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PROFPERTIES OF THE n' MESON
Alan Rittenberg
Lawrence Radiation Laboratory
University of California

Berkeley, California

June kL, 1969
ABSTRACT

The 1'(958) meson has been studied in the reaction K p — An',
with X beam momenta ranging from 1.70 to 2.65 Gev/c. The Dalitz
plots of 7' decay into n+n-n and 7%y have been examined, and
from them we have determined that the most likely gquantum numbers

H o O+O_, although JP = 27 cannot be completely

of the 7' are IGJ
ruled out. We have also shown that the decay into n'n"y is mediated
by the decay n' — poy. An examination of the production process

has yielded further evidence for the JP =0 assignment and suggested
that the process takes place via K*(891) exchange in the t channel.
Branching fractions and cross sections have been determined, and

finally a search for a negatively charged n' in the deuterium reaction

K'd - pAn'”~ has confirmed the T - O assignment for the 7'.



I. INTRODUCTION

o} :
The n' meson, originally called X and sometimes referred to

*
as n , was discovered independently in 1964 by two group5.1’2

It
was found to have a mass of about 960 Mev and a width I'< 10 Mev.

The reactions in which the meson was observed were

K p - A + neutrals 5
+ -
At w + neutrals ,

and - An ot n =n ,

where, in eaéh reaction, the effective mass of the particles recoiling
against the A exhibited an enhancement in the 960 Mev region. 1In
addition, it was observed that the latter two reactions contained an

n in the final state, indicating that ﬂ+ﬁ_q was a preferred mode of

decay of the n'. Studies analyzing the snn Dalitz plot and taking

into account the apparent gbsence of a ﬂ+ﬂ-ﬂ0 decay modé”5’h suggested the
quantum number assignments IGJP = O+O—. A ﬁ+ﬂ_7 mode of decay, con-

sisting primarily of poy, was subsequently found and gave further
evidence for these assignments.3”6

It is the purpose of this paper to present additional data on
the n', thereby hopefully establishing its quantum numbers and

branching fractions more firmly.



IT. DATA PRODUCTICN AND REDUCTION

A. The Beam and Exposure

The data for this experiment were obtained during the years
1963-1965 from an exposure of the Aivarez Group 72" bubble chamber
to a separated K beam extracted from the Lawrence Radiation Tabora-
tory's Bevatron.

The beam particles were produced on an internal flip target
exposed to mlOl2 protons per pulse, at a proton kinetic energy of
6 Ge?. The extracted particles passed through a beam transport
system designed primarily by Dr. Joéeph Je. Murray.T This systemn,
depicted in Figure 1, consisted of two stages of electrostatic
separation, which will be briefly described here.

The initial momentum selection was performed by the Bevatron field.
The quadrupoles Q1 - Q3 then served to produce a parallel beam in
the first electrostatic separator S1, operated at a field of 100kV/cm.
Upon exiting from S1, the particles were refocused by quadrupoles
Q4 - Q6 to form an image of the target at the first mass slit.
Additional momentum selection and beam steering were obtained by
use of bending magnet M5. The mass slit, of a special shape and
tilted with respect to the beam to take account of momentum dispersion
and chromatic aberration, produced a n/K rejection ratio of ~100.
The above process was then repeated in the second stage, yielding a
total /K rejection of ~10P. Since the "rejected" n's were not
actually stopped by the slits, but rather had their momentum degraded,

the final bending magnet MU was used to sweep out these degraded x's.




MU.36827

Figure 1. Schematic diagram of the beam layout for this experiment.




Finally, quadrupoles Q12 and Q13 served to align and focus the beanm
for entrance into the chamber.

The typical yield of this transport system was 6 - 10 K per
pulse, with a n contamination which varied from ~5% at lower
momenta to ~20% at higher momenta. The momentum bite was Ap/p=~+1%% .

The 72" bubble chamber was filled with hydrogen for most of the
running, but an exposure was also made with deuterium. Table I gives
the number of pictures taken at each setting. Because of their close-
ness, the 2.59, 2.64, and 2.73 Gev/c settings will be combined for
the purposes of this paper, producing a sample of data with central
momentum 2.65 Gev/c.

Figure 2 shows a plot of the beam momentum of a selected sample

of our events.

B. Scanning

All of the film listed in Table I was scanned once for every
event topology possible, with the exception of simple O, 1, and 2
prongs with no associated decay. BEach event found, of which there
were some 570,000 in hydrogen and 160,000 in deuterium, together with
a code number for its topology, its location in the chamber, and any
special information such as associated electron pairs or secondary
scatters, was recorded on a magnetic tape "master list." This master
list then provided a complete record of the history of each event
as it passed through the various phases of data analysis. The Group A

o]
N o : ]
program LYRIC™ was used for all the bookkeeping work of the experi-

ment.
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Table I. Exposure parameters.

Pream Number of Pictures Path Length

(Gev/c) (events/ub)
Hydrogen

1. 708 155,000 3.28 + 0.06

2,10 145,000 5.76 + 0.09

2.47 70,000 1.76 + 0,05

2.59}» 160,000 T Ul & 067

2,64 »2.65 220,000 »>510,000 6.5 + 0.2 S0 & 0,16

2.71J 130,000 3.18 + 0.08
Deuterium

5. 11 65,000 201 2004

265 80,000 g8k -+ 0.1l

9]
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Figure 2. Plot of the fitted beam momentum, PKu, for a selected

sample of K'p events.
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In order to determine the X path lengths at each of our
moﬁentum settings, use was made of the fact that a K of a given
momentum has a known probability of decaying into w " x~ while passing
through the chamber. By counting the number N, of such T decays, we
can thus determine the number of K at each momentum setting. The
pathk length A, in events/gb is then given by the expression
% = o BE-BBiE zap?? |
e
wiere Y™ is the mean 1life of a K , f is the branching fraction of K
into ﬂ+ﬁ_ﬁ_, p is the density of the liquid in grams/cmﬁ, m is the mass
of the target atom in grams, m, is the mass of a K  in Gev, p is the
momentum of the beam in Gev/c, and ¢ is the speed of light in cm/sec.
In actuality, because of the difficulty in distinguishing a 1 decay from
other 3-charged-body decays of the K , the total number of 3-charged-
body decays was counted and the appropriate value of f was used.
The path lengths thus determined are given in Table I. The values for

the hydrogen data9

are for a somewhat more restricted fiducial volume
than that used for the deuterium data.

For this paper the topologies of interest are those with a Vee and
0, 2, or 4 prongs in the H, data, and those with a Vee and 1, 2, 3,
or L4 prongs in the D, data. For the deuterium events, the scanners
inciuded in the topology code an indication as to whether there was
a stopping proton, a probable (non-stopping) proton, or definitely no
proton of momentum <500 Mev/c, at the primary vertex of the event.

Since we will be concerned here only with interactions off the neutron,

where the proton is thus a relatively slow "spectator" proton, only




the first two classes of D2 events have been considered. Table II
gives the total number of events found on the initial scan in each
of the topologies referred to above.

In addition to the primary scan, about 90% of the film was
scanned a second time. For 10% of the hydrogen film and 3% of
the deuterium film the first and second scans were compared, event
by event. All discrepancies found were looked at on the scan table
a third time and the discrepancy resolved. In this manner, we
were able to calculate a scanning efficiency for each topology.
This efficiency takes into account both events that were missed and
those that were misidentified as to topology. Because the latter
correction is included, the efficiency for a given topology may be
greater than 100% if more events are falsely called that topology
than are missed or falsely called another topology. The scanning
efficiencies for the events of interest here are given in Table IT.
(For the hydrogen V-4 prongs and for all the deuterium topologies,
all momenta were combined for the calculations because of limited

statistics.) The overall efficiency for these events is 100 # 5% 3

resulting from 5% of the events being missed and 5% spurious events

being picked up. It should be noted that the efficiencies presented
in Table ITI were calculated only for those events where the Vee

was not too close to the primary interaction vertex. Events with

close-in Vees are very likely to be misidentified on both scans, : !
since the Vee may appear to be simply two more prongs at the inter-

action vertex. A correction for these events will be included

separately when branching fractions, cross sections, and angular

_—L_




9

Table II. Numbers of events scanned and scanning efficiencies for

topologies of interest in this paper.

Hydrogen
- V-0 Prongs V-2 Prongs V-4 Prongs
(tev/e) - Number Scanning  Number = Scanning  Number Scanning

Scanned Efficiency Scanned Effi%}ency Scanned Effi%}ency
0 0

170 11860 99 i g 17339 P # L 146 100 + 2
2.10 14750 98 + 1 29870 100 * 1 6h2 100 + 2
2.47 3964 95 + 2 891k4 100 + 1 Lo6 100 + 2
2.65 26013 98 + 1 62827 100 + 1 3874 100 + 2
Deuterium
B onii V-1 and -2 Prongs V-3 and -4 Prongs
(Gev/c) Number Scanning Number Scanning
Scanned  Efficiency Scanned Efficiency
% %
Pl 11766 99 + 4 2369 97 + 6

2.65 9769 99 + 4 3521 97 + 6




distributions are discussed.

C. Measuring

After scanning, the events were measured on either a Francken-
stein, an SMP, or a Spiral Reader measuring machine.lo_ A large
fraction of those events which subsequently failed in the geometric
reconstruction or kinematic fitting programs, to be described below,
were measured a second time, and a fraction of those still failing
were measured one or more times. An average of ~ 25% of events in
all categories failed to be successfully processed through-the kine-
matics program (excluding the V-0 prongs at 1.70 Gev/c which were not
measured at all). These events fall into three broad areas: 1) those
which are difficult to measure because of obscured vertices, a small
angle scatter on a track, a steeply dipping track, or other such
problems; 2) those where there was a measuring operator mistake;
and 3) those which were called the wrong topology by the original
scanner and thus rejected by the measurer. Since cases 1) and 2)
are bona fide events and case 3) is already accounted for by the
scanning efficiency, we may calculate a measuring efficiency by
dividing the number of events which have been successfully processed
through the kinematics program by the corrected number of events
scanned. - The results of this calculation, with one modification,
are presented in Table ITIT. The modification consists of taking into
account the fact that the final states we will be interested in have

process=ad

g
ot
.'_.
<
e
=
by
r 4
4]
b
5
ol
Fed
L}
Ol
o
o
o
==
et
e
ct
&t
)
O
H
cr
ih
:
[
221
o
(]
[p]
h]
1
&5}
Eh
o
'—J
i
g

b

than the events asz a whole. This results from the events of irterest

10




11

Table IIT. Measuring efficiencies for the topologies of interest in

this paper.

Hydrogen
IPbeam V-0 Prongs V-2 Prongs V-4 Prongs ;g
(Gev/c) % % % 4
A0 0 174 2 76 + 7
2.10 he 82 %2 78 + 4
2.47 84 + 3 88 + 3 71 + 4
2.65 65 + 2 79+ 2 80 + 3
Deuterium
Phean \V‘l and -2 Prongs V-3 and -U4 Prongs
(Gev/e) % 9
2,65 53+ 3 B +5
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having different lab momenta, on the average, from the total sample,

which in turn affects the success of the kinematic fitting procedure.

D. Geometric Reconstruction, Kinematic Fitting, and Hypothesis

Decision Making

Those events measured on the Spiral Reader (the V-1 and -2 prongs
from deuterium) were first processed through the filter program POOHll
which picks out the tracks of the event from among the coordinate
points digitized by the Reader. The output from POOH and the output
from the Franckensteins and SMP's were put through PANAL,:[2 a reformat-
ting and gross-error-checking program.

