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About 1800 events of the reaction #*d — w*mw*m~d have been obtained from 387 000 photographs
of the SLAC 82-in. bubble chamber corresponding to a 495 = 25 ub cross section. The increasing cross
section of this reaction with beam momentum is explained in terms of minimum momentum-transfer
cutoff. The D *(2200) is observed as both d 7+ and d 7~ mass peaks. The A ,(p°7™*) is consistent with
a Deck-type mechanism. The 4 ;(f’r*) is also observed, but the 4, peak recently claimed is not seen
in these data. There is no statistically significant 37 mass enhancement at the A4, region, but indirect

evidence indicates some A, production.

I. INTRODUCTION

The coherent reaction 7*d -7* 7" 717d restricts
the (37) system to be a pure I =1 state. The very
small binding energy of the deuteron reduces the
probability of large-momentum recoil deuterons,
limiting ¢ (the four-momentum transfer squared
of the deuteron) to —¢<0.1 (GeV/c)? for the vast
majority of the events. Small-{ events are usually
interpreted in terms of ¢{-channel exchange dia-
grams, and in this reaction the process corre-
sponds to beam diffraction of n* -(37)*. With a
coherent deuteron the exchange in the ¢ channel
must be /=0, G=+. This means that the only
allowed exchanges are “Pomeron,” f° and n°. The
higher the beam momentum of this reaction, the
more the Pomeron exchange dominates over low-
er 0* trajectories. These facts make this experi-
ment at 15 GeV/c well suited for a study of pion
diffraction (7=37) via Pomeron exchange.

In Sec. II the experimental procedure is given in
some detail. Several other experiments on this
same reaction but at lower beam momenta have
already been reported,’~!° and will be compared
with these data. In Sec. III the cross section of
this experiment is compared with the lower-mo-
menta data, and the rise in cross section with
beam momentum is explained in terms of the
minimum kinematic cutoff of the recoil deuteron
momentum. In Sec. IV these data are compared
with single-nucleon-target data to obtain the
deuteron form factor. A simple longitudinal
phase space (LPS) analysis is discussed in Sec.

V to be used for resonance analysis. Although
most of the data are of the n-37 ¢-channel ex-
change mode, in Sec. VI small peaks of D* in
the d7* and d7~ mass spectra are discussed.

In Sec. VII the observation of the A,(p°n*)

and the A,(f°7*), which are the bulk of the data,
is discussed. A complete 37 partial-wave analy-
sis has not been done since the number of events
is still too small. Even though A, production is
suppressed (most likely owing to the large form
factor of the deuteron), in Sec. VIII a possible in-
direct observation of the A, is discussed.

II. EXPERIMENTAL PROCEDURE

387000 useful photographs were obtained using
the SLAC 82-in. bubble chamber. The rf-sep-
arated beam was 96% 7*, 3% u*, and 1% other.
The beam momentum with a nominal value of 15
GeV/c varied over several percent, but the mo-
mentum of any beam 7* was known to better than
0.5%. The scanning criteria selected even-prong
events with a stopping track and odd-prong events
with a dark positive track. The events were pre-
digitized by measuring two fiducials, the vertex
and the end points of all stopping tracks in two
views. The fiducial volume for acceptable events
was 100 cm long. Since a visible stopping track
was required, the corresponding minimum mo-
mentum cutoff for the deuteron was between 100
and 120 MeV/c while for a proton it was about 80
to 90 MeV/c.

The scanned and predigitized events were mea-
sured on the University of Pennsylvania Hough-
Powell Device (HPD). The rms accuracy of the
HPD on these photographs is about 2 p. To utilize
the precision of the HPD, special effort was made
to accurately determine the experiment-dependent
parameters, such as optical constants, magnetic
field, beam momentum, the index of refraction,
and the density of deuterium.
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For each event the HPD produced approximately
20000 x-y digitizings in each of the three views.
These were filtered by an automatic track-follow-
ing program. The resulting track segments were
combined into an event by a pattern-recognition
program which worked on a view-by-view basis.
The geometry and kinematics programs TVGP
(with trackmatch) and SQUAW were used. In order
to reduce kinematic ambiguities, the ionization
predicted from measured momenta and angles was
compared with the ionization on film. This pro-
cedure distinguished 7*’s from protons for most
positive tracks with momenta below 1.5 GeV/c.
All negative tracks were assumed to be 77’s.

