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Poincare invariant coupled channel model for the pion-nucleon system. II. An extended model
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A previously developed Poincamsvariant, front form model of the pion-nucleon system is extended up to
a pion lab kinetic energy of 1.0 GeV, which corresponds to a total c.m. energy of 1.74 GeV. The model is
constructed in a space spanned by single baryon s8jesvhereB is the nucleon, or any resonance that
contributes in the energy range considered, and by meson-baryon |gt&esvhere|uB)=|7N), |7A), or
| »N). The model specifies a mass-square operator in the Kbfem M(2,+V whereM is a noninteracting mass
operator andV is an interaction. TheeB— u'B’ interactions are assumed to be separable.
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PACS numbgs): 24.10.Jv, 11.86-m, 13.75.Gx, 24.10.Eq

I. INTRODUCTION waves it is assumed to be an effectird channel.
Throughout we work in units for which=c=1.
Models for the pion-nucleon system fall into two broad

categories; particle exchange modédls-5] and separable in- Il. THE MODEL
teraction model$6—16]. Apart from the Gross-Surya model .
[3], which includes coupling to an effectiveA channel, Our model space is spanned by the stépgs sghg) and

none of the exchange models include the effects of inelastitp_ﬂES ;0.s.l1J\), where in generaB denotes a baryon and
channels, while many of the separable models [0 denotes a meson. For the sake of brevity we suppress the
9,11,14—16. The Landau-Tabakin mOdéG] takes account isospin guantum numbers. Hem:(p"',px,py) with p+
of inelasticity through the use of complex form factors for = (E+p,)/\/2, whereE is the total energy of the state and
the separable potentials, while several of the other separabjg | p,, andp, are the Cartesian components of the total
models [7-9,1] are equivalent to a separable potentialthree-momenturp. The quantum numbesg andhg are the
model with real form factors, but with an energy dependenipin andz component of the spin, respectively, for bary®n
potential strength which becomes complex above the inelasfhe quantityq,,g is the magnitude of the three-momentum of
tic threshold. A few of the separable models include inelastithe mesonu in a particular rest frame of theB pair, i.e.,
channels explicitly; in particular, the Blankleider-Walker the rest frame related to a general frame by a so-célted
[15] model includes coupling to aA channel, while the form boost[16]. The angular momentum quantum numbers
Bhalerao-Liu[14] and Fudd16] models allow for coupling I, j, and\ specify the relative orbital angular momentum of
to both 7A and »N channels. Most of the models take ac- the pairuB, their total angular momentum, and thecom-
count of the pole in theP,; elastic amplitude that occurs Ponent of their total angular momentum, respectively. Since
below the elastic threshold at a c.m. energy equal to théhe = and » mesons are spinless, the total spin of fhB
nucleon mass; the so-called nucleon pole. Several of thBair is simply that of the baryon.
models [1-5,13,14,16 include resonances such as the The basic ingredient of our model is a mass-square opera-
A(1232) as single particle intermediate states. tor of the form

The model developed previously by one of [U$] is an
exactly Poincargnvariant, front form model of the pion-
nucleon system, constructed in the space spannefNpy
|[A), |7N), |wA), and|»N) states. This earlier model speci-
fies a mass-square operator in the fdvi= M§+V where
My is a noninteracting mass operator ahds an interaction.
The relative angular momentum or spin operatoof the
system is the same as that of the noninteracting system. The
model gives a good fit to therN elastic scattering ampli- — . — _
tudes for pion laboratory kinetic energies up to 700 MeV. Molpugidus lJN)=W,5(dup) [P id.s i N),
Here we extend the model so as to reproduce the experimen-
tal amplitudes up to 1.0 GeV. The single baryon stgfds wheremg is the physical mas®f baryonB, andW,,z is the
include not only the nucleon anti(1232) resonance, but all i1 « m. energy of the pajuB, which is given in terms of

other resonances in the energy range considered. The intqﬁ-e meson’s c.m. energy,,(q,s) and baryon’s c.m. energy
actions coupling two-particle channels to each other are .(q,g) by e
o

taken to be separable potentials. In g partial wave the
inelastic channel is theN channel, while in all other partial W,5(0,8)=,(0,8) +£s(d,p). 2.3

M2=M3+V, (2.2

whereM, is the mass operator of the noninteracting system
andV is the interaction. The action &, on the basis states
is defined by

Mo|Ps ;Sshs) = Ma|Ps ;Sehs), (2.29

(2.2b
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The physical masses of the meson and baryon are used in Eq.
(2.3. 100

The matrix elements of the interactidhare defined by
80

(Ps;Sshg|VIpg, ;Se'hg,)=(2m)%2pg 6%(ps— Pp)

X 8 (Mag—m3), (2.43

60
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FIG. 1. Fit of theS;; phase shifts to theaD-SP95 analysis.

