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The inclusive production of the A*+(1232) resonance in 7 p collisions at 147 GeV/c has been studied. The
A** is found to be produced in comparable amounts in four-, six-, eight-, and ten-prong events. The
Feynman-x, t’, P/, and the decay angular distributions of the A** are found to be consistent with the
predictions of a one-pion-exchange model with absorption. Essentially all of the A** are found to be
associated with a A** 77~ low-mass enhancement. The A** cross section is approximately constant from 11 to
205 GeV/c, which could indicate that the A** is a decay product of a target-fragmentation object. While
the one-pion-exchange character of the A** production and the target-fragmentation character of the
A**7r~ low-mass enhancement can both be described in terms of a Deck-type diagram, a Monte Carlo study
indicates that any mechanism that produces particles with limited' transverse momentum will yield a
At*7~ low-mass enhancement.

I. INTRODUCTION duction. Fewer studies have been made of the in-
clusive production of resonances, such as the p°
Many investigations have been made in recent meson and the A**(1232) baryon. Determining the
years of the inclusive production of single part- distributions of resonances in rapidity and trans-
icles and of the mechanisms involved in this pro- - verse momentum, among other variables, and
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understanding the similarities to and differences
from the distributions of stable particles can lead
to an understanding of the fundamental processes
involved. The difficulty in studying inclusive res-
onance production is that there is often a strong
background under the resonance which cannot be
easily disentangled from the signal. This is es-
pecially true in the study of the inclusive p° distri-
butions at high energies.! The a** signal has rel-
atively little background, which can be reduced
still further by kinematic cuts so that a very clean
resonance sample can be obtained and the distri-
butions of this sample studied.

The inclusive production of the a** resonance at
Fermilab energies has been studied primarily in
the reaction

pp—A*(1232)+X, ‘ 1)

where X stands for “anything”.? One study re-
ported results with a 7* beam [Ref. 2(c)] in the
reaction

Tp -~ A**(1232) +X, (2)
and preliminary results for
“TTp - A (1232)+X (3)

have been given.® These reactions have also been
studied at medium energies (8—69 GeV/c) in pp,*
mp,° and 7p (Ref. 6) interactions. Those authors
who discussed possible production mechanisms
found their results consistent with either a one-
pion-exchange mechanism?®2? or with produc-
tion of the A** as the decay product of a higher-
mass baryon system.2®® Some authors have
studied the fraction of A™ which are produced
diffractively [Ref. 2(d)].

In this paper we present results on inclusive
A** production in 77p interactions at 147 GeV/c.
The experimental details are presented in Sec. II.
In Sec. III the results are presented in four sub-
sections: IIIA, the total and differential A** cross
sections; III B, the energy dependence of A** pro-
duction; III C, evidence for A*™ production via one-
pion exchange; IIID, evidence for A** association

with target fragmentation and the kinematic effects .

of limited transverse momentum particle produc-
tion. The two pictures of the production mechan-
ism are compared in Sec. IV. The results are

summarized and conclusions are given in Sec. V.

II. EXPERIMENTAL DETAILS

This study is based on 105000 pictures obtained
in the Fermilab 30-inch-bubble-chamber—pro-
portional-wire-chamber hybrid spectrometer ex-
posed to a beam of 147-GeV/c mesons. General
details of the experimental arrangement and of

the data reduction in this experiment have al-
ready been published.”® About 16 000 interactions
were found within a specified fiducial volume, mea-
sured with the automatic precision-encoding and
pattern-recognition (PEPR) system and recon-
structed with the chain of programs GEOMAT-
PWGP-TKORG.! Some of the events which were not
completely reconstructed from the initial measure-
ment have been remeasured with manually oper-
ated machines.

The data sample presented here consists of 6874
successful events originating from either the first
measurement or the first half of the remeasured
events. A successful event is defined as one which
does not violate charge conservation, although a
track may be missing because of improper mea-
surement. A total of 3255 tracks out of 46 348 were
missing in this sample after linkage with the more
precise proportional-wire-chamber information.
A weight has been assigned to each histogram en-
try to correct for the missing tracks in a statisti-
cal way; this weight, which is essentially the in-
verse of a topology-dependent angular efficiency,
is equal to the number of tracks actually present
in a particular angular interval in the film plane
divided by the number of tracks reconstructed in
space in the same interval. The A*™ cross sections
obtained using these weights are consistent with
those obtained without them, i.e., the missing
tracks are not associated with the A**, This is to
be expected since the proton and 7* forming the
A** have low momenta in the laboratory and are
almost always well measured. The numbers of
events in the various topologies have also been
corrected for scanning and processing losses by
normalization to the topological cross sections
presented in Ref. 8.

For this study all negative particles were as-
sumed to be pions. A positive particle having
laboratory momentum less than 1.4 GeV/c was
identified.as a proton or pion by ionization®;
otherwise, it was assumed to be a pion. An iden-
tified proton was required for the a** events in
this study; the numbers of these events are given
in column 2 of Table I as a function of topology.
The A** cross sections, discussed in detail in Sec.
III, are also given in Table 1.

In addition to the angular efficiency correction
and the corrections discussed in Ref. 8, two fur-
ther corrections have been made to the A™ cross
sections: (1) for protons with momentum less
than 1.4 GeV/c which should have been identified
but were not, and (2) for protons with momentum
above 1.4 GeV/c. The first of these corrections
was determined through an investigation of four-
constraint fits to the two-, four-, and six-prong
events. A proton identification inefficiency of
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TABLE I. Topological distributions of events and the resulting cross sections for A**(1232) production in the reaction

T p—~A**X at 147 GeV/c.

(2) g(A**) in mb
1) Number of (3) (6)

Number of events with Number of (5) Combination with
charged identified events with Combination with smallest Y(pr*) and
prongs protons At+ 2 combinations® smallest Y(prt)P [tpal<1.0 (GeV/c)?©
all ' 2227 471 +60 1.61£0.26 1.56+0.23 1.13+0.16

4 747 137+31 0.38+0.13 0.38+0.13 0.34+0.06

6 620 141 +29 0.45+0.09 0.40+0.09 0.26 +0.07

8 480 95+30 0.39+0.13 0.41+0.12 0.20+0.08
10 254 67 +26 0.40+0.14 0.26+0.10 0.11+0.06
12-16 . 126 6+21 0.08+0.15 0.02+0.12

0.06+0.07

2 Not corrected for unidentified protons.

b Gorrected for unidentified protons above and below 1.4 GeV/c as explained in the text.
¢ Corrected for unidentified protons below 1.4 GeV/c as explained in the text.

