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Based on the hadronic model with the gauge prescription suggested by Ohta and Haberzettl, we investigate
the possibility of determining the parity state of theU+ baryon using photon induced processes,gn→K−U+

andgp→ K̄0U+. The total and differential cross sections are simulated in two versions of pseudovector(PV)
and pseudoscalar(PS) coupling schemes and the results are reported both on the positive and negative parity
states of theU+ baryon. It is found that in both coupling schemes the total cross sections from the neutron
target are in general larger than those from the proton target, regardless of theU+ parity. The cross sections of
the U+ production however depend largely on the value of theU+ decay width which is not yet well estab-
lished. Moreover, there is a wide theoretical uncertainty associated with the different assumption on the gauge
prescription in model calculations. We discuss these points by comparing theoretical predictions with the
existing experimental data. Our analysis suggests that the observation of the angular distribution rather than
just the total cross section in the photoproduction process may be a useful tool to distinguish the parity of the
U+ baryon.
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I. INTRODUCTION

The recent experimental observations of the narrow
baryon state from the invariant mass spectrum ofK+n or K0p
in photon induced nuclear reactions and their interpretation
as an exotic pentaquark state of theU+ baryon withs= +1
attracted a lot of attention[1–5]. Such an experimental evi-
dence for theU+ baryon was also observed in other reaction
channels,K+Xe→K0pXe8 [6], nm−sn̄m−d collisions with nuclei
[7] andpA→pKs

0X [8], which tend to confirm the existence
of theU+ baryon. The extracted mass of theU+ baryon from
these experiments is reported to be 1.54 GeV and its decay
width less than 25 MeV are consistent with those of the pen-
taquark state predicted in the chiral soliton model[9–12].

These experimental identifications of theU+ have initi-
ated intensive studies of the new type of hadron structures
that are containing more than two or three quarks[13,14].
However, since quantum numbers other than its mass and
decay width of the detectedU+ baryon are not yet known
from these experiments, much theoretical attention has been
paid to the determination of its further properties like spin,
isospin, parity and magnetic moment. Subsequent theoretical
investigations on the structure of theU+ baryon follow based
on the constituent quark model including diquark-diquark-q̄
approach[15–21], Skyrme model[10–12,22–26], QCD sum
rule [27–29], chiral potential model[30], largeNc QCD [31],
lattice QCD[32,33] and group theory approach[34,35]. The
dynamical properties of theU+ baryon was also studied
through the production of theU+ in the relativistic nuclear
collisions [36,37].

All these theoretical studies address various aspects of the
U+ baryon properties and in many cases the models assume
or predict a definite parity for theU+ as positive
[9,16–18,20,21,24,28,30]. However, recent works from the
QCD-sum rules[27,29] and the lattice QCD[32,33] favor a
negative parity. Therefore the assumptions on or the model
predictions for the parity of theU+ are still controversial and
it is thus of importance to analyze the processes that may
reveal the true parity state of theU+.

Along this line of thoughts, there are theoretical attempts
to determine the parity of theU+ baryon by the direct esti-
mation of the cross sections observed in the photon and me-
son inducedU+ production experiments using hadronic mod-
els [38,39,41–43]. In particular, the cross sections ofgn

→K−U+ andgp→ K̄0U+ have been estimated with the had-
ronic models including hadron form factors[39,41] and com-
pared with the data from the SAPHIR experiment[2]. The
use of hadron form factors requires, of course, the gauge
invariance of the photoproduction amplitude and this con-
straint is indeed satisfied in Refs.[39,41]. Yet, in view of the
model development in the similar processes,gp→K+L and
gp→K+S0 [44–47], the gauge prescription suggested by
Ohta [48] and Haberzettl[49] yields the betterx2-fit for the
analysis of thegp→K+L process and has a firm field theo-
retic foundation. Since this point cannot be overlooked, we
apply the prescription of Refs.[48,49] to the model calcula-

tion of the processesgn→K−U+ andgp→ K̄0U+.
To focus on the difference in the gauge prescription from

the earlier work, we use the same model parameters of Ref.
[41]. While Ref. [41] concluded that the total cross section
already determined the parity of theU+ as positive, our re-
sults indicate that there is a wide theoretical uncertainty as-
sociated with the different assumptions on the gauge pre-
scription and the total cross section itself cannot yield a
definite conclusion on the parity of theU+. We thus stress
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that further analysis of the angular distributions is necessary.
Especially, the features of the angular distribution near
threshold become less dependent on the model parameters
because they follow the conservation rules of parity and an-
gular momentum.

This paper is organized as follows. In Sec. II, the cross
section and the differential cross section for angular distribu-
tion are evaluated for theU+ production fromgN→KU+

when theU+ has the positive parity. The cross section and
angular distribution of the reaction in the case of the negative
parity U+ production are evaluated in Sec. III. Summary and
discussion follow in Sec. IV.

