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We reinvestigate K*A(1116) photoproduction off the nucleon target, based on an effective Lagrangian
approach. We include higher nucleon resonances such as N(2000)5/2%, N(2060)5/27, N(2120)3/2~, and
N(2190)7/27, of which the data are taken from the 2012 edition of Review of Particle Physics, in addition
to the #-channel diagrams (K, K*, and «), the s-channel nucleon, and u-channel hyperon (A, Z, and £*)
contributions. We find that the N(2120)3/2~ and N(2190)7/2~ resonances are essential in describing the
new CLAS Collaboration data for charged K* photoproduction. On the other hand, they rarely affect

neutral K* photoproduction.
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I. INTRODUCTION

The CLAS Collaboration at the Thomas Jefferson
National Accelerator Facility has recently reported the first
high-statistics experimental data for both the total and
differential cross sections for the reaction yp — K*TA [1].
As compared to the previous preliminary data shown in the
conference proceedings [2], the total cross section in the
resonance region is significantly larger. Though the original
motivation of Ref. [1] was to study the role of x(800)
mesons involved in the z-channel process, the new CLAS
data near the threshold gives us a clue to understanding the
role of higher nucleon (N*) resonances. In a previous work
[3], it was found that the N* resonances indeed played an
important role in describing the experimental data near the
threshold region. However, the new CLAS data indicates
that there are still missing parts in the previous analysis. As
discussed in Ref. [1] in detail, all theoretical results [3-6]
look different from the CLAS data. In this respect, it is of
great importance to reinvestigate the production mecha-
nism of K**A photoproduction. In Ref. [3], it was pointed
out that certain N* resonances are essential in describing
the former experimental data near the threshold region. In
particular, D3(2080) was shown to be crucial in explaining
the enhancement of the near-threshold production rate.

In the meanwhile, the data for the N* resonances in the
2012 edition of Review of Particle Physics [7] were much
changed from those in the 2010 edition [8]. This revision is
mainly due to a new multichannel partial wave analysis [9].
So far the evidence and properties of N* resonances were
determined by the partial wave analyses of zN scattering
data [10], but we are still far from complete understanding.
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Anisovich et al. performed a multichannel partial wave
analysis taking both the zN and various photoproduction
data [9]. Based on this analysis, a few new N* resonances
were included and some were rearranged in the N*
spectrum [7]. In particular, four new N* resonances were
classified below 1.9 GeV: N(1860)5/2%, N(1875)3/2",
N(1880)1/27, and N(1895)1/2 [11,12]. Some of the N*
resonances above the K*A threshold were either newly
found or rearranged. For example, the mass of the
D;5(2200) was moved down to N(2060)5/2~ with its
photon decay amplitudes added. As for the N(2190)7/2",
its photon decay amplitudes were renewed. A noticeable
thing is that the D53(2080) has disappeared in the Particle
Data Group (PDG) 2012 edition. Instead, two new reso-
nances with J¥ = 3/2~ are included: N(1875)3/2~ and
N(2120)5/27. The old D3(2080) seems to correspond to
N(1875)3/2~ below the K*A threshold, though the new
data of the photon decay helicity amplitudes [7,9] are very
different from the old ones [8,13,14]. If one takes this
situation seriously, we have to reanalyze the production
mechanism of the yN - K*A with the new N* data
employed.

In the present work, we reexamine K*A(1116) photo-
production off the nucleon, considering some of the N*
resonances of the PDG 2012 edition above the threshold.
We will take N(2000)5/2%, N(2060)5/2~, N(2120)3/2",
and N(2190)7/2" into account. The last one was omitted in
the previous analysis [3] because of the complexity due to
its higher spin. The P;;(2100) is not included here because
of the lack of information. To reduce the ambiguity in
determining the coupling constants, we use the experimen-
tal data when they are available. As we will show later, the
results of the total cross section for the yp — K*TA
reaction are in remarkable agreement with the new
CLAS data [1]. Its differential cross sections are also well
reproduced, compared to those from previous works [3—-6].
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We predict the total and differential cross sections of the
neutral process yn — K**A. Anticipating the results from
future experiments, we compute the beam, recoil, and target
asymmetries of yN — K*A reactions. In addition, we
derive some of the double polarization observables.

We sketch the present paper as follows: In Sec. II, we
briefly explain the general framework. The effective
Lagrangians required for K*A photoproduction are pre-
sented explicitly. We also describe how to fix the coupling
constants and the cutoff masses. In Sec. III, the results of
the cross sections are compared with the experimental data
for the yp — K*A reaction. We also show the predictions of
the polarization observables and discuss them. Section IV is
devoted to summary and draws conclusions.

