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Exotic @* baryon production induced by a photon and a pion
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We investigate the photoproduction of tie" (1540) on a nucleonyn—K 0+, yp—K°®*) and the
pion-induced® * production reaction on the protonr{ p—K~ 0O 7). 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 hunghedut sensitive to th&*N® coupling whose
value is not yet known. We also study the production cross section assumirtg thaas negative parity. The
cross sections are then found to be very suppressed compared to the cas® Whesepositive parity. Hence,
the interpretation of th@ * 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.

DOI: 10.1103/PhysRevD.69.014009 PACS nunider13.60.Rj, 13.60-r, 13.75.Gx, 14.80-]

[. INTRODUCTION are expected to be similar to that of tke"(1540). How-
ever, the genuine structure of tke" is still to be clarified,
The recent interest in pentaquark exotic hadrons was trige.g., it is not yet firmly established whether #@¢ forms an
gered by the discovery of tHe " (1540) baryon by the LEPS anti-decuplet with the Roper resonank20], and its spin
Collaboration at SPring-81], where the photon beam was parity is not yet confirmed. On the other hand, Jaffe and
used on a'’C target to produce the pentaqu@®K from the  Wilczek suggested diquark-diquark-antiquark nature of the
yn—K~0O7 reaction. The upper limit of its decay width ®* in the antidecuplet plus octet representation of(BU
(I'¢) was estimated to be 25 MeV. The CLAS Collaboration[11]. In Ref.[35], the®* is even claimed to be a heptaquark
at the Thomas Jefferson National Accelerator Facility usedtate. In addition, Capsticit al. suggested® * as a member
the photon-deuteron reaction to produce #é and found of isotensor pentaquark family36], which is, however,
the decay width to be less than 21 M¢¥®|. The SAPHIR  doubted by the SAPHIR experiment.
Collaboration used the photon-proton reactionyp( In the midst of such confusion, one attempt is to assume
—K%® "), where the decay width is found to be less than 25certain quantum numbers for th®@* and investigate its
MeV [3]. The ® production with'¢<9 MeV was also physical propertie§37—40. As a starting point to compare
reported in the kaon-neutron reactiok (n—K°p) by the  with experimental observations, it is important to investigate
DIANA Collaboration [4]. Recently thevN reaction was the production processes of ti&" in the photon-induced
used to search fo® * with I'¢ <20 MeV [5]. and pion-induced reactions. Since the production processes
Although the quantum numbers of tige" (1540) are still  are studied in the medium energy region, the hadronic de-
to be determined, the interpretation of it as being a penscription would be more appropriate than perturbative QCD.
taquark (uddg state is solid becaus®® has positive There have been studies in this direction, where a hadronic
strangenessS=+1). Such a low-lying pentaquark state model with effective interaction Lagrangians was used to
with a narrow width was first predicted in the chiral quark calculate the reaction cross sections. In R@dd.,47], Liu
soliton model[6], although the existence of such exotic and Ko estimated the cross sections of positive-pasity
states was anticipated earlier in the study of the Skyrmeroduction from photon-nucleon scattering and various
model[7-9]. The recent experimental findings prompted ameson-nucleon scatterings. The authors considered not only
lot of theoretical reinvestigation of the pentaquark states inthe two-body final states, but also three-body final states.
cluding the pentaquarkR(g) with one heavy antiquarklO—  They claimed that the cross sections are about 0.05 mb in
17]. Subsequent theoretical investigations on@heinclude  pion-nucleon reaction, 40 nb in photon-proton reaction, and
approaches based on the constituent quark mgdgii8— 280 nb in photon-neutron reactip4l]. The cross section for
21], Skyrme mode[8,9,22-2%, QCD sum rule§26-28, the photon-neutron reaction is claimed to be substantially
chiral potential modef29], largeN, QCD [30], lattice QCD larger than that for photon-proton reaction. The values are
[31], and group theory approa¢B2]. The production of the changed in their sequential wofk2], which includes the
®" was also discussed in relativistic nuclear collisionscontributions from the&* exchanges in the photon-nucleon
[33,34), where the number of the ari-"(1540) produced reactions. However, this work does not take into account the
tensor coupling of the photon-nucleon and pho®hn-inter-
actions. In particular, they did not include teehannel dia-

*Electronic address: yoh@phya.yonsei.ac.kr grams and the anomalous magnetic momentum terms in the
"Electronic address: hung@phya.yonsei.ac.kr u channels in photoproduction reaction, which were shown
*Electronic address: suhoung@phya.yonsei.ac.kr to be important in Ref[43]. In addition, the final results
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were obtained by multiplying a form factor that is a function vy K ¥ K™
of the center-of-mass energy only. In Rp43], Nam et al. Pie P
considered yn—K~®" process using pseudoscalar and ,7’/ Al
pseudovector couplings as well as a hybrid model. Then the - -

authors included the effects of the form factors by dividing |

the cross section by an overall energy-independent constan YK K+
whose value is obtained from a similar prescription to match !

