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IT, I
=

z n(1238) systems are studied from the standpoint of direct production utilizing
experimental data on the reactions pp-p7f+n, pp-p~+~ p, pp-px+m-7r'p, and pp-pw+m r+n.
Resonance-production total and differential cross sections are presented, in addition to the
decay density-matrix elements. It is demonstrated that the experimentally defined d(1238)
systems are not characterized solely by spin-parity 2+, and that corresponding elements
of the density matrices of both p 7(' and m n cases generally behave in a similar manner with

increasing c.m. angle. Additional detailed studies of the t-channel moments are presented
for peripherally produced AN systems as a function of both c.m. angle and zN invariant
mass. Dynamical differences are observed between the pm+ and nm moments for the very
peripheral data. One-pion-exchange-model predictions are compared with the peripheral
p~ moments and with several invariant-mass distributions from the pp px w p data.
Complications arising from the presence of two p m+ combinations in the four- and five-body
final-state data are discussed.

I. INTRODUCTION

Although a (1238}resonance production has been
investigated for more than 10 years in nucleon-
nucleon collisions, there have been few attempts
to understand it collectively in different final
states. Several recent studies' ' of the systems
recoiling from a n, "(1238) in four- and five-body
final states have suggested a common single-pion-
exchange production mechanism for small values
of the momentum transfer to the a "(1238}.How-
ever, a detailed analysis of production and decay
systematics of A(1238}production (by itself) in
proton-proton collisions is currently lacking.

In this work we explore the characteristics of
the more background-free

I T, I
= —,

'
wN systems' as

observed in the reactions

pp «pw pl
y

pp ~p7T IT p y

pp-pm'm m'p,

pp-pw'r r'n

(I 2)

(1.3)

(1.4)

at 6.6-GeV/c incident laboratory beam momentum.
We restrict the study to low-invariant-maps nN
systems, and consider these data as a function of
center-of-mass (c.m. ) angle rather than as a func-
tion of the squared four-momentum transfer t.
The detailed behavior of the recoiling systems in
reactions (1.2)-(1.4) is not considered here, for
the sake of brevity. However, a casual look is
given to the n p and n n'p invariant-mass spectra
of reaction (1.2) in the closing paragraphs.

In Sec. II we first describe the data used in this
analysis; then we determine the partial cross sec-
tions for IT, I

= —', n, (1238) production in reactions

(1.1)-(1.4). The distributions of c.m. angle and
recoiling-mass spectra [in reactions (1.2)-(1.4)]
are presented for the a(1238) events in Sec. III.
The A(1238) decays are studied in terms of the s-
and t-channel decay density-matrix elements in
Sec. IV for all c.m. angles. Peripheral nN t-chan-
nel moments are presented as a function of nN

mass in Sec. V; possible theoretical interpretations
are discussed. In Sec. VI we study the effects of
having two pm combinations in a reaction by utiliz-
ing one-pion-exchange- (OPE-) model calcula-
tions. Then as a follow-up to our previous work'
on reaction (1.2) we compare in Sec. VII the OPE-
model predictions to both m p and n m'p invariant-
mass spectra. Our conclusions are stated in Sec.
VIII.

II. EXPERIMENTAL DATA

The numbers of events representing reactions
(1.1)-(1.4), inclusive, are listed together with the
respective cross sections in Table I. These
events were photographed in the fall of 1965 in the
Lawrence Radiation Laboratory V2-in. liquid-hy-
drogen bubble chamber which was exposed to a
6.6-GeV/c proton beam. ' Information relating to
scanning, measuring, and hypothesis separation
has been presented in several earlier works. "

At this point we adopt a shorter notation for re-
action identification which endures for the duration
of this work. Henceforth, we refer to reaction
(l.i) as Ri, e.g., reaction (1.1}is identified as Rl.

The
I T, I

= —,
' sN invariant-mass spectra for Rl-R4

are presented in Figs. 1(a)-1(e). The data in Figs.
1(a)-1(d) are M(w'p) spectra from Rl —R4, respec-
tively; Fig. 1(e) displays the M(s n) spectrum of
R4. Each of the distributions in Fig. 1 is dominat-
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r(M)=r. —'
S(M.) ' (2 2)

where p(M) = (p'+ q') ' and p is the pion rest
mass. The fit to the R4 data is similar to those
for R1-R3 but involves an additional product of
Breit-Wigner functions for simultaneous a"(1238),

(1238) production.
The actual fits utilized the maximum -likelihood

method' together with the program OPTIME. Each
of RI-R4 required a p-wave Breit-signer function
corresponding to the n, (1238); Rl required an ad-
ditional b, (-1900) contribution (assumed s wave in
fit}. No considerations were given to possible
cascade decays, resonances in nonpure mN isospin
systems, resonances in the recoiling systems in
R2 and R3, t-dependent effects, or interferences,
even though they are clearly necessary. " In Fig.
2(a} we display the experimental M (p,v') vs
M(p, v') plot for R2 (i.e., pp-p, v'n p, ); the over-
lapping a "(1238)bands can be treated correctly
(at least at 6.6 GeV/c} only by a model which con-
siders interfering a "(1238) resonances. Similar
statements apply to R3 and R4, of course. In the
fits to the R2-R4 data we treat the two pm' com-
binations as equal events. Figure 2(b) displays
the M(pv') vs M (v n) plot for R4; the overlapping
bands indicate a substantial fraction of s"(1238},

(1238) production. Thus, in the case of R4, the
fitting function was a sum of four incoherent parts:
pha. se space, b, "(1238}production, b, (1238) pro-
duction, and simultaneous A"(1238), g-(1238) pro-
duction.

