PHYSICAL REVIEW D 75, 014027 (2007)

Test of the reaction mechanism for y N — KA (1520) using the polarized photon
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We study the reaction mechanism for the photoproduction of the A(1520), based on an effective
Lagrangian approach. We investigate each contribution of the s-, u-, #-channel processes and contact term,
separately. One of the most characteristic features of this reaction is the contact-term dominance which
governs the photoproduction from the proton, when the K*-exchange contribution is possibly not too
large. We suggest several different ways of the polarizations and arrangement of the beam and target to
understand the role of each contribution separately in future experiments.
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L. INTRODUCTION

Recent activities in hadron physics are largely motivated
by the observation signals for exotic hadrons. Perhaps one
of the most influential ones is the ®*. After a great amount
of effort, we are now at the stage of more careful inves-
tigation on the matter. The study of the exotic hadrons, at
the same time, has brought revised interest in the physics of
hadron resonances in general. Among them, of particular
interest is the sector of strangeness S = — 1. The properties
of the A(1405) as well as the K—N interaction have been
discussed in many different ways; one noticeable sugges-
tion was made for the A(1405) by regarding it as the two-
pole structure of the resonance.

Another resonance A(1520) = A* attracts also a great
deal of attention. This resonance of J¥ = 3/27 is well
established with a relatively narrow decay width I" ~
15 MeV. In the quark model it is a member of 70-plet of
SU(6) with [ = 1 excitation, and is mostly dominated by
the flavor singlet component. In the dynamical treatment of
meson-baryon scattering, it appears as a quasibound state
of 7 and 2(1385). Both methods are equally successful in
explaining the currently existing data of the A*. However,
they have a very different structure in its wave function and
make different predictions in some physical quantities.

In modern experimental facilities such as the SPring-8
and Jefferson Laboratory (JLab), production experiments
of this resonance can be carried out with high precision, so
that it is of great interest and importance to study the
reactions theoretically. Understanding the mechanism of
the A* production is very useful not only for the extraction
of its properties but also for the explanation of the recent
observation of the peak structure corresponding to the @+
in the reaction y +d — ©®% + A*. Motivated by these
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facts, there have been several works on this reaction both
experimentally [1] and theoretically [2—4] recently.

In addition to the previous experiments for the A* photo-
production [5,6], a recent experiment conducted by the
LEPS Collaboration at the SPring-8 revealed an interesting
feature: It turned out that the production rate of the A* was
strongly dependent on the target nucleon, which implies
that the production mechanism of the A* photoproduction
has strong charge asymmetry. Interestingly, this feature is
consistent with the theoretical prediction of Ref. [3] in
which it was proposed that this asymmetry might be ex-
plained by the contact term, which was required in order to
satisfy the gauge invariance and was present for the proton
target (yp — K+ A*) but not for the neutron target (yn —
K°A*). The size of the contact term is significant, at least
as compared with the s channel, u channel, and kaon
exchange in the 7-channel process. The contact-term domi-
nance shown in the previous study [3], however, depends
on the unknown strength of the K*-exchange diagram
which is active both for the proton and neutron in the
almost same order of magnitude. The importance of the
contact term was ignored in the analysis of the previous
experiments [5,6], while the role of the K* exchange was
emphasized.

It is now of great importance to test each contribution of
various terms in the reaction, especially that of the contact
and K*-exchange terms. In the present work, we aim at
investigating this issue in detail. In the current and future
experiments such as the LEPS and the CLAS at the JLAB,
various angular distributions are expected to be available
with the polarized photon and nucleon target utilized.
Therefore, we consider the differential cross sections under
different conditions of the polarization of the beam and
target so that we may extract information on how each term
contributes to the differential cross sections.

This paper is organized as follows: In Sec. I, we explain
the present method briefly. We define various effective
interactions which are necessary to compute the transition
amplitudes. In Sec. IIl, we present the differential cross
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sections with each Born diagram separately, including the
s-, u-, t-channel processes and contact term. In Sec. IV, we
consider possible experimental conditions to distinguish
the contact-term dominance from K and K* exchanges by
using angular distributions and asymmetries. The final
section is devoted to summary and conclusions.

