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We study ¢ photoproduction with various hadronic rescattering contributions included, in addi-
tion to the Pomeron and pseudoscalar meson-exchange diagrams. We find that the hadronic
rescattering diagrams can explain the recent experimental data in the vicinity of the threshold. In
particular, the bump-like structure at the photon energy E, ~ 2.3 GeV is well explained by the
K A(1520) rescattering amplitude in the intermediate state, which is the dominant contribution
among other hadronic contributions. We also find that the hadronic rescattering diagrams are
consistent with the observed spin-density matrix elements near the threshold region.
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1. Introduction

The ¢(1020) meson is distinguished from other vector mesons, since it contains mainly strange
quarks. Because of its dominant strange quark content, its decays to lighter mesons and coupling to
the nucleon are known to be suppressed by the Okubo—Zweig—lizuka (OZI) rule. In fact, the strange
vector form factors of the nucleon, which is implicitly related to the ¢ meson via vector meson
dominance, is reported to be rather small [1]. This large s5 content of the ¢ meson makes the meson
exchange picture unfavorable in describing photoproduction of the ¢ meson. Thus, the Pomeron [2,3]
is believed to be the main contribution to ¢ photoproduction, since it explains the slow rise of the
differential cross sections of ¢ photoproduction as the energy increases. However, while it is true
in the higher energy regime, a recent measurement reported by the LEPS collaboration [4] shows a
bump-like structure around the photon energy E,, ~ 2.3 GeV. It seems that the Pomeron alone cannot
account for this bump-like structure, and that one should consider other production mechanisms of
¢ photoproduction near the threshold energy.

So far, the theoretical understanding of the production mechanism for ¢ photoproduction can be
summarized as follows:

o General energy dependence of the cross sections is mainly explained by Pomeron exchange that
can be taken as either a scalar meson or a vector meson with charge conjugation C = +1. While
the Pomeron explains the increase of the differential cross section do /df in the forward direction,
it cannot describe the behavior of do /dt near the threshold.
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o The exchange of neutral pseudoscalar mesons (7, 1) provides a certain contribution to do /dt
near the threshold but it is not enough to explain the threshold behavior of do/dt [5]. More-
over, 7% and 1 exchanges taken alone, being their unnatural parity nature, wrongly predict the
spin-density observables and, in particular, the pll_l matrix element [6] (see Appendix A for its

definition).
o Usual vector meson exchanges such as p and w are forbidden due to their negative charge
conjugations (C = —1). Otherwise, the charge conjugation symmetry will be broken.

o Vector meson exchanges with exotic quantum number such as 7(JF€) = 1(1~1) are allowed,
but these vector mesons, possibly hybrid exotic mesons, are not much known experimentally [7].

Understanding this present theoretical and experimental situation in ¢ photoproduction, Ozaki
et al. [8] proposed a coupled-channel effect based on the K-matrix formalism. They considered the
yN — KA*(1520) and KA* — ¢N kernels [9] in the coupled-channel formalism in addition to
yN — ¢N andp N — ¢N.Itisavery plausible idea: since the threshold energy for the K A* is quite
close to that for the bump-like structure (E,, =~ 2.3 GeV), the A*(1520) resonance may influence ¢
photoproduction. Moreover, the yp — K A*(1520) reaction can be regarded as a subreaction for
the yp — KK p process together with the yp — ¢p one in Ref. [9]. In addition, a possible nucleon
resonance (J© = 1/27) with large s5 content was also taken into account. Interestingly, the coupled-
channel effects were shown to be not enough to explain the bump-like structure E,, ~ 2.3 GeV. On the
other hand, the bump-like structure was described by their possible N* resonance and was interpreted
as a destructive interference arising from the N* resonance [10,11].

In the present work, we want to scrutinize in detail the nontrivial hadronic contributions arising
from hadronic rescattering amplitudes in addition to Pomeron and pseudoscalar meson exchanges,
by reexamining the previous work of Ref. [8]. We postulate that the Pomeron amplitude near the
threshold region is suppressed, while the production mechanism there is explained by hadrons. We
believe that such an attempt is legitimate because we do not know much about the Pomeron at low
energies, while it is well established that it plays the dominant role at high energies. Thus we deter-
mine the threshold parameter in such a way that the Pomeron exchange becomes ineffective in the
threshold energy region.

For hadronic processes, we take into account seven possible rescattering amplitudes with intermdi-
ate pN,woN,o N, t N, KA(1116), K*A(1116), and K A(1520) states. However, it is quite involved
to compute these rescattering equations explicitly, so we use the Landau—Cutkosky rule [12,13],
which yields the imaginary part of the rescattering amplitudes by its discontinuity across the branch
cut. Though their real part will surely contribute to the transition amplitude, we will show that the
imaginary part already illuminates the coupled-channel effects on the production mechanism of
yp — ¢p near the threshold. The parameters such as the coupling constants and cut-off masses of
the form factors will be fixed by describing the corresponding processes and by using experimental
and empirical data. Yet unknown parameters are varied as compared to the present experimental data.

In the present work, we do not consider s-channel N* resonances, since we do not have much
information on them above the ¢ N threshold [7]. Moreover, it is not necessary to introduce the N*
with large hidden strangeness, which was considered in Refs. [10,11] in an attempt to describe the
LEPS data.

We will show that the hadronic mechanism with coupled-channel effects are indeed essential
in explaining the recent LEPS data, which is a different conclusion from Ref. [8]. Therefore,
we assert in this work that the main contribution in the vicinity of the threshold comes from
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the hadronic coupled-channel effects, in particular, the K A(1520) rescattering effects, while the
Pomeron becomes important only at higher energies.

