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A systematic analysis of the K*X photoproduction off proton is performed with all the available
differential cross section data. We carry out a strategy different from the previous studies of these reactions,
where, instead of fixing the parameters of the added resonances from PDG or pentaquark models, we add
the resonance with a specific J© and leave its parameters to be determined from the experimental data.
When adding only one resonance, the best result is to add a N*(3/27) around 2097 MeV, which
substantially reduces the y? per degree of freedom to 1.35. There are two best solutions when adding two
resonances, one is to add one N*(3/27) and one N*(7/27), the other is to add one N*(3/27) and one
A*(7/27), leading the y* per degree of freedom to be 1.10 and 1.09, respectively. The mass values of the
N*(3/27) in the two resonance solutions are both near 2070 MeV. Our solutions indicate that the 3/2~
nucleon resonance around 2080 MeV is strongly coupled with the K*X final state and support the molecular

picture of N(2080,3/27).

DOI: 10.1103/2fhp-7fpz

I. INTRODUCTION

Baryon resonances have been widely studied since they
can help to understand the inner structure of hadrons and
reveal their underlying dynamics, as well as to explain the
puzzle of missing nucleon resonances [1,2]. The obser-
vations of the P.(4312), P.(4440), and P.(4457) states by
LHCb experiments [3,4] have been the most convincing
evidence for pentaquark states [5—7]. These three narrow
states can be explained as molecular bound states with
hidden charm of the DX, DX}, and D*X, systems [8—12],
respectively. The nucleon resonances N(1875)3/2~
and N(208)3/27, which sit just below the KX* and
K*X thresholds, are proposed to be the strange partners
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[13-15] of the P, molecular states. In addition, some P,
states are predicted as D*X} bound states from heavy
quark spin symmetry [16—18]. Their analogous strange-
ness partner is N(2270) with J¥ = 1/27 or 3/27 or 5/2~
as the K*X* molecular states [19]. The study of nucleon
resonances can help to verify these model predictions and
refine the baryon spectrum.

The photoproduction off nucleon processes are generally
used to study nucleon and A resonances. Among them, the
K*Z final state reactions are of great interest [20] mainly
because of two reasons. One is that the K*X photoproduc-
tion has a higher threshold, which is advantageous in
exploring resonances around and above 2 GeV. The other
is that, since the final state contains s§, it can help to
investigate nucleon resonances with hidden strangeness as
potential pentaquark states.

Current experimental data include the differential cross
sections from the CLAS Collaboration at the Thomas
Jefferson National Accelerator Facility (Jefferson Lab)
[21] (CLAS2007) and the CBELSA/TAPS Collaboration
at the Electron Stretcher and Accelerator [22] (CBELSA/
TAPS2008) for the yp — K**X* reaction, and the CLAS

Published by the American Physical Society
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FIG. 1.

Collaboration at Jefferson Lab [23] (CLAS2013) for the
yp = K*TX0 reaction. Theoretically, Zhao et al. [24]
presented the first calculation of the yp — K*X reactions
using a quark model and provided a description
of collective resonance excitations. Oh and Kim [25]
studied the yp — K*'X* reaction with the preliminary
CLAS Collaboration data [26] focusing on the role of the
t-channel k exchange. Kim et al. [27,28] investigated the
yp — K*Z reactions, emphasizing the role of baryon
resonances near the threshold where N(2080)3/2-,'
N(2090)1/27, N(2190)7/2~, N(2200)5/2~, A(2150)1/2",
A(2200)7/27, and A(2390)7/27 listed in the Particle Data
Group (PDG) review of 2012 [29] were added together, and
they found that these resonance contributions play a minor
role in producing the cross sections [21-23]. Wang et al.
[30] took into account a minimum number of additional
resonance in the s channel through checking the near-
threshold four- or three-star resonances advocated in the
2016 PDG review [31] and found that the four-star
A(1905)5/27 resonance is essential to describe the exper-
imental data [21,23]. Ben er al. [32] considered the
contributions of the molecular states N(2080)3/2~ and
N(2270)3/2" coupled to K*X in the S wave and found that
adding these two resonances is compatible with the differ-
ential cross sections [21,23], leading to a Ve per data point
as 1.648.