The next step in the processing consisted of geometric recon-

1
struction and kinematic fitting by the program PACKAGE. 5 FACKAGE

reconstructs each track of the event in 3-dimensional space and then
attempts fits to a number of specified hypotheses as to the identity
of each particle in the_event, requiring energy and momentum balance
at each vertex. For each hypothesis tried, PACKAGE outputs the chi-
sguare for the fit, the fitted momentum vector for each track, and
the error matrix for the fit. Or, if no fit is possible, a reject
code is produced. Also output by PACKAGE are the unfitted, or measured,
momentum vectors.

The final decision as to the correct set of particles for the

event was made in the program DSTEXAMEJL which reads the output of

15

PACKAGE as reduced and reformatted by WRING and AFREET. DSTEXAM H

constructs a confidence level for each complete hypothesis in the i

following manner. Since PACKAGE generally fits each vertex in the




_?——-_——'—_—__

event separately, DSTEXAM first determines which individual vertex
fits are involved in the complete hypothesis. For example, in the
reaction K p - A ﬂ+ 7~ x° followed by the decay A — px ,

there are two vertices involved -- one for the production of

+ - . 2
An = x and one for the decay of the A. The chi-squares Xi

for the fits to all the vertices are summed, as are the constraint

classes LCi of the fits:

X = %=
fotad. = 2%
IC = FEE:

total i

The constraint class of a vertex is the number of constraint equations
at the vertex (which is always four, resulting from energy and vector
momentum balance) minus the number of unmeasured momentum quantities,
the latter resulting from either neutral particles or badly measured
charged tracks. In actuality, because it is known that PACKAGE tends
to under-estimate the errors of measured tracks, each Xi2 in the sum
abové is multiplied by a suitably determined correction factor which
iS dependent upon LCi- A confidence level is then computed in the
standard manner. It should be noted that this confidence level is

not strictly correct, both because of the incorrect estimation of
errors referred to above and because the vertices of the event are

not fit completely independently; that is, PACKAGE does use the
momentum of a decaying particle, as determined from the decay fit,

in making the production fit. However, a plot of the confidence level
obtained as above generally has the desired flat shape; there tends

to be some peaking at very low values resulting from poorly measured




events.

In addition to the over-constrained hypotheses discussed above,
all topologies have a number of "missing mass" hypotheses. These
consist of those cases where two or more neutral particles which
do not decay visibly in the chamber are assumed to have been produced
in the reaction. For these cases, no fit can be attempted and thus
no genuine confidence level can be constructed. However, it was
Tfound that a pseudo-confidence level could be computed for such
hypotheses, which served as a first order approximation in separating
missing mass events from constrained events. This computation is
based on an empirically determined expression which takes intc account
the extent to which the missing energy (excess of energy in the initial
state over that of the measured particles in the final state) exceeds
that which would be expected if only one non-visibly decaying neutral
varticle were produced. It also takes into account the quality of the
corresponding fits with zero or one non-decaying neutral. The details
of this calculation can be found in the reference cited above for
NETEXAM,

After calculating the confidence levels of all hypotheses in the
above manner, the event is assigned to that hypothesis with the
highest confidence level, provided this is greater than 0.005. If
no hypothesis has a confidence level > 0.005, the event is put on
the 1list to be remeasured.

For many events there will be two or more hypotheses which have
acceptable fits. For events measured on a Franckenstein or SMF, about

Ty

hall of thesc ambiguous events were looked at on the scanning table

1h

i e e B A s T T B e : <




and the ionization of the tracks was used to rule out certain
hypotheses where possible. For those events measured on the Spiral
Reader, the ionization of each track is output by the Reader, and
where this information was reliable it was used rather than having

the events looked at again. TFor those ambiguous events where the
ambiguity was not resolvable or resolved, we assume that statistically
the hypothesis with the highest confidence level is the correct one.
Certain checks were made to see that biases introduced by this

assumption were not significant.

15



ITT.

The reactions with which we shall be most concerned here are

the following

where MM represents a missing mass, or in other words two or more
non-decaying neutral particles.
events where the A has decayed into a proton and a x .

1) is a V-4 prong event, 2) and 3) are V-2 prongs, and 4) is a

The data to be shown are from the 2.10 to 2.65 Gev/c

16

OBSERVATION OF THE n' IN K p INTERACTIONS

1) K p -» A Ea e

2) - A o« MM

3) 5> Ax oxxl 1
L) - A MM

In all cases we consider only those

Thus reaction

V-0 prong.
film.
+ F+ - -
A The An n = = ﬁo Final State
We begin by discussing reaction 1).

the effective

In the region
width of ~ 20

as determined

the four-momentum transfer squared to the proton-A system (or,

Figure 3 shows a plot of

mass of the S5r system, defined by

< B ; 2
,-.f[r)_ﬂ [(ET# +E4++E_+E._+ EHO)
2]%
-(ﬁﬁ4—%++ja_+ﬁr-kﬁ@) i

of 960 Mev there is a pronounced enhancement, with a
Mev, roughly comparable to our experimental resolution

from the fitted momentum vector errors. If we define

_ ’
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Figure 3. The Mn

reaction K p = Axtata=n—xO.

A° < 0.5 (Gev/c)g.

Frtnx

=50 mass spectrum for events fitting the
The shaded events are those with




equivalently, to the K -5n system) by

a? - o [, - 3% - (5, - Ep)g]
- (@, - 3® - (&, - 87

and make a Chew-low plot of 132 versus Mbﬂ, Figure 4 results. Tt is
clear that the 960 Mev region events prefer a low momentum transfer.
The shaded portion of Figure 3 is a plot of those events which remain
when a cut of A% s 0.5 (Gev/c)2 is applied. These two plots suggest
that a resonance decaying into 5 pions is being produced by a peripheral
mechanism. It is this resonance which is the 7'.

It we next plot bgﬁ versus the effective mass of each of the
four ﬂ+ﬂ_ﬂ0 combinations which can be formed among the 5 pions, as is
done in Figure 5 for the low 552 events, we see that Mﬁ+ﬂﬂq0 tends
to cluster near the 7y mass of 549 Mev. Figure 6 shows a histogram

of M+ _ o (4 combinations) for events with 950 < M5 < 970 Mev and
n ] n

2

low A . The peak at the n mass is seen to contain roughly one-quarter
of the event-combinations. Since each event is plotted four times, this

indicates that essentially all of the 7' events are of the form

That is, the n' mode observed here is x x 7n. It should be noted that

e TR L 5 ) : g O .«
the resolution of our experiment is such that the " " in some of

-3 o oy e 2 T ;i - 4 + -
these events may in fact be a y from the n decay mode n=1 1 Y.

(@]
1o
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B. The A n' n MM Final State

We turn next to reaction 2): K p — Ar MM, Figure 7 shows a
histogram of the x n MM effective mass. Again we see an excess of
events at a mass of ~ 960 Mev, and this excess is further enhanced
by requiring that fi® < 0.5 (Gev/c)2 as seen in the shaded histogram.
Here, as in the ASn final state, ﬁse is the momentum transfer squared
to the proton-A system. Figure 8 shows the relevant Chew-Low plot.

If we mak; a scatter plot of Mﬁ+ﬂ'MM versus the missing mass MM for
the low 132 events, Figure 9 results. Figure 9, and its projection
on the MM axis for 950 = Mn+n'MM s 970 Mev shown in Figure 10,
indicates that the missing mass for at least most of the 960 Mev

events is that of an 1. Thus we are again seeing the x+ﬂ_n decay

mode of the 7', but here the 1 is decaying neutrally:

K p = A7
L
T om o

[4 all neutrals .

$o =

Figure 11 shows the n n MM effective mass, after a cut is applied

to the missing mass to restrict it to the n region: 530 = MM s 570
2

Mev. For the low A~ events (shaded portion), the peak is seen to

stand out extremely clearly.

C. The A MM Final State

For reaction 4), namely K p — AMM, the quantity of interest is
the missing mass. Figure 12 shows a plot of this mass, for all values

2 2 ) 2
of A7, and for Ao~ s 0.5 (Gev/c) . Although there is more background
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Figure 7. A plot of Mn+n“MM for events assigned to the
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are shown shaded.
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Figure 12. Plot of the missing mass MM from K p - AMM events;
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here than in the previous two cases, we see a peak once more at

~ 960 Mev, indicating an all neutral decay mode of the 7':

K p -» Anq'

La all neutrals .

Figure 13 shows the relevant Chew-Low plot for this channel.

D. The A x' x~ x° Fihal State

Finally we turn to reaction 3): X p — An+n_no. Figure 1k
shows a histogram of the n+n~n0 effective mass, for all events and
for those with A% g 0.5 (Gev/c)e. In addition to peaks at the
n, w, and ¢ masses, thére is once again a peak in the 960 Mev region,
and the Chew-Low plot in Figure 15 indicates these events prefer a
low 452. We are thus tempted to conclude that this indicates a Ko nC
decay mode of the n'. However, as pointed out above in connection
with the A5n events, a ﬁé and a ¥ can easily fake each other in our
experiment due to the size of our resolution. Further, since the
hypothesis K p — Aﬁ+n_7 was not tried for our V-2 prongs, any real
Aﬂ+ﬂ_7 events would likely be forced into the Aﬁ+n_ﬁocategory. To
investigate the possibility that the "x“"'s in the n' region are
in fact y's, we make the following scatter plot: Consider all those
events that were called Ax+n-no or Aﬂ+ﬂ-MM and which have no acceptable
fit for either Ax'n~ or 2% 'x". For these events, using the fitted
A from the decay vertex and the measured momenta of the charged

tracks, we construct a missing mass momentum four-vector. We then

+ -
plot the mass of the n x MM system versus the mass-squared of the MM
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system. This plot, for events with .&2 s 0.5 (Gev/c}2 is shown in
Figure 16. We use MM2 rather than MM because the latter is very
singular near MM = O. TFor genuine Aﬂ+ﬂ—ﬁo events, we expect a

2

vertical band along MM? = mﬂo = 0.018 Gevg, with clusters of events

S ) + - 0
at positions of Mﬂ+ which correspond to n n n  resonances. TFor

MM
MME > mﬂo2 we expect a falling off of the band and the onset of
events involving more than one missing neutral particle. For

MM2 < miog, if there were no Aﬂ+ﬁ-7 events and since we have
gpecifically eliminated all.events which might possibly be Aﬁ+ﬂ— or
Zon+n_ and which would therefore have a missing mass = 0, we would
expect a uniform falling off of the ﬂo band with no structure near

MM - O. Examining Figure 16, we see the ﬂo band and clusters within
it representing the n and the w. However, the cluster near Mﬂ+ﬂ_MM =
960 Mev has a missing mass which is near zero rather than mﬂog.

This effect can perhaps be seen more clearly if we project onto the
missing mass-squared axis for different regions of Mﬁ*ﬁ'MMf Figure 17

shows four such projections, for Mﬂ+ in the w region, in a region

1~ MM
immediately below the n', in the n' region, and in a region immediately
above the n'. We note that for all regions except that of the 7',
the missing mass-squared peak occurs near mﬂog, whereas the peak is
shifted to lower missing mass for the n' region. If we assume that

; + -0 . :
the number of genuine n n 5~ events is varying roughly linearly with
Mﬁ+ﬂ‘ﬁ° when we are near the 1', then we can make a subtraction using
the regions below and above the n', and thus determine what the missing

mass of the excess of events in the n' region looks like. The shaded

portion of Figure 1T7c gives the results of such a subtraction. As can
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fitted mass recoiling against the An*n~ system. The arrows
labeled 7 and  indicate the centers of the two vertical bands

where An*n™y and Axtn~n© events should appear, respectively.
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be seen, thelremaining events peak at a missing mass = 0.. This

then provides strong evidence that essentially all of the excess

events in the n' region are in fact Aﬁ+ﬂ~7 events, rather than Ax 1=
One more set of projections of Figure 16, given in Figure 18, is

worth examining, although these projections are not independent of

those in Figure 17. In this case, we project onto the ﬂ+ﬁ-MM axis

for the two cuts -0.01 s ME s 0.01 Gev" and 0.01 £ Mf s 0.03

Gev2. The first cut favors y events, while the second one favors

no events. As seen in Figure 18 and as expected on the basis of

the previous plots, while the n and w show up more strongly for the

5 cut, the peak at 960 Mev shows up moré strongly for the ¥ cut.

