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ABSTRACT

An amplitude analysis of the reaction n*p -+ n*n-n%3** at 7
GeV/c has been performed using the isobar model for the 3
system. The 3n mass covers the range .82 to 1.9 GeV. No
significant A, production cen be seen. The spin-parity of the
«*(1700) is determined to 3°. Properties of A, and w’ production
are determined and compared with theorelical models. The
background is similar to that seen in analyses of charged Inm

systems.
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. Introduction

For several years isobar model analyses of produced charged
three pion systems have been availabie!'?. They confirmed the
resonant nature of the A;(1310),but cast doubt on the resonant
nature of the A;(1070). Although a large enhancement appears in
the 1{P)=1(1*) parlial wave,the associated phase does not have the
Breit-Wigner Dbehavior associaled with a resonance. The
respectability of the A, is further impaired by the existence of the
Deck effect, a combination of t—channel exchange and kinematic
accident, which qualitatively explains the A, enhancement. On the
other hand , a resonant A, seems required by many theories,
notably the L-excilation guark mode!,chiral symmetry, and
exchenge degc.-neracv’. In an attempt to lind the "true® A, lurking
benesth the large Deck bacliground, we studied the reaction

n p+{n*r a4, (1)
for which the Deck mechanism is inoperative®. Reaction (1) also is
suitable for the study of 1=0,2 rmeson final states not actessible to
study with charged final states.

By inclusion of information from the A** decay and the neglect
of double flip amplitudes, we obtain amplitudes free from the
conlinuous ambiguities inherent in densily matrix onalyses. This
allows us, in principle, to determine the phase between nalural
and unnatural parity exchange amplitudes, and to determine

phase varialion in a particular three pion partial wave even when



the three pion densily matrix is not approximately rank one.

The plen of the report is as follows. In section Il we give a
brief description of the dala and what selections were made.
Section 111 and the appendices describe our formalism. Sectlion IV
describes Lhe filting procedure and the quality of the [lits. In
Section V, we present our results. Finelly, Section VI summarizes

the work and poses questions for further study.

[l. The Data

These data come from a 700,000 picture exposure of o 7.1
GeV/c n® beam on the W, filled 82" SLAC~LBL bubble chamber.
Experitnental detaiils and scanning and measuring efficiencies can
be Tound elsewhere>®’. There were 85,856 events which fit the
reactlion

n’pen‘prn-n® 2),
corresponding (o a cross section of 2.16 ¢ .09 mb. Eveuls were
selected which had 1.16<M,+,<1.28 GeV. Ambiguous selections for
the correct n* to be included in the 4**, which ranged from 5 to
12% of the sample depending on the recoiling 3n mass, were
weighted according to the a*° Breit-Wigner. In this sample all
moments, (Tf). of the n*p decay distributions with L3 are
consistent with being zero. We then selecled those events which
had |t is .8 (GeV/c)? and 3n mass in the interval .82 $ My, < 1.9

GeV, giving 12788 events to be analyzed.



To study the amount of pollution from higher N"s we consider
the region where their effect is expected to be maximal: large I!P‘I
and M,,- Figure 1 shows the 4**n~ and A**n® mass distributions,
where the diamonds represent the N**'s and the histogram gives
the N***'s.for 1.7 S M), S 1.8 GeV and .35 5 [t,,] s .B (GeV/c)°.
Notice that both graphs peak sharply at low mass. However, the
only known N° in this region has isospin 1/2, so the N°** signal
here must be a reflection of somn other feature of the dala.

Similarly, we argue that much of the N**

signal is also a reflection.
Consequently, we estimale the total N° pollution as < 70 events in
this 883 event sample®. Because what N' signal exists s
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.

IIl. Formalism

For reaclion {1) we define the production amptit. e ]
I un
AA,

of the produced three pion system, its parity, itls mass, and

T (l,..t“). where !,PM,, and t,, are the angular inomentum

momentum transferred squared between the incoming proton and

the outgoing 4°*°, respectively. n labels the set of 3-pion



quantities: jisospin, iscbar, orbital angular momentum between
isobar and odd pion{, and will be more fully described in Appendix
A. M(AP.AA) is the z~component of spin of the three pion system
{incoming prolton, outgoing a) along the vector ¢ () in the three
piost (8) rest frame. C, (C,) is Lthe four vector independent of M,,
(M,), orthogonal to the four-momentum of the produced meson
(baryon) system, and whose spatial components lie in tin
procuction plane. i *he situation that |t .| << s, we have:

t-mé ,~ =
T(QP + q,) ($)N

Cn G +
where i;',, (q}. 64) is the momentum of the pion (proton, 4} in the
rest frame of the 3 pion system. And,

e, e [-ma -, -
C=qy + 5 P{q, + ay) (4),

where &P' (9, a,.') is the momentum of the incoming proton
{pion, outgoing three pion system) in the A rest freme. In both
cases we take the ¥ axis as the normal to the production plane:

T Gy s (5.
These choices for quantization axes are motivated by the vector
dominance model of Cho and Sakurai’ as extencied by Wagner'®,
which predicts helicity conservation in this frame. This model has
been successful in describing the production of both vector
mesons and diffractive 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



kinematic range this coordipate system is within 30° of the
t-channel frame for which approximate helicity conservation hax
beerin observed in similar analyses of charged three pion
systems"¢. This fact weeakens our ability to test these
madels,while making it likely that we can't be too far wrong in our
choice of coordinate systems.

The dependence of the production smplitude under rotations
on the baryon spins is of the form: |1/2)x|3/2). We decompose thix
Kronecker produc! as:

TiP:: L (/A SuY R TINVEETZ e
f S is re:!ri:!.:d to I, we have the so-called class A predictions oi
the quark model'!: those which depend only on additivity. That
is, the meson-baryon scaltering amplitude is the sum of
constituent quark-quark scatterings. S5ince a single quark can
experience only single flip and both proton and a** have the same
orbital angular momentum in the symmelric quark model
classification scheme'?, the baryon current must behave as o
spin-one object under rotations. Similar predictions come from «
dipole coupling model'? or for netural exchange alone (see befow)
the venerable Stedolsky—Sakurai modet!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), ot

w(780).

