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We have studied the coherent m*d—m* ¥ 7 ~d reaction using a sample of 4019 events having a visible final-state
deuteron. The total cross section, corrected for invisible deuteron events, was found to be 380+ 50 ub. The
main features of the data are the large production of p° (90%), with a corresponding p°7* enhancement in the
A, region, and the observation of the d7 enhancement at ~2.2 GeV.

[. INTRODUCTION

A number of groups have reported analyses of
the coherent reaction

m'd—~n*n*n"d (1)

for incident momenta between 4.2 and 13

GeV, c.!~® The main features of the reaction in
the 5 to 7 GeV/c region are the large production
of p°, with a corresponding pm enhancement in the
A, region, and the observation of the dr enhance-
ment at ~2.2 GeV (the d*). We present results
from our analysis of reaction (1) at 6 GeV/c in-
cident momentum. The data come from a 930 000-
picture exposure of the deuterium-filled Argonne
National Laboratory 30-in. bubble chamber. The
present analysis is based on a sample of 4019 ev-
ents which fit reaction (1), where the deuteron was
required to be visible and stopping.!!

II. MOMENTUM TRANSFER DISTRIBUTION
AND CROSS SECTION

As expected for a coherent channel, the reaction
exhibits a large diffraction peak. Figure 1 shows
the distribution of ¢'= |¢,, - ... | for the 4019 events,
where ¢, is the square of the four- momentum
transfer between the initial and final deuterons.
The strong falloff in this distribution at small
momentum transfer is due to losses from invisible
deuteron recoils. The shaded area represents
corrections for scanning losses due to steeply
dipping deuteron recoils, applied in the region!?
t'>0.03 (GeV/c)®. These corrections were deduced
from a study of the azimuthal distributions of the
recoiling deuteron about the beam direction. A
fit to the distribution in Fig. 1 of the form ae®t’
yields a slope parameter b= (31.3 +0.9) (GeV/c)-?
(y3/ND=4.5/11) in the range 0.03=¢'<0.16
(GeV/c)?. Figure 2 shows a plot of the slope para-
meter b as a function of the 37 effective mass
(M,,). The variation of b seen in Fig. 2 can be com-
pared to the essentially constant slope found for

this same reaction at 11.7 GeV/c incident momen-
tum.!® The change in the M,, dependence of b with
increasing incident momentum may be indicative
of effects due to a lower lying Regge trajectory,
since f exchange is expected to contribute to this
reaction in addition to the dominant Pomeron-ex-
change terms.

To calculate the cross section we correct for the
unseen deuteron events by extrapolating the fit in
Fig. 1 to t'=0. We obtain in this way a total
m*d - m*n*n-d cross section of 380+50 ub. A com-
parison of this cross section with the values found
for the same reaction at 8 GeV/c (340 +40 ub)
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FIG. 1. Histogram of ¢/ =|t;; —t minl , Where t4 is the
square of the four-momentum transfer between the ini-
tial and final deuterons. The straight line is a fit to the
exponential form e(=31:3¢+ 0.9¢" T4 convert this histo-
gram to do/dt’ use (14.5+1.9) events/ub.
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(see Ref. 9) and 11.7 GeV/c (37060 pb)
(see Ref. 10) shows that already at 6 GeV/c the
nd -~ mmnd cross section has leveled off.

I1I. RESONANCE PRODUCTION AND THE 4* ENHANCEMENT

Figure 3(a) shows the n*r~ effective mass dis-
tribution (two combinations per event) for the to-
tal sample. There is a prominent p° signal plus a
shoulder in the f° region. The f° signal is seen
more clearly in Fig. 3(b) which shows the 7*r-
mass distribution for events in the A, region (de-
fined by 1.5=M,,<1.8 GeV). The smooth curve in
Fig. 3(a) is the result of a fit to two Breit-Wigner
terms plus a polynomially modified peripheral
phase-space background.!® In this fit the mass and
width of the f° were fixed at M=1.27 GeV,
I'=0.163 GeV.!* The fit (x/ND=38/30) yields
(90£3)% p°, (5+1)%f°, M,=0.769+0.003 GeV,
r,=0.147+0.009 GeV.

