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ABSTRACT

The double scattering process in the deuteron is in-
vestigated for the reaction pd » ps + mesons. About 30% of
the apparent pn annihilations are involved in double scat-
tering. A model which describes the properties of protons
emerging from apparent pn annihilations is presented.

DATA

The data came from a 150,000 triad exposure taken at
the Brookhaven National Laboratory 31-inch deuterium filled
bubble chamber using an antiproton beam of momenta from 1.09
to 1.43 GeV/c. The sample used in this study contained
events in which the antiproton appears to interact with the
neutron and produce 3 or 5 charged secondaries. These events
will have either 3, 4, 5 or 6 outgoing tracks and are re-
ferred to as 3, 4, 5 or 6 prong events respectively. A1l the
3 and 5 prong events were measured. These correspond to the
case where the spectator proton does not have enough momen-
tum to produce a visible track. The 4 and 6 prong topologies
contain events from both antiproton-proton as well as antipro-
ton-nettron interactions. Therefore, a 4 or 6 prong event
was measured only 1f it had a positive track with-an 1oniza-
tion equal to or greater than the ionization of the incident
antiproton. A total of 121,399 events were neasured. Kine-
matic fits were then performed on the data. About 40,000
even prong events had n~-K-p ambiguities involving the mass
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interpretation of the positive tracks. Therefore, an ioni-
zation scan was performed oh this sample to determine which
of the positive tracks, 1f any, was a proton. Even prong
events without a proton were not used in this analysis.
Aso, events due to the reactions pd > p.ppr~, pd > p KHK=n-,
or pd » pgK'K™2p=n" were not used. Further detai{s of the
event selection procedure are described elsewhere'. The
sample of pd + ps + mesons used in the analysis contains
58,167 3 or 4 prong events and 25,398 5 or 6 prong events.

EVIDENCE FOR DOUBLE SCATTERING

Figure 1(A) shows the deuteron wave function predic-
tion for the internal Fermi momentum distribution of the
deuteron. The _prediction was made from the Reid soft core
wave function.Z The momentum distributions of protons emer-
ging from apparent pn annihilations in a deuteron target are
shown in Figure 1(B-C). If the idea that the deuteron break-
up occurs spontaneously when the incident particle interacts
vwith one of the nucleons is indeed correct, the momentum
distribution of the spectator nucleon should follow the curve
in Figure 1(A). This process will be referred to as single
scattering. To compare the momentum distributions of protons
emerging from pn annihilations to the impulse approximation
prediction, the fact that Tow momentum protons are not al-
ways observable in the bubble chamber must be considered.

It is shown that protons having a momentum between 70 and

130 MeV/c are systematically lost due to a scahning bias.]
Protons having a momentum less than 70 MeV/c are not able to
produce observable tracks in the bubble chamber. By com-
paring the data to the fmpulse approximation prediction above
130 MeV/c, one can see that there is a region of excess

above 200 MeV/c. This excess appears to be in the form of a
broad peak or bump centered at 300 MeV/c., Similarly, this
excess 1s present when the data are compared with other
deuteron wave functions,3-7

The probability of finding the deuteron with a neu-
tron-proton separation of r 1s greatest for v = 2 fm. This
probability 1s given by $2(r)r2, where ¢(r) is the deuteron
s-wave radial wave function. Since the nucleon dimensions
are of the order of one fu, both nucleons may be involved
in a scattering process. Two possible ways the proton could
be involved are depicted in Figure 2. The first diagram
(called final state interaction or FSI) describes a pion,
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Figure 1. Spectator Momentum Distribution

(A) Reid soft core deuteron wave function
(B; Four prong data
(C) Six prong data




from the pn annihilation, interacting with the proton. The
second diagram (called initial state interaction or 1SI)
describes the antiproton elastically «cattering from the
proton before pn annihilation takes place., To determine
the presence of FSI and ISI, one must look for features
characteristic of these processes.
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Figure 2. Final State Interaction (FSI) and
Initial State Interaction (ISI)

Since FSI results when a pion scatters from the
spectator nucleon, production of the a{1236) resonance is
expected. Flgure 3 shows the »™p. and »-pg invariant wass
distributions. For comparison, the 1 Ps d?str1but10n is nor-
malized to the n*pg distribution. Only events with spectator
momenta above 190 MeV/c were used in the plot. By comparison,
one observes a peak in the = p mass distribgtion characteris-
tic of the a(1236) resonance. Both 7~ and «° may scatter
from the proton. However, since the »"p cross section fis
smaller than the #*p cross section in the A(1236) mass range,
the peak in the n-pg mass distribution will not be as apparent
as the »tp. peak. ?n addition, there is one more =~ thanh »*
in an even% therefore assuming only one plon scatters from
the proton, the peak inthe #~pg mass dlstribution will have
more background than the peak in the = mass distribution.