We conclude that we are seeing the reaction

K p - A7

L+ oy .

The identification 6f all thrée peaks we have observed, namely
those for n+ﬁ-n, all neutrals, and ﬂ+ﬁ-7, with the same resonance
is based thus far only on the fact that all peaks occur at the same
mass (within errors) and have widths which are roughly comparable
to each other when resolution is taken into account. We shall shortly
give additional evidence for the identification of all these peaks

with the 7'.

E. Other Final States

In Figure 19 we present plots for three remaining reactions where

a strangeness zero meson with a mass less than that of two K's might
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Figure 18. Two projections of Figure 16 onto the ) Wﬂ+ M axis
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be expected to appear in conjunction with a A. The histograms are

of the mass recoiling against the A in the reactions

5) K p =+ An =
6) - A n+ n+ oo

T - A7 n m mw MM.

As can be seen, there is no evidence for a peak at 960 Mev in any

of the mass plots.
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IV. EVENT REPROCESSING AND HYPOTHESIS SEPARATION PROBLEMS

A. Reprocessing of Events
.Before going on to discuss quantum number determination for
the n', we give here a description of some refitting which was done

in order to reduce the errors in the various effective masses of

" interest. As discussed in the previous section, the n' has as two

of its decay modes n+n-n and ﬂ+ﬁfy. In our original hypothesis
fitting, done in PACKAGE, no hypotheses were tried involving either
n's or 7's (except where the y was from a 3° decay). Thus in order
to take advantage of the fact that demanding an n mass in the
appropriaté cases would further constrain the fits and thus improve
the resolution, and that allowing a ¥ mass in addition to a x° mass
would reduce systematic distortions in mass spectra, we have
reprocessed a sample of our events through PACKAGE and subsequent
programs. The events reprocessed consisted of: 1) all V-4 prongs;
2) those V-2 prongs which had as their best fit either Aﬂ+ﬂ_MM,
ﬁn+n_no, ﬂﬂ+ﬂ;, or zoﬂ+ﬁ_, and where the mass Mvsh recoiling against
the A satisfied 900 s My = 1020 Mev; and 3) those V-2 prongs which
had a successfully fit A decay but no successful production fit and
where the mass recoiling against the A (as determined from the fitted
A momentum and measured charged tracks) was again in the region 900
to 1020 Mev. -Class 3) was included in case some Aﬂ+ﬂ-7 events had
failed to fit as Ax' n nC. The fits attempted in this reprocessing

were as follows:

Lo
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z dfr g w
For V-4 prongs: K p = Ax n =« =

For V-2 prongs: K p = A x x
o .+ n
A ﬂ+ n ﬂo
A n+ n Y
A ﬁ+ 7 My
+ -

The subscripts C and N denote the charged and neutral decay modes of

the n, respectively.

B. Hypothesis Separation

The decision making procedures of DSTEXAM, as described earlier,
were modified somewhat for these reprocessed events in the hopes
of making a more accurate separation of hypotheses. Some of the
problems connected with these modifications will be discussed here
as illustrative of the problems encountered in determining the correct

hypothesis.

The first modification made was that any event which successfully




fit a four-constraint hypothesis (At 5™ or Ax'xtn"n") was assigned

to that hypothesis. In general, a four-constraint fit, such as AZ2xn,
is ambiguous only with those hypotheses involving an additional 7,
namely AZ2mny aﬁd Zo2n. For genuine A2xn events, the one-constraint
A2y fit can always give the unmeasured assumed y zero momentum in
the lab and thus allow such events to pass as A2xy. The two-constraint
5%y fit can also sel the assumed ¥ at rest in the lab and, as it
turns out in our particular experiment, in many instances the Ay
effective mass will be near that of a ZO, allowing a successful fit.
Figures 20a and b show scatter plots of the confidence level (C.L.)
for the A2xn fit versus that for the A2xry and ZOEﬁ fits, respectively.
Only thoaé events are shown in each plot which have as their best fit
one or the other of the two hypothéses plotted, and which have

2 2
JaAY = 0.5 (Gevfc) . The ambiguities are obviocus. In each case,

e

however, there is a class of events having essentially zero C.L.
for the A2xn hypothesis; these lie on the vertical linesnear the left
of the plots, and are ciearly separated from the remainder of the
events. We have assumed that only these events are non-A2xn events.
That is, any event having a A2xn C.L. > 0.005 has been assigned to
the A2n hypothesis.

Another problem is encountered in separating 202ﬂ from A2xy
(or Zohn from Absy), since events of the former category will always
fit the latter. A confidence level scatter plot for these two fits
is shown in Figure 20c. Although the separation is not definite, it

is seen that the uncertain area of the plot, where the population is

relatively flat, can be divided roughly evenly by a line defined by

L2
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c.L¢ = EC.L.

K 500, Thus events having C.L.

> 2C.L.Zo were

A2wy 2n

assigned to A2xy, with the remainder being assigned to Z°2n. With
this assignmeht and those of the previous paragraph, Figures 2la, b,
. + -

and c show histograms of the effective mass recoiling against the n =«

+ - L0+ - + - ; .
system for the Ax = , Z x « , and A n 7 events, respectively. This
effective mass was calculated using the measured momenta. The A and
g peaks in 2la and b are seen to be centered quite well at their

proper positions, and the number of A2ry events is seen to rise

5 el F

o o
smoothly as the Ay effective mass rises above the 2 mass. The Z

peak does show some depletion on the high side, suggesting that we
have not favored'ZOQn over A2xy quite strongiy enough. The regions
of overlap are, of course, the ambiguous areas. Changing the above
criteria by small amounts has some effect on the +x mass distribu-
tion of the AH+H—7 events, 5ut the effect is small and limited to

M 3

[+ -2 800 Mev. This will not be a serious problem when we discuss
+

this 7 r distribution.

The A x° and Ax x"y events are hopelessly entangled as shown
in Figure 20d and as expected. We have left the standard criterion
remain here: +the hypothesis with the higher C.L. has been chosen.
This turns out to be almost equivalent to choosing the Aﬂ+ﬂh7 hypothesis
when the missing mass-squared NWF < %mﬂoe, and the hﬁ+ﬂ—ﬁo hypothesis
when e 3 %mﬂog- Since the separation is poor, we will have to
correct all distributions of the A2ny events by a subtraction method,
making use of the Alr events. We already know from the subtraction

shown in Figure 17 that essentially all of the excess events in the

n' region are A2ny; thus any n' signal seen in the so-called Adx

I
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events results from misidentified A2xny events.

The Aﬁ+ﬁ_ﬂc (qc-a i x°) and An+n—qc (nc-e % n"y) events are
afflicted with similar, although less severe, 7° vs. ¥ difficulties.
However, since we are not attempting to determine n branching ratios,
this does not pose any serious problems. Suffice it to say that
choosing the hypothesis with the higher confidence level results in
the branching ratio (1 — ﬂ+ﬂ-7)/(n-+ 1) = 28/120 = 0.23 + 0.05,
in excellent agreement with the value of 0.235 # 0.021 given in the
Particle Data Group compilation.l6

The An+n~nc (qc-a ﬁ+ﬂ—ﬂo or ﬂ+ﬁ_7j events presént two other
difficulties. All such events will also fit A w7 and/or
An+n+n-n-7. We have chosen the n fit over the non-n fit whenever
the former passed with a C.L.> 0.005. On the basis of Figure 6,
where one-quarter of the four possible ﬁ+ﬂ-ﬂo (or n+n"7) event-
combinations plotted for the n' region were seen to be in the 7 peak,
we are confident that there is no significant n' — 5x decay. Further,
since there are few background events in the n' region, we cannot
introduce a serious contamination by over-favoring the n fit. The
other difficulty is also evident from Figure 6; namely that each
event has on the average two ﬂ+ﬂ_no (or n+n_7) combinations near the
n mass. This difficulty cannot be resolved, and so we will not use
the ﬂ+n-nc events in any distributions dependent upon knowing which
combination is the 7.

The An+ﬂ_x0 and Ast x MM events have a large region of overlap
on the C.L. scatter plot as shown in Figure 20e. However, if we plot

. — s + = =
the unfitted mass recoiling against the Anx x system for the An+ﬂ ﬂo

L6
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and Aﬁ+ﬂ-7 events combined, staying outside the n' region so that
we are sure we have no real y's, tﬁe o peak is seen, in Figure 22,
to be fairly well éentered at its correct value of 0.018 Gevg. Thus
on the average, at least, we have chosen the correct hypothesis by
using the standard criteria.

The final difficulty has to do with separating Aﬂ+ﬂ"MM from
Aﬁ+ﬂ"nN. The choice between these two hypotheses has been adjusted
so as to make the confidence level for the Aﬂ+n“qN events, as shown
in Figure 23%a, as flat as possible. Figures 23b and c are histograms
of the unfitted effective mass recoiling against the Aﬂ+ﬂ_ system for
the Aﬁ+n_nN and Axt MM events, respectively; only events in the broad

2

n' region (940 = M s 980 Mev) with A~ = 0.5 (Gev/c)2 have been

VshA
plotted. We see that the Aﬂ+nﬁqN events are centered correctly and that
the number of An+ﬂ'MM events falls off smoothly as the missing mass
approaches the n mass. However, thefe is seemingly an éxcess of
Ax % "MM events in the region irmediately above the n mass. These
probably are poorly measured Aﬁ+H“ﬂN events, judging from the fact that
they are clumped together so closely. Also, the flatness of the n peak
in the An+n_nw events and the hole at the n mass in the Ax MM
events suggest that some genuine MM events have been lost to the My

fit. We will discuss this problem further in the next section when

the n+ﬁ_nN Dalitz plot is examined.
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V. QUANTUM NUMBER DETERMINATION -- THE n' DECAY DISTRIBUTIONS

A. The x x 7 Dalitz Plot

Figure 24 shows a plot of the effective mass of the ﬂ+n-qN system

for Aﬁ+ﬂ-nN St With - B° 0.5 (Gev/c)2. The n' peak is seen to

stand out clearly, having at most 5% non-n' background. The curve

drawn over the events is a Gaussian which has been fitted to the data,

T i

yielding a central mass of 957 Mev. 1In Figure 25 we show the analogous

i e

"

plot for the hﬁ+ﬂ_qc events. Here there is no background at all, and

the fitted central mass is again 957 Mev.

The Dalitz plot for low Asg ﬂ+ﬁ—nN events with 950 = Mn+ﬂ‘n
N
The events plotted have been normalized

=

970 Mev is shown in Figure 26.
to a n+ﬂ-nN.mass of 957 Mev. That is, if for a givén.event we let

Tf be the fitted kinetic energy of particle i (ﬂ+, T, or 1) in the
n' rest frame and we let Q? be the fitted Q-value for the event, and

if Q is the Q-value for an n' of mass 957 Mev, then the normalized

kinetic energies, Ti’ are given by

e Bedt
i £ i

Q

In terms of effective masses, this becomes

iy = - m) e (47 - of - )]

+ =
where Mf is the fitted n n 1 effective mass, M is the central mass of
the n', Mij is the fitted effective mass of particles i and j, m is

the mass of the third particle, and Mij is the normalized effective

mass of particles i and j.
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Figure 27 gives four projections of the ﬂ+ﬂ-ﬂw Dalitz plot.

