4+49 2085 265 21384+22 285+4.6 2193 219
N(2600)1, 1 Hk 2318 +1.9 2724339 2389 +11.4 3104349
N(2700)K i3 wk e e 2393 +£34 247 +18.0 2457 £ 17.7 253 +£41.8 e e
A(1232)P3;3 Hkokok 1210 £ 1 100 £2 1209 = 1.7 82+£52 1205 82
A(1600)P3;3 #xEE 1510 £50 270 £ 70 1444 £ 64.3 170 4+52.5 1457 168
A(1620)S5, #EEE 1600 £ 10 120 =20 1565 £15.6 140+£20.2 1598 152
A(1700)D3;3 #EEE 1665 £25 250 + 50 1616 3.6 221 +12 1646 161
A(1900)S5, wk 1865 +35 240 £ 60 1760 £ 0.3 375+£1.0 1938 330
A(1905)F3s #FEE 1800 £30 300 +40 1772 £4.7 228 +£153 1797 212
A(1910)P5, xRk 1860 30 300 4+ 100 1836 = 0.4 35109 1859 317
A(1920) P33 Hk 1900 £ 50 300 + 100 1758 £4.0 281 4+7.7 1893 193
A(1930) D35 ko 1880 £40 280 + 50 1850 + 0.2 314+ 0.7 1933 199
A(1940)D5;3 i 1950 £ 100 350 4 150 1878 £ 0.2 334 +£1.1 1880 349
A(1950)F3; #EEE - 1880£10 240 20 1835 +£2.3 208 5.7 1848 208
A(2000)F 35 #2150 + 100 350 £ 100 1844 £16.8 275+42.4 2081 328
A(2300)H g *% 2370 £ 80 420 4+ 160 2318 +=4.7 288 £4.3 2341 200
A(2400)G3y w 2260 +£ 60 320 4+ 160 2282+ 1.2 386 4.1 2409 329
A(2420)H5;  *#** 2400 + 100 450 + 100 2302 £ 604 288 £1183 .- e
A(2750)15 13 kox 2454 +£28.3 309 £64.3
A(2950)K3 15 wE 2572 +£33.6 297 £88.2
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with those listed by PDG [4]. Note that for the N (2600)/ 1,
N(2700)K 13, A(2750)13 13 and A(2950)Kj5 ;5 resonances,
the PDG does not have any information yet. Therefore, in
this case, the result shown in Table V provides the first
estimate for these resonances.

In the KA photoproduction the agreement between the
extracted properties of nucleon resonances and those of
PDG is in general from fair to good. The same situation is

TABLE VI
(Models B [3] and D [29]) and PDG [4].

also seen in the KX one. Good agreement with the
PDG values is observed in the case of the N(1520)D 5
and A(1232)P;; resonances. Certain resonances with
low rating status, e.g., the N(1875)D;3, N(2000)F ;5 and
A(1900)S5; states, show notable deviation from the PDG
value. This indicates that the less-established resonances
tend to produce the resonance properties that significantly
deviates from the PDG values. From Table V it is also

Breit-Wigner mass and width of nucleon and A resonances in MeV from present work (Models A and C) previous works