TABLE I. Data used in the analysis of proton-proton
interactions at 6.6 GeV/c.

Reaction Number of events Cross section (mb)

ed by a peak at the 6 (1238}resonance position.
The RT-R3 data have each been fitted to incoherent
superpositions of phase space and Breit-Vfigner
functions of the form'

Mr(M } qrM,f~v™
q (M '-M')'+M 'r'(M) ' (

where I' represents the width at a mass M (of a
~T, ~

= ~ vN system); Mo is the resonance central
position and q is the decay momentum in the reso-
nance rest system. For an s-wave resonance I'
was assumed to be energy-independent (= I'o), and
for a resonance of angular momentum l we take '
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FIG. 1. (a) -(e) The five possible invariant-mass
spectra for xV systems (bracketed) with z component
of isotopic spin (T,) equal to + 2, in reactions (1.1)-
(1.4) (R1—R4). Two combinations are plotted for each
event in (b), (c), and (d). The smooth curves superim-
posed upon the data represent the results of maximum-
likelihood fits which are described in Sec. II.
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The fit results, which include best fit masses
and widths as well as partial fractions" and cross
sections for the a production processes, are listed
in Table II. The best fit n(1238) masses and widths
are consistent with the accepted values" except

pp -pr'n
pp pr'r p
pp ~pr+7I 7)' p
pp pm+a r+n

6423
7504
6098
7302

5.73+ 0.35
2.70+ 0.16
2.15+ 0.13
2.47+ 0.15

FIG. 2. (a) Experimental distribution of M(p&7(+) vs
M(p, ~+) for the 7504 examples of pp —p, n'7l-p, . (b)
Experimental distribution of M (pm+) vs M{n n) for the
7302 examples of pp p vr+n. z+n. Both p m+ combinations
are plotted for each event.
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TABLE II. Results of maximum-likelihood fits to R1-R4 data as described in Sec. II.

Best-fit quantity R2
Reaction

R4

M(b" (1238)) (GeV)
M(n" (1900)) (GeV)
M(n, (1238)) (GeV)

I'0(n++(1238)) {Gev)
To(E"(1900)) (GeV)
I'0(n (1238)) (GeV)

fraction of
6++(1238) (%)

fraction of
6++(1900) (%)

fraction of
4 (1238) (%)

fraction of simultaneous
E++(1238)E (1238) (%)

o(n++(1238)) (mb)
o(n+'(1900)) (mb)
o(n {1238)){mb)
o(n++(1238)A (1238)) (mb)

1.236 +0.002
1.86

0.115+0.006
0.18

35.1 + 0.8

7.2 + 0.8

2.01 + 0.13
0.41 + 0.05-

1.226+ 0.002 1.222 + 0.003 1.226+ 0.002

0.237+ 0.022

82.6 + 0.8 55.9 + 1.2 21.1 + 1.6

22.9 + 1.6

2.23 + 0.13 1.19 + 0.08

28.5 + 1.5
0.52 + 0.05'

~ ~ ~

0.56 + 0.05
0.70 + 0.06

1.239+ 0.005

0,127+ 0.005 0.122+ 0.009 0.106+ 0.007

'Includes no 6 (1238) production.
bIncludes no 6++(1238) production.

for the A (1238}width (P,} of -240 MeV; this ap-
pears to be due to the insensitivity of the observed
width [not I'(M)] of the Breit-Wigner function [Eq.
(2.1)] to I", as I', increases to above 100 MeV. Ap-
parently some complex reflection(s) slightly
steepens the leading edge and jor skews the shape
of the M(ns ) distribution, thereby resulting in a
large fitted value for l"0. Unfortunately this effect
precludes a dependable measurement of the 6"-

mass difference using the data of R4. Table II
also indicates that A"(1238)production dominates
R2 (-80%%uc) and decreases to -55% and -50%%uc for R3
and R4, respectively. In addition, an approxi-
mately equal portion of n (1238) production (-50/c}
is obtained for R4. Finally, curves representing
the normalized predictions of the fits are super-
imposed upon the data in Figs. 1(a)-1(e}. These
curves describe the histograms well, as expected.

