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Dispersion relation constrained partial wave analysis of#N elastic and #N— »N scattering data:
The baryon spectrum
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We present results from a comprehensive partial-wave analysis*pfelastic scattering and charge-
exchange data, covering the region from threshold to 2.1 GeV in the lab pion kinetic energy, employing a
coupled-channel formalism to simultaneouslyfitp— #n data to 0.8 GeV. Our main result, solution FA02,
utilizes a complete set of forward and fixedlspersion relation constraints, from threshold to 1 GeV, and
from t=0 to —0.4(GeV/c)?, applied to thewN elastic amplitude. A large number of systematic checks have
been performed, including fits with no charge-exchange data and other database changes, fits with few or no
dispersion relation constraints, and changes to the Coulomb correction scheme. We have also reexamined
methods used to extract Breit-Wigner resonance parameters. The quality of fit to both data and dispersion
relation constraints is superior to our earlier work. The results of these analyses are compared with previous
solutions in terms of their resonance spectra and preferred values for couplings and low-energy parameters,
including themNN coupling constant.
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I. INTRODUCTION Compared to our previous worfsolution SM95(5]), the

N . resent FAO2 analysis has fitted a larger database, in particu-
The determination of resonance properties for all acceq%1r new high-quality data in tha (1232 resonance region
sible baryon states is a central objective in nuclear physic

Pol ” d " | d b hi fios h described in Sec. )I In addition to the forwardC*(w) and
ole positions, decay channels, and branching ratios navfe q  ; B*(v,t) dispersion relation constraints already used in

been extracted from hadronic reaction data. Further resultgw|95 our new solution has been constrained by further for-
for magnetic moments and photodecay amplitudes have be%rd E:ierivativeEi(w) and fixedt C*(»,t) dispersion rela-

obtained from real and virtual photon interactions. This body; )\ [6] over broader ranges of energy and four-momentum
of information has been used to test QCD-inspired mOdelﬁansfer.

and, more recently, lattice calculations. In Sec. I, we will explain how the dispersion relation
Most N and A resonances, listed as three- and four-statgnstraints were implemented. For comparison purposes, fits
states in the Review of Particle Properti@PP [1], have  tg the available data were also performed with fewer, and no,
had their existence, masses, and widths determined througﬂspersion relation constraints. This has he|ped to gauge the
single-channel fits to scattering data, withl elastic scatter- relative effect of such constraints on the quality of fit to data.
ing being the predominant source. Similarly, most photodeMany other fits were performed to study systematic effects
cay amplitudes have been determined in fits to single-piown resonance and dispersion relation parameters, in particular
photoproduction. However, a number of recent studieg of the #NN coupling constant. We have performed fits exclud-
photoproduction and electroproduction data have claiffgd ing charge-exchange data, employing different data sets in
resonance properties for ti¢(1535 and N(1520 at vari- the A(1232 region, using different Coulomb correction
ance with these long-standing pion production results. Mulschemes, and retaining the older Karlsrgfig D waves at
tichannel analyses have provided further estimg@gsvhich  low energies, to gauge the influence of these poorly known
also tend to disagree with the single-channel values. amplitudes. o
These problems have motivated an improved analysis of N Sec. IV A, we compare the present FAO2 solution with
7N elastic scattering in the/N threshold region. Here, we both our previous SM95 solution and results from previous
report the results of a coupled-channel fit#dl elastic and ~@nalyses, as well as giving values for the partial-wave am-
7N production data, thelN— N data having been incorpo- plitudes. The baryon spectrum, and associated couplings are

rated through a Chew-Mandelstaamatrix formalism[4]. ~ 9IVen in Sec. IV B, whereas results for the\N coupling
constant and other dispersion relation parameters are dis-

cussed in Sec. IV D. In Sec. V, we provide a brief summary
and consider what extensions of this work can be expected in
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"Electronic address: briscoe@gwu.edu

*Electronic address: igor@gwu.edu Il. DATABASE
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TABLE I. Comparison of presenFA02) and previougSM95 [5], FA93 [8], SM90[9], and FA84[4])
energy-dependent partial-wave analyses of elastjr; charge-exchanger®n), and = p— #n(»n) scattering
data. For FAO2 solutionyN data has been included to 800 MeV. Ti@values for the previous solutions
correspond to our published result,, is the number of paramete(s=1/2 and 3/2 varied in the fit.

Solution RangéMeV) Y2l 7 p Y2l 7p X2 7°n X2 7n Norm

FA02 2100 21735/10468 18932/9650 4136/1690 439/173 94/78
SM95 2100 23593/10197 18855/9421 444211625 94/80
FA93 2100 23552/10106 20747/9304 4834/1668 83/77
SM90 2100 24897/10031 24293/9344 10814/2132 76/68
FA84 1100 7416/3771 10658/4942 2062/717 64/57

[4,5,8,9 our energy range has been extended from 1.1 tgenerally have smaller statistical errors and, thus, have a
2.1 GeV. Additions to the current databagH)] are due greater influence on the fits. As mentioned above, a large
mainly to measurements in the lafvelow 300 Me\j energy ~ fraction of the more recent*p data were produced at ener-
region. We have also incorporated 1%3production data gie€s spanning th& (1232 resonance. These data have been
(from the processr p— 7n). Below, we list the recer(post- ~ taken mainly at TRIUMF. From this source, we have added
1995 additions for elastic and charge-exchange scatteringlO6 7*p and 547 p differential cross sections, from 140 to
The % production database, being recently added, containd70 MeV at medium scattering anglg¢43], and 417'p
both new and old measurements. Here, we should note th&87 7 p) cross sections, from 90 to 140 Me¥4]. A further

the full database contains conflicting results. Some of thes&94 7'p and 817 p A, data between 90 and 280 MeV, at
with very largex? have been excluded from our fits. How- medium and backward scattering angles, have been collected
ever, all available data have been retaifibe excluded data using the CHAOS facility at TRIUMK15,14. At low ener-
labeled as “flagged[11]) so that comparisons can be madegies, 55—-140 MeV, and backward scattering angless 3
through our online facilityf10]. Some individual data points and 897 p data have also become available from
were also removed from the analysis in order to resolve con€HAOS [17].

flicts or upon authors’ requestsince our previous analysis A few LAMPF experiments have now been analyzed and
[5], we have flagged 4&* and 357~ data, most of these added to our database. These include 36 high-quality polar-
being total cross sectionsSome of the data, listed as new, ized charge-exchange data between 100 and 210 M8V
were available in unpublished form at the time of our previ-40 low-energy(10-40 Me\j cross section§20], and 6 for-

ous analysig5]. A complete description of the database andward charge-exchange differential cross sections at 27 MeV
those data not included in our fits is available from the au{22].

thors [10]. The energy-angle distribution of rece(post- We have added 23*p and 67 p TRIUMF [18] and
1995 #*p, 7 p elastic, 7 p— 7°n, and allm7"p— yn datais 44 #'p and 157 p LAMPF [21] partial total cross sections
given in Fig. 1. from 40 to 280 MeV[18], though this quantity is not fitted in

Since most of the new datfl3-28 are from high- the analysis.
intensity facilities(such as LAMPF, TRIUMF, and Pglthey PSI experiments have provided7bp differential cross
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sections in the backward hemisphere between 45 and A. Chew-Mandelstam K-matrix
70 MeV [23] and 11A, data at 160 and 240 Meh24]. After

a revised analysis, the Karlsruhe group has published a fin
set of both#*p low-energy differential cross sectiofigs]
and analyzing powerg26].

