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ABSTRACT 

An amplitude analysis of the reaction n*p -» n*n~n°&** at 7 

CeV/c has been performed using the isobar model for the Jit 

system. The 3tt mass covers the range .62 to 1.9 CeV. No 

significant A, production can be seen. The spin-parity of the 

w*(!700) is determined to 3". Properties of A^ and u* production 

are determined and compared with theoretical models. The 

background is similar to that seen In analyses of chorged )n 

systems. 
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t. Introduction 

For several years isobar model analyses of produced charged 

three pion systems have been available'^. They confirmed the 

resonant nature of the A2( 1310),but cast doubt on the resonant 

nature of the A,(1070), Although a large enhancement appears in 

the I(J p )«l(l*) partial wave,the associated phase does not have the 

Breit-Wigner behavior associated with a resonance. The 

respectability of the A, Is further impaired by the existence of the 

Deck effect, a combination of t-channel exchange rtnd kinematic 

accident, which qualitatively explains the A, enhancement. On the 

other hand , a resonant A, seems required by ninny theories, 

notably the L-excilation quark mode'.chiral symmetry, and 

exchange degeneracy 3. In an attempt to find the "true" A, lurking 

beneath the Urge Deck background, we studied the reaction 

n'p^lVn-ir'la*', (1) 

for which the Deck mechanism is inoperative4. Reaction (I) also is 

suitable for the study of 1-0,2 rneson final states not accessible to 

study with charged final states. 

By inclusion of information from the A** decay and the neglei t 

of double flip amplitudes, we obtain amplitudes free from the 

continuous ambiguities inherent in density matrix analyses. This 

allows us, in principle, to determine the phase between natural 

and unnatural parity exchange amplitudes, and to determine 

phase variation in a particular three pion partial wave even when 
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the three pion density matrix is not approximately rank one. 

The pier, of the report is as follows. In section I I we give « 

brief description of the data and what selections were made 

Section I I I and the appendices describe our formalism. Section IV 

describes the fitting procedure and the quality of the fits. In 

Section V, we present our results. Finally, Section VI summarize?* 

the work and poses questions for further study. 

I I . The Data 

These data come from a 700,000 picture exposure of a 7.1 

GeV/c n* beam on the Hj filled 82" SLAC-LBL bubble chamber. 

Experimental detaiils and scanning and measuring efficiencies can 

be round elsewhere*-'- 7. There were 65,856 events which fit tin-

reaction 

n*p*«*pn*B"n° (2), 

corresponding to a cross section of 2.16 t .09 mb. Events were 

selected which had 1.16sM„+ p SI28 CeV. Ambiguous selections foi 

the correct n* to be included in the 4** , which ranged from 5 to 

\ZX of the sample depending on the recoiling In mass, were 

weighted according to Ihe A** Brell-Wigner. In this sample all 

moments, <Yj) . ° ' l n e "*P decay distributions with L*3 are 

consistent with being zero. We then selected those events which 

had | t M | i 8 (GeV/c)* and Jir mass in the interval .52 S M,„ i 1.9 

CeV, giving 12706 events to be analyzed. 
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To study the amount of pollution from higher N*'s we consider 

the region where their effect is expected to be maximal: large I t^ l 

and M,„. figure 1 shows the i * * n " and &**n° moss distributions, 

where the diamonds represent the N**'s and the histogram gives 

the N'"'s.for 1.7 s M,„ S 1.8 CeV and .35 s U^l S .8 (GeV/c)*. 

Notice that both graphs peak sharply at low mass. However, tin-

only known N" in this region has isospin \/£, so the N"** signal 

here must be a reflection of sonw other feature ol the dala. 

Similarly, we argue that much of the N"* signal is also a reflet lion. 

Consequently, we estimate the total N" pollution as < 70 events in 

this 88J event sample*. Because what N* sigiml exists is 

distributed among many N*'s, none of which dominates the cross 

section in its region, the effect of exclusions (biased angular 

distributions and greatly decreased statistics) is worse than the 

malady that they would seek to cure. Therefore, no cuts were 

performed on the data. 

I I I . Formalism 

For reaction U ) we define the production ampli'.i.Jf ) 

TA A>C)i>> tp*'> "her * ' ' f ' 1 1 ) . . and tp^ are the angular momentum 

of trie produced three pion system, its parity, its mass, and 

momentum transferred squared between the incoming proton and 

the outgoing A " , respectively, n labels the sel of i -pion 
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quantities: jisospin, isobar, orbital angular momentum between 

isobar and odd pion(, and will be more fully described in Appendix 

A. (((Ap.Aj) is the z-component of spin of the three pion system 

(incoming proton, outgoing A) along the vector C (C) in the three 

pion (A) rest frame. CM (C,,') is the four vector independent of M,„ 

(M4), orthogonal to the four-momentum of the produced meson 

(baryon) system, and whose spatial components lie in U; • 

production plane. l„ 'he situation that 11,̂ 1 << s, we have: 

where q„ (qf, q )̂ is the momentum of the pion (proton, A) in Un­

rest frame of the 3 pion system. And, 

where q_' (o„', q J ( l') is the momentum of the incoming proton 

(pion, outgoing three pion systum) in the A rest frame. In both 

cases we take the Y axis as the normal to the production plane: 

? • % « 9 4 (5). 

These choices for quantization axes are motivated by the vet tor 

dominance model of Cho and Sakurai' as extended by Wagner1 0, 

which predicts helicity conservation in this frame. This model has 

been successful in describing the production of both vector 

mesons and diftractive meson and N* systems. Therefore, this 

frame was adopted with the hope that its use would reduce the 

number of parameters required to fit the data end as a test of 

these dynamical models. On the other hand, for most of our 
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kinematic range this coordinate system is within 30° of the 

t -channel frame for which approximate helicity conservation has 

been observed in similar analyses of charged three pion 

systems 1 '*. This fact weakens our ability to test these 

models,while making it likely that we can't be loo far wrong in our 

choice of coordinate systems. 

The dependence of the production amplitude under rotations 

on the baryon spins is of the form: |1/2)«|3/<J). We decompose (hi.--

Kroneiker product as: 

r [ M . n -Z (\/Z V, S / i |3 /2 Kt) T ^ M , V u S + l ) / 2 (6). 

If S is restricted to I , we have the so-called class \ predictions oi 

the quark model": those which depend onlv on additivily. That 

is, the meson-baryon scattering amplitude is the sum of 

constituent quark-quark scatterings. Since a single quark can 

experience only single flip and both proton and d** have the same 

orbital angular momentum in the symmetric quark model 

classification scheme 1*, the baryon current must behave as a 

spin-one object under rotations. Similar predictions come from a 

dipole coupling model 1 3 or for natural exchange alone (see below) 

the venerable Stodolsky-Sakurai model 1 4 . These models have been 

successful in describing the production of the delta isobar when 

the associated meson system was either a n, K, p, K*(890), 01 

u(780). 

