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of the width, = 10 Me+, as found in our data. It is
quite possible that a more rigorous, relativistic
calculation of the two-step process, which incor-
porates the off-mass-shell effects properly, would

move the kinematical peak to lower energies, to
fit our observed enhancement.

On the other hand, in view of the position of the
peak and asymmetry of our mass distribution, we
cannot invoke a simple resonance model, as has
been done by Cline et al. ' It may, however, be
seen from Fig. 3 that a possible interpretation of
our data is in terms of a resonance having mass

=2125-2129 MeV and width = 10 MeV, together with
a kinematical enhancement of the type calculated
by Alexander having a peak at 2139 MeV with width
25-30 MeV.

A more direct search for a Ap resonance should
be possible in experiments on Ap scattering. This
has so far proved to be inconclusive' because of
the poor statistics involved.

We are indebted to the operating crews of the
NIMROD and the Saclay bubble chamber, and to
the scanning and measuring teams in our labora-
tories for their diligent efforts.

~D. Cline, R. Laumann, and J. Mapp, Phys. Rev. Let-
ters 20, 1452 (1968).

G. Alexander, B. H. Hall, N. Jew, G. Kalmus, and

A. Kernan, Phys. Rev. Letters 22, 483 (1969).
3Tai Ho Tan, Phys. Rev. Letters 23, 395 (1969).
G. Alexander, in Proceedinf, s of the International Con-

ference on Hypernuclear Physics, Argonne National Lab-
oratory, 1969, edited by A. P. Bodmer and L. G. Hyman

(Argonne National Laboratory, Argonne, 1969), p. 5;

D. Cline, R. Laumann, and J. Mapp, ibid. , p. 92.
5G. F. Cox, G. S. Islam, D. C. Colley, D. Eastwood,

J. R. Fry, F. R. Heathcote, D. J. Candlin, J. G. Colvine,
G. Copley, N. E. Fancey, J. Muir, W. Angus, J. R.
Campbell, W. T. Morton, P. J. Negus, S. S. Ali, I. But-
terworth, F. Fuchs, D. P. Goyal, D. B. Miller,
D. Pearce, and B. Schwarzschild, Nucl. Phys. B19,61
(1970).

6G. Alexander, private communication.

PHYSICAL REVIEW D VOLUME 3, NUMBER 11 1 JUNE 1971

Production of B(1235)and p (1710)4n Enhancements in 16-Gev/c 7r+p Collisions*
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Production of B{1235)and p {1710)mesons is observed in the four-pion decay modes +I
~+ m m

in 16-GeV/c m p collisions. Decay distributions and branching fractions into various modes

are presented. Absence of the two-pion mode 7l 7r for the p {1710)is noted.

We report on data from two exposures in the
Brookhaven National Laboratory 80-in. hydrogen
bubble chamber. Both used an incident beam mo-
mentum of 16 GeV/c. In the first exposure 60000
pictures were taken in a negative (unseparated} pi-
on beam and subsequently all two- and four-prong
events were measured. The second exposure of
50000 pictures used an rf-separated g' beam, and

all four prongs were measured.
From the two-prong data we obtained a sample of

446 events constraining to the reaction

7T P~ P71 7T ~

Selection of these events was similar to that de-
scribed in Ref. 1: All events with a four-constraint
(4c) fit were removed from the sample, and miss-
ing-mass and confidence-level cuts were applied to

the remaining fits to separate the final states g' p n,
PPn, K'K n from r'eaction (1}. The reaction cross
section was measured by two methods as described
in Ref. 1, one where the normalization was set by
the measured two-prong topological cross section
and the other normalizing to the elastic 4c events
corrected for losses at low t by comparison with
the published elastic scattering data. ' The result
for reaction (1) is 0.43+0.08 mb, as shown in Table
I..

The four-prong events were treated in a similar
manner. After removal of the 4c events, only fits
with greater than 1% confidence were considered,
the missing mass squared was chosen in the inter-
val +0.11 GeV' about the n' mass and finally the er-
ror on the missing mass squared was required to
be less than 0.18 GeV'. We found 1192 events pass-
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TABLE I. 7(~p cross sections at 16 GeV/c.