These projections, which are not completely independent of each other,
aré of the three effective masses Mﬁ*n’ Mﬂ_ﬂ’ and Mn+ﬂ_’ and of

the cosine of the angle Qﬂ+ﬂ between the = and the 1 in the dipion
rest frame. The curves drawn over the histograms represent phase
space. Note that charge conjugation invariance requires the Mn+q
and Mﬂ_ distributions to be the same and the cos@ﬂ+n distribution

to be symmetric.

The normalized Dalitz plot for the ﬂ+ﬂ_nc events with 152 = 0.5
(Gevfc)e and 950 = N%+n_q £ 970 Mev is given in Figure 28, together
with its projections in Figure 29. Although these events are free
of non-n' contaﬁination, as we have previously pointed out there is
a reasonably high chance that in many events tﬁe wrong ﬂ+ﬂ—ﬂo or
n+n"7 combination has been picked as the n. Thus we will not use
these events for the subsequent Dalitz plot analysis. We return,
therefore, to the n+n_nN Dalitz plot, dropping the subscript N in
what follows.

Tn order to study the 7' — ﬂ+ﬂ_ﬁ decay, we need to construct
decay matrix elements for each of the spin, parity, and isospin
assignments under consideration. We limit ourselves to the cases
of spin J £ 2, with both odd and even parities P. (Note that JP = O+
is Torbidden to decay into three pseudoscalars such as nnn. ) Since
the n' is produced in the reaction K p — An', where the K p system

has isospin T = O or 1 and the A has T = O, the isospin of the n'

must be O or 1. As we do not yet want to rule out the possibility

+ § . .
that the decay n' » w1 7 is electromagnetic, in which case isospin
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would not be a good quantum number, we choose to categorize the n'
state by its charge conjugation number C, which is conserved in both
strong and electromagnetic decays. Thus J, P, and C of the n' are
equal, respectively, to J, P, and C of the 7 n n state.

We will use the linear momentum representation of the matrix
elements, as discussed by Zemach.17 Because the Q-value for
n' = qnn is low (130 Mev), it is sufficient to use a non-relativistic

form involving only three-vectors. For our vectors we choose

(E;+ - EL_) in the dipion rest frame

1
2
-
1Y

WLl

rest frame .

and

These vectors are to be combined with the polarization tensor of the

n' to make a scalar. These tensors are

P 2
for Jﬂ' =0 : 1, a pseudoscalar
+
= W Vi, a pseudovector or vector
PO
=12 Tij a tensor or pseudotensor of second rank,
2

symmetric and traceless.

The requiremént that Tij be symmetric and traceless reduces it to 5
independent components, as is proper for a spin 2 particle.
Since the nnn intrinsic spin-parity is O and thus "abnormal”, for
Ji, in the normal series (17, 2+) our vectors must be combined using
a cross-product in order that the matrix element be a true scalar.
+

For Jﬁ, in the abnormal series (0, 1, 2 ) there must be no cross-

product (or an even number of them). Further, conservation of C

introduces an additional restriction: we note that




Cﬂ' = Clunm) = C(nﬂ)CTi = C(srn)
But for a boson-antiboson pair such as nm,

Clan)P(ant) = +1 .
Thus Cﬂ' = P(nn); i.e.? if Cq, is even (odd), then our matrix element
must be even (odd) under spatial interchange of the two piong and
thus must contain an even (odd) number of powers of'g.

We give in Table IV, marked with an asterisk, the"simplest”
matrix elements which can be constructed satisfying the conditions
outlined above. By "simplest" we mean those involving the least
powers of momenta. Only for JPC e is there more than one such
simplest matrix element. In this case, we list also a general
linear combination of the two possibilities. The arbitrary coefficient
introduced may be real (if there are no final state interactions)
or complex. We have allowed for both possibilities.

&

Table IV also indicates the orbital angular momentum ﬂnr of
7
the two pions in the dipion rest frame, and the orbital angular
momentum ﬂq of the n in the n' rest frame, for each of the matrix
elements. We note that Eﬂﬂ equals the power of'a; while Ej equals
__}

the power of k. These quantities are depicted in Figure 30.

The Dalitz plot distribution is obtained by squaring the

matrix elements and summing over the spin states A of the n'. For

the purposes of this summation, we use the relationships

5TV = B
PR i

and o 1(5. B, + 6. 6. -28..5 ).
N Tijmn =Y im” jn JE Jm .2 i mm

The results, apart from overall constants, are given in Table IV. In




Table TIV.

6 represents the angle gﬂ+ﬂ‘

Matrix elements for n' — =

the nin system with a Breit-Wigner line shape.

+ - = Ladd e T 2
% n. The quantities k, g, ;q, grq,

a is a free parameter to be fit to the data, and BW indicates a resonance in

and y are defined in the text;

Asterisks mark the simplest matrix elements.

Fit ¢ JF ) ,ﬁﬂﬁ nn Resonance or ‘Matrix Element . Matrix Element Squared
No. o Linear Matrix Element and Summed over Spin
¥ 3 41 0 0,0 - 1 e
2 0,0 o (M_=380,T =100 Mev) BW_ }ch|2
5 0,0 c (M ,I' fit to data) BW |BW_|2
(oadiley o oy
L 0,0 linear ] ( real 1+ ay 1+2ay+aly?
matrix )
2 0,0 element| | complex 1+ ay 1+2Re(a)y+]|al y2
+
* 6 1 1,0 - XV k2
7 1,0 o (M_=380,T =100 Mev) X.V BW, K2 |Bw_ |2
* 8 8 2,2 - (G-K)gxE.V qukhcos 951n2
+ P
* 9 1,2 - T e OXK ahPsino
* 10 2" 0,2 - E-?-E’ qlF
S 11 2 O - ?‘?0? kh.
12 o {MU:§8O,PU:lOO Mev) TR BW, kLI'IBWU|2
=3
* 13 mlxturg real = 'E-T-E + aﬁf?;ﬁ qu+aq2k2(3cos_20-l)+a2klL
of O
* 1h and 2 - 'Ef%fa + oK. Tek qh+Re(a)q2k2(500329—l)+lalekh-
* 15 -1l 1,1 - ‘E(E q2k200520
* 16 1 0,1 - T g2
% 17 3 ! A K.V °xk25in”e
* 18 ot 2,1 - K. T QXK Q° k*s1n20
¥ 19 2" 1,1 = BTy 2k2(3+co.‘=29)

(@)
@]
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Figure 30. Diagram relevant to the x n n Dalitz plot analysis.

The definitions of the variables shown are given in the text.
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Figure 31 we show the Mﬁ+ﬂ_ and cosGﬁ+n distributions predicted by
each of the.JPC assignments under consideration, together with the
data. Table V gives the chi-square between the prediction and the
data, as well as the overall confidence level for the fits to the
two distributions. For JPC = 2"+ we have done a simultaneous fit
to the two distributions, using the program MINFUN,18 in order to
determine the best value of the arbitrary coefficient.

An examination of Table V, wher; again the results for the
simplest matrix elements we have been discussing are marked with an
asterisk, indicates that the C = -1 states are all ruled out, as
are the JP = l+, 1, and 2" states for C = +1. The only remaining
possibilities are JP =0 and 2~ for C = +1. For the 2  case we see
that neither of the two separate possibilities alone is acceptable,
but instead we are required to use a specific mixture of (gﬂﬁ = .05
£, =2) end (2 =2, £ =0). Although this certainly does not
rule out the 2~ case, it would suggest that it is less likely than
0

In either case, however, O  or 27, we are still faced with the
fact that the fit to the M]Ut distribution is rather poor. The X &
for 0" is 27, while that for 2~ is 35, where values of 13 and ~ 12
are expected. The confidence levels are 0.01 and 0.0005, respectively.
Thus, we have attempted to see if matters might be improved by modi-
fying our matrix elements.

Since the Mﬁ+q and Mﬂ"ﬂ distributions are seen, in Figure 27,

to agree quite well with phase space (which corresponds to a C = 41,

¥ o=
J~ =0 assumption for the 7'), we are inclined to believe that the
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Table V. Results of fitting the n*n™n matrix elements of Table IV to the experimental Mﬂ+ﬂ_ and cos@ﬂ+n

distributions. The fit numbers correspond to those of Table IV; asterisks mark the simplest matrix

elements.
o P 2(M ) 2( o ) :
Fit c J Lol n Resonance or Value of Free X“(M 4 .) X={cos® 4+ ) Combined
No. " Linear Matrix Element Parameter(s) (14 bins) (20 blns) Conf. Lev
* 1 +1 0O 0,0 - - 27 18 0.07
2 0,0 o (M_=380,T' =100 Mev) - 37 18 ' TxlOJ
3 0,0 (MU " g y {Mo = 39515 Mev 23 18 0.08
. O\ o A Ig = 155124 Mev g
b 0,0 }[linear ]{ real a = =0.11#0.05 2k 18 030
matrix a=(-0.11%0.05)
5 0,0 element || complex { +(0.00%0.29)1 24 18 0.08
4 =10
* 6 i 1,0 - - 220 18 <10
7 1,0 o (MU:58O,PU=100 Mev) - 152 18 Zig’
x 8 1" 2,2 . . 283 384 e
+ -
¥ 9 2 1,2 - - 301 Lol LGS
* 10 2" o, s - 543 18 BT e
* 11 2,0 - - 788 18 @t o2
12 o (MU=38O,I‘G--]_OO Mev) - 547 18 <1o'lo
* 13 }[ml}cuure]{real » = 03140, 05) 35 19 6){10"5
of 0,2 =(0.17+0.08
* 1k and 2 complex - { ) 4} 95 14 0.02
) : +(0.270.06)1 15
*15 =1 0 1,71, - - LR 690 <30
* 16 2! 0,1 g . 167 18 <1070
17 1 1,1 . , il 401 o
¥ 18 o 2,1 . - 387 401 <10~10
* 19 - 5 - : 111 14 <10
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modifications we make to the matrix elements should reflect some nn
final state interaction rather than a nn interaction. Thus as our
| & first attempt, we have tried a spin O resonance between the two pions
| as suggested by Brown and Singer.19 For the three cases with b B Q,

namely 0°, 17, and one of the 2~ cases, we have assumed that the

n' decay goes via a spin 0, isospin O resonance, the hypothesized 0,

of mass M_ = 380 Mev and width PU = 100 Mev. We have thus multiplied

f ! the matrix elements under consideration by a Breit-Wigner, which when

i

squared has the form

BEme

L2 ! '_#

8 = 5, " oy BB W+ 2
| ¢ i, - [0, - 6F + e (%) .

w Here q is the relative momentum of the two pions in the dipion rest

o : frame, and 4 is the value of g when M =M . As indicated in
i Tt o
Ef -i Table V, this assumption does not impiove matters for the O  case, and

leaves the lf and 2~ (ﬂﬂﬂ =:'0; En = 2) fits still highly unacceptable.

§ 85 2N

Even if we fit the O case with a variable M_and T'_, the result, with

MG = 395 Mev and TU = 155 Mev, is a redgction in Xe_from 27 down to 23,
hardly significant.

