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An energy dependent multipole analysisfor photoproduction of z* and =° from threshold
up to 450 MeV is presented.

Apresenta-se uma andlise multipolar, dependente da energia, para a fotoprodugéo de
n* e n® do limiar até 450 MeV.

I ntroduction

The purpose of this paper is to present a semi-phenomenological mul-
tipole analysis in pion photoproduction off protons at low energies.

Photoproduction of =° and =* around the first = — n resonance are
reasonably understood in terms of dispersion relation models which
were first introduced by Chew, Goldberger, Low and Nambu'. Al-
though the main experimental resultscan be explained by these models,
there are several uncertainties in the determination of the multipoles.

In the past few years, a number of phenomenological multipoles fits
have been presented in the literature2°. The most recent ones are those
o Noelle, Pfeil and Schwela® and of Berends and Weaver®. Both fits
are "energy-independent” and therefore they possess the advantage
o not havinga"biased" energy dependence in the multipoles. However,
besidesthe problems df continuity in the solutions, there is the problem
d non uniformity in the distribution of data through the whole range
o angles and energies under consideration.

The purpose of this paper is to attempt an energy-dependent semi-phe-
nomenological multipole analysis from threshold up to 450 MeV.

*Supported in part by B.N.D.E. and C.N.Pq.
**Postal address: Rua Marqués de S Vicente, 209, 20000 — Rio de Janeiro GB.
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In our approach, we take as first approximation a smple model and
then ask for corrections in the multipoles with J < 3/2 that have an
energy dependence which is the product o three factors:

(i) @ phase as given by the Fermi-Watson theorem”;
(i) Threshold behaviour dependence;
(i) A second degree polynomial in the energy.

The multipoles with high angular momentum (J> 3/2) will be fixed
by the Born terms alone. As initia values for the multipoles, we will
take the Born terms corrected for absorpiion except the resonant ones,
Whicg will be taken as E¥? = 0 and M3'? equals to the C.G.L.N.
value'.

In Sec. 2, we give the necessary kinematicsfor the calculation; in Sec. 3,
we present the model in some detail, while in Sec. 4, we exhibit the
results; in Sec. 5, we summarize our conclusions.

2. General Results

In this section, we assemble several formulas that have been used in
this analysis. Such formulas have been derived by severa authors®.
The most economical way to present them is to use the Jacob and
Wick® helicity amplitudes. In photoprocluction, we can define 8 heli-
city amplitudes H,,(6), where the labels refer to the final nucleon
helicity A, and to the difference of the initial nucleon helicity 4; and
the photon hdlicity ,. Parity conservation implies that

Hyu0) = — (—=Y7* H=3,-,(0) 21

and therefqre reduces the number of independent amplitudes to four.
Following Ecklund and WalkerS, we call

H =Hyp32=H_13,-32 Hi=H_(p35=—Hypn 35,
Hy, =Hyp12=—H_ 1212 Hy=Hyy 15 =H_1;1,. (2-2)

In this analysis, we will be concerned with four measurable quantities:
the differentia cross section, a(6), the polarized photon asymmetry,
%(0), the polarized target asymmetry, T(9), and the polarization, P(9),
o the recoil nucleon (in a direction defined. by k x g, where g and k
are the pion and photon momenta, in the center of mass system res-
pectively). Thedifferential crosssectionand thepolarization aregiven by
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Im (H, Hf + H, HY)- (2-4)

§|~ ol

PO) = -1 -

The polarized photon asymmetry ¥ is defined as the ratio between
the difference and the sum o the cross sections by photons linearly
polarized in a direction perpendicular (c.) and paralel (s))) to the
plane o reaction:

g, — O'H - g 1
o.+o; k a(6)
The polarized target asymmetry is defined as the ratio between the

difference and sum of the cross sections on a proton target which is
polarized parallel or antiparallel to the direction defined by q x k:

=(0) = Re (H, Hf — H, HY)" (2-5)

T(6) = Im (H, H + Hs HY)- (2-6)

(9)
In the region o the first resonance, it is more convenient to work with
the magnetic and electric multipoles instead of the partial wave heli-
city amplitudes. Therefore, we expand the H's directly in multipoles:

