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Analysis of pion photoproduction data
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A partial-wave analysis of single-pion photoproduction data has been completed. This study extends from
threshold to 2 GeV in the laboratory photon energy, focusing mainly on the influence of new measurements and
model dependence in the choice of parametrization employed above the two-pion threshold. Results are used
to evaluate sum rules and estimate resonance photodecay amplitudes. These are compared to values obtained
in the MAID analysis.
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[. INTRODUCTION possible, so as to avoid bias when used in resonance extrac-
tion or coupled-channel analysis. However, in the absence of
Meson-nucleon scattering, meson photoproduction, andomplete experimental information, all multipole analyses
meson electroproduction have been extensively studiedbove the two-pion production threshold are model depen-
within a comprehensive program exploring the spectroscopglent to some degree. This issue will be discussed in Sec. Ill.
of N* andA* resonances. An objective of this program is the The amplitudes from these analyses can be utilized in
determination of all relevant characteristics of these resoevaluating contributions to the Gerasimov-Drell-Hearn
nances, i.e., pole positions, widths, principal decay channel$¢GDH) sum rule[4] and sum rules related to the nucleon
and branching ratios. In order to compare directly withpolarizability. We display our results for these and compare
QCD-inspired models, there has also been a considerablgith recent Mainz experimental data and predictions.
effort to find “hidden” or “missing” resonances, predicted In the following section, we summarize changes in the
by quark modelgsee, for example, the states predicted bydatabase since our last published analfSjsResults of our
Capstick and Roberfsl]) but not yet confirmed. multipole analyses, as well as the photodecay amplitudes for
Here we will give detailed results from an ongoing analy-resonances within our energy region, are given in Sec. Ill. In
sis of pion photoproduction data. This work complementsSec. IV, we summarize our findings and consider what im-
our studies of pion-nucleon elastic scatterj2g, both reac- provements can be expected in the future.
tions having the same resonance content, and provides the
real-photon limit for our pionelectroproduction f[t3]. Reso-
nance characteristics are determined through a two-step pro-
cedure. The full database is initially fitted to determine the Our three previous pion photoproduction analyges7|
underlying multipole contributions. Those multipoles havingextended to 1.0, 1.8, and 2.0 GeV, respectively. The present
resonant contributions are then fitted to a form containinglatabas€8] is considerably larger, due mainly to the addi-
both resonance and background terms. tion of new data at low to intermediat®elow 800 MeV
The availability of multipole amplitudes greatly simplifies energies.
certain numerical aspects of coupled-channel analysis. The In 1994, bremsstrahlung data comprised over 85% of the
number of fitted multipole amplitudes, associated with aexisting measurements. These data often suffered from sig-
dataset, may be smallé&han the count of individual datéy nificant uncertainties in normalization, which were not com-
one or two orders of magnitude, and can account for issuegletely understood or not quoted. The available tagged-
associated with statistical/systematic errors, data rejectiomphoton data were generally measured in low-statistics
and incomplete sets of observables. In general, our partiakxperiments, and hence were presented with large energy and
wave analyse$PWA's) have been as model independent asangular binning. Much of the remaining dataset was com-

II. DATABASE

TABLE |. Comparison of presenSM02 and previous(SM95 [5], SP93[7], and SP896]) energy-
dependent partial-wave analyses of charged and neutral pion photoproduction dajg. idlees for the
previous solutions correspond to our published restlts,, are the number parameters varied in the fit.

Solution Rang&MeV) X2 =% Y2l mn X7 p 2 7°n Nprm
SM02 2000 18686/8092 12246/7279 4123/2080 241/120 148
SM95 2000 13087/4711 12284/6359 6156/2225 282/120 135
SP93 1800 14093/4015 22426/6019 8280/2312 275/120 134
SP89 1000 13073/3241 11092/3847 4947/1728 461/120 97
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FIG. 1. Energy-angle distribution of recemost-1995% data:(a) unpolarized=°p, (b) polarized=°p, (c) unpolarizeds*n, (d) polarized
7*n. (a,9 total cross sections ar(th,d) (o,,— 03) are plotted at zero degrees.

prised of excitation cross sections with no extensive angulaanalyzed, nor were those single-angle and single-energy

range. Inconsistencies were obvious almost everywhere thgbints measured prior to 1970. Some individual data points

comparisons could be made. were also removed from the analysis in order to resolve con-
The full database has increased by 30% since the publfiicts or upon authors’ requestsince our previous analysis

cation of Ref[5], and is about 40% larger than the set avail-[5], we have flagged 95&°p, 10607 n, and 1507 p

able for the analysis of Ref7]. The majority of these new premsstrahlung data taken prior to 1988ome of the data,

data have come from tagged-photon facilities at MAMI isted as new, were available in unpublished form at the time

(Mainz), GRAAL (Grenoblg, and LEGS(Brookhaven[The ot our previous analysi5]. A complete description of the

total database has doubled over the past two dec&BES j41anase and those data not included in our fits is available

Table )] The distribution of recen{post-1995 #°p and from the authors

7" n data is given in Fig. Ithere are no newr p and 7°n '

data)

