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Exotic Q¿ baryon production induced by a photon and a pion

Yongseok Oh,* Hungchong Kim,† and Su Houng Lee‡

Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749, Korea
~Received 1 October 2003; published 28 January 2004!

We investigate the photoproduction of theQ1(1540) on a nucleon (gn→K2Q1, gp→K̄0Q1) and the
pion-inducedQ1 production reaction on the proton (p2p→K2Q1). The total cross sections near threshold
are estimated by using hadronic models with effective interaction Lagrangians and form factors that preserve
the gauge invariance of the electromagnetic current. The photoproduction cross sections are found to be a few
hundred nb, with the cross section on the proton being larger than that on the neutron. The pion-induced
production cross section is found to be around a few hundredmb but sensitive to theK* NQ coupling whose
value is not yet known. We also study the production cross section assuming thatQ1 has negative parity. The
cross sections are then found to be very suppressed compared to the case whereQ1 has positive parity. Hence,
the interpretation of theQ1 as an odd-parity pentaquark state seems to be disfavored from the estimates of the
cross section for the photon-proton reaction from the SAPHIR experiment.
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I. INTRODUCTION

The recent interest in pentaquark exotic hadrons was
gered by the discovery of theQ1(1540) baryon by the LEPS
Collaboration at SPring-8@1#, where the photon beam wa
used on a12C target to produce the pentaquarkQ1 from the
gn→K2Q1 reaction. The upper limit of its decay widt
(GQ) was estimated to be 25 MeV. The CLAS Collaborati
at the Thomas Jefferson National Accelerator Facility u
the photon-deuteron reaction to produce theQ1 and found
the decay width to be less than 21 MeV@2#. The SAPHIR
Collaboration used the photon-proton reaction (gp

→K̄0Q1), where the decay width is found to be less than
MeV @3#. The Q1 production withGQ<9 MeV was also
reported in the kaon-neutron reaction (K1n→K0p) by the
DIANA Collaboration @4#. Recently thenN reaction was
used to search forQ1 with GQ,20 MeV @5#.

Although the quantum numbers of theQ1(1540) are still
to be determined, the interpretation of it as being a p
taquark (uudds̄) state is solid becauseQ1 has positive
strangeness (S511). Such a low-lying pentaquark sta
with a narrow width was first predicted in the chiral qua
soliton model @6#, although the existence of such exot
states was anticipated earlier in the study of the Skyr
model @7–9#. The recent experimental findings prompted
lot of theoretical reinvestigation of the pentaquark states
cluding the pentaquark (PQ̄) with one heavy antiquark@10–
17#. Subsequent theoretical investigations on theQ1 include
approaches based on the constituent quark model@12,18–
21#, Skyrme model@8,9,22–25#, QCD sum rules@26–28#,
chiral potential model@29#, largeNc QCD @30#, lattice QCD
@31#, and group theory approach@32#. The production of the
Q1 was also discussed in relativistic nuclear collisio
@33,34#, where the number of the anti-Q1(1540) produced
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are expected to be similar to that of theQ1(1540). How-
ever, the genuine structure of theQ1 is still to be clarified,
e.g., it is not yet firmly established whether theQ1 forms an
anti-decuplet with the Roper resonance@20#, and its spin
parity is not yet confirmed. On the other hand, Jaffe a
Wilczek suggested diquark-diquark-antiquark nature of
Q1 in the antidecuplet plus octet representation of SU~3!
@11#. In Ref. @35#, theQ1 is even claimed to be a heptaqua
state. In addition, Capsticket al. suggestedQ1 as a member
of isotensor pentaquark family@36#, which is, however,
doubted by the SAPHIR experiment.

In the midst of such confusion, one attempt is to assu
certain quantum numbers for theQ1 and investigate its
physical properties@37–40#. As a starting point to compare
with experimental observations, it is important to investiga
the production processes of theQ1 in the photon-induced
and pion-induced reactions. Since the production proce
are studied in the medium energy region, the hadronic
scription would be more appropriate than perturbative QC
There have been studies in this direction, where a hadro
model with effective interaction Lagrangians was used
calculate the reaction cross sections. In Refs.@41,42#, Liu
and Ko estimated the cross sections of positive-parityQ1