ISI results when the antiproton elastically scatters
from one constituent nucleon before annihilation by the other.
This elastic scattering imparts a transverse momentum to the
spectator nucleon. Therefore, the distribution of the cosine
of the laboratory angle between the beam and spectator nucleon
should show a bump characteristic of elastic scattering. Fig.
4 shows the cosine distribution for the spectator proton for
three spectator momentum ranges. The first range p < 190 MeV/c
appears to be smooth. A peak at cos (o) between 0.2 and 0.4
is seen for spectator momenta in therange 190-350 MeV/c.

This peak 1s also observed for spectator momentum greater



than 350 MeV/c.

In summary, properties of protons emerging from appa-
rent pn-like annihilation can not be described by a simple
impulse wodel, The discrepancies can be seen in the specta-
tor momentunt distribution, the invariant mass of the *pg and
1 Ps Systems, and the cosine of the angle between the specta-
tor proton and the beam. These distributions show features
characteristic of double scattering.
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FINAL STATE INTERACTION

Effects which are attributed to FSI have been ob-
served in other data.8-9 However, a complete and detailed
description of the FSI process has not been attempted. In
Lhis section, a model describing FSI in the reaction
pd » ps + plons is developed.

The probability that a pion from the annihilation
will interact with the spectator depends on the neutron-
proton separation, This probability is greater for small
values of n-p separation. By Fourier transform, the inter-
nal Fermi momentum of the deuteron will be larger for
smaller values of the neutron-proton separation. Therefore,
FSI will have a greater probability to occur if the internal
Fermi mowentum of the deuteron is large. To Incorporate
this feature 1n the model, the following amplitude for FSI
was assumed:

F(r) = CF olr). (1)

r

Here, J(r) is the radial deuteron wave function and f RE
the aN scattering amplitude. C is a normalization cofistant.
The factor 1/r, which can be thought of as the amplitude for
a spherical wave of plons, takes account of the fact that

FSI has a greater chance to occur 1f r is small, To obtain
the momentum space representation of F(r), the Fourier trans-
form was used:

f

6p) = C'igy [ Sk e P 3 (2)

1]

C'f y 9lp)s A (3)

where p 1s the internal Fermi momentum and C' is a constant.
In performing the integral over r, it was assumed that o
could be taken outside the integration. This assumption Qs
valid because £y does not explicitly depend on r. Then,
the probability for FSI, expressed in momentum space, is
given by:

P(p) = 4nC'20"N gz(p)pz. (4)



FSI is dominated by =N elastic or charge exchange
scattering, This dominance is caused by two factors. First,
a large fraction of the pions produced by the annthilation
are below threshold for pion production. Second, the N
cross sections are largest in the regyion below the pion pro-
duction threshold, Therefore, only elastic or two body
charge exchange scattering will be considered.

To describe the effects of FSI, pn and pp annihita-
tion events were gen?rated using the Monte Carlo event gene-
rating program SAGE. The proton and neutron were assumed
to have equal but opp%site momentum values given by the mo-
mentum distribution ¢ (p)p The generated event was
weighted by the flux factor to account for the Fermi motion
of the target. Since annihilations in the momentum range
examined here usually produce less than eight pions, annihi-
lations producing up to seven pions were considered. The
probability that one of the pions resulting from the annihi-
Tation will scatter from the remaining nucleon depends on
the pion-nucleon invariant mass. The cross section (o)
and angyular distribution of plons in the double scatterQng
process are given by }he phase shift analysis of Donnachie,
Kirsopp and Lovelace.!l For each type of annihilation, the
fractional amount of FSI for the following three categories
was determined:

1) pp annihilations having a pn topology due to
charge exchange scattering FSI

2) pn annihilations having a pp topology due to
charge exchange scattering FSI

3) pn annihilations having a pn topology and
tnhvolving elastic scattering FSI.