H1 = ﬁ COS % sin 6
Z(El+ - M, - E(z+ 1)— — M(1+1)—) (Pl - P;l+1), (2'7)
1 )
H, = Ccos —
:;2 2 , ,
YI(U+2)E+ + IMyy + lEqi1y- — (4+2)Mgeyy-] (Pr— Piy), (2-8)

=~

H; = T sin —6« sin 0
Z(EH My + Eqry- + Mgy yy-) (P + Piv1), (2-9)
1
H, = 75 sin —
ST+ Ers + My —IEqs 1y + (1 +2)Mg11y-] (P, + Pi+y). (2-10)

In order to use the Fermi-Watson theorem, we will write the two am-
plitudes H** and H™, for =* and =° production, in terms of the ampli-
tudes H*? and H'/? for transitions to the | = 3/2 and | = 1,2 final
isotopic spin states. Following the notation of Ref. 6, we have:
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Hn+ _ \/5 <H1/2 __-1; H3/2>,

o = H2 4 % H32, (2-11)

3. The Method

In this Section, we present a method for :he deterrnination of the mul-
tipoles. We call M{. and El. the magnetic and eectric multipoles
leading to a find state with isotopic spin 1, orbital angular momentum [
and total angular momentum j =1+ 1/2. In what follows, we use
the generic symbol #{. to denote either M/, or E{.. The method we
have used is based in the following considerations:

i) The most important feature in ihis region of energies is the
excitation of the first = — n resonance;

ii) z° photoproduction can be understood in terms o low angular
momenta only, but thisis not true for z* production where a forward
peak in the differential cross section is already present at energies as
low as kiag =~ 300 MCV,

iii) By the Fermi-Watson’ theorem, the phase, é{+, of the multi-
poleshi. . are the same as the correspondirign — n scattering amplitudes
beow the threshold for production o two pions. As the inelasticity
in 7 — n scattering is, in this range, small, we extend the vdidity of the
Fermi-Watson theorem to the whole region;

iv) Theoretical models using dispersion relation techniques have
been presented in the literature'®. It is found that the main features
o the data can be explained reasonably well through the Born terms
and a resonant magnetic amplitude.

Taking into account the above considerations, we assume that the mul-
tipoles are given by the sum o two terrns. ks (INPUT) and Ahf,.
For all non-resonant amplitudes, 4{+(INPUT) is given by the Born
contribution corrected for absorption:

hi(INPUT) = (Born contribution). exp (id/+) cos &+,  (3-1)
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the resonant amplitudes E3’Z (INPUT) is taken equa to zero and
M32(INPUT) as the CGLN! value:

My = o Tt M Ko 532) sin 832, (32
2 foa
wheref * ~ 0.08 and g, and u, are the total magnetic moments of
proton and neutron.

The correction Ahi . will be made only in the multipoleswith J < 3/2:
Eory, My, Ey+, M., E;_, M,_. We assume that Ah is given by the
product of three factors:

(i) exp (i6{+) which assures the correct phase,

(ii) ¢' which gives the correct threshold behaviour and

(iii) a second degree polynomial in the center-of-massenergy O which
will introduce an extra energy dependence:

a{i + (0] bzlj; + O2 CII+-. (3'3)

alr, bls, cf+ being a set of 36 parameters which are determined by
comparison with the experimental data.

4. Results

The experimental results for the differential cross section, polarization
o the recoil nucleon and photon asymmetry, were taken from Genzel
and Pfeil'™s data collection. We also used the recent results of S
Arai et al.}? for the polarized proton target asymmetry at 90°. Table |
shows the distribution o the data used among the several measurable
quantities. The = — n phase shifts were taken from the Roper, Wright
and Feld!® analysis.

Table | — Distribution o the data analyzed in this paper.

o(0) P©) %(0) T
Tt 869 5 97 7
n0 670 24 30 | 0
Tota 1539 29 127 7
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The experimental results and the values o i+ (INPUT) were fed in a
computer which was asked to find the 36 paranieters defined in the
last chapter. The computer searched foi a mininium o the function:

1 N Yi _ Yi , 2
2 _ = . exp calc
Xw - N izl wz[: AYI -l »

€Xp

(4-1)

where N isthe number of events, Yi,,, AYL,, Yia. arethe experimental
value, the total error and the calculated value for one of the measu-
rable quantities, at a given angle and energy'*; ; is a weight factor
which will be defined below.

