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Analysis of double-scattering mechanisms in pd annihilation processes
between 1.09 and 1.43 Gev/e
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In a study of pd annihilation reactions between 1.09 and 1.43 GeV/c, it is found that the four- and six-prong
samples with a visible slow proton exhibit features substantially diferent from those expected based on a simple
impulse approximation. A phenomenological model, developed in the framework of Glauber s model, provides an
excellent description of the data. In as much as 26.6% of the three- and four-prong and 21.7% of the five- and six-

prong samples, pions from one of the. annihilation reactions interact with the spectator nucleon via either elastic or
charge-exchange scattering. This process is called the final-state interaction. For the initial-state interaction in which
the incident antiproton undergoes elastic scattering prior to annihilation, the process accounts for 7.5%%uo (9.1%) of
the three- and four- (five- and six-) prong events.

I. INTRODUCTION

The use of a deuteron target as a source of free
neutrons has long been standard practice in high-
energy physics. Owing to the fact that a deuteron
is a loosely bound state of a proton and a neutron
with a binding energy of only 2.2 MeV, one may
naively assume that the deuteron breaks up spon-
taneously upon impact by the projectile particle.
Such a picture was found to be inconsistent with
experimental data. In reactions, such as pd and
m'd, where cross sections for the projectile parti-
cle with a proton are known, and those with a
neutron can be inferred through charge indepen-
dence, experimental data are inconsistent with
the notion that cross sections with a deuteron tar-
get are sir pie sums of those with a proton and a
neutro~ target. This cross-section defect was ex-
pjained in terms of nuclear shadowing in an elegant
theory proposed by Glauber' and by Glauber and
Franco. ' The theory was modified later to in-
clude isospin-exchange effects' and the effect of
deuteron quadrupole deformation" on the scatter-
ing amplitude. Although the Glauber model pro-
vides a precise recipe for elastic and simple deu-
teron-breakup reactions, i.e. ,

and

where h is the incident particle, and the model
has been found to agree well with data for the in-
cident antiproton' and proton, ' no simple descrip-
tion is available for reactions in which particle
production or annihilation processes occur. Al-
though there is abundant experimental evidence in

pd (Ref. 9), tr'd (Ref. 10), K'd (Ref. 11), and pd
(Ref. 12) reactions for multiple scattering inside
the deuteron, no thorough and complete phenome-

nological analysis of these has been reported.
This is primarily due to the complexity of the
double-scattering mechanisms present in the high-

energy scattering.
In this paper, a definitive study of double-scat-

tering processes in pg-like annihilation reactions
is presented. An abbreviated version of this work
has been published previously. " Data for this
work came from an exposure of the Brookhaven
National Laboratory 31-in. deuterium bubble
chamber by a separated p beam. A total of
150000 triads were taken, with 64000 triads at
1.31 GeV/c and the remaining roughly evenly di-
vided among 1.09, 1.19, and 1.43 GeV/c. Events
analyzed in this work are from the reactions

pd p+2m +p'+jp
~ j)0,

—p+3w +27t'+ jm, j& 0. (4)

Details of this experiment are given elsewhere. '

II. EVIDENCE FOR DOUBLE SCATTERING

If the idea is indeed correct that the deuteron
breakup occurs spontaneously when the incident
particle interacts with one of the constituent nu-

cleons, characteristic features of the spectator
nucleon may be predicted using deuteron wave
functions. This process will be referred to as the
impulse approximation. Figure 1(a) shows the ex-:.
pected internal Fermi-momentum distribution of
the constituent nucleons using the Heid soft-core
wave function. " In comparison, the momentum
distributions of protons emerging from apparent
ppg annihilahions in a deuterium target are shown
in Figs. 1(b) and 1(c) for reactions (3) and (4), re-
spectively. One notes that protons having a mo-
mentum less than VO MeV do not produce observ-
able tracks in liquid hydrogen and, hence, are not
detected in a bubble chamber. Even protons hav-
ing a momentum between 70 and 130 MeV/c are
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systematically lost. By comparing the data to the
impulse-approximation prediction above 130 MeV/c,
a region of apparent excess may be observed.
This excess appears to be in the form of a broad
peak or bump centered at 300 MeV/c. Similarly,
this excess is present when the data are compared
with other deuteron wave functions. ""

