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Production of v and f mesons in near-thresholdpN reactions:
Baryon resonances and the Okubo-Zweig-Iizuka rule
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Results of a combined analysis are presented for the production ofv andf mesons inpN reactions in the
near-threshold region using a conventional ‘‘nonstrange’’ dynamics based on processes that are allowed by the
nonidealv-f mixing. We show that the interferences of thet channel~meson exchange! and s, u channels
~nucleon and nucleon-resonances! differ significantly for thev andf production amplitudes. This leads to a
decrease of the relative yields, in comparison with the expectations based on a one-component amplitude with
standardv-f mixing. We find a strong and nontrivial difference between observables inv andf production
reactions caused by the different roles of the nucleon and nucleon-resonance amplitudes. A series of predictions
for the experimental study of this effect is presented.
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I. INTRODUCTION

The present interest in a combined study of thev andf
meson production in different elementary reactions is ma
related to the investigation of the hidden strangeness deg
of freedom in the nucleon. Since thef meson is thought to
consist mainly of strange quarks, its production should
suppressed according to the Okubo-Zweig-Iizuka~OZI! rule
@1# if the entrance channel does not possess a conside
admixture of strangeness. The standard OZI rule violatio
described by the deviation from the idealv-f mixing by the
angleDuV.3.7° @2#, which is a measure of the small con

tribution of light u,ū and d,d̄ quarks in thef meson, or

stranges,s̄ quarks in thev meson. Thus, the ratio ofv to f
production cross sections is expected to beRv/f

2 .cot2DuV

.2.43102.
Indeed, the recent experiments on proton annihilation

rest~cf. @3# for references and a compilation of data! point to
a large apparent violation of the OZI rule, which is inte

preted @3,4# as a hint to an intrinsicss̄ component in the
proton. However, the data can be explained as well by m
fied meson-exchange models@5# without introducing any
strangeness component in the nucleon or OZI rule viola
mechanisms.

On the other hand, the analysis of thepN sigma term@6#
suggests that the proton might contain a strange quark
mixture as large as 20%. Thus this issue remains contro
sial. Therefore it is tempting to look for other observab
@3,7,8# that are sensitive to the strangeness content of
nucleon. Most of them are related to a possible strong in
ference of delicatess̄ knockout ~or shake-off! amplitudes
and the ‘‘nonstrange’’ amplitude, which is caused by O
rule allowed processes, or by processes wherein the stan
OZI rule violation comes from thef-v mixing.

A detailed analysis of the current status of the OZI rule
pN andNN reactions has been presented recently in@9#. It is
shown in@9# that existing data for thev andf meson pro-
0556-2813/2002/65~6!/065202~14!/$20.00 65 0652
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duction in pN reactions give for the ratio of averaged am
plitudes the value ofRv/f58.761.8, which is much smaller
than the standard OZI rule violation value ofRv/f

OZI515.43
and may be interpreted as a hint to nonzero strangeness
ponents in the nucleon.

Obviously, reliable information on a manifestation of hi
den strangeness in the combined study off andv produc-
tion processes can be obtained only when the conventio
i.e., nonexotic, amplitudes have been understood quan
tively. The reactionpN→VN with V5v, f has the evident
advantage of being a simple hadronic reaction representi
subprocess, e.g., inNN→VNN reactions. The study of the
former reactions is one of the objectives of the present wo
The dominant conventional processes are depicted in Fig
where~a! is thet channel meson-exchange process, while~b!
depicts thes, u nucleon and nucleon-resonance channe
When taking separately each of these amplitudes, the rat
v to f production amplitudes is proportional to cotDuV
515.43, and the question of how their coherent sum
result in a deviation from this value arises.

Note that most of the previous considerations of the p
sible violation of the OZI rule in hadronic reactions a
based on one-component amplitudes in the spirit of@10,11#.
But if one assumes that the process is a coherent sum
least two amplitudes, say, for example, a meson-excha
and a nucleon term, then the result may be different from

FIG. 1. Diagrammatic representation of thep2p→Vn reaction
mechanisms withV5v, f. ~a! Meson-exchange diagram wit
vector-meson emission from theVrp vertex, ~b! nucleon and
nucleon-resonance vector-meson production in theVNN and
VNN* vertices.
©2002 The American Physical Society02-1
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expectation resting on a one-component amplitude. Ind
let us suppose for a moment that, because of some had
dynamics, the nucleon term for thef production is sup-
pressed relative to the meson-exchange term. This supp
sion might be caused by the baryon propagator, which
different for f andv production at the same energy exce
because of the different thresholds. Then the ratio ofv to f
amplitudes becomes

Rv/f5cotDuV

u11RN/M
v u

u11RN/M
f u

'cotDuVu11RN/M
v u, ~1!

whereRN/M
v,f are the ratios of nucleon and meson-exchan

amplitudes. Thus, one can get immediately an enhancem
~suppression! of Rv/f , as compared to the OZI rule predic
tion, for a constructive~destructive! interference between th
two v amplitudes and foruRN/M

f u!uRN/M
v u,1. In our previ-

ous study@12# of f production we supposed a destructi
interference between meson-exchange and nucleon te
Assuming the same forv production,Rv/f must decrease
even without any speculation on the strangeness conte
the nucleon. In case of considering thev production, how-
ever, this two-component model is not longer adequate, s
one has to include various strong resonance channels.
ratio R(N1N* )/M

v becomes complex, which may change t
above estimates in any direction.

The resonance contribution to vector-meson produc
has its own interest because it might significantly affect
medium polarization operators and the corresponding di
ton emissivity of hadronic matter@13–15#. Therefore its de-
tailed study in elementarypN processes is another objectiv
of the present work. An important step in this direction h
been done recently by Riska and Brown in@16#, where the
relevantpNN* , vNN* , andfNN* coupling constants are
expressed in terms of the corresponding couplings to nu
ons using a quark model. Our study here exploits essent
the findings of@16#. The role of the low-lying nucleon reso
nances in a combined study ofr0 andv production based on
the relativistic coupled-channel model has been studied
Refs.@14,17#. Some aspects of ther meson spectral function
in the nucleon-resonance model have been discussed in@18#.
The contribution of the higher resonances to thev photopro-
duction has been analyzed in Ref.@19#.

