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Polarization observables in γ N → K K N
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Some of the rich structure of the polarization observables recently developed for processes like γN → ππN

and γN → KKN are explored within the framework of a specific model for the latter process. Emphasis is
placed on observables that may be accessible at existing facilities in the near future. The sensitivity of the
observables to the details of the model indicate that they will be a very useful tool in differentiating among
models used to describe reactions like these. Within the framework of a model for γN → KKN , the sensitivity
of the observables to the coupling constants of the φ, to the properties of the �(1405), and to the existence of the
�+ is examined.
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I. INTRODUCTION AND MOTIVATION

In a recent article [1], sets of polarization observables for the
processes πN → ππN and γN → ππN were introduced.
In this paper, some of these observables are examined in the
context of a specific model for the process γN → KKN . Four
different facets of these polarization observables are explored.
First, the expected sizes of these observables are examined.
Obviously, if these observables are too small, they may not
be of interest to experimentalists. It turns out that some of the
observables, including some that can be obtained in the near
future at present facilities, can be quite large.

The sensitivity of the observables to the details of the
underlying dynamics is also explored, thus illustrating how
they will be useful in helping to pin down parameters in
any model used to describe such processes. In addition, since
these observables are fivefold differential observables, various
ways of presenting them are examined, noting that the same
observable can appear very different depending on what is
chosen as the independent kinematic variables. Finally, the
potential of these observables in the hunt for resonances is
examined in model calculations with the �+ included, and
with it excluded. The sensitivity to the parity of the �+ is also
examined, assuming that it has spin 1/2.

The focus is on the 16 observables that may be readily
measured at present facilities like Jefferson Lab, Bonn, and
Graal, for example. The availability of linearly or circularly
polarized beams at these facilities, along with advances in the
technology for the production of polarized targets, means that
a number of these observables can, in principle, be measured
with high precision. Indeed, first measurements of I�, the
beam asymmetry that arises with circularly polarized photons,
in γp → pπ+π− indicate that even the smaller asymmetries
can be measured with good precision [2]. Triple-polarization
observables can be measured from the self-analyzing decays of
hyperons produced in processes like γN → πKY . However,
such observables will be more difficult to measure for
processes like γN → ππN , as none of the present facilities
are equipped to measure recoil polarizations.
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It must be emphasized here that the focus of this paper
is the polarization observables and what they can convey about
the underlying dynamics of the process being investigated, not
the particular model that we are using to illustrate the power of
these observables. Models of this sort can always be criticized
for lacking such and such an effect, for treating this or that state
in a questionable way, etc. The model, in this case, is simply a
vehicle for showing the potential power that is inherent in the
polarization observables.

With that said, however, it must be pointed out that the
model used [3] is, as far as can be ascertained, the only one that
provided a critical assessment of pentaquark signals seen in
two photoproduction experiments that used proton targets [4].
Recently, the CLAS collaboration at Jefferson Laboratory
presented results in which the upper limit for the production
cross section of the pentaquark was “a few nanobarns” [5].
It therefore appears that the analysis in Ref. [3] was largely
correct, as such a cross section is very similar to the model
predictions obtained in Ref. [3] for a state with JP = 1/2+.
If the state does exist and has such a small production
cross section, polarization observables will be crucial for the
extraction of any signal.

The rest of this paper is organized as follows. In the next
section, the observables are briefly discussed, while Sec. III
provides a discussion of the model that is used to calculate the
observables. Much of the discussion of the model has been
presented in Ref. [3], but is repeated here for the sake of
completeness. In Sec. IV, the results obtained are presented;
the sensitivity of a few of the observables to (a) the coupling
constants of the φ meson; (b) the �(1405), and (c) the presence
of the �+, including its parity, are examined. Section V
presents conclusions and an outlook.

II. OBSERVABLES

The reaction rate I, for the process γN → KKN , can be
written

ρfI = I0
{(

1 + ��i · �P + �σ · �P ′ + �α
i σ β ′Oαβ ′

)
+ δ�

(
I� + ��i · �P � + �σ · �P �′ + �α

i σ β ′O�
αβ ′

)
+ δ�

[
sin 2β

(
I s + ��i · �P s + �σ · �P s ′ + �α

i σ β ′Os
αβ ′

)
+ cos 2β

(
I c + ��i · �P c + �σ · �P c′ + �α

i σ β ′Oc
αβ ′

)]}
, (1)
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where �P represents the polarization asymmetry that arises if
the target nucleon has polarization ��i , ρf = 1

2 (1 + �σ · �P ′) is
the density matrix of the recoiling nucleon, and Oαβ ′ is the
observable if both the target and the recoil polarization are
measured. The primes indicate that the recoil observables are
measured with respect to a set of axes x ′, y ′, z′, in which z′
is along the direction of motion of the recoiling nucleon, and
y ′ = y. δ� is the degree of circular polarization in the photon
beam, while δ� is the degree of linear polarization, with the
direction of polarization at an angle β to the x axis.

