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nances they produce in multipion events at these
energies are presumably, then, not unrealistic.
At the same time, we have shown that the main
features of the reactions studied can be described
by extremely simple ideas, and only with experi-
ments with considerably greater statistics could
one hope to disentangle the details of the dynamics
involved.
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We present a study of the reaction pn pm+7( n. The cross section is found to be 4.75
+ 0.25 mb at 5.9 GeV/c. Decay spherical-harmonic moments are presented for peripheral
~ T, ~

= sazN systems as a function of sN-invariant mass. The cross section for the quasi-
two-body process pn 6++2 is found to be 1.90 + 0.14 mb; the differential cross sections
and isobar decays are also studied. The data are not consistent with the predictions of
simple one-pion exchange.

I. INTRODUCTION

In this work we present a study of the reaction

Pn- 6"(1238)~ (1238)

at an incident proton momentum of 5.9 GeV/c.
Previous analyses of reaction (1.1) have been pre-
sented' ' at 3.7 and 7.0 GeV/c. Double-h(1238)
production data have been compared with the one-
pion-exchange model and the Bia@s-Zalewski'
quark-model predictions in studies of reaction
(1.1) as well as in other reactions. In this analysis
we simply present the data and compare with pre-

vious experimental results.
The reaction (1.1) data are studied in detail in

the peripheral region. The possible exotic ex-
change process with the b, (1238) emitted in the
forward c.m. hemisphere is not considered here. ~

We present total and differential cross sections
for reaction (1.1); in addition, we calculate the
joint bb, decay density-matrix elements, in order
to help expedite any future theoretical studies of
decay correlations, etc.

In Sec. II we discuss the experimental separation
of the reaction (1.1) data from accepted kinematic
fits of the reaction



REACTION Pn —A" (1238)A (1238} AT 5.9 GeV/c 1325

pd" p. pn7r 7r (1.2)

The invariant-mass dependences and momentum-
transfer distributions are illustrated in Sec. III
along with the fits to these spectra. The IT, I

= —,
'

Jackson decay angular distributions are studied as
a function of mN invariant mass in Sec. IV. In Sec.
V we discuss the decay angular dependences in
reaction (1.1). Our conclusions are given in Sec.
VI.

II. EXPERIMENTAL DETAILS

The data for reaction (1.2) were obtained in a.n

exposure of the I.awrence Berkeley Laboratory
72-in. liquid-deuterium bubble chamber to a sep-
arated 5.9-GeV/c proton beam. Twenty-one rolls
of this film were carefully scanned twice for all
three-prong events and all four-prong events with
at least one stopping positive track. These data,
which we refer to as sample A, were measured
on the LBL flying spot digitizer (FSD). The mea-
surements were processed through the PANAL-

TVGP-SQUAW program system. Kinematic fits
were attempted to hypothesis (1.2) as well as the
constrained processes

(2.1)

pd- p.pP r',
pd- pdv'v

(2.2)

(2.3)

In all fits except (2.3), the fitting procedure used
the measured value for four-prong events as the
starting value for the spectator (p, ) momentum.
Three-prong events are those with the spectator
protons too slow (P ~80 MeV/c) to produce an ob-
servable track; thus, starting values of 0+30,
0 + 30, and 0+ 40 MeV/c were used for P„P„, and

P„respectively. Fits were accepted only if the
inferred projected length of the spectator track
was consistent with the observed length. ' Each
passing (confidence level &10 ') kinematic fit was
checked for ionization consistency. Events fitting
both four-constraint (4C) and one-constraint (IC}
hypotheses were assigned to the higher constraint
class in all cases. For events fitting several 1C
hypotheses, assignment was to the fi.t with highest
kinematic confidence level (CL).

At this point, events assigned to reaction (1.2}
sometimes involved a neutron spectator; since we
desired events with proton spectators, we required
the fitted momentum of the slowest proton to be
less than that of the outgoing neutron. Further
purification of the surviving reaction (1.2) events
was achieved by utilizing only fits with CL&2%,
and by requiring the invariant mass of the p,n sys-
tern to be greater than 1.886 GeV. This latter cut
removed all residual coherent contamination [i.e.,

pal ~ pPl7l rr o (2.4)

The cross section for reaction (2.4) was obtained

by normalizing the Hulthen distribution to the four-
prong spectator momentum distribution in the 100-
to 150-MeV/c region after correcting the data in
this region for the various efficiencies, losses,
biases, etc. The resulting area under the curve
thus yields the total number of reaction (2.4)
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FIG. 1. (a) The fitted spectator momentum distribu-
tion for sample A. The curve is the Hulthen distribution
normalized to the data in the 90- to 100-MeV/e bin.
(b) Laboratory angular distribution of spectator proton.
Curve is the expected isotropic behavior modified by the
dependence on the initial neutron direction of motion.

process (2.3)]. Finally, the fitted spectator mo-
mentum was required to be less than 0.3 GeV/c
in order to minimize the contributions of double
scattering. In this way a sample (A) of 2152 events
of reaction (1.2) was obtained for further analysis.