III. b,(1238) RESONANCE PRODUCTION

In order to assure an enriched sample of n, (1238}
events for further analysis we select resonant
events by an invariant-mass slice in the ~T, ~

=-,'
mN system:

1.16& M (vN }& 1.30 GeV. (3.1)
The numbers of Ri-R4 events surviving this cut
are listed in Table III along with the nonresonant
background percentages expected in the same slice
(from the fits described in Sec. II). The back-
ground percentages vary strongly with production
angle and are least for small angles. Since this
analysis deals most with small-angle events, no
background corrections are performed. Table III
also lists for R2-R4 the number of events with
both M(ps'} combinations occurring inside the cut
(3.1). In nearly all subsequent distributions we

TABLE III. Events with ~T, ~
=2 vN masses occurring

within the range 1.16& M(mN) & 1.30 GeV.

Reaction-
{system)

Events within
range

Events with
both combinations

in range

Nonresonant
background
in range (%)

R1—(p Tr+)

R2- (P sr+)

R3-(P ~+)

R4- (p m'+)

R4-(nx )

1477
4604
3683
4120
2844

691
697
590

12
31
35
30
27
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treat all M(ps') combinations as events with equal
weight; thus events will sometimes appear twice.

In Figs. 3(a)-3(e) we present the center-of-mass
(c.m. ) angular distributions for the five

i T, i
= —,

'
n(1238) cases. As mentioned above, if both M(ps')
combinations for an event occur within the cut
(3.1), then the c.m. angles of both combinations
are used with equal weight (one). All of the dis-
tributions display a sharp forward peaking, which
indicates a dominant peripheral production of

(123, 8) resonances. Figure 3 also illustrates
that the degree of peripherality depends most
strongly upon the number of final-state particles:
The steepest distribution occurs for the three-
body final state (Rl).

The term, peripheral, is synonymous with
small values of t, the four-momentum-transfer
squared from an initial-state proton to the out-
going mN system. In Fig. 4 we show the kinematic
correspondence between the c.m. angle (8), f, and
M(ps') for Rl. For M'(ps') & 5 GeV', small-angle
cuts are equivalent to small t cuts. In the case of
R2-R4 a dependence upon the recoiling masses
[e.g., M (ps ) for R2] additionally enters into the
relationship between 8 and t.

The invariant-mass spectra of the systems re-
coiling against the IT, I

=-', b. (1238) resonances in
R2-R4 are presented in Figs. 5(a)-5(d), inclusive.
Clear resonance production is apparent in Fig.
5(a} at the positions of the well-known n'(1238),
N*'(1512}, and N*'(1888}positions, and in Fig.
5(c) near 1700 MeV. No statistically significant
enhancements are apparent in the T, = & M (ps's')
spectrum in Fig. 5(d). The crosshatched histo-
grams in Fig. 5 represent the peripheral compo-
nent with 8 & 20' [8 is the c.m. angle of the n(1238)].
The signal to background ratios of the enhance-
ments in Figs. 5(a) and 5(c) are increased for the

pp p7T n
5.5

6.6 GeV/c

4.5-

3.5-
Q

2-5-

C
1.5-

0.5-

—0.5

M (p7r+} (GeV )

FIG. 4. Kinematic correspondences of M2(pm+) vs
invariant four-momentum transfer squared to the neu-
tron (t„) for R1 at 6.6 GeV/c. The denoted curves
represent lines of constant c.m. angle 0.

IV. 6(1238) DECAY

Further information can be obtained about the
a(1238) resonance production by studying the decay

375
R2 X = p2f (p) R3 X= p2f--mo (b)

250-

peripheral events. In fact, the nonperipheral
component with 8 ~ 20' displays little resonance
structure. Thus, Fig. 5 suggests that (for R2-R4)
the peripherally produced T, = —,

'
A (1238) resonances

may be produced directly with other (sometimes
resonant) systems.
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FIG. 3. Experimental c.m. angular distributions of
the five indicated ~T, (= ss A(1238) systems, where the
A(1238) events are defined by the invariant-mass slice
of Eq. (3.1). (9 is the angle between the outgoing n N
system and that initial-state proton which propagates
in the same hemisphere in the c.m. system.

2 I 2
M (X) in pp h, (1238) X (GeV)

FIG. 5. Mass spectra of systems recoiling against a
[Tg)= sa d(1238): (a)-(c) recoils above a 6++(1238) in
R2-R4, respectively; (d) recoils above a 6 (1238) in
R4. The cross-hatched data are plotted for events with
c.m. angle (9 & 20'.
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of the isobar into Nm. The decay of a spin--,' iso-
bar into a spin=, nucleon and a spin-0 pion is given
by the normalized distribution"

W((Y, p) = —[I+(-',v)"'(I -4p„)Y,'

—8(-', jj)'"(Rep, , Re Y', —Rep, , Re Y,'}j,

R1-6++

t, j+ (a)

!
o.o'

+

t channel
RZ —6+ R&-& + R4 —6 + R4 —6

(b) (~) (d) J (e)

jt,+ !!"+
+;

(4.1)
(ReY&& (ReY

(h) ( )
(ReY &

' &ReY)& &ReY', &

where the Y~ are spherical harmonic functions
with arguments n and P. e and P represent the
polar and azimuthal angles, respectively, of the
decay nucleon expressed in the standard" s- or
t-channel coordinate system. The p, , are the de-
cay density-matrix elements. Orthonormality of
the Y~ functions leads to the determination of the
density-matrix elements:

p„=a (1 —v'20w (Y', )),

Rep, , = -(~~)'"(ReY,'),
(4.2)

Rep» = (-,ji)" '(Re Y', },
where

I
P33 PII

In Fig. 6 we display the t-channel decay density-
matrix elements for each of the five! T, !