the theoretical Born term estimate of the total cross sectior
for kaon photoproduction to the experimental data. They alsc
considered the case where the quantum numbers dbthe (a) (b)
areJP=1". Then they found that th® ™ production cross 7Y K™ Y K
section in photon-neutron reaction near threshold is 14-2
nb for negative-parityd © and 100—240 nb for the positive-
parity ® *. However, in their work, the&K* exchange was
not considered and the assumption that &hé production

.
o
n

=Y

cross section can just be divided by a constant factor is un- 1 n o' n o' o'
justified. Experimentally, the only information available for () (d)

any production cross sections comes from the SAPHIR Col-

laboration[3], which claims that the cross section fop FIG. 1. Diagrams for theen—K @™ reaction.

—K®%®™ is similar to that of¢ photoproduction and is of the
order of 200 nb near threshold, which is to be confirmed byN(1710) [6,11]. Such approximations should be good
further analyse$44]. enough in a first attempt calculation, where at least all the
In this work, we perform a more consistent calculation onground state nucleon, pseudoscalar, and vector mesons are
the photoproduction of th® * from the nucleon targets and consistently included.
on the pion-induced production from the proton target. The For the parity of the® ™, we note that the chiral quark
latter reaction is of particular interest since the current KEKsoliton model predicts even parity. This seems to be consis-
experiment searching for th@* is using this reaction. Such tent with the Skyrme model results on the pentaquark states
a reaction can also be studied with the recent pion bearmontaining one heavy antiquark. In that model, the lowest
facility at GSI. Several improvements are included in ourstate of the pentaquark with one heavy antiquark and four
work compared with previous hadronic model calculations inlight u,d quarks has=0 andJ”=3", while the first excited
Refs.[41-43. To investigate the sensitivity on the possible state had =0 andJ”=3%", and thel=1 pentaquarks are
form factors, we employ form factors that are functions ofhigher state§16]. The® * with J°=37 is also favored by a
the transferred momenta and compare the results with theecent Skyrme model studj?25] and a constituent quark
previous ones that use different prescriptions for the fornmodel study[45]. Thus, we first assume that t@* has
factors. We also include thé* exchanges in thechannel in  positive parity, postponing the negative-parity case to Sec.
all relevant reactions. As we will show, the contributions IV. Then the effective Lagrangians read
from the K* exchange are appreciable in all the production
reactions considered and in fact dominant in the pion- Lok=ieA, (K g*K"—g*K"K™),
induced reaction. Another important question that we address
is the parity of the® *, which is not yet settled. For example,
Refs.[19,26,28,3]1 suggest that the parity of tH@ " is pref-
erably odd, while many other approaches including soliton
models claim or assume it to be even. Therefore we will first G w_ VAL
present the results assuming that & (1540) is an isos- £r00 eA“y 2Mg T A }(9'
inglet, spin-1/2 baryon with positive parity, and then the re-

Lxno=—19kne(O¥sK "'n—0 y5K%p) +H.c.,

sults with assuming that th®@ " has negative parity will be 1+ 75 1
compared and discussed. Lnn= EN{A#V o m{Ker Kn
-0+ 0@+
Il. Mm—K ®T AND w—K (0] +T3(Kp_Kn)}0-,uV(9VAlu}Nl (1)
The Feynman diagrams @ * photoproduction from the

neutron and proton targets are shown in Figs. 1 and 2. The¢f K
momenta of the incoming photon, the nucleon, the outgoing 7 Y K’ ¥ K’
K, and the® arek, p, g, andp’, respectively. The Mandel- 0 4 .
stam variables ares=(k+p)?, t=(k—q)? and u=(p K ,/ A
—q)2. It should be noted that we have neglected the o' p p o p © o
s-channel diagrams in which the intermediate baryon is the (a) (b) (c)
nucleon resonance, including the Roper resonances or the
nonstrange analog of th@* that could be the Roper FIG. 2. Diagrams for theyp—K°®* reaction.
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whereA , is the photon field andl"=(p,n). The anomalous
magnetic moments of the proton and neutron ag
(=1.79) andk, (=-—1.91), respectively. Here we use the
SU(3) Lagrangian for the phases of ti&" KN interactions
[46].

