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Three-fold differential cross sections 0(H Hp I'p) have been measured in a kinematically complete
experiment over a large region of phase space at 228 and 294 MeV incident pion energy. The data
are compared with predictions from a relativistic Faddeev calculation. Excellent agreement is found
over most of the phase space. From this good agreement between theory and experiment there ap-
pears to be no need for the inclusion of nonconventional dynamics, such as the excitation of di-

baryon resonances.

I. INTRODUCTION

The systematic experimental investigation of the srNN
system is of foremost importance because it is a three-
body system for which one can hope to obtain reliable
theoretical predictions. At present these predictions are
based on conventional meson exchange approaches; in the
future they will possibly be in the framework of a bag
model. For several years it has becsi recognized that the
most stringent test of advanced unified three-body
theories is the simultaneous comparison of the theoretical
predictions with many measured observables in all reac-
tion channels of the nNN system. In this system the fol-
lowing reaction channels are coupled together:

NN~NN = = md~md

Experimentally, the elastic nucleon-nucleon channel
and the pion absorption —production (pp=- =ir+d) channel
are the only ones which have been studied thoroughly up
to proton energies of 1 GeV. ' " Regarding the md elastic
scattering r~~tion, data exist only for the differential
cross section and the vector analyzing power, as well
as a few controversial measurements of the tensor analyz-
ing power. s 'z More polarization measurements are
planned at SIN and TRIUMF. For the inelastic channels
NN~nNN (Refs. 13—18) and nd~srNN (Refs. 19 and
20) systematic measurements only started a few years ago
due to the greater difficulty of providing kinematically
complete measurements in reactions with a three-body fi-
nal state.

So far there is no calculation of all five channels simul-
taneously. Much work has been done describing the indi-
vidual channels and, in some of the three-body calcula-
tions, providing predictions for two or even three channels
at the one time. In trying to reproduce the experimen-
tal data great difficulties are encountered in the pp~md
(Refs. 22 and 23) and NN~nNN reactions. This indi-

cates that some important part of the reaction dynamics
may be missing. It has been suggested that this could be
related to the formation and the decay of dibaryons, but
so far there is no clear evidence to support such a hy-
pothesis.

The nd breakup channel has not yet been put to a
severe theoretical test, due to lack of comprehensive data.
This reaction is very interesting, however, because it not
only leads to the same final state as the pp~ir+pn reac-
tion, but it also has the advantage that the partial width
of a possible dibaryon resonance decay in the Nb, (1232)
channel, i.e., B~~Nb, ~irpn, is significantly larger than
those in the 8 -+pp and 8 ~trd channels. This has
been shown by Araki et al. within a Faddeev formalism,
by Duck and Umland within a perturbation calculation,
and by Grein et al.i within a bag model calculation.

The deuteron breakup reaction was investigated for the
first time by Bayukov et al. ' with 1 GeV/c negative
pions. The scattered pions were detected in the angular
region 8 =17'—23' by a magnetic spectrometer, the
recoiling protons by a range spark chamber at 70'. In the
region of small momentum transfer to the neutron
( q & 80 MeV/c) good agreement between the data and the
model of quasielastic knockout was obtained. At larger
values for q the neutron momentum distribution differed
appreciably from predictions based on this model, but
good agreement was obtained by including the final state
interaction between the proton and neutron.

At lower pion momenta (371, 438, and 552 MeV/c)
Dakhno et al. studied the reaction ir d~m pn in
detail with a deuterium bubble chamber. The data were
interpreted in terms of quasifree scattering and rescatter-
ing of nNand NN. Quasifrce scattering was considered
to be dominant. Although the authors aimed for good
statistical precision, this is necessarily limited with this
experimental technique and, therefore, the data are
presented as double rather than triple differential cross
sections. This greatly reduces the sensitivity for compar-
ison with a sophisticated calculation.
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Kinematically complete measurements of the
n ~d~m~pn reaction were performed by Hoftiezer et al.
at 340 MeV/c. ' ' Data of high statistical precision were
obtained at 11 angle pairs. The pions were detected by a
time-of-flight technique, the protons by a magnetic spec-
trometer. The data were corn.pared with a distorted-wave
impulse approximation (DWIA) calculation, including
some corrections for the NN and the AN final state in-
teractions. It was found that the impulse approximation
provides a qualitative description of most of the data.
The shape of the differential cross section as a function of
the proton momentum is generally reproduced, but the
magnitude of the calculated cross section sometimes
differs from the data by a factor of 3. The authors found
that the only correction to the impulse approximation that
is significant at the lowest spectator neutron momenta is
multiple scattering in the entrance channel. Corrections
due to NN and mN final state interactions were found to
be insignificant here. For neutron momenta above about
40 MeV/c drastic discrepancies from the DWIA were ob-
served. They could be remarkably reduced by adding a
J~=2+ Nb, "dibaryon" resonance amplitude to an im-