Approximately 30% of the events failed. In order
to recover some of these events, a special program
called RESURX was coded, which displayed the
filtered points on a storage scope. A human opera-
tor compared these displays to the actual photo-
graphs projected onto a scanning table and entered
instructions to delete extraneous tracks, merge
broken tracks, and track-match the three views.
This system recovered about ; of the failed events
and yielded a total overall measuring efficiency
of 85%.!

Events in the present sample of r*'d—-n*71*1"d
were further required to fit with a x? probability
greater than 1.0%, missing mass squared between
-0.1, and +0.1 GeV?, and to have at least three
constraints. About 30% of the 7*d-7* 7" 7"d sam-
ple remained ambiguous with the one-constraint
reaction n*d-n*n*n"pn, but from checks on the
np laboratory opening angle and the np mass, we
believe our sample is more than 90% pure.

III. CROSS SECTION

The cross section for the n*n*n”d channel for
this experiment was determined by two indepen-
dent methods, which were consistent within 1%.
The first method was to determine the total path
length and use the density of liquid deuterium in
the relation

A 1

0 =N, P_NO— I’ (1)
where N, is the number of 7d -37d events, cor-
rected for unseen deuterons, A =2 is the atomic
mass of deuterium, N, is Avogadro’s number, p
is the density of deuterium, and L is the total path
length. The index of refraction was obtained by
measuring top and bottom fiducials with the
chamber empty and full. From the index of re-
fraction the density was calculated to be p=0.129
+0.003 g/cm?®,

The second method used was to normalize the
total number of events to the measured 7n*d total

cross section at 15 GeV/c, 0,=48.2+0.5 mb,*
and to use the relation

- NsoT
O3ma = N -

(2)
tot

The number of unseen deuteron recoil events was
estimated by assuming a do/dt’ distribution of the
form exp(A#'), where ¢’ =t-¢,, and ¢ is the four-
momentum transfer squared of the deuteron. By
fitting the ¢’ distribution in the region 0.02< —¢’
<0.1 (GeV/c)?, A was determined to be 29.0+1.4
(GeV/c)™2 (see Fig. 1). Using this fit we estimate
that 70% of the coherent events were seen by our
scanners. With this correction, the cross section
for this channel was determined to be 495+ 25 ub.
The total path length of the data presented cor-
responds to 5.2 events/ ub.

Figure 2 presents the published experimental
cross sections for the reaction 7*d-7n"7*71"d as a
function of P,, the incident laboratory beam mo-
mentum. A previous study of the energy depen-
dence of the n*d -7*7*71"d cross section was
made using the dual diffractive model.”* The mod-
el predicted a cross section falling with increas-
ing energy, reaching a value of 200 ub or less
at 15 GeV/c. This is in strong disagreement with
the data, which show a rising cross section. The
rising cross section is explained below as a ¢,
effect.

To study the systematic increase in cross sec-
tion, our data were fitted to the form

L0 guom) exp(B1), @)
where m is the 37 mass. Assuming that o,(m) is
independent of energy, these parameters were
then used to estimate cross sections at lower en-
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FIG. 1. aN/dt’vst’ for all events; line has form
exp(29t’).
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ergies by integrating exp(Bt) from £, tO fnax,
multiplying by 0,(m), and then summing over the
37 masses.”® The curve so generated, also shown
in Fig. 2, agrees fairly well with the data. The
excess cross section observed at low P, could be
due to nondiffractive processes. We also com-
pared the published 37 mass distributions at low-
er energies with the predicted distributions from
our data, i.e.,

t
;—;:[ " o,(m)e®iat (4)
min
and found quite good agreement. The conclusion
is that the cross-section dependence is a ¢
effect and is much more important in deuterium
than hydrogen because of the steepness of the ¢
slope in deuterium, and the quantity o,(m) is
probably energy-independent.