This decomposilion of the production amplitude ix also uxeful



in imposing parily constrait.ts. By reflecling ir. the production

plane, we obtain:
P P
J'Mn J=M=Ay=A =1 oJ"-Mn

T = P(-1) T (7).
A,;‘Ap -A‘,-)‘J
The decomposed amplitudes obey the following rule:
FMn J-M+S-pu-1 _IF-Mn
. - . 8).
T Su ™ P(~1) T S (8)
This restriction is built into our formalism as follows. Il we define
Yo = P(-1)/-MFt 19),

for the meson vertex and
Yy = (-1)5W {(10)
for the baryon vertex, then a new amplitude can be written whicl,
manifests parity conservation for the production reaction:
Wl T Vo T ™) ang T M0 4y, T oMYy
(11,
where the quantities ny, and np can take Lhe values 21, and
) = V' 2/4, for u=0

(12).
= vV 2/2, for um0

This expression , denoled by TJP_!,:‘,'I"." vanishes unless ny=ng=n. io
the order (1/s), n=+1(-1) corresponds to exchange in the
t-channel of objects of naturail (unnatural) parity!?.

The amplitude for a meson system of quantum numbers
J,P.M,n to decay into three pions, denoted by G""". is given in
reference 16. We sketch a derivation in Appendix A. The A** decay
amplitude is given by

D;\,ﬂh (a,8,7), where Ay is the helicity of the decay proton and
'8P’



a8,y are the Eule; engles which rolate Lhe oulgoing proton from
¢ to its direction. The total amplitude for a particular event for
given incoming proton spin, Ap. and oulgoing proton helicily. A‘,‘ .

is then of the form:

P, P
Toa =L Heo , , L glMnglMn (1,
e Sus T NG, JP.“'" S
where,
L m———— . Y7
S AL AL e V(2541)/2(1/2 A, S ul3/2A,) D
# % 4 8" Uagn,  (14).

For a perticular choice of J'.n.!\.A'_. and A', consider the parliasi
sum:

N (M) TG, + TG MM, o TINGMH | oTY GYHL )

(15),
where y(M) = 1/2 for M=0,
(16}
= | (or Mx0.
in terms of amplitudes of delinite p, we have:
- L))at 23 - ] et ]
§ f(—%u ¢ T7) (YpG¥H_, + Y, G™V,)
+ (T* - T (YRYpG ¥ H_, +C¥H,)] (1?),
MIZ0s) (1e(G¥ 4 v G (Hy+ YoH_)
(M) (s4) L] " B -n
+T (=iGM+iYG™™) (=i + iYpH_ )] (18).
Consequently,

T oy ) FiMing(M) . -u
Yot ™ Bt 2l ¢ LD BT oy (T YO

. " FiMin-  iy(M -
S YL Tt ML v

(19).



Schematically, we have

TA,.A,« = I(H;'M TE G + 434 To GO (<0;.
N
The spin averaged intensity is:
1= L (f-ﬁi.i.u.., AL (TGt (21,
Sluln
Fluln’

where & ix a matrix calculated in Appendix B.

IV Fitting

The programs emploved were extensively modified versions of
programs used for isobar model anaiyses of low energy nN + Nnn'?
formation reactions and n*p =+ {n*n*n~)p '\ There are three majot
programs and a umbes of subsidiary ones, which in various
versions run on large CDC and [BM computers. The first program in
the string, LTRI, computes the § funclions and the A matrix (~ee
section Il and the appendices) for both the data and Monte Carle
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 & are vectors of G-functions for netural and unnatural
exchange,respectively, and

K, = JGHT*) ana K. = fG-(C7) (22),
where the integrals are over three pion phase space and f denotes
Hermitian adjoint, then we have for the cross sertion

o - D@k, + DO NKA; {3,
[ §



where the sums are over p-4 lebels and all possible inner products
are to be per‘. med. The K matrices can ulso be calculated with o
numerical integration over the Dalilz plot, but the Monte Catio
events were also useful for comparisons of the fits with the data.
The G-vectors, A and K matrices were nput for the program
PWAIPL, a user functice for the generai purpose fitting system,
OPTIME'®.  Using o modified Newton-Raphson technique, OPTIME
thaxiinixed l.hv log likelihood given by

Inl = :‘: ti{1') - Nov (24),

i=1

where N is the number cf events, 1 feq. 21) i~ the probability for «
Riven event and o is given by eq. 23, in which the T's ail as fitting
parameters.  This form of likelihood function automatically
normalizes our amplitudes to the number of experimentally
observed eventls, A quoted parlial wave cross section is then given
Ly ITII‘I\“. where T, is a particular element of a particuler T vector
and K;; is the associated diagonal element of the matrix K.

The data were binned in the three pion mass, M,;,, and
momentum transferred squared, t ,, between nroton and A** with
approximately 500 events</bin. For mass dependent fits, two
intervals were used: 0sft|€. 35 and .355]1}$.8 (GeV/()? (hereaiier,
low t and high t). t-dependent fits were performed in two mass
regionx: 1.2$ My, 5 1.4 GeV (A, region) and 1.6 s M,, < 1.8 Gev (.°
region). Since the A, and w* amplitudes vary considerably over 200

Mev, we included factors of (Eg=M,,-il/2)™" in the fitting



parameters, where the central mass and width had been
determined in the mass dependent fits. This procedure was also
applied to mass dependent fits. Across the peak of the A, this
improved the log-likelihood by S50 for equal numbers of
parameters, although individual pertial wave cross sections were,
wilthin errors, unchanged.