pulse approximation background. However such a correc-
tion most likely only accounts for the inadequacy of the
DWIA calculation.

Stimulated by this experimental work, relativistic Fad-
deev calculations have been performed by Matsuyama'
and by Garcilazo. 3s Matsuyama found that in the region
which corresponds to small neutron recoil momentum the
impulse contribution is dominant and determines the
gross structure of the cross sections, but the higher order
processes also contribute appreciably in some cases. The
calculation reproduces the experimental data within a fac-
tor of 2. The calculation of Garcilazo on the other hand
reproduces the proton momentum distribution much
better, particularly in the region where the mass of the
ir+p subsystem is near the b, ++ mass. However, there are
also severe discrepancies between this calculation and the
data of Hoftiezer et al. in the region of low proton mo-
menta (the kinematical region far away from the quasifree
scattering).

Recently Goetz et al. measured the n d~n pn re-

action at 150 MeV detecting the pions with a spectrome-
ter at 77.5' and 90' and the neutrons (protons) at 40'+9.5'

with a large area neutron (proton) detector. The data,
presented, as double differential cross sections
1 cr/JQQQN and dzo/AQQT, were compared with an
impulse approximation calculation. Both the ratio of neu-

trons to protons detected and the low energy side of the
pion energy spectra show significant discrepancies from
this simple model. However, as noted earlier, the sensi-

tivity of the comparison to a sophisticated calculation is
largely lost, due to the integration of the cross sections
over the momentum or the angles, respectively.

Considering the existing situation, it is clear that
comprehensive measurements of this reaction channel are
badly needed and should be compared with a refined
three-body calculation. The data of Hoftiezer et al.
should be checked using a different detection technique,
particularly in the region of largest departures from the
Faddeev predictions. The data should also be extended to

the region as far away from the quasifree scattering as
possible, in order to provide a stringent test of relativistic
Faddeev theories. If there is any hope of detecting di-

baryon signals then it is most likely in these kinematical
regions where the principal diagrams no longer dominate.

This work is part of a program to study the differential
cross section and the vector analyzing power in the
m+d +n-+pn. reaction. The first results have been pub-
lished recently. In this paper we compare new relativis-
tic Faddeev calculations with extensive cross section mea-
surements at two pion energies. In the following paper we
report the measurements of the vector analyzing power
for this reaction at three energies at and above the (3,3)
resonance.

G. THEORY

A. General remarks

In recent years pion-deuteron scattering has become a
favorite testing ground for the various theories of the rela-
tivistic three-body problem. The so-called relativistic
Faddeev equations were developed following a suggestion
of Blankenbecler and Sugar, ~ by Alessandrini and
Omnes, and by Freedman, Lovelace, and Namyslow-

sky, ' although the version that is always used in practice
is that put in final form by Aaron, Amado, and Young
(which we will refer to from now on as AAY). This
theory has been applied with considerable success by
Kloet et al. to describe nucleon-nucleon scattering
above the pion production threshold. Similarly it was also
the AAY theory that was used in all the early attempts to
describe the n d system, ~' '~ where only the observables of
the elastic channel were calculated. This has been an un-

necessary restriction of the AAY theory, since as a Fad-
deev theory it satisfies three-lxidy unitarity, which means
that the solution of the integral equations which describes
the elastic channel gives also the cross sections for all the
inelastic channels. Of the inelastic channels, by far the
largest one in the resonance region is the breakup reaction

md~imp (it is even larger than the elastic one by roughly
a factor of 2). It is therefore important to use this reac-
tion as a test for the AAY theory.