The fitted proton spectator momentum distribu-
tion for the 612 four-prong events of sample A is
displayed in Fig. 1(a); the smooth curve represents
the Hulthen distribution' normalized to the data
in the 90- to 100-MeV/c bin. The laboratory angu-
lar distribution of the spectator proton exhibited
in Fig. 1(b) is in fair agreement with the shown

expected behavior of an isotropic distribution mod-
ified by the flux-factor' dependence on the initial
neutron direction of motion. Qf course, distribu-
tions corresponding to those in Figs. 1(a) and 1(b)
for the 1540 three-prong events cannot be repro-
duced by the curves in Figs. 1(a) and 1(b). In fact,
the fits characteristically yield very small specta-
tor momenta, with outgoing neutrons parallel or
antiparallel to the fitted spectator direction. How-

ever, all comparisons between the three- and four-
prong data of sample A (excluding spectator depen-
dences) indicate a similar behavior. Thus, the
2152 examples of reaction (1.2) can be considered
to result from pn collisions, viz. ,
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events. In this way we obtained a cross section of
4.75+0.25 mb for reaction (2.4) with a 5% Glauber
correction. '

For the sake of completeness, we also quote
here the cross sections for the reactions Pn- PPw and Pn-PPw m'. They are, respectively,
1.4+0.1 mb and 1.14+0.15 mb.

Another batch of data which we refer to as sam-
ple B, is used in parts of the following work when

high statistics are necessary. This sample of
data, which includes the events of sample A, rep-
resents 8008 reaction (2.4) events. The sample B
data, were selected with no ionization information
and with no further CL cuts (CL &10 ' only). In
the case of several fits of hypothesis (1.2} for one
event, corresponding to an interchange of the m'

and "fast" proton, we use that fit with the greatest
"fast" proton momentum. This procedure experi-
mentally comes closest to effectively creating a
fairly pure sample of reaction (2.4) events, espe-
cially in the peripheral region.

In the ensuing analyses in this work all three-

and four-prong data for reaction (2.4) are com-
bined.

III. FITS

Figure 2 displays the four nucleon-pion invari-
ant-mass distributions, as well as the nw'm and
pm'w distributions, for the events of sample B.
It is evident that n"(1236) and n (1236) contribute
significantly to the final state, and that there are
small amounts of d, (1236}and b, '(1236). A' con-
siderable fraction of the final state consists of

production, as indicated by Fig. 3. To de-
termine the amount of this double-6 production,
we perform a maximum-likelihood fit in which we

assume that the final state is a linear combination
of the states pn'm n, 6 w n, 6 m'p, b'm p,
how'n, and 6"6, . The resonance shape used is
one suggested by Jackson'

M,r,q, Mr(q)
(M'-M ')'+[r( )M ]' ' (3.1)

(3.2)

where q is the decay momentum in the Nw rest
frame, and M is the Nm invariant mass; M, and q,
are the corresponding central values of these quan-
tities at resonance. The energy dependence of the
width is given by'
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In this fit M, and I", were held fixed at the values
indicated in Table I, and only the relative amounts
were varied. The events used in this fit were those
of sample A, for which ionization information was
available. It was felt that sample A would afford
the most reliable estimate of the resonant frac-
tions. However, sample B has been used in all
other parts of this analysis.

Table I shows the results of this fit. The errors
are simply the Monte Carlo errors obtained from
the error matrix of this fit. The fraction of ~
production corresponds to a cross section" of
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FIG. 2. Two- and three-particle mass distributions
(sample B data). Curves are the result of a fit described
in text.
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FIG. 3. x+p mass versus 7)' n mass (sample B data).



REACTION pn - b, "(1238}A (1238} AT 5.9 GeV/c 1327

TABLE I. Results of maximum-likelihood fit of reaction (2.4) as
described in text.