Our analysis of the reactionpN→VN is based on calcu
lations of the diagrams in Fig. 1. While the diagrams in F
1 look like usual Feynman diagrams it should be stres
that they give a guidance of how to obtain from an effect
interaction Lagrangian of hadronic fields a covariant para
etrization of observables in strict tree level approximatio
The puret channel process in Fig. 1~a! is found to be insuf-
ficient to describe the data, even in a narrow interval of
cess energies above the threshold. Therefore, we follow
common practice~cf. @19,20#! and include thes andu chan-
nels, which necessarily also contain baryon resonances.
ditional ingredients are needed to achieve an accurate
scription of data within such a framework. In particular, t
vertices needs to be dressed by form factors. The early
oretical studies@21,22# show, indeed, that predictions fo
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hadronic observables are very sensitive to the paramete
the form factors, which cannot be fixed unambiguously wi
out adjustments relying on the corresponding experime
data.

In Refs.@23,24# the parameters ofVNN interactions have
been determined by analyzing commonly the reactionspp
→ppv and pp→ppf and the corresponding new DISTO
data@25# at a given beam energy, assuming the same prod
tion mechanism without resonance contributions. In a pre
ous paper@12#, in order to constrain the parameter spa
further, we performed a combined analysis of the reacti
p2p→nf andpp→ppf at the same energy excess. A go
description of available data has been achieved. We did
consider in@12# the v production for which the production
mechanism is more complicated because of the reson
contributions shown in Fig. 1~b!. Therefore, the problem o
the validity of the OZI rule was beyond the scope of cons
erations in@12#.

In this paper we attempt a different approach with t
goal to check the validity of the OZI rule in a combine
study of the related reactionspN→Nv andpN→Nf using
the known data within the same interval of excess energ
10–100 MeV and taking into account the nucleon resona
channels.

Our paper is organized as follows. In Sec. II, we defi
the effective Lagrangians, derive expressions for the am
tudes of the processes shown in Fig. 1 and discuss the
rameter fixing. In Sec. III the results of numerical calcu
tions and predictions are presented. A summary is given
Sec. IV.

II. AMPLITUDES

The differential cross section of the reactionp2p→Vn
with V5v,f ~cf. Fig. 1! has the obvious form in standar
notation,

ds

dV
5

1

64p2s

uqu
uku

uTu2, ~2!

wherek5(Ep ,k) and q5(EV ,q) are the four-momenta o
the pion and the vector meson in the center of mass sys
~c.m.s.!; the squared invariant amplitudeuTu2 includes the
average and sum over the initial and final spin states, res
tively. We denote the four-momenta of the initial~target! and
final ~recoil! nucleons byp andp8, V andu are the solid and
polar angles of the produced vector meson in the c.m.ss
5(p1k)2 is the usual Mandelstam variable.

We also consider the spin density matrixr rr 8 , which de-
fines the angular distribution in the decays@26# v,f
→e1e2, v→p1p2p0, and f→K1K2. It has a simple
form in the system where the vector meson is at rest~for
details see@12#!. The decay anglesQ andF are defined as
polar and azimuthal angles of the direction of the thre
momentum of one of the decay particles in the vector m
son’s rest frame. For thev→p1p2p0 decay,Q is the polar
angle of the direction of the vector product (kp13kp2),
wherekp1 andkp2 are the momenta ofp1 andp2 mesons,
respectively@27#. The e1e2 decay distribution integrated
2-2
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PRODUCTION OFv AND f MESONS IN . . . PHYSICAL REVIEW C 65 065202
over the azimuthal angleF, W(cosQ), depends only on the
diagonal matrix elementsr00, r115r2121, normalized as
r0012r1151, according to

W e1e2
~cosQ!5

3

4
@11r001~123r00!cos2Q#. ~3!

The corresponding distributions for the hadronic decaysf
→K1K2, v→p1p2p0 are

W h~cosQ!5
3

2
@12r002~123r00!cos2Q#. ~4!

In our calculation we choose the quantization axisz along
the beam momentum.

A. Effective Lagrangians

In calculating the invariant amplitudes for the basic p
cesses shown in Fig. 1 we use the following effective int
action Lagrangians.

~i! Interactions in the meson-exchange process@Fig. 1~a!#

LVrp5gVrpemnab]m
(V)VnTr~]arbp!, ~5!

LrNN52grNNc̄NS gm2
krNN

2MN
smn] (r)

n D rmcN , ~6!

where Tr(rp)5r0p01r1p21r2p1, and p and rm de-
note the pion and rho meson fields. The partial derivati
]m

(V) and ] (r)
n are meant to act only on the correspondi

fields Vm and rm; emnab is the Levi-Civita symbol with
e012351.

~ii ! Interactions in the baryonic channels@Fig. 1~b!#

L MNN
N1/21(940)N

5c̄NF2
f pNN

mp
g5gm]mp•t

2gVNNS gm2
kVNN

2MN
smn]nDVmGcN , ~7!

L
MNN*
N1/21(1440)P115c̄NF2

f pNN*
1440

mp
g5gm]mp•t

2gVNN*
1440

~gm1]m]”mV
22!VmGcN* 1H.c.,

~8!

L
MNN*
N3/22(1520)D135c̄NF i

f pNN*
1520

mp
g5]ap•t

1
gVNN*

1520

mV
2

smn]n]aVmGcN* a1H.c., ~9!
06520
-
-
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L
MNN*

N1
2

2(1535)S11
5c̄NF2

f pNN*
1535

mp
gm]mp•t2gVNN*

1535

3g5~gm1]m]”mV
22!VmGcN* 1H.c.,

~10!

L
MNN*
N1/22(1650)S115c̄NF2

f pNN*
1650

mp
gm]mp•t2gVNN*

1650

3g5~gm1]m]”mV
22!VmGcN* 1H.c.,

~11!

L
MNN*
N5/22(1675)D155c̄NF2

f pNN*
1675

mp
2

]a]bp•t

1
gVNN*

1675

mV
2

eagmngn]g]bVmGcN* ab1H.c.,

~12!

L
MNN*

N5
2

1(1680)F15
5c̄NF2 i

f pNN*
1680

mp
2

g5]a]bp•t1
gVNN*

1680

mV
2

3~gm1]m]”mV
22!]a]bVmGcN* ab1H.c.,

~13!

L
MNN*

N3
2

2(1700)D13
5c̄NF i

f pNN*
1700

mp
g5]ap•t

1
gVNN*

1700

mV
2

smn]n]aVmGcN* a1H.c.,

~14!