(1.3 £2.6)% has been observed in the four-prong
sample, and (4.2 +8.2)% in the six-prong sample.®
The latter figure is believed to apply also to the
higher multiplicities. The A*™ cross sections and

120~ -
(a) All events with
> 4 prongs
100~ O events with a proton |

events witha A**

201 A

Number of Events /(0.05 GeV/c)

(6]
(b) 4 and 6 prong events
80 O events with a proton
events witha A**
60 7
40 .
20 -
0 ul
0 0.5 1.0 1.5 ' 2.0

Lab Momentum of Proton (GeV/c)

FIG. 1. Laboratory momentum of protons (a) in all
events with four or more charged particles (unshaded
histogram) and in all events with a A”" (shaded histo-
gram) and (b) in all events with four or six charged par-
ticles (unshaded histogram) and in all events with four
or six charged particles and with a A** (shaded histo-
gram). The straight lines are the results of the fits dis-
cussed in the text.

errors presented in this paper have been increased
appropriately. The second correction was de-
termined from the laboratory momentum distribu-
tion of identified protons. Figure 1(a) shows the
momentum distributions of all the protons in the
sample in events having four or more prongs and
of all those which have the invariant mass of a

pm* combination in the mass range 1.14-1.30 GeV.
Figure 1(b) gives the corresponding distributions
for the subsample of events with four and six
prongs. The momentum distributions in Fig. 1
are quite linear in the momentum range from 0.9
to 1.4 GeV/c, as are the distributions for the high-
er multiplicities (not shown separately). These
regions have been fitted to straight lines, which
were then extrapolated to zero events as shown.
The areas under the extrapolated lines are as-
sumed to represent the missing protons. From
Fig. 1(a) we determined that the number of events
in the specified mass range should be increased
by (11 £6)%. This correction is larger than the
corresponding correction (5.8 +3)% for the total
identified proton sample, indicating that the frac-
tion of high momentum protons from A** decay is
higher than that for protons from other processes.
This correction to A** cross sections has been
broken down further by considering the 4-6-prong
events and the 8-16-prong events separately. The
correction factors are (0.8 +0.4)% and (20.3
+10.2)% for these two groups, respectively. These
corrections have been applied to A** cross sec-
tions where appropriate.

Another type of correction is needed for any
angular analysis of the A™. The cut at proton mo-
mentum 1.4 GeV/c causes a relative loss in cer-
tain regions of the A** decay angle unless a further
cut of [¢,,]<1.0 (GeV/c)* is applied, where t,, is
the square of the four-momentum transfer between
the target proton and the A**. Consequently, in
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the analysis of angular distributions presented in
this paper, only events with ,tpA |<1.0 (GeV/c)?
have been used. Total A*™ production cross sec-
tions are presented both with and without the ¢ cut
in Table I.

IIl. CHARACTERISTICS OF A** PRODUCTION

A. Total and differential A** cross sections

The unshaded histogram of Fig. 2 is the invari-
ant mass distribution of the p7* system for all
events. The only statistically significant struc-
ture is a A** peak on top of the smooth background.
As can be seen in Fig. 2 the amount of background
underneath the A** resonance is substantial; part
of it comes from the combinatorial effects of high-
multiplicity events. Several methods to reduce
the background by using only one pm* combination
per event were tried, and all were found to give
similar cross section results. These included
selecting the p7* combination having (1) the small-
est value of the center of mass rapidity of the com-
bination, (2) the invariant mass of the combination
closest to 1232 MeV, (3) the rapidity of the n*
closest to the rapidity of the proton, (4) the small-
est value of the Feynman x of the combination,
and (5) the x of the 7 closest to the x of the proton.
The first method has been selected for all subse-
quent analyses in this study; the justification for
this choice is discussed below.

The center-of-mass rapidity distribution of all

T T T T T
M (pw*) all topologies

> 400 - O all combinations -
o R : . +

) combination with smallest y (p7 ™)
S @ smallest y (pr*) 8 ltp51< 1.0

O 300

~N

0

ES

200

do/dm

100

1.2 14 1.6 X 2.0
M (pr*) (GeV)

FIG. 2. Effective mass of p7”° combinations for all
combinations in all events (unshaded histogram), the
lowest-rapidity pm* combination in each event (shaded
histogram), and the lowest-rapidity p7° combination
(cross-hatched histogram) in those events in which that
combination had the magnitude of the four-momentum
transfer squared from the proton to the p7* combina-
tion less than 1 (GeV/c)2.

the pr* combinations, y *(pw*), is shown in Fig.
3(a). The shaded histrogram in this figure has
the additional requirement that the p7* combina-
tions are in the A** region, 1.14 <M (p7*)<1.30
GeV. This graph shows that the A* tend to be
produced at the lowest kinematically-allowed
rapidity. Because of this, we have plotted in
Fig. 4 the effective mass distributions for the
pm* combinations which have the lowest value of
y*(pm) in each event. The inclusive A** mass
distribution and the distribution for each topology
shown in Figs. 4(a)-4(f), have been fitted to the
sum of a Breit-Wigner resonance shape® and a
third-order polynomial background'* over an ap-
propriate mass range, usually 1.12-1.92 GeV.
The upper curves shown in Fig. 4 are the overall
fits and the lower curve in each case is the contribu-
tion from the polynomial. The areas between the
two curves give the cross sections for A™ produc-
tion. The A* mass was found to be 1228 + 6 MeV
in a separate fit (not shown) to the full inclusive
p7* invariant-mass distribution. The fits made
to the displayed distributions yield cross sections
for A** production consistent with those obtained
for the full inclusive distributions. (See columns
4 and 5 in Table I.) C

The Feynman-x distribution of the a**, which
is defined as the p7m* combination with the lowest
rapidity in the event and with an effective mass
in the range 1.14-1.30 GeV, is shown in Fig. 3(b).
The shaded histogram has the additional restric-
tion that [¢,, [<1.0 (GeV/c)?. As in earlier re-