= 2 z(1238)
resonances, plotted as a function of the c.m. angle
8." Those events of R2-R4 where both M(pj(')
combinations satisfied the cut (3.1) were used with
weight cos8,/(cos8, +cos8,}where i represents the
ith pm' combination. " Corresponding ejements for
the five different a(1238) samples are strikingly
similar: The p33 are all positive and increase from

0.0

--0.1

0 45 0 45 0 45 0 45 0 45 90

8 (deg)

FIG. 7. 0 dependence of the t-channel moments of the
decay nucleon angular distribution, evaluated in the
A(1238) rest system: (a) —(e) (E~); (f)-(j) (ReYI) .

a small value at 8 =0 to approximately 0.25 at
8=90'; with the exception of the R1 data the Rep, ,
are generally small and negative, and the Rep3
are consistent with zero. Similar behavior is also
observed in the case of the s-channel decay den-
sity-matrix elements (not shown here}, but the
Rep, , elements all appear to be positive.

If the b, "(1238) resonances in Rl-R4 were to be
produced directly via a spin-0 exchange process
then all of the a"(1238) density-matrix elements
plotted in Fig. 6 would be identically zero" (if we
ignore the effects of two p7t' combinations in R2-
R4}. Excepting Rl, the L"(1238)p, , show quali-
tatively this trend at small angles. Similar results
for the a (1238) resonance (in R4) are ambiguous
in that exchange of a charged -2 system is neces-

t channel
R1 —6+ RZ-0++ R3-6++ R4 —6 + R4—b

0.50
'

(a)ipaa "(b) paa (c) pap "(d) pa3
'

(e) p, a

0.25 —

y
=- ~~ ~~ +~ - ++~")++~ j, t+

. (f) -- . (g) Rep3i (h) Rep3 j „(i) Rep3) (j) Rep3 j

j

0.00

0.00
.'tt+ ~~: ++~

)~it R.„, ''
—0.25

: (k) Rep3 $, , (1) Rep3 i (m) Rep3
+

0Oo it'll~ I' t +

I

(11) Rep3 j, , (0) Rep3 j

i ik+~
,
t' ' ~ tt'

—0.25
0 45 0 45 0 45

8 {deg)
0 45 0 45 90

FIG. 6. Lh(1238) resonance decay density-matrix
elements plotted vs c.m. angle 8. The experimental
points are calculated utilizing Eqs. (4.2) in the t-channel
coordinate system: (a)-(e) p33, (f)-(j) Rep3 I (k)-(o)
Rep3

8 lO'
R1 (per ) R2 —(p71 ) R3 —(pTI+) R4 —(p7T ) R4 —(ll7I )

0.3
, (a). Yc& t''i (b)&Yc& t+ -(c)&Y0$, ': (d)&Ya&~t -(e)&Yc&&/'

Q.II, -
yj H

— !j!
' —, ' — ]Jjjj

'

,
Y

~t)I j$jt

jI' . /
-O.1)

(I) &Yc& -(g)&Yc& -(h)&Yce&' "(i) &Ye&
I
i (j) &Yec&

- it, ",- '

i
—0.1 ~—

100 125 100 125 100 125 100 125 100 125 150

M(~N) (GeV)

FIG. 8. t-channel moments of the angular distribution
of the outgoing nucleon (N) evaluated in the rest frame
of the denoted ¹ system. The data are plotted as a
function of jlfPV7() for Nx combinations with 8 & 10'.
(a)-(e) (Y&); (f)-(j) (Y2) . The smooth curves are
described in Sec. V B.
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sary for direct production.
We must point out that a serious interpretation

of all the data in Fig. 6 is impossible at this time
without consideration of absorption effects, "
wrong pm' combinations, Reggeization, off-mass-
shell effects, interferences, etc. In fact, another
complication is due to the presence in our n (1238)
data of spin parities other than —,". In Fig. 7 we
display the t-channel moments of (Y', ) and (ReY', ),
plotted again as a function of c.m. angle 0, for the
five lT, l= —,

' n. (1238) systems. These moments are
expected" to be zero for a pure spin-$ n (1238)
decay. Nonzero ( Y, ) terms imply an s-p wave in-
terference, thus the presence of s waves in our
"n(1238) data. " The corresponding s-channel mo-
ments (not shown here) display a similar behavior.

V. PERIPHERAL t- CHANNEL MOMENTS

ln this section we study further the
l T, != —'

g
"n (1238)fe t-channel moments as a function of
M(t(N) for the peripheral data with 8 & 20'. This
procedure adds more illumination to the s-p inter-
ference and to the apparently similar character of
the a" (1238) and n (1238) decay density-matrix
elements. The data are first presented in the mass
range 1.08-1.48 GeV in two 10'bins in 0; in the
case of R2-R4 both pm' combinations are consid-
ered equally in the calculation of the moments.
Then the m'p moments are compared with the pre-
dictions of a one-pion-exchange (OPE) model cal-
culation.