For theK* exchange, we use

- wx0
Licxky=icr k& P, A (9,K5 KT +3,KEK%)+H.c,,

T
r - _ ) //-K*+_ﬂ mry K*F |
k*NO— —OkxnoY| V'K, MN+M@U WKy
T
N A u*0_ K* p® nv *0
+0k N@G)(Y K% Myt Mg ¥ 3K, )p
+H.c. (2

The coupling constants are determined as follows. Th
LagrangianCyye gives the decay width o® " —KN as

9&ne [Pkl (VME+pE—My)

lﬂ@)*aKJrnJrKOp:

whereMy and Mg are the nucleon an®* mass, respec-
tively, andpg is the momentum of the kaon in tf@* rest

frame. Thus, the couplingkne Can be estimated from the
®" decay width. In Ref. [39], the decay ratio

Ig_k+n/Te_xop Was shown to be dependent on the isospin, hares
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Ok*ky

127 ®)

p,|3.

FK*HK)/:

Using the experimental values4], we obtain gyxk,
=0.388 GeV'! for the neutral decay andggxk
=0.254 GeV ! for the charged decay. However, there is no
information on the couplinggx+ne K;*HQ, and Kl*pg.
Since the decay of th®* into K*N is not kinematically
allowed, we have to rely on the theoretical estimate, which
is, however, not available until now. The only hint we have is
that gg«na~ —4.5 andgg+ns~ — 2.6, which are smaller
thangykna @andggns by a factor of 2.4-3.5 or 1.2—-1[85].
From this observation, we expect thgk+ne would be
smaller thargyk e - HOwever, their relative phase is still un-
fixed. Thus, we treafx»ne as a free parameter and give the

éesults by varyingkxne - We shall find that measuring the

pion-induced process together with the photon-induced pro-
cesses will give us a clue on tlgg«ye coupling. The tensor
couplings kg o and iy pe Should also be examined, but
they will not be considered in this exploratory study.

The photoproduction amplitudes are in general written as

T=¢,Ug(p')M* uy(p), (6)

.. 1S the photon polarization vector. With the effective

s A . -
of the®™. Ifthe ® " is an isosinglet, this ratio becomes one. | agrangians above, it is straightforward to obtain the produc-
Theoretically, the chiral soliton model of R¢6] predicted a i amplitudes. For then—K~-@®* reaction(Fig. 1), we
very narrow width of less than 15 MeV. Later it was claimed j,5,/e ’

to be about 5 MeV in an improved analysis of the same
model[47]. This small decay width seems to be consistent

with recent analyses okN scattering that suggest a narrow
width of a few MeV for the® * [48-51. Experimentally,
only the upper bound of th® " decay width is known,
around 9-25 MeV. If we take the results of the chiral quark
soliton model[47] and theKN scattering analysdgl8—-51],
which isT'g+_«xny=5-10 MeV, we get
Okne=2.2-3.11. (4
This value is much smaller thagyn, , Which is —16.0 to
—10.6, but rather close tgxns , Which is 3.1-4.652]. In
this work, we usegyxne= 2.2 following Ref.[47]. The only
undetermined parameter in E@Ll) is g, the anomalous
magnetic moment of th® *, which should reveal the struc-
ture of the® ™. In Ref.[43], the authors estimateds, in
several models. For example, they obtairgd~ — 0.7 in the
diquark-diquark-antiquark picture of Jaffe and Wilc4di],
while kg~ —0.4 if the® " is aKN system. These values are
different from the chiral quark soliton model that giveg
~+0.3[53]. In this work, we will treatxg as a free param-
eter and give the results in the range-00.7<kg<<+0.7.
The Lagrangians of Eq2) contain four coupling con-
stants. The couplinggx, is estimated from the experimen-
tal data forK* radiative decays. The decay width is given by

B iegkne(29%—kH)

'Y5Fl(a)(sut,u),

1(a)= 5
t—M2
Ok*KyIKk* NO
b= " KAy Fip(Sit.u),
t—M2,
u €xkn  gkNe

10~ " 2M, s—M2 Ys(k+p+My)

X oK, Fie(st,u),

iK@

iedkne
LTV

2
u—M3

X(P—4+Mg) ysFy(s,t,u),

1)~ U”Vkv)

)

and for yp—K°0® ™" (Fig. 2) we get
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Yn—>K o' Yp K%'
1000 TTTT | | i L i I | L AL I TTTT [ TTTT LI I TTTT I TTTT I TTTT TTTT 5000
i T FIG. 3. Cross sections fof)
800~ (a) e 14 - O 4000 yn—K-®* and(b) yp—K°®*
- 1t - reactions without form factors.
5 600~ — —13000 The dashed lines are the results
£ L L i = without theK* exchange and the
© 400 | —{2000° dot-dashed lines are frpm. the*
exchange only. The solid lines are
- I ozzzme ] their sums. In(a), the dotted line
200 — ,’ B —1000 is from the ¢+ u)-channel and the
e e ] dot-dot-dashed line is the
0 1 I- ’/I‘f | ] I ) 0 Y I 1111 [ 111 11 J.-f‘l"l’l L1 I 111 I 1111 I L1 11 0 s_channel result-

