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ABSTRACT

We have investigated eta production in the reaction 7r+p - _1r+pn at
1050 and 1170 MeV/c, and in the reaction m p — 7 pn at 1470 MeV/c,
We obtain the following partial cross sections for the reaction vip - nipn

followed by the charged decay n - TT+1T-’TT0!

(9.5 +1.5) ub for 1050 MeV/c
incident 1r+; (53.3+5,0) pb for 1170 MeV/c -rr+; (15.9£1.9) ub for 1170
MeV/c n~. From our n' data we find that we need four I = 3/2 ampli=
tudes in order to obtain good agreement with our mass and angular dis=-
tributions and to reproduce the threshold behavior of the cross section,.
We find the dominating amplitude to be that representing the reaction,
nTp > nA(1238); A(1238) —» n'p, where the n and the A(1238) are produced
in s~wave, The four amplitudes are extrapolated to h>igher energies
where the predicted mass and angular distributions and cross sections
are compared with the available data, From our 7 data we find thaf in
addition to the four I = 3/2 amplitudes (determined from the == data),
one I = 1/2 amplitude is required: the amplitude in which all particles
are in relative S-states, We find that this .I = 1/2 amplitude in fact
dominates the m reaction, We see no evidence for production of an

N'(1550) - np resonance, We are able to parameterize the cross sec-

tions for mp - wpn from threshold to 4 BeV/c.
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I. INTRODUCTION

Since the discovery of the eta meson in 1961, 1 there have been
several experimentsz_'7 at various energies involving fhe reaction
Tr+p - Tr+pn. In all of these experiments the reaction appears to proceed
mainly via
™ - n A(1238)
A(1238) - mp. (1)

There have also been a few experiments8-1oa involving the reaction
T p -7 pN.

Reaction ('i) is unusual in that there are no pseudoscalar or vector
mesons which can be exchanged in the t-channel, Therefore, such
models as the one pion exchange model or the vector exchange model

of Stodolsky and Sa.kura.i11 do not apply to reaction (1). As can be seen

from the figure below,

™ 7

P

p A\

Y ,
the required quantum numbers for the exchange particle are IG =1
and JP = O+, 17, 2+, +++, Possible mesons with these quantum numbers

are the massive A,(1300), 3P =27 and m, (1016), iF =o',

The A2 meson is well established, and the quantum numbers are

now fairly well agreed upon, (There is some evidence, however, that

there might be more than one meson in this region. 12

) The compiled
branching ratio for A2 decay into nr is listed13 as 11+ 2%, indicating

that the coupling constant at the upper vertex is small,
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The other meson candidate for the exchange particle, wv(io 16), 13 : ;

is seen as a KK enhancement near threshold and may be interpreted as
due to a large scattering length, A reported nrw enha.nc.ement:14 in this
region has not been confirmed. ‘ v l
. t

In addition to meson exchange in the t-channel, it is also possible | f

i

to have baryon exchange in the u-channel, This would tend to peak the ;
backward region of the production angular distribution, For baryon | A *

exchange, the nucleon and the N*(1550), S resonance have the required

11

quantum numbers,

The fact that the masses of all the proposed exchange particles

are large has the consequence that the interaction is of shorter range
than interactions to which the peripheral model is usually applied. It
is not surprising, therefore, that experiments involving reaction (1)
are not highly peripheral; that is, the production angular distributions 1
do not exhibit the great forward peaking characteristic of peripheral
interactions. In fact, in the low-energy data of Foelsche and Kraybillz'
and of this experiment, the production angular distributions are fairly
flat,

We also- note that in addition to A(41238) production the reaction
T — 7pN might proceed via |

mp — 7 NT(1550)
N*(1550) - np.

In this paper we adopt the phenornenolc;gical apﬁroach of describing
the production process of the reaction wp - wpn in term: of low partial .
waves.l We find that our n' data at 1050 and 1"170 MeV/c may be ade- ;

quately represented by s-wave production of the eta and A(4238), plus |
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an admixture in which the eta is produced in s- or p-wave and the 1r+
and p are in a relative S-wave. At 1170 MeV/c we find the cross sec-
tion ratio ¢(np - n pn)/o(nTp = m pn) = 0.30+0,04 instead of the value
0.11 expected (on the basis of Clebsch-Gordan factors) if the v p reac-
tion proceeded only through the I = 3/2 afnplitude s. This indicates that
in addition to the I = 3/2 amplitudes there is also an appreciable I = 1/2
contribution. Our =~ data is adequately represented by the addition of
only one I = 1/2 amplitude; the amplitude in which all particles are in

relative S-states.

I, EXPERIMENTAL DETAILS

The Alvarez 72-inch liquid-hydrogen bubble chamber was exposed
to beams of both 7' and 7" mesons> at a momentum of 1170 MeV/c and
to m' mesons at a momentum of 1050 MeV/c. The beam setup has been
described preViously;iS’ 16 we present here in Fig, 1 only a schematic
diagram of the beam optics,

A total of 240000 pictures were taken at the three momenta, The
film was scanned for 4-prongs. A total of 14000 4-prongs were found
and fitted by the LRL spatial reconstruction and kinematical fitting pro-
gram SIOUX, Most of the events, 12 000, fit the four-constrained
reaction,

Tr:tp - TT:tpTl" T (2)
with a chi-square less than 16, These events were discarded, The re-
maining 2000 events were then examihed on the scanning table to deter-

mine the proton, Out of these 2000 events, 800 fit reaction (2) with a

chi-square between 16 and 35, For these events, if the proton identifi-
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cation made on the scanning table agreed with the track identified as
the proton in the 4C fit of reaction (2), then the event was discarded, : ;
In addition, events identified on the scanning table as having Dalitz
pairs and events identified as having four charged pions were also ¥
discarded, ' ' ;
The remaining events were retained if they fit the reaction ;
+ + - i
TpP—>7® pPT T

or
+ + + - : !
TP>T PTTY : b
with a one-constrained (1C) chi-square of less than 8,6 and if the events

were inside the fiducial volume. The distributions in the missing

neutral mass for these events are shown in Fig. 2. These events were

then fit to the two-vertex, two-constrained hypothesis

+ +
T P17 PN

n - 1r+-rr-1r0 (3)
and

+ +
TP—>T pn

N1 ny. (4)
An event was recorded as reaction (3) or (4) depending on which had the
lower chi-square. Events fitting reaction (4) are not used. All but four
of the events that fit Tr:tp - wipn+n-'1ro also fit the 2C reaction (3) with
chi-squares less than 20 and are regarded as good eta events, The four
exceptions have chi-squares over 200, Thus, essentially all events
which fit the final state hypothesis, 1TpTr+Tr—1rO, come from etas. The
number of events fitting reaction (3) are 135 for the 1170 MeV/c nt

data, 51 for the 1050 MeV/c n' data, and 87 for the 1170 MeV/c "
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17 The 2C XZ distribution of these 273 events is given in Fig, 3.

data.

There is still the problem of "ambiguous' events. As there are
two pions of the same charge in the final state, it is unknown which pion
has come from the decay of the eta; thus reaction (3) can be fitted two
ways, When both fits are good {(chi-square less than 20), the event is
ambiguous, In this case, the interpretation with the lower chi-square
is taken to be the correct one, In the ané.ly'sis which follows it is
assumed that the right identification is always made. (By a Monte
Carlo calculation we estimate that we choose the wrong pion about 3%
of the time, )

Another possible way in v;/hich we could have obtained our final
sample of events-—nip - wipn, n - ‘rr+1'r-1ro-—-is to separate out the events
with a missing y ray by taking all events in which the mass of the miss-
ing neutral is greater than 0.040 BeV? (see Fig. 2), and then plot the
invariant mass of the 'n'+1r-1ro. The resulting plots are shown in Fig, 4,
Again, because of the pion ambiguity, there are two such combinations;
only the one in which the invariant mass is closer to the eta mass has
been plotted, It is seen in Fig, 4 that this procedure likewise results
in nearly all events being etas. This procedure is more visually ‘appeal-
ing than the XZ method, We use the XZ criteria, however, because it
takes measurement errors into account systematically and becauée,

18 we can more easily calculate

using the Monte Carlo program FAKE
the effects of cutoffs based on XZ than those based on calculated errors

in missing mass,
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III, CROSS SECTIONS

The measbu_'red cross sections for the reaction wp - npn, n - -rr+1r T
for each of our three beams are given in Table I along with the pertinent
scanning information,

As stated in Section II, an eta event is obtained by insisting that
the 4C chi-square for ''nothing missing'" is greater than 35, that the 41C
chi~square for missing wo or missing vy is leés than 8.6, and that the 2C
chi-sqliare for eta decaying into 1r+1T_'rro is less than for the decay inté
1r+1r-y. The last criterion introduces some misin£erpretations if both
chi-squares are small, In order to obtain the efficiency of the above
selection criteria, FAKE was used to simulate events of type (3). The
efficiency was found to be 94.5%. In addition, events of type (4) were
faked., It was found that the number of Tr+1r-y eta decays contaminating
our final sample is negligible (less than 0.8 event).