For a list of meson partial wave quantum numbers allowed at
each M,, see Table I. We neglected amplitudes which had helicity
changes of more than one unit at either meson or baryon vertex.
At the highest masses, this still gives, counting both meson and
baryon quantum numbers, 473 real parameters. This wealth of
parameters is associated, unfortunately, with a paucity of events.
Consequently, we adopted the following fitting strategy: Firsi, we
varied only those waves which were present in the charged 3n
system as determined by previous analyses'+® for both [=0 and I=1
amplitudes, and only $S=! 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
siopped 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 resnlts presented here are

those of our highest likelihood solutions (for My, 2 1.2 GeV 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 A** decay distribution. If (p,,p,.p,;} is & 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 Tgw and certain moments (see Appendix B):
W, = (5pf =3 = T40% + ol + S
+ = Py 3 i 3 00 &

- %ﬁ’;,[‘ + Ve—J-Re(’r';,?-’r';,) (25)

W= (5p2 - P = TR + 3Tl - Tz
2212 . 2 2o p.7e
+ 3Tl +73-Re(T”'-l‘z,) (26)
Wo = (592 - 5 = ITigl + 3faot® + Gtz
+ (T3l + '§'ﬁ5:|2 - %Re(:f;l":l:gl + 1,073,
(27)
Note that if only S=1, i.e. quark model, amplitudes contribute, W,
gets contributions from natural exchange only, while unnatural
exchange contributes to W, and W_. However, the total amounts of
naturai and unnatural exchange can be determined from the
meson vertex alone. These independent measurements of
naturality contributions give a direct test of the hypothesis: N=1

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

of the W, as determined from the fits with those from the
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moments as a function of M,, 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 1.65M;,<1.7 with various projections of the data. x%s of
30 for 20 degrees of freedom were typical. This can be compared
with the results of a low energy N + nnN isobar model analysist?
which had sufficient statistics to simultaneously bin in «ll
kinematic variables. For one dimensional projections they had
typically, x¢/ND = 20/10, while their 4-dimensional xé/ND 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 n°
signal is well fit, while the bump near the [ mass is much
narrower than the © is thought to be. Second, these model fits
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, il
‘hese models are to be jmproved to better understand the
underlying dvnamics, we must drastically improve statistics (so
that failures of the model can be separated from the statistical
jitter) and find ways to propagate measurement errors to the

fitted amplitudes.



V. Resuits®®

Figure 11 shows the mass distributions for both t intervals.
The peak at Mj,~ 1.3 GeV is taken up by the 1Jf= 1 2*, A;, and tha!
at M;, = 1.7 GeV by the «'(1700) found earlier in its (37) and (5m)
decays?"?2. This analysis has determined that the 1J? assignment
of this state is 0 3. A fit with a Breit-Wigner distribution to the
points for the A; cross section at low L gives a mass of (1.298 ¢
0.008) GeV and a width of (0.122 ¢+ 0.012) GeV. Figures 12 and 13
give the phase of the Tg‘,';( [1(SPisobar)] = T9 [1(2*p}]), T}t [1(2*6)).

23 [1(0%€)], T35 [1(27¢)] amplitudes relative to the

25 [1(271)] amplitude in the A, region. The A, phases are modulo
tan~'[.061/(1.298 - M, )]. The large T35 [1(2*p)] shows nice
Breil-Wigner phase behavior, while the smaller T} [1(2%s)]
although consistent with Breit—Wigner behavior is much less
stable. Integrating the A, Breit-Wigner gives & productlion cross
section of (53 ¢ 7) ub for || < .B (GeV/c)?.

A Breit-Wigner fit to the &' mass plot at high t gives a mass ot
(1.669 ¢ .011) GeV and a width of (0.173 & 0.019) GeV. Integrating
this gives a production cross section of (33 & 12)ub for |t| < .8
(Gev/c)?. Figures 14 and 15 give the phases of the T?; {0(37p)}, T‘l’;
{03 p)]. T35 [1(07¢)), TS: [1{270)], relative to the % [1(27¢)] in the
high t interval. The * phases are modulo
tan~![.086/( 1.669 — M,,)). 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 o’
phases difficult. The situation is further complicated by the fact
that the ' branching ratio into 1) and T§; changes across the
peak of the distribution. That is, the ' polarization is constant
across the bump, but the associated & polarization changes. This
is reflected in the W, and W_ moments which have spikes al
slightly different nasses (figures 2,3). Nevertheless, the
Breit~Wigner shape of the mass plot, together with a4 mass and
width comparable to that of the g-meson, makes a resonance
interpretation plausible if not certain.

Hoth the A; and the «" are produced dominantly by unnatural
exchange as predicted by Fox and Hey??, and in agreement with
recent experimental resuits®® on the resction n*n + (n*n"n%p. In
fact, semi~inciusive duality®® predicts the following scaling law for
the ratio R of natural to unnatural exchange:

R~ (mz )(Zau(l }=2ay(t))

(28),

where m is the resonance mass, and ay and ag, are the natural and
unnatural exchange “.rajectories. Taking ay - a, as 0.5%(this
value comes from effective trajectory fits to deasity nalrix
elements of the reaction n*p -+ a**w and thus includes the effect
of cuts and ill understood backgrounds, but agrees with the
theoretical idea of #~B exchange degeneracy) and using the value

RZ<7 = .8 £ .07, we obtain the predictions R, = 0.29 £ 0.03 and
¢

R* = 0.18 ¢ 0.02. This is in fine agreement with our observed

14



ratios of RAa = 0.34 ¢+ .03 and R,* = 0.24 ¢ 0.04. However, this
agreement may be fortuilous as we shall see when the resulls of
the t-dependent [its are presented.