(a) Resonance parameters used (b) Amounts determined
in maximum-likelihood fit from maximum-likelihood fit

Mass (GeV) gridth (GeV) State Amount (%)

g++
~+

~0

1.236
1.236
1.240
1.236

0.120
0.120
0.150
0.120

Nonres.
Z++ n-n

r P
n' P

z'YI'n
a++ a-

9.0 +2.1
8.2 + 1.5
9.0+ 1.1

14.3 ~ 1.7
19.4+ 1.3
40.1 + 1.6

1.90+0.14 mb for the process Pn- b", 6 . Shapira
et al. ' find that the cross sections k(pp- b, A"),
k(pn-n, A ), and —9k(pp-A b, '), when plotted
against the incident momentum P~, behave like

P~ '. Our cross section for 6 6 production is
consistent with these results. The m'p and m n

invariant-mass distributions as calculated from
our fit have been plotted against the real m'p and
v n mass distributions (sample B) in Figs. 2(a)
and 2(b), respectively, the curves having been
normalized to the total number of events. As eK-

pected, the agreement is good.
Following Shapira eI al. ,

' we adopt the criterion

F(M „+q)F(M, „}& 0.2 (3.3}

for selecting the cleanest possible sample of 6 b,

events. In addition, we restrict the analysis to
events in which the 6" is produced in the forward
c.m. hemisphere. This sample contains 955 events
and will be used in our subsequent analysis of

production and decay in Sec. V, as well as
in our fits to the differential cross sections de-

scribed below.
In Figs. 4(a) and 4(b) we plot the differential

cross sections dk/dt and dk/dt', respectively, for
events, where t' = t —t„,;„. The dv/dt distri-

bution for 0.06& t &0.6 GeV' was fitted to the as-
sumed form

X=Ae "+Be " (3 4)

IV. IT~ i
=

2 DECAY ANGULAR DISTRIBUTIONS

In this section we study the scattering angular
distributions in the IT, I

= —,
'

wN rest systems for
low momentum transfer from the incoming proton
to the outgoing m'P system. " Using the method of
moments, we calculate (Y".}and display them as
a function of wN invariant mass for t &0.5 GeV'.
We take

by using a least-squares technique. A fit to dk/dt'
for t'&0.6 GeV' was performed by using the same
functional form. The results of these fits are
listed in Table II. The smooth curves drawn in
Fig. 4 represent Eq. (3.4), using the best-fit
values of the free parameters.

100—

(a) (b)

N

(Yz ) = —g Yz (6&, @&),
C=].

(4.1)

TABLE II. Fit of t and t' distributions for &++&
events to the assumed form&=&e ' +ge

«)
& IO

Quantity t distribution t' distribution

t (t') range (GeV2) 0.06-0.60 0—0.60

0.5
t (GeV )

I.O 0.5
(GeV )

I.O

FIG. 4. The differential cross sections (a) do/dt and
(b) do/dt' for 6++6 events. The curves are the results
of least-squares Qts described in the text.

X

No. points

a(Gev ')

$ (GeV )

18.1

269+ 64

65 +25

—16.3+4.8
-4.6+ 0.8

39.8

30

139+ 26

100 +13

-39.2 ~ 11.7
-7.0 ~ 0.5
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FIG. 5. The moments ( Y&), L = 1 —4, for events with

t & 0.5 G eV2 ~ The 7)'+p and 7( n data are combined.

where 6( and @ are the polar and azimuthal angles,
respectively, of the outgoing nucleon in the stan-
dard t- channel coordinate system ." Corresponding
data for both n'p and m n systems are similar;
thus, they are combined in this section. Sine e large
statistics are requi red we use the sample & data .

In Figs. 5(a)-5(d) we display the combined L
= 1-4 (Y~c) moments. The smooth curves repre-
sent known m' p elastic scattering angular distribu-
tions; the curves were drawn through points cal-
culated from the CERN phase shifts ." In fa ct,
these curves just represent unadorned one -pion-
exchange-model predictions for the pn- (ps')(8 n)
data. C 1early, other considerations are ne ces-
sary. '4 In Fig. 6 we show the nonzero-M (ReYz )
and (™~~s)moments for L values of 1 and 2. The

TAB LE III. Joint decay distribution for pn ~++& . Barred angles re fer to ~+ + . For explanation of other symbols,
see Ref. 16.

Term

p33 pif

Re p»

Re p'

P33

&(1—3cos20)

—
&8 v 3 (sin2 0 cosP )

—
(t v3 (sin 8cos2$)

$ ( 1 —3 cos28)

10

12

14

16

18

19

Re p»

Re p3

p33 p11

Re p"

Re p'

Re p&&

Rep3

Re ( p31 —pg) )

Re (Pq3 —
P~q )

Re (ps~
' + p3& ')

Re (p3 -1 + pi -8)

Re ( p331-~ -p3
1

~
3)

Re (p g3 -p (3 )

Re ( 8', g
+ 8,' -f)

Re ( p' 13' + p' ~~')

—
8 W3 (sin2 0 cosP )

—
~8 W3 (sin 8 cos2$)

&~8 ((1 —3 cos 8) (1 —3 cos g))

—
P&

v 3 ((1—3 cos~8) sin28 cosg)

-
&&&

v 3 ((sin 8 cos2$) (1 —3 cos 0))

—
&&

v 3 ((1—3 cos 0) sin28 cos@)

