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We examine cross sections for the procesgés- NKK in the framework of a phenomenological Lagrang-
ian. We include contributions from and=, resonances up to spin 3/2, as well as those from an ef®dtitVe
allow the ®* to have spin 1/2 or 3/2, with either positive or negative parity in each case. We also allow the
state to be either isovector or isoscalar. We find that the scenario that most closely matches observations at
Jefferson Laboratory requires a moderately large coupling oBthéo NK".
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[. INTRODUCTION data fromK* collisions on xenon. Gibbg22] has also exam-
ined K*d data and has extracted a width of 0.9+0.2 MeV.
Sibirtsevet al. [23] have come to similar conclusions.

In the past several months, a number of experimental
groups have reported signals for a pentaquark state called the
0" [1-9]. The first evidence for such a state was reported by
the Spring-8 Collaboratiofil]. The search by Spring-8 was  The existence of a pentaquark state would not be too jar-
motivated by predictions, made within the framework of thering for most QCD practitioners, as multiquark states have
chiral soliton model, by Diakonoet al. [10]. Most searches been anticipated for decades. However, its light mass and
that have reported evidence for the state put its mass arourapparently narrow width are difficult to explain in a “con-
1540 MeV. However, in all cases, the experimental resoluventional’” scenario, and have stimulated much discussion
tion has been such that only upper limits for the width of theand many postulates. Dzierled al. have raised the possibil-
state could be given. Evidence for other pentaquarks prety that the “signal” is really a kinematic reflectig@4]. Jaffe
dicted as partners to th@*, particularly theE™", has also and Wilczek[25] have constructed a diquark scenario for the
been reported by the NA49 Collaborati¢hl]. Using the ®*. One consequence of their scenario is that the state
time-delay technique, Kelkeet al. have found evidence of should have a spin-orbit partner, for which there is little or
not only the®* in K*N scattering data, but also a possible no evidence to date. Capstick and collaboraf@8] have
spin-orbit partnef12] along with a third possible state. suggested that the state is as narrow as it is because it has

Despite the number of pentaquark sightings, the situatiofsospin 2. This means that there should be isospin partners,
is far from clear. Two members of the NA49 Collaboration none of which have been seen.
produced a minority report pointing out that there was no Jennings and Maltmaifi27] have examined pentaquark
strong evidence for the existence of tBe™ in older, higher-  phenomenology in a number of scenarios, and conclude that
precision datd13]. The HERA-B Collaboration sees no evi- such a state fits into the quark model picture if its parity is
dence for theéd* [14], and the BES Collaboration also report positive, but this implies the existence of spin-orbit partners.
no evidence in their search¢sb]. Searches at RHIC have Karliner and Lipkin[28] invoke the mixing of two nearly
also yielded no evidence so fjt6]. Because some experi- degenerat&N resonances to explain the narrow width of the
ments have reported signals for the pentaquarks, while othe@*. They have also speculated on the phenomenology of
have seen no sign of them, Karliner and LipKitiv] have  pentaquark states containing a charm quaj. In addition,
postulated the existence of a “crypoexotid® that plays a there are many papers that examine the phenomenology of
significant role in production of th®. In addition, none of pentaquarks using QCD sum rulgg9], various quark mod-
the experiments that report a signal for any of the penels [31], and string theory{32]. A number of unique sce-
taquarks can say anything about their spin or parity. narios have also been propog@&8]. There have even been

Quite apart from the question of the existence of @e  suggestions that the states seen are in fact heptacistks
the question of its width is also very interesting. Nussinovor NK7r bound state$35]. Some lattice simulations suggest
[18] has examined the implication of such a state for existinghat the parity of the state is negati\@6,37], while the work
K*d data, and has concluded that the width of the state had tof Chiu and Hsieh suggests that it is positi{@8]. More
be less than 6 MeV. Arndt and collaborat¢f®] have per- recent lattice work reports no signal for the pentaquark state
formed a similar analysis oK*N scattering data, and have [39].
concluded that the width has to be less than 1 MeV, while
Haidenbauer and Kreif20] conclude that the width of the
state must be less than 5 MeV, or that its mass must be much
lower than reported. Cahn and Trillif@1] have suggested Among the many unanswered questions regardingthe
that the width is 0.9+0.3 MeV, based on their analysis of(and other pentaquark candidatesthat of the cross section

A. Experimental indications

B. Theoretical implications

C. Cross-section ramifications

0556-2813/2004/16)/06520115)/$22.50 065201-1 ©2004 The American Physical Society



W. ROBERTS PHYSICAL REVIEW C 70, 065201(2004)

for its production in a particular reaction. To address this, a The total center-of-mass energy of the process\s’gs
number of authors have examined cross sections for produgvheres=(k+p,)2. We may define a variableas the square
ing them in a number of reactiorfg0-49. Most of these  of the momentum transfered to the nucleon, namelyp,

have been aimed at determining the spin and parity of t_he_pl)2, and this is related to the scattering angle of the
state, but they have all provided estimates for the productiop cjeon in the center-of-mass frame.

cross section. Various photoproduction mechanisms and ob-
servables are examined in Refd0-49, while the authors
of Ref.[42] treat the reactioiK*p— 7"K*n with kinematics
suited to production of th®*. The authors of Ref45] also

examine production of th@®™* using a pion as the incident g . )
particle P gap four quantities can be fairly arbitrary, and depends on what

The calculation of Refi49] is closest in spirit to the work information is being presentgd. One choice is the scattering
that we present here. Those authors use a phenomenologi@]9!e of the nucleord, or equivalentlyt. For the othezr three
Lagrangian to describe the reactign—nK*K". In addition ~ variables, we can choose, for exampég=(q,+0q)° and
to the contribution of the®*, they also included twa~  dQ,  =dO d® . Here,® -and® - are determined in
hyperons: thex™ (1197 and theX7(1660. These hyperons v
provided the background contribution in their calculation. e : :
Close and Zhad41] have emphasized the importance of the direction of motion of the pair of kaons. Another equally

. . — 2 *
comparing the cross section for producing the pentaquar}éal!d ch0|ce_ WOUI.d besNK—(p2+q1) andddy, where the
states with those for producing nonexotic hyperons. solid angle is defined in the rest frame of the nucleon-kaon