The partial cross sections obtained in this experiment for reaction

(3) are listed in Table II along with the cross section values given in

© s T —

e sm g e

references (2-10). A plot of these values as a function of incident
beam momentum is shown in Fig, 5, Note that the ratio

o(n"p = n pn)foln’p — n'pn) at 1170 MeV/c is (15.9 +1.9)/(53.3 £ 5.0) =
0.30+0.04, Were the n p reaction to proceed via I = 3/2 amplitudes
only, such as through the. reaction 1 p - nA(4238), the ratio would be

1/9 = 0.14. Thus I = 41/2 amplitudes are important at 1170 MeV/c.
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IV. EXPERIMENTAL DISTRIBUTIONS

A. Coordinate System

In the analysis which follows we regard the reaction nip - nipn
as the two-step process:
ap > nN
followed by
N - n*p,
where we use the symbol N to indicate a w-p state of total angular
momentum J and orbital angular momentum L. Thus when J = 3/2
and L = 1, N corresponds to the A(1238),
Figure 6 is a mnemonic diagram in velocity space depicting the

two-step process, 20 The beam pion m, and target proton P of orbital

B
angular momentum é and linear momentum I,i in the overall center of
mass of energy E produce an eta and a N of orbital angular momentum

£ and linear momentum p in the overall center of mass. The N of total
angular momentum J then decays with orbital angular momentum L and
linear momentum q in the N rest frame, The total angular momentum

of the system is J. The final state -rr+pn then consists of I = 3/2 states,

(£ LJ)} , and the final state n'pn consists of both I = 3/2 and I = 1/2

states, (! LJ.)‘9 . The notation is summarized in the following table,

Linear :
momen- Orbital Total
Particles tum ang. mom, ang, mom, energy
Initial (overall T P .
’ £

center of mass) B T l.i -~ .,% E
Final (overall n , N p ! ¥ E
center of mass) - - -
N rest frame "y Pp q L J M
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We choose as the z axis the line of flight of the beam particle in

the center of mass; that is,

We now define £ as the angle in the center of mass between the line of

flight of the eta and the line of flight of the incomihg pion; that is,

The vectors p and k define the production plane., The y axis is defined

as the normal to the production plane,

kXP

YR T TKITpl sin €

and the x axis is defined so as to construct a right-handed coordinate
system, x = 37 X z.
We now go to the N rest frame and define the angles 8 and ¢v as

the polar and azimuthal angles of the decay proton:

-~ ~
cos 6 =q-z,

¢ =tan"1[§.8/4-%] .
In this frame the z axis is defined to be in the production plane andv at
an angle £ from the line of flight of the eta.

A t'hree—body final state has five external degrees of freedom:
three particles, each with three components of momentum, minus the
four energy-momentum equations of constraint. One of these degrees
of freedom, the orientation of the production plane in space (say, in the

bubble chamber) is of no interest, Thus the four independent variables,

e — e ——— T

———
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cos £, cos 0, ¢, and the invariant mass-squared of the N, MZ, are

sufficient to completely describe an event,
In terms of these independent variables, the differential cross

section can be written
4 1 2 | 2
a0 = (gx) 1] (% dM“dcos ¢ dcqu d¢),— (5)
where the first factor is the Lorentz-invariant flux factor, the second

is the absolute square of the matrix element, and the third is the

Lorentz-invariant three-body phase-space factor., The factor p equals

pq/M.

B. Mass and Angular Distributions

The production Dalitz plots and their mass-squared pr'ojections
for our three sets of data are shown in Fig, 7. The distributions in
the angular variables, do/dcos £, do/dé, and do/dco§ 6, are shown in
Figs. 8, 9, and 10, respectively. All errors are statistical and are
based only upon the number of events in each bin, The curves shown
are the result of the best fit of the parameterization described in
Section V,

In Fig, 7 we see that the events are clustered into the upper
left-hand corners of the Dalitz plots as a resuit of the formation of the
A(1238) -~ np. It is seen that the enhancements in the low-mass region
~of the Mznp distributions are a reflection of the A, The distributions in
Mzﬁn (not shown) show no enhancements.

The distributions in cos §, Fig. 8, are the production angular dis-
tributions. Production via only s-wave would require these distributions

to be completely flat, (We will use lower-case letters to indicate the



a-ngula'ur momentum state in which the eta and N is produced, and
capital letters to indicate the state in which the N decays. ) We sée
that the ''flat" hypothesis is a good one at 1170 MeV/c (XZ = 3.8 for the
n' data and 4.9 for the n~ data, with (xz) = 4,0), indicating that higher
£ values may not be required,

However, the distributions in the azimuthal angle, 21 b, _which are
shown in Fig. 9, indicate that p-wave prodﬁction amplitudes are also
required, The 1170-MeV/c 11'+ data in particular show a very definite
cos ¢ dependence, Production via only s-wave would require the ¢ dis~
tributions to be flat. As will become apparent in the next section, it is
necessary to add p-wave production amplitudes in order to obtain a
cos ¢ dependence,

' The distributions in cos 6, Fig. 10, are the N decay angular dis-
tributions, If the reaction proceeded solely via s-wave pr;duction of
the A(1238), the distributions would be of the form (1 + 3 cosZG). v If
some p-wave A production were present, the distributions would no
longer be of this form but would still be symmetrical. Asymmetry in
the distributions is the result of both S-wave ana P-wave decay of the
N. The structure of these distributions is such as to be adequately
described by only S- and P-wave decay of the ﬁ (i.e., partial waves
with L > 1 are not needed). ' ‘

The qualitative remarks made in this section concerning the
angular distributions are made more quantitative in the vnext section,
On the basis of the distributions in cos{, cos 6§, and ¢, we consider

only partial waves with £ = 0 and 4, and L = 0 and 1; that is, s- and

p-wave production of the eta and &, and S- and P-wave decay of the ﬁ

-10- o UCRL-18141 Rev.
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V. PARAMETERIZATION

If we list all possible final state amplitudes which can be produced
with £ =0 and 41, and LL = 0 and 1, we find a total of ten (see Appendix A),
In addition, each complex amplitude, (! LJ)& , can exist in two overall
I-spin states: I=1/2 and I = 3/2, We want to. determine which ampli-
tudes are required by the data and what are the values of the magnitudes
and phases of these amplitudes. The I = 3/2 amplitudes can be deter-
mined from the =T data, as Tr+p state exists only in I = 3/2. The n p
state, however, consists of both I = 3/2 and I = 1/2. Once the I = 3/2
parameters have been determined from 'che.-rrJr data, this information
can be used to determine the I = 1/2 parameters from the n~ data at the
same momentum,

At first glance it may seem presumptuous to consider ten complex
amplitudes with the order of only a hundred events. This would be true
if all we had to work with was one angular distribution, as we certainly
could not fit the distribution beyond a few powers in the cosine of the
angle; and thus the number of amplitudes which.could be determined
© would be severely limited. However, in our experiment we have foq.r
independent variables and therefore a total of four independent mass
and angular distributions to work with, plus all the correlations which
exist among the four variables. We do not fit beyond the second power
in any on'e angular distribution., We will show that only four of the ten
complex I = 3/2 amplitudes are required by the ~n+ data and only one of
the ten I = 1/2 amplitudes is required by the w data. Thus we have
seven I = 3/2 parameters to be determined {four magnitudes and three

phases) and two I = 1/2 parameters (one magnitude and one phase).
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With four independent variables, and using the correlations which exist
among the variables, we can deterrﬁine seven parameters quite well
with the order of only a hundred events,

We will now describe our technique for examining these correla-
tions, We then go on to describe the procedure used to determine which
of the ten complex amplitudes are present for each I-spin state and how
the values of the magnitudes and phases of these amplitudes were deter-

mined, The results of this parameterization are then examined,

A, Method of Moments

For each I-spin state, the absolute square of the matrix element,
[ 2, composed of the ten complex amplitudes, is derived as in Appen-

dix A and has the form
14
2

w122y o a2 ) Ry e o v Mo 00 + 93 (5 0¥ (0, 0]
i=1 ' |

—c 00 0,0 040 c1>

| 0
1 Yo Yo *C, Yy Yyt CyYpY, +C U, Y

1, qdy=1 , g -1yl 0,0 10,0
O Y Y T+ Y YD+ C Yo¥g+Cr gy,

by-1 i y- Y

0..0 1
FCg YUY +Cyx (Y Y, "+ YY)

0 0,0 1, o do=1 o o0 =1g1
TC0 Y Y, H Oy Y Y, v YY)

0..0
*Cpp Y)Y, +C s (Y, Y,

-1.1
+ yz Yz)

1, 02, =2 -2.2
+Cyy 7( HZYZ +’y2 Y3), (6)
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where the C's are real functions of MTer (M;rp = MZ, one of our four
independent variables) consisting of combinations of the ten complex
amplitudes (4 LJ)& (see Appendix A), and where ‘gr? (£, 0) and
Y%(G, &) are the production and decay spherical harmonics,v respec-
tively. The quantities L, £, and the angular variables are defined in
Section IV, and - <m <!, -L<M<L,

One poésible method for determining which of the ten complex
amplitudes are required by the data is to insert Eq. (6) into Eq. (5)
and then integrate over three of the four variables to get expressions
for the mass distribution and the three angular distributions in terms
of the complex amplitudes. A fit to these distributions would then yield
some information as to which amplitudes are present, This procedure,
however, does not make use of all the information contained in the data,
as the various correlations which exist among the four variables integrate
out when one obtains a mass or angular distribution,