II. EFFECTIVE LAGRANGIAN METHOD

In this section we define the effective Lagrangians rele-
vant to the yp — K*A* process as depicted in Fig. 1,
where we consider five tree (Born) diagrams: s channel
(upper left), u channel (upper right), ¢ channel with pseu-
doscalar K~ exchange [#(p)] and with vector K*~ ex-
change [#(v)] (lower left), and contact term (lower right).
We define the momenta of the photon, pseudoscalar kaon,
vector kaon, nucleon, and A* as shown in Fig. 1. The
spin-3/2 particle is treated as a Rarita-Schwinger field
[7-9], and its treatment can be found in Ref. [3] in detail.
The relevant effective Lagrangians are then given as fol-
lows:

Loy = —eN<A 4N Mp T FW)N +Hec,

L gk = ief(0* KK — (3*K)KT}A,,

Lopp = —eAB(f+ 2 g e )AL + He,
4M -

£’yKK* = g)/KK* Eﬂvo'p(aﬂAV)(ao-K)K*p + H-C-;
8KNA* 7
Lyya = ]’;—NKA “0,,(A 2)(3"K)ysp + He,
I8K*NA* 7« . y
Lyypn = — Ali[i:*/\ Kyr(0,K; — 9,K;)p + He,
LCEKNA* 7«
Loknar = —zﬂ’;—’;A “A,KysN + H.e, (1)

where N, AZ, K, K*, and A* are the nucleon, A*, pseu-
doscalar kaon, vector K*, and photon fields, respectively.
® wv stands for the off-shell effect [3]. The interaction for
the K*NA* vertex is taken from Ref. [10]. As for the
yA*A* vertex for the u channel, we utilize the effective
interaction suggested by Ref. [11] which contains four
form factors of different multipoles. We ignore the electric
coupling F|, since the A* is neutral. We also neglect Fj
and F, terms, assuming that higher multipole terms are less

Y (k1) , K7 (k) 4 _ k¥
’ -7
4 >
d e
4 -~
p(p1) A (p2) P A*
P(gs) A (qu)
4 _- K* 4 , Kk
_- e
v
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p —_— e ——— A* P A*
FIG. 1. The relevant diagrams for the A* photoproduction.
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important. Hence, for the photon coupling to the A*, we
consider only the magnetic coupling term F, whose
strength is proportional to the anomalous magnetic mo-
ment of the A*, k+. In the present work, we set k,» = 1 as
a trial. We will see that the u-channel contribution is very
small as compared to the dominant contact term if the k-
is not too large. The KNA* coupling constant, gxn+ 1S
determined to be 11 by using the experimental data
T psgy = 15.6 X 45% MeV) [12]. We will discuss the
K*NA™ coupling constant shortly. We note that the last
Lagrangian in Eq. (1) represents the contact-term interac-
tion which is necessary to maintain the Ward-Takahashi
identity of the amplitudes.

Having set up these Lagrangians, we can write the
scattering amplitudes as follows:

(ﬁl + Mp)Fc +k1Fs
—M%

€8KNA*
My

iM, = — it (py $2)ko, vs

€K, 8KNA® —,u(
P2
2M, My

ﬂél”(Pl» 51)

X gu(py, 1) + $2)ka,Ys

% + M,)F,
M2

K
Bt 1, )M £D O ko ysu(py)F

M=
P MM,

2 ky
M, = ZEEENN gy ) T2 S p, s))F

) Gy

iM, = 8NN u*(pa, $2)€,ysu(pr, s1)F,,
K
. —Ii8ykKk*&K'NB
iM, = —y “(p2 52)v,(ar'g"” — /™)
MK*(‘I{ )
p'r]fo‘k fnk u(pl’ sl)Fv’ (2)

where € and u* are the photon polarization vector and the
Rarita-Schwinger vector-spinor. Here, we set ©,, = g,,,
for simplicity. D,,, is the spin-3/2 fermion propagator
[3,13], for which here we use the usual spin-1/2 fermion
propagator, since the difference is negligible in the rela-
tively low-energy regions [3]. For the form factor, we
employ the gauge-invariant one with the four momentum
cutoff A, which was used for the study of yN — KA* in
Ref. [3]:

A*
F 2y — = t
x(q ) A4 + (_X _ M)%)zx X S, M, (p)! t(v)x (3)
F.=F,+F,—F,F,.

Here M, is the on shell mass of the exchange particle in the
x channel. In Ref. [3], it was shown that the use of this form
factor in Eq. (3) satisfies the Ward-Takahashi identity and
can reproduce the existing data qualitatively well.

In the present treatment there are two unknown parame-
ters, i.e. the cutoff A in the form factor and the K*NA*
coupling constant. The former is fixed to be A = 700 MeV
as done in Refs [3,14]. The only remaining unknown is the

014027-2



TEST OF THE REACTION MECHANISM FOR ...

