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We have carried out a study of the decay distributions of 7'(958) mesons produced in the reaction
K~p —An’ at 1.75 GeV/c, utilizing both the nw*m~ and w*7~y decay modes of the 7". A
Dalitz-plot analysis of the na*#~ decay channel rules out all spin-parity assignments except 0~ and
27, but is unable to distinguish between them. We find no evidence for the existence of anisotropies in
the 0’ decay angular distributions, and thus our data do not support the recent conjecture, based on
the observation of such anisotropies, that the #’ has spin 2.

I. INTRODUCTION

The n’ (958) meson was discovered about 10 years
ago,' and many subsequent investigations have
sought to determine its spin-parity assignment.?
Dalitz-plot analyses of the n’ decays have ruled
out all assignments except JF¢ =0~* and 2-*, with
the 0-* assignment being favored. Since a spin-
zero particle must decay isotropically in its cen-
ter of mass, various attempts have been made to
find evidence for a spin different from zero by
searching for anisotropies in the 1’ decay dis-
tributions. Until recently, all such attempts
proved fruitless, thus lending strong support to
the 0~ spin-parity assignment of the n'. A Brook-
haven-Michigan collaboration,® however, has re-
cently studied the decay angular distributions of
7’ mesons produced in the extreme forward direc-
tion in the reaction K~p—An’ at 2.18 GeV/c. They
have found evidence that these forward-produced
n’ mesons have anisotropic decay distributions
with respect to the incident beam, suggesting the
possibility that the n” has J¥ =2~. The confirma-
tion of this spin-parity assignment would, of
course, force us to revise the current SU(3) par-
ticle-classification scheme, which has the ' be-
longing to the pseudoscalar-meson nonet along
with the 7, K, and n mesons.

We have carried out a study of the decay dis-
tributions of the n’ meson utilizing the reaction
K~p—An' at an incident K~ momentum of 1.75
GeV/c. We have performed an analysis of the n’
Dalitz plot and find the distribution of events to be

consistent with only the 0-* and 2-* J¥€ assign-
ments for the n’. We have also searched for aniso-
tropies in the decay angular distributions of for-
ward-produced 7’ mesons. Unlike the Brookhaven-
Michigan analysis, we do not find any evidence

for the existence of such anisotropies, and thus
our data do not lend additional support to the hy-
pothesis of a spin-2 7’ suggested by their analysis.

II. EXPERIMENTAL PROCEDURE

The data used in the present analysis are derived
from an exposure of the Brookhaven National
Laboratory 31-in. hydrogen bubble chamber to a
beam of 1.75-GeV/c K~ mesons. The particular
sample discussed here represents approximately
60% of the total exposure of 860000 pictures and
corresponds to ~23 events/ub. All two-pronged
events with an associated neutral decay were mea-
sured on the Columbia HPD (Hough-Powell de-
vice),* and subsequently passed through the recon-
struction and kinematic fitting programs. It is
from these events that we have obtained our data
sample corresponding to the reaction

K*p—An'. 1)
Since only two-pronged events with associated
neutral decays have been analyzed, we will be dis-
cussing only the following two subsets of reaction
1):

Kp—An',

nf_. ,”1-,”—71”,

ny= neutrals

@)
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and
K-p - AU';
3)

n'-atr-y.

A. Selection of the n'~ 7*7=n sample

In order for an event to be considered as a can-
didate for either reaction (2) or (3), the asso-
ciated neutral decay was required to make an ac-
ceptable three-constraint fit to a A produced at
the event vertex. We denote by M? the square of
the missing mass recoiling from the A and the two
charged particles for all such events when the
charged particles are interpreted as pions, and
display in Fig. 1(@) the distribution in M? for val-
ues of M2=>0.15 GeV2. A sharp peak is clearly
discernible at the square of the » mass. We pro-
ceeded to fit all such events with values of
M?=0.15 GeV? to the four-constraint hypothesis

K p-Atr*nn. @)
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FIG. 1. (a) The square of the missing mass recoiling
from the Am*7~ system for two-pronged events with an
associated A, shown for values =0.15 GeV?. The shaded
region shows those events that made acceptable fits to
the missing-7 hypothesis. (b) The n7*7~ mass spectrum
for the reaction K p— Antn~n.