In this paper, we examine the cross section for the proces@ai_:_-h diff il o
yN— NKK. We include many contributions, and examine all e differential cross section Is

The differential cross section for this process is described
in terms of five kinematic variables. These may be, for in-
stance, two Lorentz invariants and three angles. One obvious
choice for one of the invariants & The choice of the other

the rest frame of th&K pair, relative to &’ axis defined by

of the channels that are allowed. By including a number of do 1 1 — «
contributions, we are able to understand the roles played by > 2 - (2m)5 -kf [M|“d cos @d®,,, (2)
nonexotic hyperons, and by th&1020. More specifically, I Miwk @ M P1

since some of the properties of the nonexotic hyperons are ) ] — )

known, these can be used to get a handle on how big are tiyghered is the scattering angle of tH€K pair relative to the
cross sections for their production, and for the production ofmomentum of the incident photon, in the rest frame of the
the ®*. initial photon and nucleon.

The results of this calculation are relevant to past, presnt,
and future searches using photon beams. For the published
results so far, this means the searches at J3%|, the Our starting point is the construction of the most general
search by the Saphir Collaborati¢4], and, of course, the form for the transition amplitude for this process. While the
search by the Spring-8 Collaboratigf]. We note, however, requirements of Lorentz covariance and gauge invariance de-
that in Ref.[5], the process studied igp—na"K'K™, not  |imit the form of the amplitude, we find that there is never-

any of the ones discused in this paper. While the main focugheless quite a bit of freedom in the form chosen. The most
of our discussion will be the JLab searches, we will alsogeneral form is

comment on the other two searches where appropriate. _

The rest of this paper is organized as follows. The next iM=U(pye, O*U(py), 3
two sections focus on establishing the framework for the

o ) g ; where

calculation: the general amplitude, kinematics, and cross sec-
tion are discussed in the next section, and the phenomeno- O = a,p4 + a,ph + a0} + ay v + K(aspf + agps + a;qf
logical Lagrangian terms and most of the coupling constants " " "
needed for building the model are presented in Sec. Ill. The +agy") + da(agpy + agh + 81107 + a12%")
diagrams representing the contributions that are included in + Guk(agapy + agaph + ai50f + aier”) . (4)
this calculation are also shown in that section. We present

our results in Sec. IV, and a summary and outlook in Sec. ViNote that we have no terms iy nor p,, as the initial and
final nucleons each satisfy

B. General amplitude

Il. GENERAL AMPLITUDE, KINEMATICS,
AND CROSS SECTION pU(p) =mU(p). (5

A. Kinematics and cross section The amplitude coefficients; are all functions of the ki-
nematic variables, s¢x, 6, ®", and®”", or whatever combi-
nation of kinematic variables is chosen. Their exact depen-
dence on each of these variables will be determined by the
specific model constructed.

Gauge invariance of the amplitude requires thgO*

We begin by describing the kinematics of the procéss.
the momentum of the photop; is that of the target nucleon,
p. is that of the scattered nucleon, amdandq, are the kaon
momenta. Momentum conservation gives

K+p =p,+0;+0Qy. (1) =0, which leads to the four relations
This means that when we construct the amplitude for the a;k-py+ak-p,+asq;-k=0, (6)
process using all the four-vectors at our disposal, we can
eliminate one of these from consideration. a,+ask-p;+agk-p,+azq;-k=0, (7)
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agk - py+ gk - po+agq0; -k=0, (8) A further four structures may be eliminated by use of
so-called equivalence relations, leaving a total of eight. A
more detailed discussion of this is beyond the scope of this

ap+aiK-pptagkK - po+agsds -k=0. 9
paper.
Note that there is no condition on eithay or a.
From these equations, we can eliminate four of the ampli-
tude Coeff_icients, Ieaving us with 12 independel_’lt ones, or IIl. PHENOMENOLOGICAL LAGRANGIANS
Lorentz-Dirac structures, to describe the amplitude. One _ _
choice would be to eliminate;, a,, ag, a1, Which gives The framework in which we treat the procesgN
—NKK is the phenomenological Lagrangian. In this ap-
£,OF = [(a + ayofl1) P2,P1, + (33 + 1981) P2,P1 ] proach, all particles are treated as pointlike. Their structure is
Py -k accounted for by inclusion of phenomenological form fac-
+ (85 + 819l P1, Y, + (8 + Ayafly) P2y Y tors, which we discuss in a later subsection.
vip ey
1
_— v
+ (a7 + a1561)01,. 7 2(38 +ayefl) v, v, (F*, A. Ground-state baryons
where F#=g#k"— k%, Another choice isay, as, o, a3 We begin with the Lagrangians needed for the electro-
giving magnetic vertices of pseudoscalar mesons and ground-state
baryons. We treat nucleons as an isospin doublet, with
1
g,0" =1 ——[(ay + Kag + G210 + G1kas4)p2,.P1, p
Py -k N= )

+(ag + G Pr,y, + (g + kag + drag; . .
Kaons are also treated as isospin doublets

1
+ @1Kay5)0,P1,] - E(as +ayefl) v, 7, (F*" {K _ (K+ )}
=\ o

Note that these two forms contain a potential kinematic sin-

gularity atp;-k=0. However, this singularity is outside the 7 andZ are treated as isotriplets.

physically accessible region for the process we are discuss- In what should be a transparent notation, the electromag-
ing, and since this calculation involves no loop integrationsnetic part of the Lagrangian {®mitting the®* for the time
such singularities are of no real concern. being

e e e e
L= N(‘ (A + 7))y, A+ _(k's + TskUN) M%FW)N + §(‘ (1 +Ty)y, A+ —(k§ + Tskf) YMYVF’W>E
2 AMy 2 AMy

e JR—
+ A4_Iu’A ‘)/,u‘)/VF'uVA + EO

e e
M, mﬂznﬂf“m - E[KT(l +179)(9,K) = (9,KN (1 + m)KIA*+H.c., (10)

wherepus , is theX°— A transition magnetic momen, is the magnetic moment of th, kg‘ andk,'j\‘ describe the anomalous
magnetic moments of the nucleon doublet, andkrheare the corresponding quantities for thdsotriplet. T is the isospin
operator for the isotriplet.