PHYSICAL REVIEW D 75, 014027 (2007)

EY=1.8 GeV EY=2.O GeV Ey=2.2 GeV
1200, T T T T T 2000 T T T T T 250(
1000 Total 2000
1500 B
=) =) =)
2 800 2 2
S = — 1500
5] s} =]
% 600 B 1000 4 8
] 3 3 1000
2 = 2
8 400 2 i
500F
200F i 500
s,u Y, S,u
L R e
I—= T L T il
% 30 60 90 120 150 180 % 30 60 120 150 180 o 30 60 90 120 150 180

0 [deg.]

FIG. 2. Each contribution to the differential cross sections as a function of # at three different photon energies E
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y = 1.8, 2.0, and

2.2 GeV and the differential cross section with all contributions. The c, s, u, and v denote the contact term, the s channel, the u channel,

and K* exchange, respectively.

strength of the K*NA™ coupling constant. In theoretical
models, the coupling constant is rather small [15]. Since
this value affects the feature of the contact-term domi-
nance, we will treat it as a free parameter and see how
much the contact term contributes to the amplitude.

ITI. RESULTS AND DISCUSSION

A. Dominant processes

In Ref. [3], it was already shown that the contribution of
the contact term was significantly larger than those from
the s, u, t channels and K* exchange when |g gy A+ | was not
too large, i.e. |gg+ya+| = 10. In order to verify it, we need
to examine each contribution to the differential cross sec-
tions in detail.

In Fig. 2, we draw the differential cross sections for each
contribution separately as well as that with all contribu-
tions as functions of the scattering angle 6 of the kaon at
three different photon energies, E, = 1.8, 2.0, and
2.2 GeV, respectively. The K*NA* coupling constant is
fixed to be gg=yp+ = 11 for K exchange. We observe from
Fig. 2 that the differential cross section with all contribu-
tions increase, in particular, in the forward direction as E y
increases. As shown in Fig. 2, the contact term is the most
dominant one that makes almost all contributions to the
differential cross section, even though the sizes of the K-
and K*-exchange contributions are still nonnegligible. On
the contrary, those of the s and u# channels turn out to be
tiny. Therefore, it is sufficient to consider the contact term,
K and K* exchanges.

B. ¢ dependence with polarized photon beams

It is of great interest to determine which particle is
exchanged in the course of the photoproduction. In fact,
it is possible to pinpoint the exchange particle if the photon
beam can be polarized in various ways. In this case, the
dependence on the azimuthal angle (¢) becomes important
in addition to the scattering angle. In order to study the
dependence of each channel on the ¢, we take the z axis for
the incident photon beam, the x axis for the scattering

plane, and the y axis to be perpendicular to the scattering
plane (see Fig. 3). If we take a linearly polarized photon,
then the ¢ can be defined as that between the photon
polarization and the x axis.

Let us first show how different ¢ dependence emerges
according to the type of the electromagnetic interaction.
This is particularly useful to distinguish one type from the
other in meson exchange diagrams of the ¢ channel.
Consider the K-exchange amplitude which contains the
vKK coupling constant. The coupling constant is an elec-
tric type and has the following structure: €- (¢ + p,),
where g and p are the momenta of the exchanged (inter-
mediate) and final-state kaons. Therefore, the scattered
kaon and nucleon in the final state are produced most likely
to be in the direction parallel to the photon polarization
vector. Explicitly, the resulting ¢ dependence of the cross
section is proportional to cos® ¢, as shown in Fig. 4. For K*
exchange, there are several terms for the yKK*, but the
important piece has a structure of the magnetic type, i.e.
€ X g - py. Hence, the final-state kaon and nucleon are
produced most likely in the direction perpendicular to the
photon polarization, which is proportional to sin’¢. This
behavior also can be verified as shown in Fig. 4, although it
is not exactly sin’¢. Different angular distributions de-
pending on which particle is exchanged was used in the
analysis of the ¢ photoproduction and in the study of
A(1405) photoproduction. As compared to the z-channel

Photon
polarization

“ A1520)

FIG. 3. Definition of axes on the reaction plane and scattering
and azimuthal angles 6 and ¢.
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FIG. 4. Each contribution to the differential cross sections as a function of ¢ at three different scattering angles # = 30°, 90°, and
150°. The photon energy is fixed to be £, = 2 GeV, and gg+yp- = =11. The c, t, and v denote the contact term, the ¢ channel, and K*

exchange, respectively.

processes, the ¢ dependence is not so strong for the contact
term.