II. PHOTOPRODUCTION FOR THE POSITIVE
PARITY U+

The photoproduction of theU+ baryon from neutron or
proton target is usually calculated in relativistic hadron mod-
els because the models with hadronic degrees of freedom are
more relevant than the perturbative QCD to the energy range
of the reactions that we study in this work. In hadronic mod-
els the reaction is generated from the Feynman diagrams at
tree level as shown in Fig. 1. The momenta of the incident
photon, the nucleon, the outgoing kaon, and theU+ arek, p,
q, andp8, respectively, in the diagrams of Fig. 1. The Man-
delstam variables ares=sp+kd2, t=sk−qd2, andu=sp8−kd2.
Using effective Lagrangians for vertex couplings pertinent to
the diagrams, the transition amplitude is obtained. Here, as
the interaction Lagrangians relevant to the process are found
in other literature[39–41,43] we will not repeat them. In-
stead, with the interaction Lagrangians given in Refs.
[39,41], let us begin with the Born amplitude for the positive
parity U+ photoproduction. The Born amplitude of the
pseudovector(PV) couplingKNU+ interaction can be written
as

MBorn = MPV−pole+ MKR + Mc. s1d

The PV-pole terms are composed of the first three pole dia-
grams of(a), (b), and (c) in Fig. 1 which correspond to the

nucleon,U+ and kaon exchanges in thes-, u-, andt-channel,
respectively, i.e.,

MPV−pole=
egKNU

M + MU

ūUsp8dHF1ssdg5q”
sp” + k” + Md

s− M2 FQNe”

+ i
kN

2M
smnemknG + FQUe” + i

kU

2MU

smnemknG
3

sp”8 − k” + MUd
u − MU

2 g5q”F2sud + QKF3stdg5sM

+ MUd
s2q − kd · e

t − mK
2 JuNspd. s2d

For brevity, we write the amplitude collectively forgn

→K−U+ andgp→ K̄0U+ with notationsQN, QU, andQK by
assigningQN=0, QU=1, and QK=−1 to gn→K−U+, and

QN=1, QU=1, andQK=0 to gp→ K̄0U+, respectively. The
anomalous magnetic moments of the proton and neutron are
kp=1.79 andkn=−1.91. In Eq.(2), gKNU is theU+ coupling
constant,kU is the anomalous magnetic moment ofU+, and
e is the photon polarization vector. Also,F1ssd
=F1ss,MU

2 ,mp
2d, F2sud=F2sM2,u,mp

2d, and F3std
=F3sM2,MU

2 ,td are the hadron form factors introduced to the
KNU vertices in thes-, u-, and t-channel with the normal-
izationsF1ss=M2d=1, F2su=MU

2 d=1, andF3st=mp
2d=1, re-

spectively.
In the PV coupling, the Kroll-Ruderman term of Fig. 1(d)

is required to restore gauge invariance of PV pole terms due
to theg5q” coupling;

MKR = −
egKNU

M + MU

ūUsp8dg5e”hF1ssdQN − QUF2sudjuNspd.

s3d

In the gauge transformation of the PV coupling pole terms
together with the Kroll-Ruderman term, however, these am-
plitudes are not gauge invariant, but yield the following re-
lation:

sMPV−pole+ MKRde→k = egKNUūUsp8dg5hF1ssdQN − QUF2sud

− QKF3stdjuNspd. s4d

The nonvanishing divergence of Eq.(4) is due to the use of
different form factor for each hadron vertex and this sort of
divergence equally holds for the gauge transformation of
pseudoscalar(PS) coupling photoproduction amplitude. In
fact it vanishes whenFi =1 for i =1,2,3,i.e., in the case of
point interaction ofKNU, or whenFi =F for all i, i.e., in the
case of using an overall form factor,F. In Refs.[39,41], the
recipe they used in order to restore gauge invariance of the
Born amplitude as given in Eq.(4) corresponds to the case of
using an overall form factor. In this work, we follow the
gauge prescription suggested by Ohta[48] and later im-
proved further by Haberzettl[49]. According to these field
theoretic analyses[48,49], the divergence of the hadronic
current due to the different form factors can be removed by
introducing the diagram(e) of Fig. 1, so-called contact inter-
action term. It is of the form

FIG. 1. Tree level diagrams forgN→KU+ reaction. Diagrams
(a), (b), and (c) denote thes-, u-, and t-channel pole terms with
hadron form factors depicted as the blob at each vertex. The dia-
gram(d) is the Kroll-Ruderman(KR) term; it is absent for pseudo-
scalar couplings with bare vertices. The last diagram(e) corre-
sponds to the contact interaction term required to restore gauge
invariance of the Born amplitude. It is depicted as a large blob to
distinguish from the KR term.
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Mc = − egKNUūUsp8dg5HfF1ssd − F̂gQN
s2p + kd · e

s− M2

+ QUfF2sud − F̂g
s2p8 − kd · e

u − MU
2 + QKfF3std − F̂g

3
s2q − kd · e

t − mK
2 JuNspd. s5d

Here,F̂ is a subtraction function which depends on the Man-
delstam variablesss,u,td. Note that in order to maintain the
original singularity structure of the Born amplitude, each of
the three pole terms in Eq.(5) should be nonsingular, i.e.,