—
&&

v 3 ((sin 0 cos2$) (1 —3 cos 0))

(sin28 sin28 cos(P +P))

(s in2 0 s in2 8 c os (P —P ))

(sin2 0 sin 0 cos(2$ +P ))

~96 (sin2 0 sin 0 cos (2$ —Q ))

(sin2 8sin 0 cos (2$ +Q ))

~96 (sin20 sin 0 cos(2@ -P))

(sin gsin 0 cos2($ +Q))

—
&&

v 3 (sin 0 cos2$ (1 —3 cos 0))

Here p p +p 2pÃ and pmm pmm +pmm pmm' pmm'
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FIG. 8. Double isobar moments for 4++4 events.
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FIG. 6. The moments (Y&~), M & 0, L = i, 2 for events
with t & 0.5 GeV . The x+P and m n data are combined.

(Im Y~N ) are consistent with zero as required by
parity conservation. " The (Re Y~) average near
-0.03 over the entire range of nN mass. This re-
sult is also inconsistent with unmodified one-pion-
exchange-model predictions (zero).

V. b,"6 DECAY CORRELATIONS

To study the decay correlations for 6"4, we
adopt the formalism of Pilkuhn and Svensson, ' as
used by Shapira et al. ' and Borecka et a/. " We
write the joint decay distribution as

19
16m'W(Q„Q, ) = 1+ Q a, f; (Q„Q,), (5.1)

0.4

0.0
I

—0.4 '. ::

a1.

0.0

-0.4 I . , I I

0.0

—0.4
0.0 0.1 0.3 0.3 0.4 0.6

t' (GeV2)

FIG. 7. Single isobar moments for 6++4 events. The
following moments have been averaged and plotted to-
gether: a~ anda4, a2 andas, a3 anda&.

where the functions f, are orthogonal functions of
the solid angles 0, and Q„which are, respective-
ly, the t-channel" b, and 6 decay angles as seen
in the b," and 6 rest frames. The coefficients

a, are written in terms of the joint density-matrix
elements. Table III lists both the coefficients a,
and the functions f, . The first 6 of these 19 terms
specify the decay angular distributions of the sin-
gle isobars, as can be seen by integrating Eq.
(5.1) over first Q, and then Q, . The remaining 13
terms describe the correlations between the de-
cays of both isobars.

For reaction (1.1), there are in fact only 12 in-
dependent coefficients. Charge independence re-
quires that the following coefficients must be pair-
wise equal: a, and a„a, and a„a, and a~, a„and
a,0, a9 and a„, a,4 and a,~, and a„and -a„.

We have evaluated all 19 coefficients a, , using
the method of moments for four bins in t' over the
range 0 & t' & 0.4 GeV'. Since the coefficients pre-
dicted to be equal are in fact so within errors,
these pairs of coefficients were averaged and plot-
ted along with the remaining a, in Figs. 7 and 8.
Simple one-pion exchange predicts that a, = a, = —

&

and a, = —,', with all other a,. equal to zero. In fact,
a, and a, are significantly different from the pre-
dicted va, lue throughout the range 0 & t'&0.4 GeV',
and a» is nonzero at small t'. The remaining a,
are consistent with the predictions, at least for
small t'.

The single-isobar moments of Fig. 7 may be
compared with those found by Shapira et al. ' for
reaction (1.1) at 7 GeV/c. The agreement is gen-
erally good. They present the double-isobar mo-
ments in a different fashion than we do, and direct
comparison is not feasible. However, Borecka
et al. "present plots of the 12 independent mo-
ments for the reaction pp- b, 6"at 12 GeV/c,
and they are consistent with the moments shown
in Figs. 7 and 8.

In Fig. 9 we plot the single-particle decay dis-
tributions cos8 and p for 6"6 events having t'
&0.4 GeV', where the corresponding distributions
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Equations (5.2), which represent the decay of a
pure spin--,' particle, were obtained by integrating
Eq. (5.1). The density-matrix elements in Eqs.
(5.2) were obtained by averaging the results of
Fig. 5 over the range 0 & t' &0.4 QeV'.

VI. CONCLUSION

~ 200-

E &00-

(b)

0
0 180

(deg j

360

FIG. 9. The Jackson angles (a) cos8 and (b) @ for
6++4 events having t' & 0.4 GeV2. The corresponding
distributions for 6++ and 4 are combined.

We have presented data on the reaction pn
—pm'm n, and in particular on the subsample of
events consisting of 6"6 production. The total
cross section and differential cross section der/dt'

are consistent with results of other workers. The
decay spherical harmonic moments are seen to be
incompatible with simple one-pion exchange. We
have also analyzed the joint decay properties of
the 6 6 system and have presented the results
in terms of the joint density-matrix elements,
which are consistent with those found by other
workers.
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