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Two- and four-prong final states in a 28.5-6eV/'c p-p bubble-chamber experiment
were examined for single-isobar production in various decay channels; results are
compared with missing-mass-spectrometer data. The 1400 enhancement was found to
be an ¹ system with the ratio nn+jp~ -2, which establishes the isospin assignment
I= 2. The final state 6++(1238)n was measured and compared with low-energy data to
show that the cross section decreases according to Plab (' ' ~, consistent with
single-pion exchange.

Several missing-mass-spectrometer experi-
ments'~ have produced evidence for single-iso-
bar pr oduction at energies ranging from 6 to 30
GeV. The most interesting structure seen is the
strong, &200-MeV wide enhancement nea, r 1400
MeV, which is produced with a steep exponential
dependence on t, the square of the four-momen-
tum transfer. ' This enhancement has not re-
ceived solid endorsement as a resonance since
its position at the low-mass end of the spectrum
suggests that it can be interpreted as a kinematic
effect. '

We report here an investigation of -12000 two-
and -12000 four-prong events from a 28.5-GeV/
t.-, 83000-picture, PP exposure in the Brookhaven
National Laboratory 80-in. hydrogen bubble
chamber. We find that the enhancement at 1400
MeV is nearly all nv+ and pv' in the ratio nv+/
P~'-2, as expected for an isospin-& system. An

enhancement centered at -1450 MeV also occurs
at the low-mass end of the P~+v- effective-mass
spectrum. This peak is produced prominently at
low f. and has a cross section appreciably small-
er than that of the 1400-MeV enhancement in the
nv+ and P~ systems. An additional enhancement
is seen in the mass interval 1600-1700 MeV in
both two- and four-prong events whose depen-
dence on t is much less steep than that of the
1400- and 1450-MeV objects, in agreement with
the counter data. The production of the 4++ res-
onance at 1238 Me V was observed in the final
state 6++(1238)n. Our cross section for this re-
action combined with cross sections measured
at lower energy is in agreement with the momen-
tum dependence Plab

' expected for single-pion
exchange. The 1520- and 2190-MeV isobars
seen with the missing-mass spectrometers have
too little cross section to be resolved in our
data.

Calculations by Berger relating to the 1400
question in our data are presented in the follow-
ing Letter.

The reactions relevant to our study are

p+p -p+ (n+ v+),

—p+ (p+ v'),

—p+ (n+ v++ v'),

—p + (p + v'+ v'),

-(p+ ~+)+ n,

-p+ (p+ a++ v ).

(1)

(2)

(4)

(5)

(6)

where P& is a low-momentum (recoil) proton and
MMX is the low-mass system or isobar, with
one or three charged tracks and possibly one or
more neutrals. Figure l(a) is a plot of MMX for

The parentheses indicate the systems of parti-
cles whose mass spectra are to be studied. In
all but (5), which is intrinsically isospin 2, we

expect the isospin-2 channels to dominate ac-
cording to the usual observation that reactions
that require quantum-number exchange decrease
in cross section with increasing energy. '

The measuring accuracy at this energy is lim-
ited by the small curvature of high-momentum
tracks. ' Because of this and other limitations,
the following items are noted:

(1) Reaction (6) is studied after making four-
constraint kinematic fits to the data and selecting
only those events with (Pv+v ) in the backward
hemisphere (targetlike). This selection avoids
biases due to losses in data associated with
short recoil-proton tracks from the half of the
data where (Pv+v ) is in the forward hemisphere
(beam like).