The previous studies [27,28,30,32] of yp — K*Z reac-
tions usually considered the added resonances with fixed
parameter values from the PDG or the pentaquark model
predictions. In this work, we carry out a strategy different
from the previous literature, in which we add the nucleon or
A resonance with a specific quantum number J* and leave
its properties, namely, its mass, width, and coupling
constants, as free parameters. In this analysis, we first
add one resonance with specific J” and find the one with
the most significant contribution to the yp — K*X reac-
tions, then check the improvement when adding another
resonance. With our solutions determined from the differ-
ential cross section data, we present the predictions of the

'Note that, before the 2012 review of PDG [29], all the
evidence for 3/27 nucleon resonances above 1800 MeV was
assigned under a two-star N(2080). This resonance is not directly
related to the N(2080)3/2~ molecular state mentioned in the first
paragraph. In our following text, the notation N(2080) refers to
the K*X molecular state.

N,N*
A, A¥*
(c) (d)

The Feynman diagrams of yp — K*X. (a)—(c) ¢, u, s channels; (d) interaction current.

polarization observables, which can be checked by future
experimental data.

This article is organized as follows. In Sec. II, we display
the basic formalism of our theoretical evaluation. Then we
show our results and the corresponding discussions in
Sec. III. A brief summary is presented in Sec. IV.

II. THEORETICAL FORMALISM

The Feynman diagrams of the reactions yp — K*0X+
and yp — K*TX° are shown in Fig. 1. Contributions from
the #-channel «, K, and K* exchanges, the u-channel A, X,
and X*(1385)3/2" exchanges, the s-channel nucleon and
A(1232)1/27" exchanges, as well as the interaction current
where the photon interacts with the hadronic structure
within the K*NX vertex are always included. Additional
nucleon or A resonances with specific J© would also be
added to the s channel to further improve the description of
the experimental data.

We employ the effective Lagrangian approach at the tree-
level Bonn approximation. The effective Lagrangians for
yp = K*Z* and yp — K*+X° with respect to the electro-
magnetic interactions are expressed as [27,33]

‘CyKK* = gyKK*F”D’?K;w (1)
E}/KK* = gyKK*é‘”W/}(aﬂAy)(aaK};)[_( + H.C., (2)
Lyggr = —ie}A"(K*_’“K;:r - K;;K**”), (3)
= €Ky
‘CJ’ZZ =-X|esy! — My, O'Wab:| AMZ’ (4)
CHIA
T Ao"(0,A,)2° + Hec., (5)
_ig(lz)*z 9<22)*2
L,y =eXi | =L ! d,|ZF*" +H.c., (6
yX*E e m 2MN 7/»75+(2MN>275 1/:| +H.c ( )
_T ex
Ly =—-N _eN}’ﬂ - 2MA1]V G”Dau] AN, (7)
-lg(lA)N Q(ZA)N
Loay=eA, |-~ . d,|NF* +H.c., (8
yAN e ° _2MN v75+(2MN)2}/5 u:| +H.c ( )
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TABLE 1. The values and references of the fixed parameters in the background channels.

gyK*K** gyKOKm gyK*K** gyK“K*“ Ky+ Ky+ K0
Value 0.119e¢ —0.238¢ 0.413 —0.631 1.458 —0.16 0.65
Note (Ref.) Vector-meson-dominance model [33,34] Decay width [35] PDG [35] PDG [35] (kg+ +ks-)/2 [30]
(1) 2)
KsA Kp 9yaN 9yAN kNx 9kNs 9k*NA Kg*NA
Value -1.61 1.793 —4.18 4.32 -5.32 2.692 —6.19 2.77

Note (Ref.) PDG [35] PDG [35] Helicity amplitude [35,36]  Soft-core model [37] SU(3) [38] SU(@3) [38] SU@3) [38]

where e denotes the unit electric charge as e = 4ragyy  Liovs = —gvs2kN + H.c., 9)
with agy = 1/137.04, and «kp represents the anomalous
magnetic moment of the baryon B with values listed in Ly = —iggas K ZysN + H.c., (10)

Table I. For the associated meson-baryon-baryon inter-
actions, the effective Lagrangians are