(Pug s [INVIP, g 10,5 TN where

=(2m)°2p, 8% (P e — P15/ 8 S Vi (Ge 0lig)),

- , . , Vear(9)Verpr(q')
240  UL(0.072=V(0.0)+> S, —s
BH

Z— mSB” ,
wherec is the set of channel labels (2.9
c={u,B,l1}, (2.9 A,e(0)=(27)%20,(q)ea(q)/W,5(q). (2.9
andmgg is thebare masof baryonB. For our uB—u’'B’ potentials we assume the separable
The scattering amplitudes of our model are obtained byorms
solving the Lippmann-Schwinger equation J. . j
Ve (@,0") =98N cer G (A7), (2.10

T(2)=V+V(z—M3)1T(2), (2.6)
and take for the functions that appear here, and foruBe
where z is a complex parameter, which when calculating—B’ vertex functions the expressions
physical amplitudes becomes-W?+ie with W the invari-

ant mass of the scattering process. In solving the coupled gJC(q)zC{:(q/,B{:)'[lJr(q/,B{:)z]*K{:, (2.1)
integral equations that arise upon taking matrix elements of
Eqg. (2.6), it is possible to eliminate the single baryon chan- Ve (0)=Cep (a/ Bep)'[1+(al Bepr) 2] Kee'.
nels, and thereby obtain an effective potential that acts in the (2.12
subspace of meson-baryon staté§]. The resulting integral
equations are Ill. RESULTS
- . - . * In calculating the pion-nucleon elastic scattering ampli-
T (9,9";2)=Ug.(a.q 'Z)+E,, fo tudes we deal with states of well defined total angular mo-
' ¢ mentumj, isospini, and parity, labeled in the usual way, i.e.,
Uf:c,,(q,q";z)q”qu" , Xzi2i, Where X=§,P,D, ..., corresponding tol,y
- 5 —T,,.(9".d';2),  =0,1,2....Since the pion is a pseudoscalar particle the
A e (A)[2=W,g0(d)] parity is (—1)*'=N. The pion-nucleon states that we con-

(2.7  sider are shown in Table I, as well as the single baryon and

TABLE I. States and particle channels of the pion-nucleon sys- TF
tem. 09}
N State Baryon and meson-baryon channels m, (MeV) @ 087
S, S11(1535) S11(1650) 7N, nN(I ,=0) % 0.7}
Sa $31(1620) N, wA (I .4 =2) 1402.21 T 06
= N,P1,(1440) P1,(1710) mN, wA(l ,,=1)  1076.95 T ol
Pis P,4(1720) 7N, wA(l ,,=1,3) 1076.95 @ .
Pa; P3y(1744) N, wA(l ;o =1) 1125.95 04+
Pas P2x(1232) P35(1600) 7N, 7A(l ,,=1,3)  1076.95 0sl
D3 D,4(1520) N, 7A(l ,,=0,2) 1076.95 : - ™ ~ ~ pret
Dis D15(1675) 7N, 7A(l 74 =2,4) 1076.95 Pion Lab Kinetic Energy (MeV)
D33 D33(1700),’7TN,’7TA(|77A:0,2) 107695

FIG. 2. Fit of theS,, inelasticities to thesaiD-SP95 analysis.
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FIG. 3. Fit of theS;; phase shifts to theaD-SP95 analysis.
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FIG. 4. Fit of theS;; inelasticities to thesaiD-SP95 analysis.
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FIG. 5. Fit of theP; phase shifts to theaip-SP95 analysis.
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FIG. 6. Fit of theP,, inelasticities to thesaiD-SP95 analysis.
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FIG. 7. Fit of theP 3 phase shifts to theaiD-SP95 analysis.
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FIG. 8. Fit of theP,; inelasticities to thesaD-SP95 analysis.
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FIG. 9. Fit of theP3; phase shifts to theaiD-SP95 analysis.
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FIG. 10. Fit of theP3, inelasticities to thesaiD-SP95 analysis.
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FIG. 11. Fit of theP3; phase shifts to theaiD-SP95 analysis.
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FIG. 12. Fit of theP5; inelasticities to thesaid-SP95 analysis.
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FIG. 13. Fit of theD 5 phase shifts to theaD-SP95 analysis.
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FIG. 14. Fit of theD (5 inelasticities to thesaiD-SP95 analysis.