PDG Model A (KA) Model B (KA) Model C (KX) Model D (KX)
Resonances Mass Width Mass Width Mass  Width Mass Width Mass  Width
N(1440)P,, 1440 £30 350 +100 1410+49 450+41.3 1410 450 1470 £ 8.0 450 + 7.6 1420 450
N(1520)D 5 1515 £5 110 £10 1520 4+2.1 1204+12.3 1520 100 1519 £09 120+ 13.3 1510 125
N(1535)Sy; 1530 £ 15 150£25 1545 4+3.7 1254485 1545 175 1545 £27.7 1754327 1545 125
N(1650)S, 1650 £ 15 125+£25 1545425 150+£0.8 1645 159 1635+294 150+£9.8 1670 170
N(1675)D 5 167515 1454+ 15 1635+0.1 1304+£03 1680 130 1680 £9.6 160+21.2 1670 165
N(1680)F s 1685 £5 120j510 1680 £ 1.5 115£0.7 1690 120 1690 £ 1.0 115£9.9 1686 120
N(1700)D 5 1720j§8 200 £ 100 1712405 134+0.5 1731 102 1706 = 1.0 201 £0.9 1650 129
N(1710)Py, 1710 £30 1404+£60 1708 £0.5 1824+3.0 1733 1250 1697 £ 0.4 80 £2.8 1710 50
N(1720)P 3 1720f28 250:‘38 1703 £0.5 208 £0.6 1700 2189 1687 £ 0.0 340 £2.3 1750 400
N(1860)F s 1928 £21 376 £58 19804+0.7 2354+0.8 1960 220 1971 £ 1.0 3374+1.2 1829 220
N(1875)D 3 18753‘? 200:{80 1918 =14 177 +£2.2 1858 180 1850 = 8.7 213 +£0.9 1820 320
N(1880)P, 1880 £50 3004100 1930 +4.4 400+1.2 1915 280 1930 £ 9.6 200+ 7.7 1856 180
N(1895)S}, 1895 + 25 120j§8 1903 £0.7 142+1.2 1893 106 1884 + 0.7 157 £ 14 1893 90
N(1900)P,3 1920 £ 30 200:'38 1920+ 0.6 169 +1.1 1930 151 1907 £ 1.6 100 £1.9 1930 250
N(1990)F; 2020f§8 300+ 100 2057 +2.9 245427 1995 265 2013+ 1.5 200 £ 2.5 2125 400
N(2000)F 5 2060 £30 390+£55 20304+04 4454+0.9 2090 338 2046 £ 0.9 3354+4.8 2044 335
N(2060)D,5 2100f7180 400j1580 2200 +£2.2 450+£0.8 2060 450 2200 +2.7 450 £ 2.7 2060 450
N(2120)D 5 2120fg‘8 300j§8 2126 +£14 275+03 2075 375 2160 £ 1.6 345 +£4.2 2075 305
N(2190)G,; 2180440 400+100 2159+ 1.8 300+0.5 2181 300 2216 £5.1 300+ 127.8 2200 300
N(2220)H,9 2250 £+ 50 400f5‘g° 2200+2.5 350+3.1 2200 500 2284 +£24.2 3504927 2204 369
N(2250)G,y 2280f§8 500388 2320+ 1.8 300+ 11.2 2283 300 2320+2.2 3004104 2250 300
N(2600)1, 1 2600f5130 650 £ 150 2573 +6.9 500+ 61.8 2750 +£7.8 800 £ 59.1
N(2700)K, 3 26124+45 350+50 2621 +3.3 400+ 17.8 2675 +9.6 3004+ 89.9 e e
A(1232)P33 1232 +2 117 +3 1234 +2.8 114 £ 4.0 1230 120
A(1600) P33 1570 £ 70 250 £50 1500 +£99 200+ 68.6 1500 220
A(1620)S3, 1610 £20 130 4+20 1590 £28.8 110 4+30.3 1600 150
A(1700) D33 1710 £20 300 % 800 1730 £5.9 355+1.2 1686 213
A(1900)S3, 1860f§8 250 +70 1920+ 1.2 320 +£2.7 1920 325
A(1905)F35 188032 330j678 1910 £6.7 400+21.9 1878 400
A(1910)P5, 1900 £50 300 &+ 100 1950 £ 1.0 242 £ 2.5 1910 340
A(1920) P33 1920 £50 300 £ 60 1970 £1.2 360+ 14.5 1908 195
A(1930) D35 1950 £50 300 % 100 2000 £ 0.6 313+ 1.5 1963 220
A(1940)D3; 2000 £ 60 400 + 100 2044 £ 1.3 330 £ 2.7 1994 520
A(1950)F3; 1930 £ 15 285 +50.0 1934 £ 2.2 2354+9.7 1915 335
A(2000)F 35 2015 +£24 500 £+ 52 2039 6.8 552 +65.6 2192 525
A(2300)Hzy 2400 4 125 425+ 150 2525 +12 2754+10.6 2393 275
A(2400)G39 2643 4+ 141 895 1432 2641 £4.2 544 +£10.1 2504 463
A(2420)H5; 2300+ 150 500 + 200 2515 £12.5 300 4+ 281.3
A(2750)1513 2794 £80 350+ 100 2760 £2.3 450 + 141.0
A(2950)K3,15 2990 + 100 330+ 100 2890 £ 129.2 430+ 193.3
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apparent that the nucleon properties obtained from Model
A have a better agreement with the PDG values, in contrast
to Model B, especially for the resonances whose masses are
less than 2000 MeV, as well as for the N(2220)H o and
N(2250)G,q states. Furthermore, we can also observe that
Model D seems to produce higher extracted masses than
Model C. On the other hand, the calculated widths obtained
from Model C are found to be closer to the PDG values,
except for the N(2190)G,7, N(2220)H 9 and N(2250)G
resonances.