Another development, completely independent of the
AAY theory, came as a result of the realization by Mizu-
tani and Koltun that, due to the pion absorption by the
deuteron, in addition to intermediate ~NN states one can
have also NN states. Thus, the Hilbert space of the prob-
lem consists of two sectors, the two-body NN se:tor and
the three-body mNN sector. These two sectors are cou-
pled together through the mechanism of absorption and
emission of a pion by a single nucleon. The Mizutani-
Koltun idea has led to the development of the so-called
NN-mNN theory by Avishai and Mizutani and indepen-
dently by Blankleider and Afnan. i6 This new theory
differs from the old AAY thixiry only in the treatment of
the pion-nucleon P~~ partial wave. This partial wave is
treated in the AAY theory in exactly the same way as any
other pion-nucleon partial wave. The NN-mNN theory on
the other hand, splits the P» amplitude into the sum of
two terms, called the pole and nonpole parts, which are
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then used independently as separate input elements in the
three-body equations. Thus, even though the p» ampli-
tude in the physical region is very small, it turns out that
the pole and nonpole parts are both large (but of opposite
sign), so that the effect of the P«channel in the
NN-nNN theory is very large. This is in total contradic-
tion with the small effects that this charmel has in the
AAY theory.

It is interesting that when the predictions of the
NN~mNN theory by three different groups were
compared with tensor polarization measurements by
Ungricht er al. , ' they were in total disagronnent with
the data (and also with one another). However, a calcula-
tion, s9 based on the AAY theory, was able to explain these
tensor polarization data and also the vector polarization
data measured by Smith et a/. An explanation of these
results, which has been offered by Garcilazo, 9 is that the
old AAY theory is almost right because the influence of
the pion absorption channel on the other channels is quite
small; the pion absorption cross section comprises only
about 5% of the total cross section. In order to support
this explanation he calculated the pion absorption cut and
studied its influence on the differential cross section and
reaction parameters, which was indeed found to be essen-
tially negligible. The pion absorption cut is the contribu-
tion of the pion absorption channel to the three-body-
unitarity discontinuity relations and is essentially model
independent and therefore it is the same in both theories.
Thus it was concluded in Refs. 9 and 59 that the large ef-
fects obtained in the NN-nNN theory were most likely
spuf1ous.

We have now applied the model of Refs. 53, 60, 36, and
59 to our new extensive rrd breakup measurements, as a
further test of the AAY theory. We will be anxious to see
the corresponding predictions from the three groups
representing the NN-n NN theory.

We solve the AAY equations using as input the six S
and p wave pion-nucleon channels and the two S-wave
nucleon-nucleon channels by means of separable T ma-
trices. For the pion-nucleon subsystem we choose them as

r( . )
i g p

( )
rg p(), (')

g (PO) g (PO)

choice guarantees that our initial state deuteron wave
function is the Paris wave function6'sr which gives a very
good description of the deuteron electromagnetic form
factor. 3 We treat relativistically both the space and the
spin variables, by the use of Wick's three-body helicity
formalism. We solve the integral equations along the
real axis by the method of the Pade approximants using a
variable ~-point Gaussian mesh and regularizing the in-
tegral equations by subtraction of the three-body logarith-
mic singularities of the kernel. We estimate the numerical
accuracy of aur solutions at approximately 1%. We
solved the integral equations for all values of the total an-
gular momentum J &6 and used the impulse approxima-
tion for the remaining values up ta J=14. The complete
expressions for the differential cross section and vector
analyzing power can be found in the fallowing section.

B. Formalism

In general, given three particles of masses m i,mr, m3,
spins 0&,o2,03, and isospins ~&,v2, ~3, ~e can represent a
plane-wave state by means of Wick's three-body helicity
states.