(a) center-of-mass rapidity (b) Feynman x(A**)
O of all pr*combinations O all tpa
12 @ of pr* such that Itpal < 1.0 (Gev/c)?
) 1.14<M(pr*)<1.3GeV
10— 5K
o —_
€ o
=8 Eap
* b
g § it
o 6 o 3 i/l
o ° f /
4L 2r
2r (i
1 1 B) 1
-2 -1 [¢] I -1.0 -0.8 -0.6 0.4
y*(pr*) x (8**)

FIG. 3. Center-of-mass rapidity and Feynman x for
pm* combindtions. The unshaded histogram in (a) is for
all p7* combinations and the shaded histogram is for
pm" combinations in the A"" mass region. The histo-
grams in (b) are for the lowest-rapidity p7* combina-
tion in events in which that combination has effective
mass between 1.14 and 1.30 GeV. The unshaded histo-
gram is for all four-momentum transfers ¢, , and the
shaded one for |t1,A| less than 1 (GeV/c).
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FIG. 4. Effective mass of the lowest-rapidity p*
combination in each event, for each topology. The curves
shown are the results of the fits described in the text.

sults for reactions (1) and (3) [Refs. 2(a), 2(b),
2(d), 6(a), 6(b)], no leading A** peak is apparent
in this distribution.

The [ Loa ‘ distribution for the 4™ region is plot-
ted in Fig. 5(a). The unusual flatness of this dis-
tribution results from the large ¢, values associ-
ated with the high masses recoiling against the
A™. In contrast to this flat ¢ distribution, the dis-
tribution in ¢’=¢— ¢, shown in Fig. 5(b) has a
steep exponential decrease. Fits to the form do/
dt'=Ae"’ yield slopes of b=5.3+0.8 (GeV/c)™?
over the range |t/,|<0.28 (GeV/c)* and b=2.6
+0.4 (GeV/c)™® over the range 0.28 <|¢/,|<0.88
(GeV/c)2.

The transverse-momentum P,? distribution for
the A** region is shown in Fig. 5(c). A fit (not
shown) to the expression do/dP,?=A'e™" Pr? over
the range P,?<0.2 (GeV/c)? yields a slope of b’
=6.7+0.5 (GeV/c)™. Similar ¢’ and P,* slopes
have been found for reactions (1) [Ref. 2(d)] and
(3) [Refs. 6(a) and 6(b)] at other energies.

The breaks seen in the 205 GeV/c P,? and ¢’
distributions?@ are apparent in our data as seen
in Fig. 5, but our data for both distributions are
also consistent with single straight lines. The
break in P;? in Fig. 5(c) appears to occur near
0.1 (GeV/c)?®. The slope obtained for P,?<0.12

2 -
5.0 (¢) P 20.0
2.0 ?I0.0
b'=7.8+1.0 b
Ve 4
15.0

o
(9

do/dt [mb/ (Gev/c)?]
[e]

e
N
T
L

da/dp? [mb/(Gev/c)?]

AREETE

T

0.2 I

L | 1
0.0 0.4

~t,t’[(Gev/c)?

1 1 | 1
0.8 0.0 0.2 0.4 0.6

PA[(Gev/e)?)

FIG. 5. The square of the four-momentum transfer
from the proton to the A™* is shown in (a), ¢/ =f —fy,
in (b), and the square of the momentum transverse to
the beam in (¢). The A*" is defined by the mass cut
[1.14<M(p7")<1.30 GeV] applied to the distribution for
the lowest rapidity p7* combination of each event. The
lines shown are the fits to Ae®? and A’ e” P;? discussed
in the text.

(GeV/c)? is b'=1.8 +1.0 (GeV/c)™2, while for 0.2
<P,2<0.8 (GeV/c)?, the slope is 4.4+0.4 (GeV/
c)2. When the slopes are determined over the
wider ranges |t'|<1.2 (GeV/c)? and P,;2< 0.8
(GeV/c)?, we obtain the slopes »=3.4+0.3 (GeV/
c)?and b’'=5.7+0.3 (GeV/c)2.

B. Energy dependence of A** production

The cross section for the inclusive production of
A*™ in reaction (1) for seven experiments between
12 and 400 GeV/c has been found to vary as
Prap 2%%% [Ref. 2(d)]. Fewer measurements
have been made of the A™ cross sections for re-
action (3). Those measurements which are avail-
able have been extracted under such different con-
ditions that a study of the energy dependence of
reaction (3) is difficult. A summary of the cross
sections obtained at various energies and the con-
ditions of measurement are given in Table II.

‘The energy dependence for four methods of ex-
traction of the signal is as follows:

(1) The cross section obtained by fitting the
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TABLE II. Cross sections (mb) for A** production in the reaction 7°p —A**X under various conditions of extraction.

Incident momentum

11.2 GeV/c 15 GeV/c 16 GeV/c 147 GeV/c 205 GeV/c
[Ref. 6(a)] [Ref. 6(b)] [Ref. 6(c)] (this experiment) (Ref. 3)
(1) Fit to total distribution 1.3 £0.12 1.61+0.26
(2) [¢]<1.0 (GeV/c)? and 4011
. . 240, 190,
1.12.< M(pm*) <1.32 GeV 1.03+0.11 1.24£0.07 1.19+0.1
(3) |t|<0.6 (GeV/c)? and N b
. . .85+0.06 0.8 0.1
1.12<M(p7*) <1.36 GeV 0.71+0.05 0.85
(4) x(7*) <0 and
x(p) <0 and
1.12 <M(pmt) <1.32 GeV 2.1° 2.25+0.09

2 Unpublished data, MIT.

b Extracted from information given in the referenced paper.

total distribution to an appropriate Breit-Wigner
shape over a smooth polynomial background ap-
pears constant within errors at 1.3-1.6 mb from
15 to 147 GeV/c.

(2) The cross section for pn* combinations having
|#,4 |[<1.0 (GeV/c)? and a mass between 1.12 and
1.32 GeV appears constant within errors at 1.0-
1.2 mb from 15 to 205 GeV/c. '

(3) The cross section for pm* combinations having
|£,a [<0.6 (GeV/c)? and a mass between 1.12 and
1.36 GeV appears constant within errors at 0.7-
0.85 mb from 16 to 205 GeV/c.

(4) The cross section for pm* combinations having
negative Feynman x for both the proton and the n*
of the A*™, and a mass between 1.12 and 1.32 GeV,
appears constant within errors at 2.1-2.25 mb
from 11.2 to 147 GeV/c.