The difference between the mass of N(2700)K, 3
resonance extracted from the KA and KX channels seems
to be large, i.e., nearly 100 MeV. Furthermore, the extracted
masses are smaller than the Breit-Wigner ones, as can be
seen in Table V. Nevertheless, the masses and widths of the
two resonances extracted in this work provide the first
prediction of their pole properties.

In contrast to the N(2600)/;,; and N(2700)K, i3
resonances, the extracted properties of the A(2420)H;
resonance are in a good agreement with the PDG values.
For the other two high-spin A resonances, i.e.,
A(2750)15 153 and A(2950)K3; 5 states, the PDG does not
have data for comparison. For both A(2750)I5 3 and
A(2950)K; ;5 resonances the extracted masses at the pole
position are much smaller than those of the Breit-Wigner.
Since the resonances affect the cross section and other
polarization observables only at high energies, i.e.,
W =z 2.7 GeV, a study devoted for high energy photo-
production would be very relevant to this end. This would
be also in line with the 12 GeV JLab experiments that are
currently in progress.

In Tables V and VI we have also included the error bars
both from PDG and the present work. Note that the
previous works did not report the uncertainties in the
extracted resonance masses and widths. The quoted error
bars of the present work originate from the CERN-MINUIT
output used for the fitting process, where we employed the
MIGRAD minimizer that produces both estimated error
bars of the fitted parameters and error matrix [41].

The error bars obtained from the MINUIT indicate the
flexibility of the model to the variation of the resonance
masses and widths to reproduce the data, i.e., the larger the
error bars the more flexible the model. As a consequence, in
the energy region where precise experimental data are
abundantly available the error bars are forced to be small.
Thus, we might expect that the error bars are large below
and near the threshold region and for W = 2.4 GeV
(see Fig. 21). This is proven in Table V, where we can
see that relatively larger error bars are obtained in Model A
(KA photoproduction with W™ ~ 1610 MeV) for the
N(1440)P,;, N(1520)D3, N(1535)S,; resonances. In
Model C (KX photoproduction with W' =~ 1690 MeV)
three more resonances, i.e., the N(1650)S;,, N(1675)D;s,
and N(1680)Fs states, also exhibit this phenomenon.
Only the A(1232)P5; resonance has very small error bars,
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FIG. 21. Energy distributions of the experimental data used in
the fitting process of Model A (KA photoproduction) and model
C (KZ photoproduction).

since PDG has estimated this resonance with very precise
mass and width, whereas during the fitting process we
allowed these parameters to vary within the PDG uncer-
tainties. In the higher energy region we observe that all
baryon resonances with mp 2 2400 MeV show the rela-
tively larger error bars.

In conclusion, we have observed that the addition of the
high-spin resonances, with spins from 11/2 up to 15/2, in
our isobar models improves the agreement between their
pole properties extracted in this work and those listed
by PDG.

