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We present new data on the g' meson based on 1414 g' events obtained from a 1 100 000-
picture exposure of the BNL 31-inch hydrogen bubble chamber toa2. 18-GeV/c E beam.
We have measured the g' mass, width, and branching ratios. We find that the very-forward-
produced q' mesons have anisotropic angular distributions with respect to the incident E
beam, suggesting that poss1bly J~ = 2 +; however, the standard Dalitz-plot analyses favor
J+~=0 + over 2 +.

I. INTRODUCTION

We report a study of the g' meson decaying into
the modes (1) v'v q», (2) v'v gc, (8) n'v y, and
64k all neutrals. The subscripts N and C refer to
the g-decay modes g - neutrals and g - z' p p',
p'p y, respectively. This study is based on 1.1
x 10' pictures (approximately eu events/p. b) of the
hydrogen-filled 31-inch BNL bubble chamber,
with an admixture of 4-mole-percent neon. The
chamber was exposed to a 2.18-GeV/c K beam
at the Brookhaven AGS in three runs.

The g' was discovered in 1964' and has been
the subject of a number of subsequent investiga-
tions. '

The g' is known to be produced preferentially
at low f (momentum transfer squared) in the re-
a.ction R p -Ag', ' and the scanning instructions
for this experiment take advantage of this fact.
Only events with a low-energy A decaying visibly
into p p are selected and this limits the scanning
to unbiased events in which the momentum trans-
fer squared from the target proton to the A is
less than =-0.8 GeV' in maguitude. In the analysis

below we have imposed the more restrictive cut
~t~ &0.7 GeV'; this reduces the q' signal very
little. Some preliminary results based on about
85% of the data have been reported previously 8.

II. SELECTION OF EVENTS

A. The Final States An'n'q~, An'n MM

(for the Decaysq' 7I 77gN'F " gc)

The final-state assignment Ap'g q„means a
successful fit with the mass of the missing neutral
system equal to that of the g; MM means a missing
neutral system with missing mass greater than
two v'masses. Figure 1(a) is aplot of the mass re-
coiling against the A vs the unfitted missing-mass
squared; it contains 4025 events. Only one of the
interpretations Ag'g g„, Ag n MM is used per
event, and if both are possible, only Az'z gris
used. In the case of Ag'g g„, the abscissa shows
the fitted v'v q„m astshe ordinate always is the
unfitted MM'. The cluster near the middle of this
plot contains about 650 events and is evidence of
the final state Ag', g'-g'g g~; almost all the
events in the cluster have a fit to Ag'z g„. Fig-
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FIG. 1. {a) Scatter plot of unfitted MM vs recoil mass
forK P A7r+x"g (or MM). {b) Mass projection of {a)
shing g' —n+n -g„.

FIG. 3. Mass projection for events of Fig. 1(a) in q
band )MM'= (0 301+0.04) GeV'].

ure 1(b) is the distribution of the mass of the sys-
tem recoiling against the A, showing a clear g'
signal. Figure 2 shows the distribution of missing
mass squared for events in the q' band [930 MeV
&M(w'w q„or MM) &990 MeV] of Fig. 1(b); a peak
at MM'=m'(7l) =0.3 GeV' is very clear. In Fig. 3
is shown the distribution of recoil mass for events
in the q band (IMM' - 0.301

I &0.04 GeV') of Fig. 1(b).
For the analysis of the final state Ag'g g„we

choose those events in the plot of Fig. 1(b) which
satisfy IMM' -0.301

I
&0.04 GeV', and for the study

of the decay mode g'-z'~ g„we will impose the
further restriction 930 MeV &M(w w qN or MM)
&990 MeV. We estimate that no events are lost
from the decay mode g'-z'p g~ due to the MM'
cuts.

A complication is the fact that a substantial frac-
tion of the events in the decay mode
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are included by the above missing-mass-squared
cut designed to isolate the decay mode g'- z'z g~.
This is because the two g"s from g'- g'g g c and
the neutral particle from the subsequent decay of
the gc have a mass spectrum which overlaps the
region of the g mass. To see what fraction of the
g'-z'z'gc events are included by the above miss-
ing-mass-squared cut, we examine events from
the decay mode g'- z'z gc, which should behave
the same as g' p'pic events. We denote the fi-
nal-state particles by subscripts 1 and 2, and
write

(2.2)
FIG. 2. MM2 projection for events of Fig. 1(a) in g'

band (930-990 MeV).

+ + ~ pc gc-w2m2m or y

'rhe distribution of M'(w,', w, , w, or y) should be the



3V46 J. S. DANBURG et al .

N 20—
u)

O
C3

(A
lo—Z

UJ

4J

(o)

I

I

I

I

I

I

L

I
I

l I

I I

I I

Q 75 ~
~ ~ ~ ««s» i » i s i r & i i & & r g t & i i i r s & i i i r ( i I t r i i i t

0.50
CU)
(3

I

p f I

O. I

I I

0.2 0.3 0.4
M (m~+ m~- m'o or y ) (GeV )

2 2

0.25

l5—

) lO—
o
V)
I—

LIJ 5—
LIJ

QQQ I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I l I I I I I I I I I I I I I I I I I

0.7 0.8 0.9 l.O l .I l.2
M{~+~-& or MM)(GeV)

0.8
(a)

I
I

I I I I I I

~ I

FIG. 5. Chew-Low scatter plot of Am+~ (g or MM)
events; note strong q' band.
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FIG. 4. The q' -m&+m&g& events misidentified so as to
"fake" g' —7r xog& (see text). (a) M (7r&m&7r or y) distri-
bution where M (m2x2& ory) is the "true" g(548 MeV). (b)
The m2x2 mass distribution corresponding to the cut
indicated in (a). (c) Dalitz-plot decay cosine for the
events of (b).
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same as that of the three neutral particles in (2.1).
This distribution is shown in Fig. 4(a); the dashed
lines indicate the cut around the mass squared of
the g used for Fig. 3. From Fig. 4(a) we find that
(51+4)$ of the events from (2.1) are included in
the sample of events called g'-g'g g~. From
isosyin considerations [I(g') =0] and the known
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FIG. 6. (a) Scatter plot of M(x+~ ~ ) vs recoil mass for
E p Ax+z+x m vro (or y) events (4 combinations per
event). (b) Recoil mass projection of (a) showing g' peak
(once per event).
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FIG. 7. Recoil mass projection of events of Fig. 6(a)
in q band [M (n+n n or y) = (549+ 25) MeV] (once per
event).

FIG. 9. Chew-Low scatter plot of A7c n n n n' (or y)
events; note strong g' band.

q(549) branching ratios' we conclude that (9+ 1)%
of the events called g' n'm g„are actually
g'- p'p'g~ events. This will be taken into account
below when the g' branching ratios are calculated.
The misidentified M(zn) and cos8„„distributions
from w'g'qc events, Figs. 4(b) and 4(c), will be
used below when we consider the effect of g'

p g'g~ events on the quantum-number determina-
tion of the g'- g'p g„events.

Figure 5 is a Chew-Low plot for events of Fig. 1.
The peripheral nature of the q' production is clear
and it is apparent that the cut ~t~ &0.7 GeV' excludes
very few g' events.
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"enriched" sample (see text) of K p —An'n y events.
(b) Same for events with 620&M(7t'+n ) &880 MeV (p
band).