In order to take these correlations into account, we project out
each of the 14 coefficients of the various combinations of the production
and decay spherical harmonics present in | M| 2, We make use of the

orthonormal property of the spherical harmonics,

qm M * M'
S( ( yz L,)dcosg dcos 6 do :612'6mm'6LL'6MM"
Thus,

%
2 _ -M - M
Ci(Mﬂp) —§ ym[ ’yTYL + yszL]i dcos £ dcos 8 do, (7)

where y = 1/2 whenm = M = 0, and Yy, = 1 whenm = -M #£0. We

define the values
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p, = 1o | am?pc (M), o (8)

i kEZ
where p= pq/M and, as defined before, k is the linela;r momentum of
the beam pion and p is that of the eta in Ithe-overall center of mass; E
is the total energy in that center of mass; q is the linear momentum of
the decay proton in the N rest frarn.e; and M is the mass of the N.
We performed operations (7) and (8) on our three sets of data,
That is, in each of fhe M2 bins we added up the values of

Yol ‘yTYLM + 'Qﬂm M) to get the distribution

2. _ -M -m M
number

of events
in bin j

The value of the error for each bin is given byv

]2 1/2

ij

2\ 2 —M -myM
ol CMD] =) Iy (vTY e v,
‘ number
of events
in bin j
We then obtained the value D, by summing over the M? bins and

multiplying by a scale factor to convert from counts to cross section,

Thus,
- 2
Di = (scale factor) z P Ci(Mj)
' j bins
and
1/2
GDi = (scale factor) [y ( '_?JmY -M + ',L/ m II\_‘/I)l] .
total
no, of
events

The 14 D values for each of the three sets of data are presented in Ta‘blé 11,

A




-15- o . UCRL-18141 Rev,

As stated at the beginning of this subsection, each mass dependent
coefficient Ci (MZ) consists of combinations of the maés-dependent parts
of all the complex amplitudes, The type of amplitudes present in each
Ci(MZ), and hence in each Di’ is given in Table IV, (Th.is table is
derived in Appendix A,) In the following subsections, by comparing
Tables III and IV, we obtain the simplest set of amplitudes necessary

to fit the data.

B. The ' Data

1. Determination of the I = 3/2 amplitudes

From the Dalitz plots and angular distributions we believe that
the A(41238) is produced. We therefore need at least or. amplitude
representing A production, Of the ten I = 3/2 amplitudes, (! L.I)& ,
under consideration, four of them, (sP3/2)3/2, (pP3/2)1/2, 3/2 '5/2, |
represent the production of the A, [When states differ only in the total
angular momentum g we use the notation (! LJ) [T SYREE .] We
begin by choosing the lowest orbital angular momentum state amplitude
(sP3/2)3/2. Next we see from the TT+ part of Table III (columns 1a and
2a) tha_.t D3, D5, D7 (and of course D'l’ since D1 = g) are nonzero. We
see from Table IV that in order to make D3 nonzero we need sS-sP
and/or pS —pP' interference, (The values of J and § have been sup-
pressed.) To obtain sS-sP interference we need only to assume one
additional amplitude, (581/2)1/2. However, in order to obtain pS-pP
interference there are seven additional amplitudes which need to be

considered, all of which possess higher angular momentum barriers

than the sS amplitude, On the basis of always choosing the lowest
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angular momentum state amplitudes, we choose the former alternative,
In order to make D5 nonzero we see from Table IV that we have
to é.dd either pS or pP amplitudes. Again choosing the amplitudes with
the lower angular momentum barriers, we add the pS amplitudes to our
set, The (pSi/z)i/2 fina.l state .originates from the ,@3’1/2 initial state,
the (951/2)3/2 final stat:e from the 493/2 initial state. Because the
momentum of the beam particle in the overall center of mass is of the
order of 600 MeV/c, there is sufficient energy for the initia.llstate to
exist in ©-wave, We therefore include both the (pS1/2)1/2 and
(pS 1/2)3/2 amplitudes.

Next we see from Table IV that in order for D, to be nonzero,

7

we need sP-sP and/or pP-pP interference. As we have already chosen

the (SP3/2)3/2 amplitude, no additional amplitudes are required,

Thus in order to obtain nonzero values of Di’ D3, D5, and D7
we need only the amplitudes: (581/2)1/2, (sP3/2)3/2, and
(ps1/2)1/2' 3/2. We assume all other amplitudes are absent. This
means that when the N is in S-wave, we have both s-. and p-wave pro-
"duction; when ‘-che I:I is in P-wave, it has only J;3/2, and is p.roduced
only in s-wave, |

With this choice of amplitudes, all shaded portions of Tables I,
IV, and AII should be zero. We see that our assumption that the five

(pP) amﬁlitudes are zero requires D, through D14 to be zero, Except

8

for the 1050-MeV/c value of D_, this requirement is consistent with the

8’
D values of Table III. The nonzero value at 1050 MeV/c could be a

statistical fluctuation,

R

."‘v
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2. Determination of the values of the magnitudes
and phases of the complex amplitudes

Now that we have described the procedure used to determine
which complex amplitudes are present in the 'n'+ data, we describe how
the magnitudes and phases of these amplitudes were determined, Near
threshold the M% and E dependence of the amplitude for Ly > (L L

i\
e 9B 1 pl qL, where the quantities

7

can be parameterized by Aa'

p
AaB are real positive parameters (assumed to be energy independent),
)\a?{S are phase angles (also assumed to be energy independent), and o

and B are indices used to differentiate the various states (@ = 0 for s-

wave and 24 for p-wave; similarly g = 0 for S-wave and 2J for p-wave),

Specifically, for our set of four amplitudes, we have

Lg— (2 Lilg M? and E dependence
N
00
17215y 0047, Agpe Tk
ix
N 03,2 1/2 ,
B3sp = (5P3/5)37,  Agge T KT(M/QD) T [1/(e-i)]
in g :
A1y >PSys2)esp  Byoe P
‘ iN
30,2
D372 = (PS4/2)3/2 Azg © pk

where the factor, (M/qI‘)i/2 [1/(e-1)] is the Breit-Wigner amplitude

22

for the A(1238) resonance, The factor € is the number of half widths

removed from the resonant energy, That is,

2 2
. Mg-MT M- M
c T ™. r T "I/

0

where23
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3 ((M+m )2 - m®]/M?
r=r. (3 P T
0\%o (M, +m )% - m%]/M>
0 P TT 0

with (Ref, 13) M, = 1236 MeV, T’

0

= 120 MeV; and qy = 231 MeV., Be-

cause there'is an overall arbitrary phase, we define )\03 = 0, We

]

further defire F = (M/qI)[1/(e%+1)] and G

these definitions into the expressions for the

(qI‘/M)i/Z.

Inserting

C's as derived in Appendix

A, and using the above table, we obtain for the I = 3/2 amplitudes:

C (M%) = [Agokz] 4 [2A03k4]E + (A%, +2a%1p%
C,(M%) = R/‘ AgoAgpkcosihgg +V3 00A30k3cos(x 30)]p,
C, (M%) = [,\/— AggAgzk coshy ]GFe + [T A00A03k3 sin\,,]GF,
CMP) = [Z A, Ay K coshyg 4 2 A3OAO3k cos)\3o]pGF€
+ 15 A, Ak sink, o + 3 A, ALk siny, TpCF, (9)
Co(M%) = [5 Ayohgzkicosh ) - iA3OAO3k4cos NyolPGFe
[+ A'lOAO?)kZ sink, g - A30A03k4 sin\, ]pC—F,
6(M "[—-7—A10 30k cos()\ —7-—A3Ok ]p

o
D, =—

C (M%) p dM?,

kE

(8)

The A's and A's were determined by fitting the 1050~ and 41170-

MeV/c n' data.

Equating the numerical value of each Di as given in

Table III with the algebraic expression for the D, as given by Eqs. (8)

and (9), we obtain a set of seven quadratic equations involving the four

b
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A's and three \'s, For example,

3

_ a2 k 2 2 k L aag2

D, -AOO[-—Z—‘S\de ]+ 2A03[7§deM ]
E E
2 2 4. 1 2 . ,2

which at 1170 MeV/c becomes

(53.3£5.0)ub = A o[1.58% 107> BeV?] +2A 5[7.49% 1077 BeV>]

-4 -5

BeV6].

A?io[i.88>< 10™% Bev?] + 2A§0[2.83>< 10

The integrations have been performed ﬁumerically. At each momentum
we have seven such equations, In addition, Ci(MZ), C3(M2), C4(M2),
and C5 (MZ) each have two or more final stéte momentum dependences;
therefore, the relative amounts of each dependence can be fit, thereby .
yiélding more information on the va;.lues of the parameters. [The dis-
tributions CZ(MZ), C6(M2), and C7(M2) each have only one momentum
dependence and therefore yield no additional information on the values
of the A's and \'s.] We fitted C, (M%), C3(MZ), C,(M?), and CS(MZ)

and the seven Di's at both ‘n'+ momenta simultaneously and obtained the

fitted values 24

Agy =166 I Ln/Bev?] P = (4831 0:%8) 1
Ay = (166 1 2 [b/Bev?] 1/2 Mo = (4.39‘:8:;1‘7*) rad,

5o = (221720 [ub/Bev® /2 Nyo = (0.6770-20) ra
AO3:(51.7+30[ub/B V3] /2 (14)

with XZ = 88, (X2> =



3, Comparison at the ?rr+ data with the results of the fit

With knowledge of the A's and \'s, by Eqs. (8) and (9), we .should' ‘
be able to predict the distributions 6f a.ll'sAeven Ci(MZ) and the values
of the seven Di's, and hence the mass and angular distributions and the R
- total cross section for the reaction 1r+p’"—> 1r+pn at any momentum near
threshold. |

Figure 5 shows the variation in cross sectidn with beam morﬁentﬁrh_;
The curve labeled '"u=0" is the cross section as given by the values at
the parametérs, Eq. (11). We see that the curve follows the data well
from‘thresh-old to just above 1170 MeV/c, whereupon it continues to
rise steadily, departing from the data. (The other curves will be dis -
cussed in the foilowing subsections, )

For thé angular distributions the differential cross sections are

obtained by integrating Eq. (5) with respect to the appropriate variables,

Thus,
de ___\(p 51/213 +(N3D +2s1/2p .2]/[ £ bi |
dcosE 4( g~ —3— Dg) *{ s)cosE+(>5 g) cos gJ no, of bins], -
(12)
do _ {D +(-3“2_D)cos¢}/[no of bins] | (13)
do 1 '7327 75 y ’ . :

1/2 | S
mggs = [(D1 - '5—2— D) +(N3 D;) cos 6 +( % 51/2 D.) cosZG] /[no. of bins].

