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Vector meson angular distributions in proton-proton collisions
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The resonance model is used to analyzedhand ¢-meson angular distributions in proton-proton collisions
at Vs=2.83 and 2.98 GeV. The assumption of dominant contributions 1N5(11720%+ and N*(1900§+
resonances which both have, according to #iescattering multichannel partial-wave analysis and/or quark
models predictions, dominamk;, Ne decay modes yields the right pattern of theangular distribution at
Vs=2.83 GeV. The angular distribution as=2.98 GeV can be reproduced assuming the dominance of
N*(ZOOC)S+ and N*(1900§+. The experimental)-meson angular distributions do not show any asymmetry
which requires the existence of a massive negative-parity spin-half resonance. This resonance could be iden-
tified with theN"(20903 .
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The COSY-TOF collaboratiofil] has recently measured form simulations of heavy-ion reactions in which the role of
the w-meson angular distribution in_proton-proton collisions nucleon resonances is important. The dominance of nucleon
at an excess energy=173 MeV (ys= 2m,+m,+¢) above resonances in the intermediate states is equivalent to taking
the w threshold. Earlier, angular distribution afand¢ me-  nucleon-meson final-state interactions into accg@g}. The
sons have been measured by the DISTO collabordgftpat  resonance model fits the », and ¢ total production cross
an energy excess @=320 MeV. The¢-meson distribution  sections rather well5,12-14.
is found to be consistent with a flat distribution, whereas the The decay rates of nucleon resonances into the dilepton
o mesons at both values efare peaked towards the beam pairs and vector mesons with the same invariant mass coin-
directions. cide up to an overall kinematic factor. TRg1232 Dalitz

The cross sections of vector meson production enter as a#ecay is one of the major sources of dileptons in heavy-ion
input into transport models for the dilepton emission incollisions at intermediate energi¢8—9. The first correct
heavy-ion collisions[3-5]. The direct p(w)—e'e” decay Calculation of that decay was given only recenfiys),
channels give important contributions to the dilepton produc¥/hereas kinematically complete expressions for Dalitz de-

tion. The detector efficiency depends thereby on the absolufe®YS Of other high-spin resonances were given in Ri}.
value and direction of momentum of the dilepton pairs. h this paper, we analyze the angular distributions of ¢he

o and ¢ mesons in proton-proton collisions within the frame-
Hence, the angular distribution of the vector mesons PrO%uork of the resonance model.

duced in nucleon-nucleon collisions affects the counting rate According to the resonance model, the dominant contri-

of the dilepton pairs which makes it necessary to keep th'ﬁ’utions to the meson production cross sections originate

angular dependence of the production cross sections theore, om reactionspp— pN’ followed by subsequent decays
cally under control. -

The dilepton spectra in heavy-ion collisions &t N — po(¢). The first reaction takes place @, +my <\,

~1-5 GeV/Awere measured by the DLS collaboratig. while the second reaction with, e.g., anproduction, takes

The HADES experimeni7] is presently studying the dilep- {Jolacg :trln%;n‘f@l Sghgsee\/”;en?ju?“ggmc?i 2eogo(r3neli|/ned
ton spectra in the same energy region in great detail. gve L.fesMy = L. : N e ’

The pion production is the best known inelastic reactionresn%?gt'xely.i_gor_::e CSS:'JOE a;_]mid DInS1i—,{iO\/ e?p?hrlmrintal
in pp collisions. A model independent partial-wave analysisc0 ons. Thej-meson production is sensitive to the mass

of the experimental data has been performed upeto mteryal 1.96<my: <2.04 GeV. . . .

=20 MeV above the threshol®]. The pion angular distri- Either a nucleon resonance falls into these _mte_rvals Wlt.h

bution shows an increasing anisotropy with energy. Its p.ole'masses or, if not, .'t can haye a Breit-Wigner tail
The meson production imp collisions has previously leaking into the corresponding mass intervals. In the present

; k we will focus mainly on the first possibility. According
been analyzed using the OBEP modé&k Most of the real- wor . .
istic nucleon-nucleon interaction models have th@232 to the Particle Data GroufPDG) [17] the following reso-