YASSER ELMESSIRI AND MICHAEL G. FUDA 57

20 F

10

—10 t

D15 Phase Shifts (degrees)
o

0 200 400 600 800 1000
Pion Lab Kinetic Energy (MeV)

FIG. 15. Fit of theD 5 phase shifts to theaiD-SP95 analysis.
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FIG. 16. Fit of theD,5 inelasticities to thesaip-SP95 analysis.
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FIG. 17. Fit of theD 353 phase shifts to theaiD-SP95 analysis.
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FIG. 18. Fit of theD 33 inelasticities to thesaip-SP95 analysis.
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TABLE Il. Potential parameters.
States C: By (fm™1) Ky C, B (fm™) Ky Ny Ay Ao
Si 2.16469 3.20151 1 68.2495 1.37367 1 1 1 —46.8376
Ss1 186.477 5.87154 1 —49.0307 124.436 2 1 1 -5.26329
F)ll
Pis 51.1975 4.47382 2 11.0837 382.613 2 1 1 4.37850
P3; 70.318 4.70084 2 3.85991 2.5995 2 1 1 —9.19168
P33
D3 —41.1344 45.9792 4 219.111 27.5447 2 1 1 —7.04494
D15
D33
meson-baryon channels that are coupled in each state. The 12m2g2
quantities in parentheses are the relative orbital angular mo-T_, W,\,[q,q,waN(q)]_)—27’—”“'\'2 (Py,channel,
menta in the meson-baryon channel other than the pion- Won () —my
nucleon channel. In those cases for which there are two pos- (3.2

sible relative orbital angular momenta we retain only the

smaller one. with g2y\/4m=13.5.
The parameters in Eq&2.10—(2.12 were determined by

a least squares fit to the phase shiftsand inelasticities;,

of the saID-SP95 analysis of the pion-nucleon scattering data

[17], where these quantities are related to the on-shell It iS clear that the model presented here gives a good
T-matrix elements by description of the pion-nucleon elastic scattering amplitude

up to a pion lab kinetic energy of 1.0 GeV. The model easily
accounts for the rapid variation of the amplitudes due to the
presence of the various resonances, as well as the opening of
the inelastic channels. Even though the model presented here
is based on a formalism developed in the front form of rela-
The resulting parameters are given in Tables Il and 1Il, whiletivistic quantum mechanicgl6], the internal parts of the

the phase shifts and inelasticities are shown in Figs. 1-18. Imass operator matrix elements can be used in an instant form
Tables Il and IlI, the subscripts 1 and 2 6, etc., referto ~ version of the model. By thénternal partswe mean, e.g.,

the 7N channel and the inelastic channel, respectively. Thehe expressions to the right of the £2*2p* 63(p—p’) fac-
masses of the particles were taken torbhe=138.03 MeV, tors in Eg.(2.4). The final Lippmann-Schwinger equations,
my=938.92 MeV, andm,=547.45 MeV. Since therA i.e., EQ.(2.7), are exactly the same in the corresponding in-
channel is an effective channel the mass ofsheas either  stant form model.

set equal tan_+ my=1076.95 MeV, or adjusted to improve ~ The model presented here has many more parameters than
the fit in a particular partial wave. In fitting tHe;, channel, the version given in Ref.16], which of course is partly due

the amplitude was constrained to have a pol&Vaf,=my  to the fact that the present model extends the upper limit of
with the residue properly related to the pion-nucleon cou+the fit from T ,,=0.7 GeV toT ,,,=1.0 GeV. Also, in the
pling constang .y ; explicitly we required that 0-0.7 GeV range there are four resonances, while in the

IV. DISCUSSION

nlexd 2i 4 (W) 1=1-iqT..(q,q,W?+ig)/(1672°W),

W=W,_n\(q), c={mN,I}. (3.0

TABLE lll. Resonance parameters.