II. FORMALISM

In this section, we briefly explain the general formalism
of an effective Lagrangian approach. We refer to Ref. [3]
for more details. The tree-level Feynman diagrams relevant
to the yN — K*A reaction are shown in Fig. 1; k; and p,
denote, respectively, the momenta of incoming photon and
nucleon, while k, and p, represent those of the outgoing K*
and A, respectively. Figure 1(a) stands for the r-channel
processes including K*, K, and x exchange, Fig. 1(b) shows
the s-channel processes containing the nucleon and N*
resonances, Fig. 1(c) corresponds to the u-channel ones
with A, X, and X* exchanges, and Fig. 1(d) is the contact
term required to preserve gauge invariance.

The basic forms of the effective Lagrangians were
already given in previous works. The photon-meson
interactions are described by the following effective
Lagrangians:

Lxx = —ieg A (KK, — K5, K*™),
Lx = gyK*Kgﬂmﬂ(aﬂA,,)(aaK;)l_( +H.c.,

L,k = Gy A"RKS, + Hee., (1)
/
'\’\,\,\/\/ s - ;
: /
A KK Rk /
/
N(p1) \(PQ) N N,N* A
(a) (b)
N AX Y

(©) (d)

FIG. 1.
reaction.

The tree-level Feynman diagrams for the yN — K*A
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where A,, Kj, K, and «x denote the photon, the
K*(892,17) vector meson, the K(495,07) pseudoscalar
meson, and the x(800,0") scalar meson, respectively.
The K, represents the field-strength tensor for the K*
vector meson defined as K, = d,K; — J,K;,. The elec-
tric charge of the K* vector meson is given as eg«. We
take the values of g,k from the experimental data from

the PDG [7], which lead to g = 0.254 GeV~! and

gl = —0.388 GeV.

the vector-meson dominance [15] to find the values of
Gx Gped =012 GV~ and gigsr! = —0.24e GeV~!
with the unit electric charge e.

The effective Lagrangians for the electromagnetic (EM)
interactions for the baryons are given as

On the other hand, we utilize

2M
‘CyAA = ;&AGﬂDaUA”A,

'CyNN = —N |:€N]/ﬂ - il\]/vﬂm/ay] AMN,

CUsA
EJ,AE My, 20 LOYA*A + H.c.,
T
1 gyA):* T .
LyAE* =~ 2M |:gyAZ*Ayl/ ZMN aDA:| YSZMF}UJ + H.C.,

(2)

where N, A, Z, and X* stand for the nucleon, A(1116),
%(1192), and £*(1385,3/2%) hyperon fields, respectively.
M, denotes generically the mass of hadron /. The baryon
fields with spin s =3/2 are described by the Rarita-
Schwinger field [16,17]. Here, xz is the anomalous
magnetic moment of a baryon B and yu,sy designates the
transition magnetic moment between the A(1116) and the
%(1192). Note that the EM couplings for the spin-3/2
hyperon X* are related to the well-known magnetic dipole
(M1) and electric quadrupole (E2) moments. These cou-
pling constants are determined by the experimental data of
the radiative decay width I'y:_,,z [7], which leads
to (s> Gopx:) = (3.78,3.18).

The effective Lagrangians for the meson-baryon inter-
actions are

Lgna = —iggnaNysAK + Hee.,

Ly = —gKNANAK +H.c.,
— K+
Liny = =ggnyN |7,Y — ﬁaﬂyﬂ?” K* +H.c.,
Li-ys: = _ifins K 2 yvys N1 iz K, EysoP N
o 2M - aM%. " 3
+ 1y 1;2 O“K;,Z*ysN + H.c., (3)
4AM3.
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where ¥ =7-% and X, =17-X. The strong coupling
constants are mainly determined by the flavor SU(3)
symmetry and hyperon-nucleon potential models (for
example, the Nijmegen potential [18]). Considering the
Lorentz structure for the vector-meson coupling to the
X*, we can write the interaction Lagrangian in terms of
the three form factors, which are similar to the case of
L,\s-. From the flavor SU(3) symmetry, the value for

fg(l*)Nz* can be estimated. Because of the lack of

experimental and theoretical information on fg;?\;z*’
we ignore these terms in the present work, which is

plausible, since these two coupling constants are smaller

than fg) ny:- Finally, the contact term should be included
only for the charged K* production to preserve the U(1)
gauge invariance. The corresponding Lagrangian is
written as

_ ek 9Kk NAKKNA /_\UWAVKZN +Hec.

My (4)

Logna =

As for the details of the relevant coupling constants and
other parameters, we refer to Ref. [3].