IV. SUMMARY AND CONCLUSION

We have derived the spin-11/2, —13/2, and —15/2
resonance amplitudes for kaon photoproduction off the
nucleon by using the covariant Feynman diagrammatic
technique. For this purpose we made use of the consistent
interaction Lagrangians proposed by Pascalutsa and
Vrancx et al., as well as the formulation of spin-
(n+ 1/2) resonance propagator put forwarded by Vrancx
et al. We have studied the effect of high-spin resonances in
the kaon photoproduction processes by including the
N(2600)I;;; and N(2700)K; 3 states in our previous
model for KA photoproduction and the N(2600)/; i,
N(2700)K1'13, A(2420)H3’11, A(2750)1313, and
A(2950)K3 ;5 states in our previous model developed for
K% photoproduction. In general, the inclusion of these high-
spin resonances improves the agreement between model
calculations and experimental data, which is indicated by the
smaller values of »? in all isospin channels. The inclusion of
the high-spin resonances also helps to overcome the problem
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of resonance-dominated model, since the inclusion increases
the hadronic form factor cutoff of the Born terms and,
therefore, increases the role of the Born terms in both KA
and KX models. Specifically, in the K*A channel the
inclusion leads to fewer resonance structures in the cross
sections and polarization observables. The effect is signifi-
cant in the high energy differential cross section, near the
resonance masses and at forward direction. Different from
the Kt A channel, the effect in the K°A channel is more
obvious and can be observed in both low and high energy
regions. Furthermore, in this channel the effect is found
to be large in both forward and backward angles. In the
K*2Y channel the effect is only significant in the forward
region, where a number of resonance structures appear
after including the high-spin resonances. Two of them are
important to note here, i.e., the A(2000)F;5 and
N(2290)G,9 resonances, which are responsible for the

second and third peaks in the K+X° differential cross
section. In contrast to the KX channel, the K°S* channel
is found to be sensitive to these high-spin resonances. In this
case, the effect can be observed in the whole energy range
covered by experimental data and the whole angular
distribution. The effect is, however, not observed in the
KTX~ and K°%0 channels, at least in the whole kinematics
where experimental data are available. Finally, we found that
the addition of the high-spin resonances leads to a better
agreement between the extracted resonance properties and
those listed by PDG.
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APPENDIX: FORM FUNCTIONS A; FOR BARYON RESONANCES
WITH SPINS 11/2, 13/2, AND 15/2

The extracted form functions A; given in Eq. (54) for baryon resonances with spin 11/2 read

Al:

1

1
|:14C1D1(S :t mN»«m,\) + 10D3{(m/2\6’k — prA) :l: NN <_Ckcl\ - bp) }:| G]
N

1 4
+ E(m,, + my) [{(mpc[\ —myc,) £ my- (m,,m,\ - ;c,\cl,> }{2801(c1 —b,c,)Dy — Ek2cchD5 + D3}

2

1 4 1
— bp (mA :I:;mN*cA>D3 + 7mN*{(C1 — prS>D2 —;k2C102CPD4}:| G2 + |:_ (mp + mA){(S + mN*mp)

1 1
X {—7cSD2 - 4clc2D4Eck} - {(mpmA + 1lcy) £ my- <EmpcA + 11mA> }D3

1 1
— {(prA - mpmAck) + m N+ <;mpcAck - mAbp> } (—28C1CSD4 - 4C2D5 ;Ck> }

6 1
+ 9 (6m,cp + 6mpc, +mpcy) & my- <6mpm,\ +EC”CA + SckcA> }D3 F 7mN*chl] G;,

1

r—myg

4
7 {[—20k2D3(CA :l: mN*mA)]Gl + |:7<—S :I: mN*mp){(bpcs - CI)DZ + —k2C1C2CpD4}
N

1 1
- m,k* <mA + ;mN*cA> D; + 4{(mpmAck —b,cp) Emy- <;mpcAck - mAbp> }{701D4(bpcs —cy)

1 1 1
+ —k2c2c,,D5H G, +m, Km,\ + —mN*cA> {D3k2 +56¢1¢,Dy(cy = b,c;) — 8¢y —kzckchS}
s s s