The coupling of pseudoscalar mesons to ground-state baryons is described by the Lagrangian

gNAK ﬁ'yM'y5(aMK)A + Mﬁyﬂy&_’z . T(?MK + gLN?Zﬁf}/M’y5N(C7'M77)
MN + MA 3

Ez_gNNw
My+M 2My

= ZMNN'yMy5((9"7T- 7N+

ONSK 7

OINAK
Nvy,ys2 - TA*7K + H.c. 11
MN+M2 wrs T ¢ ( )

—ZNAK Ny AR KA — e
My+ M, YuYs\ T3

ONN7
2My

-e ﬁyﬂj@A"Tgﬂ' -TN—e

7 is an isosinglet field representing tiegmeson. The last three terms of this Lagrangian are obtained by minimal substitution
in the first three terms.

B. Vector mesons

The vector mesons that enter into our model l&teand ¢. The K" is treated as a vector isodoublet fisdd, completely
analogously to thé, while the ¢ is represented by a vector isosinglet figl. The Lagrangian in this sector is
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¢ GK NA . X
ﬁszﬂefww ”(m%))mﬂGK Ny, + lmww(aym))MﬂGE NS K,
N A
Gi ) Gomy Gy G
+ij—t . “ | 4 gaBpy T 04 + T — (kT
ITRECRLTEL ( my Pa 0o+ S m(&,,LAﬁ)am) m LK) = (KK,
9 =
T o 1) = (K- 7K, (12)
K
[
C.B (3/2) (3/2)
aryon resonances ’ —gg NKE K 4 N a“K)A
There are a number of resonances that need to be taken 6=N mq T (
into account in a calculation such as this. Since the experi- @2
mental target is a nucleon, any of the nucleonAoreso- _gONK
——("K)O,,
nances are expected to play a role. For the energy range that mg
we consider, and more particularly, for the scope of this cal- _9(3,2) 302
culation, we find that the most salient points can be illus- SN u A'NK o h
trated without any nonstrange resonances. Among the hyper- *N 752 *K+N Mg Ys(#KIA,
ons, any number of them can be included, but again we limit (3,2)
the scope so that only the lowest few hyperon resonances are _QONKys(ﬁ“K)@) +H.c., (15)

taken into account. In either case, we do not consider any
baryon with spin greater than 3/2. With the scope of the where theu indices on theA, X, and O fields indicate that

model limited like this, there are only a few Lagrangian
terms that must be considered in this sector. The nonexotlg1ey are vector-spinor, spin-3/2 fields. In this calculation, we
use the Rarita-Schwinger version of such fields. The first

hyperons that are included are listed in Table . three terms are for resonances with positive parity, while the
last three are for resonances with negative parity. For an

1. Spin 1/2 isovector®, the Lagrangian terms are
Lagrangian terms needed for spin-1/2 resonances are
Ly= _gONK® - ToMK + INgONK'ys(*D_M K, (16)
_9(1/2) (172 Mk
SN A"NK *
L4=N 7#752 K +N - Y, Ys(HK)A where the®, , represents ®* with J°=3/2*, respectively.
K
(1/2) (1’2>
+N90NK7M v6(#K) O, + N y, 3" 1K D. Coupling constants
To evaluate the coupling constants of the ground-state
—OA*NK —gONK " baryons to pseudoscalar mesons, we use the extended
+N Vu(‘WK)A +N my Yu(d"K)O_+H.c., Goldberger-Treimann relations. For the coupling of the bary-
(13 onsB andB’ to the pseudoscala¥, the relation is

where @, is the field for®* with JP=1/2. The first three 7
terms of this Lagrangian correspond to states dfta 1/2",
while the last three terms are fdF=1/2". In addition, the wheref,, is the meson decay constant for the pseudoscalar
O part of the Lagrangian written above assumes that thénesonM. (G,/Gy)g g is obtained from the semileptonic
state is an isosinglet. For an isotripl@t with J°=1/2", the decay ofB— B’ or B’ — B. The values off;, (GA/Gy)g_.5
Lagrangian would become (taken from theReview of Particle Physid&0]), andggg:y
obtained from these relations are shown in Table I.

The decay width of a vector meson into two pseudosca-

_(ﬂ) Mg+ Mg
FBem=\G, )y e 26y

—QONK

gONK
= 0, -"K+N O - K. . . .
Lg= 7;0’5 +0 T m T lars is related to the corresponding coupling constant by
(14) 9
VPP, 3/2 2
FV*)P]_PZ A8 MV)\ (MV’MP ’M ) (18)
2. Spin 3/2

where \a,b,c) is the Kélen function \(a,b,c)=a’+b?

The Lagrangian terms for spin-3/2 resonances are +c%-2(ab+ac+bc). From the measured widths and branch-
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TABLE 1. Values of gggy Obtained using the Goldberger-
Treimann relations.
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TABLE lll. Values of ggnk for different spins, parities, and total
widths of the®.

Coupling fu (GeV) (Gp/Gy)g_p O8a'M J P I' (MeV) JonK
TN 0.13/\2 1.22 12.8 : 1 0.27
OnsK 0.16/12 0.34 3.2 i 10 0.87
OnAK 0.16/12 -0.718 -6.51 : - 1 0.16
INNy ~=1.2f . 1.22 10.37 % - 10 0.50
s + 1 0.61
3
ing fractions of thep andK" mesons, we find that 2 " 10 1.94
2 - 1 4.35
9gkk = 4.3k 'k = 5.6. (19 3 - 10 13.76
In a similar way, the width for the process— Py is )
Ogp
e FB—»B’P:ﬁ(MB_MB’)Z[(MB'FMB/)Z_M%]
Tyopy= oo it (MGME0), (20 s¥lp
TV X \VAME, M2, M2). (23)
which leads to For baryons witnd®=3/2*, the widths are
2
=4.394,0,= 0.055gko*ko0, = 0.35gx+k+, = 0.22. s
o Joty Kty iy lg_gp= BB: 2[(MB+MB')2_M|2:]
For a baryonB with JP=1/2", the width for the decay X \¥2(M3,M2,,M3),
into a pseudoscalar mesénand a ground-state bary@1 is
2 512012 12 np2
2 gBB’P )\ (M ,MB,,MP)
Ose'p B—B'P~ (24)

g gp= MQ(MB+MB’)2[(MB_MB’)Z_M%]
P

167M3

X \YA(ME, MG, M3), (22)
while the corresponding width for a baryon wilR=1/2"is

TABLE Il. Values of gynk for nonexotic hyperons appearing in
the model.