1.5 2 2:5 3 3.5 4 15 2 2.5 3 3.5 4

Ei""’ (GeV) E:'b (GeV)

whereq; is the three-momentum of the initial state particles

b~ — Ws“”“ﬂkanyVFz(a)(s,t,u), in the center-of-masg.m,) frame,
K*
. Z:i)\(s M?2,0) (10
) A =25 MSMNL),

MEpy=———5 vs(kK+ p+My)
s—M3

with N (X,y,2) =x2+y?+ 72— 2(xy+yz+zX). Therefore, as
the energy becomes larger, the cross section becomes smaller

i K
Y+ —poWkV) Fom(Sit,u),

X 2My sinceF(s) decreases rapidly with energy. Since the form of
the form factors and the cutoff parameters should be justified
iegkne i ke by experimental data, measuring the total and differential
Mbe=— > ( Yut (r’“’k,,) cross sections should discern the form factor dependence of
u—M 2Mg ;
e the cross sections.

_ In this work, we take another approach for the form fac-
X (P~ A+ Mo)ysFa((Stu). ® tors. Motivated by the analyses of kaon photoproduction
Here we have multiplied form factors that take into ac-[52], we use the form factdi58]
count the structure of each vertex. The gauge invariance
(k- M=0) is then easily checked when all the form factors A4
are set to one. Iyn—K~ O™, thet-channelK* exchange F(r,Med= m7
and thes-channel terms have gauge-invariant forms. The ex

auge-noninvariant part of thechannelK exchange is can- .
gaug P 9 for each vertexHereM,, is the mass of the exchanged par-

KOm +
celed by trlat of thaJ—channeI terms. Inyp—K ©7, the  icle andr is the square of the transferred momentum. This
t-channelK” exchange is gauge-invariant. And the sum of} o< the correct on-shell condition the(r,Mg)=1 atr

thes-channel and-channel is gauge-invariant. But introduc- _ MZ,. However, introducing different form factors depend-
ing different form factors at each \'/erte>'< spoils gauge InVa“’ing on the channels breaks gauge invariance. There are sev-
ance. In Ref[43], to keep gauge invariance anql to include eral recipes for restoring gauge invariance with the use of
the 7effe+cts Of form factors, the cross s.ec_t|on fon phenomenological form factof§9—-61]. But the results de-
—K”@" obtained from tree graphs is multiplied by 0.18. pend on the employed form factors and the way to restore

Th|s+factor IS the average value feyy/oheory n yp gauge invariance. In order to avoid any complication and to
— K™ A reaction near threshold, whetgyeoy contains the keep gauge invariance in a simple way, we use
contribution from the Born terms only. However, p

—K*A there are other production mechanisms such as _ _ 2 2
nucleon and hyperon resonances which interfere with<the Fr@=Fuo={F(LMO™+F(UMe)/2,
K* exchanges and the nucleon Born tel58,56,57. Thus
assuming the same suppressionAinphotoproduction and
®™" photoproduction is questionable and should be further

(11

Fim=F(t,Mg«)?, Fig=F(s,My)? (12

tested. In Refs[41,47, the authors used the same form fac- and
tor for all channels, which is a function only,
ijg y Fz(a): F(t,MK*)Z,
F(s) A* 9) F F {F(s,My)?+F(u,Mg)?}/2
S)=———, 2(b)= F2(9=1F (S, My u,Me .
A%+q? ’ (13)
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Yn—>K o' Yp X%
50 :I i I TTTT I AL AL I TTTT I TTT I: TTTT I TTTT I LI I TTTT TTTT 500
40 () 4 - O — 400
~ 30F 4 300 =
c) C S i SN 1 L ic}
C FIG. 4. Cross sections for
© C L o
24 - 200 (a0 yn—K 0" and (b,d yp
0 E B 100 —K% " reactions with the form
- factors of Eq. (9) with A
:I _I =0.75 GeV. In (a,@, gK*N@:
o 1 I 0 +2.2 is used while gx«no=
—2.2 in(c,d). The solid lines are
150 (© 4 E 150 obtained with k=0, while the
L 1 L i dashed and dot-dashed lines are
= — 3 with kg=+0.7 and —0.7, re-
g 100~ — B e e 100 8 spectively. The dotted lines corre-
(<) B B g o spond togksne=0.
50 — —
0 1 1 I.I 1 I L1 11 I 111 I L1 11 I L1 11 O