3748 J. S. DANBUBG et al .

150
(a)

500

100—

0) 200—
X
O

l-

) IOO
UJ

N)
C9
~ 50—
O
O
O

(A

0
—0.04

60

-0.02
I

0
IVIM {GeV )

I

0.02 0.04

0
0.7 0.8

I

0 9 1.0
MM (GeV)

1.2

B. The Final States Am'x'm m mo, Ax'm'm m y
(for the Decay q'~ m'm q~)

FIG. 13. Missing mass, MM, histogram for A+ neu-
trals, showing rj' —all neutrals.
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FIG. 11. (a) Missing mass squared, MM2, distribution
for Am+m p having 930&M(m+~ p) &990 MeV. {b) Same
for events with 620 &M (~+x ) & 880 MeV {p band).

All events fitting these final states were analyzed
for g' production except for those events which had
a confidence level greater than 0.1 for a fit to
Am'm'p p or to Z'g'g'g p . An examination of
the excluded events showed that only (1$+ 5) g'
events were lost by this cut. When both
Am'g'g g g' and Ag'p'g p y fit, the assignment
to one of these final states was made on the basis
of a missing-mass-squared cut. The missing neu-
tral was called a y for MM'&0. 005 QeV', or a z'
if MM'&0. 005 GeV'. This cut was found to give an
acceptable ratio of q -m'r y to g m+p p decays
of 0.3+ 0.1 observed vs 0.2 expected"'- for events
chosen as Aq', q'-m'p q~. The distribution of
M(II m'IT w n' or y) in Fig. 6(b) shows a strong q'
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FIG. 12. Chew-Low scatter plot of Az+m y events; note
q' band.

FIG. 14. Chew-I, ow scatter plot of A+ neutrals events;
q' band evident.
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signal. When an pc cut is imposed [at least one
M(

'nnn or y) combination within 25 MeV of 549
MeV], the background under the q' signal is reduced
even more; this is shown in Fig. 7. The g signal
in the q' mass band [930 MeV&M(n'n'n n n or y)
&990 MeV] is also very prominent, as displayed in
Fig. 8. Figure 9 shows the Chew-Low plot for all
the events of Fig. 6; again the peripheral nature of
the g' signal is evident.

C. The Final State An'm y (for the Decay q'~m'm p)

The final state Ag'g y is difficult to separate
from the channels Ag'g, X'p'g, and Ag'p p' be-
cause of the proximity of the missing mass for
these four reactions. Since it will be shown below
that the g' does not decay into p'g or g'g g, we
discuss now only those events fitting the final state
Az'z y. All events fitting Az'p y were analyzed,
except those for which (1) MM'&0. 018 GeV' and
(2) An'n or Zon'n fits with confidence level &0.1
and M(Ay) =M(Z')=(1.92+ 0.025) GeV. The first cut
excludes many Az'z z' events, losing essentially
no Az'z y events. The second cut excludes most
Ag'g and Z'g'g events, but also excludes about
25/~ of the g'- n'n y signal. This enriched sample
of Aw+p y events is used for analysis of the g'
properties. The second cut is modified later in

FIG. 16. (a) Chew-Low scatter plot of A~+~ ~0 events
with MM ) 0.018 GeV . (b) M(vt'+sr m ) projection of (a);
arrow indicates 960 MeV; no g' observed.

making branching-ratio estimates.
Figure 10(a) shows the mass spectrum of the

g'g y for the events left after applying the above
cuts; the spectrum of Fig. 10(b) is that for
M(n'n ) in the p-meson band [M(n'n ) = ('750 y 130)
MeV]. Most of the events shown are really
Ag'g g, but a clear g' signal at about 960 MeV is
present. That it is associated with Az'p y and not
with An'n n' is shown by the MM' plot of Fig. 11(a)
for events in the g' band [930 MeV &M(n'n y) &990
MeV]. The narrow peak at MM' =0 is due to
A(ZO)n'n remaining in the accepted An'n y sam-
ple. The events of Fig. 11(b) are those An'n y
events having M(n'n ) in the p-meson region [0.62
GeV &M(n'n ) &0.88 GeV], and give a peak at MM'
=0. An'p g' events in general give a MM' distri-
bution peaked at 0.018 GeV'. The Chew-Low plot
of Fig. 12 again shows that the g' signal occurs for
low values of ItI.

D. The Final State (A+Neutrals)

(for the Decay q'~ Neutrals)

Figure 13 is a plot of the mass of the neutrals
recoiling against the A. A clear g' signal. is seen
near the mass value 960 MeV, and a smaller P
signal is evident near 1020 MeV. The Chew-Low
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plot of Fig. 14 demonstrates the peripheral nature
of the g' production.

E. The Final State Am'm (No Evidence for q'~m'm )

M(7r ~ qN)

!

I 1 )
I & I

60- (a)

M(~+~ y)
I

f
I

-- (c)

Figure j.5 contains data from events fitting An'n
with a confidence level greater than 10 '. Figure
15(a) is a Chew-Low plot, and Fig. 15(b) is the
distribution of M(w'z ). The arrow denotes the ex-
pected position of an g' signal; none is present.

F. The Final State Am''n m (No Evidence for q'~ n'm n )

Figure 16 is for events fitting An n z . Qnly
events with MM' &0.018 GeV' are displayed here to
avoid confusion with Az'n y. Neither the Chew-
Low plot of Fig. 16(a) nor the mass plot of Fig.
16(b) show evidence for q'-w'z a'. The arrow in
Fig. 16(b) marks the expected position of an q' sig-
nal.

G. The Final State Am'n'7t n (No Evidence for
q'~m+m'm w )

Events fitting An'n'g n were selected for Fig.
1 t. Again neither the Chew-Low plot [Fig. 1V(a}]
nor the mass plot [Fig. 1V(b}]contains evidence
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FIG. 18. Recoil mass distributioris for four final
states from 900—1020 MeV with best fit curves for mass
and width determination (see text) (a) for 7t+7r gz, (b) for

~ (c) for 7t+7t p; and (d) for all neutrals.
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III. 8' MASS, WIDTH, AND BRANCHING RATIOS

The mass spectra of Figs. 3, 7, 10, and 13 mere
fitted with Breit-Wigner resonance curves folded
with the expected resolution broadening to estimate
the mass, width, and numbers of g' events in the
various final states. The procedure used was es-
sentially the same as that described in Borenstein
etal. " For each of the final states An'n q„,
An n q&, An n y, A+ neutrals, those events
were considered which lay in a meson mass band
from 920 to 1000 MeV centered around the q'
mass. The distribution of errors in the meson
mass was used to generate a resolution function;
the resolution function was subsequently fitted to
the functional form

3 —-1

O 20—
(I)

LLJ

4J

0.75 I.OO

M(7r+7r+vr m )(GeV)

I.25

FIG. 17. (a) Chew-Low scatter plot of A7t+n+m ~ events.
(b) M(7l+x+m 7t ) projection of (a); arrow indicates 960
MeV; no g' observed.

The resolution function was broadened by an over-
all scale factor if it was found that the errors had
been incorrectly estimated. To determine whether
the errors had been correctly estimated, a plot of
the confidence-level distribution mas made for each
of the event samples, for various values of a factor
f' multiplying each kinematic ll' value for the fit.
A value of f' was found which yielded the most
nearly flat confidence-level distribution, and the
corresponding value of f ' was used to scale the
resolution function described above. All the values
of f ~ were near 1.1. The error in f was folded in-
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TABLE I. g' mass (M) and width (r).