There are marked differences in the production mechanisms
between Lhe natural spin parily resonances and the unnatural spin
parity background. Whereas we have servn that the resonances are
produced dominantly by unnatural exchenge, 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 ‘I‘g'a are not required for the
resonances, but they dominate the background. This is shown in
figures 1"a,b. Apparently this background cannot be produced via
a Deck or mulliperipheral mechanism since Lthe p-4 coupling is
unlike that found in other natural exchange dominated reactions.
Furthermore, the background is helicity censerving to the level of
107 in our coordinate system as figures 18a,b bear out.

The background is shared by many pertial waves. In figures
19-22 we show Lhe strongest of these. The 1(4F) = 11%) A, is quite
small (figures 19a,b) in the A, region (1.06 < M), < 1.2 GeV). For a
width less than 150 MeV we estimate a{A,) < 3.5ub. An A, hiding
under the A; as proposed in reference 28 is also excluded. The
1(27) A, (figures 20a,b) aithough large does not exhibit a resonance
like structure. The peaks diffvr in the Lwo t bins and also differ

from thet observed in the reaclions n% -+ mon*n-pldud® 0 g4,



0{1*) wave {figure 21) wave has a peak at the B meson mass, but
has 0 < 4.5 ub for a width of 150 MeV in this region and exists only
at jow t. However, it is comparable lo the "A;" in magnitude. The
only other large background wave, the 1{07) is shown in figures
22a,b. The [=2 background, shared among many angular
momentum states is shown in figures 23a,b.

There is also a low mass enhancement for the 1* [=0 waves
which is partly due to misideatified photons from n' decays?'. The
production cross section for 4**n' production for this experiment”’
is 14.7 £ 1.7 ub when the A** Breit-Wigner is integrated. 250 fake
events coming from the decay n'+n*n”y were generated and of
these 209 fit the hypothesis n*n~n® 3. This fact, together with
the known branching ratic of .27%% of 5’ into n*m™y, gives
approximately 90 events of n’ contamination in the region
.95M,,<1.06 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°7. Therefore, when the photons are misidentified
as pions, we expect the p"n” distribution to be S-wave. The | =
0,2 1*S pn amplitudes coming from the analysis are such that
when pn charge eigenstates are formed in the region .82¢M, <t.06
GeV, we find 240 p°n° events. This is more than we expected from
7’ contamination and accounts for most of the | = 0,2 signals.

Furthermore, the llinois group” has pointed oul that the



smallness of the Dalitz plot in this region makes distinguishing
1*Pc and 1°%p waves difficull. 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 1* waves should be viewed with
some caution.

We now turn to a discussion of the t-dependence of the
resonances. All of the quoted distributions, in what follows, have
been corrected for t,. effects by scaling the obxerved number of
events to equal phase space volumes. For the A, this is a factor of
two correction in the lowest t—interval, while for the w° this
amounts to a tenfold increase. Figure 24 shows the A, 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,. Figure 26 shows Lhe total u° differential
cross section and the total differential cross section for 1.6 € M,
€ 1.8 GeV, while figure 27 gives the natural and unnatural
contributions to the .°. The ratio R of natural to unnatural
exchange contributions calculated from thexe graphs is shightly
different from that given previously. The previous numbers come
from including all resonant events, and here we have taken onlv o
200 MeV wide slice in meson mass.

There is another prediction of semi-inciusive duality collaterat

to equation 28, namely



—2a) N
%‘: m?) ~ e~ 2t Inlm (29),

where i corresponds to either natural or unnatural exchange, ap’ s
the slope ol the Regge trajectory i, and m is the mass of the
resonance. [f we assume a slope of one for the trajeclories, then
this formula predircts that the slope of the t-distribution decreasc
by 2 and 3 units for A; and ', respectively, relative 1o the «. In
figures 28 and 29 we plot the natural and “anatural exchange
contributions to u”. A, and ' production. The linex are the
results of fits of A e® to the approximately exponential regions of
the t-distributions. For natural exchange contributions we find:
b_ = 5.58%.44, bAz = 3.42¢1.04, and bu. = 6.2 ¢ 4. So within these
large errors the results are consistent with the antishrinkage
prediction. For unnatural exchange contributicns we have b_ =

343 ¢ .39, b, =~ 3.29 ¢ .74 and bu. = 3,17 ¢ .67, in disagreement

Az
with theory.

The relative phase between the T!{ and Tl; A, amplitudes is =
T70° (figure 2Bb). We remind the reader that our unnatural
exchange amplitudes differ by a minus sign from the usual
convention. This implies that the n-p-A, and m-B-A, couplings
are of opposite sign, if Lthe phase between the amplitudes is to be
compatible with that coming from the Regge signature factor
e'*/¢ and 5% a,-ags 1.

The relative phase between TS5 [1(2*}] and the T [1(07¢)}

shows a 180° change around t ~ =0.175 (figure 28a). We see that

18



this is reflected in the I'l",’(,ld A; intersity which has a dip in the
same region{figure 29a), as does the net helicity flip zero
amplitude 1/2(T}; - T}) (figure 29b). This is behavior is
characteristic of the Bessel runclion Jo(b\/:I) suggested by

various absorption models?* 35,

However, these absorplion rnodels
specify their structure in the s-channel helicity frame (SCH;.
When we crossed our amplitudes to the SCH the previously
observed structure becomes much less marked (figures 30a,b).
Note, hcwever, that an amplitude which is essentially helicity
conserving in one coordinate system (as in this case}) will lose
successively larger amounts of cross section to other amplitudes
in another ccordinate 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 onc
"lumpy” amplilude by many smooth ones. Furthermore, an effect
concentrated in the region .15¢|t].2 is mainly frame independent

since the crossing angle is small here.