A. Experimental Moments

In Fig. 8 we display (Y', ) and (Y,') moments for
the five indicated !T,l=) t(N systems as a function

8 lO

R1 —(p7T) R2 —(pyf ) R3 —(pyt+) R4 —(p7T) R4--(nor }
0.15

'(a) &ReYi& ", (b) &ReYi& (c) &ReYi&, (d) &ReYi&
'

(e) ~Re't'ai&

, . &tt
000,

'
Ilia t . ,

" ~ tktktt t t. , Mi q' O'II llf

M&V(IR-t- ' 't tt't I] t
t

—0.15
(f) &ReYe& (g) &ReYe~& (h) &ReYe& (&) &ReYe& (t)!

'. ReYe

t, d t.

T

(k) &ReYe&; (t) &ReYe&;(m)&ReYe& (n) &ReYe& -(e), &Re)'e

p pp lltfi. , tikk. ~t, t.d~ (I k i~i. )l, tti. Tit~ ~ i g It tg~it ',~
~I~ftk tttt t ' '~& ' ~gf t$ fWt"g:tg~ +„

. t—0.15 '

1.00 1.25 1.00 1.25 1.00 1.25 1.00 1.25 1.00 1.25 1.50

M (mN) (GeV)

—0.15

« ltf (») f» () &10'. Of particular interest are the
positive (Y', ) of R2 and R3 below 1.15 GeV, and the
now significant difference between the T, =+~ and

T, = --,' (Y',) data: Each of the four pt(' moments in-
creases with mass above 1.15 GeV; the nm data
are roughly constant over the 6 (1238) mass re-
gion. The (Y,') moments in Figs. 8(f)-8(1) also
display an increasing trend with apparent dis-
continuities near 1.24 GeV in Fig. 8 (f) and 1.30
GeV in Fig. 8(i). Figure 9 displays the distri-
butions corresponding to those of Fig. 8 for 10'

FIG. 10. t-channel moments of the angular distribution
of the outgoing nucleon (N) evaluated in the rest frame of
the denoted N7f system. The data are plotted as a function
of M (NTf) for N~ combinations with 8 & 10'. (a) -(e)
(ReY&); (f)-(j) (Re Y2); (k)-(o) (Re Y2). The smooth
curves represent corresponding predictions of OPE-
model calculations described in Sec. V B.
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FIG. 9. t-channel moments of the angular distribution
of the outgoing nucleon (N) evaluated in the rest frame
of the denoted Nx system. The data are plotted as a
function of M(Nn) for Nx combinations with 10 ~ 8 & 20'.
(a)-(e) ( Y&); (f)-(j) (Y2) . The smooth curves are
described in Sec. V B.
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FIG. 11. t-channel moments of the angular distribution
of the outgoing nucleon Pf) evaluated in the rest frame
of the denoted Nw system. The data are plotted as a
function of MpVn) for N7f combinations with 10 ~ 8 &20'.
(a)-(e) (Re Y1); (f)-(j) (Re Y&); (k)-(o) (Re Y&) . The
smooth curves represent corresponding predictions of
the OPE-model calculations described in Sec. V B.
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&8 &20'. The nv (Y',) in Fig. 9(e) now increase
over the A (1238) mass region and are not qual-
itatively different from the corresponding data
above 1.15 GeV in Figs. 9(a)-9{d).

The nonzero M moments (ReY', ), (ReY,'), and

(ReY', ) are presented in Figs. 10 and 11 for 8& 10',
and 10' &8&20; respectively. The (ReY~) are
generally negative and the (Re Y', ) are consistent
with zero. Noteworthy are the apparent maxima
in (ReY~) near 1.23 GeV for R2. The (ImY~) (not
shown here) are all consistent with zero, as re-
quired by parity conservation. "

B. Theoretical Interpretation

Of course a serious analysis of even the periph-
eral moments depicted in Figs. 8-11 is impossible
at this time due to the reasons given in the last
paragraph of Sec. IV. However, certain trends in
the data (described above in Sec. V A) lend them-
selves to simple interpretation. For example, the
nonzero structured (Y', ) suggest the presence of
pa.rtial waves with Z~ other than —,

"for ( T,
~

= —', vN

systems; similar behavior has been observed in
v'p (or v n) elastic scattering experiments. Thus,
the simplest interpretation for these peripheral
data is in terms of the one-pion-exchange process"
depicted in Fig. 12. An off-mass-shell pion ex-
changed between the incoming protons scatters
elastically at the upper vertex; X represents the
recoiling systems observed in R1-R4.