Channel

-1rz = r.~.f r observed

(MeV) (FWHM) (MeV) (FWHM) Background

Best fit Corrected r (MeV)
M r upper limit

(MeV) (MeV) (Me V) (90% C.L.)

r+r r]~ 0,86+ 0.01
0.89+ 0.02
O.S6+ O. O1 '

neutrals 0.94 + 0.02

9.9
11~ 7

9 9a
17

9
12
16
20

Quadratic
Quadratic
Linear
Linear

958.3 + 0.2
958.4+ 0 ~ 7
958.0 + 0.7
955.3 ~ 0.9

1.7
1.4
2
2

958.3 + 0.6
958.4 + 0.8
958.0+ 0.8
955.3*1.2 b

7
~13
620 d

Best values: (958.2 + 0.5) MeV, ~4.4 MeV
(wtd. avg. )

' Taken to be same as q' r'r g~.
All are corrected for a systematic mass shift of (0+ 0.5) MeV (see text); in addition g' neutrals is corrected by

(0+ 0.5) MeV for lack of constrained production-vertex fit.
~4.7 MeV (95 lo C.L.) .
The observed width.

to the uncertainty in the g' width determination.
The scaled resolution function obtained in this

manner was folded with a Breit-Wigner line shape
for the g' decay and superimposed on a presumed
linear (or quadratic) background to fit the mais
spectrum being considered. Figure 18 shows the
best fits superimposed on the mass plots for each
of the four final states, In each case the width of
the g' was consistent with zero. The mass and
width results are summarized in Table I. All the
mass values are corrected for a systematic mass
shift of (0+ 0.5) MeV as determined from the com-
parisonof the mass values of they, ~, and P ob-
served in our data with the standard values. ' In
addition the all-neutral decays are corrected by
(0+ 0.5) MeV for lack of a constrained production-
vertex fit again as determined by the observed
masses of all neutral decays of the q, &o, and P as
compared to their charged decays. The width val-
ues are 90%-confidence-level upper limits and in-
clude both the statistical uncertainty and the un-

certainty in the resolution function. The confidence-
level distribution versus assumed width is shown
in Fig. 19 for the g'-z'z g~ decay mode.

The numbers of events in each of the g' decay
modes are given in Table II. The number of q'-g'g y events was not determined from the data
of Fig. 10 but from a similar distribution (not
shown) containing all Aw'v y events except those
also fitting Ag'n . The g' width was held constant
at 2 MeV in order to keep the estimates of the back-
ground under reasonable control. In each case the
numbers of events are corrected for losses due to
the cuts described above and for the relative scan-
ning and computer processing efficiencies of the
various event topologies.

The q' branching ratios have been determined us-
ing the numbers of events in the final states
g'-z'p g„and q'-r'z y only. This was done be-
cause these two modes are subject to the same
scanning and computer-processing biases. Using
as input the branching ratio of 1.7%%u' for the decay

TABLE G. Numbers of q' events tg' width fixed at 2 MeV)

Channel

Correction factors
Number of events Corrected Number expected
above background Scanning Processing no. of events from r+r

r r "IQ

n'-r'r nc
n'- r'r 7

neutrals

514+25
163+17 b

473+ 66 c

264*50
1414+86

1.06 + 0.04

1~ 02 + 0.11 0.98 + 0.01

i'fd + 19

264+ 60

198+ 13

2S2+ 15 '

'0.91& 564 (r'r gN +r r ~) events.
(150+16) events+(13+5) events lost by cuts (see text).
From histogram (not shown) similar to Fig. 10, but not excluding Z r+r final state.
Determined from g, (d, p —neutrals vs g, cu, P charged decays.

~Determined from number of events passing geometry vs number found by scanners.
Includes (25 +.5) yy events corresponding to a yy branching ratio of (1.7+ 0.3)% (see Ref. 6).
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TABLE IG. g' branching ratios.

-I
IO

I'(~~g)/r(all)
I'(x+ 7t y) /I'(all)
I (q~)/r(all)

0.92 + 0.14
1.15 ~0.10'
0.681+ 0.032
0.302 + 0.032
0.017+ 0.0033 (input)

&0.08 (95% C.L.)
&0.09 (95% C,L,)
&0.01 (95/p C.L.)

CQ

Kl
O
lX
CL

-2
IO

IO

I (MeV)

'Number of 7t'n y with 0.62&M(n'n ) &0.88 GeV com-
pared to 0.82 times the total number of 7t+7t y events
(the expectation from the JP=0 matrix element). This
corresponds to I'(py)/I'(m's y) & 0.95 (95% confidence
limit).

b See Ref. 6.
Upper limits of number of excess events in mass re-

gion 940-980 MeV compared to those in 920-940 and
980-1000 MeV (linear extrapolation) from Fig. 15 (7t+m )
and Fig. 17 (m'n x 7t ).

Two times upper limit of excess events as in Ref. c
for data of Fig. 16 (x n. mo) to compensate for cut on
MM2&0. 018 GeV .

FIG. 19. Confidence level (logarithm of probability)
vs assumed true g' width I' for A~'~ q~ events. The
arrows mark the 90-to-95-percent-confidence-level
upper limits, respectively.

7J' yy,"we obtain the branching ratios shown in
Table III. In addition we give the 95%-confidence-
level upper limits for the decays g'-g'g, n'p n',
and g'p g g derived from the data in Figs. 15,
16, and 17, respectively. That g' y'g yis actu-
ally t)'-p'y is seen from the events in Fig. 10(b)
and in the analyses of Sec. IV. We note at this
point that the numbers of events in the various de-
cay modes listed in Table II are consistent with one

another, within errors.
Our final value for the t)

' mass, (958.2 + 0.5)
MeV, agrees with previous determinations, ' as do
the gee and n'p y branching ratios. ' Our width up-
per limit (90%%u~ confidence level) of 4.4 MeV is to
be compared with the upper limits of 4 MeV, based
on events from an early experiment, ' and of 2.8
MeV (revised) from a recent counter experiment. "

IV. q' QUANTUM NUMBERS

A. Dalitz-Plot Analyses

To determine the g' quantum numbers we have
first fitted the Dalitz-plot distributions for the de-

TABLE IV. Matrix elements M for q' m+7t. g. l
&

is the orbital angular momentum of the
q in the q rest frame, and l„„is that of the two pions in the 7t.n' rest frame. kis the q mo-
mentum in the g' rest frame, and q = 2(p„+ —p~-) in the xm rest frame. 8 is the angle between
the directions of the w+ and the t) in the ~m rest frame. ~M~t is summed over spine.

Quantum numbers

C=+, JP=0
JP 1+
JP =1
JP
JP
JP
JP =2 mixture

0, 0
1, 0
2 2
1 2
0, 2

2, 0
M(l &

= 0) +aM(l
&

=2)
2 2

1
k

q4k 4 cos28 sin28
q4k 2 sin28

k4

q4+Re(a)q k (3cos () —1)+~a~2k4

q k4cos 8(3+cos28)

C=-, JP=0

JP =1
JP 2+

1, 1
0, 1
1 1
2 1
1, 1

q2k 2 cos28

q

q k sin 8
q2k 4 sin28

q k (3+cos 8)
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~70 ! ! ! ! ! ! ! ! ! ! ! (!! ! ! ! ! ! ! ! ! ! !0
I I I I

0.65—

OJ

09 0.60

x
I

0.55

0.50—

ly, and for real and complex mixtures of the two
possible matrix elements. For the J =0 ' as-
signment we have also fitted the wag decays to the
simplest matrix element multiplied by the term
(1+ o, Y), where o. is a parameter to be determined,

Y=(m„+2m )(T„/m„Q) -1
is the y coordinate of the "triangular" Dalitz-
Fabri plot, '" and the other symbols have their
usual meaning.