One o the problems that we have found in our analysisis the non
uniformity in the distribution of the available data. Besides having
only a few events in polarization and asymmetry experiments, the
distribution of datain energy and anglefor the differential cross section
isquite nonuniform. In order to havean idead theeffect of thisnonuni-
formity on thedetermination of the multipoles, we analyzethe minimum
o the x2 function in four separate casdi;, A, B, C and D. In case A,
we let w; = 1asit is usualy done. In cases B, C and D, all the expe-
rimental data were divided in sets S, (S%) of events =* (z°) having
energy between E, and E, T AE, and cos between cosf; and cosf,; T
+ A(cosd), starting from E = 150 MeV and cosf = — 1. In cases B,
C and D, we put AE = 100 MeV, 60 MeV and 50 MeV and A(cost)) =
= 1/2, 1/3 and 1/4, respectively. Therefore, we have 24, 60 or 96 sets
S.s. The weight o; was set equa to:

w; = ’ (4-2)
where nisthe total number of eventsdivided by the number of z° and
nt sets, while n; is the number of eventsin the set to which the given
event "i"" belongs. Thisweight would balance the importance between
regionsdf unequal density of events. We note that w; = 1 if the distri-
bution of events is uniform among the sets.

A B C D

x5 1.86 2.03 2.03 2.05

Table T — Values of the y2 — function for th: different solutions.

The results for the x2 functions are given in Table II. In each case,
the parameters were obtained in two different ways. First, letting
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Fig.| — @) The red part o E}?; b) The real part of E3’2. The solid line is the
input. Thedashed line, the —- — line and the —-. — line correspond to solutions A,
B and D. The difference between solutions B and C are negligibleand are not shown
in the Figure.
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Fig. 2 — &) The rea part of M}2; b) Thereal part of M3/2. Thiesolid line is theinpui.
The dashed line, the —— ling, the dotted line and the —- - — line correspond to solu-
fions A, B, C and D.
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Fig. 3 — @) The real part of E}/2; b) The red part of E3/2. The solid line is the input.
The dashed line, the — — line, the dotted line and the —- - -~ line correspond to solu-
tions A, B, C and D. For E}’? the difference between solutions B and C are negligible
and are not shown in the Figure. For E32, the input is zero.
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tions A, B, C and D.
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are not shown in the Figure.
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only the Eq+, My_, M+, E;+ multipoles vary and then allowing va-
riations on M,_ and E,_ and, second, letting all 36 parameters vary
at once. The results are praticaly the same, in both cases. Also, we
have been able to check the effect of E,- and M, multipolesin the
variation of Eq+, M-, M+ and E;+. We have found that no appre-
ciable effect exists.

Figs. 1 to 6 show the multipole solutions for cases A, B, Cand D. The
graphs show that the multipoles M+, E;+, M3, are quite stable as
we move from one solution to another, this giving greater confidence
in their determination. Also, solutions A, B and C are quite close for
all multipoles, but thisis not true for solution D. This may be due to
the fact that in this case there are sets S,; that have as few events as 2,
which is not statistically satisfactory. In TablesIII and IV, we give nu-
merical results for the multipoles in cases A and D.

InFigs.1to 6, weal so show thevaluesobtained by Berendsand Weaver®,
for comparison. For a discussion of other multipole analyses, we
refer to the work of Noelle et al.>. For the important multipole M3}/,
our results are practically the same as those of Ref. 6. Also, they are
very near to the CGLN value. For the large multipoles E§/? and E3/?
and for E3/2, E3'2, their resultslie, in general, in between our solutions
A and D. For Mi/Z, their results are larger than ours, while for Ei’?
and M3/2, they agree up to energiesdf ~ 300 MeV. Themost important
differencesoccursin the M, - multipoles, mainly in the T = 3/2 channel.
In fact, there are some difficultiesin the determination of this multipole.
It seems that the source of these difficultiesis that the M ;- multipole
appears in the differentia cross section and in the photon asymmetry
through linear combinations involving the large multipoles. Polari-
zation experiments or polarized target experiments, however, should
help in its determination. In fact, around the region o the first reso-
nance, the only important terms will be those corresponding to the
interference with M3/2 and E3/2. Disregarding multipoles with 1= 2,
we can write

o(6) P(6) ~ — %sinO ImM[(M,+ t 3E,+)(Eo+— 3M,_ cos O)*], (4-3)

o(0) T(O) ~ 3 %sm 0. In[(My+ — E14) (Eos —M,_ cos )] (4-4)