; NIF 3+ * 3+
isobar included as a special degree of freedom. It is natural f§21¢®s _¢an be |mpé)+rtant.N (17203", N'(19003",
assume that with increasing the energy other nucleon res®\ (19903", andN'(20005". The negative-parity resonances
nances also become important. The resonance niaflgly  have masses below 1.72 GeV, while resonances do not
as a first step treats matrix elements of the higher-mass resgontribute to thew and ¢ production due to the isotopic
nance production as phenomenological constants fixed b§ymmetry. X .
fitting the available inelastic cross sections. Such an ap- At €=173 MeV the resonancesN (17205" and
proach is suitable to obtain estimates for the importance ol’f\l*(190()§+ appear at different kinematic conditions: In the
various meson production channels and it allows one to peiN'(1720 decay, thew is mainly produced at rest. In thEp
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TABLE I. jP states of two protons gt=1 and their25+1lj de-
compositions satisfying the Pauli principle.

jp 23+1|j

it even Y

j~ odd %

j* odd forbidden
j”even S(j_l)j@B(j+1)j

collisions, the N'(1720 is produced with a velocityw

~0.26. Thew-meson angular distribution coincides, there-

fore, with the angular distribution of tH¢' (1720 resonance.
The maximal angular momentum for the systph can be
estimated asy=p’/m,, wherep” is the c.m. momentum in

the final state, 1(2m,) is the strong interaction radius, and

m,, is the pion mass. Fa¢e=173 MeV, one hag)~ 3.4. One
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FIG. 1. Angular distribution of thes mesons in the c.m. frame
of the colliding protons assuming the reaction goes through the
N*(190C)§+ resonance. The experimental data from COSY-TOF
were obtained for an excess energyl73 MeV. Thep,,, contri-
bution ~1+3cog ¢, in the pw decay of theN'(1900 is dominant
according to the models M§L8], K [19], and eVMD [16]. The
predictions of the models CRO0] and SST[21] are shown as well.

can expect that the partial-wave decomposition is truncated

at apN’ orbital momentum~3.

In the N"(1900 decay thew is produced with velocity
~0.82, whereas in th@p collisions theN"(1900 is pro-
duced mainly at rest. The angular distribution of thene-
sons coincides, therefore, with the correspondindistribu-

tion in the N"(1900 resonance decay. This means that the
direction of thew momentum is correlated with the reso-

nance spin. The initial protons in the experimefit?] are

ponent of the initial-state wave function jis=0. The orbital
momentum is perpendicular to the beam and its projection to
the beam direction is equal to zero. The polarization matrix
of a spind resonance becomes then diagonal. The diagonal
elements equal

P, = |Cj1(/)2—JZJJZ|21 ©)

not polarized. The resonance spin is, therefore, correlate@nd sop;; =1/2 atJ,=+1/2, and for ahigher spin reso-

with the beam direction.

Let us first consider th"(1900. The angular wave func-
tion of the pw system, appearing due toJ& resonance de-
cay, has the form

W(n,) ~ 2 AsiCs& 1 Cidun,, Yir,(Ny). (1)
SL

The Clebsch-Gordan coefficie iJzZ"z are defined with the

PDG phase conventiorid7]. The partial-wave decomposi-
tion includes the total spinS=1/2 and 3/2 of th@w system
and thepw orbital momentaL such that|J-§<L<J+S
Parity conservation gives a selection rife(-1)-*1. The

amplitudesAg, for different resonances are extracted from
the 77N inelastic scattering data and/or predicted by the quar

models(for a review see Ref16]).

The pN'(1900 system appears close to the threshold in
the S state(~0). The initial protons have, therefore, the

total angular momentum=1 or 2 and positive parity. The

state 1 is forbidden by the Pauli principle, so the only pos-

sibility is jP=2", which is theld2 state for the initial protons.
The higher states are classified in Table I.
The transition amplitudep— pN'(1990 can be obtained

constructing a rotational scalar out of the initial-state spher

cal harmonichij(np), wheren,, is the unit vector in the
direction of the proton beam. The final-stati’ (1900 spin
wave function reads:

My ~ Cglzz,mij i,(Np). (2

nance, p,, =0 at |J/=3/2. Equation(3) is valid for all
evenj positive-parity initial states. Spin-half resonances are,
therefore, produced unpolarized near threshold, whereas
higher spin resonances, including tN&(1900, are polar-
ized.