Of these 63 polarization observables (I0 is proportional to
the unpolarized differential cross section), 48 require detection
of the polarization of the recoil nucleon. Since none of the
present facilities are equipped for such measurements, little
attention is devoted to such observables at this time. Note,
however, that such observables will be essential for unam-
biguously extracting the helicity or transversity amplitudes
that describe this process. A more detailed discussion of the
formalism for these observables, including their definitions in
terms of helicity and transversity amplitudes, the quadratic
identities and inequalities that they satisfy, and the classes
of measurements needed for extraction of the helicity or
transversity amplitudes, is presented in [1].

III. MODEL

The framework in which the process γN → NKK is
treated is the phenomenological Lagrangian approach. In this
approach, all particles are treated as pointlike. Their structure is
accounted for by inclusion of phenomenological form factors,
which are discussed in a later subsection. What follows is a
slightly modified version of the discussion in [3]. In this paper,
the spin of the �+ in restricted to 1/2 and its isospin to zero;
its couplings to K∗ mesons are also neglected.

A. Ground-state baryons

The first ingredients of the model are the Lagrangian
terms needed for the electromagnetic vertices of pseudoscalar
mesons and ground-state baryons. Nucleons are treated
as isospin doublets with N = (

p

n

)
. Kaons are also treated

as isospin doublets
[
K = (

K+
K0

)]
. π and � are treated as

isotriplets.
In what should be a transparent notation, the electromag-

netic part of the Lagrangian is (with the �+ omitted for the
time being)

L1 = N

[
− e

2
(1 + τ3)γµAµ + e

4MN

(
kN
s +τ3k

N
v

)
γµγνF

µν

]
N

+�

[
− e

2
(1 + T3)γµAµ + e

4M�

(
k�
s +τ3k

�
v

)
γµγνF

µν

]
�

+�
e

4M�

µ�γµγνF
µν�+�0

e

2
(
M0

�+M�

)µ��γµγνF
µν�

− e

2
[K†(1 + τ3)(∂µK) − (∂µK†)(1 + τ3)K]Aµ + H.c.,

(2)

where µ�� is the �0 → � transition magnetic moment, µ�

is the magnetic moment of the �, kN
s and kN

v describe the
anomalous magnetic moments of the nucleon doublet, and the
k�
s,v are the corresponding quantities for the � isotriplet. T3 is

the isospin operator for the isotriplet.
The coupling of pseudoscalar mesons to ground-state

baryons is described by the Lagrangian

L2 = gNNπ

2MN

Nγµγ5(∂µπ · τ )N + gN�K

MN + M�

Nγµγ5(∂µK)�

+ gN�K

MN + M�

Nγµγ5� · τ∂µK + gNNη

2MN

Nγµγ5N (∂µη)

− e
gNNπ

2MN

Nγµγ5A
µτ3π · τN

− e
gN�K

MN + M�

Nγµγ5A
µτ3K�

− e
gN�K

MN + M�

Nγµγ5� · τAµτ3K + H.c. (3)

In this expression, η is an isosinglet field representing the
η meson. The last three terms of this Lagrangian are obtained
by minimal substitution in the first three terms.

B. Vector mesons

The vector mesons that enter into the model are K∗ and φ.
The K∗ is treated as a vector-isodoublet field Kµ, completely
analogously to the K, while the φ is represented by a vector
isosinglet field φµ. The Lagrangian in this sector is

L3 = N

[
Gφ

v γ µφµ + i
G

φ
t

2MN

γ µγ ν(∂νφµ)

]
N

+N

[
GK∗N�

v γ µK∗
µ + i

GK∗N�
t

MN + M�

γ µγ ν(∂νK
∗
µ)

]
�

+N

(
GK∗N�

v γ µ� · τK∗
µ+ i

GK∗N�
t

MN + M�

γ µγ ν� · τ∂νK
∗
µ

)

+ εαβµν

[
gφπγ

mπ

φα(∂µAβ)∂νπ
0 + gφηγ

mη

φα(∂µAβ)∂νη

]

+ gφKK

mK

[K†(∂µK) − (∂µK†)K]φµ

+ gK∗Kπ

mK

[K†(∂µπ · τ ) − (∂µK†)π · τ ]K∗
µ. (4)

C. Baryon resonances

There are a number of resonances that need to be taken into
account in a calculation such as this. Since the experimental
target is a nucleon, any of the nucleon or � resonances are
expected to play a role. The contributions of such resonances
are ignored in the results that follow, mainly because they have
been found to be small. However, a more complete calculation
should take such contributions into account. Among the
hyperons, the scope is limited so that only the lowest few
hyperon resonances are taken into account. In either case,
no baryon with spin greater than 3/2 is considered. With
the scope of the model limited in this way this, there are
only a few Lagrangian terms that must be considered in this
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TABLE I. Values of gYNK for nonexotic hyperons appearing in
the model.

