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Spin correlation parameters A«, Asr. AwL, , Awo Aso AL,o and Aor. have been measured
for pp ~npm. + at 492, 576, 643, 729, and 796 MeV over a large part of phase space, using a longitu-
dinally polarized target and a polarized beam. Results rule out broad dibaryons in this mass range
in NN P& and 'F3,' in 'D& some phase variation is observed, resembling that expected of a strong in-
elastic threshold.

I. INTRODUCTION

Dibaryon resonances, if they exist, are highly inelas-
tic. ' Branching ratios to NX and ~d are (15%,and up
to 800 MeV the remaining channel width can lie only in
NNrr (which is dominatly Nh). The clearest signature of
a dibaryon would therefore be a large and rapid phase
variation with laboratory energy in a partial-wave ampli-
tude for NX~XA. In the experiment reported here we
have measured seven spin observables for the pp ~np7T+
reaction, six of which are sensitive to relative phases be-
tween partial-wave amplitudes. Our objective was to
demonstrate whether or not dibaryons exist in this energy
range. Results and an amplitude analysis have already
been presented brieAy by Shypit et al. The present pa-
per gives full experimental detail.

The notation used here for spin-dependent observables
is as follows. As illustrated in Fig. 1, L is longitudinal,
parallel to the beam momentum p&, N is normal to the
production plane (which is defined here by the beam and
the neutron direction p„, i.e., N is in the direction of
pb Xp„), and S is sideways, in the direction of N Xpb.
For the asymmetry A &, the first suKx refers to the beam
and the second to the target.

The quantity o. A&o depends on the imaginary part of a
product of amplitudes; an explicit expression is given in
Sec. IV. In practice, the main terms are due to interfer-
ence between the dominant NN('D2 )~Nb, ( S2 ) ampli-
tude and those originating from PI, P2, and F3. These
interferences depend on the three angles defining the final
%&77 kinematic configuration in a way which is difFerent
and characteristic for every triplet amplitude. The quan-
tity o- A~L is closely related and contains the real parts of
precisely the same combination of amplitudes, though in
addition it contains some terms given by moduli squared
of partial-wave amplitudes. Thus, whatever the phases,

measurement of both A~0 and A+I guarantees precise
phase information and determination of magnitudes as
well.

Likewise, o. Azo and o. A&L depend on real and imagi-
nary parts of another product of amplitudes [see Eqs.
(4.5) and (4.6)]. The quantities cr ALo and cr AoL also de-
pend on interferences, notably 'D2 with Po and P2.
Thus, in total, six phase-sensitive observables have been
measured. The observables Axr, Aso, ALo, and Aol
are allowed by parity conservation to be nonzero when
the final-state p7T+ is not coplanar with the production
plane defined by the beam and the neutron.

The seventh quantity o. ALL depends on moduli
squared of amplitudes, but with opposite signs (and
difFerent angular dependence) for singlet and triplet ini-
tial state with J~l.. For example, singlet states or Po
alone give A« = —1, while F3 and P, states alone give
A« =+1. Measurement of A« is crucial in fixing rela-
tive magnitudes of the large 'D2, F3, and P2 ampli-
tudes. In an earlier experiment at TRIUMF, Waltham
et a/. found that A«depends strongly on the mX mass
M, going from positive values near the mN threshold to
large negative values in the 5 region. We confirm this re-
sult with greatly increased precision. This reveals a
strong amplitude due to NN( I', )~NS( S, ), where S
stands for a n.XS wave; this S wave amplitude is roughly
independent of mN mass, and dominates over the 6 near
the ~% threshold. Interference between this wave and
NN ~%A amplitudes provides further valuable phase in-
formation.

The history of dibaryons and the current situation are
reviewed by Roos et a/. ' in the Particle Data Tables and
by Locher et al. The original stimulus came from the
discovery by Auer et al. of peaks and dips in Ao.l . Hi-
daka et al. and Hoshizaki suggested the existence of
F3 and 'D

2 resonances, although Amdt had suggested
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FIG. 1. Definition of N, S, and L vectors.

the possibility of the latter as early as 1968. Half-loops
are seen in the Argand diagrams for 'D2, I 3 and P2.
However, inelastic thresholds are dificult to distinguish
from resonances; they give rise, via analyticity, to cusps,
which, on the lower side of the threshold are very similar
to the approach to a resonance. It is possible to explain
present elastic data without resonances, as Kloet and Sil-
bar, Kloet, Tjon, and Silbar, ' Niskanen, " VerWest, '

and Furuichi et al. ' argue. On the other hand, Ed-
wards, ' Bhandari et al. , ' and recently Amdt et al. '

conclude that there are poles in the elastic scattering am-
plitude at around 600-MeV beam energy. Kloet and
Tjon' have presented a model where there is a pole close
to the XA branch point, originating from left-hand singu-
larities in the unphysical sheet (i.e., a resonance driven by
the inelastic threshold).

One expects similarities between pp —+d ~+ and
pp~npm+. However, the extra kinematic freedom in
the latter is important in searching for dibaryons. The
partial-wave amplitude for pp ~nA+ via m. [one pion ex-
change (OPE)] exchange is given in the Born approxima-
tion by

a(s)I (M)
Mq —M i I'(M—)

Here s is the usual Lorentz invariant and M the ~X mass.
Initial- and final-state interactions modify a (s) and a di-
baryon resonance would introduce a pole into it. In

pp ~num+, one can investigate separately dependence on
s and M. In pp ~der, this is not possible, since binding
of the nucleons into the deuteron relates s and M. Ampli-
tude analyses of pp ~der+ exist up to 800 MeV. ' ' One
sees a phase variation in 'D2, I'3, P2, and P, ampli-
tudes which may be attributed to the denominator of Eq.
(1). Several authors however, ignore the 6 propaga-
tor and interpret the observed phase variation as a signa-
ture of a dibaryon resonance.