Our one additional attempt, applied to the O  case is purely
a phenomenological one. Namely, we have tried a matrix element of

|
|
i
.f the form 1 + ay, where & is a free parameter (real or complex) and
¥y 1s defined to be

!

o

I
P
=]
:’.a ki
ro
aB
™
O 3

I

=

here Tﬂ is the kinetic energy of the n in the n' rest frame. This
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linear matrix element form is suggested by an analogous form20
applied to the n — ﬂ+ﬂ"no decay, where the Mﬁ+ﬂ, distribution
favors high values of Mﬂ+ﬂ_ as ours is seen to do. We note that
the linear matrix element used in 1 decay is of the form 1 + ayn,

where yn is defined as

TO
precy ..--4._......3,.E -
Vo = 5(@1)

As can be verified, both our y and also YU have the value -1 when
M&;ﬂ, is at its maximum and (in the non-relativistic 1imit) the value
+1 when M 4 _ is at its minimum. Further, in both 7' — ' x 7 and
- T decays, M ; . ranges over the same values, 280 to 410

Mev, resulting from the fact that both decays have the same Q-value.
Thus if the peaking of the Mﬁ+ﬂ_ distribution to higher masses were
due solely to a < effect, we might expect the same value of the

parameter a. Our fit for the decay of the n' ylelds the value

a = (-0.11 * 0.05) + (0.00 * 0.29)i, whereas for 7 decay™?
L
=
a = (-0.478 + 0.038) + (0.0025 tg'iigg)_ i, in considerable disagree-

ment for the real part of a. Furthermore, the Mﬂ+ﬂ_ distribution
fit obtained for the 1" still has a xZ of 2k

So we are left with a somewhat unsatisfactory situation with
respect to the x+n- mass distribution, namely that our best fit,
which corresponds to a C = +1, s o n', has a confidence level
of 0.01, which cannot be significantly improved by the use of any

simple models. Several possibilities suggest themselves: Almost

a2
2

half of the X contribution (13 out of 27) comes from two bins,

those surrounding M= 315 Mev. It is possible that we are simply
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the victims of.a 3L standard deviation statistical fluctuation in
these two bins. This would likely be a vertical fluctuation rather
than a horizontal one since our Mﬂﬁ resolution is ~ 6 Mev (FWHM),
while our bins are 10 Mev. On the chance that the dip in these two
bins might be the result of scanning or measuring biases, we have
checked for such biases, but have found none which could produce
the observed effect. Further, while it is true that the two pions
are nearly parallel in the lab at thé values of Mﬂﬂ we are concerned
with, and thus might be difficult to scan and/or measure, we would
expect the situation to be even worse in the lowest three bins.
We have also checked that rebinning the histogram, or using the
unnormalized values of Mﬂﬁ, does not remove the effect. |

If we assume that the high XE is resulting primarily from
an excess of events at the higher wvalues of Mﬂﬂ, rather than from
a depletion at some of the lower values, there 1s another bias which
might be at work here. Assuming the n' has I = 0 and decays into
nxn via a strong interaction, as we shall shortly argue, then we
expect a decay into nonoqc as well as n+ﬂ-nN. Using the Clebsch-
Gordan coefficients for the n' . decay and the known branching ratios

for the q,l6 we expect the ratio

n' oy 1.1

-.-—-_—-’—;m = é— x §-_ = OIQO .

' o D

2 Ny

What is then the chance that in the nonoqc decay the two x°'s from
o

the n' and the n~ (or ¥) from a would have a mass near enough that

of an 7n so that a genuine nononc event could fake & n+ﬂ"nN event?

Under the assumption that the true n' — nnn decay is flat and that
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the small amount of g ﬁ+ﬂ-7 can be treated like Mo ">ﬂ+ﬂ-ﬂo} and
using the known decay distribution of 7, - ﬁ+ﬂ_ﬂ0,eo we show in
Figure 32a the expected ﬁoﬁoﬂo distribution for ﬂononc events. We
have folded in our missing mass resolution of ~ 25 Mev. Figure 23b
indicates that essentially all Aﬂ+ﬂ_MM events having a missing mass
between 530 and 570 Mev have been assigned to the Aﬂ+ﬂ_ﬂN hypothesis.
Thus from Figure 52a we conclude that ~30% of all noﬁonc events
would be misassigned to ﬂ+ﬂ_ﬂN, Combining this with the above

ratio of 209 for (n' — nononc)/(q‘-ﬂ ﬂ+n_qN), we find that about a
6% noﬁonc contamination may have been added to our genuine ﬂ+n_qN
events. This would amount to~15 events. We show in Figure 352b

the expected ﬂ+ﬁ“ mass distribution for this ﬂononc contamination;
note that this is not simply the ﬂ+ﬂ_ distribution from o because
our requirement that the three ﬂo's have a mass near that of an 7
introduces some distortion. The distribution is seen to favor high
Mﬁ+ﬂ_ events, but given the broadness of the peak and with only 15 such
contaminating events expected, the éffect is far too small to con-
tribute significantly to our high XE.

Finally, it is of course possible that we are seeing a combi-
nation of the spurious effects discussed above, together with a
genuine I =0, £ =0 7 %" final state interaction.

On the basis of the results shown in Table V, we conclude that
the most likely 3 assignment for the n' is O . 3~ 27" cannot
be ruled out, but it requires a particular admixture of (Enn =0,

zn = 2) and (ﬂmT = En = 0) and even then has a confidence level

considerably lower than that for O™ .
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Figure 32. The calculated distribution of M o o o for n' - %% %n,,
events, where nc decays to ﬂ+n"n°, is shown in (a). Events be-

tween the two dashed lines at 530 and 570 Mev would be misidenti-

fied as nti” events. The n' decay has been assumed to be flat.

Iy
(b) The calculated Mﬁ+r_ distribution for those events in (a)

between the dashed lines.
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We turn to the question of the G parity of the n', from which
we will deduce its isospin. If Gﬂ' were -1, then a stroﬁg decay
into 5 x x° would be allowed, while the decay into n+ﬁ_n would have
to be doubly electromagnetic; that is, a photon would have to be
emitted and reabsorbed. In that case, we should expect the 3x decay
to dominate over the mnn decay by a factor of (l/a)gfu lOu. Phase
space considerations would further enhance the 3n decay, regardless
of whether the spin of the n' were O or 2. Thus, barring any unfore-
seen quantum number which would very strongly inhibit 3x, we should
-expect to see many more 3x than nnn decays. But we do not. As
shown earlier, essentially all of those events which might conceivably
e e n+n_7. We therefore conclude that Gﬂ' = +1.
Using the relation G = C(-l)I, where we know Cq, to be +1, it follows
that Iﬂ' must be even. But as previously mentioned our production
reaction limits Iq, to O or 1. Thus we have Iﬂ, =5

In summary then, the rx'x 7 Dalitz plot leads us to the probable
quantum numbers I°J° = 0+O-, with 0'2” being a less preferred

assignment.

B. The n x y Dalitz Plot

We begin this section, by showing in Figure 33 a plot of the
Fo- + - 2 2
T Y mass spectrum, for An x y events with A s 0.5 (Gev/e)".
There is a significant background contamination under the n' peak,
which arises from misidentified n s = events. In Figure 34 we

present an analogous plot of the rt+ﬂ_n‘0 effective mass for those

. + -
events assigned to the Ax n x° hypothesis. There is, as expected,
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Figure 33. The n'n~y mass spectrum for low A2 Axtr~y events.
The curve is a fit to the data of a Gaussian plus a linear

background.
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Figure 34. The 7T "7 mass spectrum for low A Artr"x® events.
The curve is a fit to the data of a Gaussian plus a linear

background.
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some signal in the n' region, resulting from misidentified n+x_7
events. The curves over the events for these two plots represent
fits to a variable linear background plus a Gaussian of variable
position and width. The width of the Gaussian required is comparable
to the calculated resolution of ~ 20 Mev. Although we will have

to perform a subtraction on our E+ﬂ-7 events in order to do our

analysis, for reference we present in Figures 35 and 36 the normalized

Dalitz plot and four projections for the 280 unsubtracted K+H—7
; 2
events having 152 < 0.5 (Gev/c)” and 945 = Mﬁ+ﬂ_7 < 975 Mev.
The projections shown are for Mﬂ+ M M 4+ -, and the cosine of the

Y w7y T x

angle'9ﬂ+7 between the ﬂ+ and the 7_in the dipion rest frame.
Figures 37 and 38 show the analogous set of plots for the b or
events. The difference in structure can easily be seen, resulting
from the fact that the first set of events is primarily 2xy with
~35% 3n, while the latter set is primarily 3x with ~ 309 2xy.

OQur subtraction has been performed in the following manner.
The fit to the sy mass spectrum indicates that, for Mﬂﬂy in the
95 to 975 Mev region, there are 178 events in the signal and 102
events in the background. The 3n events shown in Figure 34 have
been reinterpreted as ﬂﬁy events, and in the resulting Mnny distri-
bution the peak contains 77 events; while the background under the
peak consists of 174 events. Thus, in order to remove the background

from the Dalitz plot projections of the events preferring nny, we

have subtracted from each bin a number of events given by

; _o1e o
subtracted from xny ~ 17k T in ,



=" o.st

Oo.? L T T T L] T

280 AxTn"y events

0sP
CS?E+')’

2
Figure 35. The normalized Dalitz plot for low A~ xtn™y events
with 9h5 = Mﬂ+ﬁ-7 s 975 Mev. The curve represents the kinematic

boundary for the events.
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Figure 37. The normalized Dalitz plot for low A% wtmx© events
with 945 = N¥+ﬂ-ﬂ0 = 975 Mev. The curve represents the kine-

matic boundary for the events.
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is the number of events in the corresponding 3n bin.

?here Néﬂ
Again, we have used the 3x histograms resulting from reinterpreting

the 3n events as nny. The resulting projections for the 132 events
remaining are shown in Figure 39. We note that, due to the subtraction,
the error bars shown are considerably larger than the square root

of the number of events in the bin. Because of this and because

the cos@ﬂ+7 distribution will be important in the analysis, we

have folded this distribution about cos@ﬂ.,.7 = 0 in order to reduce

the relative errors. The folded distribution is shown in Figure

3%e.

We now must construct the matrix elements for the various n'
quantum number assignments we wish to consider. We proceed analo-
gously to the nnn case, with some differences. First, because the
Q-value for the mwny decay is rather large (680 Mev) and we are dealing
with a 7, we will use a relativistic formalisnhgl The four-vectors

we have at our disposal consist of

P = four-momentum of the 7p'
1 s
- = - = lt f =L
a, E(Pn+ pﬁh)u relative four-momentum
of the two pions
k = four-momentum of the y

and e = polarization four-vector of the y, satisfying

the relation k e =0 .
MM

As before, these vectors are to be combined with the polarization

tensor of the n' to make a scalar. For the possible polarization

tensors we have
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+
for JE, - 0: 1, a scalar or pseudoscalar

+
1 i Vu, a. pseudovector or vector, satisfying
VP =0
oM
w’ a tensor or pseudotensor, symmetric,
traceless, and satisfying TuDPp = 0 .

The requirements on Vu and T reduce them to 3 and 5 independent

uo

components respectively, as desired for spins 1 and 2, and also
guarantee that in the n' rest frame they reduce to the proper three-
vector forms.

We have two invariant tensors with which to combine the various
quantities above, namely the metric tensor guu and the totally

anti-symmetric tensor of fourth rank € Since the intrinsic spin-

poop”

parity of the nny system is 17, and thus "normal", for JE, in the

’ + = o+ 5 .
normal series (0, 1, 2' ) we must combine our tensors with an

= 4 _)

even number of ¢ For Jﬁ, in the abnormal series (0, 1, 2

poap”

we require an odd number of ¢ This insures that our matrix

HLap'
element is a true scalar under spatial reflections.

As for the charge conjugation quantum number C, which is conserved

in electromagnetic decays, we note that

Cﬂ' = C{mny) = C(ﬂn)C7 = =C(nx)

But again, since CP for a boson-antiboson pair such as nn is +1,

we have

Q
I

. -P(nx) .

Thus for Cﬂ‘ even (odd), our matrix element must be odd (even) under

spatial interchange of the two pions, which means that a, must appear
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an odd (even) number of times.

The final requirement is that of gauge invariance, which implies

that under the transformation eu-a e + kp, the matrix element must

remain invariant.

In Table VI we give the simplest matrix elements, indicated by
an asterisk, which can be formed subject to the above éonditions.
"Simplest" in this case means having the lowest number of appearances
of ku. This is equivalent to the lowest order multipole transition

+
allowed. We observe that, except for the C = -1, JP =07

= cases,

a dipole transition will suffice (one appearance of k ); c = -1,
+

J = 0  requires a quadrupole transition (two appearances of kL).