Y(Mass) J P � (MeV) �NK

�
gYNK

�(1520) 3
2

−
16 0.45 15.2

�(1600) 1
2

+
150 0.2 1.05

�(1670) 1
2

−
35 0.25 0.32

�(1690) 3
2

−
60 0.25 5.53

�(1800) 1
2

+
300 0.35 0.86

�(1810) 1
2

+
150 0.35 0.71

�(1890) 3
2

+
100 0.3 1.09

�(1580) 3
2

−
15 0.45 1.95

�(1620) 1
2

−
80 0.22 0.52

�(1660) 1
2

+
100 0.2 0.67

�(1670) 3
2

−
60 0.1 3.88

�(1750) 1
2

−
90 0.26 0.44

�(1880) 1
2

+
80 0.06 0.19

�(1940) 3
2

−
220 0.13 3.19

sector. The nonexotic hyperons that are included are listed in
Table I.

1. Spin 1/2

Lagrangian terms needed for spin-1/2 resonances are

L4 = N
g

( 1
2 )

�∗NK

mK

γµγ5�
∗ · τ∂µK + N

g
( 1

2 )
�∗NK

mK

γµγ5 (∂µK) �∗

+ N
g

( 1
2 )

�NK

mK

γµγ5 (∂µK) �+

+N
g

( 1
2 )

�∗NK

mK

γµ�∗ · τ∂µK + N
g

( 1
2 )

�∗NK

mK

γµ (∂µK) �∗

+ N
g

( 1
2 )

�NK

mK

γµ (∂µK) �− + H.c., (5)

where �± is the field for �+ with JP = 1/2±. The first three
terms of this Lagrangian correspond to states with JP = 1/2+,
while the last three terms are for JP = 1/2−. In addition, the
�+ part of the Lagrangian written above assumes that the state
is an isosinglet.

2. Spin 3/2

The Lagrangian terms for spin-3/2 resonances are

L6 = N
g

( 3
2 )

�∗NK

mK

�∗
µ · τ∂µK + N

g
( 3

2 )
�∗NK

mK

(∂µK) �∗
µ

+ N
g

( 3
2 )

�∗NK

mK

γ5�
∗
µ · τ∂µK

+N
g

( 3
2 )

�∗NK

mK

γ5 (∂µK) �∗
µ + H.c., (6)

TABLE II. Values of gBB ′M obtained with the Goldberger-
Treimann relations.

Coupling fM (GeV) ( GA

GV
)B → B ′ gBB ′M

gπNNπ
0.13√

2
1.22 12.8

gN�K
0.16√

2
0.34 3.2

gN�K
0.16√

2
−0.718 −6.51

gNNη ≈1.2fπ 1.22 10.37

where the µ indices on the � and � fields indicate that they
are vector-spinor, spin-3/2 fields. In this calculation, the Rarita-
Schwinger version of such fields is used. The first two terms
are for resonances with positive parity, while the last two are
for resonances with negative parity.

D. Coupling Constants

To evaluate the coupling constants of the ground-state
baryons to pseudoscalar mesons, the extended Goldberger-
Treimann relations are used. For the coupling of the baryons
B and B ′ to the pseudoscalar M, the relation is

gBB ′M =
(

GA

GV

)
B → B ′

MB + MB ′

2fM

, (7)

where fM is the meson decay constant for the pseudoscalar
meson M. ( GA

GV
)B → B ′ is obtained from the semileptonic decay

of B → B ′ or B ′ → B. The values of fM, ( GA

GV
)B → B ′ (taken

from the Review of Particle Physics [6]) and gBB ′M obtained
from these relations are shown in Table II.

The decay width of a vector meson into two pseudoscalars
is related to the corresponding coupling constant by

�V →P1P2 = g2
V P1P2

48πM5
V

λ
3
2
(
M2

V ,M2
P1

,M2
P2

)
, (8)

where λ(a, b, c) is the K�allen function, with λ(a, b, c) = a2 +
b2 + c2 − 2(ab + ac + bc). From the measured widths and
branching fractions of the φ and K∗ mesons, the values

gφKK = 4.3, gK∗Kπ = 5.6 (9)

are obtained. In a similar way, the width for the process
V → Pγ is

�V → Pγ = g2
V Pγ

192πM3
V

λ
3
2
(
M2

V ,M2
P , 0

)
, (10)

which leads to

gφηγ = 4.3, gφπ0γ = 0.055,
(11)

gK0∗K0γ = 0.35, gK+∗K+γ = 0.22.

For a baryon B with JP = 1/2+, the width for the decay
into a pseudoscalar meson P and a ground-state baryon B ′ is

�B →B ′P = g2
BB ′P

16πM3
BM2

P

(MB + MB ′)2

×[
(MB − MB ′)2 − M2

P

]
λ

1
2
(
M2

B,M2
B ′ ,M

2
P

)
, (12)
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while the corresponding width for a baryon with JP = 1/2− is

�B → B ′P = g2
BB ′P

16πM3
BM2

P

(MB − MB ′)2

×[
(MB + MB ′)2− M2

P

]
λ

1
2
(
M2

B,M2
B ′ ,M

2
P

)
. (13)

For baryons with JP = 3/2±, the widths are

�B →B ′P = g2
BB ′P

192πM5
BM2

P

[
(MB +MB ′)2 −M2

P

]
λ

3
2
(
M2

B,M2
B ′ ,M

2
P

)
,

(14)

�B →B ′P = g2
BB ′P

192πM5
BM2

P

λ
5
2
(
M2

B,M2
B ′ ,M

2
P

)
[
(MB + MB ′)2 − M2

P

] ,

where the first expression is for a positive-parity parent baryon.
The nonexotic hyperons that are used in this calculation, along
with their masses, total widths, spins, parities, and their NK
branching fractions and coupling constants, obtained from
Eqs. (12)–(14), are shown in Table I.