The present experiment grew out of an earlier measure-
ment at TRIUMF by Waltham et al. , who measured

~xo ~ox ~ex ~I.I. ~ss and ~sL at 425, 465, and
510 MeV with a geometry covering as much as possible
of the aperture of a conventional polarized target. There,
the energy was too restricted to draw definite conclusions
about dibaryons.

At the Los Alamos Meson Physics Facility (LAMPF),
pioneering efforts have been made to study the npm+
channel by several groups. Cverna et a/. have used an
unpolarized beam and target to measure m

—spectra and
angular distributions at 800 MeV. Hancock et al. have
measured do /d Q and A&o at 800 MeV over a range of
geometries. Bhatia et al. have measured Az& and AIL

II. THE EXPERIMENT

The experiment was done at LAMPF, using a longitu-
dinally polarized propanediol target and a beam with po-
larization oriented successively in N, S, and L directions.
The experimental setup is sketched in Fig. 2. All three
Anal-state particles were detected in coincidence. The
proton and 7r were tracked in MWPC (multiwire pro-
portional chambers) or drift chambers, covering as much
as possible of the magnet aperture, and neutrons were
detected in a position sensitive scintillator array 4.5 to 4.9
m from the target.

The Helmholz coils of the polarized target had a coni-
cal aperture of 48' half-angle upstream and downstream,
and there was a further. aperture of +10.5' at 90'. Mul-
tiwire chambers were used downstream because of the
high rates there; drift chambers (C, D, and E in Fig. 2)
were used elsewhere. Each multiwire chamber consisted
of a pair of planes, one horizontal and one vertical. The
chamber closest to the target was 65 cm away and had an

SA3
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NV

SA1

Bl

P
SB2

FIG-. 2. A schematic plan view from above of the experimen-
tal layout. A and B are MWPC arms with trigger scintillators
SA; C, D, and E are drift chamber arms. HC is the supercon-
ducting Helmholz coil of the polarized target T. N is the neu-
tron detector, which moves through 25' on a radius arm. NV is
the neutron veto. P is a polarimeter monitoring beam intensity,
polarization, and spin orientation.

at 650 and 800 MeV over a range of geometries. Glass
et al. have measured K~~ and ALL in pp~nX at 0' at
800 MeV. Hollas et a/. have measured Wolfenstein pa-
rameters at 800 MeV for proton angles 5' —10' and pion
angles 80' —130'. There have been further measure-
ments of pp~ppm and some ' which sum proton
spectra over pp~ and np~+; Bonner et al. have mea-
sured cross sections for np ~nX.

At the Argonne ZGS, Wicklund et aI. have made
high statistics measurements of A wo ~Lo and Aso
pp~np~+ at 569, 806, 1012, and 1253 MeV. We shaH
demonstrate that our results agree closely with these re-
sults at 569 and 806 MeV.

The plan for this paper is as follows. Section II de-
scribes experimental details and Sec. III the data analysis.
Section IV illustrates the features of the data. An ampli-
tude analysis of data from the present experiment was re-
ported by Shypit et al. We shall not repeat that
analysis here, but will point out the features of the data
which lead to specific physics results. A more elaborate
analysis, including all current pp ~pp~+ and pp~ data,
is in progress and will be reported separately.
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FIG. 3. Coplanarity distribution of events triggered by
SA3-S83 at 796 MeV.

aperture of 38.4 cm horizontally X51.2 cm vertically
with 2 mm wire spacing; the rear chamber was 25 cm fur-
ther back and was 62.6 cm wide X 81.8 cm high with 3
mm wire spacing. Their angular coverage was from 7.9
to 41 horizontally. Drift chambers also contained hor-
izontal and vertical planes; three chambers were used in
each arm with a spacing of 18 cm. Their active areas
were 58.4 cm square.

Trigger scintillators were placed immediately behind
the chambers. The five detector arms are named
A, B,C,D, E as shown in Fig. 2. Triggers for npm+ events
were taken from combinations A 8, 8 8, 8 C, 8 D, and
B.E. Other combinations gave no perceptible rate. Scin-
tillators behind A and 8 arms were divided into three
vertical strips and the SA 3.SB3 coincidence detected pp
elastic events near 90' cm. Figure 3 displays a coplanari-
ty distribution of events triggered by this coincidence; co-
planarity is the dimensionless cross product of unit vec-
tors in the directions of the beam and the two final pro-
tons. There is a clear hydrogen signal. This coincidence
proved to be a valuable monitor of the centering of the
beam on the target.

The neutron detector, sketched in Fig. 4, consisted of
two layers, each 15 cm thick, of seven horizontal bars of
scintillator, each 15 cm high by 105 cm long. Each scin-
tillator was viewed from the two ends by photornulti-
pliers; horizontal coordinates were deduced with +3.5
cm accuracy from relative timing of the pulses from the
two photomultipliers. Constant fraction discriminators
were used with thresholds set to 15 MeV. From previous
experience in several experiments at TRIUMF the
efficiency of the neutron detector is known to be about
25%. A scintillator shield in front vetoed charged parti-
cles with efficiency ~99.9%. The time gate of the neu-
tron counter was 80 ns wide to detect the full range of
neutron energies. Time of Aight ~ was calculated o6'line
with respect to (a) accelerator radio frequency (rf) and (b)
trigger scintillators for p and m+. The spacing between
beam pulses was 5 ns. Thus (b) identified the pulse re-
sponsible for the event and (a) gave the most accurate
determination of time of Aight (rms 5r=0. 75 ns). A
small amount of data were taken with (a) missing, and the
time-of-Aight resolution then deteriorated to +1.3 ns.

