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Q¿ baryon production in KN and NN reactions
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We studyQ1(1540) production in kaon-nucleon (KN) and nucleon-nucleon (NN) interactions by assuming
that theQ1 is an isosinglet withJP5

1
2

1. Possiblet-channel diagrams withK* exchange are considered in
both reactions as well asK exchange inNN reactions. The cross section fornp→L0Q1, which has not been
considered in previous calculations, is found to be about a factor of 5 larger than that fornp→S0Q1 due to
the large coupling of theKNL interaction. The cross sections are obtained by settinggKNQ51 and varying the
ratio of gK* NQ /gKNQ so that future experimental data can be used to estimate these couplings. We also find
that the isospin relations hold for these reactions.
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I. INTRODUCTION

The first experimental observation of a pentaqu
baryon, theQ1(1540), was made in a photon-nucleus rea
tion @1#. Later, the existence of theQ1 was confirmed by the
analyses on kaon-nucleus@2#, photon-deuteron@3#, photon-
proton @4,5#, and neutrino-nucleon reactions@6#. Up to now,
only the upper bound of theQ1(1540) decay width is
known; it is around 9–25 MeV. Because of its positi
strangeness, the minimal quark content of theQ1(1540) is
uudds̄ and thus has a hyperchargeY52. This means tha
theQ1 cannot be a three-quark state, and hence should b
exotic @7#. Such a narrow pentaquark state was predicted
the chiral soliton model@8,9#. There, theQ1 is an isosinglet
and forms a baryon antidecuplet with other pentaqu
states, which is also anticipated in the Skyrme model@10–
12#. If we consider baryons consisting of four quarks and o
antiquark, the flavor SU~3! group structure says that suc
systems can form the multiplets of35, 27, 10, 10, 8, and1.
If the Q1(1540) is an isosinglet, then it would be a memb
of the baryon antidecuplet.1 The recently observed
J* 22(1862), which carriesS522 and Q522e @13#,
could be a member of the antidecuplet as its minimal qu
content isddūss. Such a state was also predicted by qua
models and soliton models as anI 53/2 member of the
baryon anti-decuplet. Therefore, if confirmed by other e
periments, the observation of theJ* (1862) strongly sup-
ports the existence of a baryon antidecuplet with theisosca-
lar Q1. However, theI 51/2 and I 51 members of the
baryon antidecuplet are under debate, since these are
toexotic states and cannot be distinguished from three-q
baryons by the quantum numbers. Therefore, identify
those members is strongly dependent on the structure o
low-lying pentaquark states. In Ref.@14#, Jaffe and Wilczek

*Electronic address: yoh@phya.yonsei.ac.kr
†Electronic address: hung@phya.yonsei.ac.kr
‡Electronic address: suhoung@phya.yonsei.ac.kr
1The 35-plet contains isotensorQ which hasI 52, while the I

51 isovectorQ is a member of the27-plet.
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suggested a diquark-diquark-antiquark picture for the p
taquark antidecuplet. For physical states ofI 51/2 andI 51
baryons, they considered mixing with a pentaquark octet
identifiedN(1440) andN(1710) as pentaquark states.2 Fur-
ther extensions of this picture for pentaquark baryons can
found, e.g., in Refs.@16–19#. Other theoretical investigation
on theQ1 and/or baryon antidecuplet can be found, e.g.,
Refs.@20–40#.

The production ofQ1 can also be investigated in heav
ion collisions as discussed in Refs.@41–43#. In Ref. @41#, a
statistical model is used to predict that theQ1 yield is about
12–14 % of theL yield in heavy-ion collisions. The depen
dence of the yield on the collision energy was discussed
Ref. @43#. Moreover, in Ref.@42#, it was claimed thatQ1

production can be a useful probe of the initially produc
quark-gluon plasma state, because the number ofQ1’s
formed in the quark-gluon plasma can be nontrivial and
final state interaction through the hadronic phase is not la
However, as emphasized in Ref.@42#, such claims depend
crucially on understanding the strength of the hadronic in
actions of theQ1. Thus investigating the hadronic intera
tion of the Q1 is important not only in understanding it
structure but also in probing heavy-ion collisions.