The values of the seven Di‘s at 1050 and 1170 MeV/c, as given by the
values of the parameters, Eq, (11), are listed in Table IIl beside the .- .
experimental values, The curves shown in the angulé.r distributions,

Figs, 8, 9, and 10, are obtained by using'fhe fitted D.'s in Eqgs. .'(,12_)-,"

-20- ~ UCRL-18141 Rev,
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(13), and (14), respectively, It is seen that the curves follow the data

quite .well.
The mass distributions do/dMip and do’/de}p can be obtained by

integrating the expression

2 2
dM

2 _ 1 e np 2 2 12

d“c 5 e | Mo (M an){ ,

which is a differential element of the Dalitz plot, with respect to the

appropriate variable. Thus,

do 1 2
= p C, (M) : - (145)
am? k E2 17 op”?
max(Mip)
dg - L 5 . G M2y am? (16)
dM 4k E’ Jmin(M° ) p P
np np’

These parameterized curves are shown in Fig, | 7.

From Eq. (10) we see that D1 consists of the sum of the intensities
of the four I = 3/2 amplitudes and is therefore the sum of four partial
cross sections, 25 These partial cross sections are listed in Table V,
We see that the A(1238) accounts for more than half of the reaction at
1050 MeV/c and about three-fourths of the reaction at 1170 MeV/c,
with the rest accounted for by nonresonant three-body states in which
the eta is produced in both s~wave and p-wave with the (w-p) system in

a relative S-state.



C. Other Experiments Involving the Reaction n+p - 1r+pn

- We found in the preceding subsection that the crosé section, as
‘given by the p-'ara;\.'meters of Eq. (11), rises steeply beyoﬁd 1170 MQV/'C,”
departing from the data. In an attempt to get a parameterized cross
section which better foilows the data above 1170 MeV/c, we intro‘d‘uce
an energy dependence ‘inté the quantities A o We replace A oB \S/ith'

A /[1 + (u./rr)1/Z ﬁ(E)] where f B(E) is a function of energy such

af

high energy it cancels the threshold kinematical factors; hence, -

 that at threshold f op(E) = 0. The function £ o (E) is chosen such»that--a.t T

%o k_N’O(i/u) ( 5, ﬁ 1r/k , which is 1/u times the unitarity limit

for that partial wave., Thus, we choose fa’[3 = naﬁ (AQB/E) X
(k2£-+1p§2 1 qZL'HQ)i/Z for the nonresonant amplitudes, and

2 £+ 21 +1(:2) 1/2 for the resonant amplitude, where

faﬁ = naB(AaB/E) (k

Py and qyy 2re the maximum values of p and q, respectively, ‘at energy’

EandQ=E-m_~-m -m_., The constantn is chbsen such .that at
n ™ P afﬁ
high energy, [(Aiﬁ/EZ) 12 +1‘S‘ PP 24 gdM ]/[ (E)] = 4, where

g = F, the Breit-Wigner intensity, for the resonant amplitude, and

g

sionless parameter u to be the same for all four amplitudes, Since
= 1 for the unitarity limit, we must have 'u = 1 for nonviolation of
unitarity,
I;"itlting only ;)ur 1050~ and 1170-MeV/c data to this hypothesis,‘

we obtain,

22 UCRL-18141 Rev.

1 for the nonresonant amplitude, For simplicity we take the dimen- .

9]
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+0.28 rad,

+27 2,1/2 _
A =( 71720 [ub/Bev?) / Moo = (4.89 [g737) .

00 25

i = 012 /e (636102
Ay = (329 fg’g) [ub/Bevt] /2 Nag = (o.éifg:gz) rad,
Ay, = (z%fgg) [wb/Bev3]1/2,
w=( 94720, (17)

“with x* = 80, (x%) = 0.

Figure 5 displays the cross-section curve resulting from the
parameters of Eq, (17). We see that our best fit value, u = 94, gives
a predicted cross secticon that lies below the teﬁ measured cross sec-
tions located between 4.2 and 3.7 BeV/c. (The overall XZ is 80 + 25,
with <X2> = 70 + 10,) By decreasing u to 67, we decrease the overall
XZ to {81 + 15) = 96, where the contribution from our data alone is 81,
This is in good agreement with (x>} = 80 = (2(x*)/? = 80 +43. Thus
our simple model for the energy dependence of the parameters, AQB,
involving just one additional parameter, u, gives good agreement with
all of our data and with the ten additional cross sections lying between
1.2 and 3,7 BeV/c. However, in order for the parameter values
to be meaningful, we must be able to predict not only the
value of the total cross section at a particular beam momentum, but
also all the mass and angular distributions at that momentum.

Th;e published distributions of Refs, 2-7 are reproduced in Fig, 11;
the curves are those predicted by the parameters which produce the
u = 67 curve of Fig, 5, Itis seen that all mass distributions are in
good agreement, The production angular distributions are in good

agreement at low energy, but our fit is unable to produce the forward



peaking that arises with increased beam ‘rrvmm’entur‘n‘_. The oniy d'écz;a'y’v B

_ an’gula‘r diétributi_ons-which are available are those,éf Ref, 2, é.nd they

B a?e not wéll represented by the curves, Thus, the assumption of ',
phases which are constant with beam momentum probablir becorr.i'eAsl_r'.
inadequate, and/or ;noré partial waves become necessa.ry at th‘e‘se :

higher energies,

‘D. The n Data

While the ' p state consists of only I = 3/2 amplitudes, the 7 p
state has both I = 3/2 and I = 1/2 amplitudes. Thus, for the = p reac-

tion each complex amplitude (4 LJ)9 becomes

(£ L)y -3 Ly 1/2+—(1L)I 2, s
and therefore,
[ Ly 1L 5 0% 3;[(2 L) I 2 e 1 53/ 20
F Ly B3/2y e, )52
T YL 21*
%[(f I 1/2][(2'L'J 131/2

We see that if all the I = 1/2 amplitudes were zero, then each Cil MZ)
for the m data would be 1/9 of the corresponding Ci(MZ) for the n'
data (at the same momentum), Of course the same relationship w_ou'_ld‘

hold for each Di'

From Table III we see that at 1170 MeV/c, Di('n--) is not equa._.l ‘_tb‘

.1/9 of Di‘(n+); i, e,, the ratio of the total cross sections is not 1/9

Therefore at least one I = 1/2 amplitude is required. We also ‘s'e'e .th'a.t,’ o

24 . UCRL-18141 Rev. .
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like the T|‘+ data, each Di(rr-), i =8 to 14, is consistent with zero so
that there is no need to consider I = 1/2 pP amplitudes. Next we see
from Table IV that if the I = 1/2 (851/2)1/2 amplitude is p‘resent, we
expect it to contribute to Dz(w_) through sS-pS interference {(where the
pS amplitude exists in I = 3/2) and to D3(n-) through sS5-sP interference
(where the sP amplitude exists in I = 3/2). Therefore if the I = 1/2
(581/2)1/2 amplitude contributes, Di(”_)’ Dz(v—), and Dé(w_) are not
constrained to be 1/9 of their corresponding - values. Similarly,
from Table IV we see that if a I = 1/2 (pS) amplitude is present, then
Di(nh), Dz(n-), D4(TT«), D5(Tr"), and Dé(v—) are not constrained to be
1/9 of th:eir corresponding o" values, Finally, if an I = 1/2 (sP) ampli-
tude is present, then Di(w-), D3(w"), D4(w_), DB(’IT‘), and D7(n*) are
not constrained to the 1/9 value. Examination of Table I'T shows that,

except for D,, each experimental value Di(v-) (column 3a) is consistent

,1!
. . . —_ +

with 1/9 of the corresponding experimental valuc D) {(column 2a);

the errors involved, however, are so large as to rmake the values in-

. . . . - ! “ N
sensitive to any inconsistencies with the 1/9 value, Thus, other than

the fact that at least one I = 1/2 amplitude is required, comparison of

.
¥

the experimental m~ values with the expcrimental = values (comparison
of column 3a with column 2a of Tuble 1. leacs 1o no ness unformation
as to which I = 1/2 amplitudes are needed.