The angular distribution of thew mesons produced
through theN"(1900 resonance decays can be found by
weighting the polarization matrix3) with the modulus
squared of thepw angular wave functioril) summed over
the final-statgpw spin projections:

do 2
a0~ ; PJZJZSESz ‘EL ASLCJSJéLLZYLLZ(nm) : 4)

Khe coefficientC32,,, entering thepw wave function[cf.

Eqg. (1)] give a summation over the and u,, a decoherent
sum over the total spin and spin projection of the system.
The partial-wave amplitudes, 5 of the N'(1900 — pw
decay are extracted by Manley and Saleldi@] from 7N
multichannel partial-wave analysis and/or quark model pre-
dictions by Koniuk[19], Capstick and Robert§20], and
Stassart and Stand1], and/or predicted by the extended

i_\/ector meson dominangeVMD) model[16]. The resulting

angular distributions are shown in Fig. 1 together with the
experimental dat@l].

The modelq16,18,19 predict a dominanp,,, wave with
an angular dependencel +3co$ 02, very close to the ex-
periment. The modelgl6,18,19,2] are in very good agree-
ment with the data. Capstick and Rob€i2§)] report a van-

Now, let the quantization axis of the angular momentum beshing p,,, amplitude and large errors for th®,, and f3,

parallel to the proton beam,. The only nonvanishing com-

amplitudes. The dominance of ttg, transition does not
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contradict the mode[20] and experimental datfl]. This 3 ‘ ‘ ‘ 3 '

amplitude is shown in Fig. 1 &8R f3,]. The py, transition 25 L=1 j25 L=2 ]

can apparently be excluded. S 2|, 1. _"/\ |
If the N" (1900 resonance would be unpolarized, it could §0 N Js | \ /,A ]

produce an isotropi@-meson distribution. The distributions S 2%, ~ /ﬁ s N\ ,

plotted in Fig. 1, within the resonance model, are a conse- § ! 5 8 N4 ! N Y%

quence of the selection rules, the kinematic conditions, and 05/ 3 \\' 05 iﬁ 8

the partial-wave content of thd" (1900 decay amplitude. 0_17 5 e s 1 s - 0/ PR
TheN’"(1900 width equald" =500+ 80[17]. In general, TcosOf Tcos@

resonances are produced off-shell with invariant masses

away from the pole mass. The off-shéll (1900’s move FIG. 2. NormalizedL=1 andL=2 angular distributions of the

with finite velocities which leads to a smearing of the ~N'(17203" resonance in transitiorfs™1*"'L, wheres, |, andj are
angular distribution compared to thé(1900 decays at rest. the _to_tgl spin, orbital momentum, and t(_)tal angule_lr momentum in
To estimate this effect, let us compare velocities of ¢hin the initial pp state.SandL are the total spin and orbital momentum
the N*(1900 rest frame and of thN*(1900 in the c.m. in the final pN* state. The numbers 1 to 8, attached to thel

3 3
frame of two initial protons. Foe=173 MeV, we have,, 5;?;3 3?0;;65?? Qg toaéggfwﬁvﬁs%écf&es 1’Thpe2 Ed}nbpérfli o
=0.46 andvy=0 at my=1.9 GeV andv,=0 and vy 2 2 202 202 3.¥

X 0. 4, attached to thé.=2 curves, correspond to the wavés, D,
=0.26 atmy*=1.72 GeV. Thew andN" velocities are equal P v D,

: 1505D0, 'd,°D,, and'g,’D,.
v,=uN=0.23 atmy=1.76 GeV, i.e., a 40 MeV above the
N*—>pw decay threshold. The approximation in which the gular distributions are shown in Fig. 2. Theg,’D, distribu-
N"(1900 is treated as a particle at rest is, therefore, reasortion resembles the experimental one, but has a plateau at
able. Hence, we do not expect a large smearing effect due ©pst,,~ 0. The pattern of other waves is quite different from
the off-shell production of th&l"(1900. the observed one.