The probability of neutron-proton separation r
is given by p'(x)r', where p(r) is the deuteron
radial-wave function. This function has a maxi-
mum at r = 2 fm. Since the nucleon dimensions
are of the order of one fermi, it is not difficult to
accept that both nucleons may be involved in a
scattering process. Two possible ways the proton
could be involved are depicted in Fig. 2. The first
diagram (called final-state interaction or FSI) de-
scribes a pion, from the ppg annihilation, interact-
ing with the spectator proton. The second is called
initial-state interaction or ISI. Here, the antipro-
ton scatters from the proton before pg annihilation
takes place. The presence of FSI and ISI is evi-
denced by features characteristic of these pro-
cesses.

Since FSI results when a pion scatters from the
spectator nucleon, production of the n(1236) reso-
nance is expected. Figures 3(a) and 3(b) show the
m'p invariant-mass distributions from four- and
six-prong topologies, respectively. For compari-
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FIG. 2. (a) Final-state interaction. (b) Initial-state
interaction.
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son, the n p distributions, normalized to the cor-
responding m'p distributions, are shown shaded.
Only events with spectator momenta above 190
MeV/c were used in these plots. A peak in the
m'p mass distributions characteristic of the
h(1236) resonance is apparent. Although both v
and m' may scatter from the spectator proton, ow-
ing to the fact that the m p cross section is smaller
than the v'p cross section in the b, (1236) region,
one expects a more copious production of b, (1236)
in the 7t p than in w p mass distributions. In addi-
tion, there is one more w than w' in an event. As-
suming that only one of the pions scatters from the
proton, enhancements in the m p mass distribution
are expected to be more diluted than those in the
m'p mass distribution.

The ISI process results when the antiproton
elastically scatters from one of the constituent.
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FIG. 1. (a) Expected spectator-nucleon-momentum
distribution. (b) and (c) Observed momentum distribu-
tions of the final-state proton for four- and six-prong
topologies, respectively.
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FIG. 3. x'p (unshaded) invariant-mass distribution
compared with that of 7I. p (shaded) for (a) four-prong
and (b) six-prong data. The x"p distributions have been
normalized to the respective m'p distributions. A cut
for P&~ 190 MeV/c has been made.
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the angular distribution of a spectator proton is
expected to be a monotonically increasing function
in cosa, in a simple impulse model.

In summary, characteristics of the protons
emerging from apparent ppg-. like annihilation show

significant deviation from those predicted by a
simple impulse approximation. Although effects
attributable to FSI processes have been observed
previously~ "no comprehensive descriptions of
either the FSI or the ISI process have been re-
ported. In the following sections, a phenomeno-
logical model in the spirit of the Glauber model
is developed to provide a comprehensive picture
of the double-scattering mechanisms present in
the data. It is worth noting that unlike other pre-
viously reported studies of double-scattering ef-
fects, there is only one final-state nucleon in the

pd annihilation data. Therefore, effects due to
possible confusion and misidentification of the
spectator nucleon do not exist.

III. FINAI STATE INTERACTION
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Using a simple geometric picture, the proba-
bility that a pion from the annihilation will interact
with the spectator nucleon may be estimated by

(5)

FIG. 4. Proton laboratory angular distribution for (a)
P&~190 MeV/c, (b) 190 &P&a 350 MeV/c, and (c) P&
&350 MeV/c.

nucleons before being annihilated by the other.
The elastic scattering imparts a transverse mo-
mentum to the spectator nucleon, Therefore, the
laboratory angular distribution of the spectator
nucleon with respect to the beam is expected to
exhibit a bump characteristic of elastic scattering.
Figure 4 shows the spectator cosine distribution
for three spectator-momentum ranges. For p~
& 190 MeV/c, the data shown in Fig. 4(a) appear
to be smooth. A peak at cos8 between 0.2 and 0.4
is seen for spectator momenta in the range 190-
350 MeV/c as is shown in Fig. 4(b). This peak
persists for spectator momenta greater than 350
MeV/c as may be seen in Fig. 4(c). In contrast,

where (1/r') is the mean-inverse-square neutron-
proton separation in the deuteron, and o,„is the
pion-nucleon cross section evaluated at the c.m.
energy of the pion-spectator nucleon system. Us-
ing values of -0.25 fm ' for (1/r') and -60 mb for
o,z one gets a probability of 12%. Assuming that
the mN scattering amplitude is independent of r,
the FSI amplitude may be written simply as