This decomposition of the production amplitude is also useful 
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in imposing parity constraints. By reflecting ir. the production 

plane, we obtain: 

T f M " - p ( - , ) J - M -^-v i T J f > ; M " (7,. 
The decomposed amplitudes obey the following rule: 

/ " " . P i - l / - ^ 5 - " - ' / - " " (8) 

This restriction is built into our formalism as follows. If we defin<-

Y m - P t - I ) ' - " " - ' (9), 

for the meson vertex and 

Y B - (-n s-w (to 

for the baryon vertex, then a new amplitude can be written whicl, 

manifests parity conservation for the production rem lion: 

. 0 « M M ) „ B ( < T J ^ % 1 , Y m T J £ - M r ) • * i Y - <T J ' _ , ! 1

n • r , - Y , „ T J

>

P ; M

M , , ) | 

( I D . 

where the quantities r)u and r j B can take the values t l , and 

lift) • > /^ /4 , for * i«0 
(12). 

» V 2 / 2 , for n*0 

This expression , denoted by T j^ j , vanishes unless nu'lg*') io 

the order ( l / s ) , r ) " + l ( - l ) corresponds to exchange in tin­

t -channel of objects of natural (unnatural) parity1-*. 

The amplitude for a meson system of quantum numbers 

J.P.M.n to decay into three pions, denoted by C , M , n , is given in 

reference 16. We sketch a derivation in Appendix A. The a** decay 

amplitude is given by 

D'f\ (<>,/>,?), where A . is the heliclty of the decay proton and 
A A « V 
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a,ff,j are the iuler angles which rotate the outgoing proton from 

C to its direction. The total amplitude for a particular event for 

given incoming proton spin, A p, and outgoing proton helicity. Ay. , 

is then of the form: 

T. t - £ H^ v „ I ( / M n T J ' M n ( H ) . 

where, 

H>.*«.V\ - vTSsTnT^o/i v ^ , . | j / ^ V D ; ' ^ ( 1 4 ) . 

Kor a particular choice of J ,n,S,A„, and A consider tt>«- pailial 

sum: 

K - rWrMlf^CH,. * T ; " C ; - « H „ • T : ^ C ; - " H . M • T ? ( J C " H . > 4 1 

(15) , 

• here HM) - \/i for M-0, 
(16) 

- I for MvO. 

In terms of amplitudes of definite 17, we have: 

K * A M S " T < * r ) "***-» * ̂ '"^ 
* (T* - r ) (Y M Y B G-"H. ( , •C"H„)1 (17), 

• r ( - iC"* iY B C-" ) (-iH„+ iY 8 H.„) l ( to) . 

Consequently, 

• i<H_„ - Y.H,,) I T ^ M | " " g j g - ( C - - Y , , C . - « K 
J )M|n 

(19). 
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Schematically, we have 

TA„.AP - I ( H ; . W T : I W - C * • Hs. w fs. w -Ci-) UO;. 
S|MI 

The spin averaged intensity is: 

I - I ( T C ) * W „ 4'tJf,. (f-G)s--W.-»- u i ) , 

where A is a matrix calculated in Appendix B. 

IV Filling 

The programs employed were extensively modified versions u( 

programs used for isobar model analyses of low energy rrN •• Nnn" 

formation reactions and n*p -» fn*rr*n~)p '. There are three niajoi 

programs and a lumber of subsidiary ones, which in various 

versions run on large CDC and IBM computers. The first program in 

the string, LTRI, computes the G functions and the A matrix (.set-

section III and the appendices) for both the data and Montr Carlo 

generated events. Roughly, 10-20 Monte Carlo events were 

generated for each real event. The Monte Carlo events were input 

to the program KREBS which calculated normalization integrals. If 

C and C" are vectors of C-funclions for natural and unnatural 

exchange,respectively, and 

K, • /G*(G*)» and. K_ - /G-(c'-)' ( « ) , 

where I he Integrals are over three pion phase space and f denotes 

Hermilian adjoint, th»n we have for the n o s s section 

IT - l(ffj'M;* • E(fp rK.f; <.>j). 
i j 
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where the sums are over p - i labels and all possible inner products 

are to be per'. .Intel. The K matrices t i n also be calculated with « 

numeiical integration over the Dalilz plot, but the Monte Carlo 

event-, were also useful for comparisons of the fits with the data. 

The ('.-vectors, A and K matrices were input for the progiam 

PWAJPI, a user ftint tin«- for the general purpose fil l ing system, 

OPTIMO:18. ISing « modified Newton-Raphson technique, OPTIMK 

maxiiuixed the log likelihood given by 
N 

In I. • I lli(l') - N<7 (£4), 
i-1 

where N is the number cf events, 1 <eq. i\) iv the probability for n 

given event and o is given by eq. Zl, in whith the T's art as rilling 

parameters. This form of likelihood funttion automati< alls 

normalizes our amplitudes to the number of experimentally 

observed events. A quoted parlial wave t ross section is then given 

bv |T, l 'k u , where 1K is a pal titular element of a particular T vecloi 

and Kjj is the associated diagonal element of the matrix K. 

The data were binned in the three pion mass, M| B , ami 

momentum transferred squared, t 4 , between qrolon and A** with 

approximately 500 events/bin. for mass dependent fils, two t 

intervals were used: Os|t|s. 15 and . )5s|t|s.8 ( G e V / t ) ' (he ieaf ie i , 

low I and high t ) . 1-dependent fils were performed in two mass 

regions: 1.2 S M „ S 1.4 CeV (A4 region) and 1.6 S M j B S 1.8 GeV U ' 

region). Since the Ai and u." amplitudes vary considerably over 200 

MeV, we included ractors or (E 0 -Mj 1 , - i^ /«! )~ , in Hie fitting 
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parameters, where the central mass and width had been 

determined in the mas? dependent fits. This procedure was also 

applied to mass dependent fits. Across the peak of the A2 this 

improved the log-likelihood by SO for equal numbers of 

parameters, although individual partial wave cross sections were, 

within errors, unchanged. 

For a list of meson partial wave quantum numbers allowed at 

each Mj„ see Table I, We neglected amplitudes which had hellcity 

changes of more than one unit at either meson or baryon vertex. 

At the highest masses, this still gives, counting both meson and 

buryon quantum numbers, 473 real parameters, this wealth of 

parameters is associated, unfortunately, with a paucity of events. 

Consequently, we adopted the following fitting strategy: First, we 

varied only those waves which were present in the charged 3ir 

system as determined by previous analyses 1 , 2 for both l»0 and 1=1 

amplitudes, and only S«l amplitudes at the p-A vertex. Then, in 

succeeding fits, we added parameters with the aim of significantly 

increasing both the likelihood and the energy continuity of the 

solutions. We rejected those parameters which did not meet these 

criteria. This procedure was iterated until the major waves 

stopped changing. Not only did we vary the set of waves, but we 

also tried multiple starting points for a given set: usually the fits 

converged to the same solution. The results presented here are 

those of our highest likelihood solutions (for M,„ 2 1.2 CeV we use 
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those where the resonances have energy dependent 

parametrization) but share major features with earlier fits. 