The elementary production processes of theQ1 baryon
have been investigated by several groups. In Refs.@44,45#,
Lin and Ko estimated the total cross sections ofQ1 produc-
tion in photon-nucleon, meson-nucleon, and nucleon-nucl
reactions. It is further improved by including the anomalo
magnetic moment interaction terms forgn reaction in Ref.
@46#. In Ref. @47#, we have reported the total and the diffe
ential cross sections forgp, gn, and pN reactions, which
was an improvement over previous studies in that we con
tently includedK* exchanges. Recently, Liuet al. consid-
ered the reaction ofgp→p1K2Q1 @48#. Some polarization
observables inQ1 photoproduction are also estimated
Ref. @49#. In this paper, as a continuation of our efforts

2Recently, in a coupled channel model forpN scattering, the Ju¨-
lich group claimed that the RoperN(1440) might be a quasiboun
sN state instead of a genuine three-quark state@15#.
©2004 The American Physical Society16-1
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understand theQ1 production processes, we investigate
production inKN and NN reactions. These reactions we
previously investigated in Ref.@44# for KN→pQ1 and pp
→S1Q1 reactions, and then the cross sections were isos
averaged. We improve this calculation by considering theK*
exchanges and we also consider thenp→LQ reaction,
which will be shown to have a larger cross section thannp
→SQ. In addition, we derive isospin relations for differe
isospin channels inKN andNN reactions.

As shown in Refs.@46–50#, the production cross section
are strongly dependent on the quantum numbers ofQ1,
which is an important issue to be resolved.3 First, the spin of
Q1 is believed to be1

2 @14#. But the parity ofQ1 is still
under debate. If we assume that every quark is in theS-wave
ground state as in the usual three-quark baryons, the pari
the pentaquark ground state would be odd because of
existence of one antiquark. Some quark models@21,39#,
QCD sum rules@31,33#, and lattice QCD@36,37# support
JP5 1

2
2. However, it is also claimed that the state with

antisymmetric spatial wave function should be the grou
state@14#, which is consistent with the soliton model predi
tions @8#. Furthermore, recent quark model studies show t
the ground state is in aP wave if one includes the orbita
motion of the quarks, which makes the ground state h
even parity@22,51#. This is also consistent with the heav
pentaquark (Qc andQb) study in the Skyrme model, which
predicts that the ground state hasJP5 1

2
1 while the state

with 1
2

2 is the first excited state@52#. Thus, in this paper, we
assume thatQ1(1540) hasI 50 andJP5 1

2
1.

This paper is organized as follows. In Sec. II, we comp
the total and differential cross sections forKN→pQ reac-
tion. The cross sections forNN→YQ is then obtained in
Sec. III, with Y5L0 and S. We shall find that theLQ
channel has larger cross sections than theSQ channel by
about a factor of 5. Section IV contains a summary and d
cussion.

II. KN\pQ¿ REACTION

As we have discussed before, we assume thatQ1 is a
JP5 1

2
1 isoscalar particle belonging to a baryon antidecup

Then in the case of theKN reaction, we have four possibl
isospin channels inQ1 production

K1p→Q1p1, K0p→Q1p0,

K1n→Q1p0, K0n→Q1p2. ~1!

The possible tree diagrams forK1p→p1Q1 are shown in
Fig. 1. Here we denote the momenta of the incoming ka
outgoing pion, initial nucleon, and finalQ1 as k, q, p, and

3In Refs. @46,47#, it is claimed that the magnitudes of the cro
sections forgN→KQ are strongly dependent on the parity of th
Q1. The cross sections for odd-parityQ1 were shown to be much
smaller than those for even-parityQ1 by an order of magnitude. I
is also shown that the differential cross section would have diffe
angular distribution for different parity of theQ1 depending on the
couplinggK* NQ .
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p8, respectively. The Feynman diagrams for the other isos
channels can be obtained in the same way.

