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An analysis of the 1.68-GeV mass region of the m (r* 7~ 79 spectrum in our n*d —ppn*7~n°
data confirms the existence of an IS =0~ enhancement at this mass, the ¢ (1680), which is dis-
tinct from the I=1 A, meson, This resonance was found to decay preferentially into pm with
a 3w/(3m +pm) branching ratio of <30%. A spin-parity analysis of the ¢ (1680) favors JZ=1",
2*, 37 for spins =3, although JP=1*, 2~ cannot be rigorously excluded. The mass and fa-
vored natural spin-parity of the ¢ (1680) suggest that it may be the Regge recurrence of the w?
meson. Assuming a natural-spin-parity assignment, the decay angular distributions of the
¢ (1680) suggest that there exists a contribution from unnatural-parity exchange in the pro-.
duction mechanism. The ¢ dependence of the differential cross section and the energy depen-
dence of the total cross section for n*n — ¢ (1680)p were found to be similar to those of 7*n
— (wO,A‘z’)p also seen in the data. As with these latter processes, the energy dependence of the
cross section for 7t — ¢ (1680)p cannot be explained by simple p Regge exchange. The I=1
f'® cross section in the A mass region was found to be small, and suggests that the pro-
duction cross section of the A; meson by charge exchange is significantly less than that ob-

served in non-charge-exchange reactions such as m7p —A;p.

I. INTRODUCTION

Evidence is accumulating!'? for the existence of

an I¢=0" state in the mass region 1.650-1.700 GeV.

This enhancement is observed in the channel 7*#%

—~ (m*7-7°)p, and has tentatively been named the
¢(1670).2 This state is distinct from the A, meson
which has I¢=1" and a somewhat lower mass.?

The state ¢(1680) is found at a mass of ~1,680 GeV
in our data and will be referred to as the “¢(1680)”
in the present paper.

Recent evidence for possible 57 decay modes of
the A, or ¢(1680) comes from a pp annihilation ex-
periment* and Kp experiments®' ® where enhance-
ments in the w’7* 7~ mass distributions were ob-
served in the A,-¢$(1680) mass region. Since the
status of the A, as a resonance is uncertain at the
present time,” an improved understanding of the
¢(1680) should help in resolving this problem.

Data at 6.95 GeV/c have been analyzed to deter-
mine the properties of this resonance observed in
m*d ~ ppp(1680) with ¢(1680)~ 7*7~7°, Mass, width,
and cross-section measurements are presented in
Sec. III. This is followed in Sec. IV by a determina-
tion of the differential cross section for ¢(1680)
production which appears to be qualitatively simi-
lar to «° and AJ production also seen in this chan-
nel. The decay modes of the ¢(1680) are analyzed
in Sec. V and strongly favor an 7=0 assignment for
this resonance in agreement with previous analy-
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ses.!"? A spin-parity analysis of the 37 Dalitz plot,
restricted to =0 states, has been presented else-
where,® but will be sketched in Sec. VI for com-
pleteness. This analysis® favored the natural-spin-
parity series J¥ =17, 2*, 3~ for the ¢(1680) over
JP=1% and 2~. Spin-parities J®=0" and 3* had
probabilities < 1% and were considered unlikely.
The angular distribution of the normal to the 3«
decay plane is fitted in Sec. VI and suggests, as-
suming a natural-spin-parity assignment for the
¢(1680), that there exists a contribution from un-
natural-parity exchange in the production ampli-
tude. Finally, the energy dependence for the pro-
duction of ¢(1680) and A, is discussed in Sec. VII.

II. EXPERIMENTAL DETAILS

The data to be discussed come from a 650000 -
picture exposure in the ANL-MURA 30-in. deute-
rium bubble chamber to 7* mesons at 6.95 GeV/c.
Approximately 30000 three- and four-prong events
selected with one and two identifiable protons, re-
spectively, have been processed through the Mary-
land version of BRAVE-TVGP-SQUAW programs
to yield a final sample of 5471 events in the chan-
nel

mtd - pprtaTa®. (1)

All events are consistent with scan-table ioniza-
tion estimates. Events of the type 7*n—pr* 7~ n°
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FIG. 1. (a) m* n~n" mass distributions for reaction (1).
Events with A*0 have been excluded as discussed in the
text, Sec. Ill. The curves are fits of Breit-Wigner func-
‘tions plus polynomially modified phase space as described
in Sec. ITI, Significant enhancements are seen at the
7%(550), «’(784), AJ(1310), and ¢(1680). (b) n*r~n? mass
distributions for those events outside the p bands. (c)
m*r~n’ mass distributions for those events having a (pm)*?
mass in the A™" mass interval, and with [t], - (pm <0.1
(GeV/c)2.

were preferentially selected by requiring a spec-
tator momentum <300 MeV/c for four-prong
events, and by requiring that the projection of the
reconstructed spectator momentum in the plane
perpendicular to the camera axes be less than 100
MeV/c for three-prong events. The events used
have kinematic reconstruction probabilities > 5%.
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The combined three- and four-prong data have
been used in the analysis. All aspects of the anal-
ysis have been applied to the separate three- and
four-prong samples, however, and have yielded
equivalent results within errors.

III. MASS, WIDTH, AND CROSS SECTION FOR
THE ¢(1680)

The 7* 777° mass distributions are shown in Fig.
1. Strong production of A*°(1236) has necessi-
tated the exclusion of events in the (p7)*° mass
interval 1.16 <m(pn)<1.32 GeV with |¢|,_,,,<0.1
(GeV/c)?. Utilization of these cuts effectively re-
moved the majority of the peripherally produced
A" events [the ratio of the number of A*° events
to the total number of (pr)*° events with |¢/<0.1
(GeV/c)* was >80%)] and yielded (pn)*° mass dis-
tributions with a negligible number of events above
background in the A(1236) mass region. The 7* 7 7°
mass spectrum for the events excluded by this cut
is shown in Fig. 1(c).