(2) Since kinematic fits to final states with one
neutral particle are much less certain than fits
to all charged-particle states, we rely on miss-
ing-mass techniques. Because of the beam-tar-
get symmetry we expect that half the events are
of the type

p+ p p +MMX,
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Flo. 1. (a) Missing mass MMX in the two-prong re-
action p+p —p(recoil)+MMX. (b) Missing mass MMn
in the reaction p +p p (recoil} + 7t +MMn from two-
prong events.

two-prong events. The elastic final state domi-
nates, giving a peak in MMX at -940 MeV and
width of -+100 MeV; the width indicates the res-
olution in the measurement of MMX for higher
masses as well. This resolution is comparable
with that of the counter experiments at the same
energy. '

To study MMX further in the two-prong events
we look at all events that are kinematically com-
patible with the reaction

(8)

where p& is the slow recoil proton as before,
the other track (of relatively high momentum) is
assumed to be a m+ for this calculation, and
MMn is the desired neutral missing mass. In
Fig. 1(b) is shown a plot of MMn that reveals a
distinct neutron peak with a resolution also about
+100 MeV. This enables us to select the final
state Pn~ by choosing the events with MMn with-
in the neutron peak. Most of the events constitut-
ing the neutron peak also give reliable one-con-
straint kinematic fits to the final state Pnm+.
The Ppm' final state cannot be studied directly,
since no w' peak is resolved in the neutral miss-
ing-mass distribution when the high-momentum
track is interpreted as a proton.

We restrict our study to "forward isobar"
events, since choosing the symmetric counter-
parts to Reactions (7) and (8), wherein P& be-
comes a high-momentum proton, gives very poor
resolution on MMX and MMn. Although the meth-
od just described is essential for studying the
two-prong Reactions (1) through (5), a loss of
events occurs with f &0.06(GeV/c)' due to a scan-
ning bias against very short recoil-proton tracks.

(3) The structure in MMX for masses above the

elastic peak in two-prong final states can be
seen more clearly if we remove the elastic
events from the sample. Even though the resolu-
tion on MMX is -+100 MeV, the elastic final
state is so dominant that some of the "tail" in the
elastic distribution would obscure the low-mass
region. The events that were removed were
those which gave four-constraint kinematic fits
to the elastic interpretation. A check, using co-
planarity, showed no significant elastic contami-
nation remaining for MMX & 1250 MeV.

W'ith the techniques and within the restrictions
cited above, several results follow:

(a) We examine MMX of Reaction (7) and com-
pare with the results of Anderson et al. at 30
GeV/c. ' Figure 2(a) shows MMX from all two-
and four-prong events for t )0.06 (GeV/c)' along
with a solid curve that shows the counter results
on the same scale as our data, integrated over
the same t region. The cut on t is chosen to in-
clude a region in which scanning losses are
slight [see item (2) above]. The shaded histo-
gram in Fig. 2(a) shows the contribution of the
four-prongs alone. This comparison shows that
our two-prong data adequately account for the
structure seen at low mass in the counter data.
The four-prong data, as will be substantiated be-
low, contribute little in the 1400 region, imply-
ing that the 1400 enhancement is made up of Nm~

or higher multiplicity.
(b) Since the low-mass region appears to be al-

most entirely an Nm system, we explore the two-
prong data in more detail.

The main histogram in Fig. 2(b) represents
MMX in Reaction (7), while the shaded histogram
represents the effective mass of m++MMn in Re-
action (8) using only the events where 0.80&MMn
&1.08 GeV (neutron band). Both plots are re-
stricted to events with t &0.12. The same plots
are shown for comparison in Fig. 2(c) for 0.12
&5(1.0. Note that MAX for two-prong events
contains the systems indicated by parentheses
in Reactions (1) through (4), while m++MMn with
the above restriction on MMn represents the ef-
fective mass of en+.

A broad enhancement centered at about 1400
MeV is apparent in the low-t data. For t)0.12
an enhancement appears in the )600- to 1700-
MeV region. This behavior is in agreement with
the counter results, ' which indicate a very steep
exponential slope for the production of the 1400
structure (-2 times the elastic slope) and a small
slope for the 1690 structure (-2 times the elastic
slope). To determine the relative contributions
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FIG. 2. (a) Missing mass MMX in four-prong events
(shaded) and in two- plus four-prong events (main his-
togram) at values of t & 0.06 (GeU/c) . The smooth
curve is the counter data of Anderson et al. integrated
over the same t region (Ref. 1). (b) Effective mass of
(MMn+w ) (shaded) for MMn in neutron band (0.80
&MMn & 1.08) and MMX' in two-prong events (main) with
t &0.12 (GeV/c) . (c) Same as (b) with t &0.12 (GeV/c) .
(d) p71+7I effective mass in the reaction p+p p+p+m+
+7I. {solid line) and n~+ effective mass in p+p p+x+
+n (dashed line), both for t &0.12 {GeV/c) . (e) Same
as (d) (solid line) for t &0.12 (GeV/c)2.