At 800 MeV, nucleons from the np~+ reaction lie

FIG. 4. The neutron array and its light guides.

within 52 of the beam and at lower energies are restrict-
ed to a smaller cone. Most of this range was sampled by
positioning the neutron detector successively at three an-
gles: 13', 25, and 37.5 at 800 MeV. This compares with
8', l7', 26', and 35 in the earlier experiment at TRIUMF.

Random triggers were monitored on line and kept
below 10% by controlling beam intensity. Off line, ran-
dom triggers contributed negligible background after
kinetmatic reconstruction. Checks were made on the
rate dependence of both the trigger and fully reconstruct-
ed events after background subtraction: for the max-
imum observed changes of 75% in rate, the ratio of ac-
cepted npm. + events to beam counts showed variations
less than statistics (+3%). These checks were indepen-
dently verified in each of the relevant spin combinations.
The ratio of beam intensities for + and —beam spin was
monitored by an ionization chamber in the beam
upstream of the target, with a precision of +1%. It was
also checked by the polarimeter, though with lower accu-
racy. On some occasions, the focusing or centering of the
beam on the target was imperfect. This was clearly
identified during analysis by the ratio of X,I, the number
of elastic events reconstructed from the SA 3.S83 trigger
to 8, the beam recorded by the ionization chamber. This
ratio monitors the proportion of incident beam hitting
hydrogen in the target. When this ratio was unstable,
data were discarded. However, on several occasions, the
ratio fell (by a maximum of 15%) but remained stable
within statistics (2%) over many runs. Rather than dis-
carding such data, the beam count B was corrected by
the observed ratio X,&/8 averaged over at least one cycle
of opposite beam polarizations, usually over many cycles.
On such occasions, there was no significant change in the
signal to background ratio for npm+ events, so no correc-
tion was applied to the background subtraction there.

The beam was vertically polarized (N) at exit from the
accelerator; its polarization was rotated to N, S, or L
directions at the center of the polarized target by means
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of a solenoid and bending magnets in the beamline. The
polarimeter, with two horizontal and two vertical arms,
checked the spin orientation. Whenever the polarization
was perpendicular to L, the magnet of the polarized tar-
get rotated the polarization through a large angle, 45.56
at 492 MeV and 33.94 at 796 MeV; this rotation was cal-
culated from the known J B,dl = 1.04 Tm from the exte-
rior to the center of the magnet. The field was mapped
accurately, and the integral was checked against the
number of ampere turns of the magnet.

Beam polarization (typically 80%%uo) was reversed every
2 min, and at this point the quench technique was used
to measure beam polarization for 5 s. This technique was
statistically precise and is believed from past experience
to have an absolute accuracy of +l%%u&. It was used for
longitudinally polarized beam. The beam polarimeter
had superior statistical accuracy, and was used for beam
polarized in X and 5 directions.

The polarized target was 2 cm in diameter and 4 cm
long. The material was propanediol, and polarization
was typically 70% to 79%%uo. Polarization was reversed
several times for every beam energy and neutron counter
setting. The polarization was monitored by standard
NMR techniques, which are believed to have a reprodu-
cibility of +1% and an absolute accuracy of +4%%uo. This
estimate of target polarization was checked by measuring

in pp elastic scattering at 90; using values from
Amdt's phase-shift analysis, ' results agreed with the
NMR measurement within the +4%%uo absolute accuracy.
To avoid depolarizing the target by radiation damage, the
target was changed at intervals, and, in between, the
beam was steered over the area of the target in 2 mm

steps vertically and horizontally, Background from
heavy nuclei in the polarized target was measured at 492
and 796 MeV using a dummy target.

III. DATA PROCESSING

The first step was to calibrate the time-of-Aight ~ mea-
sured in the neutron detector. This was achieved using
the prominent y peak from pp~pp~ and gave an rms
value 6~=0.75 ns.

The input to the kinematics thus consisted of known
directions for all three final-state particles at exit from
the magnet, and the momentum of the neutron.
Forward-going particles bent rather little in the magnetic
field; treating their momenta as unknowns therefore gave
a 2C fit. Backward-going pions were routinely recon-
structed with bend angles up to 110 (—:70 MeV/c), and
gave useful momentum information.

Kinematic fitting demanded a procedure fast enough to
handle the 10 triggers, and therefore somewhat simpler
than, say, that used for bubble chamber analysis. Direc-
tions of tracks at exit from the magnet were treated as ex-
actly known. Only magnitudes of the momenta of the
three outgoing particles were then fitted using an iterative
procedure.

At first entry to the iterative process, momenta of
charged particles were estimated from kinematic correla-
tions and a detailed simulation of the setup. At every
iteration these angles were corrected to the vertex using
an accurate fast parametrization of bend angle in terms
of momentum and direction; this parametrization was ob-
tained by tracking a representative sample of particles
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FIG. 5. y' distributions, with background from the dummy target shown dashed, for p~+ triggers (a) A B, (b) B.B, (c) B-C, (d)
B.D, and (e) B E at 796 MeV, and (f) B.C, (g) A B, (h) B B at 492 MeV. The neutron counter was at 25 for (b) and (g) and at 13' for
the rest.
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numerically. The quantity I++ =gN++(1+ A~P~+++ ArPz+.