A set of polarization parameteF5 R, andA for both 7= p
and 7 p from 870 to 1490 MeV were contributed by the
ITEP-PNPI Collaboration27,2§.

In the A(1232 resonance region, there are two sets of . . .
data which are in disagreement, primarily on the rising sidd'® K-matrix for each partial wave
of the resonance: the first includes the PSI total cross-section T=K(1-CK)™* (1)
data of Pedronét al. [29] and the differential cross sections '
of Bracket al. [14,30, while a second set includes the total C being a diagonal Chew-Mandelstam function, with @n
cross sections of Cartet al. [31] and the differential cross =p; giving the phase-space function for tha channel
sections of Bussewt al. [32]. Since the resonani(1232 (7N, N, 7A, andpN). The T matrix for elasticaN scat-

(P3g) amplitude dominates most dispersion relations, distering is then given byl,,,=T,p,: for @#N— N, the re-
crepant data bases in this energy region are no small concention beingT =T (p.p,)¥2. The pN channel is new to
Ty any\F T 7. '

g]ss?u:]e%reg{);)ur?orsﬁg?zoart[ii]ﬁ LhneceBrtuaSiﬁggzt er']dd?;z Vé;rtr?er the present solution. Its inclusion has reduced the number
9 ° ' of parameters by 6, compared to SM@, while improv-

al. data were assigned 1.5% uncertainties, to resolve a di% the fits and dispersion relation consistentie p

crepancy between the energy-dependent and single-ener . . .
solutions. Subsequent to that solution, the normalization un- dth is accounted for in this approachit should be

certainties in the Bussegt al. and Carteret al. data were _noted that the aboverA a}nd_pN cha_nnels are gene_ric and

reevaluatedto 1%, and the Iéwest-energy me.asurements inmcluded to preserve unitarity. UnI_|ke the SM95_ fit, how-
. o ; ever, theyN channel has been fitted to physical cross

each of ther"p and 7 p total cross sections were removed, sections

by one of the principal authoi83]. The data were so em- y

ployed in the present solution. However, with the addition of In order to control the behavior of each matrix near
new TRIUMF differential cross sectidili3] and polarization threshold, thek matrix elements were expanded as polyno-

data[15,164, the changes in phases and dispersion relatiorr1nIaIS in the energy variable=(W-W,), whereW and Wy

e : . re the center of magg's) and threshold energies, respec-
parameters arising from selecting one of the aforel”r_\enuon_esgvely Multiplying by an added factor o allowed the fixing

cussed in Sec. IV D. All of the above data sets are includecﬁ)f séc;attlerlng lengths Ithrough the value of'thedleadlng term.
in the fitted database. ingle-energy analyses were parametrized as

Our energy-dependent partial-wave fits are parametrized
"f}ll terms of a coupled-channel Chew-Mandelsténmatrix,
as described in Ref$4,5]. This choice determines the way
we introduce and modify the energy dependence and account
for unitarity in our fits.

The scattering into different channels is represented by a

fmatrix T, parametrized in terms cb? a(4x4) real symmet-

Most measurements of the p— #n reaction cross sec- S.=(1+ 2Ty = cogp)e?”?, 2)
tion are rather old and sometimes conflicting. There are few )
cross-section measurements above 800 MeV and no polafith the phase parametefsand p expanded as linear func-
ized measurements below 1040 MgW0]. We have selected tions around the analysis energy, and with a slegreergy
138 differential and 35 total cross sections for our analysisderivative fixed by the energy-dependent solution. It should
with an additional 176 data points added to the online databe emphasized that the single-energy solutions are generated
base but not included in this stuff§4—46. A detailed analy- mainly to search for missing structure. The scatter around an
sis of the older data can be found in the review by Clajus an@nergy-dependent solution is also useful as a measure of the
Nefkens[47]. Previous unpolarized measurements are listed/ncertainty in a partial wave. The variation from point-to-
in Ref. [48]. One new sef34] of data has been included in Point should not be taken as proof of sharp structures, as
our analysis. Total and differential cross sections fop

— gn, near threshold, were measured using the BNL-AGS 0.4 ' '
Facility [34]. Cross sections were obtained from threshold 8a7=+0,2650(14)
(560 MeV) to ~650 MeV with ~10% statistics for the total __ost al=+0.1750(15) g
cross sections. The angular coverage was 45°-155°. Sys- N o —+0.0870(13)
tematic uncertainties were estimated-e8%, a value signifi- = o 00010(12)
cantly less than claimed in previous measurements, where ¢ 00

. a%=—0.0900(13)
systematics were above 10%.

0=, 250 500 750 1000
IIl. FORMALISM T, (MeV)

There are three principal components to the methodology FiG. 2. Subtraction constants as a function of pion kinetic en-
we use in fittingmN elastic scattering, charge exchange, andergy for the forwardC* dispersion relations plotted in terms of the
7 p— yn data: (i) the energy-dependent parametrization ofSwave scattering lengtha®, and other combinations, in inverse
partial waves,(ii) dispersion-relation constraints, ari) pion mass units. Horizontal lines represent the least-square averages
Coulomb interaction effects. of individual values.
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190 t:_O‘QI T T 70 T T T
. = t=—04 (b) FIG. 3. Subtraction constants
3140 Et=20.1 @ | 3 50 | ] as a function of pion kinetic en-
< t=——0.2 < ergy at four values of four-
~ 90 F ] ~ 3o | t=—03 | momentum  transfer t  [in
& - & (GeVic)?] for the fixedt (a)
3 t=-03 3 t=—0.2 " . ) .
= 40| ] = 10F : C*(v,t) and(b) C (v,t) dispersion
o 04 S) 12201 relations. Horizontal lines repre-

10 — T 7 _10 Lt==0.0, . . sent the least-square averages of

0 250 500 750 1000 0 250 500 750 1000 indivi
T_(MeV) T_(MeV) individual values.

these binned fits are far less constrained than the global fitand pseudodata. Compatibility with the DR constraints can
(they do not, for example, satisfy the dispersion relation conbe controlled through the errors assigned to pseudodata in
straintg [49]. the fit.