As the full database contains conflicting results, some of TABLE Ill. Comparison ofy*/data for the SM02 solution over

these have been excluded from our fits. We have, howevep00—900 MeV range, associated with IN€1535), versus full da-

retained all available datasetand labeled these excluded {@Pase and more recent measurements.

data as “flaggedj so that comparisons can be made through

our on-line facility [8]. Data taken before 1960 were not

1980 to 1985 to

Reaction Observable All present present
TABLE_ ll. Comparison ofy?/data for no_rmalizednorm) and 7°p do/dQ 3946/1644  1808/992  1211/903
unnormalizedun-norn) data for SM02 solution. s 479/179 345/122 277/105

Data Norm Un-norm P 361/181 177/103 56/33

T 376/72 2/2 2/2
m°p 2.3 3.8 atn do/dQ 1343/1407  768/930 349/596
mn 1.7 2.7 3 954/251 594/134 565/112
T p 2.0 2.6 P 158/62 5/5
w°n 2.0 2.0 T 437/228 44/60 44/60
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TABLE V. Single-energy(binned fits of combined charge and neutral pion photoproduction data, with
X2 values.Ny, are the number parameters varied in the single-energy fitsxérisl given by the energy-
dependent fit, SM02, over the same energy interval.

E, Range E, Range
(MeV)  (MeV) N, x?*Data xi (MeV) (MeV) Nprm  x°/Data  xE

152 148-155 5 494/269 596 885 873-896 28 210/161 374
157 153-160 5 463/240 596 905 893-916 28 461/329 740
162 158-165 5 370/211 401 925 913-936 28 139/149 293
167 163-170 5 422/173 540 945 933-956 29 476/263 704
172 168-175 5 116/ 86 157 965 953-975 20 145/130 280
177 173-180 5 136/105 148 985 973-996 20 130/130 227
182 178-185 5 149/105 174 1005 993-1016 29 508/294 766
187 183-190 5 69/ 99 124 1025 1013-1037 20 230/131 313
192 188-195 10 124/133 153 1045 1033-1057 29 256/205 417
197 193-200 5 131/105 154 1065 1053-1076 29 126/124 191
202 199-205 5 128/ 95 157 1085 1073-1096 29 92/ 97 155
207 203-210 5 154/111 173 1105 1093-1115 29 359/212 479
212 208-215 10 184/148 223 1125 1114-1136 29 139/98 224
217 213-220 9 182/138 297 1145 1133-1155 29 212/160 328
222 218-225 15 239/178 367 1165 1153-1176 21 110/98 167
227 223-230 15 124/148 188 1185 1173-1194 21 54/73 98

232 228-235 15 230/176 254 1205 1193-1216 29 218/185 314
237 233-240 15 266/215 306 1225 1213-1236 11 98/83 149
242 238-245 15 319/218 398 1245 1233-1255 29 116/118 217
247 243-250 15 352/211 472 1265 1253-1276 21 65/67 129
265 253-276 15 1371/698 1641 1285 1273-1297 11 34/45 68

285 273-297 16 1060/491 1207 1305 1293-1315 21 275/139 435
305 293-316 16 898/492 957 1325 1313-1335 11 42/48 79

325 313-336 16 1124/473 1344 1345 1334-1355 21 178/102 262
345 333-356 16 823/532 1043 1365 1354-1376 11 41/40 62

365 353-376 16 579/443 799 1385 1374-1395 11 59/36 81

385 373-396 17 450/406 587 1405 1394-1416 21 324/147 509
405 393-416 18 639/448 785 1425 1414-1436 21 53/57 110
425 413-436 18 497/358 654 1445 1434-1456 21 89/91 147
445 433-456 18 409/275 524 1465 1453-1475 11 62/36 100
465 453-476 18 298/230 345 1485 1473-1495 11 64/35 95

485 473-496 19 284/192 405 1505 1493-1515 21 107/98 198
505 493-516 19 430/272 517 1525 1514-1536 11 74137 103
525 513-536 20 223/202 285 1545 1533-1555 11 46/53 63

545 533-556 20 348/237 336 1565 1554-1575 11 11/19 30

565 553-577 20 311/211 369 1585 1574-1595 21 42/34 73

585 573-596 20 432/275 560 1605 1593-1616 21 90/87 146
605 593-616 20 318/286 406 1625 1613-1635 11 40/24 77

625 613-636 20 384/294 482 1645 1634-1655 11 118/73 149
645 633-656 20 469/332 583 1665 1654-1675 21 24/36 36

665 653-676 21 528/405 637 1685 1673-1695 11 25/31 34

685 673-696 21 647/436 795 1705 1693-1715 21 98/88 139
705 693-716 21 1112/625 1219 1725 1714-1735 11 10/15 19

725 713-736 26 425/402 620 1745 1734-1755 11 101/42 121
745 733-757 26 932/580 1179 1765 1753-1775 11 53/35 57