P++P++)(1+8++) ++
hP
5P

AP+
5P

2

AP,+
5P, I + =qN +(1—A~P~ ++ ArPr +

—A P +P +)(1+8 +)e
(3.2)hE ~y ~m

+5E + 5. (3.1)
I+ = r)N+ (1+A~P~+ —A rPr+

—A~rP~+ Pz+ )(1+8+ )e+

was minimized iteratively. Here AP ~, and AE are im-
balances of momentum components and energy at the
vertex and ~& are fitted and measured times of Aight of
the neutron. The value 5E = 1 MeV was chosen to
demand energy conservation; 5P, were set to 10, 15,
10 MeV/c for A .8 and 8 8 combinations of trigger and
15, 20, and 15 MeV/c for the other combinations which
involved pions in the C, D, and E arms. With these
values, hydrogen events followed closely the y distribu-
tion for 2 degrees of freedom (except that the g signal
was somewhat degraded for protons of the lowest
momentum). The target was treated as a point source.
Carbon events, where Fermi momenta are typically 120
MeV/c along each axis, gave a nearly Aat distribution in

up to values ) 100. The procedure converged typical-
ly in three iterations.

Figure 5 shows y distributions for A.B, B B, B.C,
B D, and B E triggers at 796 and 492 MeV; dashed lines
are measured with the dummy target. There is a clear
hydrogen signal. The B B configuration with the neu-
tron detector at 13' is suppressed by phase space, so we
display results for the 25' neutron location. At 492 MeV,
B.C, B.D, and B.E triggers give no significant signal, as
anticipated from Monte Carlo simulations, because pion
momenta are so low that the particles are trapped close
to the beam.

No dummy target data were taken at 576, 643, and 729
MeV, so background shapes were interpolated between
492 and 796 MeV, and normalized to data with g )30.
As expected, because of smearing by Fermi motion, the
background varied more slowly with kinematic variables
(e.g., p~+ or np invariant mass) than for hydrogen
events.

Hydrogen events were selected by a cut g (8. With
this cut, there remained 381 K events summed over spin
configurations at 796 MeV, 235 K at 733 MeV, 262 K at
643 MeV and 108 K at 492 MeV. A clear signal was ob-
served in C, D, and E arms down to 643 MeV and in the
E arm at 576 MeV. At 492 MeV, the signal was confined
to A .B and B.B triggers for neutron detector settings of
13' and 25', as Monte Carlo simulations predicted. The
limited coverage of phase space at 492 MeV leads to
some ambiguities in the eventual amplitude analysis.

Chamber efficiencies e were obtained, run by run for
each arm, from the ratio of triggers to reconstructed hits
in the chambers. There was no evidence for variation of
efficiencies over the area of the chambers.

The determination of asymmetries proceeded in two
stages. First, raw asymmetries A~, Az, and A~&, corre-
sponding to beam, target, or both being polarized, were
calculated from the following equations:

+ A&I (
—( sing )Pg ) + ( cosf )Pg )

+ All P~ . (3.3)

When the beam is polarized nearly horizontally, P~ dom-
inates, and A~&. ——Asl, in this case, terms in (3.3) after
the first are minor perturbations. Likewise, when the
beam is nearly vertically polarized, the term
A&L (cosf)P) dominates. Nonetheless, the three equa-
tions with the form of (3.3) were solved simultaneously
for the observables A&L, A&L, and AL&. Equations sirni-
lar in form to (3.3) apply to the raw asymmetries Az and
A~.

A useful check on this procedure is that AOI is deter-
mined three times, with the beam polarized horizontally,
vertically, and longitudinally. Discrepancies between
these three determinations are everywhere at the level of
the statistical error. If one sums over geometries, the sta-

I =rlN (1—A~P~ —ArPz.

+ A~rP~ Pr )(1+8 )e

where I and X are event and beam rates, respectively, P~
and Pz- are magnitudes of beam and target polarizations,
and g is an overall proportionality constant which can-
cels out of asymmetries; the first and second superscripts
indicate polarities of beam and target polarizations. The
B's are background signal ratios; the background is in-
dependent of target polarization, since heavy nuclei are
unpolarized. These equations are solved for every one of
the bins described in Sec. IIIA; however, to eliminate
noise in the background subtraction, the B's are deter-
mined only for each setting of the neutron counter and
each trigger combination.

If beam polarizations were perfectly aligned normal to
the nX++ plane, or sideways in the plane or longitudinal-
ly, this would complete the determination of asym-
metries. However, in practice, one has to allow for small
misalignments of two sorts. First, misalignments of beam
steering gave rise to small components of beam polariza-
tion in unwanted directions; these were deterInined by
the polarimeter. Secondly, individual events lie in planes
making an angle P to the horizontal and one has to
resolve beam polarization onto this plane; the magnetic
field deAected slow pions quite significantly, and rotated
the effective acceptance out of the horizontal plane. Sup-
pose the beam polarization has components Pz horizon-
tally to the left, P~~ vertically upwards, and Pz longitudi-
nally. Then averaging over events and taking the asym-
metry Azz- as an example,

P A = A ((cosg)P" +(sing)Pg)
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FIG. 6. Illustration of the angles P, 8, and P.

tistical error on the mean A&L is typically +0.015, so
this is quite an accurate check.