Thus we conclude that, independent of the method
of extraction, the A** cross section is consistent
with being constant from 15 to 205 GeV/c in reac-
tion (3). The cross sections extracted from the
fits (method 1) are more reliable since a mass cut
includes a substantial amount of background. Com-
paring these results with those shown for reaction
(1) in Fig. 5 of Ref. 2(d), we observe that (a) both
reactions are consistent with energy independence
at high energies (p,,,>50 GeV/c) and (b) the ener-
gy independence of the A*™ cross section extends
to lower energies in 7°p reactions than in pp reac-
tions.

C. Evidence for A** production via one-pion exchange

Most previous studies have found that, in reac-
tion (1), A* production is consistent with a one-
pion-exchange (OPE) model.? ®-2@ The evidence
which is considered to favor pion exchange as the
dominant contribution is (1) the #;, and P,* distri-

butions are exponentials with steep slopes, (2) the
x distribution of the A*™ has a steep rise near
x=-1 and a broad maximum near -0.85, consist-
ent with triple-Regge predictions for 77 Pomeron
and 77 Reggeon couplings,'? (3) the spin-density
matrix elements obtained for the A** decay angul-
ar distribution in the Gottfried-Jackson frame
are consistent with absorptive OPE in the triple-
Regge model,’® and (4) the properties of the sys-
tem X in reaction (1) are similar to those of X

in 7°p - X reactions at corresponding center- of-
mass energies M, [Refs. 2(b)-2(d)].

The ¢;, and P,* distributions obtained in this
experiment, reaction (3), were discussed in Sec.
III A and displayed in Fig. 5. We obtained steep’
slopes consistent with those expected for one-pion
exchange.

The x distribution for the A* for all P;? in this
experiment [Fig. 3(b)] is consistent with the shape
expected for one-pion exchange.

In Figs. 6(a) and 6(b) are displayed the cosé and
the ¢ distributions in the Gottfried-Jackson frame
for the A** region, as defined in Sec. III A, with the
cut | t,a |<1.0 (GeV/c)? to insure unbiased angular
distributions. The A* decay angular distribution
can be expressed in the Gottfried-Jackson frame
as

3
w(6, ¢) = [:17[ P33 Sin29+pn(%+ cos?6)

2
- — Rep,, sin26cos¢

V3

2 .
-5 Reps(_l)smzecos&p], (4)
where p,, =%— p,;. The density matrix elements
can be calculated from the moments of the distri-
bution as follows:

57 1/2

o= F-teostr= 1~ (L) i, ®
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FIG. 6. The (a) cosf and (b) ¢ distributions in the
Gottfried-Jackson frame for pm* combinations in the
A*" sample. The cosé distribution for lowest rapidity
p7" combinations which have effective masses above
the A*" mass is shown in (¢). The cos# distribution for
the A*" alone, as obtained from fits to the p7" mass

distribution in the various cosf regions, is shown in (d).

The solid curves are w(6) and w (¢) for p 33=0.13 and
Re p3~1=0, and the dashed curves are for p33=0.23, as
discussed in the text.

5v3 | 5m\1/2
Rep,, =- 5 (sin20cos¢) = <—2> (Y,), (6)
5v3 , . 5m\!/2 '
Repy.p=— - (sin®*6 cos2¢) = "<_211> (Y,,),

(7

or they can be determined from fits to the cosé
and the ¢ angular distributions,

w(8) = (3+pg) + 3(3 — pyg) COS?, | (8)
1 2
w(e) = ;(%— T Rep,e,)cos2 ¢~>. (9)

The results from the method of moments (pre-
sented in Table III, Row 1) are consistent with the
pp results®®2@ ang with the absorptive OPE pre-
dictions.!® The density matrix elements have been
determined for low [#’| and as a function of | ¢],
and the results are listed in Table III. The errors
are large, but the trend is toward values expected
for pure one-pion exchange at low [ t[ and [t' I
The solid curves shown in Figs. 6(a) and 6(b) are
the values of w(6) and w(¢) using the measured
values of the density matrix elements from the
method of moments, p,;=0.13 and p,., =0. The
curves have been normalized to the cross section
for —~1<cosf<1. The Treiman-Yang (¢) distri-
bution is consistent with the isotropy predicted by
OPE; however, the cos#f distribution of Fig. 6(a)
shows a forward peaking rather than the expected
symmetric distribution. This asymmetry may be

TABLE III. Density matrix elements for the A™* decay in the reaction 77p —A**X at 147
GeV/c, compared to pp —A**X at 205 GeV/c and to theoretical predictions.

Reps Repy-1)
(1) 77p ~AT*X (147 GeV/c)
from moments 2
A** mass cut, [t|<1.0 0.13£0.03 0.00+0.03 0.00+0.03
|#']<0.2 0.08+0.04 —0.02£0.04 0.00+0.04
|t]<0.2 —0.06 +0.07 0.05+0.07 —0.07+0.07
0.2<[t|<0.4 0.10+0.06 —0.05+0.07 0.08+0.06
0.4<|t|<0.6 0.18+0.08 —0.05+0.08 -0.01+0.06
from fits 2
A** mass cut, |t|<1.0
—1<cosf<1 0.15+0.03
—1<c0s860<0.6 0.23+0.04
A** cross section, |t[<1.0
—1<cosf<1 0.23+0.07
(2) pp —~A**X (205 GeV/c)® 0.11+0.04 0.01+0.04 0.02+0.04
(3) Pure OPE prediction 0 0 0
(4) Absorptive OPE prediction © 0.12 0.06 0.03

2 As explained in the text.

b Reference 2(d). ]

¢ Reference 13.
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due to the background remaining under the reson-
ance signal in the A*™ region, as can be seen in
Fig. 6(c) where the same cos#é distribution is plot-
ted for a mass region above the A*™ [1.38 <M (p7*)
<1.70 GeV]. This distribution is very strongly
peaked in the forward direction, with no contri-
bution in the backward hemisphere. To eliminate
the effect this background has on p,;, we have fit-
ted the cosé distribution over the range —1 <cosé
<0.6 and display the result (p;;=0.23) as the dash-
ed curve in Fig. 6(a). _

A second way of eliminating the background ef-
fect is to obtain the actual A*™ distribution in cosé
by fitting the M (p7*) distributions for various cosé
slices to a A*™ resonance plus background parame-
trization, as discussed in Sec. IIIA. In Fig. 6(d),
we present the A**-resonance cross sections re-
sulting from these fits; this is the actual A** dis-
tribution, with no background contamination. This
distribution is more symmetric than the one ob-
tained with a simple mass cut. The value of p,,
obtained from fitting this distribution (0.23) is
identical to that obtained from fitting the mass cut
data for cos6<0.6. The values of p,, obtained from
these data are not very accurate but are consistent
with one-pion exchange.