Let us now discuss thl"(1720. The maximumpN" an- The transitions =0 andL=1, Nos. 1, 4, 5, and 7, and
gular momentum at the excess enekgyl73 MeV was es- L=2, Nos. 1, 2, and 3, can apparently be excluded as domi-
timated as~7=3.4. Hence, theN' system can appear in nant ones. The other folt waves and the onB-wave tran-
orbitally excited states. The partial-wave content of the tranSiiOn can be large. These conclusions, however, are not
sition pp— pN' is unknown. A dominan&wave component stable against effects from the finié (1720 width of Iy

can immediately be excluded since it produces an isotropic 1°0£50 MeV[17]:

N"(1720 and, correspondingly, also an isotrogicangular The off-shellN"(1720 production results in am distri-
distribution. Let us check i =1 andL=2 waves are allowed bution representing a convolution of th¢' (1720 and o
as dominant components. angular distributions. As we estimatednay=1.76 GeV the

There exist eight =1 amplitudes?® po po, 3p13p1, P, pl, resonance ana velocities are equal, so thd" (1720 tail
%p,°P,, %p §5 2 %P, *,°P,, and °f,°P; with quantum My =1.76 GeV generates roughly th&(1720 — Nw decay
numbers’ 1I S‘“1L , wheres, |, andj are the total spin, or- distribution, whereas the invariant masses T8
bital momentum and total angular momentum of the initial<1.76 GeV correspond to one of the distributions plotted in

pp state.SandL are the total spin and orbital momentum of Fig. 2. The domain of 40 MeV above thethreshold is not
the finalpN" state. The angular distributions for the isolatedlarge compared to the resonance width. Hence, the pattern of
transitions can be calculated from the decayN' (1720 — Nw is important. According to Refs.
[16,19 the py, wave ~1+3cogd, of the N (1720 — Nw
~ decay is dominant. Other authors give negligi [
E |CSJ |0CJSJZ%LLZYLLZ(nw)|2' (5) for thye N*(1720 g 9 gbleoupllngs
The N*(1720 production cross section is parametrized as
They are plotted on Fig. 2. Since in the resonance rest framan S-wave proces$l1]. This resonance provides 10% —20%
the w meson is produced at rest, themomentum has in the 0f the total ppw cross sectiorf13]. Such a value does not
pp c.m. frame in the same direction as 181720 momen-  contradict thew-meson angular distribution even in the sharp
tum. Thus, we have replaced in E&) ny with n,, resonance limit. The angular distribution data do not provide

The wave Nos. 6, 8, 3 and 2 with quantum numbersstringent constraints to th@wave part of theN" (1720 pro-
3,3P,, 31,°P,, p,°P,, and®p,®P; resemble qualitatively the —duction.
measured distribution, but yet no conclusions can be drawn The N'(1900 is reliably predicted by quark models, but
on the actual importance of these waves. The ratio betweehas currently a lower experimental stat('s) than the
maximal and minimal values of the differential cross sectionN"(1720. The N'(1900 cross section is unknown and its
for those waves is below a factor of 3, whereas the experieontribution to the vector meson production is set equal to
mental ratio is close to a factor of 4. The resonaNog 900 zero[12-14. In the regiony 's~2.8 GeV the vector meson
alone gives a stronger angular dependence, being in slightigroduction, according to Ref§12-14, is determined by
better agreement with the data. tails of resonances of smaller masses and by\iti&720. If

There exist fourL=2 transition amplitudes:'d,°D,,  we attribute the total cross section to 1900 alone, we
s,°D,, 1d,°D,, and'g,’D,. The corresponding-meson an- get of pp— pN'(1900]B[N" (1900 — pw]~30 ub. Using
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R S » mesons have low masses and can only contribute to the
25 | N(1990) l25 | N (2000) reaction through their Breit-Wigner tails. These resonances
g have dominant,;, branchings[16,19 and thus their tails
would produce an isotropic cross section. The resonances
N'(20903 and N(20803™ are listed by PDG[17] with
ratings(*) and(** ), respectively. Quark models predict sev-
eral negative-parity states with masses around 2000 MeV but
according to Ref[20] the s, decays of these resonances are
subdominant.
o . The J=3 resonances in thf=1" state give isotropic dis-
FIG. 3. Angular distribution of thes mesons in the c.m. frame  {riputions. In the reference frame where the quantization axis
of the colliding protons assuming that the reaction proceeds througt the angular momentum is parallel to the proton beam, the

. + X +
N'(19905" andN'(20003" decays. The models KL9], CR[20],  polarization matrix of the spid-resonance can be found to
SST[21], and eVMD[16] are compared to the DISTO data v be

=2.98 GeV[2].