(6)

where P(r) is the deuteron S-wave radial wave
function, and f,» is the wJV scattering amplitude.
Fourier transformed, the FSI amplitude in the
momentum space is given by

TABLE I. Percentage contributions to FSI processes by elastic and inelastic mN scattering.

Topology Four prong Six prong

Elastic/charge-exchange processes
Inelastic proces ses

7r'P

94%
6%

85%
15%

91k
9%
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p(p) = 4c'~„r'(p)p' (9)

Owing to the limited invariant phase space of
the pion-nucleon system available in. this experi-
ment, the potential contributions due to particle-
production reactions are expected to be small.
Consider the integrals

dp (10)

I„= o„7t'N, dp

where g„(mN, ) and g„(mN, ) are the elastic/charge
exchange and inelastic parts of the total pion-nu-
cleon cross section, respectively, and the fact;or
dp/E is the invariant phase space of the pion-nu-
cleon systems in the double-scattering process.
Using the Fermi-momentum distribution of the
constituent nucleon, p'(p)p' as is prescribed by
the impulse approximation, and the momentum
distribution of the pions from the annihilation giv-
en by Fermi's statistical model, "the resultant
contribution to the FSI due to particle-production
processes is shown in Table I. It ranges from 3
to 6% for m' and 9 to 15% for m . In this work,
only elastic and two-body charge-exchange ampli-
tudes are used in evaluating the mN-scattering
cross sections.

Table H lists ppz-like annihilation channels with

up to seven pions that are potentially present in
the data sample. Events with a proton in the final
state are described as belonging to the ppg-like

topology. A total of 23 reactions were considered
with fourteen for the three- or four-prong topolo-
gies and nine for the five- or six-prong topologies.
Since a proton may result from a spectator-neu-
tron charge-exchange scattering on a pion from
the pp annihilation, many of these pn-like events
may actually be examples of pp annihilation. Con-
versely, charge-exchange scattering can also
cause ppg annihilation events to have a topology
characteristic of pp annihilations. These events
are missing from the sample.

To model the effects of FSI, examples of pg and

pp annihilation were generated for each reaction
listed in Table II according to Fermi's statistical
model. Reaction cross sections for ppg interac-
tions in this momentum range involving less than
bvo missing neutral particles are determined and

may be found elsewhere. '4 Those for the pp an-
nihilations were obtained from published re-

= ~f.~a(p) *

where C is a normalization constant. The proba-
bibty for FSI in momentum space is therefore
given by
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ports. ~ " Cross sections for the reactions involv-
ing two or more m' in the final state were not di-
rectly measured. These are calculated using Fer-
mi's statistical model. The model has been shown
to be in good agreement with pN annihilations" in
this momentum range. Neglecting pion-mass dif-
ference, the model relates cross sections for pion
production as follows:

and

0' = 0'
noln" 1n", ~

n", + n" + nr, = n,'+ n'+ n,',

(12)

where np n and n", denote, respectively, the
numbers of m', m, and m' produced in the yth re-
action. Similarly, for the ith channel, the num-
bers of m', m, and m' produced are given by n,',
n', and n,', respectively. The cross-section values

used in the calculation are listed in Table III. The
constituent proton and neutron are assumed to have
equal but opposite momenta given by the distribu-
tion function p'(p)p'. The constituent nucleons as
well as pions from the annihilation processes are
assumed to be on the mass shell. Each generated
event is weighted by an appropriate flux factor to
account for the Fermi motion of the target and by
the pion-nucleon cross section calculated from the
phase-shift results of Donnachie, Kirsopp, and
Lovelace. " Kinematics of the outgoing pion and
nucleon is assumed to be given also by the same
phase-shift results. Characteristic features of
the FSI process are shown in Figs. 5(d)-5(f) [Figs.
6(d)-6(f)] for three- and four-prong [five- and six-
prong j topologies, respectively. An enhancement
at 6(1226), although diluted by combinatorial am-
biguities, is evident in the m'p mass distribution.
The most subtle effect of FSI is due to the charge-

TABLE III. pp and pn cross sections.