L
MNN*
N3/21(1720)P135c̄NF i

f pNN*
1720

mp
]ap•t2

gVNN*
1720

MN* 1MN

g5

3~gm]a2gm
a]” !VmGcN* a1H.c., ~15!

wherep, Vm , cN, andcN* are the pion isovector, isoscala
vector meson V5v,f, nucleon, and Rarita-Schwinge
nucleon-resonance field operators, respectively, and the
script M stands for ‘‘meson;’’t denotes the Pauli matrix
Note that these interaction Lagrangians do not contain pa
derivatives of the fieldsc

•••
and their adjointsc̄

•••
. The

notation of the masses is self-explanatory. We use the c
vention of Bjorken and Drell@28# in the definitions ofg
matrices and the spin matrixsmn . The expressions Eqs.~7!–
2-3
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~15! are based on@16#.1 As in @16# we include here all ****
resonances up to 1720 MeV according to@2# and the ***
resonanceN3/22(1700)D13 as well. The contribution of the
*** resonanceN1/21(1710)P13 will be discussed below.

All coupling constants int channel processes with off
shell mesons are dressed by monopole form factors@29# Fi

5(L i
22mi

2)/(L i
22ki

2), whereki is the four-momentum of
the exchanged meson. Following the scheme of the me
photoproduction in@30# we assume that theVNN andVNN*
vertices ins andu channel processes must also be dressed
form factors for off-shell baryons

FB~r 2!5
LB

4

LB
41~r 22MB

2 !2
, ~16!

where MB is the baryon mass andr 2 stands for the four-
momentum squared of the virtual baryonsB5N,N* in Fig.
1~b!. Equation~16! represents the simplest form, being sym
metric in thes andu channels.~For a recent discussion of th
structure of form factors cf.@31#.! Both form factors are posi
tive and decrease with increasing off-shellness.

B. Invariant amplitudes

The total invariant amplitude is the sum of the meso
exchange, nucleon, and nucleon-resonance channels,

Tl5Tl
(M )1Tl

(N)1Tl
(N* ) , ~17!

where l50,61 is the polarization projection of the pro
duced vector meson. The amplitude for the meson excha
channel in Fig. 1~a! reads

Tl
(M )5KpNeabgd@ ū~p8!Gd

(r)~k(r)!u~p!#qakg«b*
lI p ,

~18!

where

Ga
(r)~k(r)!5ga1 i

krNN

2MN
sabk(r)

b , ~19!

KpN~k(r)!52
grNNgVrp

k(r)
2 2mr

2

LrNN
2 2mr

2

LrNN
2 2k(r)

2

LVrp
r2 2mr

2

LVrp
r2 2k(r)

2
~20!

with k(r)5p82p as the virtualr meson’s four-momentum
«b

l is the vector meson’s polarization four-vector,I p denotes
the isospin factor beingA2 ~1! for a p2 (p0) meson in the
entrance channel, the nucleon spin indices are not displa
a, b, g, d, m, n, t are Lorentz indices throughout the pap
~not to be confused with the notations of the meson spe
p, r, v, f!, andu(p) denotes bispinors~not to be confused
with the Mandelstam variableu).

1Our notation differs from that in@16# by the substitutions]
→ i ] and igVNN→2gVNN keeping the relative phases betwe
f pNN and f pNN* andgVNN andgVNN* the same as in@16#. We also
expressLMNN* in a manifestly gauge-invariant form.
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The invariant amplitudes for the nucleon and nucleo
resonance channels in Fig. 1~b! have the following form:

Tl
(N)5gVNN

f pNN

mp
ū~p8!A m~N!u~p!«m*

lI p , ~21!

Tl
(N* )5gVNN*

f pNN*
mp

ū~p8!A m~N* !u~p!«m*
lI p , ~22!

where the operatorsAm(N) and Am(N* ) follow from the
effective Lagrangians of Eqs.~7!–~15! as

Am~N940!52 i
Gm

V~2q!L~pL ,MN* !g5k”FN~s!

s2mN
2

2 i
g5k”L~pR ,MN* !Gm

V~2q!FN~u!

u2mN
2

, ~23!

Am~N1440!52 i
gmL~pL ,MN* !g5k”FN* ~s!

s2MN*
2

1 iGN* MN*

2 i
g5k”L~pR ,MN* !gmFN* ~u!

u2MN*
2

1 iGN* MN*
, ~24!

Am~N1520!52
smnqnqaLab~pL ,MN* !g5kbFN* ~s!

mV
2~s2MN*

2
1 iGN* MN* !

2
g5kaLab~pR ,MN* !smnqnqbFN* ~u!

mV
2~u2MN*

2
1 iGN* MN* !

,

~25!

Am~N1535!52 i
g5gmL~pL ,MN* !k”FN* ~s!

s2MN*
2

1 iGN* MN*

2 i
k”L~pR ,MN* !g5gmFN* ~u!

u2MN*
2

1 iGN* MN*
, ~26!

Am~N1650!52 i
g5gmL~pL ,MN* !k”FN* ~s!

s2MN*
2

1 iGN* MN*

2 i
k”L~pR ,MN* !g5gmFN* ~u!

u2MN*
2

1 iGN* MN*
, ~27!

Am~N1675!52
etmn

a qtqbkgkd

mpmV
2 S gnLab,gd~pL ,MN* !FN* ~s!

s2MN*
2

1 iGN* MN*

1
Lgd,ab~pR ,MN* !gnFN* ~u!

u2MN*
2

1 iGN* MN*
D , ~28!
2-4
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PRODUCTION OFv AND f MESONS IN . . . PHYSICAL REVIEW C 65 065202
Am~N1680!52 i
qaqbkgkd

mpmV
2 S gmLab,gd~pL ,MN* !g5FN* ~s!

s2MN*
2

1 iGN* MN*

1
g5Lgd,ab~pR ,MN* !FN* ~u!

u2MN*
2

1 iGN* MN*
D , ~29!

Am~N1700!52
smnqnqaLab~pL ,MN* !g5kbFN* ~s!

mV
2~s2MN*

2
1 iGN* MN* !

2
g5kaLab~pR ,MN* !smnqnqbFN* ~u!

mV
2~u2MN*

2
1 iGN* MN* !

,

~30!

Am~N1720!52 i
g5~qagm2gm

aq” !Lab~pL ,MN* !kbFN* ~s!

~MN* 1MN!~s2MN*
2

1 iGN* MN* !