VI. Conclusions

The first partial wave analysis of Lhe reaction n*p+a**(n*n-n?)
has been performed. In the (3n)° mass distribution between 0.82
and (.9 GeV, we have observed the A; and a peak due to the

production of a 3° ' state with the same mass as the g meson. No



significant A; production has been found. Resonance production
agrees with the predictions of the quark model and some of those
of semi-inclusive dualily. Evidence for possible absorptive effects
in A, production was given. The background waves behave very
similarly to the corresponding ones found in other 3n systems,
although their production mechanisin violates the additivity
assumption of the quark model.

Finally, we mention some problems which remain for future
investigaton. Better methods are required for comparing the fits
with the data than those involving binning data. The cffect of
measuremen! errors and finite experimental resolution should be
taken into account in the fits. More wor!l. must be done (o
understand the exte:.*' to which the isobar model violates the
axioms of unitarily and analyticity of S-matrix theory. This i
important for Lwo reasons. First, our inferences regarding raeson
spectroscopy would be suspect if the model on which they are
based were in violent disagreement with the accepled principles of
physics. Second, developing reliable techniques for calculations in
strong inleractions is in itself a laudable goal and three meson
physics seems an ideal lesting ground for such methods.

[n this analysis we found major contributlions from 5 T
vectors. We were able to distinguish these by using inforimaslion
from the decay of the 4**. However, this incoherence can arise

not only from production dynamics {as we supposed}, but also can
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come from averaging over bins where there are rapid variatlions 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 large increase in
statistics due to the large mulliparticle spectrometers altows finer
binning.

Repetition of this analysis on data at other energies seems
quite worlhwhile. It would not only check this analysis, but also
offer new information about Regge phenomenclogy: we would have
independent determinations of Regge trajectories from phase
behavior and energy dependence. A study of the reaction K'p +
(3n)°A° couid be accomplished with minor changes in technique.
In this reaction the A® polarization can be directly measured so no
assumptions concerning the spin structure at the baryon vertex

need be made.
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Appendix A:Meson Decay Amplitude

Before we begir. a detailed description »f the formalism we
give a qualitative discussion of the problems faced in fitting
3-body final states and our motivations for adopting the isobar
modet

There are 3N-4 independent kinematic variables, in this (ose
5 (in formation reactions one of these is trivial), requirea te
describe an N particle final state. For this problein one posxsible
choite is: one dipion invariant mass, one dipion decay angle and o
set of 3 Euler angles which describe the orientation of the plane
defined by the three pions with respect to some external
coordinate svstem. This choice of variables is picked with a
sequential decay picture in mind. Now we have some decay
amplitude f(m,,:0;a,8,7) which, when squarced, gives the
distribution of the outgoing pions. If G(8p) and H,(u.ﬁ.ﬂ are
cornplete sets of orthogonal functions,

f= }: a; {(Mpy) G(8p) Hila,B,7) (A.1).
There dr‘:certﬂin practical problems with the expansion given for
f. 1t ix not manifestly Bose symmetric. Thus, any biases
introduced in data reduction are propagated to the expansion
parameters, a”(m"), which therefore have no simple physical

interpretation. This can be remedied by writing the amplitude in

the following symmeltrized form:
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r--ﬁ L af(mk,) G(6F) Hj(a*,B%,7) (A.2).
k=1i,j=1

The label k indicates the choice of diparticle. The various
symmetry properties amount to constraints on the a"}(m:,,). Now
we are left with the problem of determining the ay(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 niomentum properties of the initial state defined by
the 3 Euler angles, one can bin in the remaining variables m,, and
8p, or more symmetrically in the Dalitz plot variables, st} and s{&)
., and perform a moments analysis. Unfortunately, for a grid
system as coarse as 5x5 this procedure gives us only 20 to 40
events per bin. Consequently, this will not become a viable
procedure until stalistics have improved by factors of 10-100.
Therefore, Lo avoid binning on the Dalitz plot, a prescripton for the
s dependence of the amplilude is required.

The isobar model supplies this prescription. Il 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 thal resonance bands dominate the Dalitz plot.

The formalism ncw begins with some definitions of state
vectors and their normatizations. If w” is a state of momentum p
along the z~axis with helicity A, the general stute is then

IPA) S lp 0 ¢ A) = R($.6.~8) ¥, (a.3),

where R is the rotation operator. Our normalization is:
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(5" Np A) = ZE 6%(p’ - p) 6p (A.4).
Following Jacab and Wick3® we define a x state as:

xpa E (C1PRO0,m.0) o = (1P, (A.5),
where 3 is the intrinsic spin of the state. Multiparticle states are a

direct product of single particle states:

n
- - - -»
IP] Ags Pz Agye Pa Ag\) = lp\ Ai) (A.6).
=1
For two particle states we introduce relative coordinates:
[P e - )
P=p +p2,p =3P - P2) (A7),
and
IF;-I;"\UAE) = leA])‘Ez-Ag) (A.8).

To discuss the decomposition of two particle states into angular
momentum states, it is convenient to work in the two particle
center of mass and to take particle two as a x~state. Thus,

IP = 0,p.A[A,) = R(8.0.-8) ¥, x (A.9).
PsAy

P.A;
The angular momentum states are then defined by:

1P = 0P MALAL) = NS DUM($.8,~8) IF = 0,p,%,,A;) dR(A.10).
Here, J is the total angular momentum, M is it z-component, A =

: t/2
Ay — Az, and N;, a normalization factor, is given by (_3"__4_:_1) /

pyYV/2 . .
(4W) . Wis the total energy in the center of mass. To convert
from a helicity basis to an L-5 basis we have the following formula:

2L+1)1/2

> (S Ay Sp =AIS Ap=hy)

1P = 0,pM,LS) = E (
ALz i
x (L OSA-AN M) 1B = 0,pIMA, &) (A.11)

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 coordinate system S' and n
labels the set of quantum numbers }J, P, I, [,{. However, we want
to evaluate the decay amplitude in a body fixed coordinate system
S:

= (), G, G T I n M) (A.12).
Here 6,. 6k, 5, are ‘he momenta in the three pion rest frame ol
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,