1.5 2 2.5 3 35 4 15 2 2.5 3 3.5 4

Ej‘" (GeV) Ej{“" (GeV)

This is an unsatisfactory aspect of this hadronic model apwith the form factor prescription of Eq(9) with A
proach, but it should be sufficient for this qualitative study.=0.75 GeV. The upper graphs are obtained vgh yo=
For comparison, we will give the results obtained with this+2.2 and the lower ones are with«ne=—2.2. In this
form factor and those with the form factor of E@). figure, we also give the results by varyirg from —0.7 to

We are now ready to calculate the cross sectiongor  +0.7. The energy dependence of the cross sections are simi-
photoproduction. In Fig. 3, the total cross sections §or |ar for both the neutron and proton targets, which is expected
—K 0" and yp—K®®* are given without form factors. from the form of the form factof9). Whengy«ne = +2.2,
For this calculation we sefx+ne=0kne and kg=0. In  the cross section foyp—K°®* is larger than that foryn
Fig. 3, the dashed lines are obtained without K& ex- —K~ 0" by a factor of 10. However, whemyxye=
changes and the dot-dashed lines are withiktfieexchanges —2.2, the cross section fom—K 0" is slightly larger. In
alone. The solid Iines_are their sums. This shows that therder to see the contributions from tké& exchange, we give
cross section foryp—K®® ™ is much larger than that for the results without theK* exchange withkg=0 (dotted
yn—K~®*. This holds even in the absence of #& ex- lines in Fig. 4.
changes(dashed lines in Fig.)3 Several comments are in In Fig. 5, we present our results with the form factors of
order. In theyn—K O reaction, there are stroridestruc-  Eq. (11). Here the results without thH€* exchange and with
tive) interference among the channels. In contrast to the as<e =0 are also shown by the dotted lines. The upper graphs
sumption of Ref[50], the contributions from thes andu  are obtained withgyx»nye=+2.2 and the lower ones with
channels are not suppressed. In both reactions, we found thgg«ne = —2.2. In this calculation we use the cutoff
the K* exchange is not suppressed compared to the other
production mechanisms although it strongly depends on the A=1.8GeV, (14)

unknown couplinggk=ne - It is interesting to note that the , , . .
K* exchange interferes destructively with the other ampli-as fixed in the study of\ photoproduction with the same

) o ) ) — ot form factor prescription52]. We see that with this form
tudes inyn—K but constructively inyp—K"0 ™. If  factor the final results are not so sensitive to the phase of the
the relative phase betwegRne andgk«ne is changed, then ¢ . . coupling, indicating the large contributions from the
the interference patterns are reversed. In this ca8e, K* exchanges. We notice that our results are consistent with
—K~0" has a larger cross section thgp—K°®* when  the observation of the SAPHIR Collaboration that the cross
E}°<2.5 GeV. ForES*>25 GeV, the cross section for section foryp—K’®* is about 200 nb in the photon energy
yp—K°® " becomes larger and increases faster than that aange from 1.7 to 2.6 GeV, and it is similar to the cross
yn—K 0%, section for¢ photoproduction. For comparison, we give the
We now investigate the form factor dependence of thdotal cross section fogp photoproduction in the literature
cross sections. Given in Fig. 4 are the cross sections obtainé@2] by the dot-dot-dashed lines in Figgbid). This shows
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Yn—>K o' Yp K%'
TTTT ] | I i I | A I TTTT [ T T TT LI I LI I LI I LI TTTT
500 — — — — 500
- (a) 1 1 (b) ]
400 — — 400
-\8/ 300 — 300 g
o i o
200 — 200
- FIG. 5. Cross sections fda,0
100 |~ 100 yn—K 0" and (b,d yp
. —K%®™" reactions with the form
0H factors of Eq.(11). The notations
500 — 500 are the same as in Fig. 4. (b,d
i the total cross section fap pho-
400 — 400 toproduction[62] is given by dot-
—~ i —~ dot-dashed lines for comparison.
S 300 300 2
o i o
200 — 200
100 — 100

1.5 2 2.5 3 35 4 15 2 2.5 3 3.5 4
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that the positive phase @i« ne is favored by the SAPHIR  pe uuuds Such an exotic baryon may be a member of the
experiment. In addition, the cross section igp—K°® " is  isotensor pentaquarks as suggested by Rl but its ex-
larger in most cases. We also find that the energy dependenitdence seems to be disfavored by the SAPHIR experiment
of the cross sections for the two reactions is different. In[3]. Thus we do not consider thechannel diagrams in this
yn—K~ 0%, the cross section saturates as the energy instudy. Note also that thechannel diagrams containing the
creases, while it keeps increasing with the energyyin  nucleon resonances are neglected as irftfigphotoproduc-
—K%@ ™. The k¢ dependence is negligible for the photon- tion study of the preceding section. Furthermore, we will find
proton reaction, while in the photon-neutron reaction thethat thet-channelkK* exchange is the most dominant pro-
cross section nontrivially depends af, . Since a different ~ cess. For this calculation, in addition £« ye of Eq.(2), we
choice of the form factors gives different results, as can béeed the effective Lagrangiafys g, which reads