2 i
kbLba~pR ,MN* !g5~qagm2gm

aq” !FN* ~u!

~MN* 1MN!~u2MN*
2

1 iGN* MN* !
,

~31!

with pL5p1k, pR5p2q, andGm
V as in Eq.~19! but with

kVNN .
The resonance propagators in Eqs.~24!–~31! are defined

by the conventional method@32# assuming the validity of the
spectral decomposition

cN* ~x!5E d3p

~2p!3A2Ep

@ap,ruN*
r

~p!e2 ipx

1bp,r
1 vN*

r
~p!e1 ipx#. ~32!

The finite decay widthGN* is introduced into the propagato
denominators by substitutingMN* →MN* 2 i /2GN* . There-
fore, the operatorsL(p,M ) are defined as

L~p,M !5
1

2 (
r

S F11
p0

E0
Gur~p,E0! ^ ūr~p,E0!

2F12
p0

E0
Gv r~2p,E0! ^ v̄ r~2p,E0! D5p”1M ,

~33!

Lab~p,M !5
1

2 (
r

S F11
p0

E0
GU a

r ~p,E0! ^ Ūb
r ~p,E0!

2F12
p0

E0
GV a

r ~2p,E0! ^ V̄b
r ~2p,E0! D ,

~34!
06520
Lab,gd~p,M !5
1

2 (
r

S F11
p0

E0
GU ab

r ~p,E0! ^ Ūgd
r ~p,E0!

2F12
p0

E0
GV ab

r ~2p,E0! ^ V̄gd
r ~2p,E0! D ,

~35!

whereE05Ap21M2 and the Rarita-Schwinger spinors rea

U a
r ~p!5(

l,s
K 1l

1

2
sU32 r L «a

l~p!us~p!, ~36!

U ab
r ~p!5 (

l,l8s,t
K 1l

1

2
sU32 t L K 3

2
t1l8U52 r L

3«a
l~p!«b

l8~p!us~p!. ~37!

The spinorsv and V are related tou and U as v(p)
5 ig2u* (p) and V(p)5 ig2U* (p), respectively. Note tha
our choice of the spin-projection operatorsL(p,M ) for spin-
3
2 and spin-52 off-shell baryons is different from the com
monly used on-shell operator@13,33#, but coincides with the
latter one atp25M2. We discuss this difference in Appendi
A.

The polarization four-vector of a spin-1 particle with sp
projectionl, four-momentump5(E,p), and massmV reads

«l~p!5S el
•p

mV
,el1

p~el
•p!

mV~E1mV! D , ~38!

where the three-dimensional polarization vectore is defined
as

e6157
1

A2
~1,6 i ,0!, e05~0,0,1!. ~39!

In our calculations we use energy-dependent total re
nance decay widthsGN* . However, taking into account tha
the effect of a finite width is quite different fors and u
channels, because of the evident relationuuu1MN*

2
@us

2MN*
2 u, we useGN* 5GN*

0 for the u channels. For thes
channels the energy-dependent widths are calculated acc
ing to Ref.@34#; the relevant equations are listed in Append
B.

C. Fixing parameters

The coupling constantgfrp is determined by thef
→rp decay. The valueGf→rp50.69 MeV @2# results in
ugfrpu51.1 GeV21. The ratio Rv/f5gvrp /gfrp512.9 is
evaluated in a simultaneous analysis of thev→pg and f
→pg decays and by applying the vector dominance mo
@9#. This value is consistent with the standard OZI rule v
lation and results inugvrpu5u12.9gfrpu514.19 GeV21.
Note that the analysis of thepp→ppv(f) reaction within a
two-component model~without baryon resonances! in @24#
favors a sizable deviation ofRv/f from the OZI ratio. Some
2-5
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other~different! estimates ofgvrp , which lead to a violation
of the OZI rule, are also discussed in@9#.

The sign ofgvrp is yet unknown, however, the study ofp
photoproduction@35# points to a positive value, which w
use in our subsequent calculations as a preferred choice
gvrp514.9 GeV21. The SU~3! symmetry considerations in
@24,36# predict an opposite sign forgfrp ; thus gfrp

521.1 GeV21. To explore the sensitivity of the results t
the above choice of the signs of the couplings, we shall la
on also discuss the case of opposite signs, namelygvrp,0
andgfrp.0.

The remaining parameters of the meson-exchange am
tude for the process in Fig. 1~a! are taken from the Bonn
model as listed in Table B.1~Model II! of Ref. @29#: grNN

53.72, krNN56.1, and LrNN51.3. The parameterLVrp
r

will be determined later.
The nucleon and nucleon-resonance amplitudes in

1~b! and Eqs.~23!–~31! are determined by the coupling
f pNN , f pNN* , gvNN , gvNN* , gfNN , gfNN* , gVNNkVNN , the
resonance widthsGN*

0 , the branching ratiosBN*
p , and the

cutoffsLB . For the coupling constantf pNN we use the stan
dard valuef pNN51.0 @16,29#. For thevNN coupling, we
use the valuegvNN510.35 determined recently@37# by fit-
ting nucleon-nucleon scattering data. This value as wel
kvNN50 is close to that which has been found in a study
pN scattering and the reactiongN→pN @35#.

The values of coupling constantsf pNN* are determined
by a comparison of calculatedN* →Np decay widths with
experimental values@2#. The corresponding equations rea
@16#

G
N* →Np

N1/26

5
3 f pNN*

2 k

4pmp
2

~Ep87MN!~MN* 6MN!2

MN*
, ~40!

G
N* →Np

N3/26

5
f pNN*

2 k3

4pmp
2

~Ep86MN!

MN*
, ~41!

G
N* →Np

N5/26

5
f pNN*

2 k5

10pmp
2

~Ep87MN!

MN*
. ~42!

The values off pNN* calculated from these expressions a
listed in Table I. The corresponding signs are taken in ac
dance with the quark model prediction of Ref.@16#. The
numbers in parentheses in Table I are the values from
quark model@16#. One can see that most of them are close
the values extracted from the data. The strongest deviat
appear for N5/21(1680)F15 and N3/21(1720)P13, which,
however, deliver only subleading contributions.