There are a few comments regarding the product
mechanisms. First, in Ref.@44#, the authors considered th
diagram of Fig. 1~b!. In this work, however, we extend th
model of Ref. @44# by including t-channelK* exchange,
which allows the diagram of Fig. 1~a!. As we shall see later
the contribution from theK* exchange is nontrivial although
its magnitude depends on the unknown couplinggK* NQ . A
recent estimate on this coupling givesgK* NQ /gKNQ;0.6
@48#. If this is true, then the contribution from theK* ex-
change should be important. Second, one may consider o
nucleon orD excitations as an intermediate baryon state
Fig. 1~b!. To begin with, theD excitation is excluded be
cause of its isospin ifQ1 is an isosinglet. Furthermore
SU~3! symmetry does not allow the coupling of the antid
cuplet baryon with baryon decuplet and meson octet@16#.4

Other nucleon resonances such as the nucleon analog oQ1

in the antidecuplet can contribute through the diagram
Fig. 1~b!. However, this brings in additional unknown cou
pling constant for antidecuplet-antidecuplet-octet interacti
Thus it will not be considered in this exploratory study.
Fig. 1~c!, we haves-channel diagram which containsQ11 as
an intermediate state. IfQ11 is an isovector particle, it can
contribute to the production process. But if it is an isoten
particle, it cannot. Since the nature, mass, and coupling
Q11 are very unclear, we do not consider Fig. 1~c! in this
paper.

We start with the SU~3! symmetric Lagrangian for the
interactions of baryon anti-decuplet with meson octet a
baryon octet@16#

LD̄PB52 igT̄jklg5Pm
j Bn

ke lmn1H.c., ~2!

whereTi jk is the baryon antidecuplet,Pm
j the pseudoscala

meson octet, andBn
k the baryon octet. This leads to

LKNQ52 igKNQQ̄g5K̄cN1H.c.

52 igKNQ~Q̄g5K1n2Q̄g5K0p!1H.c., ~3!

where

nt

4If the observedQ1(1540) is an isotensor particle@53#, it should
be a member of the35 multiplet @54#. Then it has very different
selection rules@55# and only the diagram of Fig. 1~b! with the D
excitation as an intermediate state is allowed for its production fr
KN reactions with two-body final state. Diagrams similar to Fig
1~a!,1~c! are forbidden by isospin in this case.

FIG. 1. Tree diagrams for theK1p→p1Q1 reaction.
6-2
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Q1 BARYON PRODUCTION INKN AND NN REACTIONS PHYSICAL REVIEW D69, 074016 ~2004!
N5S p

nD , Kc5S 2K̄0

K2 D . ~4!

The couplinggKNQ is related to the universal coupling con
stantg by gKNQ5A6g. The effective Lagrangian forK* NQ
interaction can be obtained in the same way,

LK* NQ52gK* NQ~Q̄gmK* 1mn2Q̄gmK* 0mp!1H.c.,
~5!

where we have dropped tensor coupling terms as in R
@47#.

The other effective Lagrangians necessary forKN→pN
reaction are

LpNN5
gpNN

2MN
N̄gmg5]mpN,

LK* Kp52 igK* Kp~K̄]mpKm* 2]mK̄pKm* !1H.c. ~6!

Here, we follow the prescription, e.g., of Ref.@56#, namely,
we use pseudovector coupling for pion interactions and ps
doscalar coupling for the interactions involving strangene
The production amplitude for Fig. 1 is given by

M K1p→p1Q15ūQ~p8!Mup~p!, ~7!

where

M K1p
(1a)

5
A2gK* KpgK* NQ

~k2q!22MK*
2

3H k”1q”2
1

MK*
2 ~MK

2 2Mp
2 !~k”2q” !J ,

M K1p
(1b)

52
A2gKNQgpNN

2MN$~p2q!22MN
2 %

$ q”2p” 1MN%q” .

~8!