4ndloge/dQ

20+1 ) )
the estimate of Ref16] 'y, ~ 60 MeV and the PDG value P~ 2i+1 12 stsszgoclls/zzsz-azujz- (6)
of Ft,f,’f~509 MeV [17], one gets o{pp— pN(1900] Sz
limit of 47/k"~4 mb. . 2l states of two protons. The spin-half nucleon resonances
Under the conditions of the DISTO experiment, we have,e i i
p ' are produced unpolarized. The diagonal elements ofJthe

v,=0 andvy-=0.35 atmy-=1.72 GeV andv,=0.56 and  =3/2 polarization matrix equap,,=1/8 and 3/8 forJ,
vy =0 atmy-=2.05 GeV. The resonance andvelocities at =+1/2 and +3/2 respectively. So, thed*(zogo)é‘ domi-

52320 MeV are equal to each other,=vy'=0.3 atmy nance in thepp— pp¢ or the dominance of any other spin-
=1.8 GeV. . L or
half nucleon resonance would result in a #atmeson distri-

The approximationv,~0 is good for the resonance . L : .
N'(1720. The angular distribution due to thé (1720 pro- buuo_n. The high-spin resonances are polarized an3d_ their
dominance can apparently be exclud@kcept forJ=3

duction is the same as in Fig. 2. The2 wave'g, D, is the resonances with the dominasy, decay modes

only wave that fits the DIST@-meson data. Since the energy released in the proc ops i

The approximationuy: ~0 is good for the resonances small, it is instructive to compare thg production with the
N (1900, N (1990, andN"(2000. The angular distribution near-threshold pion production which is well studiedeat

du;at to th?\tlh(l?jq(?[ _;:t))rot(_juct_lon IS thet Sgn:?m%s(igg(')gal' The _ 20 MeV [8]. The value ofp,.=pl®/m,, is small and varies
pattem of the distribution 1S correct, bu 9€S i the limits 0.07—0.5. In the limit;,— 0, only theS wave

not develop a plateau at cs~0, which is required by the ¢\ ives 5o the distribution must be symmetric. The Is8ge
DISTO data. The angular distributions of th&(1990 and wave of theNNar system, e.g., ap ~0),/22 impli.es an aﬁ

N'(2000 are shown in Fig. 3. The modg20] gives results  qqt symmetric angular distribution which is reportd.
close to the observations in both cases, the other*models 9\githin the resonance model, the dominance of $wave
reasonable angular dependences in the caseMf(E90  jmpjies apparently the dominance near the threshold of tails
dominance but stand in contradiction to a possMl€2000  of the negative-parity nucleon resonances produced i an
dominance. _ wave together with the nucleon. The importance of heavy
The ¢-meson angular distribution ats=2.98 GeV, i.e.,, resonances near the pion threshold is emphasized in Ref.
85 MeV above thep-meson production threshold, is found [22]. With increasingz,, the pion distribution develops an
to be consistent with an isotropic distributig?]. The maxi-  anisotropy that becomes essentialzat~0.5. It can be at-
mal ¢ momentum can be estimated in the c.m. frame to beributed at least partially to th&(1232 which appears in the
Py =0.33 GeV and the maximap orbital momentum rela- S wave with another nucleon and generates the pion distri-
tive to the pp pair ~»,=pg*/m,=2.4. The Swave pytion ~1+3cod 6., the same as the-meson distribution
¢-meson state allowg’=1" pp¢ final states, whereas the in the p,,, wave with the proton, since th&(1232 has the
higher orbital states are apparently excluded by the dataamep,,, decay mode and the same spin as Mi¢1900
which is somewhat surprising. resonance. Note that E@) has no dependence on the con-
The w-¢ mixing is sufficient to reproduce thé-meson  giityent spins, only the total spis is important. At e,
production cross section a{s=2.98 GeV [14]. Such a =20 MeV, the ratio between th=1" wave cross section
mechanism, owing to the mass dependence olt&» cou- yat gives the flat distribution and tfje=2* wave cross sec-
pling constants, yields in the nucleon resonance decays idefpn that gives the~1+3cogd. distribution can be esti-
tical angular distributions for» and w mesons. To construct ated from the angular distrqirbution alone to give3:2
a 1" final state out of the proton and a resonance in anyhich is almost two times lower than the ratio of5:2
Swave, one needs negative-parity resonances. The welkien py Ref[8]. There is, therefore, space for contributions
established  negative-parity ~ resonancedN'(153557,  due to the asymmetry of other resonances and/or for higher
N*(1650§_, andN*(17OQ§_ with nonvanishing couplings to orbital states of theNA(1232 system [23]. In the pp