If the A* production can be viewed as occurring
via the exchange of some object E~ (such as a ")
as shown in the inset in Fig. 7 for reaction (3), one
can study the off-mass-shell inclusive processes

E +p-1"+X', » (10)

E +m -1 +X', (11)
in reactions (1) and (3), respectively, as a func-
tion of center-of-mass energy M,. In reactions
(10) and (11), E~ is the exchanged object and X’ is
the system recoiling against the A** and the 77,
i.e., the X of reactions (1) and (3) are the 77+ X’
of reactions (10) and (11), respectively. The in-
clusive invariant x distribution of the 7~ in reac-
tion (10) was found?® to be consistent with the in-
clusive 7~ distributions from 77 interactions at
s values similar to the M,” values of reaction (10).
Thus, the authors of Ref. 2(b) conclude that the in-
ternal properties of the system X of reaction (1)
[i.e., the 7"+X’ of reaction (10)] are similar to
those expected from the emission of a virtual 7~
meson [the E™ of reaction (10)] which subsequent-
ly interacts with the second incident proton. That
is, the observation that E™p interactions are iden-
tical to 7"p interactions leads to the conclusion
that the E~ may be regarded as a 7".

We have examined our A* sample, which has a
27% background under the A* signal, for proper-
ties of E"1” scattering. Figure 8 shows the cross
section for A™ production as a function of M,?.
The distribution appears to be flat for M,? above
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- E\_”- (@) 0< M2 <40 Gey?
X }X ——— -
10 E” T E -7
—l
b 1|'
0.5 -
T T T T T =
3.0 (b) 40 <MZ <80 Gev?]
o
Eaob -
‘><
2ok _
N 1.0
hel
T T T T
- (c) 80< My <140 Gev2_|]
a0 -
2.0 ]
I l h —n
-1.0 -0.5 0.0 05 1.O
' X' (™)

FIG. 7. The inclusive x’ distribution for 7~ produced
in 77 E~ interactions, as described in the text. The
shaded events are the contributions from 7~p —pn’ 7" 7"
events.

10 GeV? up to the kinematic cutoff. If factorization
is valid, this indicates that the E~7" total cross
section is independent of the center-of-mass ener-
gy M, at high energies.

We have also examined the inclusive x distri-
bution of the 7~ in reaction (11). If the picture is
valid, and if E” is indeed a 77, we should be able

LI L L N N o B W B

120~

R | RN
5 10 50 100
MZ (Gev?)
FIG. 8. Cross section for A*" production as a function
of mass M 4* recoiling off the A** .
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to extract some information on leading-particle
effects in 777" scattering. Figures 7(a)-"7(c) con-
tain the x distributions of the outgoing 7~ of reac-
tion (11) in the E~7~ center of mass, or the rest
frame of the X of reaction (3), for events having a
p7* in the A* sample with [t,,[<1 (GeV/c)?. The
t cut serves the purpose of removing angular
biases, as before, and also tends to enhance

any m-exchange present. The three distributions
are for three regions of center-of-mass energy
M, as indicated in the figures. The incident E~
direction is as defined in Ref. 2(b) so that negative
x' corresponds to emission along the direction of
the beam 7°. The x’ variable is defined as

x/(17)=2My P, /{[M,? - (N +1)?m ?]
X [My2 - (N=1)7m 2 ]}/?
=2P,/(My% - 4m 2)'/2, (12)

where P, is the longitudinal momentum of the 77,
measured along the negative of the incident 7~
beam direction in the E”+7" rest frame, m, is
the pion mass, and N=1 is the minimum number
of m’s which can recoil against the 7~ of interest
in the 7" +X’ system. M, is the mass recoiling
against the A**. The symbol x’ is used in the sub-
sequent discussion to distinguish this Feynman
variable [measured in the center-of-mass of re-
action (11)] from the x evaluated in the center-
of-mass of reaction (3).

A leading-particle effect is apparent in Fig. 7
near x’=1 for the lower values of My, which have
low (ny), but is not apparent at the highest M,
values which have high (n,). The relationship
between M, and (n,) is discussed in Refs. 2(b),
2(c), 3. The resolution in x’is worse near x’'=-1,
since that corresponds to pions which have very
high momentum in the laboratory. This problem
is discussed in more detail in Ref. 7. The leading
particle effect is also present in this kinematic
region.

Part of the leading-particle effect in Fig. 7 cor-
responds to elastic 777 scattering, that is, to
events from the reaction

Tp~ AYTTT, ’ (13)

The events which had a four-constraint fit to the
reaction

Tp—pmtuwm” (14)

and also satisfied the A** cuts used are shown as
the shaded portions of Figs. 7(a)-"T(c). Details
of the kinematic-fitting procedure can be found in
Ref. 14. When these events are removed, the lead-
ing effects are smaller but still present.

The invariant x’ distribution, divided by the total
cross section for the appropriate M,? range, is
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FIG. 9. The invariant x” (v”) distribution for 7" E~
interactions, as described in the text.

shown in Fig. 9. The events below x’=-1 and above
x’=+1 have been included in the first and last
bins, respectively, of the invariant distribution.
The leading peak in the E~ direction is very strong
as is seen in reaction (10) in Ref. 2(b). In con-
trast to reaction (10), however, a leading peak
due to the 7 beam is apparent at x’=-1 for reac-
tion (11) in this experiment. The leading peak
weakens relative to the central peak at high M,?;
high M,? corresponds to high [¢,, | as can be seen
in Fig. 10. Thus, the leading effect in E"7~ scat-
tering, which is most apparent at low M,?, ap-
pears to be confined to the low [t] values where
one expects pion exchange to dominate. The lead-
ing peak at x’=+1 will be discussed further in Sec.
Iv.

To summarize briefly the A™ phenomena studied
in this section, we find that the data are consistent
with one-pion-exchange-model predictions with re-
spect to ¢, P,%, x, and decay angular distributions.
In addition, the fact that the x/(77) distribution is
symmetric for the off-mass-shell process (11) in-



3108 D. BRICK er al. 18

20— T T AN

LLO

ltpal [(Gew/c)?]

