
VOLUME 16, NUMBER 25 PHYSICAL REVIEW LETTERS 20 JUNz 1966

633 (1965}.
R. F. Dashen and D. Sharp, Phys. Rev. 133, B1585

(1964).
K. Bardakci, J. M. Cornwall, P. G. O. Freund, and

B.W. Lee, Phys. Rev. Letters 14, 264 (1965).
E. B. Hughes, T. A. Griffy, M. R. Yearian, and

R. Hofstadter, Phys. Rev. 139, B458 (1965).
~ K. Johnson, Nucl. Phys. 25, 431 (1961).

OBSERVATION AND PROPERTIES OF THE NEUTRAL A2 MESON*

G. Benson, L. Lovell, E. Marquit, f B. Roe, D. Sinclair, and J. Vander Velde
The University of Michigan, Ann Arbor, Michigan

(Received 5 May 1966)

From a 250000-picture exposure of 3.65-BeV/c
7t+ mesons in the Brookhaven 20-inch bubble

chamber, we have obtained 2993 events of the

type

1T +d iT +1T +77 +p+p

with both protons visible. The three-pion mass
spectrum shows an enhancement at about 1300
MeV which we interpret as the A, '(1300) me-
son. Further analysis of the data shows its
subsequent decay into p~m+. The properties
of the A,' appear to be consistent with those
expected for the neutral member of the A, trip-
let, the charged members of which have been
observed" in the reactions ii + p -A, +p. The
branching ratios of the A2 indicate an I = 1 state
which strongly prefers pii (as opposed to direct
3m) decay. The Dalitz plot density favors a
spin-parity assignment of 2+.

There is no substantial peaking in the A, (1080)
mass region. A comparison with z P data, in-
dicates that the A, and A, may have different
production mechanisms. This can be interpret-
ed as support for the idea that a kinematical
(e.g. , Deck) effect is present in A, production. '

Event selection. —The events were analyzed

using the TRED and GRIND programs and have
X' probability and track ionizations consistent
with the hypothesis m++8 -ii++m +z'+p+p.
The spectator protons (defined in each event
as the proton of lower momentum) have a range
of 1 mm or greater. Of these spectators, 28%
have a momentum greater than 250 MeV/c which

exceeds our prediction of 9 %%d, based on the

Hulthdn wave function for the deuteron. No sig-
nificant correlation was found between the mo-
mentum of the spectator proton and the char-
acteristics of the three pion states.

An additional 550 events having a possible
proton track with momentum greater than 1.7
BeV/c but also fitting v++d -m++iT++ii +p+n
have not been included. This possible bias

against events with high b. ' (four-momentum
transfer squared) from the deuteron to the pp
system does not materially affect the reactions
discussed here, which are primarily low-6'
processes.

General mass spectra. —The invariant mass
of the m+m v system is shown in Fig. 1. In
addition to the g'- and ~'-meson peaks, a broad
enhancement is seen around 1300 MeV. Pre-
vious studies of this peak in similar experi-
ments have not been able to demonstrate that
it was substantially due toA, '-p +~ . The
lower histogram and smooth curve are discussed
later in the text.

The two-body pion-pion and pion-proton mass
plots (not shown) give evidence for p, p', and

p production and for production of the two-
body final states p++N*'(1238) and p'+N*+(1238).
There is no evidence for the p N*++ final state.
This is perhaps explained by the fact that p+
and p' can be produced in v+n collisions by one-
pion exchange but p cannot. The 6' distribu-
tion shapes and total numbers of events for the
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FIG. 1. Effective mass of 7t.+x 7t for all events from
x++0 m++7t. -+m' +p+p. The subsample of our events
with p+or p and 4 ( 3x) ~0.85 (BeV/c) is shown with
a smooth curve taken from a compilation of ii +p po

+ii +p data.
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p+N*' and p'N~+ states are in excellent agree-
ment with being identical, as predicted by the
one-pion-exchange diagrams. The p region
is taken throughout this report as 650-850 MeV,
and the N*(1238) region is defined throughout
as 1140-1340 MeV.