As mentioned above, the � pentaquarks are allowed to have
JP = 1/2±. In [3], this state was also allowed to have JP =
3/2±, but the cross sections for production of such a state are
much larger than the upper limits reported by the CLAS Col-
laboration [5]. The present discussion is therefore restricted to
a �+ with spin 1/2. The width of the �+ is chosen to be 1 MeV,
consistent with various analyses reported in the literature [7].
The values of the coupling constants obtained for the different

parities of the � are g
( 1

2 )
�NK = 0.27 for positive parity and

g
( 1

2 )
�NK = 0.16 for negative parity. These values are obtained

assuming that the NK final state saturates the decays of the �+.
There are a number of coupling constants for which little

information is available. Perhaps the most important of these
in terms of contributions to the cross sections are the couplings
of the vector mesons K∗ and φ, particularly those of the
φ to the ground-state nucleons. The couplings of the two
hyperon resonances that lie below the NK threshold, namely
the �(1385) and the �(1405), are also not known with much
certainty. In the discussion of the polarization observables, the
effects of different values of the coupling constants of the φ,
as well as those of the �(1405), will be explored.

E. Diagrams

The diagrams included in this calculation are shown in
Figs. 1 and 3. In these diagrams, solid lines represent baryons.
If a solid line is unlabeled, it represents a nucleon. Dashed
lines represent pseudoscalar mesons, and unlabeled dashed
lines represent kaons. Wavy lines are photons, and dotted lines
are vector mesons. Each diagram shown actually represents a

(a) (b) (c)

FIG. 1. “Born” diagrams: Solid unlabeled lines are nucleons;
unlabeled dashed lines are kaons; and wavy lines are photons.

(a) (b) (c)

(f)(e)(d)

FIG. 2. Diagrams containing vector mesons. The dotted lines
represent the vector mesons.

set of diagrams, as all allowed permutations of external meson
and photon legs are taken into account.

A number of hyperon resonances are included in this
calculation. These are listed in Table I. For each of the
resonances, there is a corresponding set of diagrams of the
kind shown in Fig. 3.

There are a number of contributions that have been omitted
from this calculation. For instance, all but the ground-state
nucleon and all of the � resonances are omitted. In fact, with
the information that is available on how these states couple to
final states with hidden strangeness, it was found that their
contributions to the cross section are small. Couplings to
higher moments of any of the hyperon resonances have also
been neglected [Fig. 3(d)], as well as any contributions that
would arise from electromagnetic transitions between excited
hyperons and their ground states. In principle, there is no

(a) (b)

(d)(c)

FIG. 3. Diagrams containing excited baryons. In (a)–(d), the thick
solid lines may be either �∗, �∗ or �, while the thin solid line
is a nucleon. In diagram (d), the photon couples to the charge of
the intermediate resonance: In this model, couplings to any higher
electromagnetic moments of the resonance are neglected.
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a priori reason to expect such contributions to be small, but
little is known of those couplings. Including such contributions
would add too many unknown parameters to the model.

F. Form factors

In this calculation, the prescription of assigning an overall
form factor to gauge invariant sets of diagrams is adopted. This
means, for instance, that all of the diagrams of the type shown
in Fig. 1 have the same form factor as a multiplicative factor.
For all of the form factors, the form

F =
(

X4(
p2

i − m2
i

)2 + X4

)n

(15)

is chosen.
In this expression, pi is usually the momentum of the

off-shell particle with mass mi . In this calculation, the
simplification of setting all of the p2

i to be equal to s, the total
energy in the c.m. frame, squared, is made. X is chosen to be
1.8 GeV, as has been used by other authors. In addition, since
this form factor is applied to sets of diagrams, mi is chosen to
be the mass of the lightest off-shell particle in a particular set.
The exception to this occurs in the diagrams of Figs. 2(d) and
2(f), where mi is chosen to be the mass of the vector meson in
the diagram. The value of the integer n depends on the spin of
baryons in the diagram. If there are only spin-1/2 baryons in
the set of diagrams, n is chosen to be unity, while for spin-3/2
baryons, n is chosen to be 2.

IV. RESULTS

The polarization observables for this process are fivefold
differential, which means that there are a number of different
ways in which they can be displayed. Since it is not obvious
how to display fivefold differential quantities, it is usual
to integrate over some of the independent variables. In the
following subsections, some of the kinematic variables are
integrated over, showing the resulting observables as curves
for different values of �∗.