In addition to the effective Lagrangians for the basic
processes discussed above, we now consider those for the
N* resonances. The EM Lagrangians for the N* resonances
|
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from spin 1/2 to 7/2 are given as

1 + 61’11 " «
ﬁyNN* <§> :ZMNNF:F GA”N +H.c.,
3\* N LR ihy =
Az) =- NI — NI
Al <2> ¢ LMN My
x F**N’ 4+ H.c.,
5 + h1 - (:F) ll’lz -
Lav (=] = N — 9,NTF)
(2) ‘ [<2MN>2 (2My)}
X GO’F"”N;a + H.c.,
A 1 o)
Laov|=] = 5 9,NTH)
N (2) ) [<2MN>3 <2MN>
x 9*"0PF" N, + H.c., (5)

where N* denotes the correspondmg nucleon resonance
field. The I'®) and the F< ) are defined, respectively, as

() we(2)

The effective Lagrangians for the strong vertices including
the N* resonances are expressed as

75
1

7/4 75
Yu

e =

(6)

L An- G) o ﬁﬁ* [g] <j: A?;):Anji, - irmaﬂ) g I'F Aav} K* +H.c.,
L an: G)i — iN; |:2§/;N N RE= d&’#ayzxﬁﬂ + B (2 N) AT®)9 } K* +Hec.,
L AN+ G)i = —iN}, [ E Ag41N) AT ? 1’5; 7 O,AIH) + 5 (2MN) AT ]aaaﬁ K* + H.c. (7)

The N* resonance field for a spin of 3/2 is treated as the Rarita-Schwinger field [16,17], so that the corresponding

propagator with momentum p and mass M is written as

i(p+ M) 1
Agp(p M) =5~ { Jap T3

yayﬁ + 5

2
(YaPp = 7pPa) + 3szap/f] . (8)

1
M

The propagators of the N* resonance fields for spins of 5/2 and 7/2 are expressed [19-22] as

i(p+ M)

p.M)= 2 — M2

Aa]“z?ﬁlﬂz(

. o 1. _ | oo oo oo
X |:§ (ga]ﬁ]gaz/)’z"_gal/)’zgaz/)’] )_ gga]azg/}]/;’z_ E (}/a]},[)’lgazf)’z+7(llyﬂzgaz/3] +7/(127//)’|ga|/)’2+yaz},[)’zgulﬂl ):| )

1? + M o
Aalazazﬁlﬂzﬂz (p,M) 36 Z ~9a,, Yo pr Yo py T

3. _ 3. 3 _
?galﬂlgaz%gﬂzm + 77017/3190!2/3290!3/33 - §7a17ﬂlga2a3gﬂ2ﬂ3:| ’

©)
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TABLE 1.
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The masses, the decay widths, and the relevant parameters for the N* resonances. The helicity amplitudes A3

[10-3 GeV‘%] are obtained from Refs. [9,24,25] and the decay amplitudes G(I, s) [GeV%] are estimated from Ref. [26]. Those in

parentheses correspond to the neutron resonances.

PDG Mpyw I'w A Az hy hy G(ls) 91 g; (final)
N(2000)5/2% 2000 460  +32(—18)  +48(=35) +0.114(-0.395) +122(-0.500) +03 +137  +1.37
N(2060)5/2- 2060 375  467(+25)  +£55(=37)  —245(+0.027) —3.81(=285) 402 4542 4542
N(2120)3/2- 2150 330 +130(+110) +150(+40) —0.827(—1.66)  +2.14(+2.31) 438 129  +030
N(2190)7/2- 2180 335  —34(+10)  +28(—14)  +7.87(-2.94)  -7.36(4+249) 425 —443  —443

where the sum is over all permutations of «’s and f’s and

PaPp _ Pa
Tzlv ya:}/a_jw(zp‘

ga/)’ = YGap — (10)
Here, the mass of the N* resonance in the N* propagator is
replaced as M — M — i['/2 with its decay width I". In
general, off-shell parameters may appear in resonance
propagators and vertices. However, such off-shell effects
are not significant because resonances come into play near
the on-mass shell region [23], which has been verified
numerically.

We employ the data for the N* resonances taken from the
PDG 2012 edition [7], as mentioned in detail in the
Introduction. We consider in this work N(2000)5/27,
N(2060)5/27, N(2120)3/27, and N(2190)7/2" near the
threshold region. The values of the masses and decay widths
are taken from the Breit-Wigner values [9,24]. The transition
magnetic moments /; and £, given in Eq. (5) are determined
by the Breit-Wigner helicity amplitudes taken from
Refs. [9,24] or by the predictions from the relativistic quark
model [25]: the parameters for N (2000)5/2%, N(2060)5/2,
and N(2120)3 /2" are taken from Refs. [9,24], whereas those
for N(2190)7/2~ are determined by using the results in
Ref. [25].