Rho-pi mass spectra. —The three-pion mass
spectrum has been broken into eight parts to
search for decays into p++ m, p'+ v, p +71 +,
and 3II without p. Plotted in Figs. 2(a), 2(b),
and 2(c) are the II+II II' invariant mass distri-
butions for those events having one and only
one m~ invariant mass in the p region. Plotted
in Figs. 2(d), 2(e), and 2(f) are those events
with exactly two 7T m mass combinations in the

p region. Fig. 2(g) contains events with three
simultaneous combinations in the p region.
The three-pion mass spectrum for the 1288
events with no n71 mass combination in a p re-
gion is not shown here. It is smooth except
for the g' and ~' peaks.

In order to estimate the distortion of the three-
pion mass spectrum caused by this eight-way
cut in the data, a three-pion phase-space back-
ground estimate was made and plotted on the
histograms. To obtain the curves, we calcu-
lated the expected density of points on a sym-
metrized Dalitz plot' at a particular three-pion

mass by dividing the number of events predicted
from a three-pion phase-space curve by the
total area of the plot. The curves in Fig. 2
are then calculated assuming that this density
is constant over the entire plot for a given three-
pion mass. The positions of the p bands on
the symmetrized Dalitz plot at M3z =1.0 and
1.3 BeV are shown in Figs. 2(h) and 2(i). The
normalization for the resulting curves has been
chosen from the non-p events at M3~ = 1.7 BeV
(not shown).

Branching ratios of the A,'.—Neutral meson
states of definite isospin I= 0 (1 or 2) which
decay (with I conservation) into p+m should
decay with the ratios p+7t:p'~'. p m+ of 1:1:1
(1:0:1or 1:4:1). We note that Figs. 2(a), 2(b),
and 2(c) show a narrow peak at M3„=1.3 BeV
in the p and p plots. A much broader and
somewhat shifted peak appears in the p plot.
The shaded events of Fig. 2 result from an at-
tempt to remove background events. The shaded
events are those which remain after the remov-
al of nonperipheral events with 6'(- 311) (i.e.,
from the beam to the three-pion system) )0.85
(BeV/c)', plus peripheral events with p N*'(1238)
and p'N*+(1238). The pN* events are removed
only if b, '(- p) is less than 0.6 (BeV/c)2. To
obtain a quantitative estimate of the decay branch-
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FIG. 2. Effective mass of the 7t+7r n system for events with (a) only p+, (b) only p, (c) only p, (d) p+ and p,
(e) p+ and p, (f) p and p, and (g) p+ and p and p . The solid curve shows the number of three-pion phase-
space events lying in each p band. The locations of the p bands are shown on the Dalitz plot (h) at M3~ = 1.0 BeV
and (i) at M3~=1.3 BeV. The shaded events are explained in the text.
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ing ratios, all shaded events in Figs. 2(a), 2(b),
and 2(c) are counted between 1.2 and 1.4 BeV.
A subtraction of 24 background events is made
from the number of events in each of the three
intervals. An additional subtraction of 14 events
is made from the single-p events since these
also lie in the N*++ region. This is necessary
because similar pN* events were previously
removed from the p and p' events. This gives
for the branching ratios

p+m:p' '.p m+ = (1.3+ 0.4):(0.5+ 0.3):1.
The errors include an uncertainty of five events
in the background subtraction. The results
favor an I= 1 state assignment. Because the
observed position (1310+10 MeV) and width
(110~ 45 MeV) of this state and the I=1 assign-
ment agree with those found for the A, , we
conclude that the peak at 1.3 BeV is the A,'.

In the non-p events no peak above the gener-
al background at the A, mass is observed. The
subsample of non-p events with 6'(- 3E) ~ 0.85
(BeV/c)' still shows no evidence for A,'. We
obtain the following upper limit for the branch-
ing ratio

(A,o-3E)/(A, o- p++n or p +v+) ~ 0.11.