~
g&p»&&') —

~
g&p»J~J&™rv&~J'~k T~rT&') (5)

where p; is the magnitude of the relative momentum be-
tween particles j and k measured in the c.m. frame of the
pair, and q; is the magnitude of the relative momentum
between the pair jk and the particle i measured in the
three-body c.m. frame. The discrete quantum numbers a;
are the helicities A~ and A,k af particles j and k which are
measured in the two-body c.m. frame, j; which is the total
angular momentum of the pair jk and m; its helicity, the

~ =(V ~'+PO +V P'+PO )',
g (p) =1/(a'+p'),
a=1 GeV/c .

(3)

(4)

The amplitudes r&(s) are constructed directly from the ex-
perimental pion-nucleon phase shifts, while the contribu-
tion of the pion absorption cut is added as described in
Ref. 59. For the nucleon-nucleon subsystem, we apply the
unitary pole approximation to the solution of the Paris po-
tential for the S~- D& bound state and So antibound
state. These two poles of the nucleon-nucleon amplitude
are very important for the description of the breakup re-
action, since they dominate the cross section in the so-
called "final-state-interaction region, " where the two nu-
cleons come out very close to each other. In addition, this

FIG. l. The %'ick triangle. The variables are defmed in the
text.
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helicity v; of particle i, the total angular momentum, J,
and its Z component M (all of which are measured in the
three-body c.m. frame), T, which is the isospin of the pair
jk, T the total isospin, and MT its Z component.

If we assume that the particle 1 is the pion and particles
2 and 3 the two nucleons, then the relativistic Faddeev
equations for pion-deuteron scattering are written in
terms of the basis states (S), as

&qipi ail Til4si, &=(i—5ii)&qipi ail& Ibsen, &++ g Jq dq p dp qj'dq, p,'dp, J;(p q )
I+' a'a

l J

2W(p q )x j(pjqi)&qi pi a'i
I

ti
I qi pi 'ai )

W(pq )—S ie—

x & qi pi' i aI'
I qj pj iaj & & qjpj i aj I ~j I Nsro & i (6)

where S is the invariant mass squared of the three-body
system, iI}M, is the initial-state wave function of the sys-

tem with total angular momentum J and helicity of the
deuteron Mo, J;(p;,q; } is the Jacobian that transforms the
three-body phase space from single-particle variables to
the relative variables q; and pi, and it is given by

~(p, ) =(mi2+p2)1/2+(mk2+p2}i/2

W (p q }=[~'(p )+qi'l'"

W(piqi) =(m'+q )'"+[~'(p )+q'1'"

(8)

(10)

~(p;)
8W, (p;q; ko;(q;)a) j(p;)aii, (p;)

'
The two-body scattering amplitudes r; that appear in

Eq. (6) are given by

&e!'pi', al Ii I qipi a&='5ii5~sr5 ~ 5 ~ 5 ~ 5r T5~ „5,, i 5(q' q)&p—' ~j~i I i
' '(s (q }}lp '~j~~&

where s;(q; ) is the invariant mass squared of the pair jk, which is given by

s;(q;)=S+m, —2 S(m; +q; )
2 2 2 1/2

The separable or isobar approximation for the two-body amplitudes takes in this formalism the form

&p;Ajk' lit '(s;) lp;;Ajl~) = g h&l&',
' '(p )~;' '' '(s;)hi'i'' '(p;),

(12)

(13)

where

L,S(j,.T,.
hi,,

'~", '(p;) =
' E/2

&+ i iJi '
k i i iJi i

&o,'i,
' '

i.„ci'., "i'„g; ' ' ' '(p; »
4

and L; and S; are the usual orbital angular momentum and spin quantum numbers of the pair jk. The form factors

g; ' ' ' '(p; ) as described in the previous section are taken to be the same for all pion-nucleon channels

I. S,,j,.T,. 1
g;

' ' ' '(p;)= (15)
Q +Pg

with the range parameter a =1 GeV/c, while for the nucleon-nucleon channels we apply the unitary pole approximation
to the Si- Di bound state and 'So antibound state solutions of the Paris potential. '

The recoupling coefficients between states of type i and those of type j that appear in Eq. (6), are given as

&qi pi', a,' I qipi;ai ) =5ii5siss5T T5~, ~ [5w( pi q)i—w(pjqj)]H(1 —cos x)
T T

~(p )~(p, )x, ,
' [(2j +1)(2jj+1)(2T +1)(2T,+1)j' '