Reac tion

p -2rr'
p -2r r'r'

pn ~2r r'2r

'pn -2r rer'
'pn -2r-r'4r'

pn —3r 2r'

pn 3r 2r'r

pn 3r'2r r +MM

"pp -2rar
"pp -2r'2r r'

'pp -2rar 2r'

'pp —2r'2r-3p'

"pp -2r'2r +MM

"pp -3r'3r
"pp -3r'3r r'

"pp -3r 3r +MM

"pp-r'r r'

'pp- r'r 2r'

'pp —r'r 3r'

'pp —r r-4r'

'pp —r'r-5r'

"pp r'r +MM

1.09 GeV/c

2.17 + 0.17

11.43 + 0.53

12.3 +0.9

6.9 + 0.4

2.4

4.10 + 0.26

6.85 + 0.37

4.84 + 0.28

3.6 + 0.2

13.5 +1.5
4.5

3.3

11.4 + 0.5

1.0
2.2

0.3 + 0.2

2.2

9.0
1.5
0.7

18.8 + 0.7

1.19 GeV/c

1.81 +0.13

10.96 + 0.45

12.1 +0.7
6~5 + 0,3

4.02 + 0.22

6.46 + 0.29

5.01 + 0.24

3.3 + 0.2

12.9 +1.3
5.0

3.3
11.2 +0.5

2.2

0.3 +0.2

1.8

8.6
1.7
0.7

18.0 + 0.1"

1.31 GeV/c

1.61 + 0.09

9.41 +0,33

11.1 +0.6

6.7 + 0.3

2.6

3.70 +0.17

6.74 +0.24

5.14 + 0.21

3.0 + 0.2

12.0 +1.2

3.3
11.0 +0.5

1.2
2.2

0.4 +0.2

1.6
6.0

8.0
1.8
0.7

16.8 +0.6b

1.43 GeV/c

1.42 + 0.10

8.89 +0.35

10.1 + 0.6

6.2 +0.3

2.6

3.38+0.17

6.24+ 0.27

5.18 + 0.24

2.8 + 0.2

11.1 +1.0

5.4

10.9 + 0.5

1.2

- 0.5 +0.3

] 4

7.4

1.8
0.7

15.8 + 0.6

Calculated from Eq. (9)." Taken from references (see.text).



P. , D. ZEMANY, J. M. MOUNTZ, AND Z. MING MA

100.

?S»

50-

25

(a)
IOO"

75

50"

25

100

?5

50-

25

0 I I ~

4o ao q,a 0~I-
I 100

75.

50
K

25-5
IK 0 I ~ I

0+ Osa OA 0.6
100

0/3 I 0 Isa

I
CL8 IQ Ig

I I I I
COI
Z 100

75 ' (e)

50-
K
I 25-
O'.

I
1,0 I.2 Ig

100-

I I I I
1.6 IP 2,0 2P

IP IP 1.4 + 2& 2sa
0 s I I-IP -g —2 QgCO

L-
g IOO

?5

50-

0.6 IP

25-I-
Cl
K 0 I I ~ I—I,O —,6 —. ,2 0,2 0,6 I,O

100-

75-

50-

25 '