Y (Mass PTMev)  Tw/T o
A(1520 3" 16 0.45 15.2
A(1600 %* 150 0.2 1.05
A(1670 1” 35 0.25 0.32
A(1690 3- 60 0.25 5.53
A(1800 1 300 0.35 0.86
A(1810 %* 150 0.35 0.71
A(1890 g 100 0.3 1.09
(1580 - 15 0.45 1.95
(1620 - 80 0.22 0.52
(1660 %* 100 0.2 0.67
3(1670 8- 60 0.1 3.88
3(1750 1” 90 0.26 0.44
(1880 1 80 0.06 0.19
(1940 - 220 0.13 3.19

1927M3M3 [(Mg + Mg/)? - M2]’

where the first expression is for a positive-parity parent

baryon. The nonexotic hyperons that are used in this calcu-
lation, along with their masses, total widths, spins, parities,
and theirNK branching fractions and coupling constants, ob-

tained from Eqs(22)—(24), are shown in Table II.

As mentioned above, we allow tlt® pentaquarks to have
four different combinations of spin and parity in this calcu-
lation. In addition, since the width of this particle has not yet
been ascertained, we also allow different widths. Table IlI
shows the values of the coupling constants we obtain for the
different spins, parities, and total widths of tlle assuming
that theNK final state saturates its decays.

Finally, we note that there are a number of coupling con-
stants for which little information is available. Perhaps the
most important of these in terms of contributions to the cross
sections are the couplings of the vector mesknsand ¢,
particularly those of thep to the ground-state baryons. The
couplings of the two hyperon resonances that lie below the
NK threshold, namely th& (1385 and theA (1409, are also
not known with much certainty. When we display and dis-
cuss our results, we will comment further on the effects that
these coupling constants have on the graphs that we show.

E. Diagrams

The diagrams that we include in this calculation are
shown in Figs. 1-3. In these diagrams, solid lines represent
baryons. If a solid line is unlabeled, it represents a nucleon.
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FIG. 1. “Born” diagrams: continuous, unlabeled lines are nucle-
ons. Unlabeled dashed lines are kaons and wavy lines are photons.

Dashed lines represent pseudoscalar mesons, with unlabeled
dashed lines representing kaons. Wavy lines are photons and
dotted lines are vector mesons. Each diagram shown actually ()
represents a set of diagrams, as all aIIoweq permutations of FIG. 3. Diagrams containing excited baryons. (B<(d), the
external meson and photon legs are taken into account. : S ok a ) . A
We includ b f in thi Ithlck solid lines may be eithek™, X", or @, while the thin solid line
| .e mc_l_l;] €a nun|1. erdo' _l)ipglror:l r?:sonancr?s fmh IS Calis 4 nucleon. In diagran), the photon couples to the charge of the
culation. ese are isted In abie 1l. For each o the reSOihtermediate resonance: in this model, we neglect couplings to any
nances, the_re is a corresponding set of diagrams of the k'”mgher moments of the resonance.
shown in Fig. 3.
There are a number of contributions that have been omit-
ted from this calculation. For instance, we have omitted all

but the ground-state nucleon, and all of theesonances. In - apart from the photon, none of the states that enter this
fact, with the information that is available on how these cqjcylation are elementary particles: they all have substruc-
states couple to final states with hidden strangeness, we hayge and this substructure is reflected in the need to include
found that their contributions to the cross section are smallsome kind of form factor at each interaction vertex. Indeed,
We have also neglected couplings to higher moments of anyitnout such form factors, cross sections grow with energy,
of the hyperon resonancgsig. 3d)], as well as any contri- 54 the unitarity limit is quickly violated.
butions that would arise from electromagnetic transitions be- ,cjusion of any form factors in a calculation like this
tween excited _hy_perons and their ground states. I_n principley st be done in a manner that preserves gauge invariance,
there is noa priori reason to expect such contributions to bey 4 detailed discussion of all of the issues that arise, and all
smaII_, bu_t little is known of those couplings. Including such ¢ the methods and prescriptions for preserving gauge invari-
contributions would add too many unknown parameters tQnce, are beyond the scope of this paper. In this calculation,
the model. we adopt the prescription of assigning an overall form factor
to gauge invariant sets of diagrams. This means, for instance,

F. Form factors

. that all of the diagrams of the type shown in Fig. 1 have the
i ; same form factor as a multiplicative factor. For all of the
71—,17' form factors, we choose the forfd3,45
! $e
io fo
A A (X )
Fl-———5— . (25)
@) (b) (pF-m)?+Xx?

In this expressionp; is usually the momentum of the
off-shell particle with massn,. In this calculation, we make
the simplification of setting all of thpi2 to be equal tc, the
total energy in the cm frame, squared.is chosen to be
1.8 GeV, as has been used by other authors. In addition,
since we apply this form factor to sets of diagrams, we
choosem, to be the mass of the lightest off-shell particle in a

, particular set. The exception to this occurs in the diagrams of
7?11" Figs. 4d) and 2f), wherem; is chosen to be the mass of the
‘ vector meson in the diagram. The value of the integer

1"111 ¢ K depends on the spin of baryons in the diagram. If there are

N ‘. 4 only spin-1/2 baryons in the set of diagramss chosen to
N m be unity, while for spin- 3/2 baryons, is chosen to be two.