Each vertex has a form factor in the form of

F~r ,Mex!5
L4

L41~r 2Mex
2 !2

, ~9!

whereMex andr are the mass and the momentum squared
the exchanged particle, respectively. The value of the cu
parameterL will be discussed later.

For the coupling constants, we use the well-known va
for gpNN as gpNN

2 /(4p)514.0. TheK* decaying intoKp
then yieldsgK* Kp53.28, which is close to the SU~3! sym-
metry value 3.02. The couplinggKNQ can be, in principle,
determined from the decay width ofQ→KN. However, at
this moment, only its upper bound is known from expe
ments, 9–25 MeV. Theoretically, the chiral soliton mod
predicted 15 MeV in Ref.@8#, which was later improved to
be about 5 MeV@9#. If we assume that theQ1 decay width
is 5 MeV, then we havegKNQ52.2 @47#. Recent analyses o
07401
f.

u-
s.

f
ff

e

-
l

KN elastic scattering data favor such a small decay width
Q1 @57,58# or a smaller decay width, namely, 1 MeV o
even less@59#.5 There is only one piece of experimental in
formation about the total cross section ofQ1 production in
gp reaction near threshold@4#, which, however, should be
confirmed by further analyses@60#. Therefore in this paper
we do not try to fixgKNQ . Instead, we give the results wit
gKNQ51 so that future experimental data can be used
estimate the coupling constants with our predictions. We a
note thatgKNQ51 corresponds toG(Q)'1.03 MeV. We
also point out that theQ couplings toK1n and K0p have
different phases, which differs from Ref.@8#. Our convention
is consistent with the SU~3! symmetry for the antidecuple
@16# and is crucial to obtain the isospin relations~10!. Finally
for gK* NQ , there is no information for this coupling. In Re
@47#, we have mentioned that precise measurements on
differential cross sections forgN and pN reactions can be
used to estimate this coupling. Recently it was estimated
be gK* NQ /gKNQ;0.6 based on some theoretical assum
tions @48#. Because of the lack of precise information, ho
ever, we treatgK* NQ as a free parameter and give the resu
by varying its value as we did in Ref.@47#. It should also be
noted that theK* NQ interaction contains tensor coupling
The contribution from this term should be examined but w
not be discussed in this qualitative study.

The other isospin channels can also be calculated u
the effective Lagrangians above, and it is straightforward
find the following isospin relation:6

M K1p52M K0n52A2M K0p52A2M K1n . ~10!

Note that the different phases between theQ̄K1n andQ̄K0p
interactions are essential to have the above relation. In
paper, we give the results for theK1p reaction only. Cross
sections for the other isospin channels can then be read
our result by using the isospin relation above.

The total cross section forK1p→p1Q1 is plotted in Fig.
2. Since we do not have any experimental information,
first present the result without a form factor in Fig. 2~a!. The
results with the form factor~9! are then given in Figs. 2~b!,
2~c! with L51.8 and 1.2 GeV, respectively. The cutoff p
rameterL51.8 GeV is from kaon photoproduction analys
@61#, while L51.2 GeV is from pN scattering analyses
@56#. Here, the solid lines are obtained withgK* NQ5
1gKNQ , the dotted lines are withgK* NQ50, and the dashed
lines are withgK* NQ52gKNQ .

Differential cross section forK1p→p1Q1 is shown in
Fig. 3 atAs52.4 GeV as a function of the scattering angleu
in the c.m. frame, whereu is defined by the directions ofk
andq. Here again, we give the results with different cuto
L. Figure 3 shows the role of theK* exchanges in a trans

5No evidence forQ11 in the existing data for theK1p channel
was reported in Ref.@59#.