Threshold behavior was determined in the following man- In our previous published analyqiS], we employed con-
ner. TheS-wave scattering lengths were linked to our disper-straints from fixed- DRs for the B.(v,t), v equal to(s
sion relation constraints, as described below. Theave  -u)/4M, and forward C*(w), invariant amplitudes[52].
scattering volumes were searched without constraint, but iConstraints on the partial-wave fits were generated at fixed
was ensured that near threshold these waves followed thglues oft ranging from 0 to -0.3GeV/c)? and pion lab
appropriate Chew-Low formgh0,57, which are approxima- kinetic energies from 25 to 600 MeV. T (v,t) DRs were
tions to the respective partial-wave dispersion relations. Theonstructed in the Huper forf6]. The full #N amplitude
D waves were weakly constrained to the older Karlsruhgyas parametrized by two invariant amplitude¥»,t) and
analysis by assigning 5% errors to the Koch vallil@sand  c(;,t) [or equivalentlyB*(v,t) and A*(v,t)]. While in the
the low-energy behavior of higher waves was fixed to Koch'sypalysis of Ref[5] the C* amplitudes were reasonably well
result[7]. Once an appropriate hadronic amplitude was depehaved, improvement called for their inclusion in DR con-
termined, charge corrections were applied as described igaints at nonforward angles.
Sec. 1 C. With the inclusion of constraints from the fixedS*(v, t)
DRs, we complete the fixedDRs coverage of the fulirN
amplitude. TheC* DRs were chosen since parametrizations
of the very high-energy amplitudes are readily availdble

In general, a fit of thek-matrix elements, expanded in The energy and fqur—momentum transfer coverage was in-
terms of an energy variable, may not result in a form satiscréased for mzost fixet DRs to T, <1000 MeV and 6=-t
fying all of the requirements imposed by analyticity and <0.4(GeV/c)“. Thist range covers the entire angular range
crossing symmetry. In our analysis, those requirements aréP to ~450 MeV, across the importart(1232 resonance
addressed at fixed four-momentum trandféryy a complete region, which contains the most accurate and complete data
set of fixedt dispersion relationsDRs), which are handled Sets. Due to use of analytically smooth energy-dependent
iteratively with the data fitting, as has been described in Refamplitudes, the DRs are approximately satisfied over wider
[5]. The DRs contain subtraction constants which should b&onstraint energy antiranges(see results in Sec. IV )D
independent of energgbut which can be functions of four-  In addition to the fixed-C*(»,t) DRs, the present analy-
momentum transfgr After each data-fitting iteration, these Sis includes constraints from the forward derivative DRs
constants are calculated as a function of enejgydevia-
tions from the average, at a series of energies, are then cal-
culated and included as pseudodata. Figure 2 shows an ex-
ample of the subtraction constants in the forw@fdw) DRs
up to 1 GeV,w being the pion lab energy. The partial-wave utilized in Ref. [53]. These DRs were also applied from
amplitudes and the real parts of the DR invariant amplituded0<T, <1000 MeV. TheE*(w) DRs provide a stronger
are then adjusted to minimize th& from the sum of data constraint on higher partial waves, which are more poorly

B. Dispersion relation constraints

E*(0) = A0 + 0B (0o 3)

. . 3 . . .
(a) ) (b) FIG. 4. Forward derivativea)

E*(w) and (b) E(w) dispersion
ReE= ~ Tin relations. ReE(Im E) are plotted
TS ey by solid (dashedilines, the princi-
"""""""""""""" Cons—_0.4898 pal value integral, PVi, by dash-

i dotted lines, and the pole term by
short-dash-dotted lines. The re-
spective subtraction constants are

0 250 500 750 1000 500 750 1000 shown as horizontal solid lines.
T _(MeV) T (MeV)

Cons=1.7625 |

E(GeV®)
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FIG. 5. Comparison of the point-CouloniBM95) and Nordita-GibbgFA02) charge correctiond = 5- 8y, the subscript denoting an
hadronic phase, for thé) S3; and (b) P33 partial waves. In both plots, dash-dotted and short-dash-d¢dteidi and dottefl curves give
point-Coulomb[5] (FAO02) corrections form*p and 7p, respectively.

known at low energies. Nevertheless, thel A(1232 C* andE* DRs, with real parts of the amplitudes forced to
resonance gives a dominant contribution, as is the case fegarticular values in the analysis, whereas analogous con-
most of the other DRs we employ. Consistency of thestants for the other DRs were allowed to find their own level.
fixed—t C*(»,t) DRs is illustrated in Fig. 3. As in Fig. 2, Once a solution with minimak? was determined, further
the plotted constant is obtained through a delicate cancefuns were performed with new sets of fixégf/4m, aj,)
lation between pole contributions and principal-value in-values, producing a mapping over a grid of parameters. The
tegrals. The variation of these contributions is displayedsolution FAO2 was selected from this grid of solutions based
for the forwardE*(w) DRs in Fig. 4. on overall y°.

Dispersion relations contain principal-value integrals over ~Generally, they? variation of parameters is parabolic in
the imaginary parts of invariant amplitudes up to infinite the region near a minimum. The advantage of a grid method
energy. The subtraction constants are used to ensure convég-that the depth of thég?/4m, a7,) minimum in x? space
gence of these integrals. As our analysis extends up tthdicates how well these parameters are determined. One can
2100 MeV, the amplitudes above this energy are obtaine@lso view the dependence of ti&in eachN charge chan-
from other sources. For the energy region 2100-5000 MeVnel, or the DR pseudodata, separately to look for systematic
the Karlsruhe KA84mN analysis solutiori54] is utilized. At variations.
higher energies, parametrizations were taken from FGf. We found the mapping procedure to be necessary for
These high-energy contributions are relatively small for the(g?/4m, aj,) due to computational instabilities which arise
Hiiper DR and isovector amplitudes, but are important foroccasionally. One could, in principle, fix all the parameters
the isoscalafE* and C* amplitudes. In these latter cases, and follow the above procedure over a multidimensional
while high-energy contributions were necessary to achiev@rid, and tests were done to investigate this, but it was found
sufficient convergence, the various forms of parametrizatiofihat the above procedure was sufficient to ensure stable fits
[6] yielded negligible differences in the DR constraints. ~ With well-satisfied DRs in all cases, while keeping tfefit

As mentioned above, DRs contain a number of paramio the data optimal. Adding more, or fixing more constraints,
eters which area priori unknown, namely the various sub- increases the data fie.
traction constantsif inserted for convergence of the DR in-
tegraly and thewNN coupling constang?/4m (when the _ )

Born term appeajs These constants are considered free pa- C. Coulomb interaction

rameters to be determined from the fits to the data and the The partial wave and DR analyses are performed using
DR constraints. In principle, these subtraction constants capurely isospin-conserving hadronic amplitudes, so Coulomb
be determined at any energy. We fix them at the physicaand other isospin-violating contributions must be introduced
threshold for the forward DRs, and at the unphysical pointsefore constructing observables to compare to the physical
C*(0,1) for the fixedt C* DRs. The former can be expressed pion-proton scattering data. There is no unique way to split
in terms of theSwave scattering lengtha® (C* DRs) and  the interaction into strong and electromagnetic pg56, so

the P-wave scattering volume&x;f+ (E* DRs). in general models must be used.

These parameters could be determined in a number of
ways. In the present study, we settled on the following pro-  tagLE 1I. Comparison ofy?/data for normalizednorm) and
cedure: for a particular DR and data minimization run, theynnormalizedunnorm data used in the FA02 solution.

7 p Swave scattering lengtl. was fixed around precise

results extracted from the PSI pionic-atom experin|é&si, Reaction Norm Unnorm
and the coupling constagf/ 4 and scattering volumay,

were fixed at chosen values. In essence, #p Swave Tp— 7P 2.1 9.3
scattering lengthe_ is used as an additional data point at Tp—T P 2.0 7.1
threshold. The other paramete(mcluding the isovector 7 p— 7°n 2.4 95
Swave scattering lengta™) were allowed to float freely. As 7n— 7n 25 4.6

a result, the subtraction constant was fixed for the forward
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TABLE llI. Single-energy(binned fits of combined elastierp,
charge-exchanger p— 7n scattering data, ang? values.Npym is
the number of parameters varied in the single-energy fitsv\én'sl

given by the energy-dependent fit FAO2 over the same energy in-

terval.