L I 1
o 50 100 150

MZ [ (GeV)?]

FIG. 10. Correlation between |£,,| and mass My
recoiling against the A™" in reaction (3).

dicates that the interpretation of the exchanged ob-
ject E” as a 7" is plausible.

D. Evidence for A** association with target fragmentation

In Sec. III C we presented evidence that one-pion
exchange might dominate in A™ production. There
is also evidence that some A** are produced as
the decay product of a higher-mass system.2®6®
For example, the effective mass of the A*™*71™ sys-
tem, shown as the unshaded histogram in Fig.
11(a), has a low-mass enhancement typical of dif-
fractive phenomena.'® We would like to know the
extent to which the A* is associated with a low-
mass A¥7” system and the properties of this sys-
tem. The fact that choosing the lowest-rapidity
pm* combination in each event reduced the back-
ground under the A* without significantly dimin-
ishing the A** signal leads us to try a similar
scheme for the A*7~ combinations. The shaded
histogram in Fig. 11(a) is the effective mass of all
pm*n” combinations such that the p7* mass is in
the A*™ region, the p7* rapidity is the lowest in the
event, and the 7~ is the lowest rapidity negative
meson in the event. The low-mass enhancement
is more prominent, with relatively few events
above 3 GeV. This latter histogram is displayed
by topology in Figs. 11(b)-11(e). The shapes of
the distributions are the same for all topologies,
suggesting that a large fraction of the A*™ in all
topologies might be the decay product of a higher-
mass system. .

We can examine the fraction of A** produced in
conjunction with a low-mass A*7~ system in a
complementary way by examining how many low-
mass pm*1” systems are or are not associated
with a A** rather than by asking, as in Fig. 11,
how many A* are associated with a A™7" sys-
tem. Figure 12 is the result of asking this ques-
tion; it shows the effective mass of the lowest-
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X 30 _.
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40 1 e
20} L 4
1 1 1 o — 1 1 1 1 I ]
1.0 18 2.6 3.4 42 1.8 26 34 42
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FIG. 11. Effective mass of A** 7. The distribution
for all 7~ is the unshaded histogram in (a). All other
histograms shown are for the lowest rapidity =~ in each
event with a A", The solid curves shown are for
Monte Carlo events with a limited P ,? distribution on the
non-A"" pions as described in the text. The dashed
curve is for Monte Carlo events with the non-A*" pions
produced uniformly in Lorentz-invariant phase space.

rapidity pm* combination for each event in which
any 7" formed a low-mass (less than 2.68 GeV)
pm*n” system with this pr*. Since it is difficult to
tell the fraction of A* remaining in this histo-
gram, we show the remainder of the total lowest-
rapidity pm* mass distribution in the shaded histo-
gram, i.e., the shaded histogram of Fig. 12 is the
effective mass of the lowest rapidity p7* combina-
tion for each event in which no 7° formed a low-
mass pr*n” system with the pr*. Over 90% of the
A*™ are associated with a low-mass A™7” system
with mass less than 2.68 GeV. It is interesting to
note that a similar plot (not shown) made for a
pm*n” mass cut of 4 GeV indicates that essentially
100% are associated with a A™7~ system with mass
less than 4 GeV.

The different shapes of the high-mass tails in the
shaded vs unshaded distributions of Fig. 12 are
kinematic and phase-space consequences of the
pm*m” cuts defined: The unshaded distribution has
a Kinematic cutoff at a p7* mass of 2.68 GeV, be-
yond the edge of the graph; the shaded distribu-
tion has no such kinematic cutoff. Thus, the non-
resonant p7* background in the shaded histogram
may grow with p7* mass whereas the nonresonant
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FIG. 12. Effective mass of lowest-rapidity p7* com-
binations in events in which at least one 7~ combined
with the p7* to give a p7" 7~ mass less than 2.68 GeV
(unshaded histogram) and for events in which all 7~
gave a p7 7~ mass greater than 2.68 GeV (shaded his-
togram).

pm* background in the unshaded histogram is re-
quired to fall to zero.

The different shapes of the nonresonant low-
mass portions of the distributions in Fig. 12 in-
dicate that for a given low pm* mass, it is more
likely that there is a nearby 7~ forming a low-
mass pr*nr” combination than that there is none.
This is a consequence of the mechanism leading
to the A™7” low-mass enhancement, which will be
discussed in more detail later.

The observation of a A*™7” low-mass enhance-
‘ment associated with the lowest rapidity 7~ in
this experiment is consistent with the conclusion
of Ref. 6(b), where a cut of —0.2 <x(7") <0.05 was
used to study the A™7” low-mass enhancement.
The x(7") distribution for all 7~ in events with a
A* is shown in Fig. 13 (unshaded histogram),
along with the distribution for only the lowest

rapidity 7~ in events with a A* (shaded histogram).

Almost all of the latter distribution is concentrat-
ed in the region -0.2 <x(77) <0.05 (dashed lines),
indicating that the x cut used in Ref. 6(b) is kine-
matically equivalent to the lowest rapidity 7~ cut
used in this experiment.

In an effort to determine whether kinematic ef-
fects at this energy could produce a A*7" low-
mass enhancement, we ran several Monte Carlo
simulations of A** production using SAGE® and ap-
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FIG. 13. Feynman «x for all 7~ in events with a A™"
(unshaded histrogram) and for the lowest-rapidity 7~ in
each event with a A™* (shaded histogram). The dashed
lines indicate the cut used in Ref. 6(b) to enhance‘the
A*" 1™ signal.

plied the same analysis techniques and cuts to the
Monte Carlo events as we had applied to the real
events. The number of events thrown in each top-
ology was proportional to the cross section for A**
production in that topology. The multiplicity dis-
tribution of neutral pions for each charged topology
was assumed to have the same shape as the mul-
tiplicity distribution of all charged pions (Fig. 15),
with the average number of produced neutral pions
assumed to be equal to the average number of pro-
duced positive pions. That is, the average number
of 7”’s associated with four charged particles for
example (a A* and two 77’s) was assumed to be 1.