However, if we now make use of the vélues of the I = 3/2 ampli-
tudes as determined by our fit to the al data, we can compare the Di(rr-)
values {cclumn 3a) with the Di(n+) values of column 2b. If this is done,
we see that Dz(n_) = 2.90+4.63 is almost two standard deviations away
from 1/9 of Dz(n~+) = 0.43, indicating (from Table IV) that sS and/or

pS I=14/2 amplitudes may be present,
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Considering the three I1=1/2 complex amplitudes, (sS1/2)_31/2,_
(pSi/2 1/2, 3/2, we proceeded as we d1d with the 'n' ‘data, to deter=-
mine the magnitudes and phases (or ‘the real and imaginary parts) of
these amplitudes, Each C,(M -) of Eq. (12) was modified to inclu_de the

I = 1/2 parameters, As prescribed by Eq. (18),

aof : _ :
B e %, o = 00, 10, 30,
and

Age ®Pola o P - of = 03,

where the B's and the v's are the magnitudes and phases, respectively,
of the I = 1/2 complex amplitudes, Using these modified Ci(MZ) and
D; expressions and using the A's and \'s of Eq. (11), we fitted the w

‘data in the same manner as we had fitted the 1r+ ‘data, and obtained,

Re{BOIOelv } —(38”0) [wb/Bevi] /2,

Im {B,, elvoo} = (-85 +10) [ub/BeV ]1/2
Re(Byge 10} = (-68 *80,) [un/Bev?] V2,

Im {B,, e 10y =‘(77+”) [wb/Bev?] Y2,
Re(Byge 30} = (1511 147) [uo/Bevé) /2,

m By 20) = (-136 T262) [, /Bevé1?/2,

with x% = 34 and (x%) = 33.
We see that B10 and B30 are consistent with zero and that there-
fore (531/2)1/2 is the only I = 1/2 amplitude needed to fit the data.

[Ha.d we limited ourselves at the beginning of this subsection to only

one I = 1/2 amplitude, the simplest hypothesis would have been
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(531/2)1/2; all other amplitudes are suppressed owing to angular
momentum barriers with no strong forces acting, such as in the
A(1238), to enhance any of them. ] Setting B,y= 0and B, = 0 we

obtain24

+0.11

' +11 2.1/2 :
B .= [ub/BeV*] / vog = (5.12 _ 4"y 5

00 =(93.,3) ) rad,

with x* = 37, (x°) = 37.

The Di(TT-) values as given by the fit are given in column 3b of
Ta‘ble III, The Di(vr'), i=4to 7, are of course 1/9 of the correspond-
ing Di(rr+) value, as given by the nt fit, as BOO and Y00 do not enter
into the expressions for these ]j's. The © angular distributions are
shown in Figs, 8, 9, anci 10; the curves are the distributions as given
by Eqs. (12}, (413), and (14), using these fitted Di(w_) values, Agree-
ment is good,

Because the (sP3/2)3/2 and (pS1/2)1/2, 3/2 amplitudés are as-
sumed to be present only in the I = 3/2 state, their relative contribution
to the n p reaction can be computed as follows: |

[ relative relative

contribution ] o(n p—=mpn = T [contfibution ] U(TT+P - TTJrP"'l)-
to m'p reaction J

to m p reaction
Thus, as the reaction 1r+p - nA(1238) accounts for 73% .Of eta pr_oductign
in the 1'r+p reaction at 1'1'7(5 MeV/c, the reaction m p - nA{1238) accounts
for (1/9)"(73%) (53.3 ub/15.9 pb) = 27% of eta production in the w p reac-
tion at this momentum, Similarly, 6% of the n p reaction proceeds via
I=3/2(pS) amplitudes., The remainder of the reaction, 67%, is ac-

counted for by the total sS intensity, which is composed of both I = 3/2

and I = 4/2 amplitudes. We cannot say how much of the reaction proceeds



-28- . UCRL-18141 Rev. .

via the I = 1/2 sS amplitude alone or via the I = 3/2 sS -amplifude alone,

as in any expression involving these two amplitudes, there is always

25

present an interference term between them., This interference term

2
np’

only the total sS contribution can be given. The relative contributions

is present in Ci(MZ)', and hence in da/dMip and in do/dM Thus,
and the partial cross sections for the ‘n"-p reaction at 1470 MeV/c are
listed in Table V., |
- The distributions in MTZTp and szf)p’ as giveli by the values of the
m~ parameters, are shown in Fig, 5. Again, agreemeht is good. |
If we extrapolate the v parameters, assuming phases which are

constant with beam momentum and an amplitude dependence as pre-

scribed in Séction VC with u = 67, we obtain the dashed curve of Fig, b, a

The curve is in good agreement with the 7 cross-section points.
There are no mass or angular distributions published for points

n® and i’

. For points jio there are mass distributions which indicate
that the N (1688) and the A,(1300) are produced in addition to the |

A(1238), Thus more arhplitudes are necessary at high energy,

E. The N (41550) - np Resonance

'In the last few years the existence of a resonance, the N*( ‘1'550),

which decays mainly into np, has been inferred on the basis of phase .

shift analysis of n p elastic scattering26' and on the basis of experiments’

which exhibit a cross-section enhancement near threshold in the reac-
tions yp -~ nn and # p - "n. 27 There has been one experiment reported
~in which the resonance has been seen as an enhancement in the 1n-N

mass distribution in a reaction involving the final state of three or more

partic les, 28
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We see from our Dalitz plots in 'Fig; 7 that the mass and width
values of the N*(1550) are such as to fill up the entire region of the
plots; thus it is difficult to deduce the presence or absence of this
resonance in our experiment. In order to make use of all four inde-
pendent variables and all the correlations which exist among the vari-
ables, we have added amplitudes for the production of the N*(1550)
resonance to the matrix element, (See Appendix B.) The Ci( MTZTP)
expressions derived in Appendix A are now replaced by more compli-

2

cated expressions, 'Ci(I\/IfT , an), and these new expressions are used

P
to fit the data,

For the n' data we included in the fit I = 3/2 amplitudes for s-wave
and p-wave production of the N*( 1550) along with the original four I = 3/2
amplitudes of Section VB, At 1050 MeV/c, addition of the N*(1550) ’
amplitudes does not change the chi-square minimum frorﬁ that obtained
with just the origiﬁal four amplitudes. At 14170 MeV/c, we find a chi-
square minimum at Re {s-wave amplitude} = (—4J__rz3) [ub/BeV] 1/2,

Im {s-wave amplitude} = (-8 f ?5) [ub/BeV] 1/2, and p-wave amplitudes
equal zero, with XZ = 41,0, (XZ> = 38; setting both s-wave and p-wave
N*( 1550) amplitudes equal to zero, we obtain XZ = 42.3, (X2> = 40,
Thus, production of the N*( 1550) = np is undetectable in our 1r+ data.,

In fitting the = data, we set the I = 3/2 amplitudes for N>k(1550)
production equal to zero, because the 'rr+ data show that none are re-
quired. We find a X? minimum at Re {s-wave amplitude} = (1.1%2.1)
[1b/BeV] Y2, Im {s-wave amplitude} = (0.3 % 1.7) [ub/Bev] /2, and
p-wave amplitudes equal zero, with XZ =37.1, <X2> = 43; setting both

* .
s- and p-wave N (1550) amplitudes equal to zero, we obtain XZ = 37.8,



-30- | UCRL-18141 Rev, =~ '

(x?y =45, Thus, the decay N'(1550) - np is undetectable in our m~ =

data.
We next ask, what are the upper limits for the reaction wip -

: o o sk . . . . . '
‘IT:*:N (4550); N (4550) - np? When the matrix element contains ampli- ' -

tudes for N (4550) production, the cross section is not composed of the - -

sum of the partial cross sections due to each amplitude., There are

25

always present interference terms involving the N*( 15‘50). Thus,

in obtaining an upper limit, we cannot quote a cross section due ‘to 'the‘

N*( 1550) alone. If, however, we attribute all interference terms in- . -

> . _ o e
volving the Nk( 1550), as well as the N (41550) intensity terms, to the -

formation of.the resonance, we obtain at the 90% confidence level,

olntp = n N"(1550); N*(1550) - np]
¥ ¥
olw p—~ m pn)

*
Assuming the I = 3/2 amplitudes for N (1550) production are zero at
4170 MeV/c, we obtain at the 90% confidence level an upper limit on

1=1/2 N'(4550) amplitudes of 7.6 ub, or

- -k *
o[r"p > # N (1550); N (1550) - np]
o{n p - m pn)

< 0.48.

< 0.08 (0.8 ub) at 1050 MeV/c,

< 0.19 (10.1 ub) at 1170 MeV/c.




-3 : UCRL-18141 Rev,

Vi, SUMMARY

A simpler phenomenological model has been pl_'esented which de -
scribes eta production in the reaction wp - wpn near threshold, From
a partial wave analysis, using our - data at 1050 and 1470 MeV/c and
m data at 1170 MeV/c, we found that four I = 3/2 amplitudes,
.(551/2)1/2, (sP3/2)3/2, and (psi/Z)i/Z’ 3/2° arev required by the 1r+
data and that an additional I = 1/2 amplitudé, (581/2)1/2, is required
by the n~ data. The magnitudes and phases 6f these amplitudes have
been determined,

We found that the :'n'+p reaction is dominated by s-wave production
of the A(1238) — 1-r+p resonance, while the v p reaction is dominated by
the I = 1/2 amplitude in which all particles are in relative S-states.
The fitted parameters produce a cross section variation with energy,
and mass and angular distributions which are in good agreement with
our data,

The parameters were then extrapolated to higher energies wheré
we obtained good agreement with the energy variation of the cross sec-
tion and with some of the published mass and angular distributions, It
appears, however, that as; the beam momentum increases, an energy
variation of the phases and/or more partial waves probably become
necessary,

We further find that the reaction mp - N (1550), N (1550) — np

is undetectable in both our 1r+ and w data; upper limits are obtained.
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APPENDICES