Figure 20 shows the g'- n'p g„Dalitz plot con-
taining 621 events, about 10% of which are esti-
mated to be background, and about 8% of which are
estimated to come from the decay g'-m'z'g~. The
events in the Dalitz plot are normalized to an g'
mass of 958 MeV by calculating'

0 45
0.45 0.50 0.55 0.60

M (+ )(GeV)
N

0.65
I I ! I I I! I I! I!!!I!! ! I ! ! I I !! ! !

0.70

FIG. 20. Dalitz plot ofM (x gN) vs M (~ qz) for
JI~+~ gz events in the g' region.

cays g' r'p q~, n'n g~, r n y to the predictions
of various quantum-number assignments for spin
values of 0, 1, and 2.

The z~ decays are characterized by the orbital
angular-momentum values l„, (the relative orbital
angular momentum of the two pions) and by E„(the
orbital angular momentum of the g with respect to
the w!! system). Table IV shows the form of the
squared matrix elements' for the Q and J values
that were fitted. For most of the rgb decays only
one choice of /„and /„ is possible. For the J
=2 ' hypothesis, however, two choices are pos-
sible: /„=0, /, „=2. or /„=2, /„=0. The J
=2 ' fits have been done for each choice separate-

50

25—
I—

QJ

LLI

(a)

p~
y/

TABLE V,

Matrix element Conf. level '

0.25 0.30

50
(b)

I

0.55 0.40
M (~' ~ ) (Gev)

I I

0.45

C =+ J~=O

M(0 )(1+a.Y)~a =-0.03+ 0.04

0.46

J~=1+
J~=1

J+=2, l =2
J+=2 l =0

7)

J+=2 mixture: M(l
&

=0) +aM(l
&

=2)
a =(-0.01+0.05) +(0.36+ 0.02)i
a (real) =0.35*0.02

C=-, J~=O
JP 1+
J~=l
JP 2+

J =2

Excluded means conf. level less than 10 e.

Excluded
Excluded
Excluded
Excluded
Excluded

0.22
3x10 '

Excluded
Excluded
Excluded
Excluded
Excluded

J
z 25—

0 I

-0.5
I I

0 0.5
COS (17, 'gN)

I.O

FIG. 21. (a) M(~+m ) projection and (b} cosine (m+, qz)
projection of Fig. 20. The solid curve represents the
J~= 0 fit, and the dashed curve the hest J~ = 2 fit.
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~70 I t & 1 & t i i t g & t I I0.
I I

0.65—

0.60—

O

~ 20—
LLI

LLI

0.55—

0.50—

0 45
0.45 0.50 0.55 0.60 0.65

M (~+ z ) (Gev')
C

0.70
I I I I I I I I I I I I I I I I I I I J I I I I I I I I I I I I I I I I I I I I I I I I I

0.25

40

(b)

I

0.30 0.35 0.40
M (Tr+vr ) (GeV)

0.45

FIG. 22. Dalitz plot of M (x+p~) vsM (m p&) for
Ax+7' g& events in the g' region.

where M, Q, are the standard values of M„, and

Q„„M~, Q~ are the fitted values for each event,
and we are using the primed values in the Dalitz
plot. The nearly uniform population of points on
the plot is characteristic of J~c= 0 ' (but such a
distribution can also be approximated by a suitable
mixture of J~c=2 ' matrix elements). The results
of the fits to g'- g'g g„are given in Table V.
From this table it is seen that all quantum-number
choices are excluded (confidence level less than
10 ') except J~c=0 ' and a mixture of the two pos-
sible matrix elements characteristic of J =2 '.
Spin 0 is slightly favored over spin 2. These re-
sults are illustrated in Fig. 21, which shows the
distribution of M(v'w ) [Fig. 21(a)] and of the co-
sine between the n' and the g in the pg rest frame

CU

O
M
I
— 20—
Z
LLI

LLI

-1.0
I

-0.5
I I

0 05
cos (~,~ )

I,O

FIG. 23. (a) M(~+7I ) projection and (b) cosine (~', p&)
projection of Fig. 22. The solid curve represents the

= 0 fit, and the dashed curve the best J = 2 fit.

[Fig. 21(b)]. The solid curves in these figures are
the predictions of the J~c=0 ' matrix element.
The dashed line is the M(w'n ) prediction of the
best J~c=2 ' mixture. We note from Figs. 4(b)

TABLE VI. q' n+m gc. TABLE VII. g' 7I'~ gz and 7r'7I' gc

Matrix element Conf. level ~ Matrix element Conf. level a

C=+, J~=o-

M(0 ) (1++Y) e =-0.10+ 0.07

0.23 C=+, J+=0

M(0 )(1+eY) n =-0.05+0.03

0.11

1+

J~=1

J+=2, l =27

J~=2, l =0t

J+= 2 mixture: M(l
&

= 0) +aM(l
&

——2)
a =(-0.05 + 0.10) +(0.34+ 0.04)i
a (real) =0.33+0.o8

C =- J~=0
J~=1+
J~=1
J =2

Excluded
Excluded
Excluded
Excluded
Excluded

0.06
1.6x10 3

Excluded
8x10 5

Excluded
Excluded
3x10 3

J+= 1+
J~-1

J =2, l =2
7lJ~=2, l =0

J+=2 mixture: M(l
&

= 0) +aM(l
&

= 2)
a =-0.02 + 0.05 + (0.35 + 0.02)i
a (real)

C=-, J~=O

J~ =1

J~=2

Excluded
Excluded
Excluded
Excluded
Excluded

0.03
Excluded

Excluded
Excluded
Excluded
Excluded
Excluded

Excluded means conf. level less than 10 8. a Excluded means conf. level less than 10" .
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LLj

LLI

0
0.25

I I I

0.30 0.35 0.40
M (Vr 7r ) (GeV)

0.45 0.2 5
I I

0.50 0.55
M (~+w -) (GeV)

I

0.40 0.45

(b) ?0
(b)

O
COI-
UJ

LLI

50—

25—

P. 55
I-
IJJ

IJJ

-1.0
I

-0.5
I I

0 05
cos (7f-+, q)

l.O

FIG. 24. (a}M(x+7I ) projection and (b} cosine (7I+, q}.
These data are the combined data of Figs. 20-23 for
which the matrix elements have been refitted. The
solid curve represents the J+ = 0 fit, and the dashed
curve the best J~ = 2 fit.

-I.O
I

-0.5 0
cos (~+, &)

0.5 I.O

FIG. 25. (a}M(~+a ) projection and (b) cosine (7I+, g).
These data are the subtracted data of Fig. 24 (see text).
The solid curve represents the J+ = 0 fit, and the
dashed curve the best J~= 2 fit.

and 4(c) that the q'- nov'pc contamination of the
g'-g'I g~ events is not expected to distort appre-
ciably the distribution of events in the g' -z'z g„
Dalitz plot.