The strong coupling constants in Eq. (7), g;, are found by
the following relation,

Pyesgen = Z|G(l,s)
s

g (11)

where the explicit form of the decay amplitudes G(/, s) is
given in Ref. [26]. Here, we take into account the lowest
partial wave contribution for G(/, s) and therefore only the
lowest multipole—i.e., the first term of Eq. (7)—is con-
sidered, as in Ref. [3]. This assumption is reasonable, as
will be shown in the next section. The signs of these
strong coupling constants are determined phenomeno-
logically. Because of a lack of information, we also assume
that N(2000)5/2", N(2060)5/2-, N(2120)3/2, and
N(2190)7/2~ may correspond respectively to F;5(2000),
D;5(2200), D3(2080), and G7(2190) in the PDG 2010
edition [8]. However, as will be discussed in the next
section, the N(2120)3/2~ turns out to be distinguished
from the old D5(2080) that played an important role in the
previous work [3]. In fact, the D3(2080) more or less

corresponds to the lower-lying three-star N* resonance
N(1875)3/2~. Thus, we have to fit the parameters of the
N(2120)3/27 to the experimental data. Table I lists the
relevant parameters for the N* resonances used in
this work.

Using the Lagrangians for the various vertices, we can
obtain the scattering amplitudes of ¢, s, and u channels and
contact terms, where the s channel includes N* resonances.
Furthermore, for the K*, k, and £* exchanges, we take into
account the decay widths in their propagators, 50.8, 550,
and 36 MeV, respectively [7].

In an effective Lagrangian approach, it is essential to
consider a form factor at each vertex, since it parametrizes
the structure of the hadron. However, it is in fact rather
difficult to handle the form factors at an EM vertex since it
is well known that it breaks the gauge invariance due to its
nonlocality [27]. To circumvent this problem, we follow a
prescription explained in Refs. [28-30]. Though it is
phenomenological, it provides a convenient way of han-
dling the form factors for an EM vertex. The form factors
for off-shell mesons and baryons are given, respectively, as

_ A - MG
AG-p?

A

F Fp= R
? PN+ (PP -M3)?

(12)

where M g ) and p denote the mass and the momentum of
the off-shell hadron, respectively. In order to preserve
gauge invariance for the charged K* production, we
consider a common form factor for K* and N exchanges as

Feom = FxFy — Fg- — Fy. (13)
The neutral K* production does not require this. The cutoff
parameters are determined phenomenologically. However,
to reduce theoretical ambiguities due to the wide range of
the cutoff values, we limit their values to around 1 GeV.

III. RESULTS AND DISCUSSION

Before we start the detailed discussions for the present
results in comparison with the new data, we would like to
briefly summarize the current and past situations of the
experimental and theoretical studies for the yp - K*tA
reaction. Before the new CLAS data was announced in
Ref. [1], there were two preliminary data that were already
reported in Refs. [2,31]. In Ref. [2], only the preliminary
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0.6~ L B S S B B B
L e CLAS data
05F == = Born (Ref. [3])
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FIG. 2 (color online). Total cross sections when using Ag , =
1.25 GeV (thicker curves) and 1.1 GeV (thinner ones). The
dashed curves are the results only with the Born terms, and the
solid ones for the inclusion of resonances of Ref. [3].

total cross sections were shown, while in Ref. [31] only the
differential cross sections were presented. Using those
preliminary data, the previous theoretical studies were
done [3,4]. Now in the new CLAS data, both the total
and differential cross sections are given.

One of the differences between Ref. [3] and Ref. [4]
is the choice of the cutoff values for the K and x exchanges
in the ¢ channel, which are Ag, = 1.25 GeV and Ak, =
1.1 GeV, respectively, to reproduce the used experimental
data. Another difference is that in Ref. [3], resonances are
included, while in Ref. [4] they are not. Now using the new
data, it turns out that the cutoff Ag, should be taken at
around 1.1 GeV. In Fig. 2, we show total cross sections
when using Ag , = 1.25 GeV (thicker curves) and 1.1 GeV
(thinner ones).

As we can see from this figure, the result of Ag, =
1.25 GeV overestimates the total cross section. The one
of Ag,=1.1GeV agrees better, especially at higher

0S———————— 71— 1T
[ * CLAS data
04+ ——- Born . -
e e TN sum of N
3 —— total
_. 03F
I [
=
© O,ZT
0.1f
1.5 2 2.5 3 3.5 4

EY [GeV]

FIG. 3 (color online).