The present paper is organized as follows. In Sect. 2, we explain the basic formalism. We show how
to compute the rescattering effects mentioned above. In Sect. 3, we present the numerical results such
as the energy dependence of the forward cross sections, the angular distributions, and the spin observ-
ables. We also discuss how the K A*(1520) channel can explain the bump-like structure together
with the tuned Pomeron exchange. We discuss in detail the spin-density matrix elements for ¢ pho-
toproduction. The final section is devoted to summary and outlook. In Appendix A, we present the
definition of the spin-density matrix elements for reference.

2. General formalism

In the present work, we will employ the effective Lagrangian approach in addition to Pomeron
exchange. In Fig. 1, we draw the relevant Feynman diagrams involved in describing ¢ photopro-
duction. The first diagram corresponds to the Pomeron exchange, and the second one depicts 7° and
n exchanges. The last diagram represents generically all the contributions from various rescattering
amplitudes with intermediate hadron states, i.e. oN, o N, o N, N, KA(1116), K*A(1116), and
K A(1520), among which the last one was already considered in Ref. [8]. From now on, we will
simply define the p N rescattering amplitude as that with intermediate p and N states, and so on.
We also define the four-momenta of the incoming photon, outgoing ¢, the initial (target) proton, and
the final (recoil) proton as k; and ko, p; and p, respectively. In the center of mass (CM) frame,
these variables are written as k; = (k, k), ko = (Eg,p), p1 = (Ep, —k), and p; = (E,, —p), where
k= k|, Ep = ‘/mé +pI%, Ep = /m% + |k|*,and E y = /mi, + |p|2, respectively.

The invariant amplitude related to the diagrams in Fig. 1 can be expressed as the Blankenbecler—
Sugar (BbS) equation [14]

Ey; + Ep,
Mynsen(p, P/§ §) = MB(J)\;LM(P, P/i s)+ Z / d3€1m/\4yN—>MiBi (p,q;s)
i i i

1
s2— (Eym, + Ep)? + ie

Myt B —¢n(q, P's ), (D

which was derived from the three-dimensional reduction of the Bethe—Salpeter equation. The ampli-
tude MB‘;\?‘_) SN includes all the diagrams at the tree level. On the other hand, My, n_ a1, B, (P, k; 5)
and My, —¢n(k, p';s) are the off-mass-shell extended diagrams for the yp — M;B; and

Y ¢ v 0
P LAY
e :
P P p/\ p'

Fig. 1. Relevant Feynman diagrams for ¢ photoproduction: We draw, from the left, the diffractive Pomeron
exchange, the pseudoscalar meson exchanges, and the generic rescattering diagram that includes intermediate
meson M; and baryon B; states.
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M;B; — ¢p, respectively. Ey, and Ep, designate the off-mass-shell energies in the intermedi-
ate meson and baryon states as shown in the third diagram of Fig. 1: Ey, = /mﬁ,li + |¢|? and

Ep = /m%i + |¢|2, with the off-mass-shell three-momentum g. s denotes a Mandelstam variable,

i.e. the square of the total energy, s = (E, + E p)z. The second term of Eq. (1) corresponds to the
third diagram of Fig. 1. In fact, it is quite involved to solve Eq. (1) in a full coupled-channel for-
malism. Instead, we will concentrate on the imaginary part of Eq. (1), which can be obtained by
using the two-body unitarity relation. It is much simpler than solving Eq. (1) directly, since we only
need the on-shell amplitudes M,y u, g, and My, g, ¢n. Of course, the price we have to pay is
to ignore the real contributions, which may be equally as important as the imaginary ones. However,
as will be shown soon, this approximation already conveys significant information on how these
coupled-channel effects are essential.

2.1. Pomeron exchange

The amplitude of the Pomeron exchange [15—17] corresponding to the first diagram of Fig. 1 is
given by

M= _’/_‘(pZ)Muvu(pl)é:;Me;, (2)
where €y and €, are the polarization vectors of the ¢ meson and photon, respectively. M, is

MM = M(s, )™, 3)

where the transition operator I'*" is defined as

Mmooy I3
P3P ki - p3 _ky - p3 D3p

I =k, (" — =52 ) —v" (K = P — —<p§—p”—f.k ) =2 @
P3 P3 P K1 P3

with p = (p1 + p2)/2. Note that the Pomeron amplitude preserves gauge invariance k;{ M, = 0.

The corresponding invariant amplitude M (s, t) in Eq. (3) is written as

s (Xp ([)71 171_
M(s,t) = CpFn(t)Fy(t) (S—) exp (—?ap(t)) R(E), (5)
P
where s = (k; + p1)? and t = (k; — k2)?. Fy(¢) is the isoscalar form factor of the nucleon,
whereas Fy () is the form factor for the photon—¢ meson—Pomeron vertex. They are parameterized,

respectively, as

2 2
4MN —ayt

Fv() = @M% =01 —t/1)2

2,11,%

Fy(t) = :
o) =17 t/M3)QuE + M3 — 1)

(6)

The Pomeron trajectory a,(p) = 1.08 + 0.25¢ in Eq. (5) is determined from hadron elastic scatter-
ing in the high-energy regime, and s, = 4 GeV?. The prefactor C » in Eq. (5) governs the overall
strength of the amplitude and is given by C;, = 0.7566, as in Ref. [8]. Since the Pomeron exchange
is in fact the main contribution in the high-energy regime, while the production mechanism at low
energies should be explained by hadronic degrees of freedom, we introduce a phenomenological
factor R(E) to suppress the Pomeron effects. It is plausible, because it still keeps all the important

4/21

220z snbny 91 uo 1senb Aq LOSEESL/E0AEC0/2/YL0Z/e1one/de1d/woo dno-olwepeoe//:sd)y woly pspeojumoq



PTEP 2014, 023D03 H.-Y. Ryu et al.

high-energy behavior of the Pomeron exchage. The factor R(E) is given as
R(E) = 1 —exp[—(E — Ew)’]. (7)
where Ey, is the threshold energy of ¢ photoproduction.