The Dalitz plot for q'-v'v qc events (normal-
ized, as the q'-p'g q„events were, to an q' mass
of 958 MeV) is shown in Fig. 22. There are 179
events in this plot, about 15$ of which are esti-
mated to be background. Again the distribution of
points appears nearly uniform. The fit results are
displayed in Table VI, where J =0 ' is favored
over J~~ =2 + as in the previous case. The Dalitz
plot projections for q'- n'm g~ are shown in Fig.
23; as before the solid curves are the predictions
of a J ~=0 ' matrix element, and the dashed
curves are the predictions of the best J =2 ' fit.

Since the g'-g'p q„and the g'-n'g g~ results
are consistent with each other, we have also com-
bined these samples and performed the fits again.
The results are given in Table VII. In the combined
sample, J~ =0- is favored by a factor of about 4 in
confidence level over J~ = 2 . Figure 24 displays

the results of the J'~c=0 ' fit (solid curves) and of
the J'~c=2 + mixture (dashed curve).

Finally, since there is some background and
since there are misidentified n'g'g~ events in the
combined g'-z'g @~ and g'-g'g g~ sample, we
have performed a subtraction on the M(w's ) and
cose(v'q) distributions. The distributions of events
in the M(w'v q) intervals (937, 947 MeV) and (970,
980 MeV) are subtracted from the central region
(947, 970 MeV). These side-band intervals are
estimated to contain the same amount of back-
ground as the central region. In addition the dis-
tributions due to 51 g'y'g~ events are subtracted.
These distributions were discussed earlier and
are shown in Figs. 4(b) and 4(c). The subtracted
distributions with errors are shown in Fig. 25.
Fits of the matrix elements again were made to
those distributions. The results of these fits are
given in Table VIII, and the spin-0 and -2 fits are
shown as curves on the data of Fig. 25. Spin 0 is
favored over spin 2 by about a factor of 5 in con-
fidence level. For a spin-0 assignment, the linear
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TABLE VIII. Subtracted g' —~'m gz and z'x qz.

Matrix element Conf. level '

C=+ J~=O

M(0 )(1+n7) -o.=0~0.10

JP

J&=2-, l „=0
J~=2 mixture: M (l =0)+aM (l z

=. 2)
a = (0.02 + O. 07) + (0.35 + 0.02)i
a(real) =0.34+ 0.02

J =2, l„=2 with e(M, I') =(750 MeV, 100 500 MeV)
l

&
= 0 with f{M, I") = {1270MeV, 156 MeV)

J =2, M (l „=0)xB%&(1270,156) +aM (l „=2)x BW, (750, 100)
J =2, M (l „=0) x BW&(1270, 156) +aM (l ~

= 2) x BW (750, I )
J+=2, M (l

&
-—0) +(H,ea)M (l z =2) +(Imb)M (l

&
——l «=2)

C=-, J~=O
J =1
JP
J =2

Excluded
Excluded
Excluded
Excluded
Excluded

0.03
3.2x10 4

Excluded
Excluded
0.06b
0.06 ~

0.26 '
Excluded
Excluded
Excluded
Excluded
3.6x10 '

Excluded means conf. level less than 10" .
"a = (0,01 + 0.06) + (0.29 + 0.02)i.

I' =(43+18) MeV and a =(0.07+0.14) +(0.66+ 0.28)i.
da =(-0.35+0.03) and b =(0.52+ 0.12)i.

matrix-element parameter ~ is now zero, although
with a larger error.

Since, as it will be shown below, an assignment
of J~ =2 for the g' may be indicated from a con-
sideration of production and decay angular corre-
lations, additional 2 matrix-element fits (given
in Table IV) were performed on the subtracted
data of Fig. 25. One fit included a (l,„=2, l„=2)
matrix element for +=+1 orthogonal to the usual

two terms for J~=2 which were taken as relative-
ly real. " A good fit was obtained, although the mag-
nitude of the (l„=2, l„=2) contribution may be ex-
cessive. The other fit allowed e' and/or f' Breit-
Wigner distributions in the C=+1 matrix elements;
no substantial improvement was obtained, however.

From these g~ Dalitz-plot projection results we
conclude that spin 0 is a more likely assignment
for the g' than spin 2.

TABLE IK. Matrix elements M for g' m'+7t y. m is the m7[ invariant mass. k is the photon momentum, q=2(p„+
-pv-), and () is the angle between the r+ and the y directions, all in the rr rest frame. ~M P is summed over spina.

Quantum numbers

C=+, J =0+
J"=1*

JP

J+=2 mixture

C=- J"-0'

Multipole

dipole
dipole

uadrupole
dipole
octupole

dipole +quadrupole

quadrupole
dipole
dipole

quadrupole

JMp

q k2m2 sin28

q k [1+cos 8 —(2km/m ~')»n 8]
(q'k'm /m ~') sin 8
q2k 2m21 6+ sin28+ 6(k /m I)2 cos28]
(q'k'm'/m „.') sin'8
q k m [6+sin28+6(k/m ~) cos 8]
-4(Rea) (q'k'm'/m „)

x [1+2cos 8 —(km/m„. ){2+cos~8)]
+2~ a~2(q k 4m /mzi )[2+cos e —4(km/m i ) sin28]

q4k m sin 8cos 8
k'm'
q4k 4(1 +cosin e+(2k m/m„i )

x [(2km/3m„i )cos 8 —sin28]
+ (2k 2/Sm„)[l+ (4km/m„)]cos4())

k'm'/m„. '
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FIG. 26. Dalitz plot ofM (x+y) vs M (7I y) fo»r+~ y
events in the q' region.

The electromagnetic decay g' z'z y can be
characterized by the multipole order of the tran-
sition. Table IX gives the predicted distributions'
for spins 0, 1, 2. The Dalitz plot for events in the
p' band, M(11'11 y) =(960+30) MeV, is shown in
Fig. 26. The plot boundary corresponds to an g'
mass of 960 MeV. Some two-thirds of the events
in this plot are estimated to be background events,
and ignoring the cluster of points in the corner of
the plot due to Ag'7t events not excluded by the
selection procedure, there appears to be a diagonal
band of higher intensity superimposed upon a uni-
form background distribution. To get the true dis-
tribution of M(11'n ), we subtract from the g'-band
M(w'v ) distribution the distribution of events in
the M(w'v y) side bands adjacent to the 1)' band.
The side bands are the M(x'v y) intervals (900,
930 MeV) and (990, 1020 MeV). The results of
this subtraction are shown in Fig. 27(a). It is seen
that the M(g'n ) spectrum can be accounted for
entirely as p-v"11 (or possibly e'-w'w ). In or-
der to get a sample with even less background on
which to perform fits to the cosine of the angle be-
tween the z' and the y in the ~n rest frame, the
background subtraction procedure was repeated
for events in the p band of M(11'v ) [M(n'x )
=(750+130) MeV]. The resulting cosine distribu-
tion is given in Fig. 2'l(b). The matrix elements
of Table IX were fitted to the distributions of Fig.
27; the results are listed in Table X. The best
fit was obtained for spin 0; the results of this fit
are the curves in Fig. 27. Note that this fit de-

1'-K+% 9
N

0.3
I 1 I

0.5 0.7
M(vr vr ) (GeV)

0.9
6Q 1. 1 I I I I I I I

t
I I, I. I I I .I. l I

(

I I I I I I I I I ] I I I I I I I I I3

60—

40—

LLI
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I I

0.4 0.6
Icos (~' r~l

I

0.8 I.O

FIG. 27. Projections of Dalitz plot of Fig. 26 after
subtraction of side bands (see text). (a) M(m+7I ) projec-
tion, and (b) cosine (7I+, y) projection for p band [620
& M(7r+x ) & 880 Me+. The curves represent the J~= 0
fit.
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FIG. 28. Production-decay angular correlations for
A~+a gz events in the g' region with -t &0.7 GeV;
scatter plot of decay cosine vs decay azimuth in the
Jackson frame.
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TABLE X.