Since the observables are either even or odd under the
transformation �∗ ↔ 2π − �∗, this variable is not integrated.
Here �∗ is the azimuthal angle that the plane containing
the two kaons makes with the “reaction” plane, or the plane
containing the momenta of the target and recoil nucleon, and
the photon. Thus, in all the plots that follow, the observables
are shown for four values of �∗: π/6, π/4, π/3, and π/2.
Note that observables that are even in the �∗ transformation
could be displayed as Dalitz plots.

A. Presentation

Figure 4 shows the observable P �
x (the asymmetry that

arises from circularly polarized photons incident upon nu-
cleons polarized along the x axis), displayed as functions of
four different variables. This means that all other independent
variables have been integrated out. In each case, the curves
are shown for four different values of �∗, as described above.
For the curves in Fig. 4(a), the independent variable is mKK

[in all that follows, m2
ab ≡ (pa + pb)2, where ma is the mass

1.0 1.1 1.2 1.3 1.4 1.5 1.6
M

KK
 (GeV)

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

P0 x

Φ∗
 = 30

Φ∗
 = 45

Φ∗
 = 60

Φ∗
 = 90

(a)

1.4 1.5 1.6 1.7 1.8 1.9 2.0

M
NK

 (GeV)

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

P0 x

(b)

1.4 1.5 1.6 1.7 1.8 1.9 2.0
M

NK
 (GeV)

-0.4

-0.2

0.0

0.2

P0 x

(c)

-1.0 -0.5 0.0 0.5 1.0

cos Θ∗

-0.2

0.0

0.2

0.4

0.6

P0 x

(d)

FIG. 4. The observable P �
x shown in terms of different kinematic variables. (a) as a function of mKK ; (b) as a function of mNK ; (c) as a

function of mNK ; (d) as a function of cos �∗.
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1.0 1.1 1.2 1.3 1.4 1.5 1.6
M

KK
 (GeV)

-0.4

-0.2

0.0

0.2

0.4

0.6

Is
Φ∗

 = 30
Φ∗

 = 45
Φ∗

 = 60
Φ∗

 = 90

(a)

1.0 1.1 1.2 1.3 1.4 1.5 1.6

M
KK

 (GeV)

-0.4

-0.2

0.0

0.2

0.4

0.6

Is

(b)

1.0 1.1 1.2 1.3 1.4 1.5 1.6
M

KK
 (GeV)

-0.4

-0.2

0.0

0.2

0.4

0.6

Is

(c)

1.0 1.1 1.2 1.3 1.4 1.5 1.6
M

KK
 (GeV)

-0.4

-0.2

0.0

0.2

0.4

0.6

Is

(d)

FIG. 5. The observable I s , showing its sensitivity to the coupling constants Gφ
v and G

φ
t . (a) Gφ

v = 4, G
φ
t = 0; (b) Gφ

v = −4, G
φ
t = 0;

(c) Gφ
v = 0, G

φ
t = 4; (d) Gφ

v = 0, G
φ
t = −4. In each case, the observable is shown as a function of mKK .

of particle a, and pa is its four-momentum]. In the plot in
Fig. 4(b), the independent variable is mNK . In Fig. 4(c), it is
mNK , while for Fig. 4(d), it is cos �∗. �∗ is the polar angle
of the KK pair in their rest frame, measured relative to the
motion of the recoil nucleon. In these four plots, the content of

the model is exactly the same (the process is γp → nK+K
0
),

but the appearance of the observable is very different in each
case. Note the effects of the �(1520) near its resonant mass of
1.52 GeV in the curves in Fig. 4(c). Similarly, the effect of the
�+ is seen near its mass of 1.54 GeV in the curves in Fig. 4(b).

In Figs. 4(b) and 4(c), it might be more useful to use a
different definition of �∗, one appropriate to the pair of hadrons
whose invariant mass is treated as the independent variable.
Thus, in Fig. 4(b), instead of �∗ for the KK system (as defined
earlier), it might be more appropriate to use �∗

NK , while for
Fig. 4(c) �∗

NK
might be more appropriate. The reason is that

if there is a resonance in the KK system, its decay products
will yield a �∗

NK
distribution that characterizes the decay. In

the same manner, a resonance in the NK (NK) system should
yield a �∗

NK (�∗
NK

) distribution characteristic of its decay to

NK (NK).