The simplest OPE predictions for R1 are shown
as the smooth curves in parts (a) and (f) of both
Figs. 8 and 9. These curves just represent known
w'p elastic scattering data; the curves were drawn
through points calculated from the CERN phase
shifts. " The (Y,') data are remarkably well re-
produced by the curves, except at low M (pv') (Ref.
22); the (Y, ) data occur below the curves, how-
ever. " In addition, the (ReY~) data for Rl, which
are plotted in Figs. 10 and 11, are not accom-
modated by simple OPE predictions (zero) We.
point out that a previous pole-extrapolation analy-
sis'4 demonstrated that the peripheral R1 data
were well accounted for by the OPE process de-
picted in Fig. 12, possibly modified by absorption
effects.

An interesting comparison can be made using the

FIG. 12. One-pion-exchange process for pp (p~+) + X.

nw moments of R4 in Figs. 8 and 9: The smooth
curves drawn are identical to those presented for
R1 and represent m n elastic scattering. However,
the nw system cannot be produced directly via
OPE (as in Fig. 12) because two units of charge
are required for the exchanged pa.rticle(s). The
data in Fig. 8(e) are clearly inconsistent with the
curve (as expected), indicating that the apparently
successful fit of the curves to the R1 data in Figs.
8(a) and 9(a) is not simply due to some "universal"
(Y,') mass dependence for very peripheral Nv sys-
tems. The situation in Fig. 9(e) does suggest some
common behavior for less peripheral data, how-
ever.

We turn now to the pm' moments for R2-R4, in-
clusive. These reactions have two pm' combina-
tions. When utilizing a particular pp' combination
in the determination of an experimental ( Y~) point,
we have no knowledge, a priori, to ascertain if
that combination is the correct one." Therefore,
a thorough theoretical comparison requires con-
sideration of the process indicated in Fig. 12 and
its partner where outgoing m mesons are inter-
changed between vertices, as well as their mutual
interference term. In the following analysis we
ignore the interference term contributions in order
to preserve a simplistic approach. " In order to
calculate the theoretical OPE predictions to the
(Y~) moments depicted in Figs. 8-11, events were
generated by a Monte Carlo technique" utilizing
preferred phase-space generation; these events
were weighted according to the amplitude for the
process depicted in Fig. 12. Then each pm' com-
bination was tested separately, just as in the real
data; this total procedure is equivalent to consider-
ing the sum of both diagrams (mentioned above)
incoherently. The OPE-model calculations are de-
scribed in the Appendix.

The OPE-model predictions for the pv' (Y,') and

( Y,') moments are represented by the smooth
curves in parts (b)-(d) and (g)-(i) of Figs. 8 and
9. The (Y', ) data in Figs. 8{b) and 8(c) are well
described above 1.15 GeV by the curves, as are
the (Y', ) of R4 over the entire M(Pv') region. The
(Y,') data in Figs. 8(g)-8(i) are also described
fairly well, even at the discontinuity near 1.3 GeV
in Fig. 8(i). In addition, the curves in Figs.
9(b)-9(d) also adequately represent the (Y', ) data
above 1.15 GeV, as well as reproducing the gen-
eral trend of the (Y,') data in Figs. 9(g)-9(i).

Even more impressive are the curves drawn in
Figs. 10 and 11 describing the (ReYf) moments
for the pn'data of R2-R4: The maxima at -1.23
GeV for the R2 (ReY~~) moments are fit well by the
OPE-model predictions. Moreover, the R3 and
R4 (ReYf ) data are also well described by the OPE
predictions. We point out that an OPE model not
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incorporating two-combination considerations will
predict zero for the (Reyf) moments. In addition,
an absorption modified OPE model considering on-
ly one combination would not be expected to yield
the detailed M(pw') dependenees, as observed in
Fig. 10(g).

VI. WRONG-COMBINATION EFFECTS

Continuing the OPE analysis explained above and
in the Appendix, we show in Fig. f3 the predicted
fraction of wrong pm' combinations" as a function
of M(pw+) and 8 for R2. Both pw' combinations for
each Monte Carlo event were tested against the
c.m. angle (8) cuts indicated, and the ratios of
wrong combinations to total combinations occur-
ring within the selected 8 range were plotted as a
function of M(pw'). Figure 13 indicates that the
fraction of wrong combinations is smallest for very
peripheral pn' systems near 1.23 GeV. Alternately
"contamination" from wrong combinations is ex-
pected to become substantial as one moves away
from the central position of the L"(1238)peak.
We predict similar behavior in the cases of R3 and
R4.

The particular M (pw') structure in the (Rel'~)
data in parts (b) and (h) of Figs. 10 and 11 is well
described by the above simple interpretation: The
apparent maximum (-zero) occurs where wrong
combination effects are minimal [near M(pw')
=1.23 GeV]. Another result of wrong combinations
is the predicted low-mass behavior of (Y', ) for R2,
R3, and R4: Instead of a steep backward (Y', ) as
predicted in Fig. 8(a) (a single combination case),
we predict only a slightly negative (Y', ) below 1.15
GeV. This prediction does not adequately describe
the low-mass (Y, ) data of R2 and R3,"but does
represent the data in Fig. 8(d) well, however.