Matrix element Conf. level '

+, J =0, dipole transition
J+=0, dipole transition, p resonance
J+=1, dipole transition
J+=1, dipole transition, p resonance
J+=1, quadrupole transition, p resonance
J+=2', dipole transition
J+=2, dipole transition, p resonance
J+=2~, quadrupole, p resonance
J+=2', octupole transition, p resonance
J+=2', dipole+quadrupole, p resonance

a = (2.4+ 0.5) + (0+ 0.6)i

Excluded
0.66
Excluded
Excluded
o.osb
Excluded
0.02
Excluded
Excluded

0.26

C= — J+=0 quadrupole transition

dipole, e resonance (M, I') = (765 MeV, 125 MeV)
dipole transition
quadrupole
quadrupole, eo resonance (I, F) = (765 MeV, 125 MeV)

Excluded
Excluded
6x1O 4

Excluded
Excluded
Excluded

Fit to cos(7t+, y) distribution only:
f(8) =a +sin28 ~ a =0+03-0 0.24 d

Excluded means conf. level less than 10 6.
A mixture of dipole+quadrupole will also fit.

~f (8) = 0.6+sin28.
Conf. level=0. 002 for f(8) =1.48+sin 8 (see Ref. 13).

60 scribes the M(g'w ) spectrum with a, p-resonance
line shape.

%e have also fitted the cosine distribution of Fig.
27(b) to the functional form

—.40—
O
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FIG. 29. Projections of Fig. 28: (a) decay cosine, and

(b) decay azimuth.
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FIG. 30. Production-decay angular correlations for
A7t. +w

q& events in the g' region with —t & 0.7 GeV;
scatter plot of decay cosine vs decay azimuth in the
Jackson frame.



STUDY OF THE g
' MESON FROM THE. . . 3759

20 60

CI

IO—z
LIJ

LLI

40 ——
O
(f)

LIJ

'Lj 20—

0 I

-0.5
I

0
DECAY COSINE

I

0.5 I.O
0-I.O

I

-0.5
I

0
DECAY COSINE

I

0.5
I

I.O

20

I)

O
bJ

IO—
V)

UJ

LIJ

"U 40—
O

lf)t-

) 20—
LIJ

'0 I I I

90 I 80 270
DECAY AZIMUTH (deg)

360 0 I I I

90 I 80 270
DECAY AZIMUTH (deg)

360

FIG. 31. Projections of Fig. 30: (a) decay cosine, and

(b) decay azimuth.
FIG. 33. Projections of Fig. 32: (a) decay cosine, and

(b) decay azimuth.
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FIG. 32. Production-decay angular correlations for
Ax+n y events in the g' region vrith -t & 0.7 GeV;
scatter plat of decay cosine vs decay azimuth in the Jack-
son frame.

we find a=0+,".This excludes a prediction' of
a=1.48 for a spin-2 g'.

We have fitted additional Q =-1 matrix elements
for the purpose of excluding an s-wave g'p reso-
nance near the p-meson mass as an explanation of
the n+p y Dalitz plot. The fits are rejected.

Although the combined results of all these Dalitz-
plot fits to the g'- p'g g and g'- I'g y matrix-
element predictions favor J =0 ', we defer a
conclusion until the considerations of Sec. IVB.

B. Decay Angular Distributions

The q' decay angular distributions do not yield
conclusive evidence that the g' spin is indeed 0.
To examine the g' decay angular distributions we
work in the Jackson frame, which is the rest frame
of the g', with the beam direction as the z axis
(polar axis) and the production normal as the y
axis. The g' decay direction is the direction of the
norma1 to the decay plane of the three decay par-
ticles (IIII' or Irony).

For J~=O the decay angular distributions of
cos8 (the decay cosine) and P (the decay azimuth)
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FIG. 34. Production-decay angular correlations for
Am+x y side-band events (see text) in the g' region with
-t &0.7 GeV2; scatter plot of decay cosine vs decay
azimuth in the Jackson frame.

O
N

20—
V)I-
Z'
LIJ

LIJ

must be isotropic. For J~=2 it is conceivable
that the angular distributions could be isotropic,
but for nonzero-spin particles this is, in general,
not the case. Figure 28 is a plot of cos8 vs P for
g'- m'n g„; Fig. 29 shows the projections of the
scatter plot of Fig. 28. The consistency of the
plots with isotropy is evident. The corresponding
plots for g'-p'g q~ are displayed in Figs. 30 and
31. Figures 32 and 33 show the same decay an-
gular distributions for events in the g' band (930
-990 MeV) of the M(n "w y) spectrum, and since

0
0

I

90 l80 270
DECAY AZIMUTH (deg)

360

FIG. 35. Projections of Fig. 34: (a) decay cosine,
and (b) decay azimuth.

there is considerable background in this signal
region, the results for the g' side bands in
M(w+n y) (900-930 MeV and 990-1020 MeV) are
shown in Figs. 34 and 35. The behavior of the
events in the g' side bands is expected to be rep-

TABLE XI. Moments of decay angular distribution (Jackson frame), q' n'7r

(a) Moments of Re(Y& )

1
2
3
4
5

0.06 ~ 0.14
-0,38 + 0.14
-0.26 + 0.13
-0.07 + 0.13
-0.20+ 0.13

0.40 + 0.21
-0.18+ 0.20

0.23 + 0.20
-0.05 + 0.20

0.25 + 0.20

0.12 + 0.21
0.08 + 0.20

-0.15+ 0.20
0.12 + 0.20

—0.06 + 0.21
-0.32 + 0.20 0.03+ 0.21
-0.40 + 0.20 0.05 + 0.20 -0.17+ 0.21

(b) Moments of Im(Y& )

1
2

5

-0.20 + 0.20
0.09+ 0.20

—0.05 + 0.20
—0.17+ 0.19
-0.09+ 0.19

-0.26 + 0,21
-0.19+ 0.20
-0.03 ~ 0.20

0.09+ 0.20

-0.04 + 0.21
0.26 + 0.20
0.09 + 0.20

-0.22 ~ 0.21
0,02 + 0.21 -0.10+ 0.21
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TABLE XII. Moments of decay angular distribution (Jackson frame), g' —m+~ gc.

(a) Moments of H, e(Y,~}

0.37+ 0.26
-0.11+0.27

0 + 0.25
0.10+ 0.24

-0.10+ 0.25

-0.32+ 0.38
0.01+ 0.37
0.27 + 0.40
0.32 + 0.40
0.07+ 0.40

0.09+ 0.36
-0.22+ 0.37

0.08 + 0.38
0.16+ 0.39

0.02 + 0.38
-0.26 + 0.37 —0.64 + 0.37

0.01 + 0.35 0.62 + 0.37 -0.30 + 0.39

(b) Moments of Im(Y, )

-0.32 + 0.37
0.12 ~ 0.37

-0.66 ~ 0.37
—0.34 ~ 0.38

0.41+0.35

-0,82 ~ 0.39
-0.43 ~ 0.36
-0,17+ 0.38
-0.45+ 0.39

0.45+ 0.38
0.11~ 0.36

—0.17+ 0.38
-0.79+ 0.39

0.27 + 0.36 0.21 + 0.38

resentative of that of the background events in the
q' band. All the decay angular distributions in
Figs. 28-35 appear to be consistent with isotropy,
when summed over all momentum transfers -t
less than O. V QeV'.