(g) 75-

50-

25-

75-

50-

25-

0 ~ I—I,O —,6 -,2 0,2 0.6 IP0,0 Og 0,4 0,6 0,8 1.0 lg IP 1.2 1.4 1,6 IP 2P 2,2

Pp (GOV/0) M~~p (GeV/c2) cos8
FIG. 5. Characteristic distributions of proton in the three- and four-prong topologies. (a)-(c) Model prediction for

single-scattering events, i.e. , impulse approximation modified to exclude double-scattering-effected events. (d)-(f)
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exchange process, i.e. , a ppg annihilation event
may lose the accompanying proton spectator
through FSI and appear in the pp-like topology.
Similar misidentification may also occur to pp
annihilation events. The reaction-dependent prob-
abilities of FSI and related topology-changing ef-
fects are given in Tables IV-VII. As may be ex-

pected, the probability of FSI increases with a
greater number of pions from the annihilation.
The model predicts a probability of -8%%u& for the
pn- s'I w channel to almost 38% for the 2m'3m 2s'
channel. These results are summarized in Table
VIII. A significant fraction, bebveen 3 and —,', of
these FSI-effected events is expected to change
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TABLE IV. Predicted channel-dependent FSI probabilities at 1.09 GeV/c.

Reaction Pn FSI
Pn FSI leaving

pn topology
PP FSI entering

pn topology
Pn-like
topology

PP -2"'2'
pp 27rax 7r'

pp-27r 2x-pro

pp ~27r 21' 37'

pp-"" "
PP -x'7r 2z'
pp -x'7r 3zo
pp-x+z 4'()
pp-w'7r 5x'
P" "'2"
pn F+27r Tro

P" -"2' 2"'
pn-x 2x-3xo
Pn ~7r+2z 4z
PP -3"3"
pp -3x'3' vr'

pp -27r'2~ 7r'

PP -2''2' 2''
PP -2z'2Z 3r'
Pn -2Z'3F
Pn ~27r 37r 7r

pn -27r'37r 2''

0.090
0.151
0.207
0.280
0.340

0.239
0.306
0.375

0.030
0.059
0.095
0.172
0.165

0.075
0.125
0.149

0.041
0.046
0.067
0.062
0.014
0.040
0.073
0.122
0.134

0.085
0.086
0.027
0.055
0.079

4
4

4
4
4
4
4
4
4

4
4
6

6
6.
6
6
6
6

topological appearance due to charge-exchange
scattering.

IV. INITIAI STATE INTERACTION

In the ISI process, the incident antiproton scat-
ters elastically from one of the constituent nu-

cleons before annihilating with another. At the
initial-scattering vertex, the proton acquires a
transverse momentum. The process is paramet-
rized by do/dQ=(do/dQ), e "', where 4=17.5 GeV '
and the total elastic cross section is 42 mb (Refs.
29 and 30) in the momentum range used here.

TABLE V. Predicted channel-dependent FSI probabilities at 1.19 GeV/c.

Reaction Pn FSI
pn FSI leaving

pn topology
Pn FSI entering

pn topology
Pn-like
topology

PP -2"2'
pp -27r'2z m'

pp -27r'27r 27r'

pp ~27r 27l 37l

pp ~7l 7l 7r

PP vr'7r 2xo

PP -7r'gr 3x'
pp -7r'7r 4''
pp-
P"-"'2"
pn -7r'2x z'
Pn -7r'2x 2'm'

pn 7r'2x 3zo
pn 7r'2' 4xo

PP 3"3"
pp ~3' 37l 7r

pp 2&+2&-&0

PP -2''2' 27r0

pp -27r+27r 3n'
Pn-2 '3'
Pjg 2z'3' 7r 0

pn -2m+37r 2m'

0.089
0.149
0.2,05
0.285
0.356

0.240
0.307
0.372

0.031
0 059
0.095
0.151
0.160

0.076
0.120
0.146

0.039
0.045
0.051
0.061
0.014
0.040
0.074
0.123
0.133

0.083
0.086
0.026
0.055
0.080

4
4

4

4

4
4
4
6
6
6
6
6
6
6
6
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TABLE VI. Predicted channel-dependent FSI probabilities at 1.31 GeV/c.