We were guided in our selection of parameters by certain 

moments of the 4** decay distribution. If (p , .P y .P z ) is a unit 

vector in the direction of the outgoing proton in the A** rest 

frame, we have, using the K matrices as metrics, the following 

relations between the Tg^ ( and certain moments (see Appendix B): 

W+ = <5pJ -i> - |ff ,|* + i|f0-0f + -fTJ.I* 

»- = GPS - i> = fill* + pi»f - i f e l 2 

+ | T 2 M 2 + ^ j R e ( f ; i t . f l 1 ) (36) 

+ fiV • ff i i l* --^Ke(f7,tfi, • ff.t.fj,) 
(27) 

Note that if only S » l , i.e. quark model, amplitudes contribute, W+ 

gels contributions from natural exchange only, while unnatural 

exchange contributes to * 0 and W_. However, the total amounts of 

natural and unnatural exchange can be determined from the 

meson vertex alone. These independent measurements of 

naturality contributions give a direct lest of the hypothesis: ? • 1 

only. In fact, large amounts of S«2 were required. A comparison 

of the W, as determined from the fits with tiio.se from the 

t l 
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moments as a function of M J l t for low and high t is shown in figures 

2 -4 . 

In figures 5-10 we compare the fit at high t for the mass 

interval 1.6sM3 l IS1.7 with various projections of the data. < 2 , s of 

30 for 20 degrees of freedom were typical. This can be compared 

with the results of a low energy »TN •* nrtN isobar model analys is" 

which had sufficient statistics to simultaneously bin in ell 

kinematic variables. For one dimensional projections they had 

typically, x*/ND « 20/10, while their 4-dimensional vVND were 

typically 225/225. This illustrates several points concerning isobar 

model likelihood fits. First, they can't track rapid fluctuations 

unless they are put in by hand. For instance, on Figure 10 the />° 

signal is well fit, while the bump near the f° mass is much 

narrower than the f° is thought to be. Second, these model fils 

average over regions in the total phase space to maximize the 

agreement between model prediction and local event density. This 

means that they are less sensitive to measurement errors and 

statistical fluctuations than analyses where this one- to -one 

correspondence between the events and the model is lost. Thus, if 

• hese models are to be improved to better understand the 

underlying dynamics, we must drastically improve statistics (so 

that failures of the model can be separated from the statistical 

j i t ter) and find ways to propagate measurement errors to the 

fitted amplitudes. 
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V. Results 2 0 

Figure 11 shows the mass distribution? for both t intervals. 

The peak at M3„S! 1.3 GeV is taken up by the I J P - 1 2 \ A 2 , and that 

at M3„ a 1.7 CeV by the e/(1700) found earlier in its (3TT) and (5rr) 

d e c a y s i , , M . This analysis has determined that the I J P assignment 

of this state is 0 3". A fit with a Breit-Wigner distribution to the 

points for the A z cross section at low I gives a mass of (1.298 ± 

0.003) CeV and a width of (0.122 t 0.012) GeV. Figures 12 and I i 

give the phase of the TJSjJj [I(Jpisobar)J » T?J [ l (2*p) l . T|f | l ( 2 *p ) l . 

Tj}; [ 1 ( 0 - 0 1 , T§o [ l (2"c) | amplitudes relative to the 

T?o [ H 2 _ f ) l amplitude in the A 2 region. The A 2 phases are modulo 

t a n - ' [ . 0 6 1 / ( 1 . 2 9 8 - M 3 n ) l . The large T?5 [ l (2*p) l shows nice 

Breit-Wigner phase behavior, while the smaller TjJ [ l (2*p) l 

although consistent with Breit-Wigner behavior is much less 

stable. Integrating the A2 Breit-Wigner gives (• production cross 

section of (53 t 7) »b for |t| s .8 (GeV/c)*. 

A Breil-Wigner fit to the CJ* mass plot el high t gives a mass ol 

(1.669 ± .011) GeV and a width of (0.173 ± 0.019) GeV. Integrating 

this gives a production cross section of (33 ± lZ)ftb for |t| s .8 

(GeV/c)*. Figures 14 and 15 give the phases of the T°o (0(3"p)|, T°7 

[0(3-p) l . T?J ( l (O-c) l . T§5 [ t ( 2 - f ) | . relative to the T^J [ l ( 2 -e ) | in Ihe 

high t interval. The u' phases are modulo 

tan - ! ( . 086 / ( 1 .669-Mj„ ) ] . The combination of small cross 

sections, N* pollution, absence of large constant background waves 
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and averaging over large t- intervals makes obtaining reliable w* 

phases difficult. The situation is further complicated by the racl 

that the u' branching ratio into T°j| and T°^ changes across the 

peak of the distribution. That is, the u* polarization is constant 

across the bump, but the associated & polarization changes. This 

is reflected in the W0 and "_ moments which have spikes til 

slight Iv different masses (figures £,\) Nevertheless, the 

Breit-Wignei shape of the mass plot, together with a mass mid 

width comparable to that of the g-meson, makes •> resonance 

interpretation plausible if not certain. 

Both the A 2 and the u.-* are produced dominantly by unnatural 

exchange as predicted by Fox and H e y " , and in agreement with 

recent experimental resu l ts" on the reaction ft*n •* (n*n~rr°)p. In 

fact, semi-inclusive duality 4 * predicts the following scaling law for 

the ratio R of natural to unnatural exchange: 

R ^ ^ ' ^ t ) ) ( 2 8 ) , 

where m is the resonince mass, and aH and av are the natural and 

unnatural exchange .rajectories. Taking n N - n t , as 0 .5 ' 6 ( th i * 

value comes from effective trajectory fits to density matrix 

elements of the reaction n*p •* A**u and thus Includes the effect 

of cuts and ill understood backgrounds, but agrees with the 

theoretical idea of n~B exchange degeneracy) and using the value 

R*'^ 7 » .8 t .07, we obtain the predictions R « 0.29 t 0.03 and 

RB» « 0.16 * 0.02. This is in fine agreement with our observed 
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ratios of R. « 0.34 t .03 and R • • 0.24 t 0.04. However, this 

agreement may be fortuitous os we shall see when the results of 

the l-dependent fits are presented. 

There ore marked differences in the production mechanisms 

between the natural spin parity resonances and the unnatural spin 

parity background. Whereas we hove seen that the resonances ore 

produced dominantly by unnatural exchange, the background is 

produced by natural exchange. Figures 16a,b show the ratios of 

unnatural to natural exchange for the background amplitudes. 

The non-quark amplitudes TJKJj are not required for the 

resonances, but they dominate the background. This is shown in 

figures l''a,b. Apparently this background cannot be produced via 

a Deck or multiperipherol mechanism since the p-& coupling is 

unlike that found in other natural exchange dominated reactions. 

Furthermore, the background is helicily conserving to the level of 

107. in our coordinate system as figures 18a,b bear out. 

The background is shared by many partial waves. In figures 

19-22 we show the strongest of these. The t(J p) - M l * ) A, is quilt-

small (figures 19a,b) in the A, region (1.06 s M,„ S 1.2 CeV). For « 

width less than ISO MeV we estimate <J(A,) < J.5>ib. An A, hiding 

under the A2 as proposed in reference 20 is also excluded. The 

1(2') Aj (figures 20a,b) although large does not exhibit a resonance 

like structure. The peaks differ in the two I bins and also differ 

from that observed in the reactions n*p •• i t* ! i* i»"p' ' ' ' ** ' 1 0 . The 
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(Hi* ) wave (figure 21) wave has a peak at the B meson mass, but 

has a < 4.5 nb for a width of \S0 MeV in this region and exists only 

at low I . However, it is comparable to the "A," in magnitude. The 

only other large background wave, the 1(0") is shown in figures 

22a, b. The 1-2 background, shared among many angular 

momentum states is shown in figures 23a,b. 