A total of 208 events made acceptable fits to this
hypothesis, and these events are displayed as the
shaded region of Fig. 1(a). We show in Fig. 1(b)
the nn* 7~ mass spectrum for those events suc-
cessfully fitting reaction (4). This distribution
shows a clear 7’ signal at ~960 MeV with very
little background beneath it. Our final 5’ data
sample corresponding to reaction (2) was obtained
by accepting those events fitting reaction (4) whose
nm* 7~ mass lies between 950 and 970 MeV. This
cut resulted in a final sample of 134 events. In
order to normalize all accepted events to an n’
mass of 958 MeV, these events were further fitted
to the five-constraint hypothesis of reaction (2),
and it is these fitted parameters which were used
in the ensuing analysis.

A source of background in our final sample for
reaction (2) arises from the fact that events be-
longing to the reaction

K-p - A77' )

n' =1, )

Ne=m"1"1(y)
are indistinguishable from events belonging to re-
action (2) when the invariant mass of the two 7°’s
from the 7'~ 7%, decay and the neutral particle
from the subsequent decay of the 7, overlaps the
71 mass region. In order to ascertain the magni-
tude of the background present due to events be-
longing to reaction (5), we have used a Monte
Carlo program to generate, for each event identi-

fied as belonging to reaction (2), several n decays
+, =_0

into 7*7~7° and 7* 7~y using the measured matrix

elements and relative magnitudes for these de-
cays.” We have examined the invariant mass
spectrum of the 7*7~ from the n’ - 7*7"n, decay
combined with the 7° or y from the n—-a*7"7°()
decay. From the degree of overlap this mass
spectrum has with the ) mass region, and from
isotopic-spin considerations and the measured g
branching ratios, we have determined the back-
ground due to reaction (5) to be (7+1)%. The 7
mass region was taken to be 530 to 570 MeV since
this was essentially the n mass region selected
by the fit to reaction (4). Not only does the tech-
nique described above provide us with a measure-
ment of the background present in our event.sam-
ple for reaction (2), but it also provides us with
the decay distributions for these background
events. These have been examined and will be
discussed later.

B. Selection of the n "> m+r=vy sample
The separation of the reaction

K p—-An*n~y (6)
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from the reactions

K™p—~An*n-, (7)

K p-Zn*n-, 8)
and

K p—~Ar*n~n° 9)

is extremely difficult owing to the proximity of the
missing mass for these four reactions. We have
not considered as candidates for reaction (6) any
events making successful fits to the highly con-
strained reactions (7) or (8). This cut excludes
some of the events belonging to reaction (6) (e.g.,
some events with low-momentum y’s), and we
discuss later its possible effect on our analysis.
Of the remaining events making successful fits to
reaction (6), most also fit the hypothesis of reac-
tion (9). Fit ambiguities between these two reac-
tions were partially resolved by examining the
probability for M2, the square of the missing mass
recoiling from the An*7~ system, being consistent
with either a ¥ or a 7°. In Fig. 2, we show the M?
distribution after removing events making suc-
cessful fits to either reaction (7) or (8). Two
peaks are clearly discernible, one due to events
with a missing y, and the other due to events with
a missing 7°. For cases when the probability dif-
ference between the two choices was not large
enough to resolve the ambiguity (~50% of the time),
we accepted as belonging to reaction (6) those
events having values of M?<0.003 GeVZ. Although
this cut excludes some genuine An*7~y events from
our sample, this exclusion is accomplished in an
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FIG. 2. The square of the missing mass recoiling
from the An*7~ system for two-pronged events with an
associated A. Events making acceptable fits to the re-
actions K~p— Ar*1~ and K"p— Z 07" 71~ have been re-
moved.
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FIG. 3. (a) The n*7~y mass spectrum for the re-
action K p — Ar*1™y. (b) The p’ mass spectrum for the
reaction K » — Apdy. The p mass region was chosen to
span 640 to 900 MeV.

essentially bias-free manner. Moreover, this
cut is extremely effective in eliminating a large
fraction of the An*7-7° background (see Fig. 2).
We note that since we are interested in studying
the ’ meson, the above selection criteria were
only applied to events having a missing mass re-
coiling from the A greater than 850 MeV.

After imposing the above criteria, a total of 747
events having a missing mass recoiling from the
A greater than 850 MeV were accepted as belong-
ing to reaction (6). The n*7~y mass spectrum
for these events is shown in Fig. 3(a). Again, the
7’ is prominent at a mass value of ~960 MeV. We
display in Fig. 3(b) the p% invariant-mass dis-
tribution for these same events, where we have
chosen the p mass region to span 640 to 900 MeV.
A comparison of Figs. 3(a) and 3(b) indicates that
our data are consistent with virtually all the
n' - 7' 7"y decays being in reality 7’ - p% decays.
Thus, our final data sample for reaction (3) was
obtained by imposing the additional cut on the
above sample that the p° mass lie between 950
and 970 MeV. This resulted in a final sample
consisting of 97 events. As before, these events
were further fitted to the five-constraint hypothe-
sis of reaction (3), and it is these fitted param-
eters which were used in the ensuing analysis.
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FIG. 4. The 7’ Dalitz plot for the 7*7~n decay mode.