765 753-776 26 552/400 787 1785 1774-1796 11 25/21 36

785 773-797 26 470/387 699 1805 1794-1815 21 78/70 129
805 793-816 27 510/347 758 1845 1824-1865 11 125/67 155
825 813-836 27 243/183 332 1900 1879-1920 21 158/99 212
845 833-856 27 542/338 761 1990 1969-2005 21 150/100 326
865 853-876 27 164/150 280
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FIG. 2. Partial-wave amplitudes. §, ,;) from threshold toE,, =2 GeV. Solid(dashedl curves give the redimaginary parts of ampli-
tudes corresponding to the SM02 solution. The r@akginary parts of single-energy solutions are plotted as filleden circles. The
previous SM95 solutiof5] is plotted with long dash-dotte@eal parf and short dash-dottg@maginary parklines. Plotted are the multipole
amplitudes(a ,E¢?, (b) [£57, (©) LEZ, (d) M12, (& M2, () E1Z, (@ MTZ, (h) (EPZ, () MIZ, () MTZ, (k) ETZ, (1)
M2 (M) EZZ, () M52, (0) (E32, (p) oM32, (@ 32, () ,ES?, (9 ,E5Z, (1) MF?, (u) EF?, (v) M3Z, (W) E3?, and(x)
oM g’f The subscripp(n) denotes a protofneutron target. The am unit (attometermFm (milli Fermi).

Since 1995, 87%21% of all new 7#°p(7*n) data have thus increases the sensitivity to contributions from higher
been produced at Mainz using the MAMI facilif{p—19]. partial waves.
These measurements of total and differential cross sections, Results from other laboratories include low-energy unpo-
S beam asymmetry, and the GDH-related quantity;,{ larized #°p total (47 data and differential(198 data cross
— o3 have increased the database by a factor of about 8ections measured at SARO,21], and 7 *n threshold data
over the energy range from the threshold to 800 MeV. Theg45 points, covering a range of 2 MeV ik, produced by
angular range of cross sections extends from 10° to 170°, arttte TRIUMF-SAL collaboratiorf22]. At energies spanning
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FIG. 2. (Continued)

the A resonance}. (169 data and differential cross section cility, have been replaced by finalized daf8], with final
(157 data for both 7°p and = n channels have been mea- versions of otherm™n and #°p differential cross sections
sured by the LEGS group at BNI23]. expected 30—33.

In the medium-energy ranger'n 3 beam-asymmetry Further experimental efforts will provide data in the
data between 600 and 1500 M¢329 data have been mea- intermediate-energy region. Above 400 MeV, a large amount
sured at GRAAL[24,25, and7°p ¥ data between 500 and of new data is expected from CLAS at hBlof Jefferson lab
1100 MeV (158 data have been measured at the 4.5-GeV[34]. Differential cross sections associated with the Mainz
Yerevan synchrotror{26]. Target asymmetryT measure- GDH experiment[35] (related to the double-polarization
ments between 220 and 800 MeV for betflp (52 dataand  quantity E [36]) should also have an impact on the analysis
7 n (210 data have come from ELSA at Bonf27,28.  when combined with 4°—~177° cross secti@0—790 MeV
Excitationr * n differential cross sections for backward scat- and 10°-160% beam asymmetr{250—440 MeV) measure-
tering between 290 and 2110 MeV, also from the Bonn faiments at MAMI[37]. Beam asymmetry data far® photo-
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FIG. 2. (Continued)
production between 600 and 1500 MeV will also be avail- Ill. MULTIPOLE AND PHOTODECAY AMPLITUDES
able from GRAAL [38]. Of particular interest are the A. Analysis

polarized=° photoproduction experimentmcluding the po- _ _ o
larization transfersC,, and C,. from circularly polarized Fits to the expanded database were first attempted within

photons to recoil protonsabove 800 MeV carried out in hall the formalism we have used and described previol&hy].

A of JLab [39]. From Brookhaven, we expect final LEGS Multipoles were parametrized using the form

7 p X beam asymmetries around theresonanc¢40] and M=(Born+A)(1+iT ) +BT,v, 1

new radiative capture cross sections which have been taken

at BNL-AGS using the crystal ball spectromet&913/914)  with Ty being the associated elastic pion-nucldomatrix,

at p,, from 400 to 750 MeV¢ (E,,=430-780 MeV)[41]. and the term#\ andB being purely phenomenological poly-
Y
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TABLE V. Comparison ofy? for the SM95[5], SM02, and
SX99 solutions to 2 GeV versus the present database. Only a frac-
tion of this database was used in generating SM95.