seen in Figs. 4 and 5, it would be very useful to have mea- . o

surements on the total and especially differential cross sec- Ly« = —igk+k{K* 7K} — d*K7K3} +H.c., (15
tions to justify a particular type of the form factors and to

discriminate the role of each production channel. where KT=(K*,K9), E=(K’,K°), etc., and

. 7 p—K-O* L.an=—19nuNys7N, (16)

We now turn to the pion-induced reactiony p
—K~ 0", of which tree diagrams are shown in Fig. 6. Wit
out theK* exchange, only the-channel diagram is allowed,
which was considered in Reff41]. The possibleu-channel

h- with 7= 7. The coupling constangx«x, fixed by the
experimental data foK* — K decay,

. . e 2
diagram include®’, whose minimal quark content should Ikr K 3
Fkx kr= 5 1P, (17)
27M x
T K
\\\ e n K- IS gk k»= 3.28, which is comparable to the 8) symmetry
0 N // value, 3.02. We also usg?,/(4m)=14.
K* \ The production amplitude of this reaction is written as
e —E
P 0" p n @ —
(a) (b) T=ug(p") Mup(p), (18)
FIG. 6. Diagrams formr p—K~ @™ reaction. where the diagrams of Fig. 6 give
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0 _I J 1111 I 1111 I 1111 I 111 I_ 0 1 I' 1111 | 1111 I 1111 I 11 II
15 2 25 3 35 4 15 2 25 3 35 4
E, (GeV) E, (GeV)
\/EQK*ngK* N® 2 2
M@= ——— 7| k+d+ ——5— (k=)
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Mewy=——_ 5 (ktp=MyFep(sit,u). (19

N

As in photoproduction, we work with two choices of the

form factors. First, following Ref{41], we set

2

Fea(s,t,u)=Fgpy(s,t,u)= (20

A%+gf]
as in Eq.(9) with g?
covariant form factors as

Fo@(Sit,U)=F(t,Mx)? Fgpys,t,u)=F(s,My)?,

(21)

whereF(r,M) is given in Eq.(11).

The results are shown in Fig. 7. In Figia¥, we show the

results without form factors witlyk« e <0, where the and
s channels interfere constructively. Given in Figdyare the

05+

=\(s,M%,M?)/4s. We also employ the
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1_

FIG. 7. Cross sections for
7 p—K O (a,d without form
factors,(b,e with the form factors
of Eqg. (9) with A=0.5 GeV, and
(c,f) with the form factors of Eq.
(11) with A=1.8 GeV. In(a,b,0,
the solid, dotted, dashed, and dot-
dashed lines are withgy«ne=
-2.2,—-11, —0.5, and 0.0, re-
spectively. In (d,e,f), the solid,
dotted, dashed, and dot-dashed
lines are withgk+ne=2.2, 1.1,
0.5, and 0.0, respectively.

L .=r4:;;.l:;J.I.—I—I'1:[_J:IJ OO0
S5 2 25 3 35 4

E_ (GeV)

=0.5 GeV. Here again the role &f* exchange can be eas-
ily found. In this reaction, we also found that the form factor
(20) suppresses the cross section by an order of magnitude,
which is due to the soft cutoff value. If we usa
=0.75 GeV in Eq(20), the peak value in Fig.(B) would be

0.6 mb. The effect of th&* exchange is even more drastic
when we use the form factor of E@1). Figures Tc,f) show

our results with the form factor of Eq(21) and A

=1.8 GeV. Here the results without the&' exchange is very
much suppressed with the peak value being only about
25 ub. But with theK* exchange the cross sections become
a few hundredub depending on the magnitude gf«ye -

We also found that the cross sections are not so sensitive to
the phase ofjx+ne , thus ther " p—K~ @™ reaction can be

a good place to measure its magnitude.