A% 5'JCJ

J J~ i s i

xd', i„ i (Oj)d,'~ (p;)d '~, (p/)d "~, (pi, )W(~~~i, T~;;T;T,),

where H is the step function, and the arguments of the rotation matrices are the angles of the Wick triangle shown in
Fig. 1, where the distances 8; and 8j represent the velocities of particles i and j in the three-body c.m. frame, the dis-
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tances (2j and (2k represent the velocities of particles j and k in the two-body c.m. frame of the pair jk, etc.
The solutions of the integral Eq. (6) describe all elastic and inelastic processes having the pion-deutemn system as the

initial state. Thus, for example, the ampHtude for pion-deuteron elastic scattering is given byF,=y q'd, (8, ) y„((t) I T, I&t&, ),
J i=23

where
1/2

2J+1
gJ (18)

old

&&)rrr I
q'; Id{sr&= g 1 qrdqr)rrd&rrqrdqdrrd)r dr&)rrq) rid()r q)&d{rIsqr)rrar&&qr)rr'ar Iqdr''a &&qr)rr a'

I
T

I drrrr&
a&a;

with the differential cross sections in the c.m. system given by

d(T n4 1
M/M0

o

(19)

(20)

The amplitude for the pion-deuteron breakup reaction, on the other hand, is obtained from the solutions of Eq. (6), as

3

y 2}'red X, (Pi)d.„'2,,(P»', , , ;(4, e„—o,)d', , ,—,((},. )&%5
'

$~1 JMJ&w&

As) Ark

(21)

The rotation matrices d„2 (pi) and d „2 (pk) in Eq. (21) are the matrix elements of the unitary transformation that
vj ) vk k

connects the helicities of particles j and k from the two-body c.m. frame to the three-body frame. The differential cross
section in the laboratory frame is given by

d Qidk2d Q2

n4k ik2

%10~~0)210)2k)—0))ki'k21 "&3~0
(22)

where ki, k2, and k2 are the laboratory momenta of the pion, proton, and neutron, respectively, and 0)), 0)2, and co2 their
energies, while qio is the initial momentum of the pion in the c.m. frame. The vector analyzing power iT)) is given in
terms of the amplitudes of Eq. (21) as

6
~ ~11 2 1m[+{ )/2)(1/2), 0(+(1/2){1/2), 1 ~(1/2)( I/2), —1 ) ++{1/2)—(1/2), 0(+()/2) —(1/2), 1 F{1/2)—(1/2), —1 )l

Y2Y3MO (23)

and the tensor analyzing power, T20, as

2
T2o= 2 l I +()/2)()/2), ) I

+
I +(1/2) —(in), i I + I +()/2)(1/2), —1 I

2 2 2

@2v3MO

+ I +()/2) —{1l2),—1 I
—2

I ~()n)()/2), 0 I
—2

I +()/2) —(1/2), 0 I
'] . (24)

In order to perform a kinematically complete experi-
ment for the pion deuteron breakup reaction, it is suffi-
cient to specify the incident b(mm energy, the reaction an-
gles of two of the final state particles, and the momentum
of one of them. Since it was the purpose of this experi-
ment to cover a wide region of phase space and maintain

good statistical accuracy even in the kinematical regions
where the cross section is very low, the use of a magnetic
spectrometer was ruled out because of the limited solid
angle. Instead we employed a multiple arm time-of-flight
(TOP) spectrometer which has been described in earlier
publications. The experiment was performed in the qrM3
area of the Swiss Institute for Nuclear Research (SIN).
Protons were detected on one side of the bemn in coin-
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cidence with pions on the other side. Particle types were

identified by recording both time-of-flight and pulse
height information. During the same experimental period
my and md elastic scattering differential cross sections
were measured using the same apparatus with shghtly en-

larged proton detectors. These cross sections agree well
with those of Bussey et al. and Gabathuler et al. ,
respectively, within the experimental uncertainties of
about 5%.