A, Derivation of the Matrix Element

We want to derive the absolute square of the matrix element,
Eq. (6), arising from the ten complex amplitudes considered in Section
V. Th.e fen amplitudes written in terms of  Lg - (£ LJ)&’ are listed
in Table AI, (See Section IV for notation,)

We take the beam direction as the quantization axis, (See Section
IV.) Along this axis the initial m-p state has g, = +%, the spin projec-
tion of the proton, as there can be no component of the initial orbital
angular momentum &£ along the beam. We expand the states (1 LJ')J’

in terms of spherical harmonics. In general,

(L L), =a(Mip) L L3, g8

fl

a(Mip)z (4m; IM| gy |Pmy|TM,)

m= )Z-MJ

a(MiP)Z P yr;l (&, w)IJMJ.>,
m

where the M, are Clebsch-Gordan coefficients, the yrﬁ“(g, w) are

spherical harmonics in the variables £ and w, - <m<{, and -J< MJ < J,

Expanding further, we get

1 1
|TM) =Z (LM; 5 Mg [IM;) | LMy | 5 M)

M:MJ'MS

M
=) v Y x O
M

’

where the vy 2Te Clebsch-Gordan coefficients, the Yf (6, ) are spherical



Y

harmonics in the variables 6 and ¢, -L <M <L, y 5 are the decay.

proton spin projectors, and Mg =+ 1/2. Combining the two expansions, _

we have

Ly =a M e Mg S

J'& _aafﬁ P *m VM Yy 5w L ’_¢X ’

' m M :

where @ = 0 for £ =0'and @ = 2§ for £ =4; 3 =0 for L = 0 and B = 2J for
L= 1. |

In terms of this expansion, the ten final state complexvamp_l'itudes

are:
: - 0 0 :l:i 24
(s84/2)4/2 ‘aoo{ Yo Y oX /
’(3?1/2)1/2 = 2y, (7 (3 1,1/2 ,y 0 “/Zﬂ; (2 1/2 .onii +1/2

2,1/2 ngoxﬂ/z +.(_1_)1/2 y Yii +1/2

(sPy3 /50375 =293 (3) 1

(PS4/2)4/2 = 240t *‘“’1/2 nggxﬂ/z 1 >1/2 TR /2,

(65,5037 = 330 ( (3) 2,1/2 ,gngxﬂ/z v 1/2 ,y'ﬂYgxm/z}’

(P, /)40 = 20y (-5 YTY] e 912
RERrartE: inT]x“/Z},

(ppi/2)3/2 = z"31{[¥%Z 'yiiYii %Z ] +1/2
el > yttydal ygyj‘-}xﬂ/Z}‘,

(PP3 /50472 = 2431l ¢ P/ yitvy! '{ yyy - 33/— TR SR P “/2
i [- ; yo ¢1+% yj1 0] +1/2}’

(PP3/5)3 /5 = a33{[i(_§_)1/2 ;1 +1 é(z 1/2 ygyg |

| ;é_é_ 1/2 ind] i1/2+[-i,1 oy0y*1

3(5)172
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W yﬂ o] +1/2
(pp3/2)5/2 - a53{[ ( 1/2 y+1 +1 +(2)1/z y
, +(1 )1/2 y1 Y+1] +1/2 +_[:(-5§m ‘ngji
+ (_5)1_172 ﬂ o] +1/z

where the upper sign is used when the spin projection of the initial
proton is +1/2, and the lower sign is used when the spin projection is
-1/2. (All arguments have been suppressed, )

The matrix element is now the sum of these expanded complex

amplitudes,

+

Ve (3+1/2)1/2 +1)g+£+1/2

L 501

£=0,1
I 1

- m M

where Jb'is that portion of the matrix element for }Z = +1/2 and

M is for gy = -1/2 and the factors dependent on £ and g result

from the expansion of an incoming plane wave into an outgoing spherical

wave, The desired expression, Eq. (6), is | M [2 :(%)l J\/jlz +(—§-)| J\(fyz,

We can now gather terms and write

ME = Ga:xii/z . Hixx'l/Z’
where

G* = a5, Yo¥q + (3 )1/2(a 0 +2330)

Y
+(H1/2 (agy +2293) Y

b 3lay g t2ag ) NT ey ¢ (B 20y <32 Pag ] Y

> O
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'%‘[(8.11 '331) - E‘if(a- +4:("") 1/2 +3('—‘) 1/2 53)] yiiY:Fi
2 1/2

3 1/2 +1 :i:i

CH = g 1/‘2(:"'10 230) 'ydizi Yo
. _ _(_)1/2(301_a ) ,yg 71
_-'\/3——[(a +2a 1)+:/_( 13#,_(_)1/2 3(_)1/2 .3)] yo 1
+f[(a“-a31) +'\/_(a +4(—)1/2 +3(—)1/2 53)] '91:1 0.

| We' note that upon taking the absolute square of thé amplitudes o
- G* and HY, the variables ¢ and « alwéys appear in the cbrr;b.ihati;)n
'v(¢~(l;.)).‘ As defined by the spherical harmonic s,. ¢ and w are-meas'ure.d_
with respect to some coordinate system fixed in space. The angle w 1s E - .
tﬁe azimuthal angle Qf the production plane in space; it is of no interest |
invthis experiment, What is of interest is the angle ($-w), the a'zimutha,ll
anglé of the decay proton with respect to the production plane, We
therefore redefine the angle (¢-w) a.skq).
The absolute square of the matrix element, | M| 2, is now obté.ined

by taking the absolute square of G* and H* . That is,

2 _ 1 2,1 -2
Mol = S 1M &+ 2 T SR
(Ai)

, + - S .

= %{|G+|2_+ mY 2 416712 4w a oo

Gathering terms that have the éame angular dependence, we have ) o ,  ',

14 |
a1 =y o 2 ) Ay 0v Mo, 00+ YT 0 M, 0],
| ) ZL Y3 01t gy (6 0¥ (8,05
S i=1 .

0.0 0.,0 2 0,0
Ci yOYO+C2 inO‘fC?’ ’QOY
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+C, ngg +C, 2 Yyt +_y;1Y1)

+C, Yord + ., ngg

+Cg Yy¥q + Co 7 Y ¥ 4 YIiv)

+Cyo UIYp + Gy L YIYST+ YY)

+Cyy Y5¥5 +Cys 7 ( '3‘/';3{.21"+ | Y; )

Gz U5 YY), | (6)

where the fourteen C's are real functions of Mip resulting from com-

binations of the various complex a, 's, The dependence of each

p

C.( M2 ) on the a (M2 )'s is given in Table AIl. If we are not inter-
1 TP o mp .

g
ested specifically in the values of $ (the total angular momentum of
the state) and J (the total angular momentum of the final w-p state),
we can look at the type of terms, (L LJZ'L'), which comprise each
C.(M2 ). These terms are listed in Table IV for each C.(M2 ). For
1 aptt. i v
example, from Table AIl we see that C, = (2/3)((a10 + 2a30)1(a01 + 2a03))
' 1/2 1/2
+ (2/3)(a001(a“+ 2a54) - N2 (a 3+ (2/5) . 3(3/5) agz). If
we are not interested in the values of F and J, we see that C4 consists
of terms of the type (pS|sP) and (sS|pP).
In Section V we show that the only complex amplitudes which need
to be considered are (sS1/2)1/2, (SP3/2)3/Z’ and (psi/z)'l/Z' 3/2°
Thus G* and H* simplify to

Gt

+ 2a30) cos ¢ + 2a,, cos@,

agp 2y 03
+ (A2)

. +1i . + i
H sinf e” “-a_ ., sinfe 4),

a

(ayo-230) 03
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and each Ci(MTer5 simplifies considerably; all terms in Table AIl and’

Table IV which are shaded become zero, We therefore have:

) 2 2 2 2
C1 = laOO'» +2la031 + laiol +2|a3ol_ s
. 2 L
C2= 75 Relego2qo * 2a50230)
_ 4 4 *
C3 = ﬁ Re (300303),
_ 4 *
Cy=73 Relay o3+2a3o 243)s
C -2 Re(a * a )
5= 3 10203 "~ 230293}

2 2 4
Cg = S1/2 laggl +‘“‘517 ‘Re (aio 230)
2

C. = la 1%
77 517z 03

. 2 . : ey e
- Expressing each complex aa’B( Mﬂp) in terms of [Aaﬁ] [klnemaFlcal fac-

ix

tor] [e a_B]’ as prescribed in Section V, we obtain Eq. (9).

B. Inclusion of N*(1550) - np Resonance Amplitudes

in the Matrix Element

In Appendix A we show that

Q0
i

+ (ai'o + 2a30) cost + 2a03 cgse ,

200
ot ( +id

. 21 .
-a30) sin§ e -a,, sinf e

240 03

+

(A2)

t4

if
if we consider only the complex amplitudes (sS1/2 1/2° (sP3/2)3/2, :

and (psi/Z)i/Z’ 3/2° All quantities are referred to the (w-p) rest framg

and are defined in Appendix A,
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In addition to the above amplitudes we also want to consider s'-
and p'-wave pfoduction of the S'-wave resonance, the N*(1550_) - Np.
(We will use primes to indicate quantities referred to the n-p rest frame
in the same way that the unprimed quantities are referred to the n-p
rest frame,) Production via d'-wave and higher need not be considered
since these waves produce terms in c033§ and higher, 00536 and higher,
and cos2¢ énd higher; these higher order terms are not required by the

3 3 1Qt 1qQt
data, Adding amplitudes (s'S 1/2)1/.2 and (p'S 1/2)1/2’ 3/2 to Eq. (A2),

we have
* _ 1 1 ' e
G (aggtagy) +la gt 2a,,)cosg + (a)q+2a35) cosg’ + 2a,, COSQ,
* _ ) . *ig Vo ey Fe' . +id
H (a'lo Ia30) sin e +{a}, a30),s1n€ e agysinfe” .
By Eq. (A1),
} 2 - 2 i 12
LM 1™ = (agg + 225200 * 240

2 2
tlajy - 2a,9250 +23)

12 _ t 1 12
tlajy - 2a)qa5, +ag,)

+ a83 (1 + 3cos26)

+ (6a + 3a§0)coszg

10230

+ (6a

2 2
1 1 f
10230 + 3a3p)cosE!