We are allowing for the possibility of Jﬁ, = O+, even though this
is stfictly forbidden for nnm, because we want to leave open the
possibility that the particle we are discussing here is not the same
as that decaying into nnn (although we have referred to both by the
same name).

The Dalitz plot distribution is obtained by squaring the matrix
element and summing over the polarizations of the y and the 7'. For

this sum, we have the relations

XX
Z e'e = -g
K I Mo
T VWA -1
n HOVO Mo
-3 2
and S A e WE DWW e i
N MOTOB 2( Mo LB LB oo 5HMUFO{3)




Table VI. Matrix elements for n' — xx"y. The four-vectors appearing here are defined in the text; in the
expressions on the right, q and k are the magnitudes of the three-vector parts of qu and ku, evaluated in
the dipion rest frame. The abbreviations A+B and [A,B,C,D] represent guo AuBD and EHDQBAHBUQJQB, respec-
tively, while M and 6 represent M#+n_ and QH+?. a is a free parameter to be fit to the data and BW indi-
cates a resonance in the nn system with a Breit-Wigner line shape. The mass and width of the p are taken

as 765 and 125 Mev, respectively. Asterisks mark the simplest matrix elements.

Fit ¢ JF Multipole b6 Matrix Element Matrix Element Squared
No. Resonance and Summed over Spins
.+.
+1 0 Dipole - grkPre=-qgeePrk
* 1 % q2k2M251n2@
0 Dipole - [q,k E, e]
+
0 Dipole 0 (qekPre- q-eP-k)BW
> 3 _ Pk s1n6 |Bw_|2
0 Dipole 0 [9s%, P, ] BW,, e
+
£l Dipole - q,k,V,e
* 3 _ [ i ] }- q2k2{1+c0529-(2km/m2,)sineg}
I Dipole - qrkVee-gqeeVek m
+
1 Dipole o] q,k,Vv, e BW
i 5 ) [ ’ q2k2{1+c0529~(2kM/m2,)singg}]BW |2
1 Dipole ) (g*kVee=-greVek | A
+
1 Quadrupole s} keV|q,k,P, e Bw
5 _ [ Aoy ] P (qek%(ufmgi)sin
1 Quadrupole P koV(q-kP-e—o-eP-k)BW i
+
c Dipole - PekqeTr e~ P-eq-T k
* 6 ” ) q2k2M2{6+Sin29+6(k/m_')200529}
2 Dipole - [P,k,q-T, €] n
+
2 Dipole o (Prkge Tee=Peeqr Te k
7 - . @°k?MP{6+5in”6+6 (k/m_, )2cos20}|BW | 2
2 Dipole o [Pk, q-7,¢]BW, n P

(continued on next page)




Table VI. (continued)

Fit C g Multipole e Matrix Element Matrix Element Squared
No. Resonance and Summed over Spins

8 +1 |2
2

Octupole o k-T»k(q-kP-e-q-eP-k)Bwp }_

21606 /b Vain2o lrw 12
k*N sin™0 [BW
Octupole o k-T-k[q,k,P,e]Bwp (q 1 /mn,) i I p'

o

hixture| [real 0 {Pkq+T+e-Preq-Tex {q2k2M2{6+sin29+6(k/mT,}ECOSQG}
/ T-le M P By -
of +a\q.ﬂn.L.e“q.ek-L-k)}gwp -haqekiM{1+230329-(kM/m?,)(2+cos‘9)}

9
<{} dipolel[Feal P {[PJR’Q'T’Q] 1202 (kM2 /P | ) {2+cos20

+a[q,k,k-T,e]}BWb

+
-h.-—-

| and | -u(km/m%,)sinEQ}}|Bwp|2
" quadru-{{complex p same as same as above,
10 o above two o) 2
2 J| pole [lcomplex p but a compiex but a = Re(a), a= = |a]
7t A
= (o Quadrupole - ‘k(qekPre-q-ePrk )
Fl i | - G 4 ¢ ) qhkumgsinegcoseg
_ 0 Quadrupole - ! q-k[q,k,P,e]
+
1 Dipole e P, K, V,e
% 12 ) po [ R ] }_ KoM
1 Dipole - PekVee-PeeVek
-+ .
* 13 {2 DlPOle = q-kq-T. e-g+eq- Tek }{quke{l+cosgg+(2kM/m2, ){(21&')4/3!112, )00529
2" Dipole = [q;k,q-T,e] ~sin29}+(2k2/5mi,){l+(hkM/m%,)}coshé}
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Table VI gives the results, where all momenta have been evaluated

in the dipion rest frame. We observe that states of opposite parity
yield the same distributions, since such states differ only in the
polarization of the ¥, which we are not observing.

| Figure 40 shows the Mot - and coseﬂ+7 distributions predicted
in Table VI, together with the data. The 'X2's and confidence levels
for these fits are given in Table VII. We see from the Table that
none of the fits is acceptable. We are led by an examination of the
ﬂ+ﬂ_ mass spectrum to suspect that the H+ﬂ_7 decay is being mediated
by the two step process ' - poy, po-a ﬁ+ﬂ-- Since the p has C = -1
(or equivalently, P = -1), such a decay process could take place only
for Cﬂ' = Cpcy = +1, Thus we have modified our C = +1 matrix
elements by inserting a Breit-Wigner of the same form as that used
for the o discussion earlier. We have taken ﬁj = 765 Mev and
PD = 125 Mev. The resulting distributions are given in Figure k4O,
and as indicated in Table VII the fits to the nn distribution are

completely acceptable for JP = 0 and 2i, and moderately acceptable
for li. (We note that the p peak in the nx distribution is shifted
from 765 Mev to 730 Mev as a result of the k2 factor in the matrix
element squared.) The distinction between J = O, 1, and 2 thus rests
upon the cos6 4 distribution. This distribution yields X 2ig of
2.0, 32, and 8.9, respectively, corresponding to confidence levels

of 0.7Th, 3X10—6, and 0.06. We are therefore led to the conclusion
‘that spin O is the most acceptable case, with spin 2 the next most

likely possibility. 1In order to further affirm the preference of

. < oy =
spin O over spin 2, we have made a cut on the = = mass, to favor p, of
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640 = Mt - S 800 Mev, with the expectation that such a cut would
reduce our background. We find with this mass cut that the s s x°
contamination is reduced to 15% , thus permitting us to fit the
cos@n+7 distribution with only a relatively small subtraction. The
resulting curves for JP = Oi and 2i are shown over the subtracted
data in Figure 41. The confidence level for spin O is 0.53, while
that for spin 2 is 0.003. Thus spin 2 would seem to be ruled out.

In order to determine if a more complicated matrix element might
allow JP = 1 or 2, we have tried three possibilities: for spin 1,

a pure quadrupole matrix element, and for spin 2 a variable mixture

of dipole and guadrupole and also a pure octupole. TIn all three
cases, we have also assumed the presence of a p. The pure quadru-
pole_and pure octupole were tried because they have the same sin29ﬂ+7
dependence as the spin O dipole. These three matrix elements are
given.in Table VI and the results of the fits in Table VII. The

pure quadrupole and octupole are seen to be unacceptable, resulting
from the fact that the nx mass distributions predicted do not match
the data. However, with the proper admixture of dipole and quadrupole,
spin 2 produces an overall confidence level of 0.L6, essentially equal
to the value of 0.47 for spin 0.

Thus we conclude that C = +1, J = 0 is the favored hypothesis,
while C = +1, J = 2 can be admitted only with a suitable mixing of
two matrix elements.

We have not yet determined the parify and G parity of the 7',

; 2 + - :
based on its decay into n x y, The four choices open to us are
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indicated via the box below:

Parity
+1 =1,
+1 | TICT)
G Parity
=1 ] nq ge]s

The entries in the box show the least massive allowed strong decay mode
for each of the four possibilities. On the basis of coupling constants,
these decays would be expected to dominate over the (electromagnetic)
py mode by 1/a ~ 100. Phase space considerations would push this
factor even higher for the (two-body) nt and nn cases; for the
(three-body) nnr case, a rough calculation suggests that the phase
space factor might be ~ 1 when the py angular momentum barrier is
taken into account. Since we have ~ 300 py events at low 552, we
would then expect ~«105 - lO5 events for one of these three strong
decays, namely stx, w7, Or mnn, unless P were -1 and G were +1. We
have already seen that there is no significant ﬂ+ﬂ_ﬂ0 decay of the

1

n'. TFigure L2a shows the n+nh spectrum for our reprocessed An+n‘
events, while Figure 42b shows the n '« MM distribution from the
reprocessed Ax n MM events. Approximately 30% of any n7 events
would appear in the latter distribution. In neither case can we
accommodate the expected number of events, Thus we conclude that
the only acceptable case is P = -1, G = +1. The G = +1 conclusion
is equivalent, when taken with the ¢ = +1 result, to I = 0.

In connection with the above discussion, we point out that the

strong decay mode allowed for P = -1, G = +1, namely nnn, although
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enhanced over py by a factor of 1/, could.very well have a phase
space suppression factor of order 10 due to its being a three-body
decay with low Q. This would then allowpy to compete favorably
with the strong nnn mode.

Since the ﬂ+ﬂ—7 decay has now been shown to come from a resonance

whose preferred quantum numbers are IGJP = O+O_, and since the central

mass of the wny peak is found to be 95T Mev, in exact agreement with
the nnn central mass, it seems reasonable to assume that both decays
are from the same resonance -- the n+. There is the additional fact
that the widths of the two decay modesare comparable when the expected

resolutions in their respective channels are taken into account.
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VI. BRANCHING FRACTIONS, MASS, AND WIDTH

A. Branching Fractions

For the purpose of célculating branching fractions for the 7',
we have combined the 2.10, 2.47, and 2.65 Gev/c data, and have used
only those events with éiiﬂ“ s 0.5 (Gev/c)e. Table VIII gives in
ﬁhe second column the number of events found within our fiducial
volﬁme for each of the five deéay modes: ﬂ+ﬂ-nN, n+n-qc, ﬂ+ﬂ—+ neutrals,
all neutrals, and n+n_y. Column 3 gives tﬁe number of events after
correcting for measuring efficiency (see Table III) and the loss of
events where the A decays near the primary interaction vertex
("short" A's) or outside the fiducial volume ("escaping" A's). The
measuring efficiency;.as defined for Table I1I, already includes the

scanning efficiency for those events where the A is neither short

(i.e., decays less than 6 mm. from the primary interaction vertex,

as projected onto the plane parallel to the glass window of the bubble
chamber) nor escaping. The additional correction for the latter

two cases is made in the following manner: Any event with a short

or escaping A ﬁhich was detected is discarded. All other events

are given a weight W which is the reciprocal of the probability that
the A in question, given its momentum and direction and the position
of the event in the chamber, should have decayed neither close to the

vertex nor outside the fiducial volume. Thus.

-1
Wos [G—ES/WCT ) e—ﬁe/ﬂCT]

where gs is our short length cutoff; . is the distance, along the
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Table VIIT. Branching fractions for the n'.

Decay Mode Number of Events Branching Fraction
' Raw Corrected”™
S 281 + 18 b2 + 32 0.314 + 0.026
057 % 8000 _
n‘+:rE-T]C 107 * 10 161 + 17 0.123 + 0,01k
nTx"+neutrals 42 27 60 + 4o 0.045 + 0.029
all neutrals 123 # 18 28 + 39 0.189 + 0,026 _;
Ty (%) 298 + 37 433 + 56 0.529:1 0,055
o < 30 < 0.02 i_‘f
7t x® < 60 < 0.05 ;Q
et < 10 < 0.01 ii 
LA O < 10 < 0.01 zé
7t T x " +neutrals < 10 < 0.01 ’

a . i i g
The corrections are those for scanning and measuring efficiency and

for short and escaping A's.




line of flight of the A, from the primary vertex to the wall of

the fiducial volume; 71 is the momentum of the A divided by its mass;
¢ 1s the speed of light; and 7 is the lifetime of the A. These short
and escaping A corrections should ideally be independent of the decay
mode of the n', but because the different decay modes occur in
several different topologies, scanning biases may vary.