Unfortunately there are few experimentsin nucleon recoil polarization
or with polarized targets. Also it is important to have experiments
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Ko B M2 BE M B2 w2 BE M@ B} M¥ B2 My
150 11.31 0.62 0.75 —0.65 0.29 0.04 —2233 -1.38 -1.25 6.29 -0.65 —0.06
170 10.72 0.83 0.99 —-0.87 0.53 0.08 2121 —1.89 —-1.70 903 -1.21 -0.12
180 10.19 0.96 1.13 —~1.00 0.72 0.12 —-2021 =225 -2.01 1133 —1.69 -0.17
190 9.74 1.04 1.22 —-1.10 0.87 0.15 —-1921 =257 —2.18 1339 -2.10 —-0.22
200 9.33 1.10 1.28 -1.17 1.00 0.18 —1832 283 —231 1538 —246 -0.26
210 899 1.13 1.31 —-1.21 1.10 0.21 —17.40 307 —2.37 1729 -278 —0.30
220 8.68 1.16 1.34 —1.24 1.18 0.23 —16.57 327 —241 19.23 —-3.06 —0.34
230 840 118 1.35 —1.25 1.24 0.25 —-1576 347 —2.39 2113 =331 —-0.37
240 8.16 118 1.35 —1.25 1.29 0.27 —-1498 367 —2.31 2296  —-3.54 —0.40
250 7.95 117 1.35 —1.24 1.32 0.29 —1421 386 —2.20 2466 —3.74 -043
260 7.78 1.17 1.33 -1.23 1.35 0.30 —1345 —405 —2.05 2609 —392 -0.45
270 7.63 1.16 1.32 —-1.21 1.36 0.32 —12.70  —4.25 —1.84 2701 —4.08 —-047
280 7.50 1.14 1.30 —1.18 1.37 033 —1195 —445 —1.59 27.iz  —4.23 —0.50
290 7.39 1.13 1.28 —1.14 1.37 0.34 —1122 —465 —1.30 2603 —437 —0.52
300 7.31 1.1 1.25 —-1.10 1.36 0.35 —1049 —4.86 —0.99 2339 —449 —0.54
310 7.25 1.09 1.22 -1.05 1.35 0.36 -9.76  —5.09 —0.68 19.11 —4.61 —0.55
320 7.21 1.08 1.19 —190 1.33 0.36 ~9.04 —530 —0.40 1353 —-472 -057
330 7.15 1.05 1.16 —0.95 1.31 0.37 -839 551 —0.18 734  —482 -0.59
340 7.15 1.03 1.12 —0.90 1.28 0.37 -767 =576 -0.02 139 —491 —0.61
350 712 1.02 1.09 —0.84 1.26 0.38 -703 —598 0.04 -3.69 —499 -0.62
360 7.15 1.00 1.05 —0.78 1.22 0.38 —-631 —624 0.03 —-761 —5.08 —0.64
370 7.15 0.97 1.01 —-0.72 1.19 0.38 —~567 —649 -005 —-1039 515 —0.65
380 7.20 0.96 097 —0.55 1.15 0.39 -497  —6.77 -02t —1217 522 0.6
390 7.24 0.94 0.93 -0.59 1.12 0.39 —-433 -703 -040 —-1320 —-529 —-0.68
400 7.31 0.94 0.88 —0.51 1.07 0.39 —~363 —7.34 —0.65 —13.63 —536 —0.69
410 7.37 0.93 0.84 —045 1.03 0.39 -300 762 —-092 —1367 —542 —-0.71
420 743 0.92 0.80 -0.38 0.99 0.39 =237 =191 —122  —1341 548 —-0.72
430 7.54 091 0.75 -0.30 095 0.39 —-167 —825 —-1.57 —1290 —554 -0.73
440 - 7.63 0.91 0.70 -0.23 0.90 0.39 —~1.04 857 —192 —-1228 —559 -0.75
450 172 0.92 0.66 —-0.15 0.86 0.38 -042 —8.89 —229 —11.56 —35.65 -0.76

Table III — Multipoles for solution A. K, is given in MeV and multipoles in units of 1073 X A,,.