As an alternative method instead of the ¢ dependence, it
is also convenient to consider the asymmetry defined as

@91 — @

. 4
(‘é—‘gh + (‘;—‘5)” @

A(E,, 0) =
The subscripts || and L in Eq. (4) stand for the direction of
the photon polarization vectors parallel and perpendicular

to the reaction plane, respectively. The asymmetry inte-
grated over the scattering angle is then defined as:

1
AE) =3 f A(E,, 0) sinfd. 5)
Coefficient 1/2 on the right-hand side is introduced for the

normalization of A(E,) such that it reduces to either 1 or
—1 when (do/d#) or (do/df) vanishes.
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FIG. 5. Asymmetry A(E,, 6) for various contributions.

In Fig. 5, A(E,, 0) is depicted as a function of 6 for
various terms separately at the photon energy 2.0 GeV.
Since the s, u channels and contact term show weak ¢
dependence for the whole range of 6, the asymmetry turns
out to be almost zero, while the K-exchange asymmetry
has A(E,, ) = —1, which follows from the fact that the
cross section vanishes at ¢ = 0. In contrast, A(E,, 6) of K*
exchange takes positive values except for § = 0 and 7,
which is due to the magnetic type coupling, though not
complete. Therefore, we have established a characteristic
difference in three dominant terms: A(E,, §) ~ 0 for the
contact term, A(Ey, #) = —1 for the K exchange one, and
A(Ey, #) =< 0 for the K* exchange one. In Fig. 6, we show
the asymmetries A(E,, ) for the proton target (yp —
K* A*) with all diagrams included as functions of 6 and
at different photon energies (upper-left, upper-right, and
lower-left panels). Also shown is the #-integrated A(Ey) as
a function of E, (lower-right panel). We observe that in
general the asymmetry is small due to the presence of the
contact term. As the strength of the K*NA* coupling
constant is increased, the asymmetry takes finite values
either of positive (for the positive K*NA™* coupling con-
stant) or of negative value (for negative K*NA* coupling
constant).

Although it is experimentally more difficult to perform
such a test in the neutron reaction (yn — K°A*), K*
exchange becomes important without the contact and
K-exchange terms. The asymmetry, therefore, is expected
to be positive in this case.

C. Polarized target

If the target nucleon is polarized and at the same time if
it is possible to measure the polarization of A*, we can
check a consistency for the spin of the produced particle
[A(1520)] owing to the conservation of its helicity.
Although it is probably a very difficult situation experi-
mentally, we would like to see what may be expected in
observation.

014027-4



TEST OF THE REACTION MECHANISM FOR ...

E./=1.8 GeV

02 . . :
=z
& o1}
[=]
Rl -2
g P | R
2 00 = R ————
a
a \
®5_ 0.1
o)
)
<

A(EYG) [Dimensionless]

0 30 60 90 120 150 180
0 [deg.]

PHYSICAL REVIEW D 75, 014027 (2007)
E=2.0 GeV

0.2

A(E},,O) [Dimensionless]

-0.2 v -
0 30 60 90 120 150 180
0 [deg.]
0.2
- =22
@ 0.1 fF
2
Z
o 0.0F
E e
A 22
@> 01 +11
<
-0.2 . .
1.8 2.0 22 24
EY[GeV]

FIG. 6. Asymmetry A(E,, 6) for the different photon energies, E,, = 1.8 (upper left), 2.0 (upper right), and 2.2 GeV (lower left).
A(E,) of Eq. (5) is shown in the lower-right panel. The labels on the figure denote the values of the K*NA™ coupling constant.

Suppose that we set the spin of the target proton to be
S.(p) = +1/2 and the photon polarization S.(y) = +1.
Then the total helicity is 3/2. In the forward angle scatter-
ing, the z component of the total angular momentum is
carried solely by the helicity. Hence, the forward cross
section can take a finite value when the spin of A(1520)
is S.(A*) = +3/2. Otherwise, it vanishes. This is a simple
selection rule, but may be helpful for some reactions. For
instance, for the A(1116) production, since it has spin-1/2,
the forward production under the above condition, i.e.
S.(p) = +1/2and S_(y) = +1, cannot occur. As the scat-

S,(A#)=+3/2
1000 T T T

800

=
(=3
S

do/dcosO [nb]
S

]
(=3
S

0 30 60 90 120 150 180
0 [deg.]

tering angle 6 increases, however, the cross section be-
comes finite.

To see this situation explicitly, we show in Fig. 7 the
differential cross sections for the polarized target S,(p) =
+1/2, the polarization of the final A(1520) being either
S.(A*) = +3/2 or —3/2. The case of S.(A*) = +3/2is
allowed while the other is suppressed, which is clearly seen
in Fig. 7. In this particular example, it is interesting to see
not only that the differential cross section for S,(A*) =
—3/2 becomes exactly zero at # = 0 and 7 but also that
the magnitudes of these two cases are very much different:

S,(A#)==3/2

0
T

+22 11

do/dcosO [nb]

0 30 60 90 120 150 180
0 [deg.]