production from photon-nucleon scattering and vario
meson-nucleon scatterings. The authors considered not
the two-body final states, but also three-body final sta
They claimed that the cross sections are about 0.05 m
pion-nucleon reaction, 40 nb in photon-proton reaction, a
280 nb in photon-neutron reaction@41#. The cross section for
the photon-neutron reaction is claimed to be substanti
larger than that for photon-proton reaction. The values
changed in their sequential work@42#, which includes the
contributions from theK* exchanges in the photon-nucleo
reactions. However, this work does not take into account
tensor coupling of the photon-nucleon and photon-Q1 inter-
actions. In particular, they did not include thes-channel dia-
grams and the anomalous magnetic momentum terms in
u channels in photoproduction reaction, which were sho
to be important in Ref.@43#. In addition, the final results
©2004 The American Physical Society09-1
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were obtained by multiplying a form factor that is a functio
of the center-of-mass energy only. In Ref.@43#, Nam et al.
consideredgn→K2Q1 process using pseudoscalar a
pseudovector couplings as well as a hybrid model. Then
authors included the effects of the form factors by dividi
the cross section by an overall energy-independent cons
whose value is obtained from a similar prescription to ma
the theoretical Born term estimate of the total cross sec
for kaon photoproduction to the experimental data. They a
considered the case where the quantum numbers of theQ1

areJP5 1
2

2. Then they found that theQ1 production cross
section in photon-neutron reaction near threshold is 14
nb for negative-parityQ1 and 100–240 nb for the positive
parity Q1. However, in their work, theK* exchange was
not considered and the assumption that theQ1 production
cross section can just be divided by a constant factor is
justified. Experimentally, the only information available f
any production cross sections comes from the SAPHIR C
laboration @3#, which claims that the cross section forgp

→K̄0Q1 is similar to that off photoproduction and is of the
order of 200 nb near threshold, which is to be confirmed
further analyses@44#.

In this work, we perform a more consistent calculation
the photoproduction of theQ1 from the nucleon targets an
on the pion-induced production from the proton target. T
latter reaction is of particular interest since the current K
experiment searching for theQ1 is using this reaction. Such
a reaction can also be studied with the recent pion be
facility at GSI. Several improvements are included in o
work compared with previous hadronic model calculations
Refs.@41–43#. To investigate the sensitivity on the possib
form factors, we employ form factors that are functions
the transferred momenta and compare the results with
previous ones that use different prescriptions for the fo
factors. We also include theK* exchanges in thet channel in
all relevant reactions. As we will show, the contributio
from theK* exchange are appreciable in all the product
reactions considered and in fact dominant in the pi
induced reaction. Another important question that we add
is the parity of theQ1, which is not yet settled. For example
Refs.@19,26,28,31# suggest that the parity of theQ1 is pref-
erably odd, while many other approaches including soli
models claim or assume it to be even. Therefore we will fi
present the results assuming that theQ1(1540) is an isos-
inglet, spin-1/2 baryon with positive parity, and then the
sults with assuming that theQ1 has negative parity will be
compared and discussed.

II. gn\KÀQ¿ AND gp\K̄0Q¿

The Feynman diagrams ofQ1 photoproduction from the
neutron and proton targets are shown in Figs. 1 and 2.
momenta of the incoming photon, the nucleon, the outgo
K, and theQ arek, p, q, andp8, respectively. The Mandel
stam variables ares5(k1p)2, t5(k2q)2, and u5(p
2q)2. It should be noted that we have neglected
s-channel diagrams in which the intermediate baryon is
nucleon resonance, including the Roper resonances or
nonstrange analog of theQ1 that could be the Rope
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N(1710) @6,11#. Such approximations should be goo
enough in a first attempt calculation, where at least all
ground state nucleon, pseudoscalar, and vector meson
consistently included.

For the parity of theQ1, we note that the chiral quark
soliton model predicts even parity. This seems to be con
tent with the Skyrme model results on the pentaquark st
containing one heavy antiquark. In that model, the low
state of the pentaquark with one heavy antiquark and f
light u,d quarks hasI 50 andJP5 1

2
1, while the first excited

state hasI 50 and JP5 1
2

2, and theI 51 pentaquarks are
higher states@16#. TheQ1 with JP5 1

2
1 is also favored by a

recent Skyrme model study@25# and a constituent quark
model study@45#. Thus, we first assume that theQ1 has
positive parity, postponing the negative-parity case to S
IV. Then the effective Lagrangians read

LgKK5 ieAm~K2]mK12]mK2K1!,

LKNQ52 igKNQ~Q̄g5K1n2Q̄g5K0p!1H.c.,

LgQQ52eQ̄FAmgm2
kQ

2MQ
smn]nAmGQ,

LgNN52eN̄FAmgm
11t3

2
2

1

4MN
$kp1kn

1t3~kp2kn!%smn]nAmGN, ~1!

FIG. 1. Diagrams for thegn→K2Q1 reaction.