A. Sinning of data

The physics is dominated by NN~NA and the ampli-
tude for pp ~n 6++ has an isospin Clebsch-Gordan
coe%cient three times that for pp~pA+. Hence it is
useful to use M=pm+ mass as one kinematic variable.
The remaining variables may be chosen as the angles P,
f, 8, and @ shown in Fig. 6; p is the center-of-mass (c.m. )

angle of the neutron, and 0 and 4 are polar angles of the
m+ in the (pm ) rest frame with 4=0 when the m+ is in

the nh++ production plane. By projecting beam polar-
ization with respect to the production plane, we have
defined /=0. Another variable which will be useful in
looking for the efFect of NN final-state interactions is the
op mass M~~.

One gets a global impression of the coverage of phase
space by projecting events into one-dimensional histo-
grams against M, M/vtv, cosP, cos8, and 4, as well as mo-
menta of n, p, and m+, and neutron transverse momen-
tum pT". Results at 796 MeV are shown in Fig. 7 and are
largely self-explanatory. The dips in the 4 histogram
come from loss of pions moving vertically, and are rotat-
ed somewhat from 90 and 270' by the longitudinal Geld
of the polarized target. The pion momentum spectrum
shows a low momentum peak corresponding to events
with the pion going into the backward arms C and D (see
Fig. 2).

The histogram against NN mass shows a small peak at
low mass due to final-state interactions. This is less pro-
nounced than that observed in the earlier TRIUMF ex-
periment for kinetmatic reasons. The smallest angle of
the neutron counter was 13' at LAMPF and 8' at TRI-
UMF, and low NN mass requires a fast pion on the other
side of the beam; the acceptance for such events is low.
Careful checks show that this peak does not originate
from protons in the A arm breaking through the veto of
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the neutron counter. This final-state interaction peak is
also visible at 729 and 643 MeV.

In order to extract the physics, events have been
binned at each beam energy into 5XSX3X4 bins of M,
cosP, cos8, and @,but data in overlapping bins from neu-
tron counter positions of 13', 25', and 37' have been kept
separate. The result is 163 bins with significant statistics
at 492 MeV and 296 at 796 MeV. Of these, 69 have 1000
or more hydrogen events at 796 MeV. Tapes or listings
(2000 lines) of these four-dimensional results are available
on request.

In the amplitude analysis a detail is that partial-wave
amplitudes are averaged over nine points in each bin: the
center value of the bin population in each dimension and
points + half the distance to the nearest bin edge; each
point is weighted by its calculated cross section. This has
the efFect of reducing the fitted y by 5% compared with
using the central point only.

IV. FEATURES OF THE DATA

4o A &=Tr(F*o o&F) .

Explicitly,

4~A~o= 2Im(F++F—+ —F* F+ ),
4a ASL =2 Re(F++F + F* F+ )—,
4o Aso =2 Re(F++F + +F* F+
4o A~L, =2Im(F++F ++F' F+ ),
4~A, =IF I'+IF

4~Aog =IF++ I' —IF+ I'+IF +I'—IF

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

4~A~~=IF++I' —IF+ I' —IF +I'+IF I'. (49)

Singlet initial states contribute to (F+ F+ ), Po to-
(F+ +F +), triplet states with I.=J(e.g., P, and F3)
to (F++ F), 3P2 —to [F+++F +2(F+
+F + )/&3] and F2 to [F+++F —v 3(F+
+F + )]. From these expressions, one can read oF from
(4.3) to (4.9) the contributions of each partial wave to the
observables.

Clearly A&~ and A&L depend on interferences between
partial waves. Observables ASL and As& are closely re-
lated to A&~ and A~I, but in addition to interferences,
contain contributions from moduli squared of P2 and
F2 and higher waves with initial L, =7+1. Observables

and A~I involve only interferences, as we now
show. Jacob and Wick show from parity conservation
that for any partial wave F++ =+F and

Let the amplitudes be F++ for beam and target spins
+—, in the L direction. Since spins are not observed in the
final state in this experiment, we suppress their indices
and imply a summation over final spins. Then the unpo-
larized cross section is given by

4a =Tr(F*F) =
I F++ I

+ IF+ I'+
I
F + I'+ IF

(4.1)

and spin correlations by

F+ =+F +. Consequently, moduli squared of
partial-wave amplitudes drop out of A«and AOI .

At low energies, S-wave Nb, and NS final states dom-
inate, and as the energy rises strong Nh P-wave ampli-
tudes come into play. From 492 to 643 MeV, the largest
two amplitudes are NN( 'D2 )~N b ( S2 ) and
NN( P& )~NS( S, ). Their interference dominates A&o,
AsL, As&, and A&L. At higher energies, further large in-
terferences between the 'Dz initial state and P„P2,
F2, and F3 NN ~N 6 amplitudes appear. The

differences between Aso and AsI and between A~& and
A&L separate P, and F3 from P2 and F2. The depen-
dence on cosP separates P& from F3. This is true also,
in principle, for P2 and F2, but in practice the latter is a
small amplitude and can be lost in the uncertainties of
P2,' we find a clean separation only at 796 MeV. This

follows the pattern of experience' in analyzing
pp~dm+, where the F2 amplitude has proved the most
dificult to determine of the low partial waves.