2.2. 1 and n exchanges

To calculate pseudoscalar meson (¢ = 7°, ) exchange in the # channel (the second diagram of
Fig. 1), we introduce the following effective Lagrangians:

e
Loye = m—¢g¢y(p€“”°"3 0uPvda Apy,

8¢oNN -
N Noto, 8
My Yuys @ (3)

LonN =

where ¢, Ag, and N denote the ¢ vector meson, photon, and nucleon fields, respectively. my and
My stand for the ¢ meson and nucleon masses respectively. e represents the electric charge. The
t-channel amplitude then takes the following form:

€8oNNEpyp 1FuNN (1) Fpyg

M =
mg I—M%

i(p2)(ki— k2)ysu(pe *Phoues kiaeyp. )

where r is the four-momentum of an exchanged pseudoscalar meson. We introduce the monopole-
type form factors for each vertex Fy,yy(t) and Fy,,, defined as

A2 _ M2 A2 _ M2
NN
Fonn(0) = =35 ——F. Fpyyl) = —50—F. (10)
oNN 1 dro 1

For the coupling constants and the cut-off masses for the pseudoscalar exchange, we follow Ref. [5]:
gxNN = 13.26, gynn = 3.527 for the 7 NN and n N N coupling constants, respectively. The cut-off
masses are taken to be A;yy = 0.7GeV and A, yny = 1GeV. Though these values are somewhat
different from the phenomenological nucleon—nucleon potentials [18,19], the effects of the pseu-
doscalar meson exchanges on ¢ photoproduction are rather small. Thus, we will take the values
given above typically used in ¢ photoproduction. Those of the coupling constants for the ¢y ¢ ver-
tices are determined by using the radiative decays of the ¢ meson to 7 and 5. Using the data from
the Particle Data Group (PDG) [7], one can find g4, = —0.141 and g4, , = —0.707. The negative
signs of these coupling constants were determined by the phase conventions in SU(3) symmetry as
well as by 7 photoproduction [5]. We choose the cut-off masses for the ¢y and ¢y n form factors
as follows: Agyr = 0.77GeV and Ay, = 0.9 GeV, respectively.

2.3. K1 A(1520) rescattering effects

In addition to the Pomeron and pseudoscalar meson exchanges, we need to consider the seven dif-
ferent rescattering amplitudes. However, the corresponding transition processes M; B; — ¢p are not
well known phenomenologically. Thus, we construct the seven different rescattering amplitudes with
the Born approximation for simplicity: pN, oN,o N, 7N, K A(1116), K*A(1116), and K A (1520),
based on the effective Lagrangians. Since the K A (1520) rescattering amplitude is the most signifi-
cant among several possiblities in describing ¢ photoproduction, we first discuss the K™ A (1520) one
and then deal with all the other rescattering ones in the next subsection. The y N — KA (1520)
process was investigated within an effective Lagrangian method in Ref. [9], with results in good
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Table 1. The strong coupling constants and anomalous
magnetic moments used in the present work.

8KNA* 11 Ref. [9]
8pKK 4.7 Ref. [7]
8¢NN 0.25 Ref. [21]
Kp 1.79 Ref. [7]
K¢ 0.2 Ref. [21]

agreement with the experimental data. Thus, we will employ the formalism developed in Ref. [9] so
that we may take into account the K A (1116) coupled-channel effects more realistically.
The effective Lagrangians for y N — K™ A(1520) are written as

Lrnns = 8K NA* NysaﬂKJrA*“,
Mg

. SKNA*
Lognax = —i
K

Lok = —igekk (K KT —*KTK )y,

8ok k Nysd KT A*H,

- K
LoNN = —8oNNN | Yudt — 0 a"’9,¢, | N,
2M N

L,xx =—ie(dK Kt —3"KTK)A,,

— KN
Lynn = —eN |:y“ — 2MN0W8U:| AN,

CEKNA s AL KA, (11)

Lygnar = —i

where K and A** denote the K meson and A (1520) fields, respectively. For A(1520), we utilize
the Rarita—Schwinger formalism. Mg is the kaon mass. The K NA* coupling constant is taken
from Ref. [9], since we use the amplitude derived there. The ¢ K K coupling constant can be deter-
mined from the experimental data for the decay width Iy, . On the other hand, g4 v is not well
known experimentally. Recent experiments measuring the strange vector form factors imply that the
strange quark gives almost no contribution to the nucleon electromagnetic (EM) form factors [1].
One can deduce from this experimental fact that the ¢ N N coupling constant should be very small.
In Ref. [21], the ¢ NN was estimated by using a microscopic hadronic model with p continuum:
gonN = £0.25 and k4 = 0.2, which are compatible with the recent data for the strange vector form
factors. Thus, we will take these values in the present work. However, note that the s-channel contri-
bution with the ¢ N N vertex is almost negligible. In Table 1, the relevant strong coupling constants
and anomalous magnetic moments are listed.

Based on the effective Lagrangians given in Eq. (11), we can write down the amplitude for the
KT A*(1520) rescattering equation, Eq. (1). As mentioned previously, it is rather complicated to
solve the BbS equation (1). Thus, instead of dealing with Eq. (1) directly, we will use the two-body
unitarity relation to further select the imaginary part of Eq. (1). This is in fact identical to using the
Landau—Cutkosky rule [12,13]. Knowing the singularities and the cuts of the invariant amplitudes,
and utilizing the two-body unitarity, we can easily obtain the imaginary part of the invariant ampli-
tudes. Having computed the Lorentz-invariant phase space volume factors, we obtain the imaginary
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Fig. 2. Feynman diagrams for the K+ A (1520) rescattering. The form factors are introduced in a gauge-in-
variant way.

part of the amplitude as

1 r [dQ
| = KTAHME (KT A* 12
87 s 4n_ML(VP—> YM p( — ¢p), (12)

