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In the reaction pp(n) —pprtn—(n) at 2.8 GeV/c, enhancements in the mass spectra of
pr—rt and pr—7+ have been observed near 1400 MeV. Analysis indicates that these en-
hancements camnot be adequately explained as kinematic reflections of N*(1238) and/or

N*(1238) production.

Several counter groups! have observed enhance-
ments between 1400 and 1450 MeV in the missing-
mass spectrum from the reaction pp —p + (missing
mass). Several bubble-chamber groups® have also
reported the observation of similar enhancements
in the mass spectra of T, =z N7 and Nnm systems
produced in pp, Kp, and mp collisions. These
peaks are generally associated with small four-
momentum transfer to the missing-mass or nu-
cleon-pion system in question and have been in-
terpreted either as evidence for the P,, reso-
nance predicted by Roper® or as kinematic reflec-
tions. In this Letter we report the observation of
enhancements near 1400 MeV in the p7~ 7" and
pr~ 7t mass distributions from the reaction pd
~ppnrtn™ at 2.8-GeV/c incident antiproton mo-
mentum.

Our analysis is based on events of the type
pp(n)~ppntm~(n). There are, in addition, indi-
cations of similar enhancements in the p7~7* and
na~nt mass spectra from the companion reac-
tion pn(p)~pnrtn—(p). However, the possibility
of producing the N*—(1238) or N*——(1238) iso-
bars in either the n7~ or p7~ systems in that re-
action complicates the analysis somewhat and we
shall defer consideration of it to a future publica-
tion.

The events in our sample were obtained from
approximately 14500 four-pronged events ob-
served in the Brookhaven National Laboratory
deuterium-filled 20-in. bubble chamber exposed
to a 2.8-GeV/c antiproton beam at the alternating-
gradient synchrotron. We discuss only events in
which the neutron momentum is less than 250
MeV/c, a range in which the impulse approxima-
tion appears valid.* The 602 events for which
this restriction is satisfied correspond to a total
section for the reaction pp(n) —ppntn~(n) of 1.7
+0.2 mb.

This reaction is apparently dominated by the
production of the N*~—(1238) and N***+(1238) res-
onances. The mass distributions of the p7~ and

pnt systems are shown in Figs. 1(a) and 1(b).
The triangle scatter plot of Mpg— vs Mpq+ (not
shown) indicates strong simultaneous production
of the N*~~ and N***, In addition, there are en-
hancements in the isobar bands outside the cross-
over region, indicating single isobar production
as well. We estimate that this resonance forma-
tion involves about 72% of the events. Further-
more, examination of the scatter piot of M, + vs
Mpy— shows no evidence for production of either
N*°(1238) or N*°(1238). The production angular
distribution for the p7~ and pnt systems in the
overall center-of-mass frame shown in Fig. 1(c)
reveals the peripheral nature of the interaction.
In view of these results we assume a model for
the reaction which consists of an incoherent sum
of the squared matrix element corresponding to
the single-pion-exchange diagram shown in Fig.
1(d) and Lorentz-invariant phase space, taken in
the proportions 72 to 28 %, respectively. We
note, however, that the conclusions we shall sub-
sequently draw from this analysis are insensitive
(to within +20 %) to this choice of weights.

The single-pion-exchange part of the cross sec-
tion is proportional to |Vy[?F (A%)|Vy[®. Here Vi
and V1 are vertex functions corresponding to the
shaded circles of Fig. 1(d). In our calculation
they are taken to be

|V 2= @7w)do(w, cosb)/dS. (1)

In (1), V is either Vjor Vi and w is either the
pm— or prt effective mass. The term do(w, cos6)/
dS is the on-mass-shell, elastic, T=371-p dif-
ferential cross section at effective mass w, ex-
pressed in terms of the scattering angle 6 be-
tween the incoming p (p) and outgoing p (p) in the
pr~ (prt) rest frame. The absence of any depen-
dence of do/d€2 on azimuthal angle is consistent
with the observation that the experimental Trei-
man-Yang distributions (not shown) are flat. We
are assuming that the on-mass-shell differential
cross sections provide an adequate representa-
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FIG. 1. (a) and (b) The p7— and p7* mass distribution.
The solid curves are the prediction of a model involv-
ing no N*(1400) or N*(1400) production (model 1). The
dashed curves are the predictions of a model involving
production of both the N*(1400) and N*(1400) (model 2).
(c) The production angular distribution of the 57— (pn™)
system in the overall center-of-mass system. (d) The
single-pion-exchange diagram used in both models.