1 1
+ {(mpcA +myc,) £ my- (mpmA + ;cAcp> }4/{2 <7clcSD4 + ;czckD5>

1
+ 7me{D2(k2CS - qu) - 4C1C2k2D4 <1 + ;Cp> }:| G3},
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1 1 1
A3 = |:10CkD3 (m,\ j:—mN*cA> Zl: 14mN*C1D|:|G| +§ [{(mpc,\ —m,\cp) :I:mN* (mpm,\ __C/\Cp>}
N S
I 4, I
X 28C1D4 C1+bp 1+_CA ——k CQCpD5+D3 —bp mAi—mN*cA D3
N N N
1 4, 1 1 1
:|:7mN* C1+bp 1+—CA Dz——k ClCZCpD4 G2+§ 7(S:|:mN*mp) 1+—CA D2—4C1C2—CkD4
S N S N

1 1
- {(mpm,\ + llcy) £ my- (;mpc,\ + 11mA) }D3 - {(bpc,\ —mpympcy) £ my- <;mpc,\ck - mAbp) }

1 1
X {28C1D4 (1 +_CA> _4C2D5_Ck}:| G3, (A3)
N N

1 1 1
A4 = |:10C'kD3 <mA j:—mN*cA) Zl: 14mN*C1D2:| Gl +§ |:{(mpCA - mACp) :IZ mN* (mpmA __CAC[J> }
s s
4, 1
X 28C1D4(Cl - b,,cs) ——k C2CpD5 + D3 - bp mu :I:—mN*cAD3 :l: 7mN* (Cl - prS)Dz
s s
4, 1 1
——kicicyc,Dy ¢ |Gy +§ T(s £ my-my)4 —cDy —deycaDy—cy p = § (mymp + 11cy
s s
1 1
tmy | —mpuep + 1lmy | D3 =S (bycp —mympcy) £my-| —m,cpc, —mpb,
s s

1
X {—286165D4—4C2D5 ;Ck}i| G3, (A4)

1
t—m%

1 1 1
+ mpC5 (m,\ ismN*CA>D3 + 4{(mpm,\ck - prA) + M+ <smpCACk — m/\bp> }{7C1D4 <b[) + b/\ —SCAC5>
1 1 1 8 1
—;CzcschS G2+mp —5 mA:I:EmN*CA Cs D3—;C2CkaD5 +56C1CkD4 bp+bA_;cACS

1 1 4
- {(mpc/\ =+ mAcp) + m (mpm,\ + ECACP> }{28C|D4 (41),\ - k2 - ECAC5> + ECQC5CkD5}

7 1 1
:*:EI’H,N* {DQ <k2 - qu +—CAC5> +4C1C2C5D4<1 +—Cp) }:| G3}, (AS)
N N

A5:

1 1 4
{[10C5D3(CA Zl: mN*mA)]Gl +§ |:7(—S Zl: mN»«mp){Dz <bp + b/\ _;CAC5> —;C]C2C5CPD4}

1 1
Ag = [10{(mps + m,cp) £ my-(cp +mpmy)}D3]Gy + 3 H(’”pcA —macy) £ my- (mpm/\ - ;CACP> }
4 1
X ¢ D3 +28¢Dy(cy + bjcy) ——cyc4c,Ds ¢ + b, | my £ —my-cy | Ds
s s
4 1 1
+ Tmy-q Dy(cy + bjycy) ——ciccac,Dy ¢ |Gy —l—imp 7(s & my-my)4 Dycy —4cicoDy( 14+ —¢,
s s
1 1
+ D3{(mpmA —9cp) £ mpy- (Empc,\ — 9mA> } + 4{7clcSD4 + ¢,D5 <1 + Ec”> }{(mpmAck —b,cy)