Reaction Observable SM95 SMO02 SX99 Data

m°p do/dQ 32235 12681 12745 5523 : .
Trot 1577 1331 1681 713 MAID Fp-mp
T10— O3 7 10 10 13 E, = 1595 MeV
3 3238 1918 1975 772 —035 o0 120 180
P 1269 1390 1393 576 0 (deg)
T 1499 1651 1678 389
FIG. 4. Photon asymmetry far® photoproduction on the proton
N do/dQ 7587 6364 6952 4995 at 159.5 MeV. Data z;/re fromyMair(zpsolid (F:)ircles) [19]. PIotte(Fj) are
Ttot 132 0 84 76 the SM02(solid line), the 162-MeV SES158—165 MeV fit asso-
0127 0312 147 29 67 13 ciated with SM02(dotted lines represent uncertainties of the SES
3 8672 2881 3780 1047  {it) and the MAID2000 resultédash dottep[44].
P 512 471 430 250
T 1678 1512 1854 694 The resulting energy-dependent soluti&V02) had ay?
TP do/dQ 3702 3098 3118 1570  of 35296 for 17571 ¢°p, =" n, = p, and#°n) data to 2
Ttot 227 157 165 117 GeV. The overally?/data was significantly lower than that
3 541 600 576 216 found in our previously published resuly?/data=2.4) [5].
P 159 144 161 88 This change is partly a reflection of the database changes
T 117 157 129 96 discussed in Sec. Il. Our present and previous energy-

dependent solutions are compared in Table I. As in previous
analyses, we used the systematic uncertainty as an overall
nomials with the correct threshold properties. As in our moshormalization factor for angular distributiohdVith each an-
recent analysi$5], some multipoles were allowed an addi- gular distribution, we associate the pa¥,€y): a normaliza-
tional overall phase'®, where the anglé was proportional  tion constan(X) and its uncertaintydy). The quantityey is
to (ImT ,y—T2,). This form satisfied Watson’s theorem for generally associated with the systematic erfibrknown.)
elastic 7N amplitudes[42] while exploiting the undeter- The modifiedy? function, to be minimized, is then given by
mined phase forrN inelastic amplitudes. Fof .y, we uti-

(xai— 05 2+

lized our most recent fifFA02) to elastic scattering data -
€j

[43].

New and precis& measurements proved difficult to de-
scribe using this choice of phenomenology. Searching for ghere the subscripit labels data points within the distribu-
more successful form, we found an improved descriptionjgp, 6 is an individual measurement; is the calculated
was possible if the dependence on Tl —T5y) was addi-  value, andk; is the statistical error. The totgf is then found
tive rather than multiplicative. As a I’esult, we refitted the full by Summing over a” measurements. Th|s renorma”zation
database, removing the overall phase, and instead addedi@edom provides a significant improvement for our best fit
term of the form results as shown in Table II. In cases where the systematic
uncertainty varies with angle, this procedure can be consid-
ered as a first-order approximation.

In order to see if the inclusion of the full existing database
had resulted in a bias towards older and possibly outdated
measurements, we compared the fit quality versus measure-
ment date. Generally, we found no problem of bias, as illus-
trated in Table Ill, where we have displayed our fit quality
over the region covering thid(1535) resonance. Except for
the above mentioned measurements, over this energy re-
gion, our overall fit to the most recent measuremémngs5
to presentis characterized by g?/data of about 1.3. For all
data to 2 GeV, the date restriction yieldg¥ data near 1.5.
Unfortunately, the modern measurements do not completely
%oo 650 760 75;0 500 overlap older data. Much of the older data is r_equwed in an

E, (MeV) analysis extending over the full resonance region.

()

x—1)2

€x

(C+iD)(IMT ,y—T2y), 2

with C andD again being energy-dependent polynomials.

T m—threshold

da/dQI/ﬁAdU/an/z (ub/sr)

FIG. 3. Differential cross sectiondg/dQq,—da/d(,) for
yp— mp at 6=85+4°. The solid(dash-dottejlline plots the SM02 IFor total cross sections and excitation data, we combined statis-
(MAID2001 [44]) solution. Experimental data are from Maip#5]. tical and systematic uncertainties in quadrature.
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\ Yp-mn S SAID]
i/ \ E, = 1100 MeV = MAID e
A 3 YP-Tp
05 AN T S-110 1
~ SAID ) o %
£ _ S ]
0.0 , ——% | —240 1
MAID\f - § i
- )
] '
—05 L _370 L L 1 L L (a) ]
0 60 @ )120 180 150 750 1350 1950
°8 E, (MeV)
FIG. 5.3 beam asymmetry forr* n at 1100 MeV. Black circles 140 — —— : :
show GRAAL resultd25], open circles indicate the results of the Yp-in ]
Daresbury group[49], open triangles indicate the results from = MADD ]
Saclay [50]. The solid (dash-dottegl line represents the SM02 2 30!l ?\\ 1
(MAID2001 [44]) solution. « 4
> \ e i
S N4 N\ j
The very low energy region is complicated by different |, —80 8
thresholds for7%p and 7" n final states. While we have b> SAID ]
obtained a reasonable fit to the availabfp differential and (b) 1

-190
150 750 1350 1950
E (MeV)

total cross sectiongwe fit rather well the new threshold
TRIUMF-SAL 7" n cross sectiong22], and Mainzz%p ¥ at
160 MeV[19]), the multipole amplitudes have no cusp built
into the 7" n threshold region. FIG. 7. Difference of the total cross sections for the helicity

Both energy-dependent and single-energy soluti&&S  states 1/2 and 3/2a) yp—=°p and (b) yp— =" n. The solid
were obtained from fits to the Combine‘d)p, 77, TP, (dash-dotteglline represents the SMOMAID2001 [44]) solution.
and 7°n databases to 2 GeV. In Table IV, we compare theExperimental data are from Mairi25].