6In the reactions ofK1n and K0p, one may consider diagram
similar to Fig. 1~c! with theQ1 as the intermediate state. Howeve
these diagrams are not allowed since theQQp interaction is pro-
hibited by isospin.
6-3
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FIG. 2. Total cross sections fo
K1p→p1Q1 ~a! without form
factor,~b! with form factor~9! and
L51.8 GeV, ~c! with L
51.2 GeV. The solid lines are ob
tained withgK* NQ51gKNQ , the
dotted lines with gK* NQ50,
and the dashed lines withgK* NQ

52gKNQ .
t-
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n
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parent way. WithoutK* exchange, we have theu-channel
diagram only@Fig. 1~b!# whose results are given by the do
ted lines in Fig. 3. They are peaked at backward scatte
angles. WithK* exchanges, the differential cross sectio
~the dashed and solid lines! have additional peaks at forwar
angles. Thus, the forward peaks in Fig. 3 are purely de
oped from theK* exchange and can be larger than the ba
ward peak depending ongK* NQ /gKNQ . So measurements o
the differential cross section can give information on t
magnitude of the couplinggK* NQ , which cannot be esti-
mated from theQ1 decay width. But we find that the phas
of gK* NQ /gKNQ cannot be distinguished in these results.

III. NN\YQ¿ REACTION

In this section, we investigateNN→YQ reactions where
Y stands forS or L baryons. Thepp→S1Q1 process was
considered within theK exchange model in Ref.@44#. Here
we give a more extensive calculation by includingK* ex-
changes. We also studynp→L0Q1 reaction which was no
considered in Ref.@44#. To calculate the cross sections, w
07401
g
s

l-
-

need additional Lagrangians in addition toLKNQ andLK* NQ

given in Eqs.~3! and ~5!, which are

LKNY52 igKNYN̄g5YK1H.c.,

LK* NY52gK* NYȲgmK̄* mN

2
gK* NY

T

MY1MN
]nK̄* mȲsmnN1H.c., ~11!

whereY5L,S•t. For gKNY , we use the SU~3! symmetry
values

gKNL52
1

A3
gpNN~112 f !, gKNS5gpNN~122 f !,

~12!

which leads to

gKNL /A4p523.74, gKNS /A4p51.00, ~13!
e

in
FIG. 3. Differential cross sec-
tions for K1p→p1Q1 at As
52.4 GeV ~a! without form fac-
tor, ~b! with form factor ~9! and
L51.8 GeV, ~c! with L
51.2 GeV. The dotted line in~c!
almost overlaps the other lines~so
it is not distinguishable! at u
>90°. It is also suppressed in th
other region and is not seen in~c!.
The notations are the same as
Fig. 2.
6-4
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with d1 f 51 and f /d50.575. These values are within th
range of phenomenological values@62#

gKNL /A4p524.49;23.46, gKNS /A4p51.32;1.02.
~14!

The K* NY couplings are estimated in Refs.@62,63#. For
example, the new Nijmegen potential gives@62#

gK* NL526.11;24.26, gK* NL
T

5214.9;211.3,

gK* NS523.52;22.46, gK* NS
T

54.03;1.15.
~15!

In our numerical calculation, we use

gK* NL524.26, gK* NL
T

5211.3,

gK* NS522.46, gK* NS
T

51.15. ~16!

The transition amplitudes fornp→S0Q1 obtained from
Fig. 4 read

M np
K 52

gKNSgKNQ

~p22p4!22MK
2
ū~p4!g5u~p2!ū~p3!g5u~p1!

1~p1↔p2! ~17!

for K exchange and

M np
K* 52

gK* NQ

~p22p4!22MK*
2

3H gmn2
1

MK*
2 ~p42p2!m~p42p2!nJ

3ū~p4!Gn
K* NS~p42p2!u~p2!ū~p3!gmu~p1!

1~p1↔p2! ~18!

for K* exchange with

Gn
K* NS~p42p2!5gK* NSgn2 i

gK* NS
T

MS1MN
sna~p42p2!a.

~19!

The momenta of the particles are defined in Fig. 4.
The other isospin reactions,pp→S1Q1 and nn

→S2Q1, have the following relation:

FIG. 4. Tree diagrams for thenp→S0(L0)Q1 reaction.
07401
Mpp52Mnn52A2Mnp . ~20!

Since the cross sections forpp→S1Q1 and nn→S2Q1

reactions can be read off from that fornp→S0Q1 by the
above relation, we give the results fornp reactions only.