IV. PRODUCTION OF NEGATIVE-PARITY O%

We now consider the production @f " assuming that it
has negative parity. This process was considered in[R&F.
for the photon-neutron reaction and was found to have
smaller cross sections than the positive-pa@ty produc-
tion. In this case, the effective Lagrangians in E@s.and
(2) are changed as

results withgk+ne >0, where we have destructive interfer- Lxno= Jkne (@K n—OK%p)+H.c.,
ence. In these plots, we give the results by varying the value

of gkxne - This evidently shows the important role driven by

the t-channelK* exchange. We see that, even wgR«ye

= =*0.5, K* exchange cannot be neglected. This can be seen

by comparing with the results of thechannel alongthe

Lyxno=— igK*N®(6757”KZ+n_ 63’57’”(:20}3) +H.c,
(22

dot-dashed lings In Figs. 1b,e), we show the results with where we have dropped the tensor coupling terms of the

the form factor of Eq(20). Following Ref.[41], we useA

K*N® interaction as its effects will not be considered

014009-7
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yn—>K o' Yp Ko
250IIIIIIIIIlIIIIIIIIlIIIII IIIIIIIIIIIIIIIIIIIIIII250
00 @ e 5 - (b — 200
g 150_— 150 _:%\
© 100 100 © FIG. 8. Cross sections fda,0
L yn—K 0" and (b,d yp
50 — 50 —K@" when the® " has nega-
L tive parity. In(a,b no form factors
ok 0 are used and ifc,d) the form fac-
tors (11) are used with A
20 - =1.8 GeV. The solid lines are the
I’esults W|th gK*N@:gKN@ y the
| dashed lines witlgyx+ne=0, and
g g the dot-dashed lines wityxne
o 10k o =~ 0kne -
0 1 I‘I 1 I 1111 I | i 0 I 1111 I ) .| 1 IJ.‘P"AI’I»I_I— -—I_I‘I_FT‘I‘ﬂ—I—I-+<|-—l—I— 0
1.5 2 2:5 3 3.5 4 1.5 2 25 3 3.5 4
E™ (GeV) E," (GeV)
throughout this work. The form of the above effective T PPON: DA
Lagrangians is obtained with the prescription of Réf3], ME = — ——5—— """k, 05Y5Y,FaaS.tU),
which was used to construct the effective Lagrangians for the =M
interactions of the)P= S11(1535) resonance. Here we
insertedi ys in the approprlate place in order to account for
the odd parity of the®*. Then the decay width o®* €0kne Kp
+p+M “rk
—KN becomes Mz(b) ~M2 (kK p+My)| v MNU v
Jkne [Pkl (VME+pR+My) XFam(st,u),
F®+HK+n+KOp: 20 M@ ’ (23)
which givesgyxne=0.307 with['g=5 MeV. . _ €%ne iKg ,
The production amplitudes foon—K - 0" are 2009~ u—M2 Yut 2Mg ok, |(p—¢+Mp)
. €Gne(294—kH) XFa(st,u), (25
1(a)~ Y Fi(s.t,u),
K
_ and ther " p—K~@®" process has
19k*KyIK*NO 0
1= t—;\//lz e PR35y, F1py(S:t.u),
K* .
I \/EgK*ngK*N@)
Me@=—— 2
ieKkn Jkne Y =M
M?LL(C): (k+ p+ M )O”u k Fl(c)(S,t,U)
2My s— M M2 2 M2 2
k+q+ M k q ’)’5F6(a)(s,t,u),
€0kne iKe K*
I + y'ad
Ml(d) Uu— M% YM 2M® o kV
X(p—a+Mg)F s,t,u). 24 i\/EQKN@ngN
(P~ 4+ Mo)Fiaf ) 24 MG(b):_—M2 (k+p+My) ysFem)(S:t,u).
i - N
For yp—K°@ " we have (26)
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100 TTTT I TTTT TTTT TTTT I T —I_I_I_ TTTT I TTTT TTTT TTTT L
- (@ -7 =
60_— 1T FIG. 9. Cross sections for
) e - ) 7 p—K O®" when the®" has
; i ! 1k ; negative parity. Ifa no form fac-
40 - i 1 L tors are used and ith) the form
- . factors (11) are used with A
20 ¢ - =1.8 GeV. The notations are the
|, L - same as in Fig. 8.
1 lfl I N MY £t o SN VAN RIS BN SN B AN
1.5 2 2.5 3 35 4 15 2 2.5 3 35 4
E" (GeV) E" (GeV)