energy-dependent and single-energy results over the ener ; .
bins used in these single-energy analyses. Also listed are t uld have been “smoothed over” in the energy-dependent

number of parameters varied in each single-energy solutiorf"alysis. Partial waves with<4 are displayed, whereas the
A total of 148 parameters were varied in the energy_analy3|s f|ttgq waves up.tﬂ)= 5. Significant deviations from
dependent analysis SMO2. The extended database allowed Y195 are visible in multipoles connected to thél SandP
increase in the number of SES versus our previous rgshilt Waves, as well ass, Fss, andD; (for the neutrop
over the same energy range to 2 GeV. _ As menthned above,_the parametrization used in our pre-
Figure 2 is a plot of the energy-dependent fits SM02 and/!0US anal%/ss SMOE5] did not aIIoXV a good fit to the recent
SMO95 over the full-energy region. The SES are also shown/€révanm p [26] and GRAAL ="n [24,2§ X data (the
with uncertainties coming from the error matrix. In the SESCTitical range extends from 700 to 800 Me\For compari-
fits, initial values for the partial-wave amplitudes and theirSON PUrposes, in Table V, we compare SM95, SM02, and
(fixed) energy derivatives were obtained from the energy_SX99. The test fit SX99 retains the form used in previous fits
dependent solution. A comparison of global and single-(as in SM9J and is applied to the present full database. One

Pt
energy solutions then serves as a check for structures th§g" See that recent Mainz” n(oy,— 05 [15] data are also
problematic for the SX99 fit, with the most difficult region

again covering the 700—800 MeV range. In Fig. 3, we dis-

fav
~

- SAID . 7p=Tn play the energy dependence of a differential cross section
= i measuremenf45], at a fixed angle, displaying rapid varia-
}16 tion over the region in question. These Mainz data from 560
2 to 780 MeV are reasonably well reproducegf € 106/76),
o though not included in our analysis.
S 8
~ i
_g B. Comparing SAID to MAID
0 w L While the SAID and MAID analyses are qualitatively
150 750 1350 1950

similar from threshold to 1 GeV, some significant differences
exist, and these have been mentioned in a recent multianaly-
sis study which fitted to a benchmark datagés]. While
some multipoles show significant differences, the photode-
from Orsay[51] (black circle3, SLAC [52] (open circley, [53]  cay amplitudes from MAID and SM95 are quite similar, with
(open triangles [54] (black squarg and DESY[55] (black dia-  larger differences between the MAID and SM02 solutions.
monds) The solid (dash-dottel line represents the SM02 The data fit quality shows greater variability, and a few cases
(MAID2001 [44]) solution. are given below.

E_ (MeV)

FIG. 6. Forward/5°) differential cross section fopp— 7*n as
a function of energy. Experimental data for the range ©25 are
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—
es]

The measurement &t for #°p at threshold(160 MeV) S p
3 1P

has been discussed in Reff47,48 and is particularly sensi-
tive (Fig. 4). The plotted curves differ mainly in the-wave
multipoles. Our SES at 162 MeV, which covers 158-165
MeV (see Table IV, fits the new Mainz datfl9] rather well,
while the energy-dependent MAID2000 and SM02 solutions
are less successful.

At higher energies, close to the upper limit of MAID, new
7n X measurements, shown in Fig. 5, are clearly problem- -3 . w L
atic. This has been used to suggest a change iN{i€50) 1080 1280 W 13\?2\,) 1680 1880
photodecay amplitudg24].

For the forward peaking inr"n unpolarized differential
cross sections, displayed in Fig. 6, the disagreement between
SAID and MAID results reaches as much as 30%. In the
SAID fits, some of these problems are resolved once system-
atic uncertainties are taken into account.

The double-polarization quantity fopg— #°p and yp
—a*n, measured in th&2 collaboration GDH experiment
[15] and displayed in Fig. 7, is well described by both
MAID2001 and SAID solution SM02. At higher energies, _O'?oao 1250 14'80 16‘80 1880
deviations become more apparéas was also shown in Fig. W (MeV)
3). CLAS at JLab[56], ELSA at Bonn[57], SPring-8 at
Hyogo [58], GRAAL at Grenoble [59] and LEGS at 5
Brookhaven[60] have further programs underway to study
these processes.

In Fig. 8, we compare our results with the MAID
analysié [44] where more substantial differences are seen for
the S;1pE, P13pE, P3;pM, andD5pE multipoles.