PHYSICAL REVIEW D 90, 014021 (2014)

energies. The discrepancy near the threshold region is
improved by the nucleon resonances, but not enough to
describe the experimental data, which is the issue of the
present paper.

Now in Fig. 3, we show the new results for the total cross
section with various contributions. In the left panel, the
total cross section with the background contribution and
with the total contributions of all the N* resonances are
shown. The dashed curve includes the Born diagrams
presented in Fig. 1 without the N* resonances. The result
more or less corresponds to that of Ref. [4]. The dotted
one depicts the contribution of the N* resonances. The
cutoff parameters are set as Agyary = 0.9 GeV,
Ag .= 1.1 GeV, and Ap = 1.0 GeV. With the inclusion
of the N* resonances, the present theoretical result is drawn
as the solid curve, which describes the experimental data
very well.

Let us discuss the details of resonance contributions as
shown in the right panel of Fig. 3. The contribution from
N(2000)5/2" turns out to be almost negligible. The
N(2060)5/2~ makes a small contribution to the total cross
section. Concerning N(2120)3/2~, we first assume that it
corresponds to the old D5(2080) since their masses are
similar to each other with the same spin quantum numbers.
As done in Ref. [3], we have computed the effect of
N(2120)3/2~ but it turns out to be overestimated in
comparison with the experimental data. In fact, it has
yielded approximately ~1.9 ub for the total cross section.
Thus, we determine the strong coupling constant of
N(2120)3/2~ by fitting it to the data for the total cross
section. As a result, the coupling constant g; is changed
from +1.29 to +0.30, as shown in Table . Bearing in mind
this fact, we show in the right panel of Fig. 3 that the
N(2120)3/27 makes an important contribution to the total
cross section, with a peak of around 2 GeV. The
N(2190)7/27 also turns out to be equally as important
as N(2120)3/2. In particular, it governs the dependence

0.25 ———
[ ——- N(2000)5/2*
021 N2060)52° 7]
i - —-NQI120)32° ]
_ 015 == N@Q190Y2"
i. : T sum of N
© 01f AN RN .
L N ]
TR
L N Y s ]
0.05} i g
L 7 . s, g
// ./' \\ T e
ol e e T
1.5 2 2.5 3 35 4
E, [GeV]

The results of the total cross sections for the yp — K** A reaction in the left panel. The dashed curve includes the

Born diagrams presented in Fig. 1 without the N* resonances. The dotted curve shows the contribution of the N* resonances. The solid
curve draws the total contribution of all diagrams. The black circles denote the new CLAS data [1]. The right panel illustrates each

contribution of the N* resonances.
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FIG. 4 (color online). Differential cross sections for the yp — K*TA reaction as a function of cosf in the range of
1.7 GeV < E, < 3.9 GeV. The notations are the same as in the left panel of Fig. 3.

of the total cross section on the photon energy E, in higher In Fig. 4, the differential cross sections are plotted as a
E, regions. With these two N resonances taken into  function of cos @ in the range of 1.7 GeV < E, < 3.9 GeV.
account, the experimental data for the total cross section  The effects of the N* resonances seem to be negligible in
are well reproduced. the vicinity of the threshold energy, as shown in the first
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The results of the total cross sections for the yn — K*CA reaction in the left panel. The solid curve draws the total

contribution of all diagrams, whereas the dashed one shows that of the Born terms except for the N* resonances. The dotted curve
depicts the contribution of the N* resonances to the total cross section. The right panel illustrates each contribution of the N* resonances.

panel of Fig. 4. However, as the photon energy increases,
the N* resonances come into play. Apart from the structures
of a broad bump in the experimental data in the range
1.8 GeV < E, <2.3 GeV, the present results are in good
agreement with the data in general. Experimentally, the
differential cross sections in the forward direction start to
increase as E, does. This feature is qualitatively explained
by the Born terms but can be described quantitatively only
by including the N* resonances. The experimental data in
the forward direction remain almost constant with little
energy dependence in the range of 3.2 GeV<E, <
3.5 GeV, then start to fall off drastically above 3.5 GeV.
The present model is not able to describe this behavior of
the data. Considering the fact that the present approach of
effective Lagrangians is built for lower E, regions, one has
to take into account more degrees of freedom or a more
sophisticated theoretical method to explain the yp — K*TA
at higher photon energies. On the other hand, as shown
in some energy range, i.e., 2.1 GeV < E, <2.6 GeV, we
find with the main contribution of D3(2080) [3] that the
theoretical calculations slightly overestimate the CLAS
data, which is expected from Fig. 2. We want to mention
that the role of the N* resonances for the yN — K*A
reaction look very different from that for yp — K*Z, where
the N* resonances are almost negligible. We refer to
Refs. [32,33] for details.