There is also a low mass enhancement for the I * 1-0 wave* 

which is partly due to misidentlfied photons from r\' decays". The 

production cross section for A**rj' production for this experiment 7 

is 14.7 t 1.7 nb when the A** Breit-Wigner is integrated. 250 fake 

events coming from the decay r)'-tn*n~y were generated and of 

these 209 fit the hypothesis n*n~»° u . This fact, together with 

the known branching rotic of . 2 7 " of r;' into n*n~y, give* 

approximately 90 events of n' contamination in the region 

.9sM,„SI.06 GeV. C conservation and Bose statistics require that 

the n*n~ system have odd spin (henceforth, we assume spin one). 

Since the n' is spinless, there can be no preferred orientation in 

the decay into p°y. Therefore, when the photons are misidentified 

as pions, we expect the p"n" distribution to be 5-wave. The I « 

0,2 1*> pn amplitudes coming from the analysis are such thai 

when pn charge eigenstates are formed in the region .82sM,„st 06 

CeV, we find 240 p°n° events. This is more (nan we expected from 

n' contamination and accounts for most of the I • 0,2 signals. 

Furthermore, the Illinois group 1 3 has pointed out that the 
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smallness of the Oalitz plot in this region makes distinguishing 

t*Pi and l*Sp waves difficult. This is just another face of the 

problems caused when the unitarity violating isobar model is used 

to fit regions with large overlaps of resonance bands. Therefore, 

results for this low mass region for I* waves should be viewed with 

some caution. 

We now turn lo a discussion of the (-dependence of the 

resonances. All of the quoted distributions, in what follows, have 

been corrected for t l n l | 1 effects by scaling the observed number of 

events lo equal phase space volumes, for the A, this is a factor of 

two correction in the lowest l - in lerva l , while for the u" this 

amounts to a tenfold increase. Figure 24 shows the Â  differential 

cross sections together with the total differential cross section in 

that region, while figure 25 gives the natural and unnatural 

contributions to the A 2. Figure 26 shows the total u* differential 

cross section and the total differential cross section for 1.6 s M,„ 

S 1.8 CeV, while figure 27 gives the natural and unnatuial 

contributions to the */'. The ratio R of natural to unnaluial 

exchange contributions calculated from these graphs is slight!* 

different from that given previously. The previous numbers come 

from including all resonant events, and here we have taken only a 

200 MeV wide slice in meson mass. 

T h e n is another prediction of semi-inclusive duality collateral 

to equation 28, namelv 
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^ W > ~ e " 2 " ' ' , n ( n , i ' (29). 

where i corresponds to either natural or unnatural exchange, ny IN 

the slope or the Regge trajectory i, and m is the mass of the 

resonance. If we assume a slope of one for the trajectories, then 

this formula predints that the slope of the t-distribution decrease 

by 2 and 3 units for A^ and ui", respectively, relative lo the u. In 

figures 28 and 29 we plot the natural and "nnalural exchange 

contributions lo ui7, A^ and u* production. The lines are the 

results of fits of A e"' to the approximately exponential regions of 

the t-distributions. For natural exchange contributions we find: 

b =• ">.5B±.44, b. « 4.42±1.04, and b . * 6.2 * 4. So within these Â  w 

large errors the results are consistent with the antishrinkage 

prediction. For unnatural exchange contributions we have l>_ = 

3.4} t .39, b. »• 3.29 * .74 and b . « 1.17 ± .67, in disagreement 
A e u 

with theory. 

The relative phase between the T}J and T°Q A2 amplitudes is « 

70° (figure 28b). We remind the reader thai our unnatural 

exchange amplitudes differ by a minus sign from the usual 

convention. This implies that the n-^-A^ and rr-B-A^ couplings 

are of opposite sign, if the phase between the amplitudes is to be 

compatible with that coming from the Regge signature factoi 

e - ' " ^ a n d . 5 S a p - a B s I. 

The relative phase between T% | l ( 2 * ) | and the Y& | I(CT<)| 

shows a 180° change around t ~ -0 .175 (figure 28a). We see thai 
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this is reflected in the IT^l' A2 inter.sity which has a dip in the 

same region(figure 29a), as does the net helicily flip zero 

amplitude l/2(T|J - T}^) (figure 29b). This is behavior is 

characteristic of the Bessel function J 0 (bv^t) suggested by 

various absorption m o d e l s 1 4 , 3 5 . However, these absorption models 

specify their structure in the s-channel helicity frame (St'H). 

When we crossed our amplitudes to the SC'H the previously 

observed structure becomes much less marked (figures iOo.b). 

Note, however, that an amplitude which is essentially heikitv 

conserving in one coordinate system (as in this case) will lose 

successively larger amounts of cross section to other amplitudes 

in another coordinate system as the crossing angle increases. 

The effect of this is to wash out structure at low |t| with a general 

decrease in cross section at higher values of |t|: we replace one 

"lumpy" amplitude by many smooth ones. Furthermore, an effect 

concentrated in the region . 15<|l|.2 is mainly frame independent 

since the crossing angle is small here. 

VI. Conclusions 

The first partial wave analysis of the reaction rr*p-»4**(n*n"n°) 

has been performed. In the (Jn)° mass distribution between 0.82 

and 1.9 GeV, we have observed the Aj and a peak due to the 

production of a 3" u' state with the same mass as the g meson. No 
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signif icant A, product ion has been found. Resonance product ion 

agrees wi th the predict ions of the quark model and some of those 

of semi - inc lus ive dua l i ty . Evidence for possible absorpt ive effects 

in A^ product ion was given. The background waves behave verv 

s imi lar ly to the corresponding ones found in other Jn system.-, 

a l though the i r product ion mechanism violates the addi t iv i tv 

assumpt ion of the quark model. 

Finally, we ment ion some problems which remain for f i i l u i e 

invesl igaton. Better methods are requi red for compar ing the f i ts 

w i th the data than those involving b inning data. The effec t of 

measurement e r ro rs and f in i te exper imenta l resolut ion should be 

taken in to account in the f i ts . More wor!. must be done to 

unders tand the ex te i '. to which the isobar model violates Hie 

axioms of un i t a r i l y and analytic i lv of S - m a t r i x theory. This is 

impor tant for two reasons. F i rs t , our inferences regarding meson 

spectroscopy would be suspect if the model on which thev are 

based were in violent disagreement wi th the accepted principles of 

physics. Second, developing reliable techniques for calculations in 

s t rong in teract ions is in i tself a laudable goal and three meson 

physics seems an ideal tes t ing ground for such methods. 

In th is analysis we found major cont r ibut ions f rom r> T 

vectors. We were able to d ist inguish these by using in format ion 

f rom the decay of the 4 * * . However, this incoherence can arise-

not only f r om product ion dynamics (as we supposed), but also c m 
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come from averaging over bins where there are rapid variations in 

productions matrix elements. That this is a major problem in this 

analysis is unlikely, since the structure of T vectors was 

unchanged when we changed from an energy independent 

parametrization of the resonances to an energy dependent one. 