Lrns = =0k nss |:yﬂ - ’gj‘}ia’”@l K;N +Hec., (11)
N

— KK*NA y
Lina = =gxna\ {7" — ﬁo/‘”@] KN +H.c.,

N
95(])1\/2' gg)Nz gg)zvz
Loy = i ENE Ny yo iR ZKNE Ny, segrmwg — KNI j, 3+9 K*#v 4+ H.c., 12
K*NX l 2MK* YulVs54y + (ZMK*)z Y54y v <2MK*)2 V54,0, + H.c ( )
gg*)Az 3 922) Y 95?) T A
Lovine = —i A YK — TR B85 A vy g SKHW - _ZR A2 Ay 3 (9 K*) + H.c. 13
K*AX leK* /4%475 (2MK’)2 /47/5 v (2MK*)2 /47/5 ( v )+ ¥ ( )

In the above Lagrangians, the isospin structure is always embedded. For the coupling of isospin 1 and isospin 1/2 particles,
given the KNX coupling in Eq. (10) as an example,

K:(I;) zzz-zz<é;_ @?) N:<Z>, (14)

where 7 indicates the Pauli matrices. The isospin structures of the A vertices in Egs. (8) and (13) are, respectively, given as
follows [27]:

AI°N, AI - TK*, (15)

where I stands for the isospin transition (3/2 — 1/2) matrices

0 O 0 0 V6 0
1 0 0 112 0 1 0 2

I =— , 0=— , I =— V2 (16)

V6| Vv2 0 V6|0 2 V6| 0 0

0 V6 0 0 0 0

The effective Lagrangians for the s-channel resonance exchanges are [27]
c ~ R, ¢ AR + Hic (17)
INR, e ™ 2My uv .C.,
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i ifs

I AT (E) v
‘C}’NR3/Zi = —le |:2MN NF (2M1v)2 o,NI" } F*"R, +H.c., (18)
S B v L B L S A P
‘CJ’NR5/2t =e |:(2MN>2 NT,™ — M) 0,NT"'F) | 0“F*R,,, + H.c., (19)
. fl () f a AS v
E}’NR7/21 = e [(ZMN)3 NIy M) —22 _9,NI'H) | 0*/ F R,qs +H.c., (20)
1 iz
ﬁK'ER,/Zi — —MR |:gl (im - lr($)aﬂ> - gzr(jF)aWZa”} K*ﬂ + H.C., (21)
I T 9 4 ig3 n .
L =iR s o,z + %o, |K* + H.c., 22
K2Ry e = 1 [ZMN i (2My)? ’ (2My)? ’ e ®)
Losn. = Ru| I rPss 92 pwgys 9 p@sg | gk 4 He. (23)
v “l2My)? (2My)? (2M )}
Ly = — = _THg, 2+ = _TE%g, | 0" K+ + H. 24
e "“”{ = Gy BT e =
|
where R;» stands for the nucleon or A resonance with  for the spin-1/2 baryon exchange,
specific spin J and parity P. T*) and F in the above J+M | 1 ’
expressions are defined as ATTRIN_ — — - —
p Ry { G+ 37l F 3 (Ve =7.9,) T bt
) — <75>’ F’(li) _ (7’;47’5 > (25) (29)
1 Y
! for the spin-3/2 baryon exchange,
As for the propagator with ¢ as the momentum of the
i M
exchanged particle, we use ¢12+ MI; S g (@ Mp) (30)
q- — Mg
L 26)
q* - M,% K ( for the spin-5/2 baryon exchange, and
for k and K meson exchanges, d+ Mg
2 _ M3 A/3]ﬁ2/53;(1|a2113 (C], MR) (31)
~Guv + qllQD/MK* > q R
2 _ M2 ( 7)
q X
for the spin-7/2 baryon exchange, with
for K* meson exchange,
~ 4449y - 4y
=0u——5, =y, ——4, 32
¢+MR (28) g/w g/ﬂ/ M%e }//4 7;4 Mzd ( )
q* - M
|
1 1 | . I L
Saﬂ/w(qv MR) = 5 (gllﬂgﬂl/ + gaygﬂﬂ) gaﬁg;w - E (7&7#9&/ + Ya¥v9pu + VY u9av + }/ﬂyl/gaﬂ)’ (33)
1 ... 3. . . 3. . . . 3. . . .
Aﬁlﬂzﬁ_%lalazas (q’MR) = 36 Z 910 9prar Ipyay T ?gﬁlalgﬁzﬁsgazaz_F?yﬁlyalgﬁzazgﬁs% - gyﬁlyalgﬁz/}3ga2a3 ’ (34)
B)

P(a).P(
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where P(a) and P(f) indicate the permutation over a;, a,,
az and f, B, p3, respectively. The decay width is included
by replacing M with M —iI"/2 for the t-channel x, K*,
u-channel X*(1385), and s-channel nucleon and A reso-
nance exchanges in the propagator expressions.