' ' s 1 : 1

+ (Za10a10 + 4a10a30 + 4‘?30a10 + 8a30a30) cos § cos £
" 1 Yo 1 ; ; ! -ry!

+ (Za.ioa10 2a10a30 2a3_oa10 + 2a30a30) sin§sin£'cos(w=-w')

+ 4a!

' IS
+ (ZaOOa'lO + 4a00a30 + Zaooa10 003.30) cos

! ' ' v 1 ' 1
+ (Za,ooa10 + 4a00a30 + 2a00a10.+ 4a00a30)cos§



+ (4a + 4a!l

00203 *00 ag3)cosd

'+‘(4a10a03 + 8a30a03) cos £cos 6

+(4a + 8a! 3)cos £'cos @ -

10%03 30%0

4+ (-2a10a03 + 2a30a03) sintg sin 6 cos(w-4)
' | + (-Za'iOa;O3 + Za:',’oa03).sin§' sinGCobs(w'-q;), | v ' | (B1)

where we use the shorfhand notation az =la

of
aa’3 aa'ﬁ' = Re {a.zB aa,ﬁ,}.

In Eq. (B1) we have a mixed set of variables., So that we may

know which quantities belong in which Ci’ the variables cos£', sinf'cos ',

and sin £’ sin' must be expressed in tei"ms of the independent variables
cos §, bcos 6, and é. As in Appendf.x A, we define the azimuthal aﬁgle
w to be zero, therveby defining the plane of reference,

In order to express cos ¢! in terms of the indrependent a.ngles, we

note that by Lorentz transformation

pept- 1
q = +5T‘Y€n.w o (B2)

where p and € are the momentum and energy, respectively, of the

pion in the center of mass, and

P
] ﬁ:-E_ ,
“n
E-¢ .
Y = Mn, (B3)
e = A +rn )1/2
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3

Using Eq. (B3) and the fact that p2 = (E-en)2 - M2 = (E-€n+M)(E - en -M)v,
= - .. 1 \ = n? - = -

ETr Y(€n B-p'), weget g=p'+rp, wherer (eﬂwa)/(E €n+ M).

Therefore

P'=3rda-(rsrip. (B4)

The z axis, the direction of the beam in the center of mass, is common
to both the primed and unprimed coordinate systems, Therefore taking

the z component of Eq. (B4), we get

cbsg' = (I—)q-,—) cos @ - (%,t) cost . (B5)

To obtain the other two angular quantities we need the following

space angle relationships,

p-q =costcosf + sinf sinfcos¢, - (B6)
ﬁ"§=cos§'cose + siné'sinfGcos(d-w'), (B7)
I;'I;' = cosfcos i’ +.sin§ sinf'cosw'. (B8)

Now equate Eq. (B8) with p dotted with Eq. (B4) and use Eqs. (B6) and

(B5) to get

sinf'cos ' = (%T) sin @ cog¢ - ('r—g—,-) sin§, (B9)

To obtain the other angular quantity equate Eq. (B7) with q dotted with

Eq. (B4) and use Eqgs. (B5), (B7), and (B9) to get

*

sin € sinw' = (-IC—'){—,—-) sin 0 sin ¢. (B10)

We now put Eqs. (B5), (B9), and (B10) into Eq. (B1) and —converting

to spherical harmonics—we obtain the quantities Ci(MZ, M'Z):



2 20 g2
C,(M*, M )A—{(a00+2a

: 2
]
+ (a.00

+(4a.
- (2a

t
‘+(a.:1

: 2 '2 _ : v
CZ(M , M%) -—{(Zaoo 10+4aooa30

- (22 2002 10

C,(M?%, M%) = {<4a
+.(2a
C M5 M) = {(4a
-: (4a
+(2a

- (Za

Co(M%, M%) = {(4a
- (4a
+ (-4

- (-4

6<M M'2) = {(2a
+ (2a!

- (2a

.
03

+2a

q
03 30)5T
+4a

2 2
+a10+2a30).l

L]
00200’

' TP
10210t 3oa3o)“T

+2a30)[(_1—) + (

+4a

00%0

00 10'*4a
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033.'10 + 8a

10210 T 42

2 '
+8a10

03240 =42

03340 ~ 42

)
210210 T42

2

a10+8a'

10%

2
10230 T 23

l
10 30'*a

10230

00 30
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+

+

00 30

03230)

+4a!

10 30

1
30+8a

03230

) ]}

00*10t

2a’ + 43!

00* 10 00 30)

00 03)

2al

P
03350)57

2) ”’q}
p"

a1y TP
03230 B’

10 30

30
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22
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30" T2
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1
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C (M2 M’Z) ={(aL2 )-F(Za a'  +2a a! y 4 '
7 ! 03’ 03 10 0330/ pT

2
]
+(2a)jal,+tal, ' }——7—,

We now need the I\/I2 dependence of the a factors, and the M2
dependence of the a' factors, For the 1r+p data the M? dependence is

given in Section V and the M2 dependence is as follows:

1)\'

1/2
I — 00 1 [} 1'1 2 ('1")
agolM') = Agge 7T k(M'/q'T) / {“?}E-‘i""‘]

At 1/2
1 (£)"/ ] (B12)

2 10 1/2
ot =g e 0 e /2 (L2

”‘éo (1-x)1/2 ]

p' kZ(Mv/ql]_‘n)i/Z [ T

2
' !
a3olM™) = Ajg e

23

where?? ¢ =(M3-M' ) /I"M r = Fo(q'/qo')(Mv/MO)’i, with (Ref. 13)

M, = 1550 MeV, T, = 130 MeV, x = 0.30, and q the value of q' at reso-

-0 0
nance,

Substituting Eqs. (11) and (B12) into Eq. (B11) gives C (M%, M'%)
explicitly in terms of the A A, \ At and various momentum

af’ o’ ap’ of’

dependences., Now, integration over M'Z, one variable of the production
Dalitz plot, gives the Ci's in terms of the other variable, Mz. Treating
these new expressions as described in Section V, we can fit the Tr+p
H 1 ! ! 1 l
000 4100 4300 Moo Moo Mo

- Mg hap
For the 7w p data we make the substitution A;/Be - (1/3)A'aﬁe ’
o i i\ ik i\

] aof off af 00 N

+(2/3)B!' e and Aaﬁe (1/3)Aa‘3e except that AOOe

af3
i\ i -
(1/3)A e 00 +(2/3)B. e VOO. Now fitting the 7w p data, we obtain the
00 00 g p

data and determine the quantities, A

quantities, B' and v!'

of o’
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In order to convert.fro‘m n - 1r'+1‘r-*rr0 decay to n - all decays,

multiply the magnitudes by 1/(R)1/2, where R = T'(n -~ -rr+'rr_1r0)/1",

(n - all), In order to convert the magnitude values to ferrhis,

divide out the radius of interaction,
It is interesting to note that the fact that there are no interference
terms between one partial wave and another in the cross-section

expression, D'l’ is a general result and not a consequence of the

-particular partial waves chosen. (For example, see Table AIl )

2

™

In order for D'l' and hence the mass distributions c_lo'/dM and
dO‘/dMan, to exhibit interference terms, one of two conditions
must exist, The first is the presence of two or more amplitudes

which belong to the same partial wave, such as resonant and non-

resonant amplitudes or two or more amplitudes of different I-spin, -

There will then be intei‘feren_ce terms arising from these ampli-
tudes of the same pértial wave. The second condition which givgs
rise to interference terms is that the matrix element consists of
both an amplitude which is a function of M2 (éne pfojection of the
producfion Dalitz plot) and M'2 (another projection of the Dalitz
plot). | (See Appendix B,) There will' then be interference terms
between amplitudes of M‘2 and amplitudes of M’2 which comé from
tl;le‘same initial state oC) . .
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Table I. Scanning information and partial cross sections for wp RS npn, n - 1r+n-‘n'0.

n'p - ntpn CnTp - wpn a*p = n'pn
n - TI’+1T—1T0 7 —~ 1r+'rr—-no n - 11+n'n0
1170 MeV/c 1170 MeV/c 1050 MeV/c
_‘Pa‘rt 1 ’ Part II
Total number of pictures scanned 34928 18309 81858 98291
Beam tracks per frame 17.22 £ 0,39 17,4+ 0,5 14.90+0.214 13.76 +0.90
Length of beam track in fiducial volume ({157.3 £0.1) cm ¢ 145 c¢cm ¢ 147.8 cm . (157.3 :EO.i) cm .