Reaction Pn FSI
pn FSI leaving

pn topology
PP FSI entering

pn topology
pn-like
topology

PP ~275 2jl

pp ~2jl 2X 7l

pp 2m'2m 2m0

pp 2&+2&-3&0

pp-x'x x0
pp-x'x 2x0
PP-"' 3"'
pp -x'~ 4x0

pp ~x+x 5x
Pn x+2m

pn-x+2m x0
pn-x'2x 2x0

Pn x'2x 3x0

pn -j '2x 4x0

PP -3"3
pp-3x'3jl x0

pp ~2 jl 2X 7f

pp —2m'2x 2m0

.z+2z 3x0

Pn 2"3'
Pn -2x'3x w0

pn -2x'3x 2x0

0.087
0.142
0.206
0.270
0.371

0.237
0.302
0.380

0.028
0.058
0.098
0.150
0.172

0.074
0.115
0.145

0.039
0.044
0.058
0.058
0.013
0.037
0.073
0.100
0.140

0.080
0.081
0.025
0.054
0.078

4

4
4
4
4

4
4
4

4

4
6
6
6
6
6
6
6
6

Monte Carlo events were generated for pn an-
nihilations producing up to seven pions according
to the respective cross sections. The energy de-
pendence of the cross section due to the initial
elastic scattering of the antiproton is neglected.
As is assumed for the FSI process, the Fermi-

momentum distribution of the deuteron was given
by Q'(p)p'. The double-scattering probability was
assumed to be proportional to g'(p)p'. The ISI
Monte Carlo events thus generated and weighted
were classified according to topologies. Fea-
tures of ISI-effected events are shown in Figs.

TABLE VII. Predicted channel-dependent FSI prcbabilities at 1.43 GeV/c.

Reaction Pn FSI
Pn FSI leaving

pn topology
PP FSI entering

pn topology
pn-like
topology

PP 2m+2m

pp-2r'2m x'
pp ~2x 2jj 2w

pp -2x'2x 3x0

pp ~7l 7l jl

pp-x'x 2x0

pp x'n 3x0
pp-x'm 4~0
pp-x+x 5x'
Pn ~g 2jl

pn ~x 216 7l

pn x+2m 2@0

pn-x'2x 3x0
pn -~'2~ 4~0
pp-3"3'
pp-3"3' "
PP 2&+2&- &0

pp -2m'2jr 2m0

pp ~2~+2 jl'-3~0

Pn -2"3"
P"-2t'3' "'
Pn -2m'3m 2x0

0.085
0.135
0.204
0.266
0.365

0.231
0.295
0.372

0.026
0.058
0.096
0.128
0.181

0.069
0.109
0.145

0.039
0.044
0.065
0.057
0.011
0.034
0.071
0.096
0.143

0.077
0.077
0.026
0.052
0.075

4
4
4

4
4
4

4
4
4
6
6
6
6
6
6
6
6
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TABLE VIII. Effects of FSI.

Three, four prongs Five, six prongs

Fractional amount of FSI with
Pn topology in the data (fitted)
Fractional amount of fake
Pn events in the data
Fraction of Pn annihilation
events lost due to topology changes

0.266 + 0.018

0.069

0.095

0.217+ 0.015

0.041

0.062

5(g)-5(i} [Figs. 6(g)-6(i)) for three- and four-
prong [five- and six-prong] topologies. As is ex-
pected, a characteristic peak at cos8= 0.4 can be
seen for the proton.

V. SINGLE SCATTERING

Since no qualitative deviation from the impulse
model is apparent in the low-spectator-momen-
tum sample, the physics in this region is ex-
pected to be simpler. Specifically, for proton
momentum below 190 MeV/c, gross features of
the spectator proton are expected to be charac-
teristic of impulse approximation. However, the
fact that FSI and ISI are more probable for greater
internal Fermi momentum causes distortion in the
shapes of the spectator distributions of the im-
pulse events. To determine the effect quantita-
tively, spectator protons with a.momentum distri-
bution given by y'(p)p' were generated. Following
the assumption that the probability for double
scattering is proportional to g'(p)p', the momen-
tum distributions of the impulse-spectator proton
are given by those events not involved in double-
scattering processes. These are shown in Figs.
5(a)-5(c) [6(a}-6(c}]for three- and four-prong
[five- and six-prong] topologies. This remnant
group of impulse events are classified as the sin-
gle-scattering sample. It is apparent that this
mechanism does not contribute in the region above
190 MeV/c.