An optional form factor is attached to each vertex
to account for the composite structure of hadrons. For
the 7-channel meson exchange, we adopt the form factor
expressed as

2 2
A —my

N )

fM(qz’A) =

while for the u- and s-channel baryon exchanges, the form
factor takes the form

A4

—_—, 36
im0

fB(‘I2’A) =

eﬂ

{6 = (O, 1,0,0)
et = ,
e, =(0,0,1,0)

where 6 indicates the scattering angle between the incom-
ing photon and the outgoing K*, and k” and E’ represent the
momentum and energy of K*. M,, M,, M, and M,
represent the amplitudes of the #-, u-, and s-channel
contributions and the interaction current. Following
Refs. [30,39-41], the interaction current contribution can
be approximated in a generalized contact current form
M

it = C'Tiens (K) + Migef s (39)
where p, v are Lorentz indices of the polarization vectors of
the photon and K*, T'%. \x(¢) indicates the vertex function

of K*NX coupling from Eq. (11) and is expressed as

s (K) = —giens 1 — ilgj‘}—N;o”“k’” . (40)
C" represents the auxiliary current formulated as
O = ~Qu I 2= kY — O (2p ky
Y e Y RN C)
with
F=1-h(1-8,f)(1=6,f)(0 =6.f).  (42)

where ¢ and A represent the four-momentum and cutoff
parameter of the exchanged particle, respectively. Other
cutoff parametrizations are also tested and do not affect our
main results.

The total amplitude of yp — K*X reaction can be
expressed as

M =M, + M, + M+ My

= &) Uy M + M + M5 + Migluye,,.  (37)

where 1}, and u$ represent the Dirac spinors of the nucleon
and X with spin indices s and s, respectively; ¢; and &,
indicate the polarization vectors of the photon and K* with
polarization indices 4 and ', separately. The polarization
vectors €, and ¢, are defined as

e; = (0,cos 0,0, —sin0)
& =(0,0,1,0)
&3 =5 ([K'|. E'sin0.0, E' cos 0)

) (38)

[

where k, p, k', and p’ represent the momentum of the initial
photon and proton and the outgoing K* and X, respectively,
and Q% Qy, and Qy are the electric charge of K*, Qy, and
Os. d,,, 1s an auxiliary constant that selects the channels
that contributed to a given scattering reaction. Specifically,
8, =1and 5, = 0 foryp — K*°Z reaction, while §;, =1
and 8, = 0 for the reaction yp — K**°. f,, f,, and f,
indicate the form factor attached to the amplitude of the
t-channel K*, u-channel Z, and s-channel nucleon, respec-
tively. M is the Kroll-Ruderman term expressed as

. K+
Myr = igk-ns 2’3;; " Qg+ (43)

MYy comes from the effective Lagrangian of yN — K*Z,

. KK*NE & P
Lovks = —igk Ny 2’3;’- $6"A,Qx-KiN +He.,  (44)

N
which is obtained by the minimal gauge substitution
0,—>D,=9, - iQK*A” with Qg as the electric charge
operator for the outgoing K* meson.

The differential cross section can be expressed as

do 1 1 [K]|
dcos  432zs |k|

M, (45)

where 1/4 indicates the average of the polarizations of the
initial photon and proton, k and Kk’ represent the three-

114032-5
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do/dcos 0] ub)
o o
o =~

o
o
T
T

L

CLASO07 2.52 GeV
—— Ng,
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-0 N;/z + A7*/2

L

-0.5 0.0 0.5
cosf
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cos

-0.5 0.0 0.5

-0.5 0.0 0.5

cosf cos

FIG. 2. The differential cross sections for the reaction yp — K *0%+ where the blue dash-dotted line, the green solid line, and the red
dashed line represent the solutions with adding one N*(3/27) resonance, N*(3/27) plus N*(7/27) resonances, and N*(3/27) plus
A*(7/27) resonances, respectively, comparing to the experimental data of CBELSA/TAPS2008 [22] (thin diamond, upper row) and

CLAS2007 [21] (circle, lower rows).

momentum of the incoming photon and the outgoing K*,
respectively, and s is the center-of-mass (c.m.) energy of
the reaction.