We have fitted our multipoles using a simple Breit-Wigner
plus background function, as described in R6f. The reso-
nance part is parametrized as was done in the Berends and 0 =
Donnachie fit§62], with an energy-dependent width. For the 1080 1280 W 1&?2\,) 1680 1880
Eé’f multipole, the width is modified to account for an open-

—
—
T
7

1

Multipole Amplitude (am)
S
T
!
\
Ny
14
\
’
1

o
s}

PprE

=
]

©
o

Multipole Amplitude (am)

o

|
w

Multipole Amplitude (am)

ing »N channel. The background is parametrized as a com- 8 ' ‘ ‘
plex constant times co8fg®, where § is the associatedN ] D .pE
phase. An additional overall phase is also allowed. This was Y
chosen to be a constant times (HgN—TfTN), assuming its E 4
source to be the influence of other channels via unitarity. E
We have employed both single-energy and energy- : 0
dependent solutions over a variety of energy ranges in order )
to estimate uncertainties. A listing of our resonance cou- 3 .
plings is given in Table VI. Here, values for the resonance 2_4 . ‘ @)
massWpg, full width T", and the decay width terN final 1080 1280 1480 1680 1880
states [',/I") were taken from our elastieN analysig43] W (MeV)
and were not varied in the fits and error estimates. FIG. 8. Selected partial-wave amplitudes Eg=1250 MeV.

We find that theS,;,pE (Eg?) multipole is very sensitive  sojid (dashed curves give the regimaginary parts of amplitudes
to both the database and parametrization in the range assogbrresponding to the SM02 solution. The recent MAID2001 solu-
ated with theN(1535). The range of variation, particularly tion[44] is plotted with long dash-dotte@eal par} and short dash-
large for the real part 08,,pE, is displayed in Fig. 9. This dotted(imaginary pait lines. Plotted are the multipole amplitudes
sensitivity is not surprising, as the quantity (Tqy—T2,) (@ SupE[EG?], (b) PigpE[ E1?], (¢) P3:pM[M$?], and (d)
has a very sharp structure at thdl threshold. This variabil- D1aPE[ ;E32]. The subscripp(n) denotes a protofneutron tar-
ity in the multipole amplitude is reflected in tHé(1535)  get. The am unitattometer=mFm (milli Fermi).
resonance coupling, which we find to be very sensitive to
details of the fit and background separation. The calculatioof this photodecay amplitude can easily be changed by a
factor of 2 by varying therN and full widths within their
quoted PDG ranges. This coupling clearly requires a
“This MAID solution is valid tow=1800 MeV (E,=1250 Me\) ~ more detailed treatment, but is tabulated for the sake of
[61]. completeness.
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TABLE VI. Resonance couplings from a Breit-Wigner fit to the SM02 solufiGhv] and SE§GWSESY
[to illustrate the difference, we includ2;5(1930) andD;/(1950) twice, once with the GWSES database and
once with the GWglobal fit) databasg our previous solution SM9B/PI] [5], the analysis of Crawford and
Morton [CM83] [63], Crawford[CRO01] [64], Drechselet al. [MAID98] [65], an average from the particle
data grougdPDG] [66], and quark model predictions of CapsticBAP92] [67].

Resonance state Reference A Az A1ip Az
[yp(GeV) ¥2x 10 %] [yn(GeV) ¥2x 10 %]
S;4(1535) GWSES 383 —16+5
Wgr=1540 MeV VPI 60+ 15 —20+35
I'_/T=0.40 CM83 65 16 —98+26
=106 MeV CRO1 55
MAID98 67 -55
PDG 90+ 30 — 4627
CAP92 76 -63
S,4(1650) GWSES 741 —-28+4
Wgr=1674 MeV VPI 695 —15+5
I IT=0.77 CM83 3315 —68+40
=191 MeV CRO1 71
MAID98 39 -32
PDG 53+ 16 —15+21
CAP92 54 -35
P1,(1440) GWSES -67+2 47+5
Wg=1472 MeV VPI -63=5 45+15
I /T=0.64 CM83 —69+18 56+ 15
I'=434 MeV CRO1 —-88
MAID98 -71 60
PDG —65+4 40+10
CAP92 4 -6
D13(1520) GWSES —24+2 135+ 2 -67+4 —112+3
Wg=1517 MeV VPI -20x7 167+5 —48+8 —140+10
I./I=0.63 CM83 —28+14 156+ 22 —56+11 —144+15
I'=109 MeV CRO1 -15 162
MAID98 -17 164 —40 —135
PDG —24+9 166+5 —59+9 —139+11
CAP92 -15 134 -38 —-114
D,5(1675) GWSES 334 9+3 -50+4 -71%5
Wg=1678 MeV VPI 15-10 10+7 —49+10 —51+10
I'_/T=0.39 CM83 2111 15+9 —59+15 —59:+ 20
I'=144 MeV CRO1 13 38
MAID98
PDG 19+ 8 159 —43+12 —58+13
CAP92 2 3 -35 -51
F15(1680) GWSES —13%2 129+2 29+ 6 -58+9
Wg=1682 MeV VPI -10=4 145+5 305 —40+15
I'_/IT=0.68 CM83 —17+18 132+ 10 44+ 12 —33+15
I'=120 MeV CRO1 —-14 135
MAID98 -10 138 35 —41
PDG —15+6 133+12 29+10 —33+9
CAP92 -38 56 19 -23
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TABLE VI. (Continued).