(e) and (f) Scattering angular distributions of the outgo-
ing p (p) with respect to the incoming p (p) in the pr—
(p7t) rest frame. The solid curves are the predictions
of model 1.

tion of the off-mass-shell differential cross sec-
tions at corresponding values of w. The function
F(A%) contains the pion propagator and any form
factors connected with vertex and propagator cor-
rections. Here AZ is the squared four-momentum
transfer from the incoming p () to the outgoing
pn~ (pn*) system. To calculate the contribution
of the single-pion-exchange diagram we have ex-
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pressed the differential cross sections in terms
of power series expansions in cosf taken directly
from elastic pion-proton scattering data.> For
F(A%) we have chosen a function which repro-
duces our experimental A2 distributions. We
have used these parameters as input to a Monte
Carlo program which calculates all mass and
angular distributions of interest. To these we
add, in suitable proportion, the corresponding
phase-space distributions arising from the con-
stant part of the complete matrix element of our
model.

We find that the experimental p7— and pn mass
distributions shown in Figs. 1(a) and 1(b), as
well as the distributions in scattering angle be-
tween the incoming p (p) and outgoing p (p) [Figs.
1(e) and 1(f)], are in good agreement with the pre-
dictions of this model, which are indicated by the
solid curves.

We now turn to the three-body mass distribu-
tions shown in Figs. 2(a) and 2(b), where the re-
sults of the Monte Carlo calculation are again in-
dicated by the solid curves. There are statisti-
cally significant discrepancies between the histo-
grams and the curves in the low-mass regions.
We also note at this point the qualitative similar-
ily of the smooth curves to the predictions of
Lorentz-invariant phase space, confirming our
earlier remark that the results are insensitive
to the particular weights we have assigned.

We have also calculated a model in which the
input parameters to the Monte Carlo program
corresponded to the absorptive single-pion-ex-
change model of Jackson.® This calculation in-
volved production amplitudes for the quasi-two-
body reactions pp~N " (1238)N **(1238), p
~N*~~(1238)p7", and pp ~ N***(1238)pn . There
were no differences between the results of this
calculation and those of the calculation described
above. In fact, for any single-particle-exchange
diagram of the type shown in Fig. 1(d), the an-
gular distributions do(w, cos 6)/d2 would have to
be proportional to 1+10 cos?6 over the entire
range of w in order to reproduce the 1400-MeV
enhancements in the three-body mass spectra.

Of various possibilities for understanding the
results of Figs. 2(a) and 2(b) we proceed to in-
vestigate a model which, in addition to the dia-
gram of Fig. 1(d), includes amplitudes for pro-
duction of both an Nnm and N7 state near 1400
MeV. We calculate these squared amplitudes
with our Monte Carlo program on the assumption
that the 1400-MeV resonance decays isotropical-
ly into an N*(1238) isobar and a pion with sub-
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FIG. 2. (a) and (o) The pr~7" and pr—7" mass distri-
butions. The solid curves are the predictions of model
1. The dashed curves are the predictions of model 2.
(c) and (d) The N*——(1238) and N**t*(1238) decay angu-
lar distributions for events inside (upper histograms)
and outside (lower histograms) the respective N*(1400)
or N*(1400) mass regions. The solid curves are the
predictions of model 1. (e) and (f) Production angular
distributions for the pr—n" and pr—7+ systems. The
upper histograms contain events with 57!'_7(-" or pr—ut
mass outside the N*(1400) or N*(1400) mass regions.
The lower shaded histograms contain events with pr~r
or p7~ " mass within the N*(1400) or N*(1400) mass
region.

+

sequent isotropic decay of the N*(1238) (as we
shall remark further on, however, we cannot
rule out other possible modes of decay of the
1400-MeV enhancements). The distributions of
the squared four-momentum transfer to the 1400-
MeV systems were chosen in accordance with the
corresponding experimental distributions [Figs.