1
+ my- <—mpcAck—mAb,,) HG3, (A6)
s

whereas the extracted functions A; for baryon resonances with spin 13/2 read
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1
A] = |:2D6<—S :IZ mN*m,\) + 12C1D7{—(m12\6’k - prA) Zl: mN*mA (_Ckcj\ - bp) }:| G]
N
1 i 20 ,
+ E(mp +mp) | =(m,cp —mpc,) £ my- | m,my — L EACp 5D,(cy = b,cy) — Tk c1c3¢,Dy + 1Dy
1 5, 1
— bp —Mmp i;mN*CA Cng + m = 3C1(C1 — prS>D9 —;k C2CpD2 G2 + E(mp + mA)

1 1
X {(—s + mN*mp){—3csch9 - 5—czckD2} - {—(mpm,\ + 13cy) £+ my- <—mpc,\ + 13mA> }Dg
s s

1 4
+ 5{—(bpcA — mpympcy) £ my- (Empc/\ck - mAbp> } <CSC%D2 + ;ClczckD4> }

7 1
+ ¢ {—(7mpc,\ +Tmpc, +mpcy) £ my- <7mpm,\ +EcpCA + kaCA) }Ds ¥ mN‘D6:| Gs, (A7)
1 5 5
Ay =7 P2 Dy (—en £ my-mp )Gy + | (s £ my-mp)q 3er(byes =)Dy + - koere, Dy
- mk

1 1
—m,k*c, <—mA :I:;mN*cA> Dg + {—(mpm,\ck —b,cp) Emye <EmpcAck - mAbp> }{SDz(bpcS —cy)
20 , 1 ) 40 ,
+—k*cicac,Dy ¢ |Gy +my, | | =mp £ —mpy.cp | k*c;Dg + 10ci(cy = bycg)Dy ——k*cicycpc Dy
s s s
1 , 4
+ —(mpCA—i-mACp):I:mN* mpmA—‘y—;cAcp Sk CSD2+;CIC'2C](D4
1
i me{?)Cng(kZCS - 2bq) - 5k2C2 <] + —CP>D2}:| G3}, (A8)
s

1

1 1
Ay = [12ckc1D7 <—mA :I:—mN*cA) + 2mN*D6} G, +§ [{—(m,,c/\ —mpc,) £ my- <mpmA - —cAc,,> }
s s

1 20 1
X (5D2+C%C%) C]"'bp 1+_CA ——k2C1C2CpD4+C1D2 —bpcl —mA:I:—mN*CA Dg
S N S

1 5 1 1
:I:mN*{Scl <C1 +bp <1 +—CA>)D9 ——kzcchDz}]Gz +§ |:(—S:tmN*mp>{3C1 <1 +—CA)D9
N N N

5 1
- —czcsz} - {—(mpmA + 13cp) + my- (—mpcA + 13mA> }Dg - 5{—(prA — mymycy)
s s

1 1 4
:l: mN* (—mpc/\ck - m,\bp> }{ <1 +—CA>D2 —_C]CQCkD4}:| G3, (Ag)
N N N

1 1 1
Ay = {120k01D7 <—mA + —mN*cA> + 2mN*D6] G += [{—(mpc,\ —mpc,) £ my- <mpmA - —cAcp> }
s s

2
20 , 1
X 5D2(C1—bpcs)——k C1C2CPD4+01D8 —bpcl —mA:I:—mN*CA ng:mN* 3C1(C1—bPCS)D9
S S
5, I 5
—;k CchDz G2+E (—S:I:mN*mp) —3CICSD9—;62CkD2 —C1 —(m,,mA+l3cA)

1 1
+ my- (—mpcAl3mA> }Dg - 5{—(bpcA —mympcy) £ my: (—mpcAck - mAbp> }
s s

4
X <—cSD2 ——c czckD4>} G;, (A10)
s
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1 1 5
A5 = {[12C5C]D7{—C/\ ZIZ mN*mA}]Gl +§ |:(S :l: mN»«mp){3cl <bp + b/\ —ECAC5>D9 _ECZCSCPDQ}