Observables Alo and A&L are valuable because they
contain interferences between 'D2 and Po, absent from
A&&, AS0, A&L, and AsL. However, only the real parts
of interference terms are present; a measurement of As&
and/or Azs would determine the imaginary parts of the
same interference terms. Measurements of A&& and Ass
would also be useful.

From the data of the present experiment, it is hard to
determine with any accuracy the NN('So)~Nb, ( Do)
amplitude, and likewise 'D, ~'D2 and 'D, ~'D~. All
depend on initial spins in the same way as the dominant
'D2~ S2 amplitude. They are weak and distinguished
only by angular dependence in the final state. The
'G4~ D„amplitude rises to 25% of the 'D2~ S2 am-
plitude at 800 MeV, and amplitude analysis confirms that
its strength is within 10% of OPE at this energy. Conse-
quently, the amplitude analysis takes waves with final-
state orbital angular momentum L'=2 from OPE; when
further data are added to the analysis, it may be possible
to determine these partial waves from experiment.

We refer to Shypit et al. for fitted partial-wave ampli-
tudes. The phase of each partial wave is expressed there
in the form [5&&(s)+5&z(s )], where 5z& is the NN elas-
tic phase shift. Results for 5&&, which are the essential
indicators of the presence or absence of dibaryons, are
displayed in Figs. 8 and 9. Ryskin and Strakovsky have

XJ

25-
CO

0 I

400
I

600
I

800

LAB ENERGY (MeV)

FIG. 8. The phase 5&& for 'D2~'S2, dashed values are from
Ref. 4.
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commented that there might be an overall phase ambigui-
ty, common to all partial waves, and allowing resonant
behavior in all the large partial waves. In our reply, we
have pointed out that the NN('64)~Nb, ( D~) and
NN( H5 )~NA( F5 ) amplitudes due to OPE are
suKciently strong at 643 MeV and above to act as a
powerful interferometer, determining absolute phases and
ruling out this possibility.

The form of the dependence of the data on 8, 4, and P
will be discussed next. In this energy range, only m.N S
and P waves are significant. The P waves give spin
nonAip amplitudes varying as cosL9 and spin-Hip ampli-
tudes varying as sinO e xp(+i N); S waves give only nonAip
amplitudes independent of t9 and 4. It follows that the
most general form for the dependence of the cross section
on 0 and @ is

d cr ldM d(cosP)d(cosO)dg=p»(1+3 cos 8)+p33(3 sin 8)—sinO cosO(p3, cosd&+p3, sin&)

—sin 8(p3,cos24&+p3 fsin24)+p„cosO+sinO(p, ,cos@+p,',sin@)+p, . (4.10)

Unpolarized cross sections and A&z, A+1, and AIL con-
tribute to unprimed density-matrix elements p, while
Ago, Al g, A gL, , and A~L, contribute to p', i.e., to nonco-
planar events. The pi &, p33 p3$ p3 ] p3i and p3, arise
from squares of mN P waves and from interference be-
tween P, &2 and P3/2 each term is a function of cosP de-
pending on the L,J of initial NN states and L', S' of final
NX states, where X=mN. The terms p„, p, „and p,

'

arise from interference between aN S and P waves, and

p, arises from S waves squared.
The amplitude analysis fits the full four-d. imensional

form of the data, of course. However, the main features
may be appreciated from one-dimensional projections.
Figures 10—12 show such projections of ALI, A&0, and
A+i . The full lines on the figures show representative fits
from the amplitude analysis; note that they are not neces-
sarily symmetric forward and backward, because the ac-
ceptance is asymmetric.

The asymmetry ALL is quite revealing. It is easy to

show from Eq. (4.9) that Ail = —1 for a pure singlet
state, while for a pure initial P, or F3 state ALL =+1.
Figures 10(a) and 10(e) show that the 'D2~ S2 ampli-
tude dominates at low beam energies for values of M ap-
proaching the 6 mass. But at the lowest M values, ALI.
rises dramatically due to a strong NN( P, )~NS( S, )

amplitude, leading to the m.N S state. At 643, 729, and
796 MeV, ALL rises at all angles, due to a rapid rise of
Pz —+ Pz, Pz ~ Pz, and F3—+ P3 NN ~NA ampli-

tudes. The AL~ parameter is important in separating the
strength of the 'Dz amplitude from these others.

The asymmetry A&o is large at 492 MeV and gets
smaller at 796 MeV. This behavior was observed by
Wicklund et al. Also A+1 shows some tendency to get
larger at the higher energies. As discussed above, Azz
depends on the imaginary parts of interferences of
Dz ~ Sz with F3, P„and, to a lesser extent, Pz am-

plitudes, while A&L contains the real parts of the same in-

(o) P2
3 (b) F3

-4Q Q 1

(e) Pl
3

0 — k 10—

(C) S0
I

400 600
I

800
-10

400

(d) 'P0
I

600 800 400
I

600 800

LAB ENERGY (MeV)

FIG. 9. Phases 6&z for (a) P2~ P2 and P2, (b) 'I'3~'P3, (c) 'S0 —+'DQ, (d) P0~ P0, and (e) Pj~'P& and 'P&.
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terference terms. The large values of Azo at 492 MeV
immediately require the NN('Dz )~Nb ( Sz ) and
NN( P, )~NS( S&) amplitudes to be approximately or-
thogonal. Since the phase of the latter is about —40, the
phase of the former must be about +50. The fit gives
5Nb, ( Sz)=44. The decrease in A~o at the higher ener-
gies demands a variation of the phase of the 'D2~ S2
amplitude with respect to the other amplitudes. The am-
plitude analysis shows that it is the Dz amplitude which
is changing, and at 796 MeV, 5Nb ( Sz ) has fallen to 11'.
This is an important result. We speculate in Sec. V that
the behavior of 5&z( Sz) arises via analyticity from the
step in Imf(NE~NA) at threshold.