T. (MeV) Range(MeV) Nprm ¥?/data Xz
30 26-33 4 171/141 218
47 45-49 4 74182 80
66 61-69 4 183/136 198
90 87-92 4 116/111 154
112 107-117 6 114/93 115
124 121-126 6 84/60 92
142 139-146 6 230/159 213
170 165-174 6 177/141 170
193 191-195 6 103/107 119
217 214-220 6 116/109 143
238 235-241 6 124/115 149
266 263-271 6 162/123 175
292 291-293 8 157/129 199
309 306-310 8 160/140 174
334 332-335 8 94/58 130
352 351-352 9 82/110 99
389 387-390 10 31/28 74
425 424-425 10 151/139 191
465 462-467 13 358/120 451
500 499-501 16 161/136 209
518 515-520 18 104/78 144
534 531-535 18 131/128 184
560 557-561 19 310/151 582
580 572-590 20 382/286 556
599 597-600 22 253/151 382
625 622-628 24 125/94 204
662 648-675 25 554/352 735
721 717-725 28 160/129 217
745 743-746 28 159/100 286
765 762-767 30 190/167 289
776 774-778 30 220/155 302
795 793-796 30 204/165 301
820 813-827 30 399/302 436
868 864-870 31 294/211 389
888 886-890 32 174/144 291
902 899-905 34 539/416 891
927 923-930 34 234/200 378
962 953-971 34 387/299 593

1000 989-1015 36 691/423 847
1030 1022-1039 38 286/272 396
1044 1039-1048 38 362/243 520
1076 1073-1078 38 240/218 432
1102 1099-1103 39 232/173 346
1149 1147-1150 40 339/210 468
1178 1165-1192 41 759/394 925

PHYSICAL REVIEW C 69, 035213(2004)

TABLE Ill.  (Continued)

T. (MeV) Range(MeV) Nprm X?/data Xz

1210 1203-1216 42 286/233 364
1243 1237-1248 44 473/283 586
1321 1304-1337 44 731/401 946
1373 1371-1374 46 331/166 613
1403 1389-1417 48 544/408 811
1458 1455-1460 48 279/258 504
1476 1466-1486 48 510/344 682
1570 1554-1586 48 834/546 1062
1591 1575-1606 48 402/336 588
1660 1645-1673 48 510/391 732
1720 1705-1734 48 388/279 510
1753 1739-1766 48 654/439 864
1838 1829-1845 48 4441290 698
1875 1852-1897 48 948/674 1284
1929 1914-1942 48 857/501 1187
1970 1962-1978 48 461/271 684
2026 2014-2037 48 368/320 652

In previous analyses, we have used a simple point-source
barrier factor correction for all partial waves at all energies,
as discussed in Ref4]. The main isospin-violating contri-
bution is theA**—A® mass and width difference, which we
have been treating phenomenologically by splitting the aver-
age resonant hadroniB,; partial wave intoP3; and P3,
waves form*p and 7 p, respectively. Thé\ mass and width
differences were found from a best fit to the data. A further
correction was made to thHe;; amplitude to account for the
7 p— yn channel. The masgA°-A**) and width (I'°
—I'**) differences are 1.74+0.15 MeV and 1.09+0.64 MeV,
respectively[57].

The main criticism of point-source barrier factors is that
they exaggerate tH®wave corrections at low energies, since
the =0 partial waves do not vanish at the origin, while the
point-Coulomb field diverges there. Consequently, in this
study, we have used the Nordita8] Coulomb prescription,
which was used for the Karlsruhe-HelsinkiH80) analyses
[59]. However, the Nordita work supplied corrections for
only the largestS waves andP waves up to 530 MeV,
whereas our analysis extends to 2100 MeV. The Nordita cor-
rections were therefore supplemented with corrections calcu-
lated from Gibbs extended-source barrier faci@@] for S
waves and® waves at energies above 450 MeV, dhand
higher waves at all energies. The Nordita and Gibbs results
were smoothly joined in the 450 MeV region. As well, an
error was found and corrected in the isospin mixing term in
one Nordita sourcgs8], while the pure Coulomb part of the
(dominanj resonan®53 correction was reduced 15% to take
into account intermediate exchangg61], which was miss-
ing in the Nordita work.

The Nordita corrections already contain effects due to the
=" —m° mass difference. In this scheme, thé channel cor-
responds to the hadronic channel, and all isospin violating
effects(due to mass differences and tie channej are sub-
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sumed in ther™ amplitudes. To remain consistent with this IV. RESULTS AND DISCUSSION

scheme, we have redefined ai(1232 resonance charge-
splitting analogously. This has had the effect of shifting the
peak of the hadronic resonance to a slightly lower energy. ~ The main result of this work has been an energy-
Final FA02 Coulomb correction results for tBg andPs;  dependent solutiotFA02) having ax? of 45 874 for 23 979
partial wave are plotted in Fig. 5, along with the point-source(n* elastic, with pion induced® and » production data to
barrier factor results. Differences between the FA02 an®.1l GeV (#N data have been included to 800 MeVhe
point-source correctiongnot shown are similarly large in  overall y*/data was significantly lower than that found in our
the S;; partial wave, as expected, while for all other waves,previously published fity?/data=2.2 [5], despite the inclu-
the differences are much smaller. However, these differencesion of additional data. This change is partly a reflection of
in the SM95 and FA02 correction schemes did not result irthe database changes mentioned in Sec. Il. Our present and
large effects on the fits or dispersion relation parameters. previous energy-dependent solutions are compared in Table

A. FAO2 versus the SM95 fit
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I. As in previous analyses, we have used the systematic urvaried in the energy-dependent analysis FA02. The extended
certainty as an overall normalization factor for angular dis-database has allowed an increase in the number of single-
tributions. For total cross sections and excitation data, wenergy values versus our previous regblt over the same
have combined statistical and systematic uncertainties ienergy range.
Figures 6 and 7 compare the energy-dependent fits FA02
cant improvement in our best-fit results, as shown in Table Iland SM95 over the full energy region. Partial waves with
In cases where the systematic uncertainty varies with anglé<6 are displayed, whereas the analysis has fitted waves up
this procedure may be considered a first approximation.
In Table Ill, we compare the energy-dependent andandP for |1=1/2, and thed waves, mainly near the end point
single-energy results over the energy bins used in thesef our analysis. Considering the complicated structure asso-
single-energy analyses. Also listed is the number of parameiated with an openingyn channel andN(1535 resonance,
eters varied in each single-energy solution. A total of (92
for isospin 1/2 and 78 for isospin 3)2arameters were the earlier SM95 fit.