2
t—m%

1 1
+ mpcscy <—mA + ;mN*CA> Dg + {—(mpmAck —b,cp) £ my- (;m,,cAck - mAb,,> }
1 20 1 1
X 3C‘1D9 bp+bA_§CACS —?CICZCSCPD4 G2+mp mAZF;mN*CA §C1C5D8
1 1 5 1
+ 10¢,D, bp+bA—EcAc5 +2001czc5D4;c,,ck + =4 (mycp +mpc,) F my- mpmAJrEcAc,,

2

1 1 1 1
X { <4bA - k2 ——CAC5>D2 +4C1C2C5—CkD4} iEmN*{?)Cng <k2 - qu +—CAC5>
s N N
1
+ SCZCSDZ <1 +—Cp> }:| G3},
S

1 1
Ag = [12¢{=(mps + m,cp) £my-(cp + mpmy) }D7]Gy + 3 H—(mpcA —mpc,) £ my- <mpmA - ;c,\cl,> }
20 1
X C1D8+5D2(C‘1+prS)—?CIC2C4CpD4 +bp —mAZl:;mN*CA Cngj:mN* 3C1(C1+prS)D9
5 1 1
—=cycqc,Dy 0 |Gy + 2™ (=s £ my-m,)< 3c;Dycg — 5¢,D, | 1 —i—;c,, — ¢ Dgq (m,mp —1lcy)
s
1 1
T mpy+ —mpCA—llmA =+ 5D2Cs—20C1C2D4 1+;Cp
s
1
X (prA—mpmAck):I:mN* —mpc/\ck—m,\bp G3,
s
where we have defined
Dy = 33c¢} +30cicyes + 11c3cl,
D, =33c} + 18cicycs + 3¢3,
D; =2lct + l4cieyes + c3¢3,
D4 = 36% + CyC3,
D5 = 76% + CrC3,
Dg = 429¢% + 5(99¢tcyc3 + 27cic3cl + e3c3),
D7 = 33ct +45cicycs + 5¢3c3,
Dg = 33ct + 120cicyc3 + 5¢3¢3,

Dy = 143¢1 + 1103 cy03 + 15¢3¢3,

while ¢y, ¢,, ¢3 and other parameters are defined in Eq. (53).
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Finally, the extracted functions A; for baryon resonances with spin 15/2 read
_ o) 7 7 4 2 ! b
Ay = [(12879¢] + 126¢,F)(s = my-mp) + (14F3 4+ 60c3¢3)3 (micy — b,ycp) &+ my-my Sekea=by G,
1 1 I,
+§(mp+mA) (mycp —mpcy) £ my- MpMp = —CAC) Fu(c —bpcs)—;k Fsc, + Fj
1 1,
—bp mAj:EmN*cA F3imN* (Cl—pr3>F1—;k F2Cl7 G2
1 1 1
—+ z(mp—l—m/\) (s:l:mN*mp) _CsFl —ECsz - (umA+15CA)Zl:mN* ;mp(:/\"'lsm/\ F3

1 1
{ (bycn —mympcy) £ my- (—mpc,\ck - mAb,,> } <—F4C5 - —ckF5>}
s s

8 1
—l—{ (8m,cp +8myc, +mpcy) £ my- <8m mA—|— CpCp + = ckcA> }F3 F mN*chl] Gs, (A22)

1
A, = {[ —4k*(TF5 + 30c3 cg)(cA:I:mN*mA)]Gl + {(—s:l:mN*mp){(bpcs —c))F, —l—;kchFz}
—my
, 1 1
- m,k mA:I:EmN*cA Fy+ S (mpympcy —b,cp) & my- ;mpcAck—mAbp
1, 1 )
X § Fy(bycg—ci) +~k“c,Fs ¢ |Gy +my, || mp £ —my-cp | F3k> +2¢,Fy(cy — byey)
s s
1, 1 , 1
—;k 2CkaF5 + (mpCA—i—mAcp):I:mN* mpmA—l—;cACp k CSF4 +;CkF5