We use for the numerator the square root of
the events with b, '(-3E) ~ 0.85 (BeV/c)' in the

A, region (1.2-1.4 BeV) and outside the p+ or
p bands, multiplied by 2.1. This is the fac-
tor (estimated from phase space) that would
be used to obtain the total number of A,'- 3v

from a hypothetical peak observed in those
events outside the p or p bands. The denom-
inator is taken as the number of A,' events above
background as described below and shown in
the lower histogram of Fig. 1.

A,' production mechanism. —Assuming that
we are observing the A, ', a test of p exchange
as a production mechanism can be made. The
cross section for w++n -A, +p at a given en-
ergy should be twice that for E +p -A, +p,
based on the ratio of the isospin vector addition
coefficients at the npP and PpP vertices. An

additional factor of 2 for the observed ratio
of A, '/A, results from the fact that both p+E

and p m decays are observed in this experi-
ment, whereas only A -p'+E (and not A
-p +~ ) is normally observed in w P experi-
ments.

We have made a comparison of this experi-
ment with our data from E +p-w, +E, +v+
+p also at 3.65 BeV/c. ' In each set of data,

b, '(- 3E') - 0.85 (BeV/c)' is required. Addition-
ally in the ~ d data, p or p is required, and
in the m P data, p, ' or p, ' is required. For
the m d data the cross section per event is 1.3+

a 0.2 p.b/event. ' Counting the events above pE
phase space for the two experiments, we ob-
tain

~(AE') 190+ 50 p, b
o(A ) 90+ 30 Iubobserved

which is more than two standard deviations
below 4.0, as predicted by the simple argument
above. The 0.8 error includes a 20% uncertain-
ty in normalization for o(A, ) and 10 and 14/0
uncertainties in the normalization of the two
phase-space curves, but no error for uncer-
tainty in the shape of the background.

We compare A, ' production with A, produc-
tion in the lower histogram of Fig. 1. Periph-
eral events with p or p are shown with a
smooth curve taken from v +p-p'+v++p da-
ta' and normalized arbitrarily. The fact that
there are fewer events in the neutral A, region
than would be predicted from this curve seems
to indicate a fundamental difference in the pro-
duction mechanism for the events in the A, and
A, regions. If the Deck effect' is present in
A, production, one would expect a diminished
value for A, production due to the requirement
of charge exchange at the nucleon vertex.

A&' spin-parity test. —A spin test for the A,'
was made from the Dalitz-plot density within
the p+ and p bands. No knowledge of the pro-
duction mechanism is needed for this test. The
theoretical equations of Frazer, Fulco, and
Halpern which are based on a simplest matrix
element approach have been used. The p+ or
p half-width (I" of Ref. 9) is taken to be 0.150
BeV'. This corresponds to a full width in mass
of 200 MeV, which includes our experimental
n+n resolution of 60 MeV. Except for experi-
mental parameters of this type, the predictions
for the A, ' are exactly the same as for the A, .
The interference terms for a given J between
p and p are the same as those between p, '
and p, in the 7t P data. Previous Dalitz-plot
spin-parity tests with v*P data' have resulted
in possible assignments of J+=1 s wave, 2

or 2 . If the A, decays to KK as observed by
Chung et al. ,

' then the choice is limited to J+
2+ 4'+. . ~

Figure 3(a) shows M'(m v') for A,' events
with p (650-850 MeV). One might expect the
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distribution of background according to phase
space, our data definitely favor the 2+ assign-
ment over all other JP with J~2. It is inter-
esting that for J =1+ s wave and 2, the min-
imum values of y' are reached with 0% back-
ground, but for 2 the g' is minimized at 32%
background.

We are grateful to H. Brown, the 20-inch
chamber and beam crews, and Brookhaven Na-
tional Laboratory for assistance with the ex-
posure, and to our scanning, programing, and
technical staff for help with the analysis. We
thank P. Yamin for private communication of
Ref. '7, and W. Moebs for use of the data of
Ref. 6.