Most of the coupling constants of the background
channels are determined either from the SU(3) symmetry,
the decay width of the exchanged particle from experi-
ments, or phenomenological models and would be fixed in
our analysis. We list their values and sources in Table I. For
the coupling constants of the K*NX interaction as listed in
Eq. (11), Ref. [37] presented two sets of values from the
Nijmegen soft-core models denoted as NSC97a and
NSC97f with the magnetic vector F/(F + D) ratio af/
being 0.4447 and 0.3647, respectively, as
(NSC97a), (46)

JK*Ny — —246, KNy = —-0.47

grxens = —3.52, Kpys = —1.14 (NSCI7f), (47)
while the estimated values of these two couplings from

SU(3) symmetry [38] is

Jk*Ny — —423, KgNs — —2.34. (48)

Since the K* NX interaction involves in many channels such
as the r-channel K* exchange, the u-channel X exchange,
and the s-channel N exchange, as well as the interaction
current, we choose gg-ys and kg« to be fitting parameters

with limits —4.23 ~ -2.46 and —2.34 ~ —0.47, respec-
tively. Other free parameters of the background contribu-

tions include” g<,(1) NT gilz’i)y, g5<1> T gilz’fo)EO, g<,(1) Ax» and the

cutoff parameter of each channel. The terms with gg;?\,)y

and g(,?;i)z are not considered in the present work following

Refs. [27,30].

III. RESULTS AND DISCUSSION

The differential cross section data we use for the reaction
yp — KX are from CLAS2007 [21] with 48 data points
and CBELSA/TAPS2008 [22] with 24 data points, while
those for the yp — K**X° reaction are from CLAS2013
[23] with 178 data points. The fitting includes 15 free
parameters of the background contributions, that is, seven
coupling constants and eight cutoff parameters, together
with the parameters of the additional added s-channel
nucleon or A resonance. Adding one resonance would
result in five (for 1/2* resonance) or seven (for 3/2%, 5/2*
or 7/2% resonance) additional fitting parameters, including

*For 95(1) ~x 10 Eq. (12), Ref. [27] takes the value 5.2 while
Ref. [30] uses 15.2, where the comparison has been adjusted to be
matchable according to different factors in the K* NX* Lagran-
gians of the two references. We thus take this constant multi-
plying the coupling constant of the electromagnetic interaction as

a free parameter.

114032-6
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FIG. 3.
experimental data of CLAS13.

the cutoff parameter, the mass, width, and two or four
independent coupling constants® of the resonance.

With only the background contributions, the x> per
degree of freedom is yx?/ndf =3.40 by using the
MINUIT algorithm [42,43], which is far from adequate
to describe the experimental data.

When adding only one nucleon or A resonance, the best
solution is to add one 3/2~ nucleon resonance with its mass
around 2.097 GeV, and the corresponding y?/ndf = 1.35.
Adding this N*(3/27) substantially improves the descrip-
tion of the experimental data, which implies that the
N*(3/27) resonance at 2.097 GeV is strongly coupled with

3Only the multiplications of the coupling constants from the
electromagnetic interaction and the meson-baryon-meson inter-
action as listed in Eqs. (17)—(24) are independent. Given the 3/2*
resonance as an example, the independent coupling constants are

frg1s f2/f15 92/ 91> and g3/ gy.

The differential cross sections for the reaction yp — K*XF, with the three solutions noted the same as Fig. 2 comparing to the

the K*Z final state. In Figs. 2 and 3, we show the respective
description of the experimental data for the reactions yp —
K*0%* and yp — K**X° in dash-dotted lines when adding
this resonance, where the energies noted in the plots
represent the c.m. energy of the system. We can see that
the experimental data can be well described by this solution.
The fitted parameters of this solution are listed in Table II
We list other results with y?/ndf less than 2.0 in Table III
together with the mass and width of the added resonance.
Their possible corresponding PDG listed particles with
ratings of establishment are also noted according to their
mass values.

When adding two additional nucleon or A resonances,
there are two best results. One is to add one N*(3/27) and
one N*(7/27), the other is to add one N*(3/27) and one
A*(7/27), with the resulting y?/ndf being 1.10 and 1.09,
respectively. The corresponding parameters of these two
solutions are listed in Tables IV and V. Both solutions

114032-7
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TABLE II.  Fitted parameters when adding one 3/2~ resonance with y?/ndf = 1.35.