Total track length scanned (uncorrected)

o PR !
Beam contamination

Attenuation due to strong interactions

Total corrected track length

Number of observed events
S(‘:anning efficiency

Selection criteria efficiency
Number of corrected events

Partial cross section

(94.61+2.14)x10° cm
(5.1+£2.0)%

7.670

(82.96 £2.56)x10® cm
135

(95.04 1.9)%

91.5%

155.0£13.7
(53.3£5.0)ub

(46.49 £1.32)X10° cm (480.27+2.51)x10° cm
(3.0£1.6)% (3.0 1.6)%

8.6% : 8.6% :
(40,95 + 1.35)x10® cm  (159.82 +3.45)x10% crn
v {159
(85.1%3.8)%
91.5%

111.4+ 12,9,
(15.9 + 1.9)ub

(212.75 £ 13.92)x10° cm
(6.7+2.1)%

6.8%
(185.00 + 12.82)x10® cm
514 i
(90.444.3)%

91.5% .

61.449.1 -

(9.5 1.5)ub

2Ref, 16,

PRet, 19,

[
Ut
L)

1

"ASY T¥181-TUOL
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Table II, Partial cross sections for np = wpn, n — w70 in mb.
Incident + + - -
beam T p - pn L, TRTTEm
momentum n—->mTmww n—->mwTmwTTm
(BeV/c)
1.05% 0.0095 +0,0045
1.17% 0.0533 +0,0050 0.0159 £ 0,0019
1.22° 0.069 +0.040
1.39° 0.430 +0.045
1.59°¢ 0.12 0,02
2,030 , 0.031 +0,010
2,08 0.15 +0.03
2.08" | 0.037 +0,045
2.34° 0.23 +0,05
2.62° 0.18 +0.09
2.9 0.15 +0.05
3.2 0.030 +0,040
3,43f 0.09 +0.04 '
3.54% 0.07 £0.02
3.658 0.06 +0.02
4.2) 0.021 +0.007
% This experiment; fsee Ref. 6.
PSee Ref. 2. 83ce Ref. 7.
€See Ref. 3. hSee Ref. 8.
dSee Ref, 4, ) J:See Ref, 9.

©See Ref, 5. Jsee Ref. 10.
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Table III. Values of the D,'s in ub. The values Dy 14

(the shaded region) would be zero if our final choice of amplitudes

through D

were correct,

1050-MeV/c =" 1170-MeV/c =" 1170-MeV/c =~
1a 1b 2a - 2b " 3a 3b
Experimental Fitted Experimental : Fittéd Experimental Fitted
values values values values values values
D, 9.50+ 1,51 7.55  53,305,02 54,92  15.85+1.91 16.13
D, -1.14%1.12 0.50 5.71+4.49 1,12 2.901.63 0.73
D,  -3.31%1.49 -1.23  -12,47+4.89  -15.38  -0.79%1.71 -1.03
D, -0.35%1.27 0.20 5.16 + 4.95 1,01 0.08+1.70 0.11
D, -0.46+1.46 -1,63  -22.01£4.63  -20.44  -3.03%1.85 -2.27
D,  -3.05£1.25 -0.46 -2.51;4.11 22,78 -1.34+1.65 -0.31
D, 2,76+ 1,47 1.98 8.26 £4.75 17.99 0.25+1.63 2.00
Dg
Dq
Do
Dy
Dy . a g
D,y =0.27%1.3 U438 4.97 00 T 0.13£1.87 -
Dy 065*135 S -aa8s483 . 1.6841.85
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Table IV. Type of terms present in each Ci(MZI)
and Di' The J and § values have been suppressed.
For example, (pS|pS) includes the following
terms: Hps_i/Z)'l/Z | 2, I(psi/z)?‘)/Z | 2, and
((psi/Z)'l/Zl(ps?l/Z)3/2>' The terms in column b
(the shaded region) become zero under the choice

of amplitudes made in Section V,

(a) (b)

c, 1ss% zisPI?, Bips|?,
C, (sS|pS),
C3 <sS|sP>,
C4 (pSlsP),
C, (pS|sP),
Cq (pPS|pS),
C7 (sP!sP), .
Cg

C9

Cio0

Cia

Cy2

€43

C

-
N




iy

54~ .

'UCRL-18141 Rev,

Table V, Partial cross sections and percentages

of the four partial waves present in the reaction

TP > Tp7N

1170-MeV/c 7"

1050-MeV/c n'

1170-MeV/c n~

(551/2)1/2 2.2 ub 6.7 b 10.8 pb |
'24:I:’7°/o '13:!:4:‘70 67:*:3'70
(SP3/2)3/2 5.6 ub 39.0 pb 4.5 pb
59 6% 73+ 7% 2749
13+39% 9+2% 4+1%
(85, /)5 0.5 pb 2.6 ub 0.3 ub 1
4+1% " 5+1% 2+5%
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Table AI, The ten possible states resulting from

s- and p-wave eta and w-p production

and S- and P-wave decay of the m-p syst m.

Final state

Initial state

(£ Ly)y Lo
| (sS4 /2)4/2 24/,
(sPy /20472 A1/2
(sP3/5)3/5 3 /2
(PSy/2)4/2 A1/2
(PS4/2)3/2 372
(PP /20472 ®y/2
(PP /2)3/2 @3/,
(PP3/2)4/2 #i/2
(PP3 /50375 P3/2
(PP3 /5)5/, Fs /2
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Table AIl, Definition of the Ci(MZ)'s and Di's in terms of the a's,

The shaded terms are zero under the choice of amplitudes made in Section V,

-NZ (a

00!
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. Table AIl, {cont,)

4
m((aw + 2a30)l

14

Cq 4 . :
- W((aio - a30)'(
A (la,, + 22,
“3('5")‘7'1 3 ({20 * 2250)
4,3.4/2
Cq -g(3 / (layg = a39)!
2 :
‘W(“‘w +2a50) L )
€10
Cii ]
€2
Cys
c
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FIGURE CAPTIONS

Fig. 1. Schematic diagram of the beam optics. A vmass 'spe(:tronéeter,
not shown in the diagram, is used in the 1r+ beam to separate 1r+ﬂ_ |
mesons .from protons,

Fig, 2. The distribﬁtions in the missing neutral mass (uls'ing unfitted -
quantities) for ali 4-prongs which fit either qf the reactions

‘rrip - ﬂiprr+'n'a (Tro or y) with a XZ < 8.6. |

a, 1170-MeV/c incident nt.

.b. 1050-MeV/c incident TT+.

'c, 1170-MeV/c incident n .

Fig, 3. The 2C xz' distribution of the 273 events for reaction (3)

(solid lines). The dashed lines représent the ''theoretical"

2C XZ distribution normalized to 273 events,

Fig. 4. The distributions in the invariant mass of the Tr+‘n‘-7r0 (using

‘unfitted quantities) for events in Fig, 2 for which M (missing
neutral) > 0,010 BeVZ. There are two pi.ons of the same charge
in the final state; only that combination of M2 (‘n‘+'n'-1r0) which is
closer to Mi = 0.30 BeV2 has been plotted,

a. 1170-MeV/c incident 1r'+.

b. 1050-MeV/c incident .

c. 1170-MeV/c incident w_.

Fig, 5. Variation of U(frip - pn; n -~ 1r+-rr-1r0) as a function of inci-

dent beam momentum. The nt data points are indicated by black
dots; the m data points by open circles, See Table II for refer-

ences, The u=0 curve is the result of the threshold parameteriza-

i

et o s L
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tion of the 1r+ data (see Section VB), The other solid curves are
the results of the modified parameterization of Section VC. The
dashed curve is the u=67 curve for the = data.

6. Mnemonic (nonrelativistic) diagram in velocity space depicting
the two-step reactiqn anT»nN; N - THPp- In the overall center

of mass m, has orbital angular momentum £ and linear momentum

B
k along the z axis; n has orbital angular momentum { and linear
momentum p. The two vectors, k and p, define the production

plane. The normal to the production plane, K X p, is the y axis;

A

X = y X z. In the RI rest frame the z axis is in the production
plane at an angle § from the line of flight of the eta; cos§ = 5 K.
The N of mass M and totgl angular momentum J decays into ™
and Pp with orbital angulrar momentum I:‘. and linear momentum g;
cosf =q-2z, ¢ = tan~? [q-8/q-%]. The total angular momentum
of the system is g the total energy is E,

7. vProduction Dalitz plots and rﬁass-squared projections, The
curves are given by Egs. (15) and (16), using our best fit param-
eters,

a. 1170-MeV/c incident .
b. 1050-MeV/c incident = .
c. 1170-MeV/c incident 7.

8. Production angular distributions in the centef of mass, The
curves are given by Eq. (12), using our best fit parameters,
a. 1170-MeV/c incident =",

b, 1050-MeV/c incident .

c. 1170-MeV/c incident 7~



4

Fig. 9. ﬁvazimuth’al_;‘decay angular distributions, The curves are
‘ _givén by Eq. (43), using our best fit;para'metél;s‘.:-
a. 1170-MeV/c incident w'

b. 1050-MeV/c incident =,

c. 1170-MeV/c incident = .

Fig, 10. ﬁ polar decay angular distributions, - The curves are given . =

by Eq. (14), using our best fit paramefers;_ v
a. 1i70-MeV/c incident . | |

b. 1050-MeV/c incident 1r+._

c. 1170-MeV/c incident 7.

Fig. 14. Mass and angular distributions for the reaction n'p - m'pn.
published in Refs. 2-7. The curgres are those given by our |
parameterization of Section VC, and are normalized to the fotal
number of events,

a. Mass distributions,

b. Angular distributions,

B
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Collimgator

i t !
Collimator \ l————IOO———'Len/ Magnet

Slit & beryltium  72-inch hydrogen

: wedge bubble chamber
Target 3/4-inch operture
Proton beam

Bevotron

MU.26415

Fig, 1
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