Im M K+ A*rescatt. =

where 7 is the magnitude of the K™ on-mass-shell three-momentum. This imaginary part of the
amplitude is schematically drawn in Fig. 2. The shaded ellipse on the left-hand side represents the
invariant amplitude for yp — K A*, which is basically the same as that of Ref. [9] except for dif-
ferent form factors, as will be explained later. It consists of three different types of the Feynman
diagrams as shown below the left dashed arrow. On the other hand, the right ellipse stands for the
KT A* — ¢p process that contains the diagrams below the right arrow, generically. Note that we
use a similar method as in Ref. [8] but we choose different form factors and parameters. The corre-
sponding invariant amplitudes M (yp — KT A*) and Mg(KTA* — ¢p) with the form factors
are defined as follows:

Mp(yp — KTA*) = Mp s+ Mp,+ My FL(s, 1),
Mp(KTA* — ¢p) = (Mps + Mp, + Mg ) Fr(s, 1), (13)

where My s (MR s), Mp: (MRg;), and My, . (MR ) represent the s-channel, the z-channel, and
the contact-term contributions to the yp — KTA* (KT A* — ¢p) process, respectively:

Ki+ d + My

_ E8KNA*

M, = %; k2 vs 7 — M2 gu(p1)
eKp8KNA* _y, qd+ My
_PORNA Sup AT TN ,
MMy s v ¢iu(pr)
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Table 2. Cut-off parameters used in

Eq. (13)
ni 6
ny 2
ns 1
na 1
A 1.59 GeV
As 0.65 GeV
Aj 1.5GeV
Ay 1.5GeV
2egKNA* -y, ax
My, My u Vsu(Pl)tK myyeR
€8KNA*

Mp . = —=——iite, ys5u ,
L.c My uYs (p1)

.8KNA*8$NN -
—l—U

MR,S - M
K

d+M,
(P2) ¢ —5——5vskiu®(p1)
¢q2 _ M[% 1

* K
igKNA 8pNN K¢ i

T 2,

qd+M
(p2) k2 ¢;;—q2 — 2 VKT (),
p

i . 2ky - €*
Mp, = — BKNATE9KK 2 a(p2)ysalu®(pr).
~ Mg q% — M2

IgKNA*EKNN -
MR, = ————————u(p2)yse, u"(p1). (14)
Mg
We introduce the form factors Fr(s, t) and F (s, t) for Mg and M, respectively, in particular, in

a gauge-invariant manner for the yp — K+ A* rescattering:

B 4 ani 4 ™
Fa(s, 1) = | ———12 nehy 1
| 1A —i—(s—MIz))z_ _n2A2—|—t2_
— 4 n3 r 4 14
n3Aj nahy
Fr(s,t) = , 15
L _ngAg—l-(S —MI%)Z_ _I’l4Ai+t2_ (15)

where the cut-off masses A; and powers n; are fitted to the experimental data for yp — K A* and
yp — ¢p, which are listed in Table 2. In Fig. 3, we draw the numerical result of the total cross
section for yp — KT A* in comparison with the experimental data taken from Ref. [23]. It is in
good agreement with the data.

2.4. All other rescattering amplitudes

In the same manner as done for the KT A* rescattering amplitude, we consider the six different
amplitudes, i.e. pN, oN,o N, 7N, K A(1116), and K*A(1116). p photoproduction has been stud-
ied theoretically in Refs. [11,24-26], in which the contributions of the #-channel & and o exchanges
were considered and o exchange was found to be the dominant one, since it selects the isovector
part of the EM current. Thus, we compute M, ,_, ,, and M, 4, with the o and 7 exchanges in
the 7-channel, respectively. We will show later, in Fig. 5, that indeed the o exchange describes well,
qualitatively, the yp — pp reaction. In Ref. [24], w photoproduction was also discussed within the
same framework. In contrast to the yp — pp reaction, the = exchange appeared to be dominant,
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1000

500
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Fig. 3. Total cross section of the yp — K A(1520) reaction as compared to the experimental data [23].

since it picks up the isoscalar part of the EM current. Correspondingly, we consider the wp rescat-

tering contribution, where o is produced by the one pion exchange. The op and mp rescattering

amplitudes are obtained by reversing the pp and wp rescattering diagrams. The yp — K A(1116)

and yp — K*A(1116) reactions were measured by several experimental collaborations [27-32]

and were investigated theoretically [33—37]. While we consider all the relevant diagrams for the
K A*(1520) rescattering contribution because of its significance, we will take into account only the
K -exchange diagrams in the 7-channel for the K A and K* A rescattering diagrams, since these two

rescattering diagrams turn out to have tiny effects on ¢ photoproduction.

The relevant effective Lagrangians for these rescattering diagrams are given as follows:

ﬁww
LonN
EnONN
Lﬂqu
»Ca)qba

Eywn

Lynn

Lykk
Lok k

LrkNa

Lykk~

Lok~

g
YP7 19, A, 0" " — 8,A,0" p"]o,
mp

gonnNNo,
—ig:nNNyst3sN7,

Exoe Euvaﬁav(buaﬂpano,
me

o B4 = 3" ),
g)/wﬂ éuvaﬂavAMaﬂa)ano’
w

- KV
— N VM —
8VNN (Vu My

Ulwavv,u) N’ (VZC(), p)a

—ie[(0" KK~ — ("KHKT] Ay,
igokk [0"KTK™ — (0" KK |y,
—igkpaAysNK ™,

8yKK*

mK*
8pKK*

€vapd” AFIP KK,

€uvapd pH P K*K,
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Table 3. Coupling constants and cut-off masses used in rescattering

amplitudes

8ypo 0.82 Ref. [24]
80NN 10.026 Ref. [24]
gxNN 13.26 Ref. [24]
8rpp —1.258 Ref. [7]
8pwo —0.45 Ref. [7]
8yor 0.557 Ref. [7]
8oNN 3.72 Ref. [20]
8oKK 4.48 Ref. [7]
8KNA —13.26 Ref. [38]
8yKK* 0.254 GeV~! Ref. [7]
8oK K 10.74 Refs. [7,39]
Ke 0 Ref. [20]
Ko 6.1 Ref. [40]
Axpg 1.05GeV Ref. [17]
Aznn 1.05GeV Ref. [17]
Aypo 1.05 GeV Ref. [24]
AsNN 1.1 GeV Ref. [24]
Ay 1 GeV Ref. [24]
Aopp 0.9 GeV Ref. [24]
Aowp 0.9 GeV Ref. [7]
Aryo 0.6 GeV Ref. [20]
Ay 1.227 GeV Ref. [41]
Ag 1 GeV

where the coupling constants and the cut-off masses are listed in Table 3. The invariant amplitudes
for these diagrams are derived as follows:

8ypo 8o NN
My = Sreo8eNN_
M (te — M2)

2 _ Ag2 2 2
AVPU MU . AO’NN — MG
lo — M2 te —M2 |’

[(ki-r)(ey - €5) — (ki - €5)(ey - )] a(g)u(pr)

. A2 _ M2 A2 - M2
18ppm 8r NN v o = ppm T 7NN o
My p=—"0"" " ¢ e ke rPu u(g) x . ,
1,R M¢(t7, — szt) uvaB€y Ko €p (p2)ysu(q) { f — M% f — M72[
. 2 2 2 2
—18ywn 8§r NN v oxa B - A)’wﬂ B M” AJTNN B M7T
My =—""—"2"" "¢ e'kie X : )
2.L Moy (1 — M2) pvap€y, ki€, rPu(q)ysu(pr) { by — M2 1y — M2
—18pwo 8o NN - * *
Mo g = mu(pz)u(q)[(r ko) (€ - €5) — (r - €5)(ka - €,)]
o o
2 _ 2 2 2
« Agws — M5 . Aony —Ms
lo — M2 lo — M2

8pNN8ypo o o - Kp
L\ EAR:D 4 S o) — . o (1
Ms L M1, — M2 [kl (ey - 1) — €y (ki r)]u(pz) [y (1 +xp) Mpq }u(pl)

A2 g
A2 — (k) —1)? ’
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8oNN 8pwo N NI
Msp = —[ c€ky — (r ko — M5)e ]
3,R My (e — M2) (r-€g)ky —(r-ka $)€p

Ke A2 ?
X u(p1) |:Vu(1 + ko) — WQM} u(q) {(Az _ (rw_ k2)2) } ’
p w

_ —8woNN8ywn wpv B - o Ko o
My = méuuaﬂéykﬂ u(q) [V (I +«o) — M—PCI } u(pr)
2 2
x < 2 o 2) ’
AZ — (r— ko)
—8pNNE8¢pr * _ Kp
My g = meuuaﬂ%uk;’”ﬂu(m) |:)/a(1 +Kp) — M_quai| u(q),
) 2
M
A=k —n2) [
2
Msp = “BBEP (i asuon x | (2K Mi
= —— —(r-€,)u u X —_— -
5,L (IL — M12<) Yy q)ysu(pi fx — M12<
2
2igyk KK PA _ Ay — Mg
Msgp=—"—"——(r-€))u(pr)ysu(q) x . SR ,
2
- 2 2
—18yKK*8KPA voa B- Ay — My
Mo = ——————¢€ €y ki €xxrtu u X = ,
6.L My (i, — M2) pvap€yuky € (@)ysu(p1) ( A2 —ix
. 2 2
18pKK*EK PA My o p- Ay — My
Merp=——"—""+°¢€ €, ke rPu(pr)ysu(q) x e . , 17
R Md,(lR—M[Z() nvap ¢ "2¢K P2)Y: q A%( —ix ( )
where the subscripts 1, ..., 6 correspond to the rescattering amplitudes. The other subscripts L and

R denote the yp — M B and M B — ¢p parts, respectively. In Figs. 4 and 5 we draw the results
of the total cross sections for the yp — pp and yp — wp reactions, respectively. The results are
qualitatively in agreement with the experimental data.

3. Numerical results and discussion

We are now in a position to discuss the numerical results for ¢ photoproduction. We start with the
differential cross section at the forward angle do/dz (6 = 0) as a function of the photon energy E,
in the laboratory frame. The parameters are determined in the following manner. We fix the cut-off
parameters for the K A*(1520) box diagrams to describe the £, dependence of do/d¢ in the lower
energy region, in particular, to explain the well-known bump-like structure around E,, ~ 2.3 GeV.
The parameters of all other hadronic diagrams are taken from existing references as explained in the
previous section.

Figure 6 illustrates various contributions to do'/dz (6 = 0) as a function of the photon energy E,
from the Pomeron exchange, the 7-channel 7 and n exchanges, and seven rescattering diagrams.
The solid curve with symbol P draws the contribution of the Pomeron exchange to do/dt. As
expected, it governs E, dependence in the higher energy region (E, > 3 GeV). Note, however, that
the Pomeron does not contribute to do/d below around E, = 2.3 GeV in the present work. The 7
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40

o [ub]

2 | 3 | 4
EY [GeV]
Fig. 4. Total cross section of the yp — p°p reaction. The solid curve depicts the present result obtained from

the 7-channel o exchange diagram. The closed circles and the open squares are taken from Ref. [42], whereas
the open triangles are taken from Ref. [43].

10 T ' T ' T

o [ub]

|
3
EY [GeV]

Fig. 5. Total cross section of the yp — wp reaction. The solid curve depicts the present result obtained from
the 7-channel 7 exchange diagram. The closed squares denote the experimental data from Ref. [46], whereas
the open circles represent those from Ref. [44].

and 1 exchanges provide a certain amount of effect on the differential cross section (solid curve with
symbol T'). The contribution of the 7 and 1 exchanges starts to increase from the threshold energy
and then it decreases very slowly when it reaches approximately 3 GeV. Thus, the effects of the
and n exchanges are quite important in the lower E,, energy region up to 3 GeV, where the Pomeron
exchange overtakes the 7 and 7 exchanges.