This isotropy of all the distributions shown was
confirmed by calculating the moments of the real
and imaginary parts of the spherical harmonics
YP(8, g). Tables XI-XIV show the results of the
moments calculations for all four data samples
described above, for l=1 through 5. From these
tables no pattern of nonzero moments emerges.

Of the total of 140 moments calculated, 11 are of
more than two standard deviations significance,
compared to about 7 expected to have this signifi-
cance in a random sample.

From these results in the q' decay angular dis-
tributions we conclude that all decay distributions
(averaged over all t) are compatible with isotropy.
However, a closer examination of the decay angu-
lar distributions for various t cuts shows possible
deviations from isotropy. Ogievetsky, Tybor, and

Zaslavsky, "proponents for a J =2 g' meson,
have emphasized that the production-decay corre-

TABLE XIII. Moments of decay angular distribution (Jackson frame), q' a+n y (signal
band).

(a) Moments of Be(Y& )

-0.04 ~ 0.13
-0.13+ 0.13

0.02 + 0.14
-0.08+ 0.13

0.09+ 0.13

0.29+ 0.19
0.27+ 0.19
0.01 + 0.19

—0.12 + 0.19
-0.09 ~ 0.19

-0.23 + 0.19
—0.13+ 0.19
-0.02+ 0.19
-0.28 + 0.19

—0.17+ 0.20
0.25+ 0.20 0 + 0.19

-0.04 + 0.19 0.06 + 0.19 0.13+0.19

(b) Moments of Im(Y&~)

0.06 + 0.20
-0.08 + 0.19
-0.33 + 0.19
-0.07 + 0.19
-0.01 + 0.19

0,08 + 0.19
—0.21 + 0.19
—0.10~ 0.18
-0.27 + 0.19

0.07 + 0.19
-0.24+ 0.19

0.19+0.19
-0.41 + 0.19

0.18~ 0.20 0.06+ 0.20



3762 J. S. DANBURG et al.

TABLE XIV. Moments of decay angular distribution (Jackson frame), 7t x y side bands.

(a) Moments of Re(Y, )

0.04 + 0.17
—0.45 + 0.18
-0.04 + 0.17

0.33 + 0.18
-0.07+ 0.18

0.10+ 0.25
0.35 + 0.23

-0.50+ 0.23
-0.23 + 0.23

0.15+0.23

-0.40+ 0.26
0.34 + 0.25

-0.26 + 0.26
0.07 + 0.25

0.35 + 0.26
0.25 + 0.24 —0.11+ 0.27

-0.66 + 0.25 —0.09+ 0.26 -0.28 + 0.27

(b) Moments of Im(Y& )

0.32 ~ 0.27
-0.28 ~ 0.25

0.04 + 0.26
-0.05+ 0.26
-0.11+ 0.26

-0.31+0.27
-0.22 + 0.24

0.11+ 0.24
0.16~ 0.24

0,17+ 0,28
0.59 ~ 0.25
0.21~ 0.25

0.10+ 0.27
0.04+ 0.24 -0,16+0,28

lations should be studied for q' mesons produced
in the extreme forward direction. They and
Klosinski, Hembielinski, and Tybor'4 point out
that production-decay correlations must exist for
the very forward g', if indeed J =2 .

For the z'z g decay mode, the distributions of
the decay plane normal n and of the q(549), t), with
respect to the incident beam Ewere calculated in
the g' rest frame. For the p'y decay, the gamma
direction y relative to the beam E was used. The
distributions (n K), (t) K), and (y K) are each
presented as a polar-equatorial ratio P/E due to
the severe statistical limitation imposed by the "very
forward" cut. The P/E ratios are presented in Table
XV and Fig. 36for various production angle cuts on
cos8*= (K t)') in the K p c.m. system. Isotropic
distributions are characterized by P/E=1, Aniso-
tropies should appear for events with cos0* near
1 if J'=2. The standard prescription that 8*&(k~) '
implies (8*)=0.1, so 8*&0.2 rad should suf-
fice,"i.e., cos8*&0.98. However, only f% of all
data survive such a cut (98 events in both decay
modes). The P/E ratios for cos8*&0.98 in the
data are P/E(n K) =0.54 + 0.14 and p/E(y ~ K)
=0.35+ 0.31, both deviating from unity, and for
0.6&cos8*&0.98, P/E(n K) =0.89+0.07 and

P/E(f) K) = 1.12' 0.09 also deviate from unity.
These four numbers have a pronability (in a. )('
sense) of a few tenths of a percent to be in agree-
ment with isotropy. The angular distributions for
cos 8~ & 0.98 are presented in Fig. 37 with theoret-
ical curves" for p~=0.5. These data give as much
evidence for J=2 as the Dalitz plots do for J=O;
that is, the confidence level for J=O is less than
that for J=2 from the production and decay cor-

TABLE XV. Polar-equatorial ratios (P/E) as a func-
tion of the c.m. production cos8*=(K ~ g') for the reac-
tion K p Ag'(958). n K is the cosine of the polar an-
gle of the normal to the n.+7I. g(548) decay plane relative
to the incident K beam in the g' rest frame, q .K is that
of the g, andy Z is that of they in the g' p y decay.
A background subtraction has been performed for the g'

p y decays. The background region is 900—930 and
990-1020 MeV, respectively, and the g' region is 930-
990 Mev. P is the number of events with ln Kl (or
I q ~ Kl or j Kl) &0.5; E is the number of events with

ln KI (or i &I» li KI) &0.9

0.6 ~cos0*& 0.8
0.8 ~cos0~& 0.9
0.9 ~ cos0" & 1.0
0.9 ~ cos0*& 0.96
0.96~ cos0*~ 1.0
0.9 ~ cos0*& 0.94
0.94~ cos0*& 0.98

0.9 ~cos0*& 0.98
O. 6 cos0*& O.98
0.98 ~ cos0*~ 1.0

P
E
—(n X)

0.93+ 0.14
0.88 + 0.12
0.79 + 0.09

0.80 + 0.12
0.78 + 0.13

0.76 & 0,14
0.97 + 0.16

0.87 + 0.11
0.89 +0.07 a

0.54+ 0.14

P(g Z)

1.17 + 0.17
1.15+ 0,16
1.12+ 0.12

1.12+ 0.17
1.12 + 0.19

1.15 + 0.21
0.97 + 0.16

1.05 6 0.13
1.12 + 0.09
1.44+ 0.36

E
—(j fc)

1.00 + 0.43
1.29+ 0.63
0.66+ 0.21

0.76+ 0.33
0.56+ 0.26

0.56 ~ 0.34
1.00 + 0.44

0.78 + 0.27
0.97+ 0.23 b

0.35*0.31 d

' 311 polar and 349 equatorial events.
121+(463)' polar and 123+(347)' 2 equatorial events.' 23 polar and 43 equatorial events.

d 7~ (33)i/2 polar and 20~ (38)1/2 equatorial events.

relations, whereas J'= 2 is less probable than
J= 0 from the Dalitz-plot analysis.