Monte Carlo events distributed uniformly in
phase space did not reproduce any of the A™ dis-
tributions discussed in this paper. Thus, the
A™7" low-mass enhancement (Fig. 11) and the x/
distributions (Fig. 7) are not simply the conse-
quence of momentum and energy conservation;
some dynamics must be included to reproduce
them.

Another Monte Carlo simulation we made had a
¢’ slope of 3.4 (GeV/c)? on the A*™ and included a
cut on |#,[<1 (GeV/c)®. Again, the simulation
did not match the data; the dashed curve in Fig.
11(a) is the Monte Carlo result for the shaded
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histogram, normalized to the same total area.

The third simulation we tried had the same
properties for the A* produced as the second
simulation and in addition assumed that all pions
produced in the event were randomly distributed
according to exp[- (N —1)P,%/Na?], where a=0.562
GeV/c, N is the number of pions produced in the
event, and P,? is the transverse momentum
squared in the rest frame of the system recoiling
off the A™. The distributions obtained with these
restrictions qualitatively reproduced the data,
including the A™7” low-mass enhancement in all
topologies and the nearly symmetric structure in
the x’ distributions. The smooth curves shown in
Fig. 11 are the results of this third Monte Carlo
simulation. Itis of interest tonote thatthe Monte Car-
lodistributions for x’(7*) were narrower than the
x' (") distributions for both of the latter two simu-
lations, indicating that the difference between the
m* and 7”7 distributions observed in Ref. 17 might
be a phase-space consequence of removing the two
lowest rapidity positive particles while including
all negative particles.

Several variations on these three basic Monte
Carlo simulations were tried with similar results,
leading us to conclude that any dynamical model
which results in small transverse momenta of the
produced particles, such as the multiperipheral
diagram discussed in the next section, will have
a A™7” low-mass enhancement as a kinematic
consequence.

In order to further discuss the A**71” low-mass
enhancement, we must clarify which processes
are being considered. We will be discussing the
reaction:

Tp—=p*X, . (15)

where p* is a low-mass, charge +1, isospin 3
baryon system produced at low rapidity.. The
phrase “target fragmentation” will be used to re-
fer to such a process without regard to the mode
of decay of the p* or to the properties of the sys-
tem (X) recoiling against it. “Diffraction” will
be used to indicate that the system X consists of
a single 7~ which has Feynman x near 1.

The fact that essentially all of the A* are as-
sociated with a A™7” low-mass enhancement does
not mean that they are all made via reaction (15)
with subsequent decay of the p* directly into
A*77; if this were indeed the case, the x distri-
bution for the A*™7”~ system would be sharply peak-
ed near —1. As can be seen in Fig. 14, this is
not the case for the A™7~ combinations selected
by using the n~ withlowestrapidity. Although the
A*7" [unshaded histogram. of Fig. 14(b)] are clust-
ered at lower x than the full inclusive x(p7*717) dis-
tribution [Fig. 14(a)], there is no strong leading
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FIG. 14. Feynman x of (a) allp7” 7~ combinations and
(b) A™" 7~ combinations with lowest-rapidity 7~ .

peak. It may be that the A* are made via reac-
tion (15), but, if so, the p* then decays to a A**
and more than one pion part of the time. As many
people have shown (e.g., Ref. 7) and the authors
of Ref. 2(d) point out, diffraction as defined above
occurs only at low multiplicities, six-prong and
lower topologies, whereas A*™ production (and,

as we see in Fig. 11, the A**7” low-mass enhance-
ment) is apparent in higher topologies as well.
Several more recent papers'® have presented evi-
dence that low and high multiplicity particle pro-
duction occurs via clusters of low multiplicity and
suggest that diffractive (or leading particle) ef-
fects occur when only two clusters are present,
one of which consists of only one particle.®? If
the A™71” system were produced as part of such a
cluster in the target region, with other clusters
being produced in the central and beam regions in
the event as well, then the A*™ cross section could
extend to high multiplicities, whereas the subset
of A* produced diffractively (i.e., in association
with a 7° near x =1) would be confined to low mul-
tiplicities.

One of these recent papers'®® studied the pn”
low-mass enhancement from a neutron target,
analogous to the A™7” low-mass enhancement from
a proton target which is being discussed here.
The p7n~ low-mass enhancement was found to be
produced in all multiplicities with an average mul-
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tiplicity (n) similar to the total (n) of that experi-
ment. In Fig. 15 we show the inelastic cross sec-
tions,® the A* cross sections, and the leading par-
ticle cross sections for this experiment™!® as func-
tions of topology. The average multiplicity (n)

of A** production (and thus of the A*7” low-mass
enhancement) is the same as the total inelastic

(n) in this experiment, in agreement with the pn~
low-mass enhancement of Ref. 18(c). In contrast,
the leading particle (xn), or () for diffractively
produced particles, is about half the total ().

The (n) for A* production as a function of M,?

in this experiment will be discussed in more de-
tail in a forthcoming paper.

IV. COMPARISON AND DISCUSSION

We have seen in Sec. III C that inclusive A**
production is consistent with an absorptive one-
pion exchange model,'® even at this high energy.

In Sec. IIID, we saw that essentially all of the

A*™ in all topologies were associated with a low-
mass A¥7” enhancement. As noted in that section,
any mechanism that limits the transverse momen-
tum of produced particles will yield such a A*n~
low-mass enhancement. One way of producing such
a low-mass enhancement is A* production via tar-
get fragmentation into A**7” (plus any number of
charged or neutral pions). This mechanism and

a one-pion-exchange mechanism are both compat-
ible with a diagram of the sort shown in Fig. 16.
In this diagram, the production of the A*7” sys-
tem is represented by the exchange of an effective
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FIG. 15. Inelastic, A”", and leading-particle cross
sections as functions of topology for 7~p interactions
at 147 GeV/c.

Regge trajectory a, and the interaction between

the A*™ and the 7” is represented by an amplitude
M. The amplitude M for the A*7” low-mass en-
hancement should contain a term for pion exchange
and a term for N* production, perhaps similar

to the amplitudes found in diffractively produced
nucleon-pion low-mass enhancements (i.e., when

o is the Pomeron trajectory and X’ is a single 77)
at other energies.?° Some authors have replaced
the amplitude M by an effective trajectory of a’,®
using a triple-Regge formalism, and conclude that
at least two trajectories having different {-depend-
ences are needed, or at least two terms are needed
in the amplitude M. It is well known from studies
of a Deck model?' or a double peripheral model?3
than when a 7 is exchanged at the lower vertex of
the diagram (i.e., when a’ is the pion trajectory),
a kinematic low-mass enhancement results between
the two particles at the bottom of the diagram,
which are A** and 7 in this case.