from Reactions (1) through (4) in the 1400-MeV
region we count the number of events in the inter-
val between 1250 and 1550 MeV where elastic
background is no longer a problem [see item (3)
above] from the low-t histograms, Fig. 2(b), for
MMX and (MMn+w ). The number of events in
the peak in MMX is 235 and in (MMn+ w+) —= (nw+)
is 142. Assuming the MMX system is entirely

0. 1
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LAB. MOMENTUM (GeV/c)

I I I III
100

FIG. 3. (a) Missing mass MMn versus effective
mass of p7I+ in the reaction p +p —p+ r +MMn. Also
shown are projections of distributions within the bands
indicated by dashed lines. (b) Energy dependence of
the cross section for the reaction p+p 6 (1238) +n.

isospin e, the ratio (nw+)/(pw') =2 is required,
which implies that the sum of n~+ and Pm events
is 213+ 18. The remaining 22 events are presum-
ably nw+w' and pw'w', so that (nw+w'+ pw'w')/(nw+
+ pw') -0.1.

We conclude that our data show that the 1400
enhancement of the counter experiments is made
up almost entirely of (nw++pw') and that the iso-
spin for the system is 2.

(c) The effective mass of Pw+w of Reaction (6)
is plotted in Figs. 2(d) and 2(e) for the regions t
&0.12 (GeV/c)' and t &0.12 (GeV/c)'. In the low-
/ region the Pm+a effective mass peaks in the
low-mass end of the spectrum at -1450 MeV.
Comparing this with nm+ at low f we see that the
n~+ spectrum is centered at 1400, is much broad-
er, and has a greater cross section in spite of
the loss of events with very low t [see item (2)
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above]. At large t, the Pw+w spectrum shows no

peak at around 1450, but structure at higher
masses including the 1600- to 1700-MeV region
becomes more prominent. The pm+a peak near
1450 MeV contains a large fraction of Pr+ combi-
nations constrained to be within the 6++(1238) re-
gion by the small effective mass of the entire
P~+m system. Nevertheless, assuming that a
large fraction of the low-mass events in P~+m

are 6++(1238)w, the 1450 peak at low f could be
an alternative decay of a 1400 isobar, the shift
in the position of the peak to higher mass being
due to the higher threshold for production. ' Like-
wise, the structure at large t around 1600-1700
MeV could be interpreted as an inelastic decay
of one or more resonances in the -1690-MeV re-
gion.

(d} The final state 4++(1238)n is detected in

this experiment by using the technique described
in item (2) applied to Reaction (8). A plot of the
effective mass of Pv+ vs (MMn) is shown in Fig.
3(a). The Pw+ effective mass within the neutron
band (0.8 &MMn& 1.1 GeV) and the missing mass
MMn within the &++(1238) band (1.15&pm+ & 1.35
GeV} are projected, respectively, along the ver-
tical and horizontal axes of the same figure. Se-
lecting events above background in the region
where the two bands cross gives the contribution
of the final state 4++(1238)n; the result is a
cross section of 115+15 iL(.b. To investigate the
momentum dependence of the cross section we
combine our cross section with data from lower
energy bubble-chamber experiments. ' A fit to
the expression a -Plab "gives n = 1.91+0.08,
which is consistent with the value n =2 expected
for one-pion exchange. ' The plot of log(cross
section) vs log(P1 b) in Fig. 3(b} shows that data
extending over a factor of 10 in Pl b agree welllab
with our fit.
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