The coupling constantsgvNN* cannot be found by
this method because the corresponding decays are b
threshold. Therefore, they are determined bygvNN*
5(gvNN* /gvNN)gvNN , where the ratio (gvNN* /gvNN) is
determined by the quark model calculation of Ref.@16#. We
show them in Table I too, where, for convenience, we a
present decay widths, and branching ratios used in our
culations. Note that the masses, decay widths and branc
06520
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ratios in Table I represent the averages in@2#. Slightly differ-
ent values have been extracted in@38# in a recent reanalysis
of the data.

The couplingsfNN, fNN* determined by SU~3! sym-
metry considerations are

gfNN52tanDuVgvNN , gfNN* 52tanDuVgvNN* ,
~43!

where DuV is the above quoted deviation from the ide
v-f mixing. Similarly, we assume gfNNkfNN
.2tanDuVgvNNkvNN50, or kfNN.0, which is consistent
with the estimate in@39#. Thus, we use for definiteness th
relative phase of coupling constants to be real according
our experience of calculating meson photoproduction and
symmetry of the quark model.~In some sense our amplitude
can be considered as the Born terms for further multichan
analyses, such as in@35,40,41#, where some effective imagi
nary part of the form factors can be generated dynamica
Such a cumbersome analysis is beyond the scope of
present work; therefore, there is a phase uncertainty in
analysis, which, however, is not expected to affect the res
noticeably.!

The yet undetermined parameters are the cutoff par
etersLfrp

r and Lvrp
r for the virtual r meson in theVrp

vertex, the cutoffLN , and the eight cutoffsLN* in Eq. ~16!.
We can reduce the number of parameters by making
natural assumptions

Lfrp
r 5Lvrp

r [LV
r , ~44!

LB5LN
i*
, i 51,8. ~45!

Our best fit of the total cross sections of the existing data
obtained by LV

r 51.24 GeV, LN50.66 GeV, and LB

50.85 GeV.
It should be noted that our consideration does not inclu

explicitly the final state interaction~FSI!. A corresponding
analysis of FSI in the reactiongp→vp has been performed
on the basis of distorted-wave Born approximation in R
@42#. A FSI correcting absorption factor is found as a fl
function of the energy in a wide energy region from t

TABLE I. Parameters for the resonance masses, coupling c
stants, total decay widths, and branching ratios forN* →Np de-
cays. The numbers in parentheses are from the quark model@16#.
The resonance masses and decay widths are in units of MeV.

Baryon MN* f pNN* gvNN* GN*
0 BN*

p

N1/21N 940 1.0 10.35
N1/21P11 1440 0.39~0.26! 6.34 350 0.65
N3/22D13 1520 21.56 (21.71) 8.88 120 0.55
N1/22S11 1535 0.36~0.49! 25.12 150 0.50
N1/22S11 1650 0.31~0.28! 2.56 150 0.71
N5/22D15 1675 0.10~0.09! 10.87 150 0.45
N5/21F15 1680 20.42 (20.12) 214.07 130 0.65
N3/22D13 1700 0.36~0.22! 2.81 100 0.10
N3/21P13 1720 20.25 (21.05) 23.17 150 0.15
2-6
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PRODUCTION OFv AND f MESONS IN . . . PHYSICAL REVIEW C 65 065202
threshold up to few GeV. Therefore, since we focus on
very narrow region of 10–100 MeV excess energy, we c
assume the FSI absorption factor as a constant that is
cluded phenomenologically in the cutoff parameters. T
same assumption holds for the initial state interaction. T
sensitivity of the cross section on the cutoffs will be d
cussed below.

III. RESULTS

The results of our full calculation of the total cross se
tions as a function of the energy excessDs1/25As2MN
2mV , including all amplitudes depicted in Fig. 1, are repr
sented by the solid curves in Fig. 2. We also show separa
the contributions of meson exchange, nucleon, and nucle
resonance channels. The data for the reactionp2p→fn are
taken from Ref.@43#, while the data for the reactionsp1n
→vp and p2p→vn are from Refs.@43,44#, respectively.
Note that here we display the total cross sections tot of the
reactionp2p→vn, which differs from the differential cross
sectionsdif in Ref. @44# by a factor@9,45# included in the
phase space of the unstablev meson,

s tot5sdifH EAPmin
2

1MN
2

APmax
2

1MN
2Al f~s8!l i~s!

l f~s!l i~s8!

3
2As8GvmvdE

p@~mv
2 2s812As8E2MN

2 !21Gv
2 mv

2 #
J 21

,

~46!

FIG. 2. Total cross sections for the reactionspN→Nv ~top
panel! and p2p→nf ~bottom panel! as a function of the energy
excessDs1/2. The meaning of the curves is meson exchange, d
dashed; direct and crossed nucleon terms, long-dashed;N* reso-
nances, dashed; full amplitude, solid. Data from@43,44#.
06520
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whereAs85E1AE22MN
2 1mv

2 , Gv is the v decay width,
and l i(s)@l f(s)#5l(s,mp

2 ,MN
2 )@l(s,mv

2 ,MN
2 )# with

l(x,y,z)5(x2y2z)224yz. The intervals@Pmax,Pmin# for
given p8 ~or s) are as in@44#.

From Fig. 2~top panel! it is evident that the total ampli-
tude ofv production is a result of strong interferences of
channels: the meson exchange~dot-dashed curve!, the
nucleon term~long dashed curve!, and the resonance contr
bution ~dashed curve! play a comparative role. For thef
production ~cf. Fig. 2, bottom panel! only meson and
nucleon terms are important. The resonance contributio
rather small and is, therefore, not displayed here. Moreo
the relative contribution of the nucleon term inf production
is much smaller than forv production. That is because th
initial energyAs5MN1mV1Ds1/2 is greater for thef pro-
duction at the same energy excess and, as a consequenc
have two suppression factors:~i! the nucleon/resonance de
nominators and~ii ! the form factorsFN,N* in Eqs.~23!–~31!.
The interference of the meson-exchange and nucleon term
almost destructive, while the contribution of the resona
part is more complicated because the amplitude is comp
with different phases for different resonances.