Resonance mgs (MeV) Cyg (fm™!) Bz (fm™!) Ky  Cp(fm™h) B (fm™h) Ky
S11(1535) 1152.32 2326.58 26.8145 2 23562.6 0.787567 2
S11(1650) 1637.43 234.645 2.95343 1 1233.88 0.143372 1
S$31(1620) 1880.38 442.095 4.4564 3 2131.29 1.43694 4
P,,(938) 1031.42 186.246 2.88064 4 —453.457 10.2076 4
P,(1440)  1157.73 235.996 37.8333 2 1759.86 1.62646 2
P,(1710) 252256  —1032.87 12.0482 4 1991.89 2.5982 4
P15(1720) 2036.37 293.686 13.9169 2 —341.716 5.43274 2
P3.(1744) 1774.31 166.97 21.5643 2 —375.29 3.47007 2
P35(1232) 1302.96 —221.928 2.66403 3 619.428 2.07256 3
P35(1600) 1686.34 594.243 2.42704 1 2959.12 0.604585 1
D15(1520) 1528.38 456.701 4.29899 4 92.6454 3.58040 2
D5(1675) 1725.81 321.648 4.69012 3 437.185 3.90871 3
D35(1700) 1286.32 865.209 8.48629 3 1220.29 0.933036 1
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0.7-1.0 GeV range there are eight resonances. Besides thesg=m_+my, so as to put the inelastic threshold at the
obvious reasons for an increase in complexity, there is ancorrect place, i.e., ®,+my. Here, as the work of Manley
other reason having to do with a shift in approach. In Refet al.[18,19 shows, we are in an energy range for which in
[16] it was possible to account for tt8,(1535),P,(1440),  principle, several inelastic, two-body channels come into
and D3(1520) resonances through coupling to the inelastiplay. Since it was not practical to include them all in our
channels, i.e.yN, wA, and 7A, respectively. No single- model, we compromised in tH®y; and Pg; partial waves by
baryon states corresponding to these resonances were iadjusting the effectivan, so as to optimize our fits. The
cluded. Upon attempting to extend this approach to highegffective P5; m, came out rather close o+ my, but the
energies, we found that we were unable to do so. For exs;; m, came out significantly larger. The analysis of Manley
ample, in theS,, partial wave it is also necessary to accountand Salesk{19] finds branching fractions for the decay of
for the S1;(1650) resonance. The coupling to thé chan-  the S;,(1620) resonance teN, wA, andpN channels of 9,
nel does not lead to this second resonance, so it was neces?, and 29 %, respectively. So our high value for Sem,
sary to include a single-baryon state corresponding to thisnay be compensating for our omission of it channel. It
resonance. This, however, led to a deterioration of the fit ajs worth noting that in an analysis efN— 7N data, Batinic
lower energies, which necessitated introducing a singlet al.[20] used an effective two-particle channel to account
baryon state corresponding to tBg(1535) resonance. Also  for all inelastic channels other than th\ channel, and they
it was found that a rather delicate interplay between the twaso found it necessary to vary the threshold energy for the
Si1; single-baryon states was necessary to account foBthe effective two-particle channel in order to obtain decent fits.
inelasticity above 0.7 GeV. Upon comparing Fig. 1 of the  An important lesson that we have learned from fitting our
present work with Fig. 1 of Refl16], it is seen that the model to thewN elastic scattering amplitudes, is that it is
cusplike behavior of th&,, phase shift near the threshold for difficult to pin down the nature of therN resonances. It is
the »N channel that occurs in the model of REE6], does  worth noting that this problem is an old one. In the original
not appear in the present model. This threshold occurs at @hew-Low model[21] it was possible, by an appropriate
total c.m. energy of 1487 MeV, which is very close to the choice of the cutoff function, to reproduce tiig(1232)
location of theSy;(1535) resonance. This probably accountsresonance without introducing a single-baryon state corre-
for the sensitivity of the phase shifts near this threshold tasponding to this resonance. Nowadays, most people agree
the mechanism used to produce Big(1535) resonance.  that it is three-quark state, and would approve of our includ-
We also found that coupling to the inelastic channel couldng a single-baryon state corresponding to this resonance. At
not produce both the,,(1440) andP,,(1710) resonances, higher energies the importance of the inelastic channels
and therefore found it necessary to introduce single-baryomakes it even more difficult to pin down the nature of the
states corresponding to these resonances. Here the interplgssonances, i.e., are they essentially dressed versions of the
between the twdP,; single-baryon states played an impor- single-baryon states, or are they the result of coupling to the