The results are given in Figs. 8 and 9 withne reaction. This is in contrast to the conclusion of Refs.
=0.307. Given in Fig. 8 are the photon-neutron and photon{41,42, which predicted a larger cross section for the
proton reaction results and the pion-proton reaction resultphoton-neutron reaction. This is mainly because the model of
are shown in Fig. 9. In these figures the solid lines are obRefs. [41,42 does not include the tensor coupling of the
tained with gxxne=0kne . the dashed lines are with electromagnetic interactions and tié& exchanges were not
Okxne=0, and the dot-dashed lines are with+ne ~ COherently included in both reactions. The cross sections of
= —gkne - Here we setkg=0. In Ref.[43], it is claimed the two reactions, photon-neutron and photon-proton reac-
that the cross section for the negative-pady” is sup- tions, are in the range of a few hundred nb, which seems to
pressed compared with the positive-pafty in the case of be consistent with the SAPHIR observation as far as photon-
photon-neutron reaction. We confirmed this conclusion angbroton reaction is concerned. But they have different energy
found that this is true not only in the photon-neutron reac-dependence which should be verified by experiments and can
tion, but also in photon-proton and pion-proton reactions. Irfest the models adopted in this study. Furthermore, the
photoproduction, the cross sections are small, less than 209APHIR Collaboration claimed that the cross sectionypf
nb even without form factors, and the cross section for the, K°® * is similar to that ofyp— ¢p. If this is confirmed,
photon-neutron reaction is slightly larger than that for thethe positive phase of thgx«ne Seems to be favoredSee
photon-proton reaction. If the form factors of EQ.1) are  Fig. 5b).]
used withA =1.8 GeV, the cross sections become less than The pion-induced reaction has a much larger cross section
20 nb. Therefore this seems to be inconsistent with thehan the photon-induced reactions. We found that this reac-
SAPHIR observation that the cross section for the photontion is very sensitive to the magnitude of th& N® cou-
proton reaction is about 200 nb. The suppression of the crogsling but not so to its phase. So measurement of this reaction
section is also seen in the case of the pion-proton reactiofould give us a guide to estimate the magnitudefye -

(Fig. 9). In this reaction, the cross section for the negative-Due to lack of information, we could not investigate the role

parity ® " is less than 10Qub without form factors and less  of the tensor couplings of th€* N interaction and the role

than 20ub with the form factors. Thus precise measure-of nucleon resonances like the nucleon analog of@Hein

ments on the production processes may distinguish the paritfe s channels. Therefore, theoretical studies on@&heou-

of the® " baryon. plings in various models are highly desirable and useful to
understand the structure and the production mechanisms of
the® ™.

V- SUMMARY AND DISCUSSION Since we are employing covariant form factors which are

We have investigated the production processes of the esdifferent from the form factors used in previous studiés—
otic ® ", which was discovered recently by several experi—43]: it will be useful to measure differential cross sections,
ments. We considered photon_induced production reactiony\!hiCh will discriminate between different form factors. In
which were used in the experiments of the LEPS CollaboraFig. 10, we give our predictions on the differential cross
tion, CLAS Collaboration, and SAPHIR Collaboration. In sections foryn—K 07", yp—K®*, and7m p—K 0"
addition, we have considered pion-induced productionwith the photon or pion energy at 2.5 GeV, where the scat-
which is used by the current KEK experiments and is alsaering angled is defined by the directions of the initial pho-
available at GSI. ton (pion) momentum and the findd meson momentum in

Previous analyses on these reactigdd—43 are im- the c.m. frame. The solid, dotted, and dashed lines are ob-
proved and extended by including some missing interactiontained with gksno=0kne: Ikxne=0, and gxxne=
and K* exchanges. We also employ the form factors and-gyye , respectively, whergyne = 2.2. This shows that the
cutoff parameters motivated by the study/ofphotoproduc-  differential cross section forr p—K~®* has a forward
tion. Our results show that the photon-proton reaction crospeak, which is due to the dominance of #& exchange. In
section is somehow larger than that of the photon-neutrophotoproduction, the differential cross section is suppressed

014009-9
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-t =0 .+ - - At

0 yn—K © 40 Yp—>K© 400 mp—K O FIG. 10. Differential cross sec-

IIIIIIIIIII IIIIIIIIIII IIIII|II|II thI”ISfOf(a)yn—)K@_JrOaErE?b
(a) (b) :la%).S GeV, (b) ’ypHK Q) _at
300 _ 30 300 - E)’=25GeV, and (c) 7 p
—K 0" atE®=25 GeV, when
the ®* has positive parity. The
200 — form factors (11) are used with
i A=1.8 GeV. The solid, dotted,
(x100) and dashed lines are obtained with
n Ok*ne=Okne: Jkxne=0, and
- Ok*ne=—Okne, respectively,
wheregyne=2.2. In(c), the dot-
180 ted line is scaled by a factor of

100.
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at forward angles and the peak iséat 45°. In particular, a terpretation of the®* as anl=0 andJ’=3" pentaquark

backward(secondary peak is observed in the case of the will be strongly supported. Most importantly, further experi-

photon-proton reaction. mental measurements are crucial to make any decisive con-
Finally, we have also investigated the production pro-clusion on the couplings and the structure of @é.

cesses of negative-pari®* since several studies claim that

the ®" has odd parity. We found that the cross sections in

this case are very much suppressed compared with the ACKNOWLEDGMENTS
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