The unshaded histogram in Fig. 4(a) shows the
dn* effective mass distribution (two combinations
per event) where the well-known d* enhancement
at ~2.2 GeV is strongly evident. The d* enhance-
ment has been seen by many investigators and has
been successfully explained as a final- state inter-
action between an exchanged virtual pion and one of
the bound nucleons in the deuteron.!® Its effective
mass distribution shows an approximate Breit-
Wigner shape. The solid curve in Fig. 4(a) is a
fit to the data of a smooth background plus a
Breit-Wigner term. This fit yields (26 +2)% d***,
M;4,,=2.16+£0.01 GeV, I'yy,,=0.19£0.02 GeV.
This mass and width are compatible with previous
parameterizations of the d* in this and other chan-
nels.'® Figure 4(b) shows the dn- effective mass
distribution for the total sample (unshaded histo-
gram) and for the sample obtained after we remov-
ed events in the p° region (shaded). Counting the
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FIG. 2. The slope parameter b obt?ined by fitting the
dN /dt' distribution to the form ae~?*’ for various My,
intervals.
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FIG. 3. (a) Histogram of the "7~ mass distribution
for the total sample of events. The smooth curve is a
fit to the data of two Breit-Wigner terms plus a smooth
background. (b) Histogram of the m*7~ mass distribu-
tion for events with 1.5 <M,, < 1.8 GeV.

events above a smooth background (solid curve)
for the p°- subtracted distribution and correcting
for the p° cut we estimate that there is less than
~4% d*° in reaction (1).

It has been suggested by Deery et al.’® that the d*
enhancement seen in their 7'd - n*r*nr-d data at
5.4 GeV/c can be described as resulting from the
kinematics of the pdr final state. To investigate
the possibility of a kinematic interpretation for the
d* in our data we have used the Monte Carlo meth-
od to generate nd — pdn (p—~27) events, where the
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FIG. 4. (a) Histogram of the dr* effective-mass dis-
tribution for the total sample (unshaded) and for events
with M4, <1.2 GeV (shaded). (b) Histogram of the dr~
effective-mass distribution for the total sample (unshad-
ed). The shaded histogram in (b) was obtained by re-
moving events for which 0.64<M+,-<0.84 GeV. The
curves are described in the text.
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events were generated so as to reproduce the ex-
perimentally observed ¢,, distribution.'” The
dashed curve in Fig. 4(a) shows the Monte Carlo
prediction in the region of the d*, normalized to
2 X 4019 combinations, and is seen to give a poor
description of the enhancement.

Recently an enhancement in the dn*r- system was
seen in the 7°d -~ 7" 7" 7*d channel at 15 GeV/c for
peripheral drn*r” combinations after removing e-
vents associated with the p, f, g, and A, enhance-
ment also seen in this channel'®. As reported in
Ref. 18 the enhancement is well descibed by a
model having a dominant contribution from Pom-
eron exchange. This being the case, one might
not expect an appreciable reduction in its pro-
duction cross section in going from 15 to 6 GeV/c
incident momentum. Figure 5 shows the effective
mass distribution for peripherally produced dm*r-
combinations in our data, where we have removed
contributions from p, f, and A, with cuts similar
to those of Ref. 18. Approximately 80% of the e-
vents are contained in the region M,,, <3.0 GeV.
The distribution in Fig. 5 is in reasonable agree-
ment with the data of Ref. 18. We note, however,
that our data do not contain the invisible deuteron
recoil events which should be important at low
d2m masses.
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FIG. 5. The effective-mass distribtution for dr*r~
combinations having tgpy- <0.08 (GeV/c)? and
M,, <1.6 GeV. In addition, we exclude all events which
have a m*1~ combination in the p region (0.64<M 4 ,-
< 0.84 GeV) or f region (1.2<M+,-<1.34 GeV).

IV. THREE-PION SYSTEM

Figure 6(a) (unshaded histogram) shows the 37
effective mass distribution in which we see a broad
enhancement in the A, region and a small accumu-
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FIG. 6. (@) The 3m effective-mass distribution for all events (unshaded) and the events having M, >2.32 GeV (shaded).
(b) The 3m effective-mass distribution for events with | ¢ ;4| > 0.04 (GeV/c)? and M+ >2.32 GeV. The solid curve is de-

scribed in the text.
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lation of events in the A, region. There are no
narrow resonances evident in this figure. The A,
enhancement is essentially all p7; a fit to the

m*n- effective mass distribution for events having
0.96 =M,,<1.24 GeV is consistent with 100% p°
production. There are ~180 events above a smooth
hand-drawn background (solid curve) in the A, re-
gion (1.5=M,,<1.8 GeV); this number is consistent
with the ~5% 7 ° found in the fit to the 27 mass dis-
tribution in Fig. 3(a).