The errors given in Table VIII are a combination of the statis-
tical error, the estimated errors in the corrections discussed above,
and our uncertainty as to how the background curve should be drawn.
The latter problem is particularly acute for the ﬂ+ﬁ_ + neutrals decay
mode, as can be seen from Figure L42b, and mildly problematical for
the ﬂ+ﬁ‘7 aﬁd.all—neutrals modes.

Before géing_on to discuss the branching fractions themselves,
several brief comments are in order as to how the events were
assigned to thé_éategories listed in Table VIII. We have discussed
earlier the difficulties involved in this assignment.

Events listed as n+ﬂ_nN include all those chosen as this {inal
state by our selection criteria. As was noted in connection with
Figure 25c, which shows a plot of the missing mass from ﬂ+ﬁ_MM events,
there are clearly some ﬂ+ﬂ_qN events which have been misidentified
as n+n_MM. But the converse is also true, and we estimate that the
exchanges are roughly equal. Thus we have accepted the assignments
as made, and appropriately enlarged our errors to take into account the
uncertainty involved.

To measure the total n+n_7 signal, we have combined those events

2 - ; - 3 B i
preferring the n n y fit and those preferring n+n' «°.  This decision

96
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was based on the assumption that there are essentially no genuine

P decays of the n' and that there is not some other resonance

with the same mass and width as the n' decaying into 3x. That this
assumption is correct is strongly suggested by Figure 17, where the
missing mass of those events in the 960 Mev signal is seen to peak

very close to zero and to have at mﬁst a 'ulo% excess in the no

region. Also, the 217y (or xxn 7°) signal in the combined events

has a width comparable to the resolution, which makes further unlikely
the possibility of another resonance being present and decaying into Im,

since such a resonance would have to be within about 5 Mev of the 7'

and have, like the n', a very small width (g 10 Mev). The & meson

might be a candidate for such a resonance, but the most recent data.z2

on the & suggests that its mass and width are probably enough different
from that of the 7n' so that it would not be included in our signal.
Thus we have attributed the entire signal to the ﬂ+ﬂ_7 decay of the

n'. We have, however, allowed for the possibility of some n x 1°

decays by appropriately increasing our upper limit estimate for a possible

+ -0
n n n decay mode.

Finally, we have observed a small signal in the 1' region in
the mass recoiling against the A in events assigned to 3 x =~ and
o+ + - - . . o
Z1nanxn . Since the ¥y from a genuine 2~ cannot combine with 2 or

! . : ce), we e counte e events
4 w's to create an 7' (or any resonan 5 have counted thes vents

+ - + -
as Ax w7y and A 1 = e respectively.

The branching fractions derived from the observed events are
presented in column 4 of Table VIII. At the two momenta where we

have sufficient statistics, namely 2.10 and 2.65 Gev/c, we have




calculated the branching fractions separately, and find some dis-

: L
crepancies. In particular, using the n n n mode as our standard, we
find

n' — all neutrals

n

= 0.59  0.16 at 2.10 Gev/c

+ -
=

+

= 0.29 * 0.08 at 2.65 Gev/c

and

1 =
n' owny

I+

= 0.99 * 0.19 at 2.10 Gev/c

1 + =
n' =

o+

= 0.63 + 0.10 at 2.65 Gev/c .

For both the all-neutrals mode and the ﬂ+ﬂ‘7 mode, there is an
excess of events, compared to ﬂ+ﬂ_ﬂ, at 2.10 Gev/c; the effect is
1.7 standard deviations in both cases. Again the possibility of

a second resonance suggests itself. But because the three modes
are so similar in mass, width, production angular distribution, and,
in the case of n+ﬂ—n and ﬂ+ﬁ_7, probable spin-parity assignment, we
attribute these discrepancies to statistical fluctuations. Paren-
thetically, it should be noted that the n+n"7 discrepancy remains
even if a p cut is made.

In concluding this section on branching fractions, we note
that if the is‘ospin of the n' is 0, as our Dalitz plot analyses have
indicated and as our deuterium search will further show, the 7'
should decay into ﬂoﬁon, at a rate half that for ﬂ+n'n. Using the
branching ratios of the 1, we should then have the 1' branching
ratios

ﬁ' - xro.rtonc - ﬂOnOY}N - n+rr_qc : n+n"r]N

= 020 ¥ 0,90 % 0.0 % 1.00
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. = ¥ .
If we assume that our n m + neutrals mode is entirely due to

nononc and that our all-neutrals mode originates only from ﬁonoqN,

the above ratios are found experimentally to be

o o o o + - . + -
— P : TR Ny T Ty x T Ty

= 0.15 * 0.09 : 0.60 + 0.11 : 0.39 * 0.05 : 1.00 .

Within errors, the agreement is quite good. The excess of all-neutrals
observed amounts to 0.03 * 0.03 of the total n' decay, and while
statistically insignificant, could be attributed to a 2y decay mode.
Such a mode has recently been reported25with the branching fraction
0.055 T 8:82? and has been predicted theoretical§;;5to have a branching
ratio to py of ~ 0.1. The latter ratio, when combined with our py

branching fraction of 0.33, would yield a 2y branching fraction of

~ 0.035.

B. Mass and Width

Fitting a Gaussian plus a linear background to our ﬂ+ﬂ—ﬁw,
n+n_nc, n+n_7, and all-neutrals events yields for the mass of the
n' BTk + 0.4, 956.9 £ 0.7, BT + 1, and 963 * 1 Mev, respectively.
The errors given are purely statistical and do not reflect systematic
shifts. Because the all-neutrals events are a zero-constraint fit
and because both they and the sy events have a significant amount
of background, we feel it best to use only the n+n"ﬁ events to
determine the mass of the n'. Combining the n+n_qN and ﬁ+ﬂ_ﬂc events

yields the result MT], = 957 * 1 Mev, where the error represents our

estimate as to possible systematic shifts in the data.
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OQur experimental full widths at half-maximum are found to be
13 £ 1 for xn +1for xinm., 25 t3 for xn 23 + 3 Me
15 & Or T 7 Ty 15 & or T A M 5 + 3 for n ot 7, and 25 +* 3 Mev
for all neutrals. Our calculated resolutions (FWHM) are = 10 Mev
for the first two classes of events above, and = 20 Mev for the
latter two classes. We cannot determine an actual value for FW'

because these calculated values are probably an underestimate of

the actual values, but we set an upper limit of Pn, <. 10 Mev.




VII. PRODUCTION CHARACTERISTICS

A. Cross Sections

In order to determine cross sections for n' production in the
reaction K p - An', for each of the momentum settings except 1.70

Gev/c we have combined all of the final states in which the n" is

seen. For the 1.70 data, since the V-O prong events were not
measured and the background under the ﬁ+ﬁ-7 and n+n_ + neutrals
events is large and steeply falling, we have used only the K+ﬁ_n
events; we have then employed the branching fractions already
determined to obtain a correction factor. Table IX gives in the
second column the raw number of events observed at each momentum,
with A iﬁﬁ s 0.5 (Gev/c)z. The number of events given in column

3 then results after applying corrections for measuring efficiency,
short and escaping A's, neutral A decay, and events at 132 > 0.5
(Gev/c)e. The 1.70 Gev/c data are also corrected for the modes not
included, as referred to above. The correction for high ése events
was determined by using only the ﬁ+ﬁ‘ﬂ events, where the background
is small and thus could be easily accounted for. Combining these
results with the path lengths of Table I, we determine the cross
sections as given in the final column of Table IX.

Figure 43 shows a plot of these cross sections versus beam
momentum, together with those determined by several other K p
experiments. The gross shape of the cross section plot consists
of a rise from threshold (at 1.62 Gev/c) to a maximum near 2.1 Gev/c,

followed by a slow tapering off. = Whether the suggested wiggle in
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Table TX. Production cross sections for the n' in the reaction

Kp- An'.
Number of Events a
beam 4
(cev/c) Raw Corrected (up)
1.70 31 £ 6 312 + 81 95 *+ 25
1 2.10 321 & 27 968 + 98 168 + 17
2.47 75 & a2l _ 164 + 34 93 + 20
' 2.65 Lho + 27 1334 + 112 104 + 9

%me corrections are those for scanning and measuring efficiency,
svenks with AZ S 0.5 (Gev/c)e, short and escaping A's, and neutral
A decay. In addition, the 1.70 Gev/c data have been corrected

for modes other than ﬂ+ﬁ-n.
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Figure 43. Plot of the total cross section for production of
n' in the reaction X p - An', as a function of the beam

momentum, PK' .
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the vicinity of 1.7 - 1.9 Gev/c is genuine or not we cannot say,
although a smooth curve would seem to be in considerable disagree-

ment with the data.

B. Production Angular Distributions and A Polarization

Figure 44 gives the production angular distributions for our
ﬂ+ﬂ_ﬂ, all-neutrals, and n+ﬂ-7 events at 2.10 and 2.65 Gev/c.

Events on either side of the 7' have been used to perform a back-
ground subtraction. Although this subtraction is fairly severe

for the all-neutrals and n+n_7 events, as is obvious from the
Chew—Low-plofs of Figures 15 and 15, the distributions at each of
the two momenta can be seen to be qualitatively the same for each

of the three decay modes, as would be expected for different decay
modes of the same particle. Referring to the ﬂ+n_n distributions,
which are the.cleanest, the sharp forward peaking, which is somewhat
more pronounced at 2.65 Gev/c than at 2.10 Gev/c, suggests that

the reaction is proceeding predominantly via one meson exchange.

The 2.65 Gev/c data also show a slight backward peak, indicating that
at that momentum some other process such as an s channel effect or
baryon exchange is also playing a small role.

We have attempted to see how well a simple unmodified one meson
exchange process would fit the data. For a O  (or 27) 3', the
lightest meson which could be exchanged would be a K*(89l}. Figure
45 shows the diagram which we thus wish to consider. The production

matrix element we have used is given by

104




lllll!EF""""""""""""""""""'----'------'-----------------

105
2 e B2
.:’_\.2 (Gevefce) A (Gev /e)
1.5 1.0 0.5 0.0 2.0 1.0 0.0
L] L) ] T 1 1 1 T
(a)145 Axtr"n events (b)282 Axtn™n events
2.10 Gev/c 2.65 Gev/e
100 | E
50
o =, :
40r(c) 53 AMM events - (d) 67 AMM events
2.10 Gev/c 2.65 Gev/c
~
Q
~ =20} :
42
S
©
=
£ F —
0 N e SR | —]‘” — ,n —
1 = oo
(e) 98 Ax™n"y events (£)107 Aﬂ4ﬁ_7 events
2.10 Gev/c 2.65 Gev/c
B0 | =
o [ | l”_rl—l:l.__._c—llu
-1.0 ~0.5 0.0 0.5 1.0 -3:0 =-0.5 0.0 0.5 1.0
COSQK—nf COSQK"T]'

Figure 4h. The production angular distribution of the 7' in the
reaction K'p = An', at 2.10 (a,c,e) and 2.65 (b,d,f) Gev/c, as
determined from the n*x"n (a-b), all-neutrals (c-d), and x¥x~y
(e-f) decay modes of the n'. The events plotted are weighted
for short and escaping A's and have had a subtraction performed.
The curves on the x'x"7 data in (a) and (b) show the predictions
of the K*(891) exchange model discussed in the text. The A°

scales at the top of the plots are for a2 5 O equivalently,:32

K-
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K 7'
K (891)
Dyt
D P, \pAbA

*
Figure 45. Diagram for the X (891) exchange model discussed
in the text.
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where Py-» pp, P)> pn,, and Pyx are the four-momenta of the particles

indicated by the subscripts, u(pp) is the initial state proton
spinor, G(pA) is the final state A spinor, % is a Dirac matrix,
and éxg = -pz*p;* is the four-momentum transfer squared. The
curves shown over the ﬂ+ﬂ-ﬂ data in Figure Ll indicate the distri-
butions predicted by this matrix element. As is usually the case
for unmodified one meson exchange models, the data are considerably
more peaked than the model would predict. Including a tensor term
i?volving pr would only make matters worse since such a term goes
to zero in the forward direction. Presumably absorption effects
and/or a Regge pole treatment would sharpen up the peak, but we
have not tried such modifications.