IV. ¢t DISTRIBUTION

The steep ¢ distribution of coherent data at
small ¢ can be interpreted in terms of the ¢ dis-
tribution of similar single-nucleon-target data
multiplied by an exponential form factor, neglect-
ing double-scattering effects.’* This form factor
is the result of the higher probability of breakup
of the compound nucleus with higher momentum
transfers.

The do/dt distribution of these data for M(3n)
<2 GeV is presented in Fig. 3. The line is a fit
to the data for 0.03<-¢<0.1 (GeV/c)? with the
function exp(Bt) with B=(28.0+1.4) (GeV/c)™.
The restriction on M(37) removes ¢, effects.
Since there are hardly any events with —¢£>0.1
(GeV/c)?, the effects of double scattering in the
deuteron can be neglected.’* The deuteron differ-
ential cross section can be related to the nucleon
cross section for beam-dissociation events by the
approximate relation

2 2

200 _p expir) ———dd;g‘t’) , (5)
where exp(Ft) is the deuteron form factor.' To
study this relation a comparison of our data with
the reaction r*p-n*7*71"p at 16 GeV/c was
made.'® To select the beam-dissociation events
of the m*p experiment, only the beam-dissociation
sector of the longitudinal phase space (discussed
in Sec. V) was used. Since our data are mostly
beam dissociation no such selection was per-
formed. The 7*p experiment quotes only ¢’ dis-
tributions, so the comparison shown below is in
t’. Both experiments were parametrized in the
form do/dt’ =0, exp(At’) for various 37 mass re-
gions. Table I lists A for five 37 mass intervals
for both the 16 GeV/c n*p and this experiment.
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FIG. 2. o(r*d—a*n*n1"d) vs lab momentum: 1.7
GeV/c—Ref. 1; 2.7 GeV/c—Ref. 2; 4.5 GeV/c—Ref. 3;
5.1 GeV/c—Ref. 4; 5.4 GeV/c—Ref. 5; 6.0 GeV/c—Ref. 6;
7.0 GeV/c—Ref. 7 (error not published); 8.0 GeV/c—
Ref. 8; 11.7 GeV/c—Ref. 9; 13.0 GeV/c—Ref. 10; 15.0
GeV/c—this experiment. Curve is calculation using
t min effect normalized to this experiment.

The difference between the A(nd) and A(7* p) is
fairly constant and the average of this difference
corresponding to the deuteron form factor is

F=20+3 (GeV/c)™2.

This value is in agreement with other determina-
tions of the deuteron form factor.®
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FIG. 3. dN/dt vst for M(3m<2 GeV; line has form
exp (28¢).
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TABLE I. A of n*p—r*71"17p at 16 GeV/c (Ref. 15) and this experiment, where
do/dt’ =oy(m) exp(At’). For details see text.

M (3m) A [(GeV/c)™Y A(m*d)

(GeV) TP tp T*p (av) td —A(T*p)
0.6-1.00 14.6+1.8 11.3%0.5 13.0£0.9 33x4 204
1.0-1.12 11.5+0.8 9.6+0.7 10.6 £0.5 26+4 15+ 4
1.12-1.28 9.8+0.7 7.6+0.6 8.7+0.5 28+3 19+3
1.28-1.40 7.10.5 5.0+0.6 6.1+0.4 304 244
1.40-3.00 7.2+0.7 5.7+0.3 6.5+0.4 27+2 2142

V. LONGITUDINAL PHASE SPACE ANALYSES

Longitudinal phase space (LPS) analyses have
been used successfully in the past to isolate reac-
tion mechanisms.'" In the n'd -nfn} 7 d reac-
tion, w} (the fast 7*) is always in the forward
hemisphere and the d is always backward, but the
m; (the slow 7*) and 7~ can be either backward or
forward.