The sensitivity of our calculations to the choice of cuto
parameters for the example of the reactionp2p→vn is ex-
hibited in Fig. 3 for the total cross section and individu
channels. In the top panel we exhibit the dependence onLV

r

at fixed LB50.85 GeV andLN50.66 GeV, the depen
dence onLB at fixedLV

r 51.24 GeV andLN50.66 GeV is
shown in the middle panel, and the dependence onLN at
fixed LV

r 51.24 GeV andLN50.85 GeV is displayed in the
bottom panel. One can see a noticeable dependence onLV

r

and a weaker dependence onLB ,LN .
In order to illustrate the structure of the resonant part,

show in Fig. 4 the contribution of each resonance separa
as a function of thev production angle at two excess ene
giesDs1/2520 ~100! MeV in the top~bottom! panel. One can
see that just near the threshold the resonances withJ5 1

2 are
important. Together with the nucleon term, they a
N1/21(1440)P11, N1/22(1535)S11, andN1/22(1650)S11. It is
interesting that the separate contributions of the two la
ones are greater than the nucleon term. But their phases
opposite and, therefore, they cancel each other. The can
lation increases with energy, which results in a total decre
of the resonance contribution. On the other hand one can
that the relative role of the higher spin resonances w
orbital/radial excitations, being proportional toq2 and q4,
increases with increasing values ofDs1/2, as illustrated in
Fig. 5. This enhancement, however, is smaller than the ef
of the strong destructive interference of the resonance am
tudes and, therefore, the total contribution of the resona
channel decreases with energy as shown in Fig. 2.

In our analyses we do not include the *** resonan
N1/21(1710)P11 @2#, as in@16#. A simple estimate shows tha
its contribution is rather small. Indeed, the calculation
@15#, within the vector dominance model, shows that t
vNN* coupling for N1/21(1710)P11 is about four times
smaller than for theN1/21(1440)P11 resonance. Observing
further that the corresponding pion decay width

t-
2-7
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A. I. TITOV, B. KÄ MPFER, AND B. L. REZNIK PHYSICAL REVIEW C65 065202
N1/21(1710)P11, 5–15 MeV, is much smaller than that o
N1/21(1440)P11, 210–250 MeV, we can expect a negligib
contribution of N1/21(1710)P11, being about one order o
magnitude smaller than that ofN1/21(1440)P11.

Figures 6 and 7 exhibit the angular distributions of thev
andf production cross sections atDs1/2520 and 100 MeV,
respectively. One can see that the destructive interfere
between meson-exchange and nucleon channels, whic
stronger for backward production, results in a nonmonoto
angular distribution. The effect is stronger atDs1/2

5100 MeV.
Figure 8~top panel! shows the ratio of the averaged am

plitudes uTVu of v and f production as a function of the
vector meson’s production angle atDs1/2520 MeV. uTVu is
defined by

uTVu5F (
mi ,mf ,l

uTmf ,l;mi

V u2G1/2

, ~47!

wheremi , mf , andl are the spin projections of the targe
recoil protons, and vector meson, respectively. The sh

FIG. 3. Sensitivity of the total cross section for the reacti
p2p→nv on the cutoff parametersLV

r , LB , and LN at Ds1/2

520 MeV. LV0
r 51.24 GeV, LB050.85 GeV, and LN0

50.66 GeV, respectively. Notation as in Fig. 2.
06520
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dashed straight lines in Fig. 8 correspond to the standard
rule violation valueRv/f

OZI5cotDuV515.43. The long-dashed
curve corresponds to the ratio of pure nucleon channels ta
separately, the dot-dashed curve is the result for a p
meson-exchange, while the solid line represents the full
culation. Note that the ratio even for pure meson-excha
amplitudesRv/f

M is smaller thanRv/f
OZI . This is because at the

threshold,

FIG. 4. Individual contributions of nucleon resonances listed
Table I to the angular differential cross section ofv production at
Ds1/2520 MeV ~top panel! and 100 MeV~bottom panel!.

FIG. 5. Individual contributions of nucleon resonances listed
Table I to the total cross section ofv production as a function of
Ds1/2.
2-8
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Rv/f
M .

gvrp

gfrp

mv

mf

f ~mv!

f ~mf!
.9.9

f ~mv!

f ~mf!
, ~48!

where f (m) is a smooth function ofm. The ratio for pure
resonance terms is greater thanRv/f

OZI by an order of magni-

tude and more, i.e.,Rv/f
N* ;500(250) atu5p(0), because of

a strong propagator and form factor suppression forf pro-
duction. In the absence of the resonant amplitude, the
structive interference of meson-exchange~M! and nucleon
~N! channels results inRv/f

M1N,Rv/f
M . The presence of the

resonance components leads toRv/f
M ,Rv/f,Rv/f

OZI .
Figure 8 ~bottom panel! shows the ratio of the angula

integrated amplitudes

FIG. 6. Angular differential cross sections for the reactio
p2p→nv ~top panel! and p2p→nf ~bottom panel! at Ds1/2

520 MeV. Notation as in Fig. 2.

FIG. 7. As in Fig. 6 but atDs1/25100 MeV.
06520
e-

^uTVu&V5F (
mi ,mf ,l

1

4pE dVuTmf ,l;mi

V u2G1/2

~49!

of v andf production as a function ofDs1/2. One can see
that Rv/f ~solid curve! may be slightly above or below th
pure Rv/f

M value ~dot-dashed curve!, however, remaining
much smaller thanRv/f

OZI , namely,Rv/f57.5–10, in agree-
ment with the analysis in@9#.

Figure 9 shows the results of our full calculation of th
spin density matrix elementr00 at Ds1/2520 and 100 MeV
in the top and bottom panels, respectively. Near the thre
old, the meson-exchange amplitude behaves as

Tl
(M );k•@k3e* l#. ~50!

That means that onlyl561 contributes and, therefore,r00
is suppressed. The pure nucleons channel amplitude behave
as

Tl
(N);^ f us•e* lu i &, ~51!

FIG. 8. Ratio of the amplitudes ofv and f production. Top
panel: the ratio as a function of cosu at Ds1/2520 MeV, bottom
panel: the ratio averaged over production angle as a function
Ds1/2. Notation as in Fig. 2.
2-9
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A. I. TITOV, B. KÄ MPFER, AND B. L. REZNIK PHYSICAL REVIEW C65 065202
which results in an isotropic spin density, i.e.,r005r11
5r212151/3. The resonance amplitudes have additio
terms proportional tok•e* l, which also enhancer00. This
effect is seen clearly in the top panel of Fig. 9 for which o
qualitative analysis is valid. Forf production, where the
main contribution comes from the meson-exchange cha
~cf. Figs. 2 and 6!, r00 is relatively small,r00,0.05. But for
v production, where the contribution of the resonance ch
nel is essential, we findr00;0.3, which is close to an iso
tropic spin density distribution withr00.r115r2121.1/3.