The total beam size at the target was 20X25 mm
FVAiM. The accepted pion beam was defined by two
scintillators S 1 and S2 in coincidence. S1 was a small
scintillator (10X15 mm X 1 mm thick) placed 10 cm in
front of the target and S2 (40X100 mmiX2 mm thick)
was placed 1.5 m upstreain of the target. The coincidence
condition was BEAM=S1 Sl S2 S2 rf, where S 1 and
S2 are veto signals from discriminators with thresholds
set above the pian pulse height and below the pulse height
for pratons in the beam and rf is the cyclo-
tron radio frequency signal. Most of the protons in the
beam were removed by degrading their energy with 10
mm of graphite in the center of the channel, before the fi-
nal dipole magnet. The electrons and some muons in the
been were rejected in this coincidence by the timing be-
tween Sl and rf. The remaining muon contamination
(about 1%) was measured by the time of flight of the par-
ticles dawn the beamline. The spacial and rate stability of
the beam was also monitored 3 m downstream of the tar-
get by counting particles scattered at 30' from an alumi-
num target. During the experiment a multiwire propor-
tional chamber was usixl to monitor the beam position
and profile 1.4 m upstream of the target. The pion flux
during the data taking was typically 1.3X10 /s and the
momentum spread was 1% bp/p.

A CDz target of 0.445 g/cm thickness and greater than
0.99% isotopic purity was used. Background events from
the carbon were measured with a carbon target of 0.314
g/cm thickness. The energy losses of the particles in the
CDz and carbon targets were therefore well matched. The
thicknesses of the targets are known to an accuracy of
2%. A CHz target was used to provide an absolute time
calibration using the mp elastic scattering reaction.

The detection system, illustrated in Fig. 2, consisted of
six pion scintillation telescopes, 1 m from the target, and
six proton telescopes, 1.3 m from the target. The solid an-
gles of the pion and proton telescopes were 29.6 and 23.5
msr, respectively, and the angular acceptances were 5.8'
and 4.4', respectively. The proton telescopes were placed
at angles corresponding to the recoil proton angles from
quasifree harp scattering for each of the six pion telescopes.
The electronics for the experiment was arranged such that
each pion telescope was in coincidence with each of the
proton telescopes. Therefore 36 pion-proton angle pairs
were recorded simultaneously. An event was defined as a
coincidence between any pion-proton coincidence and
BEAM (defined above). Each telescope consisted of two
scintillators, one of which was viewed by a photomulti-
plier ai each end in order to provide better timing resolu-
tion. The timing resolution obtained for the proton-pion
TOF difference was better than 0.5 ns. This corresponds
to a momentum resolution of better than 10 MeU/c at

telescopes

FIG. 2. Schematic drawing of the time-of-flight spectrome-
ter, showing the incident pion counters {S 1,S2), the multiwire
proportional chamber (M%PC), an independent beam monitor
telescope (MT), and the pion and proton telescopes.

low proton momenta and a resolution of 30 MeU/c in the
worst cases at high proton momenta.

The effect of multiple pions in the same cyclotron beam
burst (counted as one pion in the beam definition) was
measured by generating events using a separate electronic
circuit (where BEAM was delayed in the event definition
by the beam pulse repetition time, 20 ns). These events
were recorded throughout the data taking and amounted
to 10% of the normal events. The data were corrected ac-
cordingly. The reliability of the circuit was tested by
measuring cross sections at beam intensities from
4.0X10 to 2. 1X10 pions per second. The corrected
data were all consistent within a statistical uncertainty of
2%%uo.

IV. DATA ANAX, YSIS

Proton momenta were determined from the p-ir TOF
difference. Using this difference has the advantage that
at high proton momenta (low pion momenta), where the
proton TOF does not change very much with energy, the
pion TOF is sensitive to the proton momentum. Energy
losses of the pion and proton in the target (through half
the target thickness) and through the air were taken into
account in calculating the proton momenta. The effects
of the finite target thickness and timing resolution on the
momentum distributions were calculated with a Monte-
Carlo program, discussed later.