To compare the model to the data, only the Monte Carlo

events in categories 1 or 3 were used. The category 2 events
are nol present in the measured sample. The Monte Carlo

cevents were USPd to predict the spectator momentum distribu-
tion, the n*p. invariant mass distribution, and the cos (e) dis-
tribution. These three distributions were generated for

three or four prong and five or six prong topologies by com-
bining the Monte Carlo events of the appropriate reactions.

To combine the Monte Carlo events, the number ofevents in the



distribution from the 1th reaction is given by:
Ny « 1P 4(p) o (5)

Here oy 1s the cross section for the ith pN reaction. In
addition, the cos (o) and invariant wass distributions con-
tain only the events with proton momentum greater than or
equal %o 19? MeV/c. The values of ¢y were obtained else-
where. Values for oy involving multi-«° ?9u?§10n
were calculated using the Fermi statistical model.

INITIAL STATE INTERACTION

It is possible for the incident antiproton to elas-
tically scatter from the proton before the pn annihilation
takes place. This process will be referred to as initial
state interaction or I1S1. 1ISI will tend to give the proton
a momentum in a direction transverse to the heam direction
similar to that in elastic scattering. Therefore, ISI must
explain the bump in the cos (n) distribution. The momentum
transfer between khe antiproton and the proton is given by
dn/dt = (do/dt) . In the momentum range used here

17.5 éGeV/c? -2 and the total fp elastic cross section 1s
42 mb.79 0

Monte Carlo events for I1SI were generated for Pn an-
nthilations producing up to seven pions. The Fermi momentum
distribution of the deuteron was given by ¢¢(p)p2. The pro-
babf;iiy gf double scatteriny was assumed to be proportional
to y%{ This distribution was used to account for the
fact that sma11 pn separations have a greater chance to re-
sult in a double scattering. The ISI Monte Carlo events
were combined into three or four prong and five or six prong
groups. This was done by requiring the number of Monte
Carlo events in the group from each pn reaction to be pro-
portional to the cross section for that reaction. Then, the
events in each group WOre used to produce distributions of
spectator momentum, M{x* ps), and cos (o).

FITS TO THE DATA

To determine how well the data can be described by
TSI and 181, fits were made to the data using the spectator
distribution, the invariant mass distribution M(xtpg), and
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the cos (o) disteibution. Only the events with spectator
momentum greater than 190 MeV/c¢ were included in the cos ()
and i1nvariant mass distributions. In this region the data

are dominated by the FSI and ISI processes This region is
used so the a{1236) signal in the « Qs invariant mass distri-
bution can be enhanced. Since the n*pg scattering is elastic,
the invariant mass is not modified. Only by selecting a sam-
ple of events in which the »* scatters from the spectator
proton, can the a{1236) signal in the invariant mass distri-
bution be observed.

Also the spectator momentum, cos (s), and invariant
mass distributions were calculated for single scattering
events., However, because FSI and ISI are more probable when
the internal Fermi momentum of the deuteron is high, the shape
of the singlie sc ter}ng spectator distribution is modified
from the usual ¢ E Spectator protons with a momentum dis-
tribution given by 82{p)p? were generated and then rgndom1y
selected, using a probab111ty proportional to g2(p to be
involved in double scattering. The fractional amount of dou-
ble scattering was required to be consistent with the amount
of double scattering in the data. The modified single scat-
tering spectator proton momentum distribution is given by the
momentum distribution of the protons not involved in double
scattering. These distributions are shown in Figures 5(D)
and 6(D). These figures show that there is no single scat-
tering above 190 MeV/c. Figures 5(E-F) and 6(E-F) show how
the invariant mass and cosine distributions for single scat-
tering events with spectator momentum greater than 190 MeV/c
would appear if there were no double scattering.

Fits were made to the data using the double scattering
distributions. The fits were made by assuming that the data
distributions are sums of the Monte Carlo distributions,
shown in Figures 5(G-L) and 6{G-L), for the FS1 and ISI con-
tribution. That is, the data distributions were assumed to
be given by:

F(P) =B FFSI(D) + D FISI(p)’ (6)

C{cos o)= B Cpgylcos o) + D CISI(COS 8), (7)

and M(a*ps) = B Mccp(n¥pg) + D Mycy(n'ps). (8)
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The subscript FSI and ISI stand for final state interaction
and initial state tnteraction respectively. To perform the
fits, the integrals of the Monte Carlo events in the fitted
region were required to be unity. Then, the values of B and
D are equal to the number of FSI and ISI events in the
fitted region. Figures 5(A-C) and 6(A-C) show that the data
are well described by the model. The results of these fits
are suumarized in Table 1.