Nevertheless, this will be checked when the larg»- increase in 

statistics due lo the large mulliparlicle spectrometers allows' finer 

binning. 

Repetition of this analysis on data at other energies seems 

quite worthwhile. It would not only check this analysis, but also 

offer new information about Regge phenomenology: we would have 

independent determinations of Regge trajectories from phase 

behavior and energy dependence. A study of the reaction K'p -» 

(Jn)°A° could be accomplished with minor changes in technique. 

In this reaction the A0 polarization can be directly measured so no 

assumptions concerning the spin structure al the baryon vertex 

need be made. 
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Appendix A:Meson Decay Ampli'ude 

Before we begir. a detailed description of the formalism we 

give a qualitative discussion of Ihe problems faced in fitting 

3-body final states and our motivations for adopting the isobar 

Miorlel 

There are 3N-4 independent kinematic variables, in this i j s e 

5 (in formation reactions one of these is trivial), requirea tc 

describe an N particle final state. For this problem one possible 

choice is: one dipion invariant mass, one dipion decay angle and a 

set of ) Euler angles which describe the orientation of the plane 

defined by the three pions with respect to some external 

coordinate system. This choice of variable* is picked with a 

sequential decay picture in mind. Now we have some decay 

amplitude f lm^ffyja ,/S ,y) which, when squared, gives the 

distribution of the outgoing pions. If G,(0p) and Hj((i,0,y) are 

complete sets of orthogonal functions, 

f - E a M ( m , „ ) C,(8B) Hjfa.f l , / ) (A. l ) . 
i.j 

There are certain practical problems with the expansion given for 

f. It is not manifestly Bose symmetric. Thus, any biases 

introduced in data reduction are propagated to the expansion 

parameters, a^ lm, , ) , which therefore have no simple physical 

interpretation. This can be remedied by writing Ihe amplitude in 

the following symmetrized form: 
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f . - I L ahCmS,,) G,(eg) H,(«k,^,7k) (A. 2). 
k-t i , j»t 

The label k indicates the choice of diparticle. The various 

symmetry properties amount to constraints on the ajjtmjj,,). Now 

we are left with the problem of determining the a^m,,,,) with 

limited statistics: 500-1000 events in a typical bin of 3 pion mass 

and momentum transferred squared. If one is interested only in 

the angular momentum properties of the initial slate defined by 

the 3 Euler angles, one can bin in the remaining variables m n n and 

8 P , or more symmetrically in the Dalitz plot variables, s ĵ,' and sj,̂ ' 

, and perform a moments analysis. Unfortunately, for a grid 

system as coarse as 5«5 this procedure gives us only <i0 to 40 

events per bin. Consequently, this will not become a viable 

procedure until statistics have improved by factors of 10-100. 

Therefore, to avoid binning on the Dalitz plot, a prescripton for the 

s m dependence of the amplitude is required. 

The isobar model supplies this prescription. It amounts to 

taking the sequential decay picture literally, that is, as a 

dynamical model not just an accounting device. It is motivated by 

the fact that resonance bands dominate the Dalitz plot. 

The formalism now begins with some definitions of stale 

vectors and their normalizations. If Vp* is a state of momentum p 

along the z-axis with helicity A, the general stole is then 

|p A) = |p 6 * A> s R(#,9.-#) 1>fK (A.J), 

where K is the rotation operator. Our normalization is: 
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<p' A'|p A) - 2E « 3(p' - p) 6Kk. (A.4). 

Following Jacob and Wick36 we define a x state as: 

• V s <-1>5"" R< 0 ."-°> V = ( - J ) " * *-p.A <A.5), 

where s is the intrinsic spin of the state. Multiparlicle states are a 

direct product of single particle states: 
n _t 

Ip'l A,, Pa «a. Pn A„> = n iP| Aj> (A.6). 
i-1 

For two particle states we introduce relative coordinates: 

P » Pi + P2 . P *"g<Pi _ Vz) (A.?), 

and 

|P.P.A|.*g> = IP|.*i>IP2.A*> <A-8>-

To discuss the decomposition of two particle states into angular 

momentum states, ii is convenient to work in the two particle 

center of mass and to take particle two as a *-state. Thus, 

IP = O.p.A,,*,,) = R(*,0,-*) * » x (A.9). 

The angular momentum states are then defined by: 

|P = 0,pJ.M,A t,A 2) = H,f D ^ . 8 , - 0 ) |P = 0,p,V,,A2> df)(A.10). 

Here, J is the total angular momentum, M is it z-component, A = 

A, - A2, and Nj, a normalization factor, is given by (— ) 

("Try • * is the total energy in the center of mass. To convert 
from a helicity basis to an L-S basis we have the following formula: 

. w is tne total 
licity basis to an 

IP - O.pJM.L?) - L {f/+f) < S, A, ^ -A ÎS A,-A<) 
Ai.Aj 
x< LOS A,-Aj|J M) |P - O.pJM.A, Â ) (A. I t ) 

Having disposed of preliminaries we now begin calculation of 
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the isobar amplitude , G. Consider an initial state |n M)s. , where M 

is the spin projection in an external coordinale system S' and n 

labels the set of quantum numbers )J, P, I, I £ | . However, we want 

to evaluate the decay amplitude in a body fixed coordinate system 

S: 

G = ...< 0,, Qk, 0,1 T | n M>s. (A. 12). 

Here Qj, Qk, 0| are the momenta in the three pion rest frame or 

the outgoing pions. | j , k, l| is a cyclic permutation of |1 , 2, 3[, 

the latter set being a specific ordering of particles--say that on 

the data tape. But, 

.,< 0j, Q k > 0,| T | n M)s. - £ s<0j, Qk, 0,1 T | n M)s Di,M(ci,(i,y) 
m 

(A. 13). 

With (x, y, z) and (x', y', £') the basis vectors in systems S and S', 

respectively, the Euler angles are given by: 

« = t an - ' ( i f i ) (A. 14) 
vz -x' 

P - co s - ' ( i i ' ) (A. 15) 

y-tan-'C-^T 5-) (A-16) 
y *z 

Introducing a sequential decay scheme, T » T^T,, we have 

<d,, 6 k . 6,1 T | n m) - L f % ? m d - , F °" 2E n <5>(6m + 6„) 
<0|. o k . »il T2l6„. / i n ; 6 m)<o n , / i n ; o j T, |.. 

m) 

(A. 17) 

We have just assumed that only two particle intermediate states 
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contribute. We now make one further assumption: T 2 acts only on 

| 0 n , fin). Therefore, 

<0j. 0*. 0.1 T 2 I 0„ M„ ; 0m> » 2E,„ o3(Qj - 6 m ) ( 0 k , 0,1 T 2 |Qn M„> 

(A.18). 

Consequently, 

<0,, 0 k , 0,1 T |n m) - I <0 k. Q,|T2|-Q, JKOJ.-O, A,|T,|n m> (A. 19). 
A l Here the isobar is taken to be a \ state with helkity Aj. 

Decomposing {Q.,-0, Ail into angular momentum states we have, 

( 0 i , - 0 J A J , T 1 , n m > . ( ^ i ) 1 / 2 ( f ) l / 2 0 - . A ( n , 

x <Qj Jm.Ajl T, |J n m) (A.20). 