£6,0,81TInMs =L «§, O, G T1n M)s Diyla,6,7)

(A.13). "
With (x, y, z) and (x', ¥', z') the basis vectors in systems S and $

respectively, the Euler angles are given by:

a= lan"'(-;,—:i-) (A.14)
B = cos~Wz-z') (A.15)
y = tan™! -’5—;— (A.16)

Introducing a sequential decay scheme, T = T,T,, we have

0
ZE

(°|- Qk- Gyl TalS, s G Quuitn i Gl Ty in

(4, 6.8 lTlnm)=ZI 2E, o’(o + 3,

m)
(A.17)

We have just assumed that only two pariicle interinediate states
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contribute. We now make one further assumption: T, acts only on
I6n. tsp). Therefore,

(G, Gpo Gl T2 1 Oy g Oy = 26, 67T, - G 00,0 Gl T2 |G, pe)
(A.18).
Consequently,

(6, 6,. &I Tla m) = ;_‘ (s GYIT21-G, )G, -G AJTyIn m) (A.19).
Here the isobar is lakt’-n to be a y state with helicity A,.
Decomposing (6,.—6, AJI into angular momentum states we have,

(ZJ + 1)1/2(4W)l/2 J=

m.—AJ

x (O‘ JmA| T, |J n m) (A.20).

(G, -G, AIT, Inm)= (o]
If we choose the z axis of the system S along 6, and the y axis
normal to the 3-pion plane, the argument of the rotition function
vanishes and the function becomes a Kronecker delta in iis
indices. Thus,

PR 3J+ll£4W12
(Qu-Q; Al Ty In m) =6 () (3;') /

m,-—h, (Q]-JmnAil T|

linm)

(A.21).
To fix the parity of the system it is convenient to convert from
helicity to LS states. Using (A.11) we have:

2L+ 1 1/2

20 a1 (L,OS’ A m} 1] Ly S, m}

1Q;, Jm, A)) = z (
Ly
(A.22).
S, Ly are the spin of the isobar and the relative o bital angular

momentum between the isobar and the odd pion, respectively, and
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i, m, j, m,l J M) is a Clebsch-Gordan symbol. Thus,
1/2 rwyt1/2
) (&)
(Ll 05 AN m){J L% ml T, 1 mon)

(-?.L- + 1
j n

(@ -, NI Ty inm) = L’E Gm.—A

(A.23).
Using rotatonal invariance we write
OLSmT, 1 Ima)=1"
(I} L LS W) {A.29),

where w; is the mass of Lhe diparticle., We now evaluate the T,
matrix element in the rest (rame of the isobar.

(9,00 T, 1 =0,A) = (qy.qi T, 15,,~A) (A.25).
‘Iu is the momentum of pion k in the dipion rest frame.

Performing an angular momentum decomposition, we have
(0,6 T2 1 -G 0 = (=) (@ + DY4 DT (decay)
nq, - i.O
x (qy 5 Al T, S, -A) (A.26).
By ro*ational invariance, the last fsctor may be written as Bsi(wl).

We are free to pick 4 coordinate system such that

P (decay) = & (8p) A2T)
-A,,0 1EEC) = Gy ot (A.27).
Finally, we can write
{0; Gy SI TInM). = £ () T, AW, w), t) {A.28),
n
where
Tu(W, Wy t) T:.;;‘(H.w,,l) B w)) (A.29)

and

. 1 Ww \1/2 .8
ki) = ?(ﬁ) (2L, + DY42s, . n"‘i. 47l ol !
i

o} At
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4,05, ~Afi -&)
(A S0,

Near thieshold T:"\('.-,.l) should be poverncd by bargier
T

pructration fattors. [n out nonalizetion wa take these to equal

! (A 31).

Q\1/2 -

iy (1)

(377 1o i,
where K i~ o radius o interaction, taken in this anoelysis to be one
teron, and t\“’h) is the spherical Hankel function of the Tigst hind

N

of order l.‘. The chatge dependence can olvo be made explicit by

using ronpin Clebsch-Gordan symbols. Therelote,

fu 0 1/2 4 o -1
NLE T () USSR RERCASIHC
. (100 1 1 0) 1A.32)

fotr o neutial theee pion syatem. Sunilarly, the Chotge dependencr
~
Lats be cettioved from B '\w’):
= [ o 1oy o
Bowm ) = D0 TP AT Hw)) (A.34).
~ . )
Alm ) is @iven by the Watson theorem .
~ R ~ el
AT (c-"mn')/qk‘ w{w g, ) (A 33)
S i> the elartic scattering phase Shift ot the mass w, A facton
{q.)'/‘ i added to stisute proper thivshold behavior i this
norinaslizetion.
The following formis were used for the phare shifts. For the |
a 0 s-wave, ¢, we used the phiase shifts of the CERN-Munich
spectrometer group with their cnergy dependent

potametetization:
~ idet

o
vPaing = 1= detdKlgaan ~ (R atte ¢ Rapty)

(A.39),
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where q,lQy) is the momentum of the pion(kaon) in a
dipioti{dikaon) svstem of energy w. The symmetric K-malrix is

given by:

N . T 7T

Vs ~w Spmw, 0] (A. 36).
The parameters in appropriate powers of GeV are: \/s_; = .1, v'.?-;
2 119, ypp = 2.86, 0, % 2.28, 1, = ~1.00, rp = 1.85, ay = 2.02, f,
2 47, yup = 1.00. The ! = | P-wave, p, pha~es are given by the
parainetsization of Morgan 19,

cot & = (m¢ ~ 0.1536g%)(m% + 0.028g%)(m? + q9)!'/4/(0.05m¢q")
(A 37).

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

Deare _ wl
cot & 8(—1'—{‘64.7)64—':'1‘ (A.38),
and

PR ¢

o sl s n
where R is one fermi and gg is a pion niomentum at resonance.