IOI. ANALYSIS

We display in Fig. 4 the n’ Dalitz plot for the
m*71™n decay mode [reaction (2)]. We have fitted
this Dalitz plot to the predictions of various quan-
tum-number assignments for 1’ spin values of 0,
1, and 2. The forms of the squared matrix ele-
ments, summed over the spin states of the 7/,
for the various quantum-number assignments that
were fitted are listed in Table I.® These corre-
spond to the simplest matrix elements which can
be constructed for the various n’ quantum num-
bers. The results of our fits are also shown in
Table I, and indicate that the 0~* assignment is
strongly favored over all other simple J*¢ matrix
elements. However, a mixture of the two sim-
plest 2°* amplitudes also provides a good descrip-

tion of the Dalitz-plot distribution; the best-fit
mixture is indicated in this table. We thus reach
the same conclusions as have all such previous
studies,” namely, that the Dalitz-plot analysis is
not able to distinguish between the 0~ and 2~ spin-
parity assignments of the n’. It is also possible
that by using more complicated matrix elements,
other spin-parity assignments could describe the
data as well as the 0~ and 2~ assignments. We
have also examined the Dalitz-plot distribution
expected from the ~7% background events present
due to reaction (5) using the generated events as
discussed in Sec. II. These background events do
not introduce any appreciable distortion of the 7’
Dalitz plot.

We have also carried out a study of the decay
angular distributions of the n’. For the 7*7™n de-
cay mode, we have examined the angular distribu-
tion of the line of flight of the n () and the normal
to the n’ decay plane (z), both calculated in the 7’
rest frame. For the p° decay mode, we have in-
vestigated the distribution of the y direction (¥)
in the n’ rest frame. All distributions are calcu-
lated in the coordinate system whose z axis is
chosen to be the beam direction in the n’ rest
frame, while the production plane normal is
chosen as the y axis, and the x axis is chosen so
as to make the coordinate system right-handed.
Both the polar (cosf) and azimuthal (¢) angular
distributions for all three analyzing vectors are
shown in Fig. 5.

For J° =0~ 7’ mesons, the decay angular dis-
tributions must be isotropic. For J¥=2" 7' me-
sons, it is conceivable that the production mechan-
ism could produce isotropic decay angular dis-
tributions, but for particles with nonzero spin,

TABLE I. Results of the Dalitz-plot analysis of the 7’ —nn*r~ decay.?

JPe l, lon [m|2 Probability
0"+ 0 0 1 0.79
1+t 1 0 k2 <1074
17+ 2 2 q*k* cos?0sin%0 <1074
2++ 1 2 q %k %sin% <1074
2"+ 0 2 q! <107¢
27+ 2 0 k4 <1074
27+ q%+Re@)q?k2(3cos%0 —1) +|a|%* 0.83°
0™~ 1 1 q%k%cos?0 <1074
1+ 0 1 2 0.009
1= 1 1 q %k %sin% 0.003
2+~ 2 1 q2k4sin20 <107*
27" 1 1 g2k %(3 +cos?6) 0.028

1, is the orbital angular momentum of the 7 in the n’ rest frame, I, is that of the two
pions in the 7T rest frame, ¢ is the momentum of the pion in the 7T rest frame, 2 is the mo-
mentum of the 7 in the 7’ rest frame, and 6 is the angle between the m* and the 7 in the 7m

rest frame. [M|?2is summed over spins.

bThe best-fit values are Re(a)=0+0.12, Im(a)=0.36+0.08.
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this is generally not the case. None of the distribu-
tions presented in Fig. 5 show any evidence for
anisotropies. We note that for the n’ - p% decay,
we have also examined the background-subtracted
decay distributions, and these also fail to show
any evidence for anisotropies. We have, in addi-
tion, performed a moment analysis on all of the
above decay distributions, and observe no pattern
of statistically significant nonzero moments.
Thus, these decay distributions give no evidence
to support the hypothesis of a spin-2 7’.