If we choose the z axis of the system i along 0. and the y axis 

normal to the 3-pion plane, the argument of the roti.tion function 

vanishes and the function becomes a Kronecker delta in its 

indices. Thus, 

(0,-6, A,, T l m ,n) - em_Kj ( 5 L ± J ) t / ^ ) ^ < 0 j i J m i A | , T , 

|Jnm> 

(A.21). 

To fix Ihv parity of the system it is convenient to convert from 

helicity to LS states. Using (A. 11) we have: 

|0j. Jm, A,) - I (-tir) U i <Li ° s l -*I*J m > ' J Li S l m > 

(A.22). 

Si, L( are the spin of the isobar and the relative obital angular 

momentum between the isobar and the odd pion, respectively, and 
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<j, m, j ,̂ m l̂ J M) is a Clebsch-Gordan symbol. Thus, 

<6 l;.6,* ||T l|nm>. £ . ( S ^ i ) ' " ( i ) il, * 1 \ I/* ( W \ I/-2 
I s '"•~AI 

<L, 0 S, -Aj|J m)(J L, S, ml T, |J m n) 

I'siiiK rotatoria! invnrirtnce we write 

( , L l S i n , | T ' | , " > > , J s | | M , , 1 ) «.*>. 
where Wj is the roiiss of the dipartkle. We now evaluate I tie T̂  

iiirtlrix element in the rest frame of the isobar. 

<0k.0,l 7t I -OJ.AJ) - <q|>.s,i T,, |S,.-fc,) (A.-"i>. 

q k is the momentum of pion k in the dipion reM frame. 

Performing an angular momentum de< ompoMtion, we have 

<0k.0,| T,, | -Q,,Kt) - {-^-YZ (*Sj • I)"' D V Q (decay) 

« (q k >, -A,| T,, IS; -A,) ik.ib). 
•< 

By ro'alional mvariance, the last factor mav be wiitlen a* B' '(w^. 

We are free to pick •» coordinate system such that 

l ) V (decay) - <$ Q(9D> l * -^ ) . 

Finally, we can write 

s(dj 0 k 0,1 T |nM) v - I (t„(j) T„(W. Wj, t) (A.<!»). 
n 

where 

T„(W,w.,t) - JS" (W,w,,l) B^lw.) <A.<!<» 
'•n 

and 

«•<» " ̂ 7 ^ l/~ liL> * 0 , / ' ( 2 s ' * " ' ^ "-'A O ( 9 » ' I 
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(A. 10). 

Nc.il H I M - > I I O I I I T. ^(W,* , , ! ) -houltl b«- uovci m-<i bv b. iui i i 

pr int i .it ion l iu loi> . In out notirtrtlizution »«• t«k<- I IH -M- to rqiinl 

(fy ! (0 ,K) |h j" (Q,K) | f ' (A. >!). 

wtivif H \> «i r«diu> of iniiTtic (ion, Liken in U m ntuilv^i^ to b<- urn 

l i i inc. .nut t i '"tx) i-. t In- .sph«,ri( >il l l .nikil function of the fir 1̂ kni'l 
' i 

of ordii I. Tin- (tMigc clcpfiiili-iu c t mi .il^o be Hindi' explii it bv 

m i n t iso>piti Cli'bM It-CiorUnn svtuboh. Thi-ri-foii', 

T |

, ,!N (».• , . ! ) - ( ^ ) l / ~ M . ' " (».«,.!) ) (0 | K) lh j " (0 1 K) i r ' 

« < i " 0 1 ; - i i jn o) (A. w i 

fot .i nt'iiti.il Ititcc pion >vMcm. MmiLulv, U»- <. U.n ii«' (li-pvmh-iH t-

c m be ri-movril fioni H 'v« ): 

»'>•>.> - i l l j 1 li l I1*" !"•) *""'(*,) (A. H ) . 

* ' ( » , ) i> t i i vn bv tin- ».i(.*on l l iroir i t i . 

A*' • ( i - " s i n ' ) / q V l • (» | < | , , ) , / < ( A M ) 

6 i> tin- rlrtvlti x tiMcrinc plniM* -liift .it I tu- m.ivv w> A f.utut 

!Mk'' / ' ' '* ««•'<«• •« HiMiif piopcr t lur-hold brti.ivioi ir, 1 l«i> 

our iiinlizol iun. 

Tlir folloarint: lot Ml- n r r r ux-il for tin- plinM' >liift*. Foi tin- I 

» 0 ^-w.ivr, «. »i ' iiNrti th«' p!tn>r >|iift« of til* - CUHN-Munii li 

ipi-l tl o inrtr i group 1 * with l l i r i i fiiPiijv dcpriultnt 

p,n n l l l t l r i i/ntion 

«••'>".* - , V ^ i " " ' t ' l ^ ' < i > ^ ; <* » j . 

I - clrl|Mq.«,K - i(K..(|. • K a K . u ) 

i9 
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where q„(qK) is the momentum of the pion(kdon) in a 

dipioii(dikaon) system of energy w. The symmetric K-malrix is 

given by: 

The parameters in appropriate powers of GeV are: v s j = .11, Vs, 

• 1.10, r m - <J86. »„ - ^ 8 , 0„ - -1.00. y„K = 1,85. « K « -J.Oi. fiK 

» .47, x K k « 1.00. The 1 » 1 P-wave, />, phases are given bv the 

parametrizalion of Morgan'9: 

tot 6 - (mi - 0.l r>36q 4)(mi + 0.02Bq')(m£ + q*)l/V(0•0^'>ll•.^^,) 

(A. »7). 

The I - 0 D-wave, f, is given by a relativistic Breit-Wigner formula: 

and 

where R is one fernii and q 0 is a pion momentum at resonance. 

We must deal with isobars in other dipartkle combinations as 

well. While an expansion in one type of isobar is complete, the 

description of resonances in other dipai title combinations would 

require prohibitively many terms. Therefore, we write our 

amplitude as a coherent sum over different diparticle 

combinations. This procedure while justified in the limit of 

infinileh narrow isobars, violates unitarity when resonance bands 

overlap on the Dalitz plot Two groups 4 0 , 4 1 have studied this 

problem and produced "unitarized" amplitudes which were then fit 
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to the data. Both groups use a K-matrix technique with purely 

on-shell amplitudes and arrive at the same Vollerra equation from 

somewhat different starling points. They find that these new 

amplitudes, when fit to the data, produce results not qualitatively 

different from the old but with appreciably worse likelihoods. 

Aitrhinson 4 2 argues that the cause of this failure is the mass shell 

condition of the K-matrix formalism. That is, in the process of 

removing cuts due to normal thresholds in the subenergies, extra 

subenergy dependence has been introduced into the amplitude. 

This is a disaster since the isobar model is used mainly because its 

fitting parameters have,hopefully, minimal subenergv dependence. 

Consequently, although there is continuing work on this problem, 

the conventional isobar prescription seems the best currently 

available. 

If we assume that the only diparticle mass dependence is that 

given explicitly, and place all factors depending only on W and t in 

the production matrix element for the overall reaction, we obtain 

the amplitude for decay via a particular isobar (notice that the 

set, n, of quantum numbers has been expanded to include isobar 

labels): 

C. " (W,l) - (21 + 1)1"{4S + \),/lZ\ <I"° If 1 I'll 0) 
'•"-Mso j 

<1 Ij 1 fill 1" l[") ( 0 J R ) - ' | h [ l , ( 0 , R ) | - ' - ^ T i w , 

£ <£* O(0{,) Di^iaKuKrh a o s -k\ J -K)[ 
A 

(A. 40). 