FIG. 2. Diagrams for thegp→K̄0Q1 reaction.
9-2
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whereAm is the photon field andNT5(p,n). The anomalous
magnetic moments of the proton and neutron arekp
(51.79) andkn (521.91), respectively. Here we use th
SU~3! Lagrangian for the phases of theQ1KN interactions
@46#.

For theK* exchange, we use

LK* Kg5gK* Kg«mnab]mAn~]aKb*
2K11]aK̄b*

0K0!1H.c.,

LK* NQ52gK* NQQ̄S gmKm*
12

kK* nQ
T

MN1MQ
smn]nKm*

1D n

1gK* NQQ̄S gmKm*
02

kK* pQ
T

MN1MQ
smn]nKm*

0D p

1H.c. ~2!

The coupling constants are determined as follows. T
LagrangianLKNQ gives the decay width ofQ1→KN as

GQ1→K1n1K0p5
gKNQ

2

2p

upKu~AMN
2 1pK

2 2MN!

MQ
, ~3!

whereMN and MQ are the nucleon andQ1 mass, respec
tively, andpK is the momentum of the kaon in theQ1 rest
frame. Thus, the couplinggKNQ can be estimated from th
Q1 decay width. In Ref. @39#, the decay ratio
GQ→K1n /GQ→K0p was shown to be dependent on the isos
of theQ1. If the Q1 is an isosinglet, this ratio becomes on
Theoretically, the chiral soliton model of Ref.@6# predicted a
very narrow width of less than 15 MeV. Later it was claim
to be about 5 MeV in an improved analysis of the sa
model @47#. This small decay width seems to be consist
with recent analyses onKN scattering that suggest a narro
width of a few MeV for theQ1 @48–51#. Experimentally,
only the upper bound of theQ1 decay width is known,
around 9–25 MeV. If we take the results of the chiral qua
soliton model@47# and theKN scattering analyses@48–51#,
which is GQ1→KN55 –10 MeV, we get

gKNQ52.2–3.11. ~4!

This value is much smaller thangKNL , which is 216.0 to
210.6, but rather close togKNS , which is 3.1–4.6@52#. In
this work, we usegKNQ52.2 following Ref.@47#. The only
undetermined parameter in Eq.~1! is kQ , the anomalous
magnetic moment of theQ1, which should reveal the struc
ture of theQ1. In Ref. @43#, the authors estimatedkQ in
several models. For example, they obtainedkQ;20.7 in the
diquark-diquark-antiquark picture of Jaffe and Wilczek@11#,
while kQ;20.4 if theQ1 is aKN system. These values ar
different from the chiral quark soliton model that giveskQ

;10.3 @53#. In this work, we will treatkQ as a free param
eter and give the results in the range of20.7,kQ,10.7.

The Lagrangians of Eq.~2! contain four coupling con-
stants. The couplinggK* Kg is estimated from the experimen
tal data forK* radiative decays. The decay width is given
01400
e

n
.
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GK* →Kg5
gK* Kg

2

12p
upgu3. ~5!

Using the experimental values@54#, we obtain gK* Kg

50.388 GeV21 for the neutral decay andgK* Kg

50.254 GeV21 for the charged decay. However, there is
information on the couplingsgK* NQ , kK* nQ

T , and kK* pQ
T .

Since the decay of theQ1 into K* N is not kinematically
allowed, we have to rely on the theoretical estimate, wh
is, however, not available until now. The only hint we have
that gK* NL;24.5 and gK* NS;22.6, which are smaller
thangKNL andgKNS by a factor of 2.4–3.5 or 1.2–1.8@55#.
From this observation, we expect thatgK* NQ would be
smaller thangKNQ . However, their relative phase is still un
fixed. Thus, we treatgK* NQ as a free parameter and give th
results by varyinggK* NQ . We shall find that measuring th
pion-induced process together with the photon-induced p
cesses will give us a clue on thegK* NQ coupling. The tensor
couplingskK* nQ

T and kK* pQ
T should also be examined, bu

they will not be considered in this exploratory study.
The photoproduction amplitudes are in general written

T5«mūQ~p8!M muN~p!, ~6!

where«m is the photon polarization vector. With the effectiv
Lagrangians above, it is straightforward to obtain the prod
tion amplitudes. For thegn→K2Q1 reaction~Fig. 1!, we
have

M1(a)
m 52

iegKNQ~2qm2km!

t2MK
2

g5F1(a)~s,t,u!,

M1(b)
m 5

gK* KggK* NQ

t2MK*
2 «mnabkaqbgnF1(b)~s,t,u!,

M1(c)
m 52

ekn

2MN

gKNQ

s2MN
2

g5~k/ 1p/ 1MN!