In the left panel of Fig. 5, we predict the total cross
section for the yn — K*OA reaction. The neutral charge of
the K** makes the K* exchange and the contact term absent
in this reaction. Nevertheless, the magnitude of this total
cross section is quite a bit larger than that of the charged
process yp — K*TA because of the large neutral coupling
constant of the yKK™* interaction, as discussed in detail in
Ref. [3]. Thus, the main contribution to the total cross
section for the yn — K*°A reaction arises from the K
exchange. Moreover, the effects of the N* resonances are
almost marginal for the neutral process. Each contribution
of the four N* resonances drawn is illustrated in the right

panel of Fig. 5. Figure 6 depicts the differential cross
section as a function of cos & with E, varied from 1.9 GeV
to 2.7 GeV. The experimental data for the yn — K*°A
reaction will soon appear.

We now want to discuss the polarization observables
[34-36], which provide crucial information on the helicity
amplitudes and spin structure of a process. To define the
polarization observables, the reaction takes place in the x —
z plane with the photon beam. We first start with the single
polarization observables. Since we also consider the double
polarization observables, we will follow the notation for the
polarized differential cross sections defined in Ref. [36]:

do

do(B.T:R.V) =

(B,T;R,V), (14)

where B, T, R, and V denote the polarizations of the photon
beam (B), the target nucleon (7), the recoil A (R), and the
produced K* vector meson (V), respectively, involved in
the yN — K*A process. According to the notation defined
in Eq. (14), we define the photon-beam asymmetry (Z,),
the target asymmetry (7'), and the recoil asymmetry (P,) as

do(L,U;U,U) —do(||,U; U, U)
do(L,U;U,U) +do(||,U; U, U)’
do(U,y;U,U) —do(U,—y; U, U)
do(U,y,U,U) 4 do(U,—y; U, U)
p do(U,U;y,U) —do(U,U;—y, U) (15)
Y do(U,U;y,U) +do(U,U;-y,U)’

h)

X

y ’

where || and L denote the linear polarizations of the photon
along the direction of the x and y axes, respectively; y and
—y represent the polarization states of the N (A), which lie
in the direction of the y and —y axes, respectively. The U
means that the corresponding particle state is unpolarized.
These three asymmetries satisfy the following collinear
condition:
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FIG. 6 (color online).

Differential cross sections for the yn — K*°A reaction as a function of cos@ in the range of

1.9 GeV < E, <2.7 GeV. The notations are the same as in the left panel of Fig. 5.

2, =T,=P,=0 at cosf = =*1. (16)

The upper panel of Fig. 7 depicts the results of the
photon-beam asymmetries for the charged process yp —
K*TA at two different photon energies, E, = 2.15 GeV
and £, = 2.65 GeV. As was already discussed in Ref. [3],
the beam asymmetry is almost compatible with zero
without the N* resonances. Including them, we find that
X becomes positive and has broad bump structures. Thus,
the measurement of the beam symmetry can already tell
whether the N* resonances are indeed important in

1 T
E,=2.15GeV
0.5F ]
-0.5F ]
13 05 0 05 1
COSo
1 T
E,=2.15GeV
0.5F ]
NK
-0.5F ]
_1 L L L
1 05 0 0.5 1

COs6

FIG. 7 (color online).

understanding the production mechanism of the yp —
K** A reaction. In the lower panel of Fig. 7, we draw the
results of the X, for the neutral yn — K*°A reaction. It is
interesting to see that the effects of the N* resonances turn
out to be rather small in this case. We already saw that
their contribution to the total and differential cross
sections are marginal since the contribution of the K
meson exchange governs the yn — K*A reaction. By the
same token, the effects of the N* resonances seem to be
suppressed in the beam asymmetries for the neutral
process.

1 T
E,=2.65GeV
0.5} b
W0 m
-0.5f b
-1 0.5 0 0.5 1
COSo
1 T
E,=2.65 GeV
0.5} b
wx
-0.5f ]
-1 L \ ‘
-1 0.5 0 0.5 1

COos6

The photon-beam asymmetries as functions of cos & with two different photon energies, £, = 2.15 GeV and

E, = 2.65 GeV. In the upper panel, we draw the X, for the yp — K** A reaction, while in the lower panel we do so for the yn — K OA
reaction. The solid curves represent the total results including the N* resonances, whereas the dashed ones show those without them.
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1 T \
EY =2.65 GeV

-1 -0.5 0 0.5 1
cosO

FIG. 8 (color online). The target asymmetries as functions of cos® with two different photon energies, E, = 2.15 GeV and
E, =2.65 GeV. In the upper panel, we draw the T, for the yp — K** A reaction, while in the lower panel we do so for the yn — K DA

reaction. Notations are the same as in Fig. 7.