In the np reaction, we have an additional channel in t
final state, i.e.,np→L0Q1. The production amplitudes o
this reaction read

M np→L0Q1
K

5
gKNLgKNQ

~p22p4!22MK
2
ū~p4!g5u~p2!ū~p3!g5u~p1!

1~p1↔p2!,

M np→L0Q1
K* 5

gK* NQ

~p22p4!22MK*
2

3H gmn2
1

MK*
2 ~p42p2!m~p42p2!nJ

3ū~p4!Gn
K* NL~p42p2!u~p2!ū~p3!gmu~p1!

1~p1↔p2!, ~21!

for K andK* exchanges, where

Gn
K* NL~p42p2!5gK* NLgn2 i

gK* NL
T

ML1MN
sna~p42p2!a.

~22!

The form factor~9! is assumed to be multiplied to each ve
tex.

In Fig. 5, the total cross sections fornp→L0Q1 and
np→S0Q1 are given, which do not include the form fac
tors. Shown in Fig. 6 are the results with the form factor~9!
andL51.2 GeV. These results show that theK* exchange
dominates the process ifgK* NQ /gKNQ is not so small. They

FIG. 5. Total cross sections for~a! np→L0Q1 and ~b! np
→S0Q1 without form factors. The notations are the same as
Fig. 2.
6-5
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also show thatK and K* exchanges have different energ
dependence in the total cross sections.

The role ofK* exchange can also be identified in diffe
ential cross sections. Figures 7 and 8 show the differen
cross sections atAs53 GeV without and with the form fac
tors~with L51.2 GeV). The scattering angleu is defined by
the directions ofp1 and p3 in the c.m. frame. It is clearly
seen from these figures that the differential cross sect
have symmetric shapes aboutu590° in both reactions,
which can be expected from the structure of the produc
amplitudes, e.g., in Eq.~21! regardless of the exchanged m
son. Since the ratio of the minimum and maximum values
the differential cross sections depends on the ratio of c
pling constants, measurement of the ratio would shed l
on the determination of the magnitude ofgK* NQ /gKNQ . But
the results are nearly independent on the phase
gKNQ /gK* NQ ~Fig. 8!.

FIG. 6. Total cross sections for~a! np→L0Q1 and ~b! np
→S0Q1 with the form factor~9! andL51.2 GeV. The notations
are the same as in Fig. 2.

FIG. 7. Differential cross sections for~a! np→L0Q1 and ~b!
np→S0Q1 at As53 GeV without form factors. The notations ar
the same as in Fig. 2.
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IV. SUMMARY

We have estimated the cross sections forQ1 baryon pro-
duction fromKN and NN reactions focusing on the role o
the K* exchanges. We found that isospin relations hold
KN→pQ andNN→SQ reactions. We have also estimate
the cross section fornp→L0Q1, which is found to be much
larger than that fornp→S0Q1.

Without K* exchange, we found that there is only a bac
ward peak in the differential cross sections forKN reactions.
The forward peak in Fig. 3 is completely ascribed to theK*
exchange. Thus precise measurements on the differe
cross sections will give a chance to determine the magnit
of the gK* NQ coupling. InNN reactions, we found that both
K exchange andK* exchange give double peaks, forwa
and backward peaks, and symmetric differential cross s
tions. Therefore, measuring the ratio of the maximum a
minimum values of the differential cross sections can a
give information on the couplings.

As we have discussed, investigation ofQ1 production
processes in meson-nucleon and nucleon-nucleon reac
are useful in understanding the interactions and the prod
tion mechanisms of theQ1, as well as in providing impor-
tant information for theQ1 yield in heavy-ion collisions,
where hadronic final state effects should be taken into
count. Experimental studies on these reactions are, there
highly required and might be available at current experim
tal facilities.
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FIG. 8. Differential cross sections for~a! np→L0Q1 and ~b!
np→S0Q1 at As53 GeV with the form factor ~9! and L
51.2 GeV. The notations are the same as in Fig. 2.
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