Except for the K A*(1520) rescattering diagram, all other rescattering contributions turn out to be
negligibly small. However, the K A*(1520) rescattering diagram plays an essential role in describ-
ing the experimental data for do/dz in the lower E,, region, in particular, explaining the bump-like
structure near 2.3 GeV. In Fig. 7, we enlarge the results of Fig. 6 in the threshold region. This is
very different from the conclusion of Ref. [8], where the K A*(1520) seems to be suppressed in the
K -matrix formalism. The reason lies in the fact that we have considered the imaginary contribution
of the coupled-channel effects through the unitarized rescattering equation (1) and have introduced
different form factors for the yp — K A* and K A* — ¢p reactions. In general, form factors are
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do/dt [ubGeV ] (0

7

T T TTITT
N

T TS

1

L1l

Lo

Total

[P] Pomeron

[H] Hadrons

[T] t-channel mt+n
[R] Rescattering

- [11pN

- [71 KA(1520)

BONN(1974)
DESY(1978)
LEPS(2005)
SAPHIR(2003)
SLAC(1973)

Fmmmmmmm a2
/

EY [GeV]

Fig. 6. Differential cross section as a function of the photon energy E, on a log scale. The thick solid curve
depicts the result with all contributions included. The solid curves with the symbols P, T, B, and H represent
the Pomeron contribution, those of 7 and n exchanges, those of all the box diagrams, and the total contribution
of hadronic diagrams (T + B), respectively. The dashed curves with numbers in order denote the effects of the
seven rescattering diagrams separately.

1.5

= Total
r e LEPS (2005) 1
L B BONN (1974) 4
< SAPHIR (2004)

=0)

05

do/dt [ubGeV™ (8

Ey [GeV]

Fig. 7. The differential cross section as a function of the photon energy E,, near the threshold on a linear scale.

given as functions of two Mandelstam variables for the rescattering diagrams, i.e. F'(s, t), since we
have two off-shell particles in the s-channel and another two off-shell particles in the 7-channel. How-
ever, it is very difficult to preserve the gauge invariance in the presence of the form factors. Thus, we
have introduced a type of overall form factor to keep the gauge invariance in the yp — K A™* part, as
written in Eq. (13). To maintain consistency, we have also included a similar type of form factor in
the K A* — ¢p part. With these form factors considered, we find that the K A* rescattering diagram
is indeed enhanced as shown in Fig. 6 in comparison with Ref. [8]. The contribution of the K A*
rescattering diagram increases sharply up to £, ~ 2GeV and then falls off linearly. The result of
the K A™* rescattering diagram indicates that the off-shell effects, which arise from the form factors
and the rescattering equation, may come into play. Moreover, the form factors given in Eq. (13) are
crucial in explaining the differential cross section as a function of 6 which will be shown in Fig. 8.
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L L S B e s S B — Total (=Hadrons)
4 | — [T] t-channel t+n)
1|— [R] Rescattering
1|-- [1pN

4=-- [2]loN

-- [3]oN

J|-- [4lnN

3 [-- [51KA(1116)
11-- 61K A(1116)
1|-- (71KA(1520)

«  BONN (1974)

o LEPS (2005)

do/dt [ub/GeV’]

0 45 90 135 180
0 [degree]

Fig. 8. The differential cross section as a function of the scattering angle 6 with the photon energy at
E, = 2 GeV. The thick solid curve depicts the result with all hadronic contributions included. The solid curves
with the symbols 7" and B represent the contribution of the = and 7 exchanges and those of all the box dia-
grams, respectively. The dashed curves with numbers in order denote the effects of the seven rescattering
channels separately.

Another reason for the discrepancy may be due to fact that there is some inconsistency in Ref. [8]:
the K-matrix formalism that was employed in Ref. [8] is only valid for real K, by definition. On the
other hand, the Pomeron exchange provides only the imaginary amplitude. That is the reason why
the sign had to be modified as mentioned in the erratum given in Ref. [8]. Moreover, the present way
of treating the coupled-channel effects is rather different from Ref. [§].

Considering the fact that the K* A threshold energy (Ey, ~ 2 GeV) is very close to that of ¢ photo-
production (Ey, ~ 1.96 GeV), one might ask why the contribution of the K* A is suppressed. While
the K A*(1520) channel (Ey, ~ 2 GeV) is directly related to ¢p, since both are subreactions of the
yp — KK p process, the yp — K*A reaction is distinguished from those two reactions, because
the K*A channel is related to the yp — m K A reaction. Thus, one can qualitatively understand why
the contribution of the K* A rescattering diagrams is suppressed.

In Fig. 8, the differential cross section as a function of the scattering angle is depicted at £, =
2 GeV. Since the Pomeron exchange is suppressed at this photon energy because of sy, = 2.3 GeV,
we can examine each hadronic contribution to the differential cross section in more detail. Figure 8
clearly shows that the K A(1520) rescattering diagram is the most dominant among the hadronic
contributions. Adding all the effects of the rescattering diagrams, we find that the rescattering con-
tributions almost describe the 6 dependence. Together with the 7 and 1 exchanges, the result of the
differential cross section is in good agreement with the experimental data [4,45].