B. � coupling constants

The two coupling constants Gφ
v and G

φ
t of Eq. (4) are

not well known. A range of values has been explored in the
literature. For example, in Ref. [10], the values explored for

Gφ
v were ±3.0 and 1.0, with a preference for Gφ

v = +3.0, with
κφ(≡ G

φ
t /Gφ

v ) = 0.3. Nakayama and Tsushima [11] explore a
range of values between 0.0 and −2.0 for Gφ

v , with κφ taking
the values 0.0, ±0.5, and −4.0. In a later article [12], these
authors use Gφ

v = −0.65 with κφ = 0, based on SU(3) and
Okubo-Zweig-Iizuka (OZI) [13] arguments. These values are
consistent with those used by Oh et al. [14], who set both
coupling constants to zero, based on the simplest interpretation
of the OZI rule [13]. Nakayama et al. [15] explore the values
Gφ

v = −0.45, −0.19, −0.90, and −0.40, with κφ = ±0.5.
Titov et al. [16] use κφ = 0, with Gφ

v = −0.67.
The discussion above indicates that it would be interesting

to explore the effects that different choices for these coupling
constants will have on a few of the polarization observables.
Figures 5 and 6 show the effects on the observables I s

(Fig. 5) and P �
x (Fig. 6) of choosing different values for these

constants. In each of these two figures, panel (a) corresponds
to the choice Gφ

v = 4, G
φ
t = 0; panel (b) corresponds to Gφ

v =
−4, G

φ
t = 0; panel (c) corresponds to Gφ

v = 0, G
φ
t = 4; and

panel (d) corresponds to Gφ
v = 0, G

φ
t = −4. The process is

γp → pK0K
0
. The values chosen are not completely incon-

sistent with the ranges discussed in the previous paragraph.
These four choices for the coupling constants lead to

differential cross sections that are similar but not identical.
In all of the figures, the effects of the φ show up most clearly
near its resonant mass of 1.02 MeV (the independent variable
in these plots is mKK ), but the effects are also seen far away
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FIG. 6. The observable P �
x , showing its sensitivity to the coupling constants Gφ

v and G
φ
t . (a) Gφ

v = 4, G
φ
t = 0; (b) Gφ

v = −4, G
φ
t = 0;

(c) Gφ
v = 0, G

φ
t = 4; (d) Gφ

v = 0, G
φ
t = −4. In each case, the observable is shown as a function of mKK .

from this resonant mass. The changes that arise in simply
changing the sign of Gφ

v [Figs. 5 and 6, panels (a) and (b)] are
quite striking, as are the changes that arise when the coupling
is changed from vector to tensor [panels (a) and (c) in each
figure, for instance, and to a lesser extent, panels (b) and (d)].
One can argue that the inclusion of other KK̄ resonances in the
calculation will modify these effects. No doubt they will, but
these observables will nevertheless be sensitive to the values
and signs of the coupling constants of the φ. This means that
polarization observables can be used to help pin down coupling
constants such as the ones explored here.

C. Subthreshold resonance

The �(1405) resonance is one of the relatively well-
established hyperons. It lies just below the NK threshold, so
its coupling (to NK ) is not very well known. In the model
used, the sensitivity to this state is explored by the display of a
few observables with this state included in the calculation and
the same observables with the state excluded. The effect of
changing the coupling constant of this state is also explored.
The observables examined are P s

x (Fig. 7), I c (Fig. 8), P c
y

(Fig. 9), and Oc
yz′ (Fig. 10), in the process γp → nK+K

0
. In

each of these figures, the results when the �(1405) is excluded
are shown in the top panel. The middle panel shows the results
obtained when this state is included, and the coupling constant
g�(1405)NK is set to the value 5.3. The lowest panel corresponds
to increasing this coupling constant to 8.0.

In all of these figures, the curves with the �(1405) included
are very different from those without it, especially near the

lowest values of mNK . For instance, in Fig. 7, the observable
is near zero at threshold if the �(1405) is excluded from
the calculation, and becomes near −0.2 when it is included.
In the case of Fig. 8 the observable goes from 0.0 to near
0.4, in the vicinity of the NK̄ threshold, without and with
the �(1405), respectively. Similar effects are seen in Figs. 9
and 10. Changing the value of the coupling constant from
5.3 to 8.0 also induces noticeable (and, in some cases,
significant) changes in the shapes of the observables near
the NK threshold. Note that the effects of the state can be
seen fairly far away from threshold, especially in Fig. 7. In
this figure, at values of mKK as large as 1.6 GeV [about
200 MeV away from the nominal mass of the �(1405),
whose total width is of the order of 50 MeV], the observable
is small and positive when the �(1405) is excluded from
the calculation and becomes small and negative when the
state is included. It can also be seen that as the coupling
constant is increased, the shapes of the observables change.
For instance, the value of P s

x near the NK threshold (Fig. 7)
changes from about −0.25 to −0.15 as g�(1405)NK changes
from 5.3 to 8.0. In addition, in the same figure, the maximum
at mNK = 1.5 GeV changes from 0.05 to 0.13 at �∗ = 90◦.
The change in the maximum near mNK = 1.5 in Fig. 10 is
more striking, going from about 0.6 when g�(1405)NK = 5.3
to 0.3 when g�(1405)NK = 8.0, at �∗ = 30◦. These features
serve to illustrate that, in calculations such as this, “small”
contributions may not affect the cross section much, but can
have significant effects on polarization observables, even in
regions where one might expect their effects to be small.
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FIG. 7. The observable P s
x , showing its sensitivity to the sub-

threshold resonance �(1405): (a) results with the �(1405) excluded
in the calculation; (b) results when this state is included, with
g�(1405)NK = 5.3; and (c) results when the coupling constant is
increased from 5.3 to 8.0. All curves are shown as functions of mNK .