Thus the difference between the low-mass data of
Figs. 8(b), 8(c), and those of Fig. 8(d) may be due

to off-mass-shell effects and/or indirect produc-
tion of pm' systems in R2 and R3 via, e.g., N*'
- (pw')w; the pw' systems of R4 are produced di-
rectly (as in Fig. 12) since the w is associated
strongly with the final-state neutron via the ob-
served b, -(1238) resonance. In Sec. VII we briefly
consider the possibility of indirect production of
pn' systems using the data of R2.

200
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VII. A FURTHER LOOK AT R2

In this section we consider further the possible
production mechanisms for the R2 data in several
bins of 8. Figures 14(a)-14(c) display the M(pw )
spectra for a"(1238)pw combinations [i.e., com-
binations with 1.16& M(pw') & 1.30 GeV] in three 8

bins. The strong resonant structure observed in
Fig. 5(a) is especially enhanced for the very ye-
ripheral data in Fig. 14(a); similar structure is
also observed in Figs. 14(b) and 14(c). This
M(pw ) structure strongly suggests directs"(1238) production via a process such as dis-
played in Fig. 12 with X = pw . The smooth curves
superimposed upon the data in Fig. 14 represent
the absolute predictions of the OPE model de-
scribed above and in the Appendix: They generally
describe the data well in shape but are about 10%
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FIG. 13. OPE predictions for the fraction of wrong
p n+ combinations for H2 plotted as a function of M (pm+)
for several bins in e. The curves are described in
Sec. VI.

FIG. 14. Distributions of m p invariant mass for
pp 6++(1238) x p combinations satisfying the denoted
0 cuts. The solid curves represent the OPE-model
predictions described in Sec. VII.
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too high for the 8 & 20' data. "We point out that
good agreement has also been obtained between
the v p vertex moments (X= pw in Fig. 12}and
the predictions of v p elastic scattering (cf. Fig.
19 of Ref. 2). This further supports an interpreta-
tion of direct production of a"(1238) systems in
R2.

We turn now to a consideration of R2 data from
the viewpoint of indirect production of pw' sys-
tems, i.e., we consider the possibility of direct
production of pm'm systems. This study is per-
formed utilizing four M(pv'} bins below M (pv')
=1.48 GeV and two 8 bins below 45 . In Figs.
15(a)-15(d) we show the M(p, v'v ) spectra for
8 & 20' for the four denoted bins in M(p,.v'); corre-
sponding distributions for 20'& 8&45 are pre-
sented in Figs. 15(e}-15(h), respectively. The
vertical arrow drawn in each component figure at
an abscissa of 1.7 GeV represents the approximate
position of the enhancement seen in the total
M(pv'v } spectrum which accounts for -1(@of the
R2 data. ' The histograms in Figs. 15(a) and 15(d)
(8&20'}as well as the 20'&8&45' data each dis-
play a peaking at 1.7 GeV. No visible peaking
occurs at 1.7 GeV for the 8 & 20' data with 1.16
& M (pv') & 1.30 GeV [the A "(1238)data]. AIso to
be noted are the usual threshold peaks (1.4-1.6
GeV) in Figs. 15(a)-15(c).

The smooth curves drawn in Figs. 15(a)-15(h)
represent the corresponding predictions of the
QPE model discussed above and in the Appendix.
As stated earlier, ' the normalizations of the
1.4-1.6 GeV mass enhancements are accounted
for by the QPE predictions; the curve shapes are
too broad, however. This difficulty is readily
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O
& 40-
0

0
E

40-

l.08- I.I6 GeV

8& 20
474 comb
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FIG. 15. Histograms of M (p,. m+x ) for the denoted
cuts on M (p; ~+) using data of R2: (a) -(d) refer to
pm+ systems with 0 & 20; (e)-(h) refer to the correspon-
ding pm+ mass cuts but are for 20'~ 8 & 45 . The solid
curves represent the OPE-model predictions described
in Sec. VII.

eliminated by Reggeization of the exchanged
pion. ' ' The 1.7 GeV mass enhancements ob-
served in Figs. 15(a}, 15(d), and 15(h) cannot be
accounted for by QPE-model predictions which
only utilize the process depicted in Fig. 12. Thus
some indirect production of pm' systems with
M(pv') &1.16 GeV and 1.30&M (pv'}& 1.48 GeV
certainly does exist. The corresponding situation
for the 1.16& M(pv') &1.30 GeV data is not clear:
There does exist a steep shoulder at -1.8 GeV in
Figs. 15(b), 15(c), 15(f), and 15(g) which suggests
some effect, but it is not very strong.

As to the possibility of indirectly produced pm'
systems affecting the (Y', ) moments in Figs. 8(b)
and 9(b) for M(pw') & 1.15 GeV, there is evidence
for N*(1'700)-pv'v in these data and it will have
an effect. However, embellishments such as
Reggeization, absorption, and interferences would
also have to be considered for xrore serious com-
parisons between data and theory.