We must deal with isobars in other dipartitle combinations as
well. While an expansion in one type of isobar is complete, the
description of resonances in other diparticte combinations would
cequire prohibitively many terms. Therefore, we write our
amplitude as a coherent sum over different diparticle
combinations. This procedure while justified in the limit of
infinitely narrow isobars, violates unitarity when resonance bands

40,41

overlap on the Dalitz plot. Two groups have studied this

problem und 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 Yolterra equation from
somewhat different slarting 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.
Aitchinson*? 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
(itting parameters have hopefully, minimal subenergy depesndence.
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 Lhe overall reaclion, we obtain
the amplitude for decay via a particular iscbar (notice that the

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

labels):
I (W,1) = (2L + DY(2s + 1)V2E) {1 1¥° 1 11 0)
ISLL,, > ; L
(]

(LI 1R 120 RN AR S
L dS, o(8h) D, ylal, Bl y) (L0 S =A] 1 -A)|
A

{A.40).
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Notice that there is a different set of angles for each dipion
combination. 9{, is the angle, in the dipion rest frame, between
particle j (the cdd pion) and particle k. The norinal to the three
pion plane, the Y axis of system S, is defined by 5, x Ot

To check that our amplitude obeys Bose statistics, we se¢e
what changes occur when particles k and | are interchanged. The
following changes occur in Lthe arguments of Lhe functions:

oh>m-06f 05+ m-8h 6+ n-af

WP W, W, P, W Wy

Q20Q; Q=0 Q2 Qi
Y -y implies

aratm o ratn, adagtm

B+ B, By B B By

i e NN
and for the isospin labels

g, sat1l, L1k (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):

D1, wlalgl./) + (-1 DL, ylal8lo)

df, o(8h) = (=1)5* a2, o(6})

(1151 1) 1% 10y o (—nyliso (g 1% 4 1) 10 [0y (A.42).
If (-I)l""‘ *5a 1, the contribution to G 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 =tatistics.
2) If particle k was originally the odd particle( the one not in the
isobar), under k-l interchange we obtain:

D!, wla* .85 7%) = (-1)* D!, u(a' 87"

d".-k,o(OB) + (-1 dfk.o(ab)

(=2 115 ro) = (111l 10)

(bl rse i) o (-)liso 4 11 1% el (A.43).
This just interchanges the contributions of k and | type isobars.
Therefore, G satisfies generalized Bose statistics.

The function g obeys a symmetry under the interchange M -+
-M. Consider the factor of g for dipion j,

I d%, o(6)) DI, wladBl, ) (L OS -ALJ -A) (A.44),
all other factors being invariant under this interchange., From
this select the partial sum

K(M) = d5, o D%,  (LOS —AlJ =A) + d5 5 D) (L OSAlJA)

(A.45).
Using well known properties of Clebsch-Gordan coefficients and
rotation functions, we obtain

K= (Dl ¢ (-1)H50MD _)(LOS-AT-A) 5,5  (A.46).
Apparently,

Ki-M) = (~1)L*S0-H K*(M) {(A.47).
Since the whole function g(M) is obtained from linear combinations
of the K(M)'s, we have:

g(—M) & (=1)H*5=3¥ p°(M) (A.48).
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Consequentiy, the linear combinations of G's, which multiply the
parily conserving amplitudes, are coraposed of terins proportional

to Re(g) for np = +1, and Imi(g) for p = ~1.
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Appendix B: The Spin Averaged Intensity
We

In this secton we calculate the spin averaged intensity.
consider not only o :3' np systems, out also F o= %‘, S-wave

systems for which Yg = ~1. If we abbreviate (f-é)g,m by Tg_H. we

can write
T, .= L T, Hl {B.1),
S W el
where
HE gy = £ QW9 Hg g (B.2),
Qa
and
‘ a
e --2?‘-(?;%1 LR 1. B {B.3),
and
s iy(e) _
o 2clo) 100 = Yeba gl (B.4).

Substituting for Hg ,, we have

Thoae= L TR, T VA eIVEE A

Aphp Mgy T
Sabn | R
SululndG A S al JA) DAA,AP'

T

a,a’ .
Aauhy (%AP St atbdAgY D:AI'Ap'
xSk Sk (B.5).
Now,
”i:.x,, Di;‘.k,,' e (-1 I oA, S AT L WY DY
- (5 =A 1AL O) (B.6).
(Ap.), we

Therefore, summing over the outgoing proton helicily

obtain:
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T -nheu ~Ay IALO) = O (=8, 3106100 +
6).1/28y,372)
+ Ool=13V2(6, 1126, 172)
+ (-1)fLedi/e 65,272 8y 37206, 0 + 6, 2)
(B.7).
If we write,

Y(S,5n,n% e la,a0, 0,00, L)

= %1‘3.M L R LS LV I V)

(B.8,,
then the spin averaged intensitly equals
) Y x (2 (-0 Ay & AL OY)
-\.v-\.‘o'h'}.ch‘ln‘l‘" e AN
a,a’ 3L X VZL ¢ 1 V2 e 1 VaT v i) TS
=A,-M J r
T W W S
AsAp A (/25 3 )(W2sy )y (8.9)
Ap a ~A, AP a’ =A,’ T
where ( hodz ) is a Wigner 3j symbol. The inner sum equals,
mg m, -M
1/24a'+S'+S+L { S LS\{S L &
-1 (G M u)!J 1/2 J-E (B.10),

where the braces dencte a Wigner 6] symbol. Substituting (B.7),
(B.8), and (B.IC) into (B.9) and performing some tedious
arithmetic we find the following expression for the spin averaged
intensity, I:

8n =KX A, X, (B.11},
where X is the n=tuple (T} ,.T70.77.1.T5.0:T2.1:T3.0.TS, ) and in
terms of the components of a unit vector,p’, along the direction of

the outgoing proton in the deita rest frame, the symmetric matrix
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GPyt: 3PPy T 3PP {QP,
yPz \/ipl+2 - szpx 2p,

\/Epy \/EP; '\/Epl !
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ZPPx T Z PP PR

33 3

iy LTI - 3PPy 0
AR V3 3
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3._¢
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Table 1

The columns headed Iso

3n partial waves allowed in this analysis.