Figure 10 exhibits the angular distribution of hadron
decaysf→K1K2 and v→p1p2p0 in p2p→nV reac-
tions at Ds1/2520 MeV. The top panel corresponds to
calculation of the vector-meson production in the forwa
direction, 0.9,cosu,1, where the cross section achieves
maximum, while the bottom panel shows its average valu
the full angular interval21,cosu,1. One can see a strik
ing difference between thef and v cases: an anisotropi
distribution forf production (W. 3

2 sin2Q) and, within 10%
accuracy, a nearly isotropic distribution forv production
(W;1), respectively, which reflect the difference in the co
responding production mechanisms.

A similar difference is predicted for the angular distrib
tion of electrons inp2p→nV→ne1e2 reactions shown in
Figs. 11 and 12 atDs1/2520 and 100 MeV, respectively
Again one can see that atDs1/2520 MeV ~Fig. 11! the f
andv cases are very different: an anisotropic distribution
f production@W. 3

4 (11cos2Q)# and an isotropic distribu-
tion for v production (W;1), respectively. This pro-
nounced difference disappears atDs1/25100 MeV~Fig. 12!.

It should be emphasized that our prediction for the se
rate decayv→e1e2 may be tested experimentally, suppo
ing that the corresponding detector acceptance is sufficie
large for distinguishing the sharpv resonance peak in th

FIG. 9. Spin density matrix elementr00 for v andf production
as a function of cosu at Ds1/2520 MeV ~top panel! and 100 MeV
~bottom panel!.
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dielectron invariant mass distribution sitting on the bac
ground of the wider0 meson contribution. Otherwise on
should consider thev-r0 interference as calculated for un
polarized observables in@17#. However, having in mind tha
the r0 production is a competing channel to thev produc-
tion, where the role of the resonances is expected to be e
more important because of the larger number of intermed

FIG. 10. Meson angular distributions in the reactionsp2p
→nf→nK1K2 and p2p→nv→np1p2p0 at Ds1/2520 MeV.
Top panel: the distribution at forward vector-meson product
angles, bottom panel: the distribution averaged over all produc
angles.

FIG. 11. Electron angular distributions in the reactionp2p
→nV→ne1e2 at Ds1/2520 MeV. Top panel: the distribution a
forward vector-meson production angles; bottom panel: the dis
bution averaged over the all production angles.
2-10
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PRODUCTION OFv AND f MESONS IN . . . PHYSICAL REVIEW C 65 065202
N* states, we expect that our prediction of an almost iso
pic e1e2 distribution at invariant massMe1e2.mv remains
valid, in general, reflecting the role of the baryon resonan
in the production mechanism.

Let us now explore the importance of the signs ofgvpr

and gfpr . All above calculations have been performed f
positive ~negative! values ofgvpr (gfpr), which lead to a
destructive interference between meson-exchange and b
onic channels. The opposite signs ofgVpr cause a construc
tive interference and change our predictions. First of all, i
impossible to describe the data with otherwise the same
of parameters. In order to achieve a reproduction of the d
we have to decrease not only the cutoffsLV

r , LB , but also
ugvpru and the resonance couplingsgvNN* . The result of a
corresponding calculation is shown in Fig. 13, where we
the lowest value forugvpru discussed in Ref.@9#, ugvpru
58.3 GeV21, and LV

r 51.2 GeV, LB50.6 GeV and the
couplingsgvNN* are scaled by a factor of 0.44. Since th
new parametrization describes the total cross sect
equally well as the previous set, we get a similar predict
for the ratio of the averaged amplitudes ofv andf produc-
tion as shown in Fig. 14, top panel~cf. Fig. 8, bottom panel!.
So, one cannot distinguish between two parameter sets w
considering only unpolarized data. But in the present cas
a negative~positive! value of gvpr (gfpr), the meson-
exchange channels dominate for both reactions and, as a
sequence, the prediction of the distribution ofv decay prod-
ucts will be different from the previous case. In Fig. 1
~bottom panel! we show the angular distribution of hadron
decaysf→K1K2 and v→p1p2p0 in p2p→nV reac-
tions atDs1/2520 MeV. Instead of a nearly isotropic distr
bution for thev decay shown in Fig. 10, now we get a
anisotropic distribution. Therefore, this reaction togeth
with polarization measurements in thev photoproduction
reaction can shed light on the phase ofgVrp and the role of
baryon resonance dynamics.

FIG. 12. The same as in Fig. 11 but atDs1/25100 MeV.
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IV. SUMMARY

In summary we have performed a combined analysis ov
andf production inpN reactions near the threshold at th
same energy excess. We find that the meson-exchange
plitude alone cannot describe the existing data, even in

FIG. 13. Total cross sections for the reactionspN→Nv ~top
panel! and p2p→nf ~bottom panel! as a function of the energy
excessDs1/2, assuming a constructive interference between mes
exchange and baryonic channels with the parameter set describ
the text. Notation as in Fig. 2.

FIG. 14. Top panel: Ratio of the amplitudes ofv andf produc-
tion averaged over production angle as in top panel of Fig. 8.
tation as in Fig. 2. Bottom panel: Meson angular distributions in
reactionsp2p→nf→nK1K2 and p2p→nv→np1p2p0 as in
Fig. 10 but for a constructive interference between meson-excha
and baryonic channels.
2-11
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A. I. TITOV, B. KÄ MPFER, AND B. L. REZNIK PHYSICAL REVIEW C65 065202
comparatively narrow energy interval, where our effect
model is applicable. Rather, the role of the direct nucle
term and the nucleon-resonance amplitudes is essential.
inclusion of resonance channels gives a natural explana
of the observable ratio of thev to f production, based on
the standard OZI rule conserving partial amplitudes.

The nucleon resonance contributions are very impor
for the v production, and therefore we investigate their ro
in detail. ThevNN* couplings as well as the phases of t
pNN* couplings are taken from the recent work@16#. It is
found that the resonance contributions can influence sig
cantly the total and the differential cross sections at sm
energy excess as well as the ratio of the averaged amplit
of v and f production. For this ratio we get the value 8
61.5, which is much smaller than the value based on
standard OZI rule violation. The dominant contributions a
found to stem from the nucleon resonancesN1/22(1535)S11,
N1/22(1650)S11, and N1/21(1440)P11. However, the other
resonances become also important with increasing en
excess.