D. Pentaquark search

One very interesting question regarding these observables
is their possible sensitivity to exotic resonances, such as the
�+ [17]. If observables are found that show sensitivity to this
state, they can be used to confirm its existence (or otherwise),
assuming production mechanisms like those presented in [3].
One of the disadvantages of using the differential cross section
to search for states like this is that one state (or a few states)
may provide a very large background against which a small
signal must be sought. In the case of the pentaquark searches,
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FIG. 8. The observable I c, showing its sensitivity to the sub-
threshold resonance �(1405); (a) results with the �(1405) excluded
in the calculation; (b) results when this state is included, with
g�(1405)NK = 5.3, and (c) results when the coupling constant is
increased from 5.3 to 8.0. All curves are shown as functions of mNK .

the large backgrounds are provided by the �(1520), along
with other nonexotic hyperons, as well as mesons like the φ.
With polarization observables, large “backgrounds” are not
necessarily a problem, and the curves that are shown illustrate
what might be possible in pentaquark (or similar) searches.

In the model used for these calculations, the production
cross section for the �+ is of the order of a few nanobarns,
consistent with the upper limit recently announced by re-
searchers at JLab [5]. In the calculation, this size of cross
section assumes that the pentaquark has JP = 1/2+, and that
mechanisms involving the K∗ are not important. In the same
framework, the cross section obtained is significantly smaller
if the state has JP = 1/2−. In either case, the cross sections for
producing the nonexotic hyperons, particularly the �(1520),
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FIG. 9. The observable P c
y , showing its sensitivity to the sub-

threshold resonance �(1405): (a) results with the �(1405) excluded
in the calculation; (b) results when this state is included, with
g�(1405)NK = 5.3; and (c) results when the coupling constant is
increased from 5.3 to 8.0. All curves are shown as functions of mNK .

are several hundred times larger, and would contribute to the
difficulty of extracting a �+ signal, if the state were to exist.

Figures 11–13 (I�, P �
x and P �

z , respectively) show the
curves that result when there is no �+ in the calculation
[the curves in panel (a)], when a �+ with JP = 1/2+ is
included [the curves in panel (b)], and when a �+ with
Jp = 1/2− is included [the curves in panel (c)]. The process

is γp → nK+K
0
. In Fig. 11, the helicity asymmetry without

the pentaquark is small, but recent work has demonstrated that
even such a small observable is measurable with high precision
at JLab [2]. When the pentaquark is included in the calculation,
this observable remains small, except for a structure in the
region of the invariant mass of the pentaquark.

For a pentaquark of positive parity, the signal is significant,
but extraction could still be a challenge, as the width of the
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FIG. 10. The observable Oc
yz′ , showing its sensitivity to the

subthreshold resonance �(1405): (a) results with the �(1405)
excluded in the calculation; (b) results when this state is included,
with g�(1405)NK = 5.3; and (c) results when the coupling constant
is increased from 5.3 to 8.0. All curves are shown as functions
of mNK .

“structure” is similar to the width of pentaquark (here, a width
of 1 MeV is used). For a pentaquark with negative parity,
the theoretical curves also show a significant structure, but
it is somwehat less so than for the case of a positive-parity
pentaquark. One striking feature here is the difference in the
“sign” of the signal between the positive- and negative-parity
cases, suggesting that this observable could act as an excellent
parity filter for the pentaquark. Note that this asymmetry has
already been measured at JLab for γp → pπ+π− [2]. Thus
it may be possible to measure it for γN → NKK relatively
quickly.

Figures 12 and 13 show similar structures in the curves
for P �

x and P �
z , respectively. Note that, in all cases, the
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FIG. 11. The beam asymmetry I�, showing its sensitivity to the
exotic resonance �+: (a) results when the �+ is excluded from
the calculation, (b) results when a �+ of positive parity is included in
the calculation, and (c) results when a �+ of negative parity is inclu-
ded in the calculation. All curves are shown as functions of mNK .

structures stand out clearly for two reasons. The first is that the
pentaquark is a narrow state, and the “width” of any structure
that might be observed will be similar to that of the state
giving rise to the structure. The second reason is that the �+ is
the only resonance in the nK+ channel. All other resonances

are in the nK
0

channel. The kinematic reflections from these
resonances will show up, as can be seen in Figs. 12 and 13,
but the presence of the �+ in this channel has a marked effect.
Note that in Fig. 13, this observable is predicted to be large
(in the framework of the model used) and negative. A number
of other observables utilizing linearly polarized photons (not
shown here) show similar structures for the pentaquark. Note,
too, that Oh, Nakayama, and Lee [14] show similar structures
arising from the pentaquark (even though the “background”
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FIG. 12. The observable P �
x , showing its sensitivity to the exotic

resonance �+: (a) results when the �+ is excluded from the
calculation, (b) results when a �+ of positive parity is included in the
calculation, and (c) results when a �+ of negative parity is included
in the calculation. All curves are shown as functions of mNK .

contributions appear completely different) for the process
γ n → nK+K−, for the observables they denote �x (≡ I s

in the notation used herein) and CBT (≡ P �
z ). In addition,

Nakayama and Tsushima [12] explore �x in γ n → nK+K−,
but display their results as a function of one of the angles,
rather than as a function of mNK . It is therefore more difficult
to compare their results with those presented herein.