/\ The form that we have chosen for the form factors, as
(d) @ well as the manner in which we apply them, is simply a

prescription, and is not meant to be rigorous. We note that
FIG. 2. Diagrams containing vector mesons. The dotted lineshe form factors chosen have the desired effect, producing
represent the vector mesons. cross sections that are roughly of the correct order of mag-
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nitude. Without these form factors, calculated cross sections ST e

— Tg=1MeVv
are much too large. - Ty=10MeV

IV. RESULTS o.s;—

o~

«Q o
There are six possible channels to be explored, namely > 00

YP—pK'K™, yp—pKK® yp—nK'K, n—nK'K', ym  Q esE
—nK%K®, and yn— pK°K~. It will be impossible to present 3 osf
results for all of these channels without making this papero-%? 02f
overly long. We therefore choose a few examples to illustrate 3

the main features of the model. We note, however, that the 8
first result reported from JLab used a deuteron target, while
searches using proton targets have been and are being carrii

out. Examining the cross sections for both kinds of targets is

therefore relevant. EZ_
In the following subsections, we present the results of our 14 15 L6 M LZGeV) 18 19 20
model calculation. We begin with the results of the full NK

model, including thep andA(.l520. We then exclude these FIG. 4. The differential cross sectio]ar/ﬁMﬁK as a function of
two states to more closely simulate the pentaquark search?,;

. ) , for a spin-1/20*. The curves in(a) and (b) are for the
that have been carried out at JLab, and examine the effects B ’C\‘)EeSSyn—>I’E)K+K_ while the curve in(cg i)s for 3(/p)—>pK+K'. In

the spin, p_anty, width, and ISOSpin of the pept_aq_uark on th?a) and(b), the solid curves arise for a pentaquark with a width of

cross section. We also examine the role ofkhen increas- 1 ey, while the dashed curves correspond to a width of 10 MeV.

ing the cross section for production of tm:'f- . The curves in(a) arise from a pentaquark with positive parity, while
We note that theX(1385 plays very little role in the those in(b) are for a pentaquark of negative parity.

results we present, as its contribution to the cross section is

smgll. The_ same is true of ”_“ states that we consider, as pect to see weaker resonant effects from the other hyperons
their couplings toAK andXK final states are generally small, : ; -

t least for th h ined 40 th that are included in the calculation.
at least for the ones we have examined. T\{&403, on the While the coupling of theA(1520 to NK can be deter-

other hand, can significantly affect the cross section negfyineq from theNK partial width of the state, there is no
threshold in theNK mass distributions. If the value for the simple way of determining théNN coupling constants, ex-
coupling of this state to thé&lK channel is chosen to be cept by a detailed analysis @f photoproduction cross sec-
sufficiently large, a sharp shoulder at lower masses arises iions. Indeed, the angular distributions would have to be ana-
the mass distribution of thidK. The absence of such a shoul- 'Yzed in order to determine the relative magnitudes and signs
der in the experimental data limits the size of this couplingf the vector and tensor couplings. Such an analysis is well
constant. We use a value of 5.3 for this constant. beyond the scope of this work. In the results that we show
In Ref. [3], the process studied wagl— pnk*K~. The for the full calculation, we choos&)=4 andG{=5. The

A(1520 was identified in the mass distribution of tip&™ actual values are of no import for the main topic of the paper.
pair, the in the K*K~ pair, and the®* in the nK* pair. We W& must also point out that we have not included any dif-

assume that either one of the initial nucleons takes an activitactive production of thep.

part in the scattering process, while the other acts as a spec- 1€ results that we show are for=2.5 GeV. We have
tator. This would mean that the two processes contributing t§X@mined some of the cross sections for smaller values of
the pnK*K- final state areyp— pK*K- and yn— nK*K". In and we will comment on those results later in the paper.
addition, this means that in the mass distributions observed,

only the proton component of the target contributes to the

production of theA(1520, and only the neutron component  Figure 4 shows the differential cross section;/ IMZ,,
contributes to the production of the isoscaf@f. The two  for an isoscala®™ with spin 1/2. The curves ifa) and(b)
processegp— pK'K™ and yn— nK*K™ are therefore the fo- are for the processyn—nK'K~, while (c) is for yp
cus of much of our discussion. However, searches in others pK*K™. In (a) and(b), the width of the®* is allowed to be
channels have been and are being carried out, and some disMeV (solid curves or 10 MeV (dashed curves In addi-

1. Isoscalar, spin-1/20*

cussion is devoted to those channels as well. tion, (a) results from a®* with positive parity, while(b)
corresponds to one with negative parity. Since the isoscalar
A. Full model O™ is not produced off the proton in this channel, neither its

For all of the results that we display, we preséat e parity nor its width affects the curve that results(). The
’ !

J s ; . : .
Wheremzj=(pi+p,-)2, andp, is the momentum of thith par- ?;Lu/cxt(ulrg;;zirél?hﬁlz plot arise from kinematic reflections of

ticle in the final state. Thus, we expect to see strong resonant If there were free neutron targets, the curvegirsuggest

effects from theg in the KK subsystem, and similar effects nat the®* would be relatively easy to observe above back-
arising from theA (1520 in the NK subsystem. We also ex- ground, modulo detector efficiency, resolution, and accep-
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FIG. 5. The differential cross sectio]ar/aMilE as a function of

Mk [(® and(b)], anddo/ M i; as a function oMk [(c) and(d)].

The curves in(@) and (c) are for the procesyn— nK*K~, while
those in(b) and(d) are for yp— pK*K".

tance issues. However, for deuteron targets, the presence 1

the proton would modify this somewhat.

Figure 5 shows the same differential cross sections, but a:

functions of different invariant masses. Figur¢a)and §b)

show the differential cross sections as a function of the mas:

of the nucleon-antikaon pair, while Figsicy and %d) show
it as a function of the mass of tH€K pair. In addition,(a)
and (c) result from a neutron target, whilg) and (d) are
from a proton. In the case of the proton target, £1d520
dominates the cross section(im), while the contribution of
the ¢ can be seen as the structure at larger valuels! gf.
The roles are reversed {d): the ¢ gives the prominent peak,
while the A(1520 provides the “plateau” at larger invariant
mass. For the neutron targés) and(c)], A’s do not contrib-
ute to this channel, but the effects of tAeresonances in-
cluded in the calculation can be seen(@. In this case, the
bulk of the cross section comes from the as can be seen
from (c).

Figure 6 shows the differential cross sectigiy/ IMZ,,
for the processesp— pKK® [(a) and(c)] and yp— nK*K©°

PHYSICAL REVIEW C 70, 065201(2004)

F©

= STTISURI IRATARRATABNRTI ANALS
HHHH

[ S R R
4

do/dyz (b GeV™)

— Tg=1MeV
—=- Ty =10MeV

| I R RPN B
16 1.8 2.0

M (GeV

I 1!6‘ I 1!8 —
M (GeV

FIG. 6. The differential cross sectiatr/ M2 as a function of
Muk. The curves in(@ and (c) are for the procesgp— pKK®,
while those in(b) and(d) are forypHnK"@. (a) and(b) are for a
positive parity®* while (c) and (d) are for a®* with negative
parity.