Observables Aso AL.o AoL and AxL appea«»y
terms depending on sinN. Figures 13-15 show averages
of these observables (and A&o for comparison) weighted
by sin8sin@, sin28sing, and sin Osin24. If the accep-
tance were uniform, these and similar projections would
determine the density matrices p and p' as functions of
cosP, as was done in Ref. 33. Gur acceptance is far from
uniform, and Figs. 13—15 serve to give a rough picture of
(a) the energy dependence and (b) which observables are
large and which small. Qn the whole, variatiqns with en-

ergy are rather small. Bearing in mind that these observ-
ables are phase sensitive, the small energy dependence
leaves little scope for accommodating broad dibaryon res-
onances, unless they conspire in a quite remarkable way.

Indeed, the amplitude analysis shows that the observed
variations originate almost entirely from phase variations
in the 'D2 —+ Sz amplitude, and the phases of most other
amplitudes vary little. This is characteristic of the onset
of an inelastic threshold.

Wicklund et al. determined density-matrix elements
from their measurements of Aso, Axo, and AIo at 806
MeV summed over the range M = 1180 to 1280 MeV cov-
ering the 6, and at 569 MeV summed over the range
1160 to 1200 MeV. Their results may be compared with
ours in two ways. Figure 13 shows (crosses) predictions
calculated from their published density-matrix elements
averaged over our acceptance; the difFerence of a few
MeV in beam energy between the two experiments is
insignificant. The agreement is excellent. Secondly, we
use their tables to evaluate A&o, A~o, and AIo at the
center of our bins, and form

y =g(discrePancy);/(errorf+errorzz), , (4.11)

where the errors refer to the two experiments. Results
are given in Table E. There is good agreement.

The amplitude analysis also reveals good agreement
with the A&o data of Hancock et al. in the regions of
phase space where they overlap. The latter experiment
checked normalization with errors of +3%%uo by also
measuring pp elastic scattering. The agreement of our re-
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In the TRIUMF data, a strong np final-state interac-
tion (FSI) peak was observed at low M». In it, &~o and

TABLE I. A comparison of results with those of Wicklund
et al.

This experiment

Energies (MeV)
Wicklund et al.

(Ref. 33) Number of bins

576

796

S69

806

A~o 105.0
so 77-4

~I.o 84.2
wo 2007

~so 121.9
~L.o 191.0

91
91
91

192
192
192

suits with theirs is indirect confirmation of our normali-
zation. The data of Wicklund et al. have somewhat
larger (+10%) normalization uncertainty.

Results have also been compared with those of Walt-
ham et al. For Az& and ALL the two experiments
agree within two standard deviations for the events
within the acceptance of our experiment. For A&L, the
TRIUMF results were interpreted as indicating A&1 ——0,
though slight positive values were possible. The much
higher statistics of the present experiment show that A+1
at 492 MeV is, in fact, definitely positive; any disagree-
ment between the two experiments is statistically margin-
al.

A. The np 6nal-state interaction

A~~ dropped sharply while 3» refrained steady. This
was interpreted as indicating that the np FSI enhanced
the 'D2~ S2 amplitude with respect to other partial
waves. This amplitude in the XA basis projects on to the
(XN)m basis in two states: S, with a P wave m. and P2-
with an S-wave m.. The idea was that the I'-wave m. can
resonate simultaneously with both nucleons, which in
turn interact attractively through the S& interaction.
However, we now demonstrate that the actual situation is
more complicated.

In the amplitude analysis, we have tried including a
Watson-Migdal FSI enhancement factor. If it is applied
to all partial waves, it has no effect on spin-dependent ob-
servables, but simply enhances the cross section. It is in-
teresting, however, to try its effect on the 'D2 amplitude
alone. We have used a Jost junction which fits the np S,
phase shift accurately from threshold to 400 MeV. It has
two efFects: (a) it enhances the strength of the amplitude
by up to a factor of 4 and (b) it rotates the phase by 5zz.
The latter has a very large effect over a range of N%
masses extending well above threshold. Remember that
the 2VX S& phase shift drops from 180 at threshold to
90 at a laboratory energy of 18 MeV and 45 only at 94
MeV. We find that introducing this FSI into the 'D2 am-
plitude alone worsens g by —180 at 492 MeV and by
similar amounts at higher energies; the resulting fit is
shown by the dashed line in Fig. 16. It is in clear
disagreement with 3&& and A&L data.

The conclusion is that the data are best fitted without
any significant phase rotation implied by the Jost func-
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TABLE II. Comparison of one-dimensional projections of
ANO against M from the present experiment at 492 MeV and
the TRIUMF experiment, Ref. 4 at 510 MeV.

M (MeV)

1094
1112
1130
1151
1161

ANO

This experiment

—0.275+0.081
—0.297+0.029
—0.420+0.020
—0.498+0.016
—0.431+0.027

M (MeV)

1090
1110
1130
1150
1169

A NO

Ref. 4

—0.086+0.244
—0.457+0.110
—0.606+0.078
—0.465+0.043
—0.291+0.029

tion, or, alternatively, by the same phase rotation in all
partial waves. It implies that an alternative explanation
is required for the TRIUMF observation that Ao~ and
A&z drop from values of about —0.4 outside the FSI
peak to values of about —0. 1 in it. We now present such
an alternative explanation.