204



S0¢

K, E§? MiZ2 Ei? M2 E}? M2 E3? M3 E3? M2 E3? M32
160 11.00 0.79 0.77 -0.72 0.36 0.05 —2344 0383 —-1.22 612 —053 —0.05
170 10.33 1.07 1.01 —0.98 0.67 0.10 —2242 -~1.14 —1.66 879 —-096 —-0.08
180 9.72 1.25 1.16 -1.14 0.94 0.14 —-21.53  —~134 -1.97 11.04 -1.31 —-0.11
190 9.18 1.36 1.25 —1.26 1.17 0.18 —2067 —157- =214 13.07 - —1.60 —0.14
200 8.68 1.45° 131 —134 1.38 021 -1992 —175 —-2.28 1503 —1.83 —0.16
210 8.23 1.51: 1.35 —1.40 1.57 0.24 —19.18 —195 —2.34 1694 ~201 —0.18
220 7.82 1.56 - 1.37 —144 174 - 027 -1852 ~209-  —-239 1887 215 —0.19
230 743 1.60 139 —1.46 1.90 0.30 —1790 226 —-238 2077 =226 -0.19
240 7.08 161 1.39 —1.48 2.05 0.32 —1731 —246 —232 2260 -234 —0.20
250 6.75 1.62 1.38 —148 2.18 0.34 —16.75 ~2.65 —-222 2431 -240 —-0.20
260 6.45 1.63 1.37 —147 2.32 0.36 —1622 —284 —-2.08 2577 —243 —-0.20
270 6.17 1.62 1.35 —1.46 244 0.38 —-1571 =3.07 —1.89 2671 245 —0.19
280 . 590 1.61 1.32 -1.43 2.55 0.40 —-1523 -330 —1.65 2686 —245 —0.19
290 5.66 1.60 1.29 —1.40 2.67 0.41 —1476 —3.54 —-1.38 2581 —243 —0.18
300 542 1.59 1.26 —1.37 279 042 —1432 380 —1.07 2323 240 -0.17
310 5.21 1.56 1.23 —1.33 2.89 0.43 —-1389 —4.08 —0.76 1900 -237 —0.16
320 5.00 1.55 1.19 —1.28 301 0.44 —1347 —436 —046 1345 =231 —0.15
330 481 1.52 1.15 —124 311 045 —1310 -—4.63 —0.22 731 226 -013
340 4.63 1.50 111 —1.18 322 0.46 —1272 —496 —0.03 138 219 —-0.12
350 445 1.47 1.07 —1.13 333 047 —-1237 525 0.07 —-368 -2.12 -0.10
360 4.29 1.45 1.02 —1.06 344 0.47 —-1201 561 0.10 -760 -~2.03 —0.08
370 4.14 1.41 097 —1.01 3.54 0.47 —-11.69 —595 007 —-1039 ~196 —0.07
380 3.99 1.39 092 —0.94 3.66 0.48 —11.36  —6.33 -003 -—1219 -—1.86 —0.05
390 3.85 1.36 0.87 —0.88 3.76 0.48 —-1107 -670 —-016 —-1325 -—1.78 -0.03
400 373 1.34 0.82 —0.80 3.89 0.48 -1076 712 -036 -1372 -~1.67 -0.01
410 3.60 131 0.76 -0.73 4.00 0.48 —1049 752 —0.57 —1380 —1.57 0.01-
420 3.49 1.28 071 —0.66 4.11 048 —-1023 ~-793 —081 —13.60 147, 0.03
430 3.38 1.26 0.55 —0.58 423 0.48 —-996 —841 -110 -1315 137 0.05
440 327 1.24 0.59 —0.50 435 047 -973 —88 —139 —1259 —1.26 0.07
450 3.17 1.22 0.53 —043 447 0.47 —-950 - —932 -170  -1193 -—1.14 0.10