3smnknF1(c)~s,t,u!,

M1(d)
m 5

iegKNQ

u2MQ
2 S gm1

ikQ

2MQ
smnknD

3~p/ 2q/ 1MQ!g5F1(d)~s,t,u!, ~7!

and forgp→K̄0Q1 ~Fig. 2! we get
9-3
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FIG. 3. Cross sections for~a!

gn→K2Q1 and ~b! gp→K̄0Q1

reactions without form factors
The dashed lines are the resul
without theK* exchange and the
dot-dashed lines are from theK*
exchange only. The solid lines ar
their sums. In~a!, the dotted line
is from the (t1u)-channel and the
dot-dot-dashed line is the
s-channel result.
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M2(a)
m 52

gK* KggK* NQ

t2MK*
2 «mnabkaqbgnF2(a)~s,t,u!,

M2(b)
m 52

iegKNQ

s2MN
2

g5~k/ 1p/ 1MN!

3S gm1
ikp

2MN
smnknDF2(b)~s,t,u!,

M2(c)
m 52

iegKNQ

u2MQ
2 S gm1

ikQ

2MQ
smnknD

3~p/ 2q/ 1MQ!g5F2(c)~s,t,u!. ~8!

Here we have multiplied form factors that take into a
count the structure of each vertex. The gauge invaria
(k•M50) is then easily checked when all the form facto
are set to one. Ingn→K2Q1, the t-channelK* exchange
and thes-channel terms have gauge-invariant forms. T
gauge-noninvariant part of thet-channelK exchange is can
celed by that of theu-channel terms. Ingp→K̄0Q1, the
t-channelK* exchange is gauge-invariant. And the sum
thes-channel andu-channel is gauge-invariant. But introdu
ing different form factors at each vertex spoils gauge inva
ance. In Ref.@43#, to keep gauge invariance and to inclu
the effects of form factors, the cross section forgn
→K2Q1 obtained from tree graphs is multiplied by 0.1
This factor is the average value ofsexpt./s theory in gp
→K1L reaction near threshold, wheres theory contains the
contribution from the Born terms only. However, ingp
→K1L there are other production mechanisms such
nucleon and hyperon resonances which interfere with theK/
K* exchanges and the nucleon Born terms@52,56,57#. Thus
assuming the same suppression inL photoproduction and
Q1 photoproduction is questionable and should be furt
tested. In Refs.@41,42#, the authors used the same form fa
tor for all channels, which is a function ofAs only,

F~s!5
L2

L21qi
2

, ~9!
01400
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e

e

f
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r
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whereqi is the three-momentum of the initial state particl
in the center-of-mass~c.m.! frame,

qi
25

1

4s
l~s,MN

2 ,0!, ~10!

with l(x,y,z)5x21y21z222(xy1yz1zx). Therefore, as
the energy becomes larger, the cross section becomes sm
sinceF(s) decreases rapidly with energy. Since the form
the form factors and the cutoff parameters should be justi
by experimental data, measuring the total and differen
cross sections should discern the form factor dependenc
the cross sections.

In this work, we take another approach for the form fa
tors. Motivated by the analyses of kaon photoproduct
@52#, we use the form factor@58#

F~r ,Mex!5
L4

L41~r 2Mex
2 !2

, ~11!

for each vertex. HereMex is the mass of the exchanged pa
ticle andr is the square of the transferred momentum. T
has the correct on-shell condition thatF(r ,Mex)51 at r
5Mex

2 . However, introducing different form factors depen
ing on the channels breaks gauge invariance. There are
eral recipes for restoring gauge invariance with the use
phenomenological form factors@59–61#. But the results de-
pend on the employed form factors and the way to rest
gauge invariance. In order to avoid any complication and
keep gauge invariance in a simple way, we use

F1(a)5F1(d)5$F~ t,MK!21F~u,MQ!2%/2,

F1(b)5F~ t,MK* !2, F1(c)5F~s,MN!2, ~12!

and

F2(a)5F~ t,MK* !2,

F2(b)5F2(c)5$F~s,MN!21F~u,MQ!2%/2.
~13!
9-4
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FIG. 4. Cross sections for
~a,c! gn→K2Q1 and ~b,d! gp

→K̄0Q1 reactions with the form
factors of Eq. ~9! with L
50.75 GeV. In ~a,b!, gK* NQ5
12.2 is used while gK* NQ5
22.2 in ~c,d!. The solid lines are
obtained with kQ50, while the
dashed and dot-dashed lines a
with kQ510.7 and 20.7, re-
spectively. The dotted lines corre
spond togK* NQ50.
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This is an unsatisfactory aspect of this hadronic model
proach, but it should be sufficient for this qualitative stud
For comparison, we will give the results obtained with th
form factor and those with the form factor of Eq.~9!.