guadrature. This renormalization freedom allows a signifi-
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TABLE IV. Pole positions from the solution FAOGSW), our TABLE V. Pole positions for isospin 3/2 baryon resonansés
previous solution SM9%VPI) [5], and an average from the Particle Notation as in Table IV.
Data Group(RPPB [1] (in square brackets RqWg) and ImW,)

parts are listed for isospin 1/2 baryon resonances. Second sheeyave Wk -W, Modulus  Phase  Reference
poles are labeled by f. Modulus and phase values are listed for the (MeV)  (MeV) (MeV) (deg
7N elastic pole residue.
Sy 1594 59 17 -104 GW
Wave Wr -W, Modulus  Phase  Reference 1585 52 14 -121 VPI
MeV)  (MeV)  (MeV) (deg [1600 [57] RPP
. 1526 65 33 1 GW P3; 1748 262 48 158 GW
1501 62 31 “12 VPI 1810 247 53 -176 VPI
(1505 (85] RPP [1855  [175 RPP
S, 1653 o1 69 _55 GwW P33 1210 50 53 -47 GW
1673 41 22 29 VPI 1211 50 38 22 VPI
(1660 (0] RPP [121Q [50] RPP
PL, 1357 30 36 _102 W Das 1617 113 16 -47 GW
1346 88 42 -101 VPI 1655 121 16 12 VPI
(1365  [105 - RPP [166 100 RPP
PL 1385 83 82 _51 GW D35 1966 182 16 =21 GW
1383 105 92 -54 VPl 913 123 8 I VPI
RPP [1890  [125] RPP
Pa 1655 139 20 _88 GW Fss 1825 135 16 =25 GW
1717 194 39 -70 VPI 1832 127 12 -4 VPl
[1700  [125] RPP [1830  [140 RPP
Dy 1514 51 35 -6 GW F37 1874 118 57 -34 GW
1515 55 34 7 VPI 1880 118 54 =17 VPI
(1510 (57 RPP [1885  [120] RPP
D5 1659 73 29 =22 GW
1663 76 29 -6 VPI partial waves. Clearly, for these partial waves and their asso-
(1660 [70] RPP ciated resonances, a simple Breit-Wigner parametrization
Fis 1678 60 43 1 GW should be avoided. An error in the routine used to determine
1670 60 40 1 VPI pole residues for SM95 was fourjé2] and corrected. The
(1670 [60] RPP most significant change is seen in tl€1232 residue,
Fis 1779 124 47 -61 GW which now agrees with most previous determinations.
1793 94 57 56 VPI More commonly used, though more model dependent, are
B RPP Breit-Wigner parameters for the resonances. Here, as for the
SMO95 fit, a Breit-Wigner plus background contribution was
Gz 2076 251 68 -32 GW initially fitted to the single-energy amplitudes, over varying
2030 230 46 -23 VPI ranges of energy. However, given the scatter often found in
[2050 [225] RPP the single-energy values, we have rejected this method in
Gig 2238 268 33 -25 GW favor of another. In Tables VII and VIII, we give resonance
2087 340 24 —44 VPI parameters obtained from a Breit-Wigner plus background
(2140 [240] RPP (using a producE-matrix approachS=S;S;) representation
Hio 2209 282 96 7 GW applied directly to the data. Her€g=1+2Tg, with
2203 268 68 -43 VPI To.= r,2 @)
[217Q  [235) RPP R Wr-W-=i(l/2+1/2)°

The total width is given byi'=I"_+I';, where

B. Resonance parameter extraction T =pTR
The resonance spectrum from our fit has been extracted T
using three different methods. Poles and zeros have been = -
. . . 1—‘l pll—‘(l R)’
found by continuing into the complex energy plane. These _ . _
are compiled in Tables IV, V, and VI along with the modulus With R being the branching fraction teN. The background
and phase of all pole residues. The complicated interplay of matrix is given in terms of & matrix, Te=Kg(1-iKg)™,

poles and zeros is displayed in Fig. 8 for tBg and P;;  with Kg=A+B(W-Wg)+iC. Only one background param-
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eter was necessary for tHe3/2 waves. Data were then TABLE VI. Zero positions from the solution FAORGW) and
fitted using this representation for a particular resonant pareur previous solution SM98/PI) [5]. R&Wg) and Im(W) parts are
tial wave. The remaining waves were fixed to values foundisted for isospin 1/2 and 3/2 baryon resonances.

in the full global analysis. Values for the background param-
eters, energy ranges over which fits were performed,@nd Wave Wk W Reference
comparisons are given in Tables IX and X. In Fig. 9, (MeV) (MeV)

P-, D-, and F-wave resonances are compared in terms of

their pole positions versus a fitted Breit-Wigner mass and Su 1578 38 GW
width. 1582 54 VPI

In Table VII, results for theN(1535 and N(1650 reso- 1695 43 VPI
nances are significantly different than those reported in the  Pi3 1585 51 GW
SM95 analysis. The widths of both states are now closer to 1618 85 VPI
their RPP averages. Ti(1650 continues to show a nearly Dis 1759 64 GW
elastic behavior in the FA02 solution. This structure also ap- 1751 87 VPI
pears to be difficult to parametrize, requiring the most back_- Fue 1765 66 oW
ground parameters in the present representation. Breit- 1775 57 VPl
Wigner parameters are absent for th€1920 as this fit
produces a mass about 500 MeV greater than suggested by s, 1580 36 GW
the pole position. . 1579 30 VPI

In Ta}ble Xl, we give resonance parameters determined Py 1826 197 oW
from a fit to data without DR constraints. In most cases, there 1863 170 VPl
is reasonable agreement with the constrained fit. An excep-
tions appears to be thé&(1720, which has a relatively weak Dss 1806 107 GW
coupling tonN states, and has an atypical resonance signa- 1827 69 VPI
ture.

C. Charge-symmetry violation in 7N scattering coming from QCD, contains a term which violates charge

The issue of charge symmetry violatig6SV) is funda- symmetry(see also,_a recelnt review by Meissi@5]). Thus,
mental to our understanding of hadronic interactions, and©t only are there kinematic reasons for CSV due to the mass
many experimental and theoretical studies have addressélfferences within baryon multiplets, but direct CSV effects
this issue(see review[63]). In the framework of QCD, CSV  should exist as well. Recent analy4&$,67 of the triangle
arises from the mass difference betweenutendd quarks. ~identity in low-energymN scattering(below 70 MeVj data
The other principal cause for CSV comes from the electrohave found some indications for significai@—7 %) direct
magnetic interaction, as described in Sec. Ill C. WeinberdCSV effects in the strong-interaction sec{®6,67. Fettes
[64] pointed out that the effective chiratN Lagrangian, and Meissnef68] have found a somewhat smaller violation

Amplitude
e o ©
B o

o
Do

IS

FIG. 8. Contour plot of IfT|?
displaying complex plane struc-
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TABLE VII. Resonance couplings from a Breit-Wigner fit to the TABLE VIII. Parameters for isospin 3/2 baryon resonandés
FAO02 solution(GW), our previous solution SM98/PI) [5], and an  Notation as in Table VII.
average from the Review of Particle ProperiiB®P [1] (in square
brackety. MassesWg, half-widths I'/2, and partial widths for Resonance Wy (MeV) TI/2 (MeV) I'.N/T Reference
I',.n/T are listed for isospin 1/2 baryon resonanbés