VI. FITS TO THE DATA

To determine quantitatively contributions due
to the two double-scattering processes, least-

F(P) = BF...(P)+»,(P), (14)

C(cos8) = BC»,(cos8}+DC~,(cos8), (15)

M( pv, }=BM,(v'p, ) + DM, ,(v'p, ) . (16}

The Monte Carlo distributions were normalized
to unity over the entire spectator-momentum
range. Thus the values of the parameters B and
D are equal to the numbers of FSI and ISI events
in the fitted region, where the proton momentum
is greater than or equal to 190 MeV/c. The re-
sults are tabulated in Table IX. Since the param-
eters B and D are independent variables, it is
worth noting the excellent agreement obtained in
these fits, bebveen the sum of B and D and the
actual number of events in the fitted region.

The total number of events in the data sample
including both the odd- and even-prong topologies
is then given by the sum due to the FSI, ISI, and
the modified single-scattering processes. The
resulting normalization gives excellent agreement
with the data in the 130-190MeV/c regions of the
spectator-momentum distribution. The results

squares fits were made to the data using the m'p
invariant-mass distribution and the momentum
and polar angular distributions of the proton. Both
the data and Monte Carlo-generated samples in-
clude only those events with a proton momentum
greater than or equal to 190 MeV/c, the region
believed to be dominated by the FSI and ISI pro-
cesses. It is assumed that no interference exists
between the FSI and the ISI processes, i.e. , the
data distributions are linear sums of those due to
FSI and ISI processes,

TABLE IX. Summary of fits.

Events in fit region (P&~ 190 MeV/c)
FSI contribution p)
ISI contribution Q)

Total Sample
FSI events '

Fractional contribution
ISI events
Fractional contribution

Three, four prongs

15 891
12 395+ 758
3072+ 240

58 167
15474+ 946
0.266 + 0.016
4 376+ 341
0.075+ 0.006

Five, six prongs

6188
4383+ 307
1629+ 184

25 398
5 504+ 385
0.217+ 0.015
2 317+262
0.091+ 0.010
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FIG. 7, A comparison of data with the model prediction discussed in the text. (a), (c), and (e) are for four-prong
data. (b), (d), and (f) are for six-prong data.

of the fits are summarized in Table IX and shown
in Fig. 7 as solid curves. The difference between
the numbers of FSI, ISI events and the parameters
B, D as determined previously is due to that por-
tion of the proton momentum distributions below
190 MeV/c.

VII. CONCLUSION

In a study of pd annihilation reactions between
1.09 and 1.43 GeV/c, it is found that the four-
and six-prong samples with a visible, slow proton
exhibit features substantially different from those
expected based on a simple impulse approxima-
tion. In addition to a pronounced excess near
300 MeV/c in the proton momentum distribution,
the proton laboratory angular distribution de-
viates markedly from isotropy. An enhancement
is observed at cos~ =0.4, indicating that the pro-
ton may be a recoil particle from a peripheral
collision (referred to as ISI) instead of being a
product from a spontaneous impulse breakup.
Further evidence for double scattering is seen in

the presence of &"(1236)in the invariant mass of
the Pm' systems, thus indicating scattering of the
spectator proton by one of the m' from the annihila-
tion processes (referred to as FSI). The evidence
for 4" also suggests that the traditional inference
of a neutron target by the presence of a slow pro-
ton in the final state may be misleading due to the
probability of mN charge-exchange processes.

To quantitatively estimate the contributions in
the sample due to the ISI and the FSI processes,
a phenomenological model is constructed in the
framework of Glauber's model. The model, taking
into account FSI, ISI as well as impulse approxi-
mation, provides an excellent description of the
data with only two free parameters, the percen-
tage contributions due to FSI and ISI processes.
For pd annihilation reactions between 1.09 and
1.43 GeV/c with a slow proton in the final state,
the FSI processes account for 26.6% of the three-
and four-prong and 21.'1% of the five- and six-
prong samples. The corresponding contributions
due to the ISI processes are. V.5% (9.1%) for the
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three- and four-prong (five- and six-prong) sam-
ples.
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