035211-4



VECTOR MESON ANGULAR DISTRIBUTIONS IN.. PHYSICAL REVIEW C 70, 035211(2004

3 ' ' ' resonances in the c.m. frame of two protons are not high
25 N'(2090) ] compared to thev velocities in theN" rest frames, which is
c a good approximation also for a significant off-shell spectral
I 27 part of theN" (1720, theN" — Nw decays produce an angular
E’Q 15 ¢ ] distribution very close to the COSY-TOF data. The mecha-
% ) ‘ FE* & 19 T] nism_ involving theS(_a two resonances could be the dominant
§ § L ry % one in thew production at\f;s:2.83 GeV. The severd and
0.5 ] the oneD wave of theNN (1720 system generate als®
0 , , patterns close to the experimentally observed one.
1 0.5 0.5 1 At Vs=2.98 GeV a dominance dﬂ*(199()%+ and also

0
cos6* . 54 . .
¢ N'(2000; within the model[20] gives a reasonable de-

FIG. 4. Angular distribution of the mesons in the c.m. frame scription of the DISTO angular distribution data. The reso-

of the colliding protons measured by the DISTO collaboration atnanceN*(1900§+ at rest generates still the right pattern but
\Vs=2.98 GeV[2] is compared to the flat distributiofsolid line) ~ without a plateau at cag ~0. TheN" (1720 generates the
generated by the dominahf(zog()%_ contribution in the reaction right pattern through thég45D4 transition.

mechanism. The ¢-meson data can be explained by the dominance of

— ppé reaction, while the meson is nonrelativistic, the theN (20905 Itis not clear, however, why higher orbital
maximal value of the orbital momentum 7,=p5®/m, is ~ States of the¢ and, respectively, high-spin nucleon reso-
several times larger than in the pion production studied iances which give anisotropic distributions, should not be
Ref. [8]. These two near-threshold processes appear to Bevolved in the¢-meson production.

different with respect to the convergence rate of the partial- We formulated also a general theorem according to which
wave expansion. The isotropic distribution observed by thérom every 2er1|j initial state of two unpolarized protons,
DISTO collaboration can be interpreted as evidence for &pin-half nucleon resonances are produced at the threshold
strong dominance of thaI"'(20903 ™ or any other spin-half  being unpolarized, whereas high-spin nucleon resonances are
negative-parity resonangsee Fig. 4We would otherwise produced being polarized. The absence of any structure in
expect on the pure kinematic grounds an isotropic angulaghe meson angular distribution indicates the possible domi-
distribution starting from the» production threshold ofs,  npance of a spin-half nucleon resonance, whereas the presence

=2.90 GeV up to 2.92 GeV, wherg,<1 and an increased f 5 structure indicates the possible dominance dt8/2
anisotropy beyond 2.92 GeV where higher orbital waves, cleon resonance.

should come mto_play. . . . . A complete partial wave analysis requires angular distri-
teSISh?O?rt]ﬁg l?éa%gggemghgr?;?nzegruhoenzrgrsoevrll(tjijastznjgwr?oﬂftions from experiments with polarized beams. At the mo-
. . : ; ent several competitive mechanisms can explain the
offer enough information for a complete partial-wave analy-
sis. The resonance model which we discussed can be Consigfé1
ered as a first step in constructing a microscdyit— NN’
transition potential using thiechannel exchange OBEP mod-  The authors are grateful to V. I. Kukulin for reading the
els or recently proposed @channel dibaryon exchandéN  manuscript and valuable remarks. M.1.K. and B.V.M. wish to
interaction mode[24]. acknowledge kind hospitality at the University of Tuebingen.
The N'(17203" and N'(19003" resonances both have This work is supported by DFG Grant No. 436 RUS 113/
the dominantp,;, decayNw modes. If velocities of these 721/0-1 and RFBR Grant No. 03-02-04004.

meson production data while thé-meson distribution
nnot be interpreted so easily.
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