2(e) and 2(f). Several different masses and
widths for these resonances were used in the cal-
culations. The model which best reproduces all
of our data is one in which the reactions pp

~ N *(1400)p ~pn~n*p and pp ~ N*(1400)p ~pn~71"p
each contribute 20% to the total cross section,
and the single-pion-exchange diagram of Fig.
1(d) contributes 60%. The mass and width of the
N*(1400) systems are 1400+ 10 and 80+ 20 MeV,
respectively. This mass value is somewhat low-
er than the centers of the experimental peaks,
which occur closer to 1420 MeV as reference to
Figs. 2(a) and 2(b) will confirm. The difference
is explained by the fact that beneath the pr—n*
enhancement in Fig. 2(a) both the single-pion-
exchange amplitude and the production amplitude
for the N*(1400) in the pn~7t system correspond
to a pr~n" mass distribution which slopes sharp-
ly upward to the right. This tends to shift the
experimentally observed peak to a higher mass.
A similar conclusion may be drawn for the pr—n*
peak of Fig. 2(b). The predictions of the new
model are shown as the dotted curves in Figs.
1(a), 1(b), 2(a), and 2(b). It is clear that all of
the two- and three-body mass spectra are sub-
stantially better fitted by this model than by the
original one. Moreover, we have compared the
experimental scatter plot of Mz, _ vs M o+ With
a similar scatter plot of the Monte Carlo events
generated according to the new model and obtain
excellent agreement. There is also good agree-
ment between this model and the two-body pro-
duction and decay angular distributions.

The isotropic decays of the Nnm(1400) state
[N*(1400)] and the N*(1238) prescribed by this
model are consistent with a spin-and-parity as-
signment of ¥ for the N7m enhancement. Posi-
tive identification of this enhancement with the
P,, resonance of Roper is precluded because of
the disagreement in mass and width. However,
similar enhancements observed in other experi-
ments!? show a spectrum of masses and widths
ranging from 1400 to 1450 MeV and from 50 to
250 MeV, respectively.

We now turn to the angular distributions of the
1400-MeV enhancements. If we assume a spin-
and-parity assignment of 3t and the decay mode
N*(1400) ~ N*(1238)7 [where the N*(1238) has
| T,|=%], then the N*(1238) decay angular distri-
butions given by do(w, cos0)/d2 should tend to be
flat when the corresponding N77 system is in the
1400-MeV region. This follows because the de-
cay N*(1400) ~N*(1238)m must be isotropic in the
N*(1400) rest frame, and hence the subsequent
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decay of the N*(1238) must also be isotropic in
its own rest frame when referred to the beam
direction as quantization axis. In Figs. 2(c) and
2(d) we show the scattermgr angular distributions
of the N*77(1238) and N*"" (1238) for events in-
side (upper histograms) and outside (lower histo-
grams) the corresponding N*(1400) bands, which
are defined by 1380 MeV <Mz, —;+ or Mygz—r+
<1480 MeV. For this purpose, the N*(1238)
bands were defined by 1160 MeV $Mp,, <1300
MeV. The smooth curves represent the empiri-
cal elastic-scattering angular distributions of
our original model integrated over the appropri-
ate mass regions. This test is inconclusive al-
though there is some suggestion that the
N*——(1238) scattering distribution is closer to
isotropy inside the N*(1400) band than outside,
since the upper histogram of Fig. 2(c) is better
fitted by a flat distribution. We have also inves-
tigated the possibility that the 1400-MeV enhance-
ments may decay by the mode N*(1400) - N(w).
Again the results are inconclusive, so that we
cannot rule out either of the two assumptions.

As pointed out earlier, however, other experi-
ments have shown that the 1400-MeV enhance-
ment is associated with extremely peripheral in-
teractions.? In Figs. 2(e) and 2(f) are shown the
production angular distributions of the p7~7* and
pr~nt systems in the overall center-of-mass
frame. The upper histograms contain only those
events with the three-body mass outside the 1400-
MeV region, while the lower shaded events have
three-body mass within that region. We note
that the latter are considerably more peripheral
than the former, as might be expected if the
shaded samples represent a three-body resonant
state. Indeed, if in Fig. 2(e) one calculates the
ratio of events in the first bin to all events for
the lower and upper samples separately, one ob-
tains 0.46 and 0.28, respectively. The corre-
sponding ratios associated with Fig. 2(f) are 0.39
for the lower sample and 0.25 for the upper one.
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We conclude from the above analyses that our
data are consistent with the peripheral produc-
tion of a resonant state in both the p7~7% and
pr~nt systems, with a mass of 1400+ 10 MeV
and a width of 80+20 MeV.
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