F̂=1 for on-mass shell and this can be a constraint on the

arbitrary choice of the functionF̂ [50,51]. In this work, to
preserve the crossing symmetry of the amplitude, we choose
the subtraction function, in specific,

F̂ = F2sud + F3std − F2sudF3std,

F̂ = F1ssd + F2sud − F1ssdF2sud s6d

for gn→K−U+ and gp→ K̄0U+, respectively. For each had-
ron form factor in the channelsx=s,u,t, (or i =1, 2, 3), we
use

Fisx,Mid =
L4

L4 + sx − Mi
2d2 , s7d

which are normalized to unity atx=Mi
2. HereMi is the mass

of the exchanged particle andx is the square of the trans-
ferred momentum. This function has the correct on-shell

condition, i.e.,Fisx=Mi
2d=1 for i =1, 2, 3 and, thus,F̂=1 by

Eq. (6).
In the PS coupling, the Born amplitude is composed of

those terms depicted by Figs. 1(a)–1(c). By the procedure
similar to that of PV coupling, the Born amplitude which
preserves gauge invariance can be obtained by

MBorn = MPS−pole+ Mc, s8d

where

MPS−pole= egKNUūUsp8dHF1ssdg5
sp” + k” + Md

s− M2 FQNe”

+ i
kN

2M
smnemknG + FQUe” + i

kU

2MU

smnemknG
3

sp”8 − k” + MUd
u − MU

2 g5F2sud

+ QKF3stdg5
s2q − kd · e

t − mK
2 JuNspd, s9d

and the contact interaction term of Fig. 1(e) is given by Eq.
(5).

In the calculation of cross sections based on this frame-
work, the coupling constantgKNU and the anomalous mag-
netic momentkU are to be determined. Unfortunately, there
are no detailed informations available on these quantities at

present. Instead, we have only few experimental observa-
tions; the decay widthGU and the cross section. It has been
reported that the decay widthGU is measured in the range
9,25 MeV [1–6,8] and the mean cross section forgp

→ K̄0U+ in the SAPHIR experiment is in the order of 200 nb
up to Eg=2.6 GeV[2]. More recently HERMES experiment
estimated the cross section of theU+ production to be 100
,220 nb from the quasireal photoproduction on deuteron,
eD→pKs

0X [5]. However, the precise measurements of the
width and cross sections are still lacking and there are on-
going discussions about possible reanalyses of these observ-
ables[52–54]. In particular, using theK+d scattering data,
Nussinov reanalyzed the decay width ofU+ and came up
with GU,6 MeV [52]. Moreover, Arndtet al. suggested
GUø1 MeV based on theK+p andK+d database[53]. In this
work, we adoptgKNU=2.2 assumingGU.5 MeV for the
positive parityU+ and compare our results to the present
SAPHIR data[2]. The value ofkU is still elusive, although
there are some theoretical suggestions on this quantity
[9,13]. We consider it as a parameter and vary its value be-
tween −0.7økUø0.7.

The results are given in Fig. 2, where the cross sections
are obtained by using the subtraction function and form fac-
tors of Eqs.(6) and (7) to reduce the strength of the Born
terms. In relation with these functions we present the sensi-
tivity of the cross sections to the cutoff parameterL by tak-
ing both L=1.8 GeV [41,44] and a somewhat lower value
L=1.2 GeV for comparison. Given the coupling constant
gKNU=2.2 with kU=0, the dotted lines withL=1.2 GeV
lower the cross section down by more than one third of its
magnitude as compared to the solid lines withL=1.8 GeV in

FIG. 2. Cross sections forgn→K−U+ and forgp→ K̄0U+ when
the U+ has positive parity. The PV coupling scheme is displayed in
the left column and the PS scheme is in the right column. Given the
coupling constantgKNU=2.2, dependence of the cross sections with
L=1.8 and 1.2 GeV are shown. The dotted lines are the results of
the Born amplitude withkU=0 and cutoffL=1.2 GeV. The solid
lines are the results of the Born amplitude withkU=0 and cutoff
L=1.8 GeV. The dot-dashed lines are the Born contributions with
kU=0.7 andL=1.8 GeV. The dot-dot-dashed lines withkU=−0.7
andL=1.8 GeV.
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Fig. 2. As indicated in Refs.[44,45], it probably makes more
sense to consider the productgKNUFisxd as the effective cou-
pling strength but not the bare coupling constantgKNU alone
when form factors are incorporated. For instance, the effec-
tive coupling strength becomesgKNUF1ssd.0.36 at threshold
if L=1.2 GeV. The smaller the cutoffL is, the more signifi-

cantly F̂ is attenuated by the reductions in each form factor
Fi as shown in Fig. 3. However, such a significant falloff in

F̂ may not be so desirable in order to minimize the ambiguity

from the form factors. In Fig. 3,F̂ is very close to 1 near
threshold almost independent of the scattering angleu if L
=1.8 GeV. For this reason, we take theL=1.8 GeV in what
follows.