JJ 



Notice that there is a different set of angle; for each dipioii 

combination, fffc is the angle, in the dipion rest frame, between 

particle ) (the odd pion) and particle k. The normal to the three 

pion plane, the Y axis of system 5, is defined by Oj « 0 k . 

To check that our amplitude obeys Bose statistics, we see 

what changes occur when particles k and 1 are interchanged. The 

following changes occur in the arguments of the functions: 

e t - . n - ej,, efe -» n - ej,, 9>u+ * - #g ; 

Wj -» W|, w k •• w , , w , -• w „ ; 

Oj •» 0,, 0 f c -» 0,, 0, -» 0 k ; 

Y -» -Y implies 

cij •» a. + n , ak •* a, • n , a, -» ak + n; 

fit -» 0,, fik "» /3|. P, -» Pk: 

?i •• Tj. ?k •* r„ r, - r k; 

and for the isospin labels 

i j - l j , l i - H i . Ii-»I|[ (A.41). 

These changes have the following effects on the components 

of G. 

1) If particle j is the odd particle(not in the dipion combination): 

Dik,uial.0.7l) -» ( - D * Di A t l l (al . / j l ,yl ) 

<1 t j I 1̂ 1 l " 0 l i r o > -» ( - 1 ) 1 ' " <l ljf 1 Ii l l'*° l*°) (A.42). 

I f ( -1 ) l*° - * t , the contribution to C from j - type isobars is 

invariant under interchange of the particles composing it. This 
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condition is just that imposed by generalized Bose statistics. 

£) If particle k was originally the odd particle( the one not in the 

isobar), under k-l interchange we obtain: 

0ik,^a",fik,rk) -• <-l>* Di^a ' .p ' .y ' ) 

^A.o(OD>-(-') s-*d!».o(»l)) 

<'"° '*,<> I Ijl ! 0) -. ( I1*0 li"° 1 Iil I 0) 

(I l[ 1 Ijl I"° l\") -. ( - l ) l i > 0 <l I1, 1 Ijl l"° i; , 0> (A.43). 

This just interchanges the contributions of k and I type isobars. 

Therefore, C satisfies generalized Bose statistics. 

The function g obeys a symmetry under the interchange M -» 

- M . Consider the factor of g for rlipion j , 

- d-A 0<*l>> D -» *(" ,.0'.7J> <L0S -A| J -A) (A.44), 
A 

all other factors being invariant under this interchange, From 

this select the partial sum 

MM) - dlK0 D'_KU (LOS -A| J -A) • d)[ 0 Dj „<L 0 S A| J A) 

(A.45). 

Using well known properties of Clebsch-Gordan coefficients and 

rotation functions, we obtain 

K - (D'_KU + ( -U U 4 S - ' -"Di ; i . l , ) ( U S -A| J -A) d ^ 0 (A.46). 

Apparently, 

K(-M)- ( -1 ) L * S - J -" K*(M) (A.47). 

Since the whole function g(M) is obtained from linear combinations 

of the K(M)'s, we have: 

g ( - M ) - ( - ! ) u s - J - ' V ( M ) (A.48). 
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Consequently, the linear combinations of C's, which multiply the 

parity conserving amplitudes, are cornposea of terms proportional 

to Re(g) foi rj » + l , and !m(g) for i) « - l . 
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Appendix B: The Spin Averaged Intensity 

In this sec ton we calculate the spin averaged intensity. We 

consider not only iv » •;* «p systems, out also i f » - j " , S-wave 

systems for which Y B • - I . If we abbreviate ( T G ) J y by T!j^j, we 

can write 

T. . . - J." T ? M H ? M (B . I ) , 

where 

H ? l M - £ X ? * H S i „ (B.2). 
ci 

and 

*2M*-i3&la..-M*V..wl (B.i). 
and 

Substituting for H S o , we have 

s . M . 1 , j , 

X SW,^SV1, - ( B 5 ) 

Now, 

\ . A - DJ' , . - ( - 1 ) * « " V I (J - A 4 J" A 4 | L M> D|j 0 

A 4 , A p L 

<J -A p . J' Ap.| L 0) (B.6). 

Therefore, summing over I he outgoing proton helicily (A .), we 

obtain: 

35 



K - l A X J - A p . J ' A p . |LO)- <5 L , i ( - l ) , / ^<5j,v < .6 J . , , / ,> + 

• ( - l ) » - + J ' ^ 6 J i V 2 < J J , , / i ( « | . , 0 + « L , 2 ) 

(B.7). 

If we write, 

Y(S,S',F;,r7,,|/«|,|)U''|,o,n,,J,J',L) 

(B.B/, 

then the spin averaged intensity equals 

E Y * ( M - I ) V < J -A p.i- Kp\ LO» 
SSVK'J' .M.IM'I , , , ,. i . ^ . v _ , 
u.a'.J.J'.L * V 2 L + I vZT+1 v / IT+ 1(-1) ~ J + - + - ' 

A A A 4 4 

where ( '* *z

 u ) is a tfigner 3j symbol. The inner sum equals, m« m* ~M 

where the braces denote a Wigner 6j symbol. Substituting (B.7), 

(B.B), and (B. 10) into (B.9) and performing some tedious 

arithmetic we find the following expression for the spin averaged 

intensity, I: 

8n [ - t X, A,„ X; ( B l l ) . 

where X is the n-tuple (T,, ,17 > 0 . T 7,i> T o,0> T *,P T J,0' T J,|)< u n d '" 

terms or the components of n unit vector,p\ along the direction of 

the outgoing proton in the delta rest frame, the symmetric matrix 
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A is: 

3 , 1 i 
gp r+5 JPJP, 

2 P . P . 2 ( p » P«' 
* 3 ' 3 
" JPyP. ""JP.Pr 

-5P,p» J P , 
" 2P«P" V 2 P ' 

| P H - - v / 5 p ^ 

si 
•35PKPK " 

2 P.P. 0 

# P H > I > 

v5 
2 P.P. 

3 
2PH»7 

- / Ip r >/2p, - v ^ p , 1 C 0 0 

73 

— P y P . " — PiP, , ^(P^-Pf) 0 | ( l - p * ) 
Si 

3 i 
"flPiP" ° " §P,P, ° 

Si 3 , 1 
' — P.Pv 2 P ' + 2 

Si 

T<p,i-p;> 
ss si 
—P.Py T P y P x 

3 Si 
- - J - P . p . 

j<--pi» (B.12). 
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Table I 

in partial waves allowed in this analysis. The columns headed Iso 

contain the isobar: c,p,or f. I is the total isospin. L is the orbital 

angular momentum between the isobar and the odd pion. J and P 

are the total angular momentum and the parity, respectively. 