It must be emphasized here that the potential signals shown
above arise in the full model, including the contribution of the
�(1520). In the model, the cross section for production of this
state is several hundred times larger than the cross section
for producing the pentaquark. Despite this “inconvenient”
ratio of production cross sections, the polarization observables
explored above give clear signals for the pentaquark, and
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FIG. 13. The observable P �
z , showing its sensitivity to the exotic

resonance �+: (a) results when the �+ is excluded from the
calculation, (b) results when a �+ of positive parity is included in the
calculation, and (c) results when a �+ of negative parity is included
in the calculation. All curves are shown as functions of mNK .

extraction of these signals will depend mainly on the energy
resolution possible in any experiment and much less so on the
necessity of extracting a small signal from a large background.
It must also be noted that the “heights” of the signals shown
for the pentaquark are independent of its width: only the width
of the signals reflects the width of the pentaquark.

One question of interest for these signals is the robustness of
the predictions with regard to other details in the model. There
are many parameters that may be varied to get some idea of
the model dependence in the “pentaquark signals.” Here, their
dependence on the coupling constant g�(1405)NK , discussed in
the previous subsection, is displayed. Figure 14 shows curves
for (a) I�; (b) P �

x , and (c) P �
z , for �∗ = 30◦ (solid curves) and

�∗ = 90◦ (dash-dotted curves). Each panel shows curves for
three values of g�(1405)NK , namely 0, 5.3 and 8.0, as indicated
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FIG. 14. The observables (a) I�, (b) P �
x , and (c)P �

z , showing
their sensitivities to both the exotic resonance �+ (with positive
parity) and the nonexotic �(1405). The solid curves all correspond to
�∗ = π/6, while the dash-dotted curves are for �∗ = π/2. In each
panel, the uppermost curves arise when the contibution of the �(1405)
is turned off. The lowermost curves result when g�(1405)NK = 8.0,
while the middle curves arise when this coupling constant has a value
of 5.3. All curves are shown as functions of mNK .

on the graphs. From these graphs, it can be concluded that the
strength of the pentaquark signal is independent of the value
of the coupling constant g�(1405)NK , especially for I�, shown
in Fig. 14(a).

In the above, three observables have been chosen to
illustrate how it might be possible to use these polarization
observables in pentaquark searches. The three observables
chosen all required circularly polarized photons. It must be
noted here that all 63 observables show some kind of effect
that is due to the pentaquark, and some of the effects are quite
striking. With the cross section for production of the �+ being
of the order of a few nanobarns or smaller, it becomes crucial
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that observables such as the ones discussed here be exploited
to provide other means of finding or refuting this state.

V. CONCLUSION AND OUTLOOK

The results presented above were obtained in the context
of a particular model, and, as such, they are clearly model de-
pendent. Nevertheless, within the framework of this particular
model, there has been some attempt to show how useful these
polarization observables can be by exploring their sensitivity
to a few details of the model. Comments on what other models
would predict for such observables cannot be made at this
time. In the case of the signals shown for the pentaquark, it
would be unwise to speculate on the nature of such signals in
other models. It must be emphasized that the discussion and
plots shown are only indications of what information these
observables may be able to convey. Any useful information
to be gleaned from measurements of such observables must
be extracted with full analyses. The model used to illustrate
what is possible should not be construed as providing the “final
word” on these observables.

A number of points about the polarization observables
developed in [1] have been conveyed. The first point is that
these observables may be displayed in a number of ways.
The second, and perhaps most obvious, point to note is that,
however they are displayed, these observables exhibit an
enormously rich structure, reflecting the degree of complexity
in the underlying dynamics. This sensitivity to the various

contributions leading to the final state being studied, especially
to “small” contributions, provides an indispensible tool that
will need to be fully exploited in attempts to understand
processes like the ones discussed herein. Such processes are
expected to be among the primary sources of information in
the ongoing attempts to understand the dynamics of soft QCD.

As has been mentioned before, a number of these ob-
servables should be accessible in the near future at ex-
isting facilities, in a number of different processes. The
obvious applications are to the process discussed herein,
γN → NKK , and to γN → Nππ . However, final states
like Nηπ,Nηη, YKπ (where Y is a � or �), YKη, and
even KK�, will require the same kinds of measurements
in order to disentangle the various contributions leading to
them. In the processes that produce hyperons in the final
states, their various self-analyzing decays provide access
to recoil polarization measurements, thus opening up more
possibilities. Many of these opportunities will have to be seized
for continued progress to be made in the understanding of
baryon spectroscopy.
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