H,eaction

II P 2 Prollgs

Vt P-P7(. 7('

Vr~p 4 prongs

II'P-PII'II+II II'

8.7 + 0.6

0.43 +0.08

8.8 + 0.7

1.24 ~0.15

7.6 + 0.6

8.6 + 0.6

1.28 +0.17

Vi ~P ~PP~(1710)

0.040 + 0.015

0.040 a 0.015

0.030 ~ 0.010

0.025 + 0.010

ing these criteria for the reaction

m p-p~ m'n n'

and 951 events for reaction

n'p- pm'~ m'm'.

Tile I'eRctioll cl'oss sectlolls fol' (2) Rnd (3), Rlollg

with the four-prong topological cross sections from
which they were obtained, are listed in Table I.

We first discuss the mass spectra for the 4m

states. Figure 1(a) shows the four-pion mass spec-
trum for reaction (2). Two enhancements are easily
visible in the uncut spectrum, one at - 1.25 GeV,
which we associate with the B meson, ' "and the
other at - 1.70 GeV, which we associate with the
p(1710).Io-" The shaded spectrum shows those
events which have a p'm w' combination in the v'
(here taken to be 0.78 a 0.06 GeV). The B-meson
signal is seen to be dominantly from the e'm

events, while the p(1710) branches only weakly
(& 30% at the 90% confidence level} into this mode.
In Fig. 1(b) we see the same spectrum for events
with a II'II combination in the p band (taken to be
O.V6+ 0.08 GeV). The p(1710) appears strongly in
the data while there is no evidence of a B signal. .

Flglll'es 2(R) Rlld 2(b) sllow the corresponding
spectra for reaction (3}. They closely resemble
the data of Fig. 1. As might be expected, the 6"
is stronger in reaction (3) and has a greater over-
lap with the p(1710) than for reaction (1) [about
25% of the data are removed from the p(1V10) re-
gion when h,

"is excluded in Fig. 2(a) versus 10%
in Fig. 1(a)]. The B spectrum appears very much
the same in both samples.
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FIG. 1. Four-pion invariant mass spectra for the pro-
cess Vf p per n 7( m. o at 16 GeV/c. (a) The dashed curve
shows all events; the solid curve excludes events in the
A + ~ the shaded histogram contains events mth an ~
and excludes 4++. (b) Histogram of events containing an
associated p

FIG. 2. Four-pion invariant mass spectra for the pro-
cess Vt+p p7t+Vl Vl+Vto at 16 GeV/c. (a) The dashed curve
shows all events; the solid curve excludes events in the
6++; the shaded histogram contains events vrith an uo,
and excludes 4++. (b) Histogram of events containing an
associated p



2608 J. BALLAM et al.

IO - ~

(D

0
+) 08-

0 006-—-
~ ~

~ ~

0.2

20

IO-

H ALL

G & BAND

I I I I

I I

I I

I

l.2 - ~
I

ee I
Ie
I

~ e ~ ~ ~
I ~ g H ~ ~~ ( ~ ~ ) e oe

ge
0 ~ g 0e ~

I
g.

I

'
I

I I

I I

I

tr

l.2

0.2
20 10 0

MASS COMBINATIONS /20 MeV

7T P ~P7T 7T + 7T 7T'

I.62-' M4-tT ~ I.86 GeV

I.O ~
08 +)

FIG. 3. Scatter plot of M(7t 7t ) versus
M(71 7( ) for events in the p(1710) region

0.4 for 7( p px'm+~ no with their associated
mass projections. The shaded histogram
shows mass projections for events with
an associated p in the conjugate pair.
The fitted curves are explained in the
text.

0.2 04 0.6 0.8 1.0
MTJ-+~- [GeV]

I 2 14

Table I includes the production cross sections
found for both enhancements in their two charge
states decaying into the four-pion modes observed
here. These are obtained using a simple Breit-
Wigner resonance form over a hand-drawn back-
ground to describe the resonances. Although the
cross sections for the two charges agree within
statistics, those for reaction (3) tend to be sys-
tematically lower. This is most likely due [at
least for the p(1710)] to difficulties in estimating
cross sections in the heavier 6" background of
reaction (3). ln addition, the presence of two Pv'
combinations in reaction (3) doubles the probability
of erroneous losses of good events when the 6"
is excluded.