In Fig. 2, the cross section forgn→K−U+ is about 150 nb
in the PS and 250 nb in the PV scheme nearEg=2.5 GeV.

The cross section forgp→ K̄0U+ is about 200 nb in PS and
80 nb in the PV scheme. These results are from the Born
contributions only and this point is in sharp contrast to the
results of previous calculations. In Ref.[39], with more con-
tributions of the two- and three-body final state interactions
considered, the authors used thet-channel andu-channel
Born terms to obtain cross sections with the magnitude of

38 nb forgp→ K̄0U+ and of 280 nb forgn→K−U+ in the PS
scheme. Also in Ref.[41], the authors includedK* exchange
in their PS coupling Born amplitude to obtain the cross sec-

tions about 320,400 nb for gp→ K̄0U+ and about 200
,230 nb forgn→K−U+, depending on the sign ofgK*NU.
But the Born contributions to these total cross sections are
found to be about 40 and 80 nb for each process and almost
the rest of the cross sections are fromK* contributions. In
fact their Born contributions up toEg=4 GeV are smaller by
a factor of 1

3 or 1
4 than our result in PS scheme of Fig. 2,

despite the same cutoffL with ours. As a consequence, the
K* contributions relative to the Born terms in the cross sec-
tions are much larger than ours. Furthermore, in contrast to
their findings in thekU contributions, our cross sections are

significantly dependent on the variation ofkU in case of PS
coupling scheme, albeit parametrized as the same value with
Ref. [41]. Besides the different type of form factor used in
Ref. [39] from ours and Ref.[41], the apparent distinctions
between these previous results and ours are mainly due to the
different gauge prescriptions adopted in each model calcula-
tion. Although neither of the procedures adopted in Refs.
[39,41] violates the gauge invariance, we emphasize that
they certainly need further improvement in going beyond
just taking a single overall form factor from a field theoretic
point of view. In Fig. 2, it is instructive to note that the cross
section of gn→K−U+ near threshold is similar to that of
gn→p−p and also that ofgp→ K̄0U+ to gp→p0p, since the
two channels ofU+ production have the same charge ex-
change structure of the Born terms with the corresponding
two processes in the pion photoproduction. According to the
results of Refs.[55,56] where the couplings of the baryon
octet with the antidecuplet are analyzed, theU+ is difficult to
couple to any would-be nucleon resonances. We, thus, refer a
qualitative analysis of our cross sections to those of the pion
photoproduction near threshold where no significant contri-
butions are attributed to the resonances[57]. With these in
mind, the “nose” structure of PV coupling scheme ofgn
→K−U+ near threshold is understood by the Kroll-Ruderman
term and possibly the kaon pole term. The Kroll-Ruderman
term dictates the threshold amplitude, giving larges-wave
contribution to yield a rapid increase of cross section to-
gether with the kaon pole term. For the processgp→ K̄0U+,
there is neither Kroll-Ruderman term nor kaon pole term due
to the charge conservation. Therefore, the cross section of the
latter process is suppressed near threshold similar to the case
of gp→p0p [58,59]. These qualitative features are apparent
in the PV coupling scheme and consistent with the remark in
Ref. [60] that the photoexcitation of the baryon anti-decuplet
is strongly suppressed in the proton target and the process
occurs mostly in the neutron target.

We now consider the contributions oft-channel vector
mesonK* and K1 axial vector meson exchanges. Figure 4
depicts the Feynman diagrams for theK* and K1 exchanges
in the t-channel. For theK* s890dsJP=1−d exchange, we use
the Lagrangians

LK*NU = gK*NUŪSg m +
k*

M + MU

snm]nDKm
*†N + h.c.,

LK*Kg =
gK*Kg

m
eabmn]

aAb]mK†K*n + h.c., s10d

where gK*NU and k* are, respectively, the vector coupling
constant and the tensor coupling ratio ofK* NU vertex. Here

FIG. 3. Energy and angle dependence of the subtraction function

F̂ for gp→ K̄0U+. The functional form ofF̂ is given by Eq.(6). The
solid line is forL=1.8 GeV. The dotted line and the dashed line are

for L=1.2 and 0.8 GeV, respectively. Note thatF̂=1 at Eg=0 be-
low the threshold of the reaction regardless ofL values.