Low NN mass implies a mE mass close to the max-
imum kinematically allowed. Table II shows that A~z
begins to drop at the highest M values. There are several
conspiring effects producing this result. At intermediate
values of M, the NN( D2)~Nb, ( S2) and
NN( P& )~NS( S&) amplitudes dominate, and their in-
terference generates the large A&z. At 492 MeV,
5~~( P, )= —40, 5~+('D2)=13', and 5zz( S2)=44.4'.

At the highest M value, the phase of the S amplitude aris-
ing from nX S waves is = —20 and rising slowly with I,
while the phase of the 6 amplitude is 28 and rising rap-
idly with M. Thus the two interfering amplitudes differ
in phase by 145.4 at the highest M, and A&0 is dropping
rapidly as this phase difference increases with M. In ad-
dition, the NN('D2)~Nb, ( Sz) amplitude makes much
the larger contribution to do. /dQ, and its rapid increase
with M is depressing A&z. Finally, the other amplitudes
with I.~&= 1 are rising rapidly with k (b, c.m. momen-
tum) in the FSI peak, and contribute to A~o with the op-
posite sign. From the present experiment, these other
small amplitudes are hard to assess accurately. However,
it is plausible that in the FSI peak the amplitudes will be
close to those for pp~d~ [the alternative possibility of
np 'So with a 1 =0 pion projects on to the
NN( Po) ~NS('So) amplitude, which we find to be negli-
gible, while np 'So with a 1 = 1 pion is forbidden by the
Pauli principle]. Thus one expects A&z in the FSI peak
to assume a value close to that for pp ~d m. . The
geometry of the TRIUMF experiment was such that the
FSI peak was detected with pions scattered to the right in
the c.m. angular range of 13' to 50'. In this geometry, the
mean value of A~z for pp~dm+ is —0.02 at 420 MeV,—0. 13 at 465 MeV, and —0.25 at 510 MeV. These
values are compatible with the TRIUMF observations in
the FSI peak. Our conclusions are that (a) the explana-
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tion given in Ref. 4 for the drop in A&o in the FSI peak
was an oversimplification, and (b) there is no disagree-
ment between TRIUMF data and those of the present ex-
periment, which do not go to smaH enough neutron labo-
ratory angles to reach the d~+ kinematics.

In view of the huge complexity of projecting the NN
FSI into the Nb, and NS basis (prohibitive in computer
time), the amplitude analysis simply omits points with
Mzz (1890 MeV. Inspection of do /dQ data of Han-
cock et al. shows that this excludes the region of dom-
inant FSI effects.

V. CONCLUSIONS AND DISCUSSION

Six phase-sensitive observables and ALI have been
measured at five energies from 492 to 796 MeV. There is
rather little variation with energy in most of the data.
What there is, notably in A&~, is explained by the phase
6~~ for 'D2~ S2, which falls from 44' at 492 MeV to 11'
at 796 MeV. Final-state np interactions have no visible
effect on spin-dependent observables (Fig. 16).

Phases of 'D2~'S2 and 'P, NN~NA amplitudes are
well determined everywhere, and I'3~ P3 at 643 MeV
and above. Phases of Sp ~ Dp Pp ~ Pp and P, am-
plitudes are determined at the higher energies, and the
fits at lower energies are consistent with a smooth extra-
polation to threshold. Results are displayed in Figs. 8
and 9.

Other than in 5&z( S2 ), there is no evidence for
dramatic phase variations, nor for unexpected magnitude
variations. The appearance of the amplitudes is qualita-
tively what one expects for an inelastic threshold, and
there is no evidence for resonant behavior.

The phase 5zz( S2), shown in Fig. 8, is interesting. A
similar result has been obtained by Ferreira et al. from
an analysis of md elastic scattering data. It is a question
for theorists as to how to explain this phase variation
quantitatively. When we undertook this experiment, we
envisaged that a conventional dibaryon resonance would
manifest itself by a large loop in the Argand diagram in
the NA channel to which it reputedly has the strongest
branching ratio. Our results are incompatible with such
a resonance.

The phase variation in Nb. ( S2), however, clearly re-

quires some nearby discontinuity. Does it necessitate a
nearby pole, as Hoshizaki argues, or does the phase
variation follow from analyticity and the opening of the
NA threshold? The NA~Nh cross section will have a
roughly 1/v dependence near threshold because of the
coupling to the open NN channel. The imaginary part of
the amplitude will have a step at threshold to a roughly
constant value dependent on the NA scattering length.
This step in the imaginary part will inevitably lead, via
analyticity, to rapid energy dependence in the real part,
hence phase variation. A full analysis demands, at least,
an inclusion of the known ~ exchange pole and treatment
of the coupled NN channel, where the phase of the 'D2
amplitude is known. The quantitative question still at is-
sue is whether, as in the NN system, an additional bound
or virtual state is required or whether the threshold alone
accounts for the data.

Whichever is the case, there is certainly a large positive
NA phase near threshold. It is interesting to explore its
consequences for both nuclear matter and nuclear phys-
ics. It will soften the equation of state for nuclear matter
at high densities. We also remark that experiments such
as that of Contardo et al. have consistently observed
the 6 lower in mass in N nuclear reactions than in free N
scattering; this could be a consequence of a 6 being at-
tracted by all the nucleons of a nucleus.
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