tant role in accounting for the flatness of the inelasticityinelastic channels? Clearly both mechanisms come into play,
above 0.7 GeV. Our experience suggests that is necessarytiat it is difficult to establish their relative importance. An
include explicitly the Roper resonance, i.e., #g(1440), in  analysis of the inelastic cross sections, as well as calculations
order to get a good fit to the data, but further analysis isof meson photoproduction and electroproduction, should
necessary to arrive at a firm conclusion. In all of the othemelp to minimize the ambiguities.
partial waves it was also found necessary to include single- As it stands our model can be used in calculations of
baryon states corresponding to the resonances in order tpeson photoproduction from nucleons, by a relatively
obtain high quality fits. In fact, as Table Il shows, it was straightforward extension of the method of Nozawataal
possible to obtain good results in th;, P33, D5, and  [13]. The present model should lead to an improvement over
D55 partial waves using only the resonances. the earlier work in that it includes coupling to inelastic chan-
Another reason for the increase in the number of paramnels, as well as an accurate description of the many reso-
eters has to do with the fact that all inelastic processes in aances in the energy range considered. We are presently pur-
particular partial wave are taken into account by a singlesuing this application of our model.
two-particle channel. This is clearly an oversimplification. In  Some time ago Betz and Coes{@2] developed an ex-
an isobar model analysis afN— N for total c.m. ener- actly Poincareinvariant model of theNN# system which
gies in the range 1.32 to 1.93 GeV, Manletyal.[18] found  takes into account cluster separability. The model was sub-
it necessary to treat the inelasticity as arising from a coherergequently applied by Betz and LEZ3], and shown to give a
superposition of the two-body channetg\, pN, €N, and  satisfactory description of pion absorption by deuterons, and
7N*. Here e denotes the strong-wave isoscalarr7 inter-  of elastic pion-deuteron scattering for pion lab kinetic ener-
action, andN* denotes the Roper resonance. In a more regies up to about 300 MeV. The formalidi#2] allows for the
cent multichannel resonance parametrizationrbf scatter-  treatment of a vertex such &m<A, so it can accommo-
ing, Manley and SalesKi19] extended this set of inelastic date the type of model for therN system that has been
two-body channels to includeN, KA, wN, andpA chan-  presented here. The original development of the formalism
nels. In the model of Ref[16] it was only necessary to [22] was in theinstant formof relativistic quantum mechan-
account for inelasticity in th&,,, S;;, P11, andDq3 partial  ics, but it can be easily adapted to thent formas well. In
waves, and over a significantly smaller energy range thageneral three-particle models such as that of Betz and Co-
here. In Ref[16] an effectivewrA channel was used to ac- ester[22], which are based on a Bakamjian-Thomas con-
count for the inelasticity in the&;;, Py;, and Dq5 partial  struction of a mass operatf24,25, lead to somewhat cum-
waves, and the effectivA mass was simply taken to be bersome square root operators that can be difficult to treat
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numerically. Separable models for the two-particle sub-and front form mass operators starting from field theory ver-
systems, which of course can be solved analytically, can altices[27,28. The method has been successfully applied to
leviate this difficulty to a large extent. the NN system[27], as well as to a limited model of theN

It is of course desirable to see if it is possible to developsystem{28], and we are now applying it to theN system in
an exchange model of theN system within the three- the energy range considered here. We are hoping that the
dimensional framework employed here. Since the couplingnore constrained nature of an exchange model will help in
constants and the masses of the exchanged particles appéatermining the nature of theN resonances.
in other contexts, there are fewer arbitrary parameters than in

fche type of model prese_nted here._The method for construct- ACKNOWLEDGMENT
ing exchange models in the various forms of relativistic
guantum mechanics exists. One of M4.G.F) has shown This work was supported in part by National Science

that Okubo’s formalisnj26] can be used to develop instant Foundation Grant No. PHY-9605215.
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