It is interesting to note that a theoretical attempt
has been made to describe properties of inclusive
A* production by assuming that the A* is a decay
product of a diffractively produced system.?* Us-
ing a sum of diffractively produced N*’s and the
Mueller-Regge formalism, the authors of Ref. 23
were able to reproduce the A™7” low-mass en-
hancement, the x and the steep P,? distributions
of the A**, and the peak near x/(7") =1 of reaction
(10), which in Sec. III C was attributed to proper-
ties of virtual 77p scattering. One can speculate
that if the A** are produced via reaction (15) but
the final decay product involves more than one
pion, the Feynman x of the A**7” low-mass en-
hancement portion of the p* would extend to high-
er x, as in Fig. 14(b), and the effect would extend
to higher multiplicities, as in Fig. 11. The Pom-
eron would still be involved in the production as
part of the X’ of Fig. 16 and therefore account for
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FIG. 16. Diagram for A*" production which includes
both one-pion-exchange and N*-production amplitudes,
as discussed in the text.
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mass region are shown in (b). In both figures, the low-
est-rapidity p7° combination was used.

the constancy of the A* cross section as a function
of energy.

As a further test of the nature of the x/(17)=+1
peak apparent in Figs. 7 and 9, we have plotted in
Fig. 17(a) the invariant mass of the A** combined
will all 7~ which have x’>0.5. A low-mass en-
hancement is present, but the shape is the same
as that of the total A*7” low-mass enhancement
[Fig. 11(a)]. In addition, the x distribution for
these 77, which have x’>0.5, is similar to the x
distribution for the lowest rapidity 7~ shown as
the shaded histogram in Fig. 13. It should be noted
that only ~25% of the A™ have x’(77) >0.5. With
the small number of events in this experiment,
we can draw no conclusions about the relative ra-
tios in this sample of N* - A*7” production and of
A*™7” low-mass enhancement due to a Deck ef-
fect.?* There are contributions to the x’/>0.5 re-
gion from 4-12 prongs, with the four prongs con-
tributing the greatest portion of the peak structure
at x’ =1 but only about half of the total x’>0.5 re-
gion. The four-prong events which had a four-
constraint fit to reaction (14) contribute only about
a third of the peak and about a sixth of the total
x'>0.5 region. Hence, the high topologies fur-
nish the bulk of the events in this region.

The peaks in x’ at +1 are also apparent for pr*
masses outside of the narrow mass range defining

our A** sample. To investigate this we plotted the
effective mass of all p7*7” combinations which sat-
isfied the following criteria: (a) the p7* combina-
tion had the lowest rapidity in the event, (b) lt‘,,+[
<1.0 (GeV/c)?, (c) x’ of the 7~ was greater than
0.5, (d) the effective mass of the p7* was either
less than 1.14 GeV or greater than 1.30 GeV. The
result, shown in Fig. 17(b), is a p7*7” low-mass
enhancement, possibly peaking at higher mass val-
ues than the A**71” low-mass enhancement. If this
x’ cut did indeed isolate N* production, then one
could understand the non-A* part of the leading
x/(7”) peak since a substantial fraction of the high-
er mass N*’s decay directly to pn*7~. However,
the number of events in this p7*r~ low-mass en-
hancement is consistent with the number which
should be present from the tails of the A* peak.

These distributions were included in our Monte
Carlo study of kinematic and phase-space effects.
We found that the x /(77) distributions could not be
reproduced by Lorentz invariant phase-space dis-
tributions for the produced pions. However, we did
find that a mechanism which produces particles
with a limited transverse momentum could produce
effects similar to those seen in the data.

In brief, the structure in x/(7”) and the A**7~
low-mass enhancement could be produced by the
mechanisms proposed; that is, by a mixture of
N* production and one-pion exchange at the lower
vertex of Fig. 16. Both of these mechanisms lead
to limited transverse momentum for at least some
of the produced pions. The effects could also be
produced by any mechanism which leads to limited
transverse momentum for the produced pions and
in addition reproduces the x’ distributions. It
should be emphasized that no simple Monte Carlo
simulation can reproduce all of the features of the
A™ production presented in this paper, but any
Monte Carlo model which limits P,? can produce
effects similar to those seen in the data.

V. SUMMARY

The properties of inclusive A* production studied
in this paper can be interpreted as either from
one-pion exchange at the lower vertex of the dia-
gram shown in Fig. 16 or as resonance formation
at the lower vertex. Monte Carlo simulations of the
data indicate that an alternate explanation might
be supplied by a dynamic model which results in
limited transverse momentum of the final-state
particles. The A*™ properties found are summar-
ized below.

Inclusive production of the A* (1232) resonance
in 77p interactions at 147 GeV/c occurs in compar-
able amounts in four-, six-, eight-, and ten-prong
events, indicating that A™ production is not as-
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sociated entirely with single diffraction of the pro-
ton target. The A* production cross section in
7"p collisions is approximately independent of
energy between 11 and 205 GeV/¢, indicating

that the Pomeron might dominate in the produc-
tion, even though A™ production is not confined

to low multiplicities. All of the A* are produced
backwards in the center of mass, with rapidity
and x values close to the lowest possible kinematic
limit, and essentially all of the A™ are associated
with a A*™7” low-mass enhancement. The ¢/ and
P,? distributions of the A™ events are steep, but
not quite as steep as in pp interactions at 205 GeV/
c¢. The Gottfried-Jackson angular distributions of
the A*™ are consistent within errors with the one-
pion-exchange picture, as found in previous ex-
periments. Inclusive x’(77) distributions from re-
action (11) show peaks near +1 which can be inter-
preted as leading peaks from 7°7" interactions, or
as kinematic effects of a multiperipheral interac-
tion, or as kinematic effects of N* production pro-
cesses. The x’ peak near +1 appears to be assoc-

iated with N* - A™7” and with N* - pn*nr~. The pres-
ence of such N* resonances can explain steep P,?
distributions, as indicated in Ref. 23. Hence, it is
conceivable that all of these properties could be
explained by a total amplitude M for the A™7~
low-mass enhancement which includes amplitudes
for both pion exchange at the lower vertex and N*
resonances.
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