[(b) and (d)]. The graphs in@) and(b) assume that th&™*

has positive parity, while those ift) and(d) are for a pen-
taquark with negative parity. From these curves, particularly
those in(b) and (d), it should be clear that observing®"
signal could be somewhat problematic unless the contribu-
tions from theA (1520 and the¢ were excluded. We discuss
this in a later subsection.

2. Isoscalar, spin-3/20*

Figure 7 shows the differential cross section if & is
assumed to be an isoscalar with spin 3/2. As with the spin-
1/2 discussion, the curves {(a) and(b) are for the process

L ——

bbbl 7P e b e Do 7

<

=l
-,

i

fITH FRTTI AT IThs

FIG. 7. The differential cross sectiair/ IM3 as a function of
Mnk, for a spin-3/2@*. The curves in(a) and (b) are for the
processyn— nK*K~, while (c) is for yp— pK*K™. In (a), the @
has positive parity, while irib), its parity is negative.
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FIG. 8. The differential cross section as functionshM{x [(a)
and(b)] or Mgk [(c) and(d)]. The curves in@a) and(c) are for the
process yn—nK*K~, while those in(b) and (d) are for yp

PHYSICAL REVIEW C 70, 065201(2004)

yn—nK*K~, while those in(c) are for yp— pK*K™. In (a)
and (b), the width of the®™ is allowed to be 1 MeMJsolid
curveg or 10 MeV (dashed curves In addition, (a) results
from a®* with positive parity, while(b) corresponds to one
with negative parity. It is interesting to note that the height of
the peak of the®* for the 3/2 case is comparable to that of
the A(1520 [seen in Fig. B), for instancg This is not
surprising, since the states are almost degenerate, and the
height of the peak at resonance depends only on kinematics,
which would be largely the same for the two resonances.
Figure 8 shows the same differential cross section, but as
functions of different invariant masses. The curvegjnand
(b) show the differential cross sections as a function of the
mass of the nucleon-antikaon pair, while the curvegadn

and(d) show it as a function of the mass of th& pair. In
each case, the upper graph results from a neutron target,
while the lower graph is from a proton. Unlike the case with
spin 1/2, the contribution to the cross section of B is
now significant, especially for the negative-parity state, and
gives rise to the strong kinematic reflections seetgjnand
to a lesser extent, itc) (the dotted curves, for example
Figure 9 shows the differential cross section for the pro-
cessesyp— pK°K® [(@) and (c)] and yp— nK*K® [(b) and
(d)]. The graphs on the left assume that e has positive
parity, while those on the right have negative parity. From
the curves in(c) and(d), it should be clear that detecting a
signal for a®* with J’=3/2" would be relatively easy.

3. Isovector, spin-1/20*

If the ®* were an isovector, there would be®s™* state
that could be seen iK*p final states, as well as @° that
could be present inK° final states. Figures 18 and 1@c)
show the effect of such a state ym— nK*K~, while Figs.
10(b) and 1@d) show the effect inyp— pK*K~. The curves
in (@) and(b) assume that th®* has positive parity, while
those in(c) and(d) assume that it has negative parity. In all
cases, the spin is assumed to be 1/2. Figurés) Hid 1QQ)

+ - . . . .

—PKK". show the differential cross section fgp— pK°K®, while (f)
20+

10E® ' ' 1 Tte ' ' ]

03 1 “F — Ty=1Mev | ]

06:— _: - [ l“e,=10MeV 1
. i oE ]
= E [ ]
[} o ] 0.5 | -]
O oz2fF = " Il ] ) . .
..g- 2 . - h | . FIG. 9. The differential cross section
~ ‘llg:_( 1 0.0:(21)' P T = dorl M, as a function oM. The upper graphs
“‘%z “F 1 2s5F : 3 are for the processp— pK°K®, while the lower
3 0'85‘ 3 20f ! 3 ones are foryp— nK*KP.
S of ] ;

o4f 1.0%— _

02f 3 osE Y

2 AP R BT Ed
007 16 13 20 ™7 16 18 20
M (GeV M (GeV
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FIG. 10. The differential cross sections
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nk (GeV) Nk Y e 0,0
and ()], yp— pK'K™ [(b) and(d)], yp— pK'K
T T [(e) and (g)], and yp— nK*KP [(f) and (h)]. The
Lop@ T© 3 curves in(a), (b), (e), and (f) all arise from a
o8k F E positive-parity ®*, while those in(c), (d), (g),
T I 3 and(h) all correspond to ®* of negative parity.
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SO E 1 3
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% o I 1
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e o ¥ ]
2 ook =T iz i
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and(h) correspond to/pﬂnw@_ (e) and(f) are for a®"* of We note that we could also have imposed the same kine-

positive parity, while(g) and(h) assume that it has negative Matic cuts on the mod.el. Thgackgroungl d?stributions that
parity. The curves irfb) and (d) suggest that a signal for a result when we do this are somewhat different from those
©** should be comparable to that folc, regardless of the that we show, but the salient points of the discussion are
parity of the state. unchanged.