For ﬂ+ﬂ_q events having 632 = 0.5 (Gev/c)g, we have determined
the A polarization at 2.10 and 2.65 Gev/c to be 0.19 * 0.25 and
0.26 + 0.19, respectively. Although both of these values are con-
sistent with zero, as would be expected for simple K* exchange, the

errors are sufficiently large to allow a wide range of possible values.

C. Decay Correlations of the i

For this discussion, we define a coordinate system in the 7'
rest frame by letting z be along the beam direction and y along the
normal to the production plane; x is then perpendicular to y and z.

We let B and @ be the polar and azimuthal angles of the normal to
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the 7' decay plane with respect to this coordinate system. Figure
46 shows these relationships. In Figures 47 through 50 we give,
for each of our four momentum settings, the distributions in cosf
and ¢ for 7 %" n events with a2 < 0.5 (Gev/c)2. We have folded
about cosp = O and § = 180°, as we are allowed to do by parity
conservation. As can be seen, the distributions are consistent
with isotropy, as would be expected for a spin O n'. For JE‘ =2,
the most general form for the cosp distribution, after integration
over @, would consist of a constant term and terms in c0326 and
coshB, with the coefficients of the three terms depending upon

the spin density matrix elements and the decay matrix element. ‘Our
observed isotropy in cosf would require that the 00826 and coshs
coefficients be vanishingly small at all four of our momenta. This

requirement adds further suggestive evidence against a JP =2

assignment for the 7'.




z = beam direction
&

normal to 7' decay plane

» ¥ = normal to pro-
duction plane

Figure 46. Diagram indicating the definitions of the angles used
for the decay correlation plots of Figures 47-50. All vectors

are measured in the n' rest frame.
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Figure 47. Decay correlations for the n' at 1.70 Gev/c. Only
low 42 7"n"n events with 9L5 < Mﬂﬁq < 975 Mev have been used.
The angles B and @ are defined in the text and in Figure 463 the

plots have been folded about cos® = O and @ - 180°.
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Figure u8. Decay correlations for the n' at 2.10 Gev/c. Only
low A° 7 %" events with 9ls5 < Mﬁnn £ 975 Mev have been used.
The angles B and Q are defined in the text and in Figure 46; the

plots have been folded about cosf = O and @ - 180°,
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s 1
low A x"sn"n events with 945 = M?ﬂq s 975 Mev have been used.

1

The angles B and @ are defined in the text and in Figure 46; the

plots have been folded about cosf = O and §f - 180°.
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VIII. DEUTERTUM SEARCH FOR A CHARGED n'

The data to be presented here have essentially already appeared
in published form,28 and thus we will only summarize the arguments
and bring some of the numbers up to date.

If the isospin of the 7' were 1, then we should expect the
negatively charged member of the multiplet to be produced in the

reaction
K'n - A7qn' .

Further, since the An' final state would be pure I = 1, and since
K'n is also a pure I = 1 state while K p is an equal mixture of

I =0and I =1, we should expect
c(Kn-An'") = 20(K p - An'o)

We have used our deuterium film at 2.11 and 2.65 Gev/c to search

for the reaction
K d - P,,AT](_ 3

where P, represents the spectator proton produced when the K
interacts with the neutron within the deuteron via the impulse
approximation. Since the postulated n'_ would.be expected to

decay primarily into N_Hoﬁ (n - n+n_n0, ﬂ+ﬁ_7, or all neutrals)

and 1 n y (p 7), we should expect to find the 1'" in V-2 and -4 prong

events when the spectator has sufficient energy to be visible, and

in V-1 and -3 prong events when the spectator is not seen. We note




that, in the decays under consideration, there are always two
neutrals (ﬁono or noy) in the final state, and thus the reactions
of concern are

K d = pS A MM

and K'd > pAx o« MW,

where MM represents two or more missing neutrals. For that fraction
of events, amounting to 70% of the total, where the spectator is
not seen, we have assigned a momentum of zero to P~ Since in fact,
this momentum may have any value up to ~80 Mev/c, this means that
our MM, = MM, and ' x x MM distributions will be more smeared out,
or have worse resolution, than would otherwise be the case. We have
taken this into account in estimating the mass region where our 7'~
events should fall.

How many n' events should we expect in our combined 2.11 and
2.65 Gev/c D, data? Using the cross sections of Table IX for H,,
the Ib path lengths of Table I, and limiting ourselves to events
where the A decays charged and where ﬁxiﬂh = OL5 (Gev/c)g, we
should have a total of 798 + 59 n' events produced (491 + 53 at
2.11 Gev/c and 307 + 27 at 2.65 Gev/c). However, there are four
corrections to be applied to this result in order to obtain the
number of 7' events to be observed. First, in order to restrict
ourselves to impulse events, we have required that the momentum of
the spectator proton be s 280 Mev/c. Using the Hulthen wave func-

tion for the momentum distribution of the spectator, this results

in our losing 10 * 1% of the events. The loss of short and escaping
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A's amounts to a loss of 4 * 1% of the events. Further, due to
screening of the neutron in the deuteron, we must introduce a

29

Glauber correction factor ~ of 0.96 * 0.01. And finally, we must
take account of our measuring efficiency. This introduces a problem:
since our efficiencies are different for V-1 and -2 prongs as com-
pared to V-3 and -4 prongs, we would have to know the branching
fractions for one-charged-particle and three-charged-particle decay
modes of the n' . We cannot ascertain these numbers on the basis

of our hydrogen data, since we do not know what the all-neutrals

and n' n_ + neutrals modes of the n'C consist of and thus do not

know what their charged counterparts, if any, would be. (lNote that
under the assumption of Iﬂ' = 1, the all-neutrals mode of n'o cannot
be ﬂononN.) To get around this difficulty, we will weight our V-3
and -4 prong events with a factor so as to bring their effective
measuring efficiency down to that of the V-1 and -2 prong events.
Combining the above correction factors, we then would expect to
observe a total of 389 % 35 n' events (253 + 32 at 2.11 Gev/c and
136 + 15 at 2.65 Gev/c).

Figure 51 shows a plot of the n MM effective mass and x x s MM
mass (shaded) for the two reactions above. We show only those events
with spectator momentum = 280 Mev/c and with A€ £ BT (Gev/c)g.
We have raised the &2 cutoff from 0.5 (Gev/c)2 in order to take into
account our poor resolution. If the only decay modes of an j'_
were n”non and ﬁ-ﬂo?, we should have the full 389 % 35 events in

this plot, and they should all be contained within the mass region

920 to 1000 Mev. As can be seen, no such large number of events
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can be accommodated. The plot is consistent with there being no
signal present, and we may set a one standard deviation upper limit
of 15 events. Including neutral A decay and for 252 2 0.5 (Gev/c)g,
this would correspond to an average K n — An' cross section at
2.11 and 2.65 Gev/c of 0 < 8 ub, where 219 + 15 pb would be expected
tor T .. = li

gl

We may reduce the background in Figure 51 by searching for a
H-ﬁoﬂ mode alone, for then we can restrict ourselves. to those

pSAn_MM events where MM 2 m_+ m , and to those pSAn+ﬂ*n_MM events

n

where at least one ' s combination satisfies My - S m . We must,
however, make an assumption as to the branching fraction for 7' —5ﬂ*ﬁoﬂ.
If we take this to be the same as that for n'o —>ﬂ+ﬂ_ﬂ, namely
0.4l + 0,03, then we should observe 171 + 19 events. Figure 52
shows the result of making the cuts outlined above, suitably adjusted
to take errors into account. Again there is no signal in the 7'
region, and even the total background amounts to only 17 events.
There remains the possibility, however unlikely, that a charged
n' could have some very heavily preferred decay mode open to it, with
the corresponding neutral mode for the q'o being prohibited, or at
least greatly suppressed. This could result from the fact that the
decay of the n'o must conserve C, while there is no such selection
rule for the decay of the charged members of a meson multiplet. TFor
a strong decay, ( parity conservation is eguivalent to C conservation

and thus would suppress any decay mode of an n'~ which was suppressed

: 0 ; 3 i 3 14
for n'”. But we do not wish to rule out the possibility of an electro-

o j £ T . =50} - 0
magnetic mode for the n' which would dominate over n x n and x = 7.
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Thus we present in Figure 53 histograms of the mass recoiling

against the pSA system in the three reactions

K'da - p An 7 (or 7)
+ - -
-3 pS A = =

and - p A wt ﬁ%or 7) .

These three reactions complete the possibilities for channels where
an n'_ might be seen in conjunction with a A. It is clear from the
plots that the 389 + 35 q'_ events we would expect for In, = 1. are
not present.

We conclude that, with a high degree of certainty, the isospin

of the n' is zero.
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Figure 53. Plots of the mass recoiling against the p A system in
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psAn+ﬂ'w"nO. Only events with £;§_ﬂ s 0.7 (Gev/c)? are shown.

The arrows and cross-bars indicate where any n'~ events would appear.




IX. SU5 CONSIDERATIONS

Assuming that our quantum number determination for the 7' is
&P + -

correct, i.e., I'J =0 0, the n' might then be considered as an
SU5 singlet, which would be expeéted to be mixed with the n, whose
quantum numbers are the same. Using the masses mﬂ‘ = 957 Mev,

m]1 = 548.8 Mev, and mg = 566.5 Mev, where mg is the mass of the

25}

pure octet, I = Y = O pseudoscalar meson, we would then have for

the mass m, of the pure singlet, I = Y = O pseudoscalar meson

Pl

2 2 2
m, = [mq, + mn - m8] = 947 Mev .
The mixing angle aﬂ 0 would then be
1
’ 2 2|2
- m
a , = tan™t Tﬁ—*~—ﬂ = 10° .
M5 1 2 2

mﬂ'- mg

This is to be contrasted with the much larger value Qb o = 28° involved

- 3
. e 20
in § - w mixing.

It has been pointed ou‘te5 that n - n' mixing, even if small,
could have a significant effect on the radiative decay modes of the
1'e In particular, it would perturb the branching ratio

(n" > wy)/(n' - py) from the value of 0.08 which it would be expected
to have if the n' were a pure SU5 singlet and assuming that the
electromagnetic field transforms like the Tg member of an octet.

Unfortunately we cannot measure this ratio very accurately because

. . ol ;
wy events would appear in the final state Asx n MM, where, as pointed

out earlier, the background is difficult to estimate. Further, the
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same final state contains the nononc decay mode of the 7'. Taking
the latter events into account (by using isotopic spin conservation
and the observed amount of n' - ﬂ+n_n), we set a one standard
deviation upper limit of (n' = wy)/(n' = py) < 0.0L.

We emphasize that this SUj discussion is purely speculative,
since there is no direct experimental evidence that the 7' is in
fact a member of an SU} singlet. The situation is considerably
ﬁuddied by the existence of thelE(lhEO) meson, whose preferred

k%

quantum numbers are the same as those preferred for the 7n'.
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