Table IV — Multipoles for solution D. K, is given in MeV and multipoles in units of 1073 X Ag,.



both in the forward and backward directions in order to separate the
M, _ term!5:16

Figs. 7 to 12 show our results for the cross section for z* and =° pro-
duction at three different energies. The curves show that solutions
A, B, C, and D give pratically the same rzsults except for z° production
at forward and backward direction, where sol. D differs digtly from
the others.

In Figs 13 to 17, we show results for recoil nucleon polarization in z°
production at 360 and 420 MeV and excitation curvesfor photon asym-
metry and polarized target asymmetry. Here the differences between
solutions A, B, C and solution D, appear more clearly.

5. Conclusions

From our analysis, we would like to make the following points:

i) Our values for xZ seems to confirm that the method of parame-
trization is a reasonable one;

ii) The values of Eq,, M;_, M+ and E,+ which we obtain are es-
sentially independent of the adjustment of E,_ and M,_. That is,
the data are not stringent enough to determine E,- and M,_ with
confidence;

iii) Some multipoles are determined with more confidence than others.
This is the case of M2, M3/2, EVZ E3Z, MLZ;
iv) Our results, for the M3/2 multipole, are quite different from other

authors. Polarization and polarized target experiments should help
in a better determination of this multipole;

V) The differences between solutions A, B and C and solution D may
indicate that one needs more uniformity in the distribution of data,
in order to have more confidence in the results of this type of anaysis.
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Fig. 7 — Cross section for 7° photoproduction at 260 MeV. Thesolid line is the input.
The dashed line, the —-— line, the dotted line and the ~---— line correspond to solu-

tions A, B, C and D.
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Fig. 8 — Cross section for n° photoproduction at 340 MeV. The solid line is the input.
The dashed line and the —---— line correspond to solutions A and D. The differences

between solutions A, B, C are small and are not shown.
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Fig. 9 — Cross section for =% photoprodtiction at 440 MeV. The solid line is the mnput.
The dashed line and the —---— line correspond to solutions A and D. The differences

between solutions A, B, C are small and are not shown.
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Fig. 10 - - Cross section for #* photoproduction at 220 MeV. The solid line is the inpiit
and the dashed linc is solution A. Tlic differences between solutions 4. R, C. D are small
and are not shown.
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Fig. 11 — Cross section for n* photoproduction at 340 MeV. The solid line is the input

and the dashed line is solution A, Tlic differences between solutions A. B. C. D are small

and are not shown.
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Fig. 12 — Cross section for =" photoproduction at 450 MeV. The solid line is the input

and the dashed line is solution A. The differences betwecn solutions A, B, C, D are small
and are not shown.
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Fig. 13 — Nucleon recoil polarization in # photoproduction at 360 MeV. The solid
ling is the input. The dashed line, thc —-~ line, and the —---— line correspond to

solutions A, B and D. The differenccs between solutions A and C are small and are not
shown.
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Fig. 14 — Nucleon recoil polarization in n° photoproduction at 420 MeV. The solid
line is the input. The dashed line. the —-— line. the dotted line and the —-+— line

correspond to solutions A, B. C and D.
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Fig. 15 Photon asymmetry excitatton curve for ° photoproduction at 90 . The solid

line is the input. The dashed linc. tlie —-— linc. tlic dotted linc and the —---— line
correspond to solutions A, B, C and B.
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Fig. 16 — Photon asymmctry cxcitation curve for z* photoproduction at 90°. The
solid line is the input. The dashed line, the —-— line and the —-.-— line correspond

to solutions i. H and D. The differences between solutions B and C are small and rire
not shown.
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Fig. 17 — Polarized target asymmetry excitation curve for 7 photoproduction at 90",
Thesolid lineis theinpiit. Thedashed line, thedotted lineand the —-.-— line correspond
to solutions A, C and D. The differences between solutions A and B are small and are

not shown.
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