The differential cross section as a function the scattering angle is drawn in Fig. 9. The left and right
panels correspond to the photon energies £, = 3 GeV and 3.7 GeV, respectively. As expected, the
hadronic contribution is dominant over the Pomeron exchange at the lower photon energy, while at
E, = 3.7GeV the Pomeron governs the yp — ¢p process. Interestingly, the effects of the rescat-
tering diagrams, in particular the K A*(1520) one, turn out to be larger than those of the 7 and »
exchanges, whereas the rescattering diagrams seem to be suppressed at higher photon energies. This
implies that the K A*(1520) rescattering diagram influences ¢ photoproduction only in the vicinity
of the threshold energy. Figure 10 depicts the results of the differential cross section as a function of
t + |t|min With eight different photon energies, where | |1in 1S the minimum four-momentum transfer
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—— Total

— — [P] Pomeron
— [H] Hadrons |
— [T] t-channel 5+
— [R] Rescattering

12 -

E=37GeV

do/dt [ub/Ge V7]

90

Fig. 9. The differential cross section as a function of the scattering angle 6 with two different photon energies
E, =3GeV and 3.7 GeV. The thick solid curve depicts the result with all contributions included. The solid
curves with the symbols P, T', B, and H represent the Pomeron contribution, those of the 7 and n exchanges,
those of all the rescattering diagrams, and the total contribution of hadronic diagrams (7" + B), respectively.

T T T T T T T T T T T T T T T T
E =1.62GeV E‘( =172 GeV Ev =182GeV _| 1

E=192GevV _|

Y

05

do/dt [ub/Ge V]
o

E =222GeV
v 1

—_

0.5 0.5

-04 -02 0 -04 -02 0 0 -04 -02 0 -04 -02

2
t+|t|min [GeV7]

(=]

Fig. 10. Differential cross sections of the yp — ¢p reaction as a function of t 4 |¢|;, with eight different
photon energies. The experimental data are taken from Ref. [4].

from the incident photon to the ¢ meson. The results are in good agreement with the experimental
data taken from the measurement of the LEPS collaboration [4].

It is of great importance to examine the angular distribution of the ¢ — K™K~ decay in the ¢
rest frame or in the Gottfried—Jackson (GJ) frame, since it makes the helicity amplitudes accessible
to experimental investigation [47,48]. The detailed formalism for the angular distribution of the ¢
meson decay can be found in Refs. [5,48]. The decay angular distribution of ¢ photoproduction
was measured at SAPHIR/ELSA [49], but the range of the photon energy is too wide. On the other
hand, the LEPS collaboration measured the decay angular distribution at forward angles (—0.2 <
t + |t|min) in two different energy regions: 1.97 < E,, < 2.17GeV and 2.17 < E, < 2.37GeV [4],
which are related to the energy around the local maximum of the cross section and that above the
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Fig. 11. The decay angular distributions for —0.2 < ¢ + |f| i, in the Gottfried—Jackson frame. We take
the center values of the energy ranges measured by the LEPS collaboration [4], i.e. E, =2.07GeV and
E, = 2.27 GeV. The experimental data are taken from Ref. [4].

local maximum, respectively. Therefore, we have computed the decay angular distributions at two
photon energies, i.e. £, = 2.07GeV and E, = 2.27 GeV, which correspond to the center values of
the given ranges of E, in the LEPS experiment.

The one-dimensional decay angular distributions W (cos9), W (¢ — @), W(¢) are presented in
Fig. 11, and are expressed respectively as

W(cosf) = %(1 — o) + % <3,080 - 1) cos’ 6,
27W(p — @) =1 +2p,p]_, cos2(p — D),
2nW(p) =1— 2Re,0?71 cos 29,
2nW(p+ @) =1+2p,A1_1cos2(¢p + D),
27 W(®) =14 2p,p’ cos2®, (18)

where 6 and ¢ denote the polar and azimuthal angles of the decay particle KT in the GJ frame. ®
represents the azimuthal angle of the photon polarization in the center-of-mass frame. P, stands for
the degree of polarization of the photon beam. ﬁi_l, A1_1, and p’ are defined as

_ 1

plo1= 5(:011—1 —Imp?_y),

A _ 1 1 I 2
1-1= 5(,01_1 +Impi_y),

o' =20l + plo- (19)

The expressions for the spin-density matrix elements o, with the helicities A and A’ for the ¢ meson
can be found in Appendix A.

Panel (a) of Fig. 11 draws the one-dimensional decay polar-angle distributions W(cos8). As
pointed out by Refs. [4,6], the decay distribution behaves approximately as ~ (3/4) sin> ¥, which
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Table 4. ¢ density matrix in the forward scattering at £, = 2 GeV

Poo Piy Rep)_| Ar-1 r
t-channel 79 + n 0 —0.5 0 0 0
oN 0.651 —0.175 297 x 107*  —8.94 x 107° 1.37 x 1072
oN 0.035 —0.48 9.26 x 107* —8.72x 1077 —1.05 x 1073
oN 0.254 —0.066 —8.85 x 1073 203 x107* —7.93 x 1074
7N 0.061 0.448 5.57 x 107* 1.79 x 10~ 1.15 x 1073
KA(1116) 0.025 0.488 —1.08 x 1072 7.85x 1075 —2.21 x 1072
K*A(1116) 0.030 0.485 1.39 x 1073 1.10 x 107° 2.06 x 1073
KT A(1520) 3.1 x107% 0499 —295x 1072 5131 x107°® —6.02 x 1073
rescattering 6.62 x 1072 0.455 2.46 x 107* 1.74 x 10~ 5.69 x 10~*
hadrons 513 x 1072 0.24 564 x 107 134 x107* —1.99 x 10~*

indicates that the helicity-conserving processes are dominant as shown in Eq. (18). This means that
t-exchange particles with unnatural parity at the tree level do not contribute to W (cos 8). As will be
discussed later, ,080 from the 7w and n exchanges, which is related to the single spin-flip amplitude in
the GJ frame, exactly vanishes. On the other hand, all hadronic rescattering diagrams contribute to
it. Though the Pomeron exchange might contribute to this spin-density matrix element, it does not
play any role below 2.3 GeV. Panel (b) of Fig. 11 shows the results of W (¢ — &), which are in good
agreement with the LEPS data, whereas Panel (c) depicts those of W(¢), W(¢ + &), and W (D),
respectively, which deviate from the data. In fact, the data show somewhat irregular behavior which
does not seem to be easily reproduced.