We are now ready to calculate the cross sections forQ1

photoproduction. In Fig. 3, the total cross sections forgn

→K2Q1 and gp→K̄0Q1 are given without form factors
For this calculation we setgK* NQ5gKNQ and kQ50. In
Fig. 3, the dashed lines are obtained without theK* ex-
changes and the dot-dashed lines are with theK* exchanges
alone. The solid lines are their sums. This shows that
cross section forgp→K̄0Q1 is much larger than that fo
gn→K2Q1. This holds even in the absence of theK* ex-
changes~dashed lines in Fig. 3!. Several comments are i
order. In thegn→K2Q1 reaction, there are strong~destruc-
tive! interference among the channels. In contrast to the
sumption of Ref.@50#, the contributions from thes and u
channels are not suppressed. In both reactions, we found
the K* exchange is not suppressed compared to the o
production mechanisms although it strongly depends on
unknown couplinggK* NQ . It is interesting to note that the
K* exchange interferes destructively with the other am
tudes ingn→K2Q1 but constructively ingp→K̄0Q1. If
the relative phase betweengKNQ andgK* NQ is changed, then
the interference patterns are reversed. In this case,gn

→K2Q1 has a larger cross section thangp→K̄0Q1 when
Eg

lab,2.5 GeV. For Eg
lab.2.5 GeV, the cross section fo

gp→K̄0Q1 becomes larger and increases faster than tha
gn→K2Q1.

We now investigate the form factor dependence of
cross sections. Given in Fig. 4 are the cross sections obta
01400
-
.

e

s-

hat
er
e

-

of

e
ed

with the form factor prescription of Eq.~9! with L
50.75 GeV. The upper graphs are obtained withgK* NQ5
12.2 and the lower ones are withgK* NQ522.2. In this
figure, we also give the results by varyingkQ from 20.7 to
10.7. The energy dependence of the cross sections are
lar for both the neutron and proton targets, which is expec
from the form of the form factor~9!. WhengK* NQ512.2,
the cross section forgp→K̄0Q1 is larger than that forgn
→K2Q1 by a factor of 10. However, whengK* NQ5
22.2, the cross section forgn→K2Q1 is slightly larger. In
order to see the contributions from theK* exchange, we give
the results without theK* exchange withkQ50 ~dotted
lines in Fig. 4!.

In Fig. 5, we present our results with the form factors
Eq. ~11!. Here the results without theK* exchange and with
kQ50 are also shown by the dotted lines. The upper gra
are obtained withgK* NQ512.2 and the lower ones with
gK* NQ522.2. In this calculation we use the cutoff

L51.8 GeV, ~14!

as fixed in the study ofL photoproduction with the sam
form factor prescription@52#. We see that with this form
factor the final results are not so sensitive to the phase of
gK* NQ coupling, indicating the large contributions from th
K* exchanges. We notice that our results are consistent
the observation of the SAPHIR Collaboration that the cro
section forgp→K̄0Q1 is about 200 nb in the photon energ
range from 1.7 to 2.6 GeV, and it is similar to the cro
section forf photoproduction. For comparison, we give th
total cross section forf photoproduction in the literature
@62# by the dot-dot-dashed lines in Figs. 5~b,d!. This shows
9-5



OH, KIM, AND LEE PHYSICAL REVIEW D 69, 014009 ~2004!
FIG. 5. Cross sections for~a,c!
gn→K2Q1 and ~b,d! gp

→K̄0Q1 reactions with the form
factors of Eq.~11!. The notations
are the same as in Fig. 4. In~b,d!
the total cross section forf pho-
toproduction@62# is given by dot-
dot-dashed lines for comparison.
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that the positive phase ofgK* NQ is favored by the SAPHIR
experiment. In addition, the cross section forgp→K̄0Q1 is
larger in most cases. We also find that the energy depend
of the cross sections for the two reactions is different.
gn→K2Q1, the cross section saturates as the energy
creases, while it keeps increasing with the energy ingp

→K̄0Q1. The kQ dependence is negligible for the photo
proton reaction, while in the photon-neutron reaction
cross section nontrivially depends onkQ . Since a different
choice of the form factors gives different results, as can
seen in Figs. 4 and 5, it would be very useful to have m
surements on the total and especially differential cross
tions to justify a particular type of the form factors and
discriminate the role of each production channel.