B. Omitting A(1520, ¢(1020 1. Isoscalar, spin-1/20*

Itis clear from the graphs shown in the preceding discus- |5 Fig. 11, we show the differential cross section that
sion that theA(1520 and the(1020 dominate the cross yesults for a spin-1/®*, when the contributions of the
section for yN— NKK for most channels. To enhance the A(1520 and #(1020 are omitted from the calculation. In
possibility of isolating a®* signal, experimentalists impose the case of a positive-pari®®*, a signal that may be easily
kinematic cuts to eliminate the bulk of the contribution from identifiable results. In this figure, the smooth background is
these two states. In our case, we will simply eliminate allprovided by the nonexotic hyperons included in the calcula-
diagrams containing their contributions from the calculation.tion. The graphs iga) and(b) are for yn— K*K™n, while (c)
The curves that result are presented in the next two subseis for yp— K*K™p. The curves in(a) are for a®* with J°
tions. =1/2*, while those in(b) arise from a®* with JP=1/2".
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processyn— nK*K~, while (c) is for yp— pK*K™. In addition, (a)
is for a®™ of positive parity, while(b) is for one of negative parity.

e
=

v b Lo

Figures 12a) and 12b) show the differential cross section as

a function of the invariant mass of ttNK pair. The effects of
the nonexotic hyperon resonances included in the calculatior X
can be seen in these curves. Figuregjl@nd 12d) show the o6l
same differential cross sections as functions of the invariani <

mass of th&KK pair. Since there are no resonances left in this

channel(in this mode}, relatively smooth distributions with

no prominent features result. In this figu¢ay and(c) are for

yn—nK*K~, while (b) and (d) are for yp— pK*K~. The BN I T B B

shoulder seen near threshold (b) results from the sub- T L1 12 M (léeV) 14 L5

thresholdA (1405. If a larger coupling constant were chosen KK

for this state, this structure would be enhanced, while choos-

ing a sufficiently smaller value will make this feature disap-

pear. In Fig. 13, we show the cross sections for the processé [(2) and(b)] anddo/ My as a function OMKK [(©) and(d)].
pHpKOKO [(@ and (c)] and ypHnK"KO [(b) and (d)] in The curves in(@ and (c) are for ttle_processn—mK*K , while

the channel that would show the isoscaidrresonance. The those in(b) and (d) are for yp—pK'K

effects of the state are clearly seen, and suggest that for a

pentaquark of positive parity, either channel should provide &P as large kinematic reflections. Figure 16 shows the cross

clear signal, while for one of negative parity, the channelsections forpk®k° [(a) and (c)] and nK*K® [(b) and (d)],

[=4
=)
T

o/dM: (b GeV™)

04f

02f

I EEEEE N EEE FRTWN NN

FIG. 12. The differential cross sectlm/aM Nk s a function of

with two neutral kaons is better. both assuming a proton target. In all cases, both for positive
[(@) and (b)] and negative[(c) and (d)] parity, the model
2. Isoscalar, spin-3/20* indicates that clear, easy-to-isolate signals should be obtain-
able.

Figure 14 shows the differential cross section for a spin-
3/2 O for the processesn— nK*K™ [(a) and (b)] and yp

—>p_K_+ [((_:)] Thg curves_ln(a) assume that_th@+ _has 3. Integrated cross sections
positive parity, while those iilb) assume negative parity. In ] ]
the case of the negative-parity state, its contribution com- N Ref.[3], in yd—npK'K™, 212 events are in the peak
pletely dominates the cross section. As mentioned before, tHe" the A(1520, and there are 43 events in the peak of the
signal generated by such a state should be comparable to tHaf- In addition, the Saphir Collaboratidd] report an esti-
generated by thé\(1520. The positive parity®* also pro- mated cross section of 200 nb for production of &ein the
vides a large signal above the “background,” although it |sypHnK+K° channel. In this calculation, if we perform a
not as dominant as in the case of negative parity. numerical integration around the peak of th¢1520, we

Figure 15 shows the same cross sections in terms of difind that the cross section in the peak in the chanpel
ferent invariant masses. (@) and(c), the large signal from — pK*K™ is of the order of 300 nb, with some small fraction
the ®*, particularly from the negative-parity version, shows of this arising from nonresonant contributions. Table IV
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shows the integrated cross section under the peak oBthe
for different channels in the different scenarios that we have

0.6

explored. In each case, the integration is performed from %
M=2I" to M+2I", whereM is the mass of th®* andT is its 04
width. o 03

In each case, there is some contribution arising from '% 02
“continuum” events that lie in the “right” kinematic regime. ©
These continuum contributions represent a larger portion ol @0'
the reported cross section for I/@entaquarks than for 172 _ E!;”
pentaquarks, for instance. For a I/fentaquark with a 06
width of 10 MeV, approximately half of the reported 18 nb
(in yn—nK*K") arises from such continuum contributions. 04
For a pentaquark with the same quantum numbers but ¢ o3
width of 1 MeV, approximately two-thirds of the reported 02
1.7 nb in the same channel are from the continuum. 0.1

Assuming that the number of events seen is directly pro- oq

1

do/d
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FIG. 13. The differential cross section
acr/aMﬁ,K as a function oMyk. The curves ina)
and (c) are for the processyp— pKKP, while
those in(b) and(d) are for yp— nK*K°. (a) and
(b) are for a positive parity* while (c) and(d)
are for a®* with negative parity.
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FIG. 14. The differential cross sectim/aMﬁ,K as a function of FIG. 15. The differential cross section as functiondvgjx [(a)

Mpk, for a spin-3/20@*. The curves in(a) and (b) are for the and(b)] or Mgk [(c) and(d)]. The curves ina) and(c) are for the
processyn— nK*K~, while (¢) is for yp— pK*K™. In (a), the ®@* process yn—nK*K~, while those in(b) and (d) are for yp

has positive parity, while inib), its parity is negative. — pK*K
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acceptances, resolution, and efficiencies, the JLab numbers C. The role of the K"

suggest that the cross section for & should be of the The ; .
: . - preceding subsections suggest that, apart from the
order of 60 nb around its peak in the chanial—nk'K", case of a®* with J°’=1/2", a signal for this pentaquark

The numbers in the table indicate that the versions of the
model discussed so far are inconsistent with @esignal Should be readily observable, especially when (@520

measured at Jefferson Lab, for instance. The estimated croéd ¢ are omitted from the calculation. However, there is
section inferred for production of th®* in the processyn still an inconsistency between what we have shown and what
—nK*K™ is about 60 nb, and for a pentaquark wiflf  has been observed experimentally at JLab. .
=1/2* and a width of 10 MeV, the cross section calculated In the results presented, the contributions of kieme-
in this model is 55 nb. However, such a large width for thesons have been limited to diagrams in which they couple
state appears to be in contradiction to cross sections observedly to ground-state hyperons and nucleons. At this point,
in other processegl8—23: consistency with such observa- there are no contributions in which th€ couple to excited
tions would dictate that the preferred scenario is for a penhyperons, nor to th@*. It is relatively easy to include such
taquark with a width of 1 MeV. In this case, the scenario thatcontributions, and in so doing, we can increase the cross
most closely matches JLab observations is that with & 3/2section for production of th@*.
pentaquark. However, the results of this calculation suggests The phenomenological Lagrangian for the coupling of the
that such a state should not need kinematic cuts for observ@®* to the K" may be written
tion. None of the scenarios with the narrow@t match the