+ my{ Fy(kK*c, —2b,) — F3k* 1+1c Gs ¢, (A23)
{re 2= (1450, ) o}

1
|:2Ck(7F3 + 306‘2C3) (mA :l: —mN*cA) :l: 2mN* (64356‘? + 63C1F6):| Gl
S

[ 1 1 1

{(mpcA—mAc ) & my- <m my — scAcp)}{F4<cl +bp<1—|—sc,\>> _skchF5+F3}
1 1 1,

_bp mA:I:;mN*CA F3:|:mN* C1+bp 1+§CA Fl_Ek CpF2 G2

1 1 1 1
5 (simN*mp){(l—}— CA>F] Fzgck}—{(mpm,\—l-ISCA):I:mN*<EmpC,\+15mA>}F3
1 1 1
— {(prA - mpmAck) :l: M N+ (;mpcAck - mAbp> }{F4 (1 +ECA> - FSECk}:| G3, (A24)

1
Ay = |2¢,(TF3 4 30c3c3) (mA + —mN*cA> + 2my- (6435¢] + 6301F6)} G,
s

+

N[ =

[ 1 1
+ {(mpc,\ —myc,) £ my- <mpmA - ;c,\cp> }{F4(cl —b,cy) — ;kchFs + (5¢1 + 0203)}

N =

1 1
- bp<mA:|:EmN*cA>F3 :l:mN*{(cl _bpcs)Fl —EkchFz}]Gz

_|_

[ 1 1
(S Zl: mN*mp) <—CSF] - FZECk> - {(mpm,\ + ISCA) Zl: mN* <;mpc,\ + 15m,\> }F3

1
2
1 1
{(b ey —mympcy) £ my- <Empc,\ck - mAb,,) } (—cSF4 - FS;Ckﬂ G;, (A25)
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1 1 1
AS = {[2C5(7F3 + 30C%C§)(C’A :l: mN*mA)]Gl +§ |:(—S :l: mN»«mp){Fl (bp + bA _ECACS) —;C5CPF2}

2
t—m%

1 1 1
+mycs (mA + ;mN*cA> Fz+ {(m,,m,\ck —b,cp) £ my- (Em,,c,\ck - mAb,,> }{F4 (b,, + by — ;CAC5>

1 1 1 1 1
_ECPCSFS}]G2+mP |:—§ (mAi;mN*CA>{C5<F3 —;CkaFs) +CkF4<bp +bA_ECAC5>}

1 1 1
- {(mpc/\ +mAcp) :I:mN* <mpmA +ECACP>}{F4<4bA —k2 _;CAC5> +ECkC5F5}

1 1 1
:l:EmN*{Fl <k2 —qu +—CAC'5> + C5F2 <1 +—Cp> }:| G3}, (A26)
s s
Ag = 2{(mps + mpcp) £ my-(ca +mpmy)}(TF5 +30¢3¢3)]G,
1 1 1
—|—§ {{(mpcl\ —mAcp) :I:mN* (mpmA _;CACp> }{F3 +F4(C1 +prs> —;CPC4F5}
1 1
+bp mA:I:EmN*cA F3:i:mN* Fl(cl+b[)c‘&‘)_§c4c[)F2 G2
1 1 1
—|—§mp (s £my-m,)q Ficg —F,( 1 +§cl, + F3q (m,mp = 11cy) £ my- S MpCA = 11my
1 1
+ < ¢ Fy+ Fs 1—|—Ecp (mympcy —b,cp) = my- Empc,\ck—m,\bp G;, (A27)
|
Ysl:zlre in terms of ¢y, ¢, and c¢5 defined in Eq. (53) we have Fu = 18¢,(143¢% + 1102¢5¢5 + 15¢3¢2), (A31)
Fy = 45(143¢$ + 143cteye3 + 33c3c3c + c3¢3), (A28) Fs =30c,(33¢t + 18cicrcs + ¢3¢3).  (A32)
Fy = 9¢1¢;(286¢1 + 220cicycs +30c3c3),  (A29) Fg = 143c}cycs + 55¢ic3cd +5c3¢3. (A33)
Fy = 429¢% + 495¢tcyc3 + 135¢ic3c3, (A30)
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