FIG. 4. Diagrams fort-channelK* and K1 exchanges in the
gN→KU+ process.
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m is a parameter of mass dimension for the anomalous cou-
pling of gK*Kg. The transition amplitude forK* exchange in
the t-channel can be written as

MK* = − GK*NUūUHeabts kaebqt
s− gsm + q8sq8m/MK*

2 d
t − MK*

2 + iGMK*

3Sgm + i
k*

M + MU

snmq8nDJuN, s11d

with GK*NU=gK*NUgK*Kg F3stdm−1, and qm8 =sq−kdm. Includ-
ing these contributions, we usegK*K±g=0.254 for the charged
kaon anomalous decay andgK*K0g=0.388 for the neutral
kaon decay that are cited in Particle Data Group[61]. Fol-
lowing Ref. [40], the unknown couplinggK*NU was deduced
to be 1.32 from the assumption,gK*NU /gKNU=0.6. We adopt
this value ofgK*NU and do not consider the tensor coupling
contributions of bothK* and K1 to avoid any further param-
eters. The interaction Lagrangians for the axial vector meson
K1s1270dsJP=1+d coupling toK1NU+ andK1Kg are given by

LK1NU = gK1NUŪSgm +
k1

M + MU

snm]nDK1
m†g5N + h.c.,

LK1Kg = − i
gK1Kg

m
K†s]mAn]

mK1
n − ]mAn]

nK1
md + h.c.,

s12d

wheregK1NU and k1 are the axial vector coupling constant
and the tensor coupling ratio ofK1NU vertex, respectively.
Then, the transition amplitude for thet-channelK1 exchange
is given by

MK1
= GK1NUūUsk ·q8em − e ·q8kmd

s− gmn + q8mq8n/MK1

2 d

t − MK1

2 + iGMK1

3Sgn + i
k1

M + MU

sanq8aDg5uN, s13d

with GK1NU=gK1NUgK1KgF3stdm−1. For the axial vector meson
coupling constantgK1Kg, there are no empirical data available
for the decayK1→Kg except for its decay channel tor
meson via the processK1→rK [61]. In Ref. [62], by using
the effective Lagrangian given by Eq.(12) for the interaction
vertex K1Kr, the decay widthGK1→Kr was estimated to be
37.8 MeV and the coupling constantgK1Kr was determined
to be 12.0. Using this value forgK1Kr, we deduce the cou-
pling constantgK1Kg=0.6 by applying the vector dominance
relation for gK1Kg=se/ frdgK1Kr, where fr

2/4p=2.9. In order
to determine the axial vector coupling constantgK1NU, we
make use of the ratiogK*KggK* pL /gK1KggK1pL.−8.6, which
is extracted from WJC model forK+L electromagnetic pro-
duction [63] and assume that this ratio is valid also for
gK*KggK*NU /gK1KggK1NU. Then, we obtaingK1NU=−0.07 for

gn→K−U+ andgK1NU=−0.1 for gp→ K̄0U+, respectively.
In Fig. 5, we present the results ofK* and K1 contribu-

tions to the cross sections ofgn→K−U+ andgp→ K̄0U+ in
both coupling schemes. In most cases,K* gives significant

contributions, whereas the role ofK1 is minor and these vec-

tor mesons give contributions togp→ K̄0U+ larger thangn
→K−U+. In this figure, the results of these contributions are
more favorable whengK*NU=1.32, gK1NU=−0.07s−0.1d for

gn→K−U+sgp→ K̄0U+d as depicted by the dashed lines.
They give the same order of magnitude to the cross sections
for each process atEg=2.5 GeV, regardless of the coupling
scheme. Around this energy, the dashed lines of the cross
section for gn→K−U+ are about 230 nb, and forgp

→ K̄0U+ about 150 nb, respectively.
In Fig. 6, the differential cross sections forgn→K−U+ are

displayed near thresholdEg=1.8 GeV and atEg=2.5 GeV. It
is interesting to see that the angular distributions of the kaon
produced near threshold,Eg=1.8 GeV, are isotropic both in
the PV and PS schemes. These are due to thes-wave domi-
nance from the Kroll-Ruderman term in the case of PV, and
from the s-channel nucleon pole term in the case of PS,
respectively. Notice that the scales of the cross sections in
the two schemes are different. This feature of thes-wave
production near threshold can be anticipated from the parity
and angular momentum conservation which states that the
angular momentum of the produced kaon is in thes-wave
state near threshold, if the parity of theU+ is positive. In the
energy binEg=2.5 GeV, the interference ofK* and K1 ex-
changes develops a peak aroundu=45° in both coupling
schemes whengK*NU=1.32,gK1NU=−0.07 as depicted by the
dashed lines.