Adair,® however, has pointed out the utility of
confining a study of the decay distributions of a
particle whose spin is unknown to particles pro-
duced in the extreme forward direction. The mo-
tivation for this procedure is that for particles
produced in the forward direction, the projection
of the final-state orbital angular momentum along
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FIG. 5. Polar (cosf) and azimuthal (¢) angular dis-
tributions for the 7’ decay vectors discussed in the text.
All distributions are calculated in the coordinate system
whose z axis is chosen to be the beam direction in the n’
rest frame, while the production plane normal is chosen
as the y axis, and the x axis is chosen so as to make the
coordinate system right-handed. (a) and (b) refer to the
direction of the 7 in the 7’ rest frame for the 7" ™1 de-
cay mode, (c) and (d) refer to the normal to the 7’ rest
frame for the 7" 777 decay mode, and (e) and (f) refer to
the v direction in the 7’ rest frame for the p% decay
mode.
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the beam direction (L,) must be zero. This limits
the spin-projection states that can be populated by
the particle under consideration, and thus limits
the form of this particle’s decay angular distribu-
tion. In particular, if the n’ were a spin-2 parti-
cle, it could, in general, populate all five spin-
projection states (0, +1, and +2). However, if we
restrict ourselves to 7’ mesons produced in the
forward direction in the reaction K=p - An’, then,
as stated above, the projection of the final-state
orbital angular momentum along the beam direc-
tion must be zero, and only the three 7’ states
with spin projections of 0 and 1 are allowed.
Thus, even if the 1’ were a spin-2 particle and its
over-all decay angular distributions were iso-
tropic, the elimination of the states with spin pro-
jections of +2 should introduce anisotropies into
these distributions. The decay angular distribu-
tions for a spin-zero n’ must, of course, be iso-
tropic whether the sample considered is restricted
to forward-produced n" mesons or not. The exact
forms of the distributions expected for ' mesons
produced in the forward direction depends on the
relative amplitudes of the states with spin-pro-
jection magnitudes of 0 and 1. These distributions
have been calculated for both the 7*7~7n and p%
decay modes of the n’.°

A Brookhaven-Michigan collaboration® has
studied the decay angular distributions of ' me-
sons produced in the extreme forward direction
in reaction (1) at 2.18 GeV/c, and have found some
evidence that the forward-produced 1" mesons do
have anisotropic decay distributions with respect
to the incident beam. We have also examined the
decay angular distributions for forward-produced
1’ mesons. In order to select the event sample for
which the projection of the final-state orbital angu-
lar momentum along the beam is minimal,'® we
have examined the cosf.,, distribution for all
events belonging to either the 7*7~n or n*7~y de-
cay modes [reaction (2) or (3)], where we define
Oc.m. to be the angle of the n’ with respect to the
incident K~ in the over-all K~p center-of-mass
system. This distribution is shown in Fig. 6.
The solid curve drawn on this figure is the result
of a fit to this distribution to a power series in
c0Sf.m. . Only terms up to second order in cosf.m.
are used since the inclusion of higher-order
terms did not improve the quality of the fit. The
fact that only terms up to cos?6.m. are needed to
obtain a good fit to this distribution indicates that
the highest orbital angular momentum wave pres-
ent in the An’ final state is L=1. The fact that
higher orbital angular momentum waves are not
present is not surprising since we are only 56
MeV above An’ threshold in this experiment.
Written in a way that explicitly displays the con-
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FIG. 6. cosf, distribution for the reaction K p — An’
for both the 7*7~7 and 7* 7™y decay modes, where 6. m.
is the angle of the 7’ with respect to the incident K~ in
the K p center-of-mass system. The solid curve is the
result of a fit of this distribution to the form a+bcos6,
+ ccos?d,, , while the dashed curve shows the maximum
possible contribution of the L, =1 terms (see text).

tribution of the different spin-projection ampli-
tudes, the angular distribution of an L =1 state is

f(gc.m.) = I A+B cosgc.m.l2 + lclz Sinzec.m. ’

where the first term represents the contribution
of the L, =0 amplitude and the second the contribu-
tion of the L, =+1 amplitudes. (Z is here the di-
rection of the incident K~ in the over-all center-
of-mass system.) Although A, B, and C cannot
be uniquely determined from our angular distribu-
tion, the maximum possible contribution of the
L,=z1 terms (|C|*®sin®6.n.) is represented as the
dashed curve in Fig. 6. It is thus clear from this
figure that in order to have a negligible contribu-
tion from the L, =1 terms, it is sufficient to re-
strict our analysis to 7’ mesons produced with
cosfcm.>0.6.