Figure 4 presents the data in the x(7), x(77)
coordinates where x =p, /Ppeam in the center of
mass frame. Each quadrant corresponds to a dif-
ferent process, as is illustrated also in Fig. 4.
Most of the events fall into the beam-dissociation
region (Q1), and even those events not in @1 fall
near its boundary. We will discuss some of the
effects of the LPS analysis in the following sec-
tions.
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FIG. 4. Longitudinal phase space plot where x is ap-
proximately the Feynman variable, x =p/Pye.m in the
center-of-mass frame.

VI. D* PRODUCTION

Figure 5 shows the d7* and d7” mass plots. The
D* peak at 2200 MeV is well known, although the
interpretation is not yet settled. Two possible
explanations are a genuine d7 resonance or a
bound state of AN. The latter was suggested by
the fact that the D* mass is just the sum of the
masses of a A and a nucleon.’® Recently, Podolsky
presented’® a third interpretation in which a peak
in the D*** region is produced by a Deck-type
mechanism shown in Fig. 6(a). But this model
predicts no peak in the D*° region. In our data a
D*° peak is present but is smaller than D***, so
this model cannot completely explain our data.
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FIG. 5. dr* and dn~ invariant-mass distributions.
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FIG. 6. Diagrams describing possible 37 production
mechanisms.

Figures 7(a) and 7(b) show the Gottfried-Jackson
scattering angle, the scattering angle of the
deuteron in the d7 system, for D*** and D*°.

The forward-peak distributions are not character-
istic of resonant behavior, so this gives greater
credence to the AN interpretation.

The four-standard-deviation peak in the d7~
mass spectrum in Fig. 5(b) at 2900 MeV does not
appear to be a resonance. This is implied by the
absence of a dn* peak at the same mass, by an ex-
tremely forward angular distribution which does
not change in the 2900-MeV mass region, and by
the fact that events in the peak come from the
sector of LPS corresponding to beam dissociation.

Recently an enhancement in the d7° 7~ mass spec-
trum (D**) around 2300 MeV has been reported in
a 15-GeV 77d experiment.?® The uncut d7n* 7~ dis-
tribution for our data shows no low d7*' 7~ mass en-
hancement. However, if we select on the target
dissociation sector of LPS, i.e., @3, the masses
are all confined to the D** region. Selecting on
D*° or D*** also yields an enhancement in the D**
region. This enhancement has fairly obvious kine-
matical interpretations, since the d, 7, and 7~
have low momenta in the laboratory, so it is not
clear that it is significant.

VII. THE 37 MASS DISTRIBUTION: THEA, AND 4,

Figure 4 shows that more than three fourths of
the events in this reaction are in quadrant 1 of the
LPS plot, where all pions are forward in the cen-
ter-of-mass frame. Thus this reaction is useful
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FIG. 7. Gottfried-Jackson scattering angle of the deu-
teron for D*** and D*%; M(D*)<2.3 GeV.

in studying the diffraction of beam pions into three
pions. Figure 8 shows the 7* 7" 7~ invariant-mass
distribution for all events. The general features
are the broad A, enhancement at 1100 MeV with a
width of about 300 MeV, and the A, at about 1650
with a width of about 200 MeV. Higher masses are
suppressed relative to hydrogen data owing to the
steep slope of the differential cross section.

The nature of the A, and A; enhancements has
been the subject of controversy for several years.
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FIG. 8. n*n*n” invariant-mass distribution.
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SU(3) theory predicts a 171" resonance, and the A,
is the only known candidate. However, a Deck-
type mechanism can also describe the A, peak with-
out invoking a resonance.?’ Most of the A, analyses
have been done with proton-target experiments,
which have backgrounds from A production and
from a strong A, signal close to the A,. We esti-
mate that A, production is less than 5% of our data
(see Sec. VII). Unfortunately, we do not have
enough data to be able to perform a complete phase-
shift analysis on the 37 final state, but it is hoped
that such an analysis can be done after more data
are obtained. Figure 9 is the 7* 7~ mass plot.