<(G5 N®+,y#K:L+

reported Saphir cross section of 200 nb.
We have examined cross sections for these processes atf =

smaller values of/s. While the overall cross sections change,

the relative strengths of various contributions remain similar

integrated cross section for tit¥" and theA (1520 remains if the ©7 is assumed to havé’=1/2". This is the ggly sce-

similar to what it is at/s=2.5 GeV. Thus, the discrepancy Nario we discuss. The two coupling constaﬁ!$ and

between the results of our model and the signal seen at JLab?tK Ne™ are unknown. In Table V, we show results for differ-

would remain as difficult at lower energies. ent values of the vector coupling constant, with the tensor

GK*N@+ )
t *
o — (a9, K +H.c.,
MN+M®+7"7( K
(26)

to what they are at's=2.5 GeV. In particular, the ratio of

TABLE |V. Total cross sections for production of ti@", in different scenarios, for the channels in which
it can be produced. The numbers in the table are obtained from the versions of the model in wigidnthe
A(1520 are omitted. The second to fifth columns in the table correspond@d with a width of 1 MeV,
while the sixth to ninth columns correspond to a width of 10 MeV.

Process a(nb),T'g+=1 MeV o(nb),I'g+=10 MeV

1/2* 1/2° 3/2* 3/2 1/2* 1/27 3/2* 3/2
ypHpKOEO 2.6 1.0 0.9 7.7 25.3 9.6 8.9 73.6
yp—>nK+@ 4.3 2.4 2.3 10.0 44.8 27.9 26.0 110.5
yn— nK*K~ 5.6 1.7 2.2 24.0 54.5 18.0 22.8 229.9
yn— pKOK~ 5.9 1.8 2.0 24.0 56.1 19.0 21.2 225.1
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TABLE V. Total cross sections for production of ti@&", in different scenarios, for different processes.
The numbers in the table are obtained from the versions of the model in which tred A(1520 are
omitted. All numbers assume that tlg hasJP=1/2" and a width of 1 MeV. The tensor coupling is set to
zero, and four different values of the vector coupling are used. All channels in whiéi‘tban be produced
as a resonant state are shown.

Process o), GXN'=2  4(nb),GKN'=4  o(nb),GKN'=6  o(nb),GKN"=g
p— pKIK 32.7 125.9 282.2 502.8
Yp— NKK 115 34.6 73.4 128.1
KK 10.0 30.2 66.1 117.8
yn— pKOK- 30.7 118.6 269.7 484.0

coupling set to zero. We see that relatively modest values aff a number ofN" resonances, but the conclusion about the
the vector coupling are sufficient to give a cross section ofize of the signal would remain unchanged.

about 60 nb for production of th®* in the yn— nK*K"~ The only scenarigthat we can think ofthat would give
channel. However, even that modest value for the couplinghe appropriate ratio between the cross section for production
constant(of about 6 is somewhat larger than values postu-of the A(1520 and the®* is for the production of the
lated by some author§. For instance, Close and ZHdp  A(1520 to be suppressed even further than the suppression
have suggested th@GL< N@+)2z3_ In other models, similar we have already obtained through the use of form factors.
values have been used. Wi *N@+:6, our model predicts a However, this seems unlikely, as the calculated cross section

very large cross section of 280 nb for the production of the©" Producing this state is of the same order of magnitude as
o ov0 . those published by Barbet al. [51].
in the yp— pK"K” channel, and a cross section of 73 nb

in yp— nK*K®. This means that, in this scenario, the contri-
bution of theK” dominates the production of tH@*. These

numbers indicate that the reported JLab results are not con- This calculation is not without its shortcomings. The most
sistent with the estimated Saphir cross section of 200 nb. limportant shortcoming is the fact that a very simple prescrip-

addition, inpK°N®, the predicted cross section for production tion has been employed to regulate the high-energy behavior
of the ®* is comparable to that for production of the Of the model. A more realistic treatment, consistent with the

A(1520, implying that the signal should be easily observ- requirements of gauge invariance, will have to be imple-
able. mented before such a calculation is applied to other pro-
cesses in the future.

There are prospects for measuring a number of final states
with two pseudoscalar mesons at JLab and at other facilities.

We have examined the procesl— KKN within the In particular, there are ongoing analyses of the processes
framework of a phenomenological Lagrangian. We have ex¥N— 77N, yN—KKE, YN—KmA, and 7N_>K7_T2- The
amined a number of scenarios for pentaquark productiorf@lculation we have presented has been set up in such a way
and have found that the largest production cross section odhat it may be applied to any of theger othej processes in
curs for a®* with J°=3/2". However, in such a scenario, & relatively straightforward manner. The core of the code was
the cross section for its production is comparable to that foPriginally generated foryN— ##N, and the modifications
production of theA (1520, and kinematic cuts should prob- necessary fotyN— KKN were not overly difficult. Thus, we
ably not be needed to enhance the signal. may expect to apply the methods used herein to other pro-

If the ®* hasJP=1/2", the cross section for its production cesses in the not-too-distant future.
is significantly less than that for production of tA€1520,
by almost two orders of magnitude if its width is of the order
of 1 MeV. This means that special mechanisms are required
to account for the number of events seen in the JLab experi- The author thanks J. L. Goity, J. - M. Laget, and F. Gross
ment, relative to theA(1520. One possibility is that the for reading the manuscript, and for discussions. This work
coupling of the pentaquark to th€" is large, so that the was supported by the Department of Energy through Con-
dominant mechanism of production involves k& How-  tract No. DE-AC05-84ER40150, under which the Southeast-
ever, this then leads to a signal for which kinematic cutsern Universities Research Associati®URA) operates the
should not be necessary. One can also invoke the couplingghomas Jefferson National Accelerator FacilifyJNAF).

Outlook

V. SUMMARY AND OUTLOOK
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