III. pÀp\KÀQ¿

We now turn to the pion-induced reaction,p2p
→K2Q1, of which tree diagrams are shown in Fig. 6. Wit
out theK* exchange, only thes-channel diagram is allowed
which was considered in Ref.@41#. The possibleu-channel
diagram includesQ8, whose minimal quark content shou

FIG. 6. Diagrams forp2p→K2Q1 reaction.
01400
ce
n
n-

e

e
-
c-

be uuuds̄. Such an exotic baryon may be a member of t
isotensor pentaquarks as suggested by Ref.@36#, but its ex-
istence seems to be disfavored by the SAPHIR experim
@3#. Thus we do not consider theu-channel diagrams in this
study. Note also that thes-channel diagrams containing th
nucleon resonances are neglected as in theQ1 photoproduc-
tion study of the preceding section. Furthermore, we will fi
that the t-channelK* exchange is the most dominant pr
cess. For this calculation, in addition toLK* NQ of Eq. ~2!, we
need the effective LagrangianLK* Kp , which reads

LK* Kp52 igK* Kp$K̄]mpKm* 2]mK̄pKm* %1H.c., ~15!

where KT5(K1,K0), K̄5(K2,K̄0), etc., and

LpNN52 igpNNN̄g5pN, ~16!

with p5p•t. The coupling constantgK* Kp fixed by the
experimental data forK* →Kp decay,

GK* →Kp5
gK* Kp

2

2pMK*
2 uppu3, ~17!

is gK* Kp53.28, which is comparable to the SU~3! symmetry
value, 3.02. We also usegpNN

2 /(4p)514.
The production amplitude of this reaction is written as

T5ūQ~p8!Mup~p!, ~18!

where the diagrams of Fig. 6 give
9-6
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FIG. 7. Cross sections for
p2p→K2Q1 ~a,d! without form
factors,~b,e! with the form factors
of Eq. ~9! with L50.5 GeV, and
~c,f! with the form factors of Eq.
~11! with L51.8 GeV. In~a,b,c!,
the solid, dotted, dashed, and do
dashed lines are withgK* NQ5
22.2, 21.1, 20.5, and 0.0, re-
spectively. In ~d,e,f!, the solid,
dotted, dashed, and dot-dashe
lines are with gK* NQ52.2, 1.1,
0.5, and 0.0, respectively.
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M6(a)5
A2gK* KpgK* NQ

t2MK*
2 H k/ 1q/ 1

MK
2 2Mp

2

MK*
2 ~k/ 2q/ !J

3F6(a)~s,t,u!,

M6(b)5
A2gKNQgpNN

s2MN
2 ~k/ 1p/ 2MN!F6(b)~s,t,u!. ~19!

As in photoproduction, we work with two choices of th
form factors. First, following Ref.@41#, we set

F6(a)~s,t,u!5F6(b)~s,t,u!5
L2

L21qi
2

, ~20!

as in Eq.~9! with qi
25l(s,MN

2 ,Mp
2 )/4s. We also employ the

covariant form factors as

F6(a)~s,t,u!5F~ t,MK* !2, F6(b)~s,t,u!5F~s,MN!2,
~21!

whereF(r ,M ) is given in Eq.~11!.
The results are shown in Fig. 7. In Fig. 7~a!, we show the

results without form factors withgK* NQ,0, where thet and
s channels interfere constructively. Given in Fig. 7~d! are the
results withgK* NQ.0, where we have destructive interfe
ence. In these plots, we give the results by varying the va
of gK* NQ . This evidently shows the important role driven b
the t-channelK* exchange. We see that, even withgK* NQ

560.5, K* exchange cannot be neglected. This can be s
by comparing with the results of thes-channel alone~the
dot-dashed lines!. In Figs. 7~b,e!, we show the results with
the form factor of Eq.~20!. Following Ref.@41#, we useL
01400
e

en

50.5 GeV. Here again the role ofK* exchange can be eas
ily found. In this reaction, we also found that the form fact
~20! suppresses the cross section by an order of magnit
which is due to the soft cutoff value. If we useL
50.75 GeV in Eq.~20!, the peak value in Fig. 7~b! would be
0.6 mb. The effect of theK* exchange is even more drast
when we use the form factor of Eq.~21!. Figures 7~c,f! show
our results with the form factor of Eq.~21! and L
51.8 GeV. Here the results without theK* exchange is very
much suppressed with the peak value being only ab
25 mb. But with theK* exchange the cross sections beco
a few hundredmb depending on the magnitude ofgK* NQ .
We also found that the cross sections are not so sensitiv
the phase ofgK* NQ , thus thep2p→K2Q1 reaction can be
a good place to measure its magnitude.