P;3(1232 1232.9+1.2 59.0+1.1 1.000 GW
Resonance Wi (MeV) T'/2 (MeV) I'n/T Reference 1233 57 ~1.0 VPI
[1237 [60] [>0.99 RPP
P,1(1440 1468.0+4.5 180+13 0.750+0.024 GW $,(1620 1614.1+11 705%3.0 0.310+0.004 oW
1467 220 0.68 VPI 1617 54 0.29 VP
[144Q [175 [0.65 RPP (1620 (75 0 '23 RPP
D.5(1520 1516.3+0.8 49.3%1. .640+0. W :
15(1520 15 165?50 8 9533 30 60?510 005 VSI D33(1700 1687.9+2.5 182.4+83 0.150+0.001  GW
' 1680 136 0.16 VPI
[1520Q [60] [0.55 RPP (1700 (150 (015 RPP
+ + + )
S1(1539 15412;2'2 89':3‘5'8 0'3303‘10'009 VICD;IW Fa5(1909 1855.7+4.2 167+11  0.120£0.002  GW
) 1850 147 0.12 VPI
[1535 [75] [0.45] RPP (1905 (175 [0.10 RPP
+ + '
$11(1650 1651162;4'7 65;135‘3'5 ~11'%00 VPGIW D3s(1930  2046+45  201+99  0.040+0.014  GW
T 2056 295 0.11 VPI
(1650 [75] [0.72 RPP (1930 (175 [0.15 RPP
+ + + )
D15(1679 16716633_’0'6 75'797_1'5 0'4803;30'002 V(F?IW F3A(1950 1923.3+0.5 139.1+1.5 0.480+0.002 GW
) 1921 116 0.49 VPI
[1675 [75] [0.45] RPP 1950 150 (037 RPP
F.5(1680 1683.2+0.7 67.2+1.9 0.670+0.004 GW i
1678 63 0.68 VPI
(1680 [65] [0.65] RPP 2080 MeV [70] favoring by x?~ 200 the fit X370 versus
P13(1720 1749.6+4.5 128+11  0.190+0.004 GW FA02. Conversely, for charge exchange/d(Q) two old
1820 177 0.16 VPI RHEL sets(416 cross sections from 900 to 2050 M@is],
[1729 [75] [0.15 RPP 156 backward cross sections from 480 to 870 Mg7)),

and one KEK sef72 cross sections from 1830 to 2040 MeV

G1/219 2192.1+£8.7 363+31 0.230+0.002 GW .
172190 [71]) are more poorly represented, i~ 1900, in X370

2131 238 023 VPI versus FAO2. At very low energies, there exist rather few

[2190 [229] [0.19 RPP charge-exchange data, and almost no polarization data, so a
Hio(2220 ~ 2270+11  183+21  0.200£0.006 =~ GW  precise test of the Fettes and Meissf&8,69 prediction is

2258 167 0.26 VPI not possible. As a result, we cannot claim any compelling

[2220 [200Q] [0.15 RPP evidence for sizable CSV effects inN elastic scattering.
G1o(2250  2376+43 462+89  0.110+0.004 GW This is consistent with recent findings fer2N and 73N

2291 386 0.10 vpl  Systemg72].

[2250 [200] [0.10 RPP

D. Dispersion relation parameters

(~2.5% in a third-order chiral perturbation theory calcula- ~ Results for the forwar€*(w), forward derivativeE™(«w),
tion without electromagnetic effects, and even smaller violaand fixedt C*(v,t), Huper, and*(»,t) DRs are summarized
tions once the latter were includg@o. graphically in Figs. 2—4, 10, and 11, respectively. The form
Because our formalism does not employ CSV beyond th@f B*(v,t) DR displayed in Fig. 4 was used in R¢7.3] in a
Coulomb interaction, which we take into account in ourdetermination of the coupling constant. This form was not
treatment of the database, we have generated a te$8%0)  used as a constraint in FA02, but is included here for its
of the full database excluding charge-exchange data. Differutility in illustrating the uncertainty associated wigf/ 4.
ences between FA02 and X370 therefore signal incompatfhese DRs are well satisfied over the whole constraint region
ibilities between the elastic and charge-exchange data, whicip to a kinetic energyl ;=1 GeV and a four-momentum
could be an indication of CSV. transfert=-0.4 (GeV/c)?>. The consistency of FA02 with
In Table XII, we compare the FAO2 and X370 solutions. these constraints is much better than our previous solution
For the energy range associated with meson factgbielew  SM95[5] and the solutions KA8454] and KH80[59]. Due
500 MeV), there is little difference between FA02 and X370.to the energy-dependent parametrization of our partial
Above 500 MeV, a significank? contribution comes from waves, all fixede DRs are well satisfied up tot=
the old Rutherford High Energy LaboratofRHEL) =*p P —0.5(GeV/c)?, with all isovector DRs reasonably well sat-
measurements where there are 1% 6ata from 480 to isfied up to~2 GeV, i.e., the entire data range. The more
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TABLE IX. Comparison of FAO2 and Breit-Wigner +background fits. Background parameters for isospin
1/2 baryon resonance fitsee text and associated Table VIData” refers to the number of scattering data
used in the fit.

Resonance Wy, Whax BW fit FA02 Data A B C
(MeV) (MeV) ¥ X

P11(1440 1350 1550 5556 5587 2393 -0.270+0.026

D15(1520 1480 1560 3238 3341 1448 -0.035+0.013

S1(1535 1490 1590 3566 3657 1632 0.342+0.018 4.530+0.851

S11(1650 1600 1720 6992 7218 3394 -0.584+0.073 2.415+1.356 0.414+0.024

D.5(16795 1610 1730 7343 7359 3546 -0.034+0.004

F15(1680 1620 1730 6683 6650 3172 0.011+0.011 1.192+0.575

P13(1720 1650 1790 8321 8484 4160 -0.127+0.008 1.463%0.239

G172190 2049 2249 8017 8040 3774 0.024%0.009

H.o(2220 2140 2250 5675 5682 2554  0.028+0.010

G14(2250 2010 2258 11020 11025 5330 -0.046+0.010

TABLE X. Comparison of FAO2 and Breit-Wigner +background fits. Background parameters for isospin
3/2 baryon resonance fifsee text and associated Table YlliData” refers to the number of scattering data
used in the fit.

Resonance Whin Winax BW fit FAO02 Data A
(MeV) (MeV) X2 p%
P33(1232 1180 1270 1180 1185 920 0.035+0.017
$31(1620 1570 1680 5187 5212 2321 -0.851+0.013
D33(1700 1610 1770 9624 9690 4725 -0.145+0.003
F35(1905 1770 1920 8069 8096 3791 -0.092+0.004
D35(1930 1870 2100 9912 9881 5059 -0.063+0.014
F57(1950 1800 2000 10623 10552 4951 0.024+0.006
Fav
P Fy
P, — P —
Pll D‘!H
Sy e Dss
5, g.s ——
0 ; —
S, S ore -
®x% ptu Ja
=-100 w1 * *S“ . —50 *1213 *F15
[ *P = D *
= o 15
\_; 13 5—100 F * s *FS”I
=200 =" Dy *x
(a) * P, -150 - F b
39100 150 00 2300 —200 () L L ®
1100 15 00 2300