We have shown that the resonance contributions can
sentially be tested, on a qualitative level, by measuring
angular distribution of decay particles in the reactionspN
→Nf→NK1K2, pN→Nv→N3p, and pN→NV
→Ne1e2. Near the threshold, for thef production we pre-
dict an anisotropic distribution, while for thev production
an isotropic distribution is obtained when assuminggvpr

.0. However, in case of an opposite sign we find a stron
meson-exchange channel with an anisotropicv distribution.
Experimentally, these predictions can be tested with the p
beam at the HADES spectrometer at GSI/Darmstadt@46#.

It should be stressed that the present investigation is c
pletely based on the conventional meson-nucleon dynam
and, therefore, our predictions may be considered as a
essary background for forthcoming studies of the hidd
strangeness degrees of freedom in nonstrange hadrons
nally, it should be emphasized that our study here is a
step from the point of view of a dynamical treatment of t
problem, thus going beyond@9#. The main uncertain part is
the poor knowledge of the strong cutoff factors for the virtu
nucleon and nucleon resonances which are important for
present consideration. Also, the effects of the final state
teraction must be investigated in greater detail, which m
be pursued by extending the approach of Refs.@12,35,38,42#.
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APPENDIX A: SPIN-PROJECTION OPERATOR

As mentioned above, our choice of the projection ope

tors Lqq8(p,M ), where q5a (q5ab) for spin-32 (-5
2 )
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baryons, differs from the commonly used on-shell operato
To clarify this point let us consider the case of spin-3

2 par-
ticles. The explicit form of the on-shell operatorL̄ab(p,M )
may be obtained@47# by the boosting of the spinors in th
sum

L̄ab~p,M !5(
r

U a
r ~p! ^ Ūb

r ~p!

52Fgab2
1

3
gagb2

gapb2gbpa

3M
2

2papb

3M2 G
3~p”1M !. ~A1!

Inspection of Eq.~34! shows that, atp25M2, the contribu-
tions from the second line vanish and consequen
L̄ab(p,M )5Lab(p,M ). As a result, for example, the calcu
lation of the decay widths in Eqs.~40!–~42! gives the same
result by using either Eq.~A1! or Eq. ~34!.

For p2ÞM2, generally speaking, Eq.~A1! is not valid
even for thes channel withp250. In this case Eq.~A1! leads
to the nonphysical transition fora5b50 with L̄00(p,M )
;s2M2. To avoid this problem one can use the off-sh
generalization of Eq.~A1! with the substitution@18#

M→Ap2. ~A2!

Now, L̄00(p,M )50, but L̄abÞLab . The main difference
between@L̄ab(p,As)# i j and @Lab(p,M )# i j ~for the s chan-
nel only! arises in this off-shell case because of transitio
with i ( j )53,4. These transitions are absent

@L̄ab(p,As)# i j but exist in @Lab(p,M )# i j because of the
terms in the second line in Eq.~34!. The difference is pro-
portional toAs2M and vanishes atMN* →As. This is illus-
trated in Fig. 15, where we show thes channel contributions
for N3/22(1700)D13 and N3/21(1720)P13 resonances atDs
520 MeV as a function of thev production angle. For
N3/21(1720)P13 the difference is not seen at all. Fo
N3/22(1700)D13 this difference is less than 50%; Eq.~A1!
results in a symmetric angular distribution, while Eq.~34!
leads to slightly asymmetrical one. The same tendenc
found for theN3/22(1520)D13 resonance. It would be inter
esting to study experimentally this effect. But, unfortunate

FIG. 15. Thes channel contribution forN3/22(1700)D13 and
N3/21(1720)P13 taken separately for the reactionp2p→nv at Ds
520 MeV. Dashed and solid lines correspond to Eqs.~A1! and~A2!
and ~34!, respectively.
2-12
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in the case ofv production, the dominant contribution come
from spin-12 resonances with a well defined spin-projecti
operator. In the energy distribution, which is integrated o
the v production angle, the difference between the t
methods becomes very modest.

For theu channel amplitudes withp2,0, the ansatz of
Eq. ~A2! is not appropriate and one cannot use Eq.~A1!.
Since the crossing symmetry requires the inclusion of thu
channel together with thes channel, one has to employ
universal spin-projection operator, such asL5(p”1M ) for
spin-12 baryons. Note that in our case the dominant contri
tions come mainly from thes channel amplitudes and th
present discussion has a rather methodological character
nevertheless, taking into account that~i! Eqs. ~34! and ~35!
give a universal prescription for higher spins and coincide
the mass shell with the well-known spin-3

2 projector, and~ii !
give the correct off-shell behavior for spin-1

2 baryons, we
choose them in our calculations.

APPENDIX B: ENERGY-DEPENDENT DECAY WIDTH

Following @34# the total resonance decay width is e
pressed as a sum of weighted partial widths

G~W!5(
j

G j

r j~W!

r j~MN* !
. ~B1!

Here,G j is the partial width for the resonance decay into t
j th channel, evaluated atW[As5MN* . The form of the
‘‘phase space’’ factorr j (W) depends on the decay chann
For a decay of the resonance into two stable particles~e.g.,
pN, hN, KL), it is parametrized by

r j~W!5
qj

W
Bl j

~qj !, ~B2!
v,

v,

.

06520
r

-

ut

n

.

whereqj is the relative momentum of the two particles,l j
denotes their relative orbital momentum, andBl j

stands for
the decay probability@48#

B051,

B15x/A11x2,

B25x2/A913x21x4,

B35x3/A225145x216x41x6,

B45x4/A1102511575x21135x4110x61x8 ~B3!

with x5qjR, R50.25 fm. The energy-dependent parti
widths have the proper analytic threshold behavior}qj

2l j 11

at qj→0 and become constant at high energy.
For the quasi-two-body decay, where one of the outgo

particles with massMx is unstable and decays further in
two stable particles with massesm2 , m3 ~e.g., pD, Nr,
Nse), the phase space factor reads

r j~W!5E
m21m3

W2m1
s~Mx!

qj~Mx!

W
Bl j

„qj~Mx!…dMx .

~B4!

The spectral densitys(Mx) is chosen in the conventiona
form

s~Mx!5
1

p

1
2 G0

~Mx2m0!21 1
4 G0

2
, ~B5!

where the parametersM0 andG0 are given in Table I of@34#.
The partial decay widths in Eq.~B1! and the relative orbital
momentuml j in Eq. ~B2! are chosen according to Table II o
@34#.
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