FIG. 5. Cross sections forgn→K−U+ of PV (upper left) and PS

scheme(upper right). Cross sections forgp→ K̄0U+ of PV (lower
left) and PS scheme(lower right) when theU+ has positive parity.
kU=0 in any cases for all panels. The solid lines are the contribu-
tions of the Born amplitude withgK*NU=0. The dotted lines are the
sum of the Born terms andK* with gK*NU=1.32. The dot-dashed
lines the sum of the Born terms andK* with gK*NU=−1.32. The
dashed lines are the sum in total of the Born terms,K* and K1 with
gK*NU=1.32, gK1NU=−0.07 for gn→K−U+ and gK1NU=−0.1 for

gp→ K̄0U+, respectively. The dot-dot-dashed lines are the sum in
total of the Born terms,K* and K1 with gK*NU=−1.32, gK1NU=

+0.07 for gn→K−U+ and gK1NU= +0.1 for gp→ K̄0U+,
respectively.
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In Fig. 7, the angular distributions ofgp→ K̄0U+ are pre-
sented. There appear small deviations from the isotropic an-
gular distribution in the Born contribution and the backward
asymmetries are observed near threshold. These backward
enhancements hold even atEg=2.5 GeV both in the PV and
PS schemes. They are resulting from theu-channel contribu-
tion of the Born terms, since there is no kaon pole term in
this process. AtEg=2.5 GeV, the change in the sign ofK*
andK1 coupling constants in the PV coupling scheme shifts
the position of a peak from the the very forward angle for
gK*NU=1.32, gK1NU=−0.1 to the very backward angle for
gK*NU=−1.32,gK1NU=0.1. It is worth noting that the thresh-
old behaviors of the Born terms of these two processes given
in Figs. 5–7 show a close similarity to those ofgn→p−p and
gp→p0p near threshold found in Refs.[58,59], as men-
tioned before.

III. PHOTOPRODUCTION FOR THE NEGATIVE
PARITY U+

We now turn to the case ofU+ photoproduction when it
has the negative parity. The electromagnetic coupling vertex
of the negative parityU+ baryon is given by

LgUU = − Ūg5FQUgm −
kU

2MU

smn]
nGg5UAm. s14d

The interaction Lagrangians of the negative parityU+ for the
PS and PV couplings are of the forms

LKNU
PS = − igKNUŪNK,

LKNU
PV = −

gKNU

M − MU

ŪgmN]mK, s15d

which are equivalent to each other for the free baryons. It
must be noted, however, that they are slightly different from
each other when, reduced to the nonrelativistic spinor forms
at threshold, i.e.,

LKNU
PS = − igKNUxU

† xNK + ¯ ,

LKNU
PV = − igKNU

mK

M − MU

xU
† xNK + ¯ . s16d

The difference is by the factormK / sMU−Md.0.85,
which makes the PV coupling version somewhat smaller
than the PS one by the factor of 0.85. The Born amplitude for
the negative parityU+ photoproduction can be derived by
using the Lagrangians in Eqs.(14) and(15) for the coupling
vertices relevant to the interaction diagrams shown in Fig. 1.
This leads to the replacement of the final stateūU→−ūUg5 at
every KNU vertex and theu-channel propagator ofU+,
SFsp8−kd→−g5SFsp8−kdg5 in the amplitude given by Eq.
(1), i.e.,

MBorn = MPV−pole+ MKR + Mc, s17d

where

MPV−pole=
egKNU

M − MU

ūUsp8dH− F1ssdq”
sp” + k” + Md

s− M2 FQNe”

+ i
kN

2M
smnemknG + F− QUe” + i

kU

2MU

smnemknG
3

sp”8 − k” + MUd
u − U

q”F2sud

− QKF3std
sM − MUds2q − kd · e

t − mK
2 JuNspd, s18d

MKR =
egKNU

M − MU

ūUsp8dhF1ssdQN − QUF2sudje”uNspd,

s19d

FIG. 6. Angular distributions forgn→K−U+ at Eg=1.8 GeV
(upper left), Eg=2.5 GeV(lower left) of PV andEg=1.8 GeV(up-
per right), Eg=2.5 GeV(lower right) of PS scheme when the parity
of U+ is positive. The notations are the same as in Fig. 5.

FIG. 7. Angular distributions forgp→ K̄0U+ at Eg=1.8 GeV
(upper left), Eg=2.5 GeV(lower left) of PV andEg=1.8 GeV(up-
per right), Eg=2.5 GeV(lower right) of PS scheme when the parity
of U+ is positive. The notations are the same as in Fig. 5.
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Mc = egKNUūUsp8dHfF1ssd − F̂gQN
s2p + kd · e

s− M2 + QUfF2sud

− F̂g
s2p8 − kd · e

u − MU
2 + QKfF3std − F̂g

s2q − kd · e

t − mK
2 JuNspd.

s20d

By the similar procedure, the PS coupling Born amplitude is
given by

MBorn = MPS−pole+ Mc, s21d

where the contact interaction termMc is given by the same
equation, Eq.(20), and

MPS−pole= egKNUūUsp8dH− F1ssd
sp” + k” + Md

s− M2 FQNe”

+ i
kN

2M
smnemknG + F− QUe” + i

kU

2MU

smnemknG
3

sp”8 − k” + MUd
u − MU

2 F2sud

− QKF3std
s2q − kd · e

t − mK
2 JuNspd. s22d

For an application of theK* and K1 exchanges in the
t-channel, we use the transition amplitudes of the positive
parity U+ cases, i.e. Eqs.(11) and (13), replacing ūU by
−ūUg5 in the K* NU andK1NU vertices.