IV. PRODUCTION OF NEGATIVE-PARITY Q¿

We now consider the production ofQ1 assuming that it
has negative parity. This process was considered in Ref.@43#
for the photon-neutron reaction and was found to ha
smaller cross sections than the positive-parityQ1 produc-
tion. In this case, the effective Lagrangians in Eqs.~1! and
~2! are changed as

LKNQ5gKNQ~Q̄K1n2Q̄K0p!1H.c.,

LK* NQ52 igK* NQ~Q̄g5gmKm*
1n2Q̄g5gmKm*

0p!1H.c.,

~22!

where we have dropped the tensor coupling terms of
K* NQ interaction as its effects will not be considere
9-7
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FIG. 8. Cross sections for~a,c!
gn→K2Q1 and ~b,d! gp

→K̄0Q1 when theQ1 has nega-
tive parity. In~a,b! no form factors
are used and in~c,d! the form fac-
tors ~11! are used with L
51.8 GeV. The solid lines are the
results with gK* NQ5gKNQ , the
dashed lines withgK* NQ50, and
the dot-dashed lines withgK* NQ

52gKNQ .
e

th
e
or
throughout this work. The form of the above effectiv
Lagrangians is obtained with the prescription of Ref.@63#,
which was used to construct the effective Lagrangians for
interactions of theJP5 1

2
2 S11(1535) resonance. Here w

insertedig5 in the appropriate place in order to account f
the odd parity of theQ1. Then the decay width ofQ1

→KN becomes

GQ1→K1n1K0p5
gKNQ

2

2p

upKu~AMN
2 1pK

2 1MN!

MQ
, ~23!

which givesgKNQ50.307 withGQ55 MeV.
The production amplitudes forgn→K2Q1 are

M1(a)
m 5

egKNQ~2qm2km!

t2MK
2

F1(a)~s,t,u!,

M1(b)
m 5

igK* KggK* NQ

t2MK*
2 «mnabkaqbg5gnF1(b)~s,t,u!,

M1(c)
m 52

iekn

2MN

gKNQ

s2MN
2 ~k/ 1p/ 1MN!smnknF1(c)~s,t,u!,

M1(d)
m 52

egKNQ

u2MQ
2 S gm1

ikQ

2MQ
smnknD

3~p/ 2q/ 1MQ!F1(d)~s,t,u!. ~24!

For gp→K̄0Q1 we have
01400
e
M2(a)

m 52
igK* KggK* NQ

t2MK*
2 «mnabkaqbg5gnF2(a)~s,t,u!,

M2(b)
m 5

egKNQ

s2MN
2 ~k/ 1p/ 1MN!S gm1

ikp

2MN
smnknD

3F2(b)~s,t,u!,

M2(c)
m 5

egKNQ

u2MQ
2 S gm1

ikQ

2MQ
smnknD ~p/ 2q/ 1MQ!

3F2(c)~s,t,u!, ~25!

and thep2p→K2Q1 process has

M6(a)52
iA2gK* KpgK* NQ

t2MK*
2

3H k/ 1q/ 1
MK

2 2Mp
2

MK*
2 ~k/ 2q/ !J g5F6(a)~s,t,u!,

M6(b)52
iA2gKNQgpNN

s2MN
2 ~k/ 1p/ 1MN!g5F6(b)~s,t,u!.

~26!
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FIG. 9. Cross sections for
p2p→K2Q1 when theQ1 has
negative parity. In~a! no form fac-
tors are used and in~b! the form
factors ~11! are used with L
51.8 GeV. The notations are th
same as in Fig. 8.
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The results are given in Figs. 8 and 9 withgKNQ

50.307. Given in Fig. 8 are the photon-neutron and phot
proton reaction results and the pion-proton reaction res
are shown in Fig. 9. In these figures the solid lines are
tained with gK* NQ5gKNQ , the dashed lines are wit
gK* NQ50, and the dot-dashed lines are withgK* NQ

52gKNQ . Here we setkQ50. In Ref. @43#, it is claimed
that the cross section for the negative-parityQ1 is sup-
pressed compared with the positive-parityQ1 in the case of
photon-neutron reaction. We confirmed this conclusion a
found that this is true not only in the photon-neutron re
tion, but also in photon-proton and pion-proton reactions
photoproduction, the cross sections are small, less than
nb even without form factors, and the cross section for
photon-neutron reaction is slightly larger than that for t
photon-proton reaction. If the form factors of Eq.~11! are
used withL51.8 GeV, the cross sections become less t
20 nb. Therefore this seems to be inconsistent with
SAPHIR observation that the cross section for the phot
proton reaction is about 200 nb. The suppression of the c
section is also seen in the case of the pion-proton reac
~Fig. 9!. In this reaction, the cross section for the negati
parity Q1 is less than 100mb without form factors and les
than 20mb with the form factors. Thus precise measu
ments on the production processes may distinguish the p
of the Q1 baryon.