FIG. 3. (a) and (b) Mass-squared distributions for
events in p bands with 1.2&MS~& 1.4 BeV and 62( 3n)
&0.85 (BeV/c)2. (c) Sum of events in (a) and (b) less
the shaded events as explained in the text. Theoretical
curves are for 4 =1+ & wave and 2+ both without back-
ground, and 2 with 37Vo background distributed accord-
ing to phase space.

background for these events to be similar to
m P data since the p+ in our v+n experiment,
like the p' in v P, can be produced through pion
exchange. Figure 3(b) shows M'(m+n' ) for our
events with p, which cannot be produced in
pion exchange. A comparison of these distri-
butions with m+p data shows in fact that Fig. 3(a)
does have a shape similar to z~P data while
Fig. 3(b) has fewer events in the low-M'(n~)
region. The events having p+N*o or p'1V*+ with
b.'- p ~ 0.6 (BeV/c)' are shaded. They are dis-
tributed approximately according to phase space
in Fig. 3(a) but can lie only in the p overlap
regions of Fig. 3(b). Figure 3(c) is the sum
of (a) and (b) excluding the shaded events. As
required for the theoretical curves, events with
both p and p are included twice in this plot.
but both of them do not fall, in general, at the
same mass value.

Three of the theoretical curves are shown
in Fig. 3(c). If we do not take into account the
presence of background, the three best assign-
ments, with (J', y2 probability), are (2+, 0.01),
(1+ s wave, 0.25), and (2, 0.02). From the
3m mass plots for these events, the background
level is estimated to be 37 /z. With the addition
of this background distributed according to phase
spa, ce, the above J assignments become (2,
0.55), (1+ s wave, 0.02), and (2, 0.002) for
16 degrees of freedom. Thus with the assump-
tions of our experimental parameters, and the

*Research supported in part by the U. S. Atomic En-
ergy Commission.

)Present address: University of Colorado, Boulder,
Colorado.

L, Seidlitz, O. Dahl, and D. Miller, Phys. Rev. Let-
ters 15, 217 (1965); T. Ferbel, Phys. Letters 21, 111
(1966).

2R. Lander, M. Abolins, D. Carmony, T. Hendricks,
N. -h. Xuong, and P. Yager, Phys. Rev. Letters 13,
346a (1964); S.-U. Chung, O. Dahl, L. Hardy, R. Hess,
G. Kalbfleisch, J. Kirz, D. Miller, and G. Smith, Phys.
Rev. Letters 12, 621 (1964); J. Alitti et al. , Phys. Let-
ters 15, 69 (1965); V. Barnes, W. Fowler, K. Lai,
S. Orenstein, D. Radojicic, and M. Webster, Phys.
Rev. Letters 16, 41 (1966).

B. Shen, G. Goldhaber, S. Goldhaber, and J. Kadyk,
Phys. Rev. Letters 15, 731 (1965). Other references
are given in this paper.

A. Forino et al. , Phys. Letters 11, 347 (1964);
H. Cohn, W. Bugg, and G. Condo, Phys. Letters 15, 344
(1965); A. Forino et al. , Phys ~ Letters 19, 68 (1965).

5G. Kallen, Elementary Particle Physics (Addison-
Wesley Publishing Company, Inc. , Reading, Massachu-
setts, 1964), p. 198.

W. Moebs, dissertation, University of Michigan,
1965 (unpublished).

7This has been obtained by normalizing the reaction
7t.++d p+ p+ (all neutrals) to its approximately charge-
symmetric reaction x +p —(all neutrals) as measured
in the counter experiment of M. Feldman et al. , Phys.
Rev. Letters 14, 869 (1965), and communicated to us
by P. Yamin (private communication). This is our
best estimate of the cross sections for 7t.+ interacting
with a. free neutron.

A compilation of p 7t.+ mass distributions from 7t p
experiments with. a beam momentum range of 3.2 to
4.0 BeV/c has been presented by G. Goldhaber, Univer-
sity of California Lawrence Radiation Laboratory Re-
port No. UCRL 11971, 1965 (unpublished).

W. Frazer, J. Fuloo, and F. Halpern, Phys. Rev.
136, 81207 (1964); see also C. Zemach, Phys. Rev.
133, B1201 (1964).