The process for the negative parityU+ production was
considered in Refs.[38,40–42] and found to have smaller
cross section than the positive-parityU+ production. In Fig.
8, the total cross sections are shown for both processes with
gKNU=0.3 taken from the decay widthGU.5 MeV. For the
K* and K1 coupling constants, we usegK*NU=0.18, keeping
the ratio gK*NU /gKNU=0.6. The coupling constantgK1NU is
determined from the assumption that the ratio
gK*KggK* pLs1405d /gK1KggK1pLs1405d=−0.7 extracted from Ref.
[63] holds for the present coupling ratio
gK*KggK*NU /gK1KggK1NU as well. In the figures, the role ofK1

is appreciable in the negative parityU+ and the cross sec-
tions are sensitive to the sign ofK* and K1 coupling con-
stants. This is analogous to theK* dominance in the positive
parity production, since the parities ofK* and K1 are oppo-
site to each other. Depending on the signs of theK* and K1
coupling constants, the cross sections forgn→K−U+ are
around 30 nb for PV, and 20,50 nb for PS schemes atEg

=2.5 GeV, respectively. While forgp→ K̄0U+, the cross sec-
tions are about 7,33 nb in the PV, and 2,12 nb in the PS
schemes. From these figures we find that the reactiongn

→K−U+ is still dominant over the reactiongp→ K̄0U+ in the
case of the negative parityU+ as well. It should be noted that
the inclusion of magnetic momentkU could give an addi-
tional contribution to the cross sections.

In comparison with the cross sections of the positive par-
ity U+ production in Fig. 5, the cross sections in the case of
negative parity are suppressed roughly by an order of mag-
nitude. This is consistent with the previous calculations pre-

sented in Refs.[39,41]. The reason for the suppression is
mainly because the adopted coupling constantgKNU=0.3
taken fromGU.5 MeV is smaller by a factor of12 than that
of positive parity. This reduction is of course reflected in the
suppression of cross sections roughly by an order of magni-
tude smaller than the existing SAPHIR experimental cross
section. Thus, if we trust the existing SAPHIR data, then we
may well doubt the possibility of negative parity state ofU+.
However, there exists a rather large uncertainty in the present
measurement of the decay width of theU+. Also, as we dem-
onstrated in the positive parity case, the cross sections calcu-
lated in the framework of hadron models are largely depen-
dent on the gauge prescription as well as the cutoffL.
Moreover, let us consider the decay width of the transition,
U+s 1

2
±d→KNs 1

2
+d with both parities retained; i.e.,

GUs1/2±d =
gKNU

2

2p

uqu
MU

sÎM2 + uqu2 7 Md, s23d

and suppose that the coupling constantgKNU is a priori given
and the kaon momentumuqu in the U+ rest frame is small.
Then, the Eq.(23) implies that the widthGU near threshold
would be small for the positive parityU+ by the subtraction
of nucleon mass from its energy, and vice versa for the nega-
tive parity. This means that the decay of the positive parity is
kinematically forbidden for small momentum and initially a
negative parity state ofU+ is more likely to decay to the final
nucleon and kaon. In this respect, analyzing only the total

FIG. 8. Cross sections forgn→K−U+ of PV (upper left) and PS

scheme(upper right). Cross sections forgp→ K̄0U+ of PV (lower
left) and PS scheme(lower right) when theU+ has negative parity.
kU=0 in any cases for all panels. The solid lines are the contribu-
tion of the Born amplitude withgKNU=0.3, gK*NU=0. The dotted
lines are the sum of the Born amplitude andK* with gK*NU=0.18.
The dot-dashed lines the sum of the Born amplitude andK* with
gK*NU=−0.18. The dashed lines are the sum in total of the Born
terms,K* and K1 with gK*NU=0.18, gK1NU=−0.1 for gn→K−U+

andgK1NU=−0.16 forgp→ K̄0U+, respectively. The dot-dot-dashed
lines are the sum in total of the Born,K* and K1 with gK*NU=
−0.18, gK1NU= +0.1 for gn→K−U+ and gK1NU= +0.16 for gp

→ K̄0U+, respectively.
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cross sections does not seem to provide a decisive conclusion
on the parity of theU+. We thus analyze further these pro-
cesses by presenting the angular distributions.