This spectrum shows a very strong p° peak and a
smaller f° peak. No statistically significant g°
peak is observed.

When the 7" 7~ mass spectrum is plotted for the
events in the A, mass region almost every event
has one 7* 7~ mass in the p° mass region. Since
there are two 7*’s per event, a selection can be
made in terms of the laboratory momentum of the
7'. Let 7; be the higher-momentum 7* and 7 the
lower-momentum 7*. (A selection on longitudinal
momentum instead of total momentum does not
change any of the discussion given below.) Figure
10 shows the invariant-mass distributions of 777~
and n7”. The p° signal comes mostly from the
m; 71, although there is a definite signal from the
m.m~ mass spectrum. One question that can be
answered is which of the two Deck mechanisms
shown in Fig. 6 dominates the A, production. Fig-
ure 6(a) favors a faster p° in the laboratory frame
compared to Fig. 6(b). Since most of the p°’s pro-
duced are fast and are associated with the 7/, 6(a)
is favored over 6(b). In addition the Gottfried-
Jackson scattering angular distribution between the
beam 7* and the 7* of the p° isvery similar tothe 77
vertex angular distributions of TN—~p°N. This im-
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0
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FIG. 9. m*n” invariant-mass distribution, two entries
per event.

1001

plies that the p° in our data is consistent with a 77
scattering vertex for p° production, which is not
expected from Fig. 6(b).

The A, is very similar to the A, except that it is
f°7. A 777" mass plot for events in the A, region
shows both the f° and p° signal, but the adjacent
37 mass intervals also have the p° signal, and a
subtraction leaves just the f° signal. We note that
even though A, is associated almost uniquely with
the p°, the p° events are produced for most 37
masses. Figure 11 shows the number of events
with at least one 7' 7~ mass combination in the p°
region as a function of 37 invariant mass. It is
clear from this plot that p° production is falling
off smoothly with increasing 37 mass above the A,
region. There is an appreciable amount of p° at
the A, mass but no rise in the p° cross section in
the A, mass region.

We do not see any evidence for an enhancement
at M(37) =1950 MeV, as reported by the charge-
symmetric experiment 7°d at 15 GeV/c,?? and in
fact the distribution shown in Fig. 8 has a small
dip at 1950 MeV. Depending on the way one draws
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FIG. 10. w7~ and m{7~ invariant-mass distributions
where momentum of 7/ > momentum of .
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FIG. 11. #*n*r” invariant-mass distribution for events
with at least one M(7*1”) between 660 and 860 MeV.

background, there may be a small peak in the T
region at 2100 MeV.

VIII. A, PRODUCTION

Coherent A, production off deuterons was first
observed in a 7-GeV/c n*d experiment.” The A4,
has also been seen in coherent production off
heavier nuclei.?® It is characteristic of A, produc-
tion to have a turnover in the differential cross
section due to the change in helicity at the 37 ver-
tex. In hydrogen-target experiments the A, ob-
servation is enhanced by selecting events with
larger |t| values, for example, —¢>0.075
(GeV/c)? in a 6-GeV/c 7”p experiment.?* The
production of A, coherently off deuterons is dif-
ferent from production off single nucleons be-
cause large-¢ values are less likely.

The 37 mass distribution presented in Fig. 8
does not show a statistically significant A, signal
separate from the dominant A,. Unfortunately, a
momentum-transfer cut of —¢>0.075 (GeV/c)® re-
moves most of the events, so the resulting mass
distribution is not statistically significant. The
only evidence that some A, might be produced
comes from the ¢-distribution studies. Figure 12
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FIG. 12. ¢t distribution for events in A, mass range;
1260 <M (3m) <1360 MeV.

shows the ¢ distribution for 37 masses in the 4,
region [1260< M(37)< 1360 MeV). There is a
definite shoulder in this distribution, while no
similar shoulders are seen at adjacent 37 mass
ranges. If the shoulder is assumed to be the re-
sult of A, production, a cross section for

ntd—- A;d at 15 GeV/c is estimated to be roughly
5 to 25 ub.
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