The foreground and the background from carbon (prop-
erly normalized to the foreground) are displayed in Fig. 3.
As one can see, in the regions far away from the quasifree
mp kinematics the background counting rate from the car-
bon was larger than that from the deuterium. This back-
ground, coming mostly from (m, m. 'p) processes, is smooth.
Although good statistics were obtained from the carbon
target, the background contributed significantly to the un-
certainties of the data points where the md breakup cross
section is low. An extra contribution was added to the er-
ror bars of the cross section results to account for the 3%
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FIG. 3. Differential cross section for the reaction
m+d~m+pn (full squares) and the background from carbon
(open circles) at T =228 MeV. The background shown is the
differential cross section, measured with the carbon target, di-
vided by two to compensate for the ratio of carbon to deuterium
nuclei in CD2. The spectra in (a) are at detector angles corre-
sponding to quasifree my kinematics (8 =106.5', Hp= —27.9')
and (b) is far away from quasifree kinematics
(8 =106.5', 8p ——52.6').

uncertainty in the relative thicknesses of the CDi and car-
bon targets.

Background may also arise from nd elastic scattering,
absorption, and charge exchange reactions on the deuteri-
um and also from reversed events, where the pion is
detected by the proton telescope and the proton by the
pion telescope. In order to ensure that no events from
these contaminant reactions survived in the analysis, other
cuts were made on the data. These included a two-
dimensional cut in the pion TOP and proton TOP shove
in Fig. 4. For those angle pairs where two-body final
state reactions (md elastic scattering and absorption) are
kinematically allowed, the range of proton moments were
restricted in order to exclude contributions from these re-
actions. The loci of these reactions are shown in Fig. 4 al-
though the elastic scattering is not evident in the data.

The cross sections are given by:

d 0 Yield

dQQQQI'p Nb N,~eh Q+QQPp

where Nb, is the number of incident pions; N, st is the
areal density of deuterons in the target; e is the combined
efficiency of the detectors and the data acquisition system

(varying between 0.7 and 0.9); b,Q and b,Q~ are the pion
and proton telescope sohd angles (29.6 and 23.5 msr,
respectively); and 4p~ is the proton momentum bite (10
MeV/c).

The measured cross sections are the averages over the
angular acceptance of the detectors and the momentum
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FIG. 5. Differential cross sections measured at T =228
MeV here (solid squares) compared to those measured by Hof-
tiezer et aL (Ref. 20) (open circles). The data of Hoftiezer
et al. were interpolated, using the polynomial fit described in

the text, to angles equal to those of the present work. The pion
and proton angles (8 and Hp) and the original angles of the Hof-
tiezer data (8' and Hp) are (8 Hp;O', Hp): (a) 106.5, —27.9',
105.0', —30.0, {b) 61.6, —50.0'; 60.0', —50.0', (c) 85.0',
—50.0', 85.O', —50.0., (d) 95.0, —3V.8; 95.0, —40.0', (e)
95.0, —50.0'; 95.0, —50.0.
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FIG. 4. Density plot of events from the CD& target showing
a polygonal cut made on the proton versus pion time of flight.
The dashed line shows the locus of events from the ~+d~n+pn
reaction and the dotted line shows the locus from this reaction
where the pion is detected with the proton telescope and the pro-
ton with the pion telescope. Events from the n+d~n pp reac-
tion are beyond the right-hand side of the figure.
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FIG. 6. Comparison of the experimental data at T =228 MeV with the calculations described in the text. The positions where the

my invariant mass is equal to the 5++ mass are indicated by arrows.

binning of the data. Since the cross sections vary non-

linearly with proton momentum and pion and proton an-

gles this average is not equal to the cross section at the
center of the acceptance. The data were corrected for this
effect, since it is not realistic to average a complex
theoretical calculation over the experimental acceptance
for comparison with the data. This deconvolution was
performed with a Monte-Cmlo simulation of the experi-
ment, including the effects of energy loss, multiple
scattering, pion decay, and timing resolution. At each en-

ergy the cross sections were first fitted with a polynomial
which gave a good representation of the distribution of
the cross sections over the whole range of angles and mo-

menta. This polynomial was then used as input for a
Monte-Carlo program which calculated the average of the
cross section distribution over the acceptance of each data
point. The ratio of this average and the polynomial value
at the center of acceptance of the data point was used to
correct for the finite acceptance. In principle this process
should be iterated, but it was found that the first step in
the iteration was adequate. This procedure had the effect
of raising the heights of the peaks by about 20% and
lowering the sides of the peaks by about 20%. Approxi-
mately 2% statistics were accumulated in the Monte Car-
lo averaging for each data point. The statistical uncer-
tainties of the Monte-Carlo averages were added in quad-
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FIG. 7. The same as Fig. 6 at larger proton angles.