Several Monte Carlo studies were undertaken to. -

verify that the observed asymmetries were not
introduced into a 0 g' decay by any known bias.
No effects in the P/E ratios of greater than 1%
were discovered. The following biases were elim-
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inated as possible causes of the observed asym-
metry:

(1) a systematic shift in the beam momentum
leading to a fore/aft shift of the neutral momentum

(q or y) in fitting;
(2) a smaller than realistic beam-momentum er-

ror in fitting leading to a. fore/aft shift of the neu-
tral momentum in fitting (this effect is observable
as a depletion of the very polar normals but re-
sults in few normals crossing the polar-equatorial
boundary);

(8) a loss of events with a high-momentum track
near zero degrees relative to the beam (the data

FIG. 36. Polar-equatorial, P/E, ratios of production
and decay angular correlations for g' events (930—990
MeV) as a function of the production angular distribution
cose* (see text); (a) P/E(n K) and (c) P/E(g K) for
x+7t. g decays and (e) P/E($ K) for m+x y events with a
side-band subtraction performed (see Table XV); and
the predicted P/E ratios for extreme forward g' produc-
tion (cos0*- 1) for the matrix elements of Klosinski,
Rembielinski, and Tybor (see text and Ref. 14) as a func-
tion of the parameter ppp (b) for P/E(n K) and (d)
P/E(p. k) for m. m g decays, and (f) for P/E(f ~ K) for
m+m p decays. For m+~ p the values of Bp. B&..B2 are
1:0:3.72 for P/E(n ~ K) and 1:0.38:0.34 for P/E(g ~ K);
for m ~ y the values of Cp. C~. C2 are 1:—0.34:1 for the
curve labeled 1.5+ sin2n and 1:-0.5:1 for the curve
labeled sin2n, where cosn is the Dalitz-plot angle of
Fig. 27(b).

0
0

I

0.5
l~ ~ KI

I.O

FIG. 37. The production and decay correlation distri-
butions for oose*&0.98 (see text). {s) I)t K) for g'- s'w q; (b) I i) '&I for q'-s'~ g' snd (o) lg"&I «» g'

p y with background subtracted. The solid curves are
the predictions of Ref. 14 for an arbitrary "m' ' Ile"
value of ppp=0. 5; for (m+x g) Bp.Bg.B2= 1:0:3.72 (n'K)
and 1:0.38:0.34 (g K), and for (p y) C&.C C3= 1 -0.5:1
(a sin2 n decay distribution).

V. PRODUCTION ANGULAR DISTRIBUTIONS

We present in Fig. 38 for completeness the t dis-
tributions (with production cosine scales) for the

were measured on a flying-spot scanner for which
overlaying beam-track confusion could lead to an
event loss);

(4) confusion as to whether the n's selected as
the primary decay products of the g' are actually
from the subsequent decay of the g (misassignment
of this type is small for the z'z g„decay due to
the favorable decay branching ratios involved; for
the g'p gc the misassignment is greater but no
asymmetry results from misassigned events).

Thus the decay angular distributions for the very-
forward-produced g' are anisotropic, suggesting
that possibly J"=2 rather than 0 . The previous
large sample of 800 q' of Rittenberg' (LBL), how-
ever, does not give additio~ Q support for this pos-
sibility; the combined BNL-Michigan plus LBL
data are reported elsewhere. " Thus J =0 or 2
are both tenable for the g'(958) meson.
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reaction E p-Ag', with q' decaying into p "p q„
[Fig. 38(a)], II'II qc [Fig. 38(b)], p'w y [Fig.
38(c)], and neutrals [Fig. 38(d)]. Parts (c) and (d)
of the figure show background-subtracted distribu-
tions, since the signals presented there appear
atop considerable background (cf. Figs. 10 and 13).
The well-known peripheral peaking of these pro-
duction distributions' is evident in this figure.

VI. CONCLUSIONS

40 1.0

~ 50-
o
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O. IO
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We have observed E p -Aq', q' decaying to
g'p qc, p'g y, and all neutrals. The

masses and widths of all modes are consistent.
The J values of z'z g and p y are consistent with
0 or 2 . The momentum-transfer distributions
of the various samples are the same. The decay
branching ratios require nothing besides +pal, py,
and yy. The energy dependence of the (py/IVIII q)

branching ratio from other data' ' is consistent
with a constant value, although ihe errors are
large. Thus we have no evidence for production
of any other state in the mass region 930-980 MeV
except the q', i.e., K p - Aq'(958). Other possible
states in this mass region, M'(940),"M (953),"
0(953)1350(963)131221or(gl76)21 23 are not

observed in the reaction K p - AXO at 2.18 GeV/c.
We note that other than q'(958), only the II~(976)
state has substantial support as a reasonably well-
established meson.

We conclude that most of' the g' properties are
reasonably well established except for the possi-
bility that J =2 and except that the SU, character
(presumably mostly singlet if Z =0 ) has not been
directly demonstrated. Although some aspects of
our data suggest that possibly J =2, we should
not revise our present assignment of J =0 unless
further anisotropies in the ver y-forward pr oduction
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and decay correlations are observed in future ex-
periments, or unless some compelling theoretical
reason is put forward.
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FIG. 38. The four-momentum transfer, -t, distribu-
tions of the q'-region events for (a) A~ ~ gN events, (b)
Avr+7r g events, (c) Ax+z y events, and (d) A+ neutrals.
For (c) and (d) the side-band region distributions have
been subtracted. Note the similarity of all the distribu-
tions; this is expected if the events represent the various
decay modes of the same meson, the g'.
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At a x+ beam momentum of 4.1 GeV/c, in reactions of the type a+ b c+X, limiting
fragmentation of the beam and target particles is observed where abc is exotic, and is not
observed for abc not exotic. Single-particle distributions in several different variables have
been studied for x and m+ mesons. The two-particle distributions and correlation functions
from )he reaction ~++ p 7f +m +X are also presented.

I. INTRODUCTION

There has been much interest in inclusive re-
actions of the type a+b- c+X, where X represents
all other particles produced with c. There is
considerable evidence that the distributions of
certain kinematic quantities of particle c exhibit
limiting behavior at very high energies, "and
there are also theoretical arguments concerning
just how high the energy has to be before "limiting"
becomes discernible. Chan et a/. ' have argued
from duality considerations that, if the combina-
tion abc has quantum numbers that are exotic, the
limiting may in fact show up at relatively low
energies. In this paper, we present data from
m'P interactions at 4.1 GeV/c, corresponding to a
center-of-mass energy of 2.92 GeV. For the in-
clusive reaction

in which abc is m'Pm', which has charge 3, baryon
number 1, and is therefore exotic, it is of interest

to see whether limiting behavior is observed at
this low momentum. Results from previously
published papers4 ' at higher energies are shown

for comparison and for indications of how limiting
is approached. Data for

g' +P m'+ X,
in which abc is not exotic, are also shown for
contrast. In addition, some information is pre-
sented concerning the two-body inclusive inter-
action

The pictures in this experiment were taken with
the Argonne-MURA 30-inch hydrogen bubble cham-
ber. The sample considered here consisted of
22000 events of all topologies, produced by
4.1-6eV/c w' mesons. About half of the sample
was measured on the NIT PEPR (precision en-
coding and pattern recognition) system, and the
rest on semiautomatic precision machines. TVGP

and SQUAW were used for geometrical reconstruc-