In Figs. 8 and 9, the results of the target and recoil
asymmetries are drawn, respectively. As in Fig. 7, the upper
panel is for the yp — K*TA reaction and the lower panel
corresponds to the yn — K*?A reaction. The dependence of

1 T

Ey= 2.15 GeV

E«,= 2.15 GeV

cosO

the T, on cos@ is distinguished from that of the beam
asymmetry. The values of the T, become positive from the
very forward angle till the backward angle and then turn
negative around cos @ = —0.5(6 = 120°). In the case of the

1 T
EY =2.65 GeV

-1 -0.5 0 0.5 1
cosO
1 T
EY =2.65 GeV
0.5F b
Dq>~.
-0.51 b
_1 Il Il Il
-1 -0.5 0 0.5 1

cosO

FIG. 9 (color online). The recoil asymmetries as functions of cos® with two different photon energies, E, = 2.15 GeV and
E, = 2.65 GeV. In the upper panel, we draw the P, for the yp — K** A reaction, while in the lower panel we do so for the yn — K OA

reaction. Notations are the same as in Fig. 7.
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FIG. 10 (color online).

PHYSICAL REVIEW D 90, 014021 (2014)
1 T
EY =2.65 GeV

The beam-target asymmetries as functions of cos ¢ with two different photon energies, £, = 2.15 GeV and

E, =2.65 GeV. In the upper panel, we draw the C®T for the yp — K** A reaction, while in the lower panel we do so for the yn - K*0A

reaction. Notations are the same as in Fig. 7.

recoil asymmetries, the results are just the opposite of those
of the target asymmetries. Both the target and recoil
asymmetries become smaller in magnitude as the photon
energy increases, while the form of the dependence on the
scattering angle is kept. As found in the results of the
differential cross sections, the N* resonances mainly
explain the production mechanism in the vicinity of the
threshold energy. This can be seen also in the single spin
polarization observables.

We now discuss the double polarization asymmetries. In
fact, there are many different polarization observables in
the vector meson photoproduction. Here, we will consider
only some of the double polarization asymmetries, which
are defined as follows:

gr  do(r.z;U,U) —do(r,—z;U,U)

“ T do(r,z;U,U) + do(r,—z; U, U)’

CBR _ do(r,U;z,U) — do(r U; -z, U)

do(r,U;z,U) + do(r, U)’

TR _ do(U,z;2,U) — dG(U 73—z, U)

do(U,z;z,U) +do(U,z;-z,U)’

v do(U,z;U,r) —do(U, —z,U r)

“ de(U,z;U,r) +do(U, —z,U r)’

do(U,U;z,r) —do(U, Z,7)
= U U tdoU U= 17

where r denotes the circularly polarized photon beam (the
produced vector meson) with helicity +1. -z stands for the

direction of the N (A) polarization. The CBT, CBR, CTR
CTV, and CRY are respectively called the beam-target (BT)
asymmetry, the beam-recoil (BR) asymmetry, the target-
recoil (TR) asymmetry, the target-vector-meson (TV)
asymmetry, and the recoil-vector-meson (RV) asymmetry.
We will now see that the effects of the N* resonances are
even more dramatic, particularly in the case of the yp —
K** A reaction.

As drawn in the upper panel of Fig. 10, the effects of the
N* resonances on the BT asymmetry for the yp — K*TA
reaction are prominent in comparison to the results
without the N*. While the C2T vanishes at the very
backward angle (cos @ = —1) without the N* resonances,
the inclusion of them brings its value down to be negative
(~0.8). It indicates that the polarization of the proton
highly depends on the N* resonances. Interestingly, the
effects of the N* resonances are not at all lessened, even at
a higher E,. As E, increases, the value of the CBT turns
positive in the forward angle. The effects of the N*
resonances on the neutral process are different from those
on the charged one, as depicted in the lower panel of
Fig. 10. However, in this case, the BT asymmetry becomes
positive in the very backward direction, then turns
negative as cos @ increases.