An investigation of the most likely decay modes
of the 1710-MeV enhancement is hampered by the
limited statistics, the large (- 50gp) background,
and the "false combination" of four particles taken
in pairs or triplets. At first sight there seems to
be evidence of a large p p decay mode, as is in-
dicated in Fig. 3 where p p pair invariant masses
are plotted against g'm' masses. The overlap re-
gion of po and p' is preferentially populated, indi-
cating strong p' and p' decay modes. To distin-
guish a pp mode from a p2n mode, the data were
divided into 3 regions of m(4w): 1.06 to 1.62 GeV,
1.62 to 1.86 GeV (the region shown in Fig. 3), and
1.86 to 2.0 Ge7. In addition, each of these regions
was divided into the dashed areas shown in the
m'm' —m'w' mass scatter plot, illustrated in Fig. 3.
The background was characterized by a smooth
curve and a phase-space distribution of mm masses.
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FIG. 4. Invariant mass plots of 7t71 systems for events
in the p (1710) region of the combined sample of reac-
tions (2) and (3). (a) Mass (7t+7t ). (b) Mass (x 7l.o) having
the same charge as the incident beam [7( 7( from reac-
tion (2)+ 7t+7t from reaction (3)j. (c) Mass (7( 7(. ) with a
charge opposite the beam charge [7t+7to from reaction (2)
+ 7r 7to from reaction (3)].

The solid curves in Fig. 3 show the expected
mass projection for p(1710)- pp. The dashed curve
shows the expected mass projections for the sub-
sample of events associated with a p in the conju-
gate pair. The resulting fit favored slightly pp de-
cays over pmm, though both are acceptable.

Other possible decay modes of the p(1710) are
A, m or A, n.. Invariance of the decay under isospin
rotation requires equal fractions of A'm' and A'm'

for an I=1 or 2 parent state, and hence, equal
amounts of p'm w, p z'm', p'w n', p'n'n'. The lat-
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ter three modes are observable in reactions (2}
and (3) and give rise to equal populations of p',
p', and p in the data. For events in the p(1710)
we find a strong p' signal in both reactions (2) and

(3) as seen in Fig. 4(a); there is an equally strong
signal for p's having the same charge as the inci-
dent beam [p for reaction (2), p' for reaction (3)]
shown in Fig. 4(b); and no apparent signal for p's
of charge opposite to the beam [Fig. 4(a)]. Hence
an An decay mode is not required in our data.

In summary we find the 4m decay modes of the
p(1710}to divide in the following way:

I'(pcs) =0.88 + 0.15 (indistinguishable from pp),I' all 4m

= 0.12 t 0.07,

& 0.4 (90%% confidence limit).
I'(As)

Finally, we looked for evidence of a 2n mode for
the p(1710) resonance. In Fig. 5 we show the rr'n

mass plot for events from reaction (1). The mass
resolution in the vicinity of the p(1710) is calculated
to be only slightly worse" (+21 MeV compared to
+19 MeV, well within the binning selected) for the
n 7t' spectrum than in the corresponding four-pion
case of Fig. 1. A weak p signal is observed, but
there is no evidence of the p(1710) decay into 2n.
Previous observations of this decay, mode in a m p
experiment" at 7 GeV/c, and a s'P experiment"
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FIG. 5. Invariant mass of the 7t 7to system for the
process 7t p p7t 7t.o at 16 GeVjc.

at 8 GeV/c reported the 2s/4s branching ratio as
0.7+ 0.18 and 0.8 + 0.15, respectively. Such a
branching ratio would require a signal of = 30
events in 2n mass spectrum in the p(1710) region,
which is clearly not supported by the data. The
best estimate of the branching ratio at 16 GeV/c
is then & 12%, at the 90% confidence level.

In conclusion, we find that the B and p(1710) me-
sons are produced in 16-GeV/c sP collisions, de-
caying into 4p but only weakly into 2p. %e take this
as rather clear evidence that the p„(1710)and
g„(1640) are indeed different states.

%e wish to thank the BNL 80-in. bubble-chamber
staff for their efforts during these exposures, and
the SLAC scanning group for their patient and
thorough work.
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