UIII. CONCLUSIONS

Peripheral n (1238) isobar production dominatee
inelastic proton-proton interactions at 6.6 GeV/c.
In Rl-R4, n, "(1238)production is observed for
approximately 35%, 80%, 55%, and 50% of the data,
respectively. Strong a (1238) production, some-
times occurring simultaneously with n, "(1238}
production, is also present in the R4 data. The
A (1238) systems are produced quite peripherally;
the degree of peripherality is inversely propor-
tional to the number of final-state particles. The
a (1238) decays indicate nonpure partial-wave
structure, with contributions from s wave as well
as the dominant p wave. The corresponding decay
density-matrix elements of all

~
T, ~=-,' a(1238) sys-

tems display a similar trend with increasing c.m.
angle: The p» all in rease smoothly from -0.10
to -0.25 in going from 0' to 90'; with exception
of Rl the Rep» are generally small and negative,
and the Rep, , are consistent with zero.

Detailed analyses of the mX mass dependence of
the peripheral (8&20') t-channel moments (F~ }
and (Re Yg) indicate significant differences between
the T, =+ -', and T, = --,' data. These differences,
as well as the mass dependences of the R1-R4 pw'
moments, can be interpreted simply in terms of
direct production of pm' systems via the periph-
eral QPE process depicted in Fig. 12, at least in
the region of the a "(1238) (1.16-1.30 GeV).
Moreover, the approximate description of the
M (pv ) spectra for the peripheral pp-n. "(1238)
pm events by the corresponding QPE-model pre-
dictions further supports the direct production hy-
pothesis for R2. Similar production mechanisms
for b."(1238)systems in R3 and R4 are then sug-
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APPENDIX

In this section we describe the OPE calculations
whose results are described in Secs. V-VIII. The
cross section o for a scattering process giving
rise to n particles in the final. state can be ex-
pressed" as

(2w)'

=4m~(2„)" El (Al)

where P~ is the laboratory momentum, I is the
invariant amplitude for the process, and R„repre-
sents Lorentz-invariant n-body phase space."
For pp peripheral OPE processes M represents
the coherent sum of four terms corresponding to
interchanges of initial-state protons and/or final-
state nucleons. At our beam energy interferences
between amplitudes representing interchanges of
initial protons or final-state nucleons is small and
can be neglected. For simplicity we further ne-
glect the interference between amplitudes repre-

gested by our earlier comparisons' between sys-
tems recoiling against a peripheral A "(1238) in
R2-R4.

In conclusion peripheral n'+(1238) production in
R1-R4 can be mainly understood in terms of di-
rect b, "(1238)production via OPE processes. R2
and R3 studies with M(pw')&1. 16 GeV or M(pw')
& 1.3 GeV must additionally consider indirect pn'
production via, e.g., N*(1700)-pw 'w . Models
attempting to interpret the R2-R4 data should cer-
tainly consider both pm' combinations, especially
if data outside of the very peripheral (8& 10')
n, "(1238)peak region are to be studied. Finally,
serious theoretical comparisons would require ex-
plicit consideration of off-mass-shell effects
[largest for small M(pw')], absorption (especially
for Rl), Reggeization, and interferences neglected
in this work.

x 2)2Gpf(X), t, Qw),
1

(A2)

where Q, (Q) is the incoming (outgoing) momentum
evaluated in the pm' rest system, t is the four-
momentum transfer squared to the pm' system,
and doff (pw'), t)/dQ is the off-mass-shell differ-
ential cross section at the upper vertex in Fig. 12.
The off-mass-shell vertex function G represents
w p elastic (R2) or inelastic (R3, R4) scattering at
the lower vertex in Fig. 12.

In evaluating +~M~', the pw' elastic scattering
vertex functions were modified for use in the phys-
ical region of I; with Benecke-DQrr'4 off-shell cor-
rections multiplying the on-shell values; for the 8
parameters we used Wolf' s"determinations.
However, no off-shell corrections were applied
for M (pw') & 1.6 GeV, "and also no off-shell cor-
rections were made to inelastic scattering vertex
functions; in these cases we simply used the on-
shell functions in (A2). The on-shell differential
cross sections for pm' elastic scattering were re-
constructed from the CERN phase shifts"; the n p
inelastic scattering differential cross sections
utilized the data of Brody et al. ' Following Wolf"
we set the vertex functions to zero for ) t~& 1 GeV'.

Equation (Al) was integrated by utilizing a
Monte Carlo technique" with preferred phase-
space generation. Events were generated using
the program SAGE. The event weight, corre-
sponding to the product of the phase-space weight
and the evaluation of Q ~M(' [by Eq. (A2)] for that
event, was computed and summed over all events,
thus performing the integration. For further cal-
culations of moments, etc., we used unweighted
Monte Carlo events. " Thus, the curves appearing
in Figs. 8-11 and 13-15 (R2-R4 only) were ob
tained by using only pw' combinations (just as in
the real data) which satisfied the denoted M (pw+)
and 8 selections.

senting processes differing by interchange of both
initial-state protons and final-state nucleons.
Figure 2(a) indicates that interferences should be
considered for any serious data-to-model com-
parisons, however.

Therefore, we consider only the peripheral OPE
process displayed in Fig. 12 and we write"

(M~'=2X64 ' M'(p ')z —(M(p '), t))
spins
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