FIG. 7. The differential cross section of the reaction yp — K™ A* with the polarized target at E, = 1.8 GeV. The labels on the

figure denote the values of the K*NA* coupling constant.
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The suppressed differential cross section is very much
smaller than the allowed one by more than 2 orders of
magnitude.

D. Some implications to ®* photoproduction

One of the motivations of the present work is to apply
the reaction mechanism which can be established for the
known resonance A(1520) to reactions involving ®". In
fact, assuming that the spin and parity of @* are the same
as those of A(1520), J¥ = 3/27, we can apply the present
results almost straightforwardly to the case of @* within
the framework of the effective Lagrangian approach. For
example, we have already reported a large asymmetry
between the cross sections of the proton and neutron
targets [16]. The reaction rate of charge exchange process
is significantly larger than that of charge nonexchange
process. For the case of A(1520) the proton target reaction
is larger, while it is the other way around for the case of
O™, that is, the neutron target reaction is dominant.

In drawing this conclusion, however, it is crucial to
know the strength of the K*N®™ coupling constant, since
the K*-exchange process does not have a strong selectivity
between the proton and neutron target reactions. As dis-
cussed in Refs. [16,17], the K*-exchange process plays an
important role in angular distributions as well as in deter-
mining the magnitude for the cross sections. For the case of
A(1520), a recent study indicates that the coupling is not
very strong and the above feature is maintained [15]. On
the contrary, the K*N®* coupling constant is not known,
but a naive estimation in the quark model is not so strong,
and therefore the above feature of charge exchange domi-
nance is not very much affected.

We consider that the measurement and comparison of
the experimental and theoretical values of the K*NA*
coupling constant is important, in order to test the appli-
cability of the presently available models for hadrons,
especially in the kaon productions. Once they are estab-
lished, we also can extend the same method to the physics
of exotic hadrons including the ®™, particularly because
the energies of the A(1520) and @ reactions are expected
to be very similar. Such a strategy should be of great use in
order to understand the structure of exotic hadrons. Once
again, as shown in Fig. 2, the different ¢ dependence is
helpful to determine the value for gx-ye. We would like to
emphasize also that the discussion of ¢ dependence is
applied to the resonance productions of spin-1/2.

Another feature of the helicity conservation also can be
applied to the ®* productions. Just as in the case of
A(1520), this will help us make some constraints on the
unknown spin of the @*.

IV. SUMMARY AND CONCLUSIONS

In the present work, we have investigated the yN —
K" A* reaction in the effective Lagrangian approach. In

PHYSICAL REVIEW D 75, 014027 (2007)

particular, we aim at scrutinizing each contribution of
various diagrams to the reaction: On one hand, the contact
term plays the crucial role in describing the yp — K+ A*
process. On the other hand, the K*-exchange term may
become nonnegligible. It is of utmost importance to under-
stand this difference, since the contact term exists in the
proton channel while it is absent in the neutron channel, so
that the rate of the A* production turns out to be suppressed
in the neutron target.

We have asserted that it is of great use to investigate the
azimuthal angular distributions of the differential cross
section in order to understand the role of each contribution.
In particular, the angular ¢ distribution, or alternatively,
the asymmetries A(E,, #) and A(E,), which can be mea-
sured by using the polarized photon beam, distinguish each
role of the contact term, K*-exchange, and K-exchange
terms according to the polarization of the photon beam. We
have observed that if the contact term dominates, the
asymmetry becomes almost zero, while the K*-exchange
contribution increases, the asymmetry becomes finite.
Hence, a measurement of the asymmetries will provide a
touchstone for understanding the reaction mechanism of
the A* photoproduction.

Not only theoretically but also experimentally, the
contact-term dominance is one of the most interesting
features for the spin-3/2 baryon photoproduction as well
as for the A* photoproduction in general. In spite of
possible model dependence in treating baryons with differ-
ent spins, the above-mentioned feature does not appear in
the spin-1/2 baryon photoproduction. An experimental
confirmation of the contact-term dominance in the A*
photoproduction is important and may be a challenging
task. As discussed in the present work, since the test of the
contact-term dominance can be made, in particular, in the
very forward direction and near the threshold, the LEPS
Collaboration at the SPring-8 may be one of the good
places for verifying it.
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