The d*** enhancement mentioned in the previous
section is found to affect predominantly the high-
mass region of the 37 system. The shaded dis-
tribution in Fig. 6(a) is the 37 mass plot with d*
events removed. The shaded distribution in Fig.
4(a) shows the drn* effective mass distribution for
events having M,,<1.2 GeV, and shows only a very
weak signal for d***.

It has been shown previously that one can de-
scribe the A, p7 enhancement without the need for
a resonance interpretation.® To describe the p7
mass distribution we have used the model due to
Berger!?, in which we assume Reggeized 7 ex-
change and ignore the small f° and nonresonant
final states [see diagram inserted in Fig. 6(b)].
Outside the d* region the contribution from the
nd vertex may be approximated by the on-shell
elastic-scattering amplitude having the form
[s, - (M, +M )] [s, - (M, -M,)*] e~ 4taa where s, =M}
and A is adjusted to fit the experimental ¢, dis-
tribution.'® Because of scanning losses at low 7,
values, we apply the model only to events having
t44=0.04 GeV/c?. Figure 6(b) shows the M,, dis-
tribution for the non-d* events (M,,=2.32 GeV)
with #,,=0.04 GeV/c?. The solid curve is the pre-
diction of the model (corrected for the ¢,, and d*
cuts) normalized to the total number of events, and
is seen to be in reasonable agreement with the data
in the A, region.?®

We have performed an analysis of the spin con-
tent of the 37 system, using the normalized mom-
ents (P,) of P, (cos 6).2* Here P, is the Ith
Legendre polynomial and 6 is the polar angle of
the normal to the 37 plane in the Gottfried-Jackson
frame of the 37 system. Figure 7 shows the var-
iation of these moments as a function of the 37
mass, for /=2, 4, 6, and 8. (The odd moments
vanish because of the symmetry of the cosfdis-
tribution about cos§=0). For a diffractively pro-
duced 37 system the spin parity should be in the
series 0-,1%, 2°,.... We see that (P,) is nonzero
over the entire 37 mass range while all the higher
moments are essentially zero in the A, region
(1.0=M,,<1.3 GeV).?”2. These results are consist-
ent with the previously established spin J?=1*
for the A, enhancement.'* We note that (P,) is
essentially zero for low 3, mass and becomes non-
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FIG. 7. The normalized moments of the Legendre
polynomial P;(cosf), as a function of the 3r effective
mass. Here 6 is the polar angle of the normal to the
3r plane in the Jackson frame of the 3m system.

zero in the A, mass region; both (P,) and (Pg)
are significantly nonzero in the high- mass region
(M,,>1.5 GeV). There are indications of an A4,
signal in the d*-removed 37 mass plot [shaded
histogram Fig. 6(a)]. We find an excess of 120
events above a smooth hand-drawn background in

TABLE I. The pyy, py-1, and Rep,y matrix elements
(assuming JP =1%) for the 37 system in the mass region
0.96=M;,, <1.2 GeV. The matrix elements are calcula-
ted for two t;; regions in both the Gottfried-Jackson and
the helicity frames.

0.0= [tgg ] <0.05 (GeV/c)®  0.05= |ty | <0.15 (GeV/c)?

Gottfried-Jackson frame

Pgo =1.04£0.03
P11 =—0.14£0.05
Rep;=0.04+0.02

Poo=1.00%0.04
py,-1==0.16 £0.06
Rep;p=-0.07+0.03

Helicity frame

Poo =0.93+0.04
py,-1 ==—0.20 +0.05
Rep“) =0.21+0.02

Pop =0.89+0.04
py-1==—0.12+0.05
Repu) =0.22+0.03
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the 1.2-1.4 GeV region, corresponding to an upper
limit of 20 b for A; production.

It has been suggested that diffractive processes
may exhibit either s- or {-channel helicity con-
servation.?® To investigate this point we have us-
ed the method of moments to calculate the matrix
elements py,, p,,_,, and Re p,; for a 1* spin as-
signment for the 37 system.?* Table I shows the
results for two ¢,, intervals for events in the A,
region (0.96 =M, ,<1.24 GeV). The matrix elements
were calculated in both the Gottfried-Jackson
and helicity frames. For s-channel (¢-channel)
helicity conservation we would expect p,,=1 and

all other elements to be zero in the helicity
(Gottfried-Jackson) frame. The data in Table I
are seen to favor {-channel helicity conservation.
This result is similar to the observation of 7-chan-
nel helicity conservation for diffractively produced
A, in the reactions 7*p =App - r*7*7"p at 8 and 16
GeV/c.?®
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