0 19
00 19
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FIG. 9. Comparison of complex plaigeottom paneland Breit-Wignei(top panel fits for resonances found in the FA02 solution. Plotted
are the result fota) S- and P-wave resonances atid) D- andF-wave resonances. Complex plane poles are shown agqttarsoxed star
denotes a second-sheet pog andW, give real and imaginary parts of the center-of-mass energy. Theslpartial) widths are denoted
by narrow(wide) bars for each resonance.
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TABLE XI. Parameters for low-lying resonances of isospin 1/2 =~ 600 ‘
and 3/2 in a fit unconstrained by dispersion relations. i ey g
S a0l 04 137 ]
Resonance Wr r/2 /T =1
(MeV) (MeV) I /
>
P,,(1440 1473.0 200.9 0.695 g ’ /
D13(1520 1516.2 50.8 0.655 £ TP T'p
S,4(1535 1545.4 87.0 0.385 w800, 03 03 0.9
S,4(1650 1658.9 55.3 1.000 vovy (GeV) vty
D15(1679 1673.7 5.9 0.396 FIG. 10. The Hiiper dispersion relatigf] plotted for several
F15(1680 1677.8 64.1 0.692 values of four-momentum transfer from 0 to —@@eV/c)2. They
P13(1720 1807.1 239 0.195 intercept yields the coupling constagt/4. Lines represent the
P35(1232 1233.3 59.3 1.000 least-square averages of individual values.
$31(1620 1614.0 70.1 0.316
D33(1700 1684.9 168.6 0.151 The present solution FAO2 yields the DR parameters
F35(1905 1861.3 159 0.119 g%/47=13.75+0.10 for the pion-nucleon coupling constant,

a;,=(0.133+0.001x~% [a;,(-0.074+0.00)u73] for the
P-wave scattering volumes, and3=(0.2650+0.001% u*
Bnd  a,,=(0.0870+0.0018 [implying
a;,(—0.0010+0.001P 1] for the Swave scattering lengths.
The coupling constant confirms our earlier result in R&f.

and is in line with other determinatiorig4,75. The scatter-
length(volume plots for the FAO2 and Karisrul&4] S and Ij,'ng lengths are in agreement with those of the PSI pionic-

P-wave amplitudes. Exact agreement with the values give Rydrogen and pionic.deuterium experimef&s].

in Fig. 2 is not expected, as the method is different. The Our DR procedure constrains thep scattering length to

FAO2 Chew-Low plots have a very similar behavior to the L .
. : : . : agree(within some error boundwith the result from the PSI
partial-wave dispersion relatiogfPWDR) constrained KA84 pionic-atom experimenf55] [a,-,=(0.0883+0.0008 w1,

solution. This indicates that FAO2 at least approximately sat e e
so the above agreementan-, is not surprising. However, a

isfies aP-wave PWDR. The present solution fixes a long- ) T :
standing discrepancy in the;; Chew-Low behavior ob- solution constructed to be.otherW|se identical to FAO2, but
served in our previous solutioris,8,9. Where'aw-p' was not constrained to the _PSI 'val.ue,'ylelded a
best fit with [a,-,=(0.0856+0.001p w~], indicating the
TABLE XIl. Comparison ofy? for the FAO2(full data setand  value sought by the scattering data alone. Consequently, a
X370 (no charge-exchange datsolutions to 2.1 GeM#w p— 7n compromise value of-0.087 a little lower than the PSI re-
data to 800 MeY. Results to 500 MeV have been listed in brackets, sult was chosen as the constraint value for FA02. Ericson,
where one observes little or no difference in the fit quality between_oiseau, and Wycech have publish@gd] a reanalysis of the
FA02 and X370, even for the charge-exchange database. “DatgPS] resulf55], and have obtaineag+:(0.088310.0027;[1
refers to the number of scattering data used in the fit. andaw-p:(0.087010.000}3;[1, the latter reasonably consis-
_ tent with our resul{0.0856+0.001p x.~* using data alone.
Reaction  Observable FAO2 X370 Data The systematic check described above is one of many that

mp—a'p  doldQ)  14574(2043 146242033 7246(977) W€ have applied to our solution. A large number of test so-
lutions were obtained with varying fitting and constraint con-

sensitive isoscalar DRs remain reasonably well satisfied u
to 1100-1300 MeV; constraints for the forwa@f(w) DR
extended to 0.8 GeV.

Figure 12 compares the “Chew-Low50] and scattering

Tiot 257(115  220(115  105(60)
P 6801(533  6629(536) 3012(495) o5
R 28 (20) 29 (20) 48 (26) T /4m=1376(4) 22 —00n -008 ~008 -o0s
A 39 (24) 42 (25) 48 (26) . 04 + /9.14’ 0.00 —0.04 —0.03 —0.02 0.004
mp—7p do/d) 13799(1443 13760(1453 7331(773 Sosl i ome o om oo am o
Tot 531 (111) 445 (110) 151 (59) E F /9,19' 008 004 003 002 001 0.00 -0.01
= 0.2 r 2007 004 003 002 001 0.00—0.01 —0.02]
P 4441(563 4501(564) 2045(337) r /_0./62 0.01 002 0.01 0.00 -0.01 -0.02 —0.02 —0.04-
R 107 (24) 104 (23) 61 (27) | 0.1 fgoﬁ -0.05 —0.02 -0.01 —0.01 -0.01 —0.02 —0.02 —0.03 —0.05{
£~0.11 —0.07 —-0.08 -0.02 —-0.01 -0.01 —-0.01 —0.02 —-0.03 —0.07-
A 49 (149 47 (14 60 (26) 00 ) pmoim e -
mp—an  do/dQ 3180(697)  5093(739 1333(379 80 230 T ?ﬁgv) 530 680
Trot 24 (23) 24 (23) 34(33) -
P 933(194  1175(21H 323(1%9 FIG. 11. Deviations from the mean value gt/4x for FA02
7 p—yn  do/dQ 373 376 138 from the B*(v,t) DR evaluated over a grid off, and four-
Trot 67 75 35 momentum transfer values. Dash-dotted lines show kinematical

limits.
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. 03 T T T 0.25 . . . .
% (a) ————— e ]
& P, = S, (b) FIG. 12. Plots of (a
= 0.1 :‘\N"—M b % 0.00 | q2|+1cot 5/(S—M2) and (b)
= ~ R T ReT/g?*! for FA02 (solid) and
& Bl I 1 g 025 KA84 [54] (dot-dashell S and

31 — « . .

_____ Y 55 E X B o e )
:2 N ] = 650 . ——— P-wave amplltuc_ies._ Scattering
o ‘*‘*P*«\\ B T Su 10174 +0.180 lengths (volume in right panel
ﬁc‘ o M - P P, ~0.058 ~0.073 given in w X% units. Curves
- 1 1 1 7075 1 1 1 1 . . .
0'§150 _50 50 150 250 0 20 40 60 80 100 are fits qUadrath "Tﬂ..
T (MeV) T (MeV)

ditions, to investigate systematic uncertainties in the exing solutions differed in the coupling constant B?/4
tracted DR parameters. These systematics checks ar).07, while the scattering lengths remained consistent.
discussed in detail below. Since FAO02 fits all the aforementioned data sets together, an
(1) A solution (P370 using the point-Coulomb correc- uncertainty of £0.04 was ascribed to this systematic effect.
(4) The DR constraints for the FA02 solution were applied

tions employed in our previous solutions R€fs,8,9 gave

an overall y? fit very similar to FAO2. Differences in the

resulting parameters were not large. §8t4m anday,, this

solution gave 13.69 and 0.0867*, respectively. Despite

up to 1 GeV, and from=0 to —0.4(GeV/c)2. Solutions con-

structed with a reduced range of 25-600 MeV andb

-0.3(GeV/c)? again yielded results consistent with FA02,

seemingly large differences between the point-Coulomb anthe latter ranges having been employed in solution SM$5

Nordita +Gibbg58,60 schemegsee Fig. 3, the consistency

adequate to perform this type of partial-wave analysis.

cussed in Sec. IV C, a solution was construqt€d70) after
charge-exchange data were removed from the fitted databassitucted employingio DR constraints. Here, the fit to data

Despite this drastic change, the resulting DR parameterg/as naturally much better than in FAO2, but the improve-
ment was less dramati@ y’=1036 for 21 808 data points

were quite consistent with those of FA02.