1 1 1 2 1 1 1 2 1
9k*Nx Kg*nNx 9(1(*)1\/):* giz)*- o+ gg(*)Nz* g;;L s+ gg(*)Nz* giz:)*" 50 gs(*)Nz* gii)*o 50 Q%EAE
—2.46(1.41) —2.34(2.01) 7.33(5.15) —0.003(6.601) —0.33(0.73) —8.13(6.08) 40.00(9.05)
Mp (MeV) ' (MeV) F191 falfi 92/ 91 93/ 91
2095.9(5.7) 66.3(10.0) —5.47(0.31) —0.17(0.072) —0.52(0.06) 1.36(0.08)
TABLE III. The mass and width of the added resonance y>/ndf lower than 2.0 when adding only one resonance, together with the
corresponding particles in the PDG [35] list with establishment status noted in one to four stars.

% /ndf My (MeV) 'y MeV) PDG [35]
N*(1/27) 1.77 2072.1(9.8) 10.4(5.46) Four-star N(1895)
N*(5/27) 1.67 2085.9(21.9) 317.5(77.8) Three-star N(2060)
A*(1/27) 1.66 2081.7(6.1) 10.0(19.6) Four-star A(1950) or one-star A(2150)
A*(3/21) 1.81 2122.5(50.1) 400.0(240.9) Three-star A(1920)
A*(3/27) 1.44 2092.0(11.7) 69.8(11.5) One-star A(1940)
A*(5/27) 1.75 2065.8(26.9) 400.0(69.9) Three-star A(1930)

TABLE 1V. Fitted parameters when adding one N*3/2~ and one N*7/2~ with y*/ndf = 1.10.

. . 1 1 1 2 1 1 1 2 1
9Kk*NT KNz 9§<JN2*9£21+2+ 95(‘)N2‘g}(/):)*+2+ gﬁ(ENZ*g](/Z)*OZO QEC)NE« gizl“z“ ggngz
—2.46(1.84) —2.34(1.98) 157.21(167.35) 92.39(63.02) 4.10(6.38) 25.23(17.61) 40.00(4.83)

My (MeV) 'z MeV) fion f2/fi 92/ 91 93/ 91
N*(3/27) 2070.3(3.3) 78.5(9.1) —4.16(0.11) 0.45(0.07) —0.45(0.01) 1.43(0.01)
N*(7/27) 2433.3(17.6) 173.6(6.8) 7.93(2.03) —2.07(0.35) —0.84(0.25) 1.64(0.98)
TABLE V. Fitted parameters when adding one N*3/2~ and one A*7/2~ with y2/ndf = 1.09.

§ 1 1 1 2 1 1 1 2 1
9k*NT Kk*Nz gs() Nz g;z)* - g(,() NE* 9;(12)*+z+ g<,(> NE* g;;mzo g(,() NE 9;;*020 gg() AS
—2.46(1.82) —2.33(2.39) 159.08(148.35) 77.93(55.21) 4.24(4.46) 17.71(23.28) 40.00(4.16)

My (MeV) I'x (MeV) Fio a2/ fi 9%/ 93/ 9
N*(3/27) 2070.6(3.1) 78.8(9.1) —4.12(0.07) 0.47(0.04) —0.447(0.003) 1.44(0.01)
A*(7/27) 2437.1(14.0) 149.6(40.3) 11.95(1.70) —2.08(0.25) —0.86(0.11) 1.54(0.14)

include a N*(3/27) around 2070 GeV, which again
supports the strong coupling of the N*(3/27) similar to
the adding one additional resonance condition. The mass of
the N*(7/27) resonance and A*(7/27) is 2433.3 and
2437.1 MeV, respectively. They may correspond to the
four-star N(2190) and the three-star A(2200) listed in PDG
[35]. Adding other resonances would result in an increase
of the y* by at least 30 and are not considered as appropriate
solutions.