The upper and lower panels of Fig. 11 depict the BR
asymmetries for the yp — K*A and yn — K*°A reactions,
respectively. Again, the effects of the N* resonances on
CBR are clearly seen in the case of the charged reaction. On
the other hand, the N* effects are marginal for the neutral
channel. We come to the same conclusion for the TR, TV,
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Ey= 2.15 GeV

PHYSICAL REVIEW D 90, 014021 (2014)

E“{ =2.65 GeV

cosB cos

FIG. 11 (color online). The beam-recoil asymmetries as functions of cos 6 with two different photon energies, £, = 2.15 GeV and
E, =2.65 GeV. In the upper panel, we draw the CBR for the yp — K** A reaction, while in the lower panel we do so for the yn — K*°A
reaction. Notations are the same as in Fig. 7.

and RV asymmetries, as shown in Figs. 12, 13, and 14,
respectively. Future measurements of the double polariza-
tion observables will be crucial to scrutinizing the role of
the N* resonances in the yN — K*A reactions.

IV. SUMMARY AND CONCLUSION

In the present work, we aimed at investigating the role of
the N* resonances in explaining the production mechanism
of K*A photoproduction. We included the following N*

1 T

1 T

EY =2.15GeV 1 Ey =2.65 GeV

FIG. 12 (color online). The target-recoil asymmetries as functions of cos & with two different photon energies, £, = 2.15 GeV and
E, = 2.65 GeV. In the upper panel, we draw the CTR for the yp — K** A reaction, while in the lower panel we do so for the yn — K*0A
reaction. Notations are the same as in Fig. 7.
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FIG. 13 (color online).

resonances, N(2000)5/2%, N(2060)5/27, N(2120)3/2",
and N(2190)7/2~ in the vicinity of the threshold, based on
the PDG 2012 edition. The coupling constants for the
electromagnetic and strong vertices were fixed by the

FIG. 14 (color online).

1 T

Ey: 2.15 GeV

cos0

PHYSICAL REVIEW D 90, 014021 (2014)

1 T

E“/ =2.65 GeV

cosB

The target-vector-meson asymmetries as functions of cos 6 with two different photon energies, E, = 2.15 GeV
and E, = 2.65 GeV. In the upper panel, we draw the CT for the yp — K** A reaction, while in the lower panel we do so for the
yn — K*OA reaction. Notations are the same as in Fig. 7.

1 T
Ey: 2.15 GeV

cosO

available experimental data or by theoretical predictions.
The cutoff masses were determined phenomenologically
within a limited range around 1 GeV. The results of the total
cross sections were in good agreement with the new CLAS

1 T
Ey =2.65 GeV

cosO

The recoil-vector-meson asymmetries as functions of cos & with two different photon energies, £, = 2.15 GeV
and E, = 2.65 GeV. In the upper panel, we draw the CRY for the yp — K* A reaction, while in the lower panel we do so for the

2z

yn — K*OA reaction. Notations are the same as in Fig. 7.
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data. In particular, the two N* resonances N (2120)3/2~ and
N(2190)7/2~ played very important roles in reproducing
the experimental data of the total cross section for the yp —
K** A reaction. The differential cross sections were also well
described in the range of 1.7 GeV < Ey < 3.9 GeV,except
for the forward angle data in higher photon energies. We
predicted the total and differential cross sections for the
yn — K*OA reaction. It turned out that the N* resonances
come into play in the charged channel, whereas their effects
on the neutral channel are marginal. Since the new data for
K*°A photoproduction will soon be reported [37], it will
be of great interest to compare the present results with the
upcoming CLAS data. We also computed the observables
of the single and double polarizations for the yN — K*A
reactions. First, the photon-beam asymmetries, the recoil
asymmetries, and the target asymmetries were studied. The
contribution of the N* resonances to the single spin
asymmetries is prominent in the yp — K** A reaction, while
it is less noticeable for K*°A photoproduction. The five
double polarization observables were computed in addition
to the single polarization ones, that is, the BT, the BR, the
TR, the TV, and the RV asymmetries. We came to the similar
conclusion that the N* resonances govern the angular
dependence of the double polarization observables, while
their effects are, in general, marginal for the yn — K*A
reaction.

As we discussed in the present work, vector-meson
photoproduction is especially interesting, since its spin
structure has a profound feature coming from the vector

PHYSICAL REVIEW D 90, 014021 (2014)

meson. We have investigated the effects of the N* reso-
nances at the Born level in an effective Lagrangian
approach, though the N* resonances turned out to be
essential in describing K*A photoproduction; other effects
might be comparably important—in particular, for the spin
observables. For example, the yN — K*A can be regarded
as a subprocess of the yN — Kz A reaction. It implies that
K* A photoproduction may be strongly coupled to another
subprocess such as the yN — KX*(1385) reaction. Thus, it
is also of great interest to investigate both the yN — K*A
and yN — KX*(1385) processes within a coupled-channel
formalism. The corresponding investigation is under way.
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