As shown in Fig. 11, the decay angular distributions shed light on the production mechanism of the
¢ meson, since they make it possible to get access experimentally to the spin-density matrix elements,
or the helicity amplitudes of ¢ photoproduction. It has important physical implications, because even
though some diagrams seem to contribute negligibly to the cross sections, they might have definite
effects on the decay angular distributions. In Table 4, the contributions of each rescattering diagram
to the various spin-density matrix elements at £, = 2GeV are listed. As expected, the 7 and 7
exchanges contribute only to ﬁ%_l . The hadronic rescattering diagrams mainly contribute to p(())o and
ﬁ%_ 1> and are almost negligible to other components. Interestingly, the pp rescattering diagram is the
dominant one for ,080, even though it provides much smaller effects on the differential cross section
than the K A*(1520) one.

Recently, the LEPS experiment measured the spin-density matrix elements for yp — ¢p [6] in the
range of £, = 1.6-2.4 GeV in which the Pomeron exchange does not play a particularly important
role in the present approach. Thus, we can examine the hadronic contributions to each spin-density
matrix element. Figure 12 illustrates the various spin-density matrix elements, compared with the
LEPS data. Since the experimental data are given in the finite range of E,,, we just take the three
center values corresponding to the ranges, i.e. E, = 1.87, 2.07, 2.27 GeV. The hadronic diagrams
considered in the present work describe quantitatively Re p?o, p?_] ,and ,0111 . However, the deviations
are found in other spin-density matrix elements as t — ||y increases.

4. Summary and outlook

In the present work, we aimed at investigating the coupled-channel effects arising from the hadronic
intermediate rescattering diagrams to ¢ photoproduction near the threshold region in addition to
the conventional approach of Pomeron, 7, and n exchanges. In particular, the bump-like structure
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Spin-density matrix elements

Fig. 12. The density matrix elements as a function of |t — #,;,| for three different photon energies, i.e. 1.87 GeV,
2.07 GeV, and 2.27 GeV, to which the solid, dotted, and dot-solid curves correspond. The experimental data with
three different ranges of the photon energy are taken from Ref. [6].

near E, ~ 2.3 GeV, which was reported by the LEPS experiment [4], sheds light on the produc-
tion mechanism of the ¢ meson in the vicinity of the threshold, since the Pomeron exchange could
not explain this peculiar structure of ¢ photoproduction. Thus, we studied in detail the effects of
the seven different rescattering diagrams such as pN, oN, o N, 1 N, K A(1116), K*A(1116), and
K A(1520) with the Pomeron exchange mechanism suppressed near the threshold region. In order
to take into account the rescattering terms, we employed the Landau—Cutkosky rule in dealing with
these rescattering diagrams.

Since it turned out that the K A*(1520) rescattering diagram played a dominant role among
hadronic contributions in the lower-energy region, we scrutinized its contribution to ¢ photopro-
duction. We introduced form factors depending on both the s and + Mandelstam variables in such
a way that the total cross section of the yp — K A*(1520) reaction was reproduced well. All other
rescattering diagrams were constructed by utilizing the previous theoretical works and by reproduc-
ing the corresponding experimental data when they were available. We examined each contribution
carefully by computing the differential cross section of ¢ photoproduction. While the K A* rescat-
tering diagram was found to be the most dominant near 2 GeV, all other rescattering diagrams turned
out to be very small. The results were in good agreement with the LEPS data, including the bump-
like structure. We also computed the differential cross section as a function of 7 + |£| i, and found
it to be in good agreement with the experimental data.

We investigated the contributions of hadronic rescattering diagrams to the decay angular distri-
butions. While the one-dimensional angular distributions W (cos8) and W (¢ — ®) were in good
agreement with the experimental data, the other three angular distributions seemed to deviate from
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the LEPS experimental data. We also examined the various spin-density matrix elements, which were
measured recently by the LEPS collaboration. We found that the hadronic rescattering diagrams
describe the experimental data for Re ,0?0, ,o?_l, and /0111 well. While the present results explain
near ¢t — |f|min ~ O relatively well for other spin-density matrix elements, they deviated from the
expeimental data as t — |f|in & 0 increased. Therefore, the conclusion of the present work is that
the production mechanism of ¢ photoproduction near the threshold is governed by the hadronic
coupled-channel effects, whereas the Pomeron only becomes important in the higher energy region.

As shown in the present work, the intermediate rescattering amplitudes, in particular the
K A*(1520) one, play crucial roles in explaining the cross sections of the yp — ¢p reaction in
the vicinity of the threshold. Other rescattering diagrams also provided certain effects on the part
of the spin-density matrix elements. We have considered in this work only the imaginary part of the
transition amplitudes of the rescattering diagrams based on the Landau—Cutkosky rule. However, the
results of the spin-density matrix elements already indicate that we should carry out a theoretical anal-
ysis of ¢ photoproduction more systematically and quantitatively. Thus, we need to investigate a full
coupled-channel formalism and to solve rescattering equations (1) with the real parts of the rescat-
tering diagrams fully taken into account. Another interesting and important problem is to extend our
approach to the neutron target, since some of the considered amplitudes are isospin dependent. The
corresponding works are under way.
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Appendix A. The spin-density matrix elements

The spin-density matrix elements are expressed in terms of the helicity amplitudes [5,48]:

P = 2 \ A dihihy Lop 3
Ayshishf

1

1 *

P = N E: ka.kzkf.—kyTxf,w;x,-,xyv
)hy7)¥iv)‘-f

2 i *
= 2 AT T
Ay Aishf

1
3 *
P = N E )“VT}»fy)\i)tis)\yT)\.f,)\./;)\.,‘,)»y’ (Al)
hy ki

where 4., A;, and A represent the helicities for the photon and the initial and final nucleons,
respectively, whereas A and A" denote those for the ¢» meson. The normalization factor N is defined as

N =Y 1T a0, (A2)
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