We show the solutions with two resonances in com-
parison with the experimental data in Fig. 2 for yp —
K%t reaction and Fig. 3 for yp — K**X° reaction,

where the solid and dashed lines indicate the solutions
when adding one N*(3/27) and one N*(7/27), and one
N*(3/27) and one A*(7/27), respectively. The total cross
sections from these two solutions are shown in Fig. 4,
compared to the CLAS2007 [21] yp — K*°Z* and
CLAS2013 [23] yp — K*TX reaction data. From these
figures, we can see that the experimental data can be well
described by these solutions, although the improvement of
adding the second resonance is relatively small. We also
see that the two solutions overlap to a large extent. In
principle, the combined fit of the yp — K*°Z* and yp —
K**+20 reactions would be able to distinguish the nucleon
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FIG. 4. The total cross sections from the solution with adding one N*(3/27) (blue dash-dotted), one N*(3/27) plus one N*(7/27)
(green solid), and one N*(3/27) plus one A*(7/27) (red dashed), in comparison with the CLAS2007 yp — K*°Z* (left) and
CLAS2013 yp — K**+X° (right) data, where W indicates the c.m. energy.

and A resonances with the same quantum number,

accounting for the isospin factor that I%., . /IN.. o=
V2 and 11A<*0N2+ /12*+NZO = 1/+/2. However, considering
the two close solutions when adding two additional
resonances, it seems that the data are hard to distinguish
the nucleon and A resonances with the same J”. This can
be understandable considering the feature of the data we
analyze, where we have 178 data points with small
uncertainties for the yp — K**° reaction, much more
than the 72 data points for the yp — K*°Z* reaction with
relatively much larger errors. Additionally, the energy
region of the yp — K*9X* reaction concentrates upon
2.1-2.5 GeV, while that for the yp — K**X0 reaction lies
in 2.1-2.8 GeV. From the total cross section plots of the
yp — K*OZ reaction depicted in Fig. 4 on the left, we can
see that the two solutions’ descriptions are close in the
analyzed region, while they separate in higher energies.
The discrepancies in the statistics, precision, and energy
region of the two datasets provide the possibility to balance
the two solutions by adjusting the background and the
common added N*(3/27) parameters. The relatively small
improvement in the description of the experimental data
with the second 7/2~ resonance compared to adding only
one N*(3/27) may be another reason for the two close
results. This problem can be resolved once the available
data for the reactions yp — K**X% and yp — K**Z* have
comparable statistics and precision, as well as a wider
energy region.

Considering the facts that the best solution of adding one
resonance needs a N*(3/27) resonance near 2097 MeV and
both of the best two solutions in the case of adding two
resonances need a N*(3/27) around 2070 MeV, it demon-
strates the significant role of N*(2080)3/2~ in the yp —
K*X reactions and supports the picture of the molecular
bound state of the K*Z system. Reference [32] considered
the contributions of N(2080)3/2~ and N*(2270)3/2~ as
the S-wave K*X and K*2* molecular states, respectively,
and found that the data [21,23] can be well described with a

1.648 y* per data point. The main difference of treating
N(2080)3/27 is that, for the effective Lagrangian of the
nucleon resonance with K*X, Ref. [32] used the pure
S-wave form

Ei/ng = gK*ERR,MZK*ﬂ + H.C., (49)

which is equivalent to the g3 term of Eq. (22) for
JP =3/27, while the terms with g, and g, therein incor-
porate higher partial-wave, i.e., D-wave, contributions. Our
better fitting result may suggest that higher partial-wave
contributions are not negligible. We give a summary table of
the supported resonances from our primary solutions with
their matching to the molecular model or possible PDG [35]
listed particles in Table VI, where the parameters of
N*(3/27) are averaged from the three solutions.
Currently, polarization measurements of the yp — K*X
reactions have not been reported. We can use our solutions
to estimate the behavior of the polarization observables.
The single polarization observables of yp — K*X include
the photon-beam asymmetry %, recoil asymmetry P,, and
target asymmetry 7, which can be expressed as [44,45]

5 Edﬁ(el)—dd(t‘)“)’ (50)

14
do-unpol

pdelsE = —dotsi=h

T, = 2 = (52)

where do,,,, indicates the unpolarized differential cross
section, and s% = 1/2(—1/2) indicates the spin of the
baryon B along the y axis, which is perpendicular to
the reaction plane, in which the positive z axis is along the
photon three-momentum direction in the c.m. frame. The
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TABLE VI. The supported resonances’ parameters from our three solutions and their matching to the molecular
state or PDG [35] listings.