L is the orbital

I is the total isospin.

contain the isobar: €¢,p,0r [.

J and P

angular momentum between the isobar and the odd pion.

are the total angular momentum and the parity, respectively.
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Figure Captions
1. N pollution in the bin 1.7 £ M, € 1.8 GeV and .35 S [t/ < .8
(Gev/c)%. The Lriangles represent to Lhe A**n” distribution and
the histogram represents the a**a® distribution.
2. The moment (W_) (see eq. 26) of the 4** decay distribulion.
3. The moment ('o) {see eq. 27) of the A** decay distribulion.
4. The moment (W,) (see eq. 25) of the 4** decay distribution.
5. The Euler angle a with z elong the n* for the bin 1.6 £ M,, < 1.7
Gev and .35 < 1,1 < .8 (GeV/c).
6. Cosine of the Euler angle f. Other speciflications same as 5.
7. The Euler angle 7. Other specifications same as 5.
8. Invariant mass of the n™n® system. Other specificatio 1s same as
5.
9. invariant mass of the n*n® system. Other specifications same as
5.
10. Invariant mass of the n*n~ system. Olher specifications same
8s 5.
11. The experimental In mass spectrum for m*p = (In)0a** as o
function of M,, is given by the triangles. The lef* hand ~cale i~
events per 50 MeV; the right hand, ub/GevV. Fig. 1a is for "vAl S
.35 (GeV/c)? and Fig. t1b for .35 5 |t ] S .8 (GeV/C). The total A,
intensity is given by the solid circles; the .’ intensity by the open
ones. Solid cureves are Breit-Wigner fits to the 2° inteasity atl low

Lt and to the 3" intensity at high t. Dashed curvex are the same {its
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normatized to the number of events in that bin.

12, Phases relative to the 133 [1{27S fn)] at low t in the A, region.
Fig. 12a is the largest unnatural parity A; wave, the Tiglt (2*
Dpn)j. Fig. 12b is the natural parity A, Ti} [1 (2* Dpnm)).

13. Phases relative to the T;5 [1(27S fn)] at low t in the A, region.
Fig. t3ais the T3 (1 (07 Sem)); fig. 13b the T3 { 1(2~ Dem)].

14. Phases relative to the T35 [1(2” Den)] wave as a function of M,,
at high t in the w® region. Fig. 14s is the T9% {0 (37 Fom)}; fig. 14b
the T}; [0 (3™ Fom)).

15. Phases refative to the Tg3 [1 (2~ Den)] at high t as a function of
M,, in the o' region. Fig. 15a is the T3S {1 (0™ Sem)}; fig. 15b the 193
f1 (2" =fr)).

16. The ratio of unnatural to natural exchange contributions lo
background as a funclion of M;,. Fig. 1b6a is at low t and fig.16b is
at aigh t.

17. The ratio of the amplitudes allowed by the quark model (s=1}
those not allowed by the quark model {532} as o function of M.
Fig. 17a is at low L; Fig. 17bis at high t.

18. The ratio of helicity nonconserving background at the meson
vertex to helicily conserving background as a function of M,,. Fig.
18a is at low t and fig. 18b. is ot high U,

19. The total 1* I=t, “A,", intensily as o function of My,. Fig. 19a ix
at high t; fig. 19b at low,

20. The total 27 I=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* I=0 intensity at low t as a function of M,,.

22. The iotal 07 I={ intensity as a function of M,,. Fig. 22a is at
high t; fig. 22b at low.

23. The total I=2 intensity as a function of M,,. Fig. 23a is al low \;
fig. 23b at high.

24. Differential cross sections in ub/(GeV/c)? for 1.2 s M., s 1.4
GeV as o fTunction of ItpAI. The histograin gives the total intensity
and the plotted points give the A, contribution.

25. Differential cross sections in ub/(GeV)c)® for 1.2 s My, < 1.4
GeV as a function of Ilpal. The squares give Lhe unnatural exchange
contribution to the A,, end the diamonds give the natural
exchange contribution.

26. Differential cross sections in ub/{GeV/c)? for 1.6 < M;, < 1.8
GeV as a function of Ilml. The histogram gives Lthe total
differential cross section, while the plotled points give the .°
contribution.

27. Differential cross sections in ub/(GeV/c)¢ for 1.6 s M,, s 1.8
GeV as a function of “yal- The squares give the natural exchange
contribution to the ' and the diamonds give the unnatural
exchange contribution.

28. Differential cross sectons in ub/{GeV/c)? ax a function of l!‘ml.
The points, diamornds, squares give the natural exchange

contributions to w, .\,, and w* production, respectively. The lines
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are the results of fits to exponential functions over the monotone
decreasing regions in t.

29. Differential cross sections in ub/(GeV/c)? s a function of llpdl.
The points, diamonds, squares give the unnatural exchange
contributions to w, A,, " production, respectively. The lines are
the results of fits to exponential functions over Lthe monotone
decreasing regions in t.

30. t dependent phases in the region 1.2 £ M,, £ 1.4 GeV. Fig.30a
gives the phase between the TS5 A, and the T2 {1 (07en)] waves.
Fig. 30b gives the relative phase between the T3 and Ti} A,
amplitudes.

31. Differential cross sections in ub/{GeV/c)? as a function of ItPAI
in the region 1.2 s My, € 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 T); A, wave. Fig. 31b is the net helicity
flip zero combination of the T}{} and T}; amplitudes.

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

of crossing to the s channel helicity system.
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