Table 1
Summary of Fits

3-4 Prong  5-6 Prong
Total events 58167 25398
Events in Fitted Region 15891 6188
FS1 Events in Fit 123951758 4383:+307
ISI Events in Fit 30724240 16291184
Total FSI Events 154744946 5504+385
Total 1SI Events 43764341 23171262
Fractional amount of FSI .266+018 .217:0.15
Fractional amount of 1SI .053+,004 .0642,007

Since there are no single scattering events above

190 MeV/c, the amount of single scattering can not be found
by using these fits. However, since there are events in the
data having visible spectators with momenta values below

190 MeV/c, 1t is of interest to see how well these events

can be described. Therefore, the number of events in the
modified single scattering momentum distribution, Noos plus
the total number of FSI and ISI events, N was re-
quired to be equal to the total number of events ?n the data,

? The resulting normalization gives excellent agreement
with the data in the 130-190 MeV/c regions of the spectator
momentum distribution (see Figures 5(A) and 6(A)). Because
of elastic charge exchange scattering, FSI can interchange
characteristics of the "pp" and "pn" topologies. This effect
occurs when a pion from the annihilation scatters, via a
charge exchange process, from the spectator nucieon. Since
“pp" or "pn" topologles are characterized by the presence of
a spectator neutron (ng) or proton{pg) respectively, charge
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exchange FSI w111‘interchange these topologies. Table 2
shgws the amount of topology interchange predicted by the
model,

Table 2
Topology Interchange Effect

3-4 Prong 5-6 Prong

Fractional amount of fake
pn events in the data .069 .041

Fractional amount of pn
annihilations having a
pp topology .095 .062

CONSIDERATIONS OF POSSIBLE aa STATES IN THE DEUTERON

In most cases, the deuteron 1s well known to be a
bound neutron-proton system. However, it {s possible for the
deuteron to exist as a virtual as state for a fraction of the
time. This virtual state must have the same quantum numbers
of the deuteron. This conjecturs wgg used to describe the
magnetic moment of the deuteron. 1 Two possible states,
which have b?en the subject of both theoretical and expert-
mental work? are the a**ta- and a*A° states. Previous
experimental works attempt to detect the AA state by observ-
ing backward sgectator A(A ) produced in deuteron break-up
reactions.? To establ sh the existence of the aA state
in such a direct manner, one must be certain that the observed
A signal corresponds to spectator A¢ because there are other
mechanisms, such as FSI, which can produce a ao. This is done
by examining kinematic regions which have as 1ittle background
as possible, Since the existence of AA states implies the
existence of a spectator A, one expects to observe Ag in the
backward direction. Previous experimental stud1e525-30 make
use of Lhis fact since the background from other processes is
expected to be smaller in the backward direction, In this
work double scattering models are used to predict the angular
distribution. An increase over this background would require
extstence of aA states.
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To establish the existence of a possible aAa state, a
set of ag*t candidates is defined. The ntpg mass 1s required
to be in a range 1180-1300 MeV. The momentum of the proton
was required to be greater than 190 MeV/c. Figure 7 shows
the distribution of the cosine of the laboratory angle be-
tween the beam and the =tp system. The data appears to be
well described by the double scattering model. In particular,
no excess of backward »*p systems 1s observed. The Aa state
is not needed to describe the distribution examined here.
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CONGLUSIONS

The characteristics of protons emerging from apparent
pn annihilations are well described by the double scatterin
model presented here. Since a sizeable fraction {about 30%?
of the events involve double scattering, the process must be
considered in pd annihilations. In particular, it is impor-
tant to consider the effect of double scattering on the spec-
tator nucleon., In addition to an excess of high womentum
spectators, double scattering causes a topological inter-
change. These effects are important if the deuteron is used
to determine pn reaction cross sections. The double scat-
tering model was used to predict the laboratory cosine dis-
tribution of A. Since this distribution agrees with the
data very well, the existence of the aa state 1s not neces-
sary to describe the data.
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