Mp (MeV) I'rx MeV) Matching
N*(3/27) 2078.9(2.4) 74.5(5.4) Molecular state of K*X, N(2080)
N*(7/27) 2433.3(17.6) 173.6(6.8) PDG, four-star N(2190)
A*(7/27) 2437.1(14.0) 149.6(40.3) PDG, three-star N(2200)

predicted polarization values of %,, P, and T, are plotted
in the upper and lower panels for the yp — K*°X* and
yp — K** 20 reactions in Figs. 5-7, respectively, where the
blue dash-dotted lines, the solid green lines, and the red
dashed lines represent the solution of adding only
N*(3/2)", adding N*(3/2) and N*(7/2)”, and adding
N*(3/2)" and A*(7/2), separately. We can see that the
solution of adding only N*(3/2)” differs from other
solutions, while the two solutions of adding two resonances
overlaps a lot except at the c.m. energy of 2.35 and
2.42 GeV. Thus, the experimental polarization data includ-
ing the c.m. energy at 2.42 GeV can help to distinguish the
importance of the second added N*(7/2)” or A*(7/2)~
resonance. From a rough estimation, our results suggest
that, with an experimental precision of 10%—-20%, the two
solutions can be resolved at a statistical significance of 3
standard deviations (3¢) around cosd = 0.5 and cosf =
—0.3 at 2.42 GeV in the Py and T polarizations.

IV. SUMMARY AND OUTLOOK

We have analyzed all the available differential cross
section data of yp — K*°Z* and yp — K**X° reactions
carrying out a different strategy from previous literature,
that is, instead of adding the additional resonance with
fixed parameters either from PDG or models, we inves-
tigate the additional resonance with specific J© while

0.2 7 0.2

keeping its parameters to be determined by experimental
data. The background contribution includes the z-channel «,
K, and K* exchanges, the u-channel A, X, and X(1385)
exchanges, and the s-channel nucleon and A(1232)1/2%
exchanges. With only the background contributions, the
fitted result is y?/ndf = 3.40 and cannot adequately
describe the experimental data. When only adding one
additional resonance, the best solution is to add one
N*(3/2)~ around 2.097 GeV, which substantially reduces
the y?/ndf to 1.35. When adding two additional resonan-
ces, one of the best two solutions is to add one N*(3/2)~
and one N*(7/2)", the other is to add one N*(3/2)~ and
one A*(7/2)~, with */ndf being 1.10 and 1.09, respec-
tively. Both solutions need a N*(3/2)~ resonance around
2070 MeV. Associated with the best solution in the case of
adding one resonance where a N*(3/2)” resonance at
2097 MeV is needed, these results suggest that the N(3/2)~
resonance near 2080 MeV provides significant contribu-
tions to the yp — K*X reactions and is strongly coupled
with the K*X final states. Our results support the possibility
of N(2080)3/2~ as the molecular bound state of the K*X
system. According to the solutions when adding two
additional resonances which need one N*(3/27) resonance
and one 7/2~ nucleon or A resonance near 2433 MeV, it
seems that the present experimental data are difficult to
distinguish the two 7/2~ resonances. This condition can be
improved when the differential cross section data of the

0.2

2.286 GeV, K5+

2.217 GeV, K% +

0.2

2.353 GeV., K05+ 2418 GeV, K%+

cosf cosf

cosf cosf

FIG. 5. The predicted photon-beam asymmetry %, foryp — K *03+ reaction (upper row) and yp — K**+ X0 reaction (lower row) from
the three solutions, when adding one N(3/27) resonance (blue dash-dotted), one N(3/27) resonance plus one N(7/27) resonances
(green solid), and one N(3/27) resonance plus one A(7/27) resonance (red dashed).
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FIG. 6. The predicted recoil asymmetry P, for yp — K *0%* reaction (upper row) and yp — K** X0 reaction (lower row) from the

three solutions with the same notation as Fig. 5.

yp = KT and yp — K*+Z° reactions have comparable
statistics, precision, and energy regions and when the
polarization data are available. Although a dynamical
coupled-channel analysis that retains unitarity would be
more proper, it needs a simultaneous fit to all the involved
channels, which is not realistic at present due to the lack of
experimental data at such higher energies. Since the
resonances incorporated are not broad, the procedure we
carry out is a reasonable approximation, and we expect the
influence from the couple-channel analysis on the reso-
nance parameters to be very small. We show the predictions
of the polarization observables with our three solutions in
Figs. 5 and 6. We hope future experiments with higher
statistic and polarization observables can help to distin-

guish the role of the nucleon and A resonances and to
further verify the molecular identity of N*(2080)3/2".
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