Making the above cosf.m. cut leaves us with 58
n'=nn*r~ events and 42 n'~ p°y events. We show
in Fig. 7 the decay angular distributions for this
restricted event sample. No anisotropies are
evident in our data even after restricting ourselves
to n’ mesons produced in the forward direction.
This result is in contrast to the conclusions
reached in Ref. 3. We summarize these results
in Table II by presenting the number of polar
events (Jcosd|>0.5) and the number of equatorial
events (Jcos#|<0.5) for each of the distributions
studied, and also present results from Ref. 3 for

purposes of comparison. We note that an iso-
tropic distribution (spin 0) is characterized by an
equal number of polar and equatorial events, while
a spin-2 1’ would result in more polar than equa-
torial events for the 7j distribution, and fewer
polar than equatorial events for the # and ¥ dis-
tributions.®® The magnitude of these differences
for a spin-2 n’ would depend on the relative am-
plitudes of the states with spin-projection magni-
tudes of 0 and 1. Our numbers do not show any
statistically significant deviation from isotropy,
and thus, while we cannot rule out the spin-2 as-
signment for the n’, our data certainly provide no
evidence for it. We have also examined the back-
ground-subtracted distributions for the n'— p% de-
cay mode, and the numbers obtained in this case
are virtually identical to those listed in Table II.
In addition, we have studied the decay distributions
using as z axis the direction of the incident beam
in the over-all center-of-mass system instead of
the direction of the beam in the #’ rest frame. The
numbers presented in Table II remain essentially
unchanged. Thus, with statistics comparable to
those of che Brookhaven-Michigan collaboration,
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FIG. 7. Polar (cosd) and azimuthal (¢) angular dis-
tributions for the 7’ decay vectors for 7’ mesons pro-
duced with cosf,,, >0.6.
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TABLE II. Number of polar events (P) and num-
ber of equatorial events (E) for each of the three 1’ de-
cay angular distributions discussed in the text. Results
are presented for this experiment and for the Brook-
haven-Michigan experiment (Ref. 3). No refers to the
number of standard deviations the respective entries
differ from equal numbers of P and E (an isotropic dis-
tribution).

This experiment Brookhaven-Michigan

Vector P E No P E No
1l 24 34 1.3 39 27 1.5
) 34 24 1.3 23 43 2.5
b 22 20 0.3 7 20 1.5

2These are background-subtracted numbers.

we fail to observe any anisotropies in the decay
angular distributions of forward-produced 1’ me-
sons. We note that we have also repeated the
above analysis restricting ourselves to ' mesons
produced with cosfcm.> 0.8, and our conclusions
remain unchanged.

We have carried out several checks to ensure
that any anisotropies that might be present were
not masked by experimental biases. In particular,
we have examined the decay angular distributions
of the ~7% background events present in the data
sample for the n*r~n decays [reaction (2)] due to
events belonging to reaction (5). These distribu-
tions were not found to exhibit any significant
anisotropies. For the 7*7~y decay mode, the re-
moval of events making successful fits to either
reaction (7) or (8) from the data sample for reac-

tion (6) introduces a possible bias against y’s
emitted in the backward direction in the center-
of-mass system, and consequently a possible bias
against backward y’s in our distributions. A
slight loss of events due to this cut might have
occurred near cosf = -1 in the over-all distribu-
tion of Fig. 5(e); however, when confining our-
selves to forward-produced 1’ mesons [Fig. 7(e)],
there is no evidence for any significant loss. We
have also carried out a study of possible biases
introduced due to uncertainties in the beam mo-
mentum or its error used in the kinematic fitting
program SQUAW, and found that neither of these
effects could have caused any significant changes
in the numbers displayed in Table II.

IV. CONCLUSIONS

We have carried out a study of the decay distribu-
tions of the n’ meson utilizing the n’=nr*7~ and
n'=-7*n"y decay modes. A Dalitz-plot analysis of
the nn* 7~ decay of the #’ has ruled out all spin-
parity assignments except 0~ and 2-, but is unable
to distinguish between these two possibilities. We
have searched for anisotropies in the decay angu-
lar distributions of the ' and have found no evi-
dence for the existence of any. Even upon con-
fining our analysis to ' mesons produced in the
forward direction, we were unable to detect any
anisotropies. We thus conclude that, while we
are unable to rule out the spin-2 assignment for
the n’, our data do not support this hypothesis, in
contrast to a similar analysis?® carried out re-
cently which claims evidence for a spin-2 7’.
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