(5) Dispersion relation constraints were both strengthened
of results indicates that our Coulomb correction scheme igind weakened by a factor of 2, yielding results consistent

with FAO2. It should be noted, however, that constraining too
(2) In an isospin-invariant framework, charge-exchangetightly yields a very large datg® and numerically unstable
data are not required to reconstruct the amplitudes. As didits.

(6) In addition to the above test, a solution was con-

(3) A less drastic change in the database was investigatetian one might expect, with little difference obvious in a plot
in the region of theA(1232 resonance. The issue of discrep- of the partial waves. The numerically sensiti@é and E*

ant data sets on the rising part of the resonance was dig¢soscalar dispersion relations were understandably not well

cussed in Sec. II. To quantify this effect, solutions were consatisfied; however, the less sensiti@zeé and E™ isovector
structed employing the data sets of Pedmetral. [29], Brack
et al. [30,14, and Pavaret al.[13], while floating(applying
a normalization error of 100¥those of Busset al. [32]

and Carteret al. [31], and vice versa. Ther p scattering-

dispersion relations remained rather well satisfied over the

full energy range, as were the Hiiper aidv,t) relations up
to ~800 MeV andt=-0.3(GeV/c)2. The extracted con-

length constraint was held constant in both cases. The resuk-13.62.

stants werea,,=0.086u7%, a;,=-0.073u73, and g?/4m

0.3 T T 0.3 T T
— 575 MeV - 601 MeV
# "
So02f {1 2oz
g £
Soaf—2t o5 o] Sos
5 T 3
(a) (b) . . . i}
0.0 L L 0.0 ! L FIG. 13. Differential cross sections far p
30 709 (de )110 150 30 709 (de )110 150 — . (a) 575 MeV, (b) 601 MeV, (c) 612 MeV,
g g and (d) 620 MeV. Experimental data are from
03 03 i i [34] measurementsgfilled circles, [38] (open
_ —_ 620 MeV circles, and [39] (open triangles Solid line
7 H shows the FA02 results.
Eo.z Eo.z L :
- - SRR I
Joa} 1 Joaf .
5 5
(c) (9)
0.0 L L 0.0 ) )
30 70 110 150 30 70 110 150
0 (deg) 6 (deg)
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(7) The D waves below~250 MeV are too small to be 08T —
accurately determined from fits to data alone. The forward Sh
derivative E* DRs have an enhanced sensitivity to higher 06 ]
partial waveq ~1%) and so help to constrain tliz waves. To - mN-N .
test the dependence of the DR parameters on these low- g 03r (/ 1
energy D waves, a solution was constructed identical to - I
FAO2 except constrained rigorousi{{%, compared to 5% —0.0 b
for FA02) to the low-energy KoclD wave result§7]. The I e
DR parameters changed minimally, the largest changes being _pg PN ‘
0.002 for bothAaj,, and AaJ,. However, the data? was 08 00 0P 06

increased both above 400 MeM y?=~600 and below by

~200, with an increase 6£300 in the fit to DR pseudodata FIG. 14. Essentia;; amplitudes from threshold to 800 MeV
constraints. The fit thus exhibits a clear preference for théW=1487-1623 MeY. Crosses indicate every 10 MeV stepW
FAO02 D waves.

The central values and uncertainties of the DR parameterS8ompared to therN elastic result, the overaly? for this
have been estimated, taking into consideration the systematihannel is slightly higher. However, we feel this is largely
checks outlined above, and from other checks within thedue to problems in the database.

FAQ2 solution itself. These include differences in parameter Our coupled-channel approach allows the determination
values at the¢? minima for each of the charge channels andof a number of amplitudes related to thg\ interaction.
the DR pseudodata. For the coupling constght4m, we  Figure 14 gives an Arganl78] plot representation of the
also considered differences in the value extracted from thenergy-dependent fit FAO2 over the energy region including
Huper (Fig. 10 and B*(v,t) (Fig. 11 dispersion relations, = p— zn data. Figure 15 gives a more detailed view of our
which, along with the database changes around\ti®32), 7N elastic andmN— 7N results for theS;; and D3 partial
were the dominant sources of uncertainty. The statistical unvaves.

certainty stemming fromh y?=1 variations from the minima

is negligible compared to systematic effects.

These tests for systematic effects improve our confidence V. SUMMARY AND CONCLUSION
in the values of parameters extracted from FAO2. It should be . - . .
noted, however, that the scattering lengths are tied to the PSI We h_ave fitted the existingN elastic scatter ing database,
pionic-atom value for ther p scattering length. A new more €MPIoying a complete set of DR constraints, up Tp
precise experiment is plannéd7], and if the result were to - G€V andt=-0.4(GeV/c)". Data from the reactionp
change several standard deviations from the present valug; 7" have been included for the first time in an analysis of
this would necessitate a reanalysis. Nonetheless, the value BtiS type. These improvements have allowed us to more care-
the pion-nucleon coupling constant would not be expected té!ly examine theN(1535, which is nearly obscuredn the

change, as it is observed to be robust with respect to mode&\ elastic reaction by the opening of thesN threshold.
changes in ther p scattering length. Remarkably, the resultings;; partial wave shows little

change over this energy region. However, M@535 reso-
nance width has changéthcreasegldramatically, this being
due mainly to our new method for fitting Breit-Wigner pa-

Our fit to a representative set af p— #n cross sections rameters. This result should be taken into account by any
is displayed in Fig. 13. In general, over this region, our re-multichannel analysis which fits single-energy partial-wave
sults are qualitatively similar to other recent multichannelamplitudes.

E. The @ p— »n channel

analyses which have included additional reaction daja Our fits without DR constraints and without charge-
0.9 T 7 L T 7 T 0.8 T T T T T T T
D, T (b)
0.6 e \\
o g 04T /7 \\\ 7
2 03 2 - s
2 B Tl
£ Eool N\ S
oot N T
E— N S
-0.3 L L 1 —0.4 T — )
1450 1500 1550 1600 1650 1450 1500 1550 1600 1650
W (MeV) W (MeV)

FIG. 15. Low-lying states related to thgN interaction. Plotted are the results {@ S;; and(b) D3 amplitudes. Soliddashed curves
give the real(imaginary parts of 7N— 7N amplitudes, dash-dotte@lotted curves represent the reémaginary parts of #N— 7N
amplitudes corresponding to the FAO2 solution. All amplitudes are dimensionless as in Fig. 6. Vertical arrows\Mgleadehorizontal bars
show fullI'/2 and partial widths fol" associated with the FAO2 results.

035213-15



ARNDT et al. PHYSICAL REVIEW C 69, 035213(2004)

exchange data have also yielded interesting results. In mogtte analysis, and a careful examination of théerm is in
cases, an extensive use of DRs had little effect on the expreparation.

tracted resonance spectrum. For weak or noncanonical struc-

tures, however, dispersion relations may play a more impor-
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