The angular distributions forgn→K−U+ andgp→ K̄0U+

are displayed in Figs. 9 and 10, respectively. By the parity
and angular momentum conservation, the produced kaon is
anticipated to be in thep-wave state near threshold when the
producedU+ has negative parity. Such a feature is well re-
produced ingn→K−U+, whereas it is less clear forgp

→ K̄0U+, regardless of the coupling schemes of theKNU+

interaction. Note that the scales of the cross sections ofEg

=1.8 GeV in the two schemes are different in Fig. 9. In par-
ticular, at the photon energyEg=2.5 GeV we observe a for-
ward peak due to a coherent interference of the Born terms
with K* and K1 right around 45° both in the two schemes in
Fig. 9. The coherent peak of the Born terms around 45° is

understood by thet-channel kaon pole dominance. In the

case ofgp→ K̄0U+ presented in Fig. 10, the apparent flat
curves of the Born contribution may be due to the small
u-channel Born contribution weakened by the small coupling
constantgKNU. Therefore, the development of the angular
distribution of the cross section in this process comes from
the t-channelK* and K1 contributions as the photon energy
increases.

Before closing this section, it should be remarked that the

angular distributions ofgn→K−U+ and gp→ K̄0U+ near
threshold in particular show a clear distinction between two
opposite parities of theU+ baryon and they are given in a
rather model-independent way. As we have demonstrated up
to this point, near threshold where the orbital excitations of
kaon other thanL=0 or 1 are suppressed, the conservation of
parity and angular momentum imposes a specified form on
the shape of angular distribution ofgN→KU+, depending on
what parity state of theU+ is. Therefore, the observation of
the reaction near threshold can provide an unambiguous way
to clarify the parity of theU+. The importance of using this
sort of conservation laws near threshold was also emphasized
in Ref. [64], but for the different reactionpp→S+U+. The
reaction they suggested instead of theU+ photoproduction
takes the advantage of giving more tight condition on the
parity and angular momentum at the initialpp state. How-
ever, the photoproduction ofU+ has already been observed
and seems to be more available for the present experiment
than the reaction suggested in Ref.[64].

IV. SUMMARY AND DISCUSSION

We investigated the possibility of using photon induced

U+ production,gn→K−U+ and gp→ K̄0U+, to discriminate
the parity of theU+ baryon. The processes are calculated for
two possible parity states of theU+ baryon using the hadron
model where the interaction of theKNU vertex is considered
both in the PV and PS coupling schemes. We employ the
broader basis of prescription for the gauge invariance based
on the Ohta and Haberzettl methods, as discussed in the
study of K+L and K+S photoproductions[48–50]. The re-
sults for the total and differential cross sections are to a large
extent different from those of previous calculations
[38,39,41,42], indicating that there is a wide theoretical un-
certainty associated with the different assumptions on the
gauge prescription. We may summarize the differences as
follows. (i) With the decay width 5 MeV, the cross sections
of the positive parityU+ from the neutron and proton target
are comparable to the present SAPHIR data, whereas the
cross sections of the negative parity are found to be only tens
of nb. Nevertheless, the uncertainty in the experimental data
are now under discussion and if the cross sections are indeed
an order of magnitude smaller, as presented in Refs.[54,65],
than the published SAPHIR data[2], then the results of the
present work are likely to support the photoproduction by the
negative parityU+ even with the coupling constantgKNU

=0.3. Our results also show that the cross section of theU+

production from the neutron is on the whole larger than that
of U+ production from the proton.(ii ) Using the empirical

FIG. 9. Angular distributions forgn→K−U+ at Eg=1.8 GeV
(upper left), Eg=2.5 GeV(lower left) of PV andEg=1.8 GeV(up-
per right), Eg=2.5 GeV(lower right) of PS scheme with the nega-
tive parity U+. The notations are the same as in Fig. 8.

FIG. 10. Angular distributions forgp→ K̄0U+ at Eg=1.8 GeV
(upper left), Eg=2.5 GeV(lower left) of PV andEg=1.8 GeV(up-
per right), Eg=2.5 GeV(lower right) of PS scheme with the nega-
tive parity U+. The notations are the same as in Fig. 8.
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ratio of gK*KggK*NL /gK1KggK1NL extracted fromK+L electro-
magnetic production for the determination of the coupling
constants,gK*NU andgK1NU, we obtain theK* and K1 contri-
butions and find that theK* contribution is in general impor-
tant andK1 contribution to the negativeU+ parity is not
negligible either. However, these contributions are not so
much dominant over the Born contribution as claimed in
Ref. [41]. This point is supported by the generally known
fact that the contributions of vector mesonrsvd are about
10% of the Born contributions at best to the threshold am-
plitudes of the reactionsgn→p−p and gp→p0p [57]. (iii )
Finally, we find that the angular distributions of the produc-

tion processes for the two opposite parity states are less de-
pendent on the model parameters and distinct from each
other. Therefore, we suggest that the observation of angular
distribution in the photoproduction process can serve as a
more useful tool to distinguish the parity of theU+ baryon as
compared to the measurement of total cross sections only.
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