Resonance state Reference A Az A Azp
[yp(GeV) ¥2x 107 9] [yn(GeV) ¥2x1073]
S31(1620) GWSES —13%=3
Wg=1612 MeV VPI 35:20
r,/r=0.34 CM83 3510
I'=117 MeV CRO1 17
MAID98
PDG 2711
CAP92 81
P33(1232) GWSES —129+1 —243+1
Wg=1235 MeV VPI —141+5 —261*5
I',/I'=1.00 CM83 —145+15 —263*+26
I'=119 MeV CRO1 —149 —259
MAID98 —138 —256
PDG —135+6 —255+8
CAP92 —108 —186
D33(1700) GWSES 8210 92+7
Wg=1668 MeV VPI 90+ 25 97+ 20
I,/I'=0.16 CM83 11%17 10715
'=300MeV CRO1 79 90
MAID98 86 85
PDG 104£ 15 85+ 22
CAP92 82 68
D35(1930) GWSES 46 —3*6
Wgr=2113 MeV GW 62 —4x2
r,/r=0.14 VPI —-7x10 5+10
I'=524 MeV CM83 —38+47 —23+80
CRO1 8 8
MAID98
PDG —9+28 —18+=28
CAP92
F35(1905) GWSES z5 —56+5
Wg=1845 MeV VPI 22-5 —45*+5
I,/r=0.13 CM83 2110 —56*28
I'=300 MeV CRO1 17 —18
MAID98
PDG 2611 —45+20
CAP92 26 -1
F37(1950) GWSES —62*+4 —80=3
Wgr=1929 MeV GW —64=4 —83*=4
I,/I'=0.49 VPI —79*+6 —103*+6
I'=274 MeV CM83 —-67+14 —-82+17
CRO1 —59 —62
MAID98
PDG —76x12 —-97+10
CAP92 -33 —42
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FIG. 9. S;;pE multipole for 600—1200 MeV. Plotted afte) real
part and(b) imaginary part. The SM02SX99 solution is plotted
with a solid (dashedl line and previous SM95 solutiofb] with a
dash-dotted line. The am unit (attometemnFm (milli Fermi).
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FIG. 11. Running Baldin integrdh) for proton and(b) neutron
targets. The solid (dash-dottel line represents the SMO02

Other couplings significantly altered using the revised pa{MAID2000 [44]) solution.
rametrization scheme include th4(1710), which is still

essentially undetermined,P,5(1720),
F35(1905). TheF3;/(1950) has an easily identifiable mag-

FIG. 10. Running GDH integrala) for proton and(b) neutron

targets.

S$31(1620), and

netic, but not essentially electric, multipole. Multipoles asso-
ciated with theD 35(1930) show very little resonance signa-

ture.

70

We were somewhat surprised to see a large change in the
A(1232 photodecay amplitudes. Comparison with our SM95
fit shows a significant decrease in cross section at the reso-

Running GDH Integral (ub)

nance position. This shift has resulted due to the inclusion of
recent Mainzz°p measuremen{d 1], which at 340 MeV are
systematically lowel(particularly at backward anglgshan

an older set of Bonn measuremef8]. More recent Mainz
fits for MAID2001 [69] give —133*+4 and —252+6 (in
1072 GeV Y2 unity) for A, and A,,, respectively. These

results have also shifted to lower values and are consistent
with our determination.
Extracted values for thE2/M 1 ratio have changed little,

and are consistent with the range2.5+-0.5% given by the
PDG[66]. We find —2.02+0.2%, based on statistical errors
alone. The pole value for this ratio has a modulus and a

phase of 0.063, and 126°, which is also within the range of

Running GDH Integral (ub)

PDG values.
_90 - -
0 C. Sum rules
Yn->mTmn
N ) The amplitudes obtained in our analyses can be used to
-170 : . evaluate the single-pion production component of several
150 750 1350 1950 .
L, (MeV) sum rules. The GDH integrdl4] relates the anomalous

The solid (dash-dotteg line

(MAID2000 [44]) solution.

magnetic momenk, the chargee, and nucleon mask to
the difference in the total photoabsorption cross sections for

represents the SMO02

circularly polarized photons on longitudinally polarized
nucleons,
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TABLE VII. Comparison of the SM02 and recent MAID2000

g RO T ) [44] calculations for the GDH and Baldin integrals and the forward

L spin polarizability from threshold to 2 Gelfor MAID, it is up to

\:'/ yp-mn 1.25 GeV [upper setand from threshold to 200 MeWower set

gjﬂ displayed as SAID/MAID.

o

B Reaction GDH Baldin Yo

N i (n b) (10°% fm®) (107% fm*)

Sl

£ - 7p>mp 7%p ~142/-150 4.714.7 —1.401.47

5 T T 50 1350 1950 7'n —45/-18 6.8/6.9 0.55/0.79
E_ (MeV) 7°n —148/-153 4.6/4.6 —1.44/-1.50

o~ TP 11/33 8.3/8.8 1.36/1.64

;g (b) 7°p -2/-1 0.1/0.1 —0.05/0.04

S YOSTp 7n 30/32 1.2/1.2 0.99/1.02

= - m°n -1-1 0.1/0.1 —0.040.04

go TP 42/ 47 1.7/1.8 1.39/ 1.53

g

:—0.4 B b

2 0 1 (*oyp—0

é N yo=mTh ’yO=—2 1/2—33/2dv (6)