V. SUMMARY AND DISCUSSION

We have investigated the production processes of the
otic Q1, which was discovered recently by several expe
ments. We considered photon-induced production reacti
which were used in the experiments of the LEPS Collabo
tion, CLAS Collaboration, and SAPHIR Collaboration.
addition, we have considered pion-induced producti
which is used by the current KEK experiments and is a
available at GSI.

Previous analyses on these reactions@41–43# are im-
proved and extended by including some missing interacti
and K* exchanges. We also employ the form factors a
cutoff parameters motivated by the study ofL photoproduc-
tion. Our results show that the photon-proton reaction cr
section is somehow larger than that of the photon-neu
01400
-
ts
-

d
-
n
00
e

n
e
-
ss
n

-

-
ity

x-
-
s,
-

,
o

s
d

s
n

reaction. This is in contrast to the conclusion of Re
@41,42#, which predicted a larger cross section for t
photon-neutron reaction. This is mainly because the mode
Refs. @41,42# does not include the tensor coupling of th
electromagnetic interactions and theK* exchanges were no
coherently included in both reactions. The cross section
the two reactions, photon-neutron and photon-proton re
tions, are in the range of a few hundred nb, which seem
be consistent with the SAPHIR observation as far as pho
proton reaction is concerned. But they have different ene
dependence which should be verified by experiments and
test the models adopted in this study. Furthermore,
SAPHIR Collaboration claimed that the cross section ofgp

→K̄0Q1 is similar to that ofgp→fp. If this is confirmed,
the positive phase of thegK* NQ seems to be favored.@See
Fig. 5~b!.#

The pion-induced reaction has a much larger cross sec
than the photon-induced reactions. We found that this re
tion is very sensitive to the magnitude of theK* NQ cou-
pling but not so to its phase. So measurement of this reac
would give us a guide to estimate the magnitude ofgK* NQ .
Due to lack of information, we could not investigate the ro
of the tensor couplings of theK* NQ interaction and the role
of nucleon resonances like the nucleon analog of theQ1 in
the s channels. Therefore, theoretical studies on theQ cou-
plings in various models are highly desirable and usefu
understand the structure and the production mechanism
the Q1.

Since we are employing covariant form factors which a
different from the form factors used in previous studies@41–
43#, it will be useful to measure differential cross section
which will discriminate between different form factors. I
Fig. 10, we give our predictions on the differential cro
sections forgn→K2Q1, gp→K̄0Q1, and p2p→K2Q1

with the photon or pion energy at 2.5 GeV, where the sc
tering angleu is defined by the directions of the initial pho
ton ~pion! momentum and the finalK meson momentum in
the c.m. frame. The solid, dotted, and dashed lines are
tained with gK* NQ5gKNQ , gK* NQ50, and gK* NQ5
2gKNQ , respectively, wheregKNQ52.2. This shows that the
differential cross section forp2p→K2Q1 has a forward
peak, which is due to the dominance of theK* exchange. In
photoproduction, the differential cross section is suppres
9-9
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FIG. 10. Differential cross sec
tions for ~a! gn→K2Q1 at Eg

lab

52.5 GeV, ~b! gp→K̄0Q1 at
Eg

lab52.5 GeV, and ~c! p2p
→K2Q1 at Ep

lab52.5 GeV, when
the Q1 has positive parity. The
form factors ~11! are used with
L51.8 GeV. The solid, dotted
and dashed lines are obtained wi
gK* NQ5gKNQ , gK* NQ50, and
gK* NQ52gKNQ , respectively,
wheregKNQ52.2. In ~c!, the dot-
ted line is scaled by a factor o
100.
e
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at forward angles and the peak is atu;45°. In particular, a
backward~secondary! peak is observed in the case of th
photon-proton reaction.

Finally, we have also investigated the production p
cesses of negative-parityQ1 since several studies claim th
the Q1 has odd parity. We found that the cross sections
this case are very much suppressed compared with
positive-parityQ1 case. Thus the interpretation of theQ1 as
an odd parity pentaquark state seems to be disfavored b
SAPHIR observation, which claims that the cross section
the photon-proton reaction is about 200 nb. So if t
SAPHIR results are confirmed by other experiments, the
v,

. B

hy

01400
-

n
he

he
r

e
-

terpretation of theQ1 as anI 50 andJP5 1
2

1 pentaquark
will be strongly supported. Most importantly, further expe
mental measurements are crucial to make any decisive
clusion on the couplings and the structure of theQ1.
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