.B2SM J ( t S l . 2 G e V 
I ft II • < l 4 r •V I 41 (U , «E| o o v 

(so I L J P Iso I L j P Iso I L J P 

p 0 0 1 + P C 1 0 . P 0 0 1 + 
p 0 1 2 - P 0 0 1 + P 0 1 2 -
p 0 1 0 - P 0 1 2 - P 0 2 J + 
I 1 0 0 - t 0 0 - P 0 2 1 + 
e 1 1 1 + 1 1 1 + P 0 1 0 -
t 1 2 2 - 1 2 2 - 0 0 -
f 1 0 2 - 1 0 6 - 1 1 + 
P 2 0 1 • 1 3 3 + 2 2 -
P 2 1 2 - 1 t 1 • 0 2 -
P 2 1 0 - 1 1 3 + 3 3 + 
P t t 0 - P 2 t 0 - 1 1 + 
P J 0 t + P 2 0 1 • 1 3 + 
P 1 1 2 - P 2 1 2 - P 2 0 1 + 
P 0 1 1 - P 1 1 0 - P 2 1 2 -
P 2 1 t - P 1 0 1 + P 2 j 3 • 
P 1 2 2 • P 1 1 2 - P 2 2 1 + 
fit- 1 .1 . ,-L. - P 0 2 2 • P 2 1 0 -

P 0 I 1 - P 1 1 0 -
f 1 1 g + P t 0 1 + 
P g 2 2 + P 1 1 2 -
P 2 1 1 - P 1 2 1 + 
P 1 2 2 + P 1 2 3 + 
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Figure Captions 

I. N' pollution in the bin 1.7 S M,„ S l.B GeV and . J5 s li^l s B 

(GeV/i)'. The triangles represent lo the A**n~ distribution and 

the histogram represents the A**n° distribution. 

i. The moment (W_) (see eq. 26) of the A** decay distribution. 

J. The moment <W0> (see eq. 27) of the A** decay distribution. 

4. The moment <W4) (see eq. 25) of Ihe A** decay distribution. 

•J. The Euler angle a with i. along the n* for the bin l.fc S M,„ S 1.7 

CeV and . J5 * It^l « .8 (GeV/c)f 

b. Cosine of the Euler angle 0. Other specifications same as !>. 

7. The Euler angle 7. Other specifications same as 5. 

8. Invarianl mass of the n'n° system. Other specificatio is same as 

5. 

9. Invariant mass of the n*rr° system. Other specifications same as 

5. 

10. Invariant mass of the it*ir" system. Other specifications same 

as 5. 

II. The experimental )n mass spectrum for n*p -• (Jn)°A** as .1 

function of Mj„ is given bv the triangles. The lef' hand scale is 

events per SO MeV; Ihe right hand, jib/GeV. Fig. Ua is for It^l s 

. K (GeV/c)' and Tig. I lb for . 35 S It^l S .6 (GeV/c)'. The total Â  

intensity is given by the solid circles; the u/ intensity bv the open 

ones, ^olid cureves are flreil-Wigner fits to the i* intensity at low 

t and to the J~ intensity at high t. Dashed curves are Ihe same fits 
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normalized to the number of events in that bin. 

12. Phases relative to the T̂ J (l(2"S fn)] at Ion t in the A8 region. 

Fig. 13a is the largest unnat-tral parity Aa wave, the T°Q(1 (2* 

Dpn)|. rig. 12b is the natural parity A2 T | | ( l (2* Dpn)|. 

13. Phases relative to the Tfo [l(2"S fn)| at low t in the A4 region. 

Fig. 13a is the TfJ [\ (0" Sin)); fig. 13b the TfS [ 1(2" Diir)]. 

14. Phases relative to the T°J [1(2" Dm)] wave as a function of M ) B 

at high t in the u* region. Fig. 14a Is the T?„ (0 (3" Fpn)l; fig. 14b 

theT | j lO(3" Fpn)). 

15. Phases relative to the 1% ( l (2" Den)) at high I as a function of 

M„ in the w* region. Fig. 15a is the T?J [1 (0" Sm)l; fig.15b the 1% 

| t (2"Sfrr)|. 

16. The ratio oi unnatural to natural exchange contributions to 

background as a function of M i l t. Fig. 16a is at low t and fig. 16b is 

at .tigfi t. 

17. The ratio of the amplitudes allowed by the quark model (s*t) 

those not allowed by the quark model (s»2) as a function of M,„. 

Fig. 17a is at lew I; Fig. 17b is at high t. 

18. The ratio of helicity nonconserving background at the meson 

vertex to helicity conserving background as o function of M,„. Fig. 

18a is at low t and fig. iBb. is at high I. 

19. The total t* l » l , "A,", intensity as a function of M ( l t. Fig. 19« i>. 

nt high t; fig. 19b at low. 

CO. The total 2" 1-1, "A,", intensity as a function of M,„. Fig. 20a i> 
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at high t; fig. 20b at low. 

21 . The total t* 1-0 intensity at low I as a function of M j n . 

22. The votal 0" 1«1 intensity as a function of M 3„. Fig. 22a is at 

high t; fig. 22b at low. 

23. The total I «2 intensity as a function of M 3„. Fig. 23a is at low t; 

fig. 2 3b at high. 

24. Differential cross sections in /ub/(GeV/c)* for 1.2 s M, B S 1.4 

CeV as a function of | t„J. The histogram gives the total intensity 

and the plotted points give the A,, contribution. 

25. Differential cross sections in f ib/(GeV)c) z for 1.2 s M3„ S 1.4 

CeV as a function of | t„ 4 | . The squares give the unnatural exchange 

contribution to the A i t and the diamonds give the natural 

exchange contribution. 

26. Differential cross sections in /ib/(GeV/c•)* for 1.6 S M,„ S 1.8 

GeV as a function of UpJ- The histogram gives the total 

differential cross section, while the plotted points give the ~* 

contribution. 

27. Differential cross sections in / ib/ (GeV/c)^ for 1.6 S M 3„ £ 1.8 

GeV as a function of ! t p 4 | . The squares give the natural exchange 

contribution to the u* and the diamonds give the unnatural 

exchange contribution. 

28. Differential cross set tons in / i b / ( C e V / c ) ' as a function of | l ^ | . 

The points, diamonds, squares give the natural exchange 

contributions to u, \ , and u* production, respectively. The lines 

43b 



are the results of fits to exponential functions over the monotone 

decreasing regions in t. 

29. Differential cross sections in ^b/fCeV/c)^ as a function of It^l. 

The points, diamonds, squares jive the unnatural exchange 

contributions to u, A ;, u* production, respectively. The lines are 

the results of fits to exponential functions over the ironotone 

decreasing regions in t. 

JO. t dependent phases in the region 1.2 S M,B S 1.4 GeV. Fig..30a 

gives the phase between the T°jJ A4 and the T̂ J [1 (0"«n)| waves. 

Fig. 30b gives the relative phase between the Tftj and Tjf Â  

amplitudes. 

31. Differential cross sections in nb/{Qe\/c)z as a function of |t„ 4 | 

in the region 1.2 S M3„ S 1.4 GeV. The points are the contributions 

from net helicity flip zero amplitudes in the coordinate system of 

the text. Fig. 31a is the T̂ jJ Aj wave. Fig. 31b is the net helicity 

flip zero combination of the Tjf and T|7 amplitudes. 

32. Same as figure 32 except the plotted intensities are the result 

of crossing lo the s channel helicity system. 
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