rature to the errors of the data points.
It is estimated that systematic uncertainties in the data

(not included in the error bars) add to 10%. These arise
from the Monte-Carlo corrections (5%), beiun flux nor-
malization (1%), CDq target thickness (2%), and the solid
angles of the two detectors (1% each).

V. RESULTS AND DISCUSSIGN

Momentum distributions of the protons from the
m+d~~+pn reaction have been obtained between 250 and
650 MeVlc for 36 pairs of proton and pion angles at 228
MeV and 56 angle pairs at 294 MeV incident pion energy.
This large number of data cannot be presented in numeri-
cal form in this paper, but may be obtained from the au-
thors. In Fig. 5 we compare the threefold differential

cross sections from this experiment (at T =228 MeV)
with the published results of Hoftiezer et al. at several
angles. The data of Hoftiezer et al. were interpolated, us-
ing the polynomial fit mentioned above, to angles corre-
sponding to those in this experiment. The greatest change
in angle was 2.2'. There is good agreement in the region
of large proton momenta, but for smaller momenta there
are large discrepancies, which may be related to some ac-
ceptance problems of the magnetic spectrometer which
was used to measure proton momenta in the experiment
of Hoftiezer et al.

The complete set of our data is displayed in Figs. 6 and
7, and 8 and 9. For most of the angular pairs one ob-
serves approximately Gaussian-shaped momentum distri-
butions. There are three regions of particular interest:

(1) The first is at the location of the maxima in the
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cross sections (corresponding to smallest neutron momen-
ta.) The maxima of those distributions which lie on the
diagonal line from the upper left to the lower right corner
of Figs. 6 and 7, and 8 and 9 correspond to zero neutron
momentum (the quasifree Irp scattering process). Gn both
sides of these momentum distributions one rapidly departs
from the quasifree kinematics.

(2) The second region of interest is the part of the
momentum distribution at low momentum. There pn fi-
nal state interactions dominate and some tailing off from
the rapid decrease of the cross sections is observed.

(3) The third region is the place where the mass of the
m+p subsystem is close to the b, ++ mass. Generally it is
located at larger proton momenta and is indicated by ver-
tical arrows. Within the accuracy of our data no signifi-

cant enhancements in the cross sections are observed
there, although small structures (changes in the shape of
the cross section) may exist.

The extensive data from this measurement are com-
pared with the calculations (described in Sec. II), shown as
solid lines in the figures. There is a spectacular agreement
arith the shape and absolute magnitudes of the momentum
distributions for the vast majority of the data. Variations
of the cross sections over three orders of magnitude are
reproduced. In the 5++ regions only very small enhance-
ments of the cross section are predicted in some momen-
tum distributions. They are too small to be recognized in
the figures. This small effect of the b, ++ formation on
the crit»s section is explained by the fact that the dom-
inant factor in the n+d~n+pn reaction is the deuteron
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FIG. 9. The same as Fig. 8 at larger proton angles.

form factor, which is rapidly varying as a function of
momentum. This is strikingly different from the inelastic
reaction pp-+n. +pn where the cross section' ' is dom-
inated by the b++ production.

As to the remarkable agreement between the bulk of the
experimental data and the theoretical calculation, one
should emphasize that the theoretical predictions (con-
taining no free parameters} are from the same calculation
which successfully predicts the differential cross section,
vector analyzing power, and the tensor polarization data
of Ungricht et al. ' in the nd elastic ch»nel. With such
good agreement between conventional theory and experi-
ment there appears to be little room for exotic effects like
dibaryon resonances. It is possible, however, that spin

averaged observables, like the differential cross section
presented here are not sensitive enough to detect dibaryon
signals. A more sensitive test of the relativistic Faddeev
theory is provided by measurements of the vector analyz-
ing power iT» which are discussed in the following pa-
per.
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