£ -16 N S S — 474 v v

= 150 750 1350 1950

E_ (MeV)
! A recent dressed-matrix model approach for the proton
FIG. 12. Forward spin polarizability, (a) for proton and(b)  gives y,=—0.9 10 * fm* [75]. The LEGS analysis gives,
neutron targets. The soligilash-dottellline represents the SM02 for a proton target,y,=(—1.55+ 0.15+0.003)x 10~ 4 fm*
(MAID2000 [44]) solution. [23]. The running integral is shown in Fig. 12.
For charge states"n and = p, all three quantities are
01— Ty re? sensitiv_e to the threshold energy range, €200 MeV), as
lepH= f Tdv: — WKZ' (4) shown in Table VII. From Figs. 10—12, one can see that each
0]
TABLE VIIl. Comparison of the SM02 and recent MAID2000
[44] calculations, and recent Mainz dafta5] for the GDH and

where oy, and o3, are the photoabsorption cross sectionsg,gin integrals and the forward spin polarizability for proton and

for the helicity states 1/2 and 3/2 respectively, witleing o\ tron targets from 200 to 450 MeV. Units areb, 10* fm?, and

the photon energy. For the protgneutron target, Eq.(4) 194 fm* for the GDH and Baldin integrals and polarizability, re-
predicts —205 (—233) ub. The running GDH integrals for gpectively.

the proton and neutron are shown in Fig. 10, where a coms

parison with MAID is also given. Integral Reaction SAID  MAID Mainz
The Baldin sum rulg70] relates the sum of electric and
magnetic polarizabilities of the nucleon to the total photoab-GPH mp —129  —136 —144+729
sorption cross section, mn —42 =25 —32£3x2
Proton —-171 -—-161 —176:8+11
) —14 -1
1 (* oot 1 (= oyptosp w°n —-135 —139
lBa'di“ZZ 2L0 2T o2 " 2—Vzd”' ) . Neutron —149  —140
Baldin 7°p 4.0 4.0
7n 4.5 4.6
For the proton(neutron target, the recent dispersion calcu- Proton 8.5 8.6
lations by Levchuk and Lvov give (14:00.3) 7 p 55 5.9
X 10 * fm® [(15.2£0.5)x 10 * fm®] [71]. For the proton, 7°n 3.9 4.0
an independent Mainz determination gives (13(84) Neutron 9.5 9.8
X104 fm® [72] and the LEGS group quotes (13.25 4, 7°p -131 —1.39 —1.45+0.09+0.09
+0.86"3:2) X 10" fm® [23]. The isospin averaged nucleon #fn  -039 -021 —0.23+0.04+0.01
polarizabilities determined by MAX-lab measurements of Proton —1.71 —-1.61 —1.68+0.10-0.10
Compton scattering from the deuteron is (16316) TP —-0.05 0.11
x 10 * fm® [73]. Running Baldin integrals, with compari- °n -135 —1.40
sons to MAID, are given in Fig. 11. Neutron —1.41 —1.29

The forward spin polarizabilityy, [74] is
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TABLE IX. Comparison of the SM02 and recent MAID2000 S;; multipole, for which the associate@N inelasticity has a
[44] calculations, and recent Mainz dafta6] for the GDH and  sharp increase at thgN threshold. As might be expected,
Baldin integrals and the forward spin polarizability for proton and states with largerN branching fractions remained stable.
neutron targets from 200 to 800 MeV. Units ard, 10 * fm®, and  Thjs stability held for theN(1520) as well, though investi-
10~ * fm* for the GDH and Baldin integrals and polarizability, re- gations based upopN photoproduction, and quantities re-

spectively. lated to the GDH integral, have suggested a shift in its ratio
. . of photodecay amplitudes. Given the sensitivity of weaker
Integral Reaction  SAID  MAID Mainz res%nances tg the F():hoice of phenomenology, W)é are now at-
GDH Proton —193 —175 —226+5+12 tempting to replace the dependence onTl— TfTN) with a
Neutron —167 —160 form more directly connected to the opening of specific
Baldin Proton 9.8 9.9 channels, such agN and 7A.
Neutron 10.9 11.3 The evaluation of sum rule&GDH, Baldin, and forward
Yo Proton —176 —1.63 —1.87+0.08+-0.10 spin polarizability for a single-pion contribution exhibits
Neutron —1.46 —1.34 convergence by 2 GeV. Agreement with Mainz is now good

below 450 MeV, with larger deviations at higher energies.
In both 7N elastic scatterinj76] and pion photoproduc-

integral of the single-pion contribution, based upon thetion [25,39, the measurements of precise new single- and

SMO2 solution, has essentially converged by 2 GeV. double-polarization data have highlighted problems existing
Experimental data for the GDH ang, quantities have in the “standard” fits. Further polarization measurements

been obtained from measurements at MAMI, coveringwill be required to test assumptions implicit in the SAID and

ranges from 200 to 450 Me}15] and to 800 Me\[16]. In  MAID programs.

Tables VIII and IX, we show SM02 and MAID results for

the above mentioned quantities over the energy ranges cor- ACKNOWLEDGMENTS
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