The 37 and pm mass distributions shown in Fig.
1(a) have been fitted with a distribution of the form?®

P(1+y,m+y,m?+y, m®)

BimTy/m '
X<y° +z,~: (m® —m ) - (miri)z) ’

where m is the 37 mass, the y, are parameters
defining the background, the B; are the normaliza-
tion coefficients to the total number of events in the
ith mass peak, and P is a sum of 37 and pr phase
space.®

The mass M and width I of the ¢(1680) obtained
from these fits were M =1.679+0.017 GeV and T
=0.155+0.020 GeV, respectively. As a check on
the reliability of these statistical errors, various
subsets of the data were also fitted and the rms
deviations calculated for the fitted masses and
widths. The rms deviations in the mass and width
were found to be <3 the statistical errors. The
statistical fitting errors are quoted therefore as
reasonable estimates in the uncertainties in these
quantities. Allowances for a systematic mass shift
have not been included in the error estimates.

The cross section for 7*n- ¢(1680)p with the de-
cay ¢(1680)— 7*7"7° was obtained from the inte-
grated area under the Breit-Wigner function fitted
to the ¢(1680) mass peak. This yields a value of
33.5+£9.0 ub for the momentum transfer range
[t=t minln—p < 1.0 (GeV/c)2.

As a check on the present fits to the 37 mass dis-
tribution, we find for the A a mass M =1.310
+0.009 GeV, a width I'=0.132+0.018 GeV, and a
cross section 0 =54+ 15 ub, in agreement with our
previous analysis.!!
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FIG. 2. (a) and (b) Differential cross sections for control regions below and above the ¢(1680), respectively, The

points with dashed error bars have been corrected for Pauli exclusion effects resulting from the use of a deuteron tar-
get. The curves are fits of two incoherent exponentials, (c) Differential cross section in the ¢(1680) mass band, 1.58

=m@37)=1.78 GeV,

IV. DIFFERENTIAL CROSS SECTION
FOR THE ¢(1680)

The differential cross sections for the 37 mass
regions at the ¢(1680), 1.58<m(37)<1.78 GeV, and
in two control regions below and above the ¢(1680)
mass band, 1.44<m(37)<1.54 GeV and 1.82<m(37)
<1.92 GeV, respectively, are shown in Fig. 2. The
differential cross section in the control regions
have been corrected for 50% spin-flip at the nucle-
on'? as shown dashed in Figs. 2(a) and 2(b). These
corrected distributions have been fitted with two
incoherently added exponential functions. The back-
ground in the ¢(1680) band was then assumed to be
described by a weighted average of these fitted dis-
tributions.

The differential cross section of the ¢(1680),
shown in Fig. 2(d), was obtained by subtracting
the fitted background from the total differential
cross section in the ¢(1680) mass band, Fig. 2(c).
The normalization was adjusted to the number of
¢(1680) events determined from the 37 mass fits
described in Sec. III. The errors include the sta-
tistical errors on each point and the over-all error

(d) Differential cross section for the ¢(1680) with background subtraction as described in Sec. IV.

in the number of resonance events in the ¢(1680)
mass band. No allowance was made for the uncer-
tainties in the fitted form of the background.

Within the limits of these assumptions and the
large uncertainties on the points in Fig. 2(d), there
is evidence for a distinct difference between the ¢
dependence of the differential cross section for the
¢(1680) and for the adjacent background regions.
This subtraction suggests that the differential cross
section for the ¢(1680) in 7*n—~ ¢(1680)p has a flat
or possibly decreasing ¢ dependence towards the
forward direction. A similar effect is seen in the
differential cross sections for 7*n— «°p (Ref. 13)
and 7" n— AJp (Ref. 14) from the same data.

If this is the case, the ¢(1680) enhancement
should appear more prominently in the 37 data at
t values somewhat removed from ¢,;,.'* This is
confirmed in Fig. 3. The 37 and pn distributions,
as in Fig. 1, have been plotted for events with ¢
=t-t 4 in the range —-0.16> ¢ > ~1,0 (GeV/c)?.
These distributions have been fitted following pro-
cedures similar to those of Sec. III, and have yield-
ed masses and widths for the ¢(1680) in good agree-
ment with the previous values. The number of
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FIG. 3. w*r~n° mass distribution for reaction (1).
Events lie in the#’ range 0.16= |t ¢ | ar <1.0
(GeV/c)?. The curves are fits of Breit-Wigner functions
plus polynomially modified phase space.

events in the ¢(1680) enhancement in the ¢’ -cut
data was ~ (20 £ 10)% less than for the entire ¢ re-
gion. This decrease in the number of events in the
¢(1680) enhancement is consistent with the appar-
ent drop in the forward direction of the ¢(1680) dif-
ferential cross section as shown in Fig. 2(d).

Use of this intermediate ¢’ cut effectively re-
moves the need for the A*° cut as shown by the
cross-hatched data in Fig. 1(c). The A**° cut does
not produce the dip in the differential cross section
of Fig. 2(d), however, as can be seen by noting
that there are no enhancements at the ¢(1680) mass
in the 37 data associated with A*° events as shown
in Fig. 1(c). As an alternative check on this behav-
ior, the differential cross section for the ¢(1680)
has also been evaluated for p selection alone, and
is consistent with the p, no A**° data discussed
above, and presented in Fig. 2.

V. THREE-PION DECAY MODES OF THE ¢ (1680)

Fits to the 37 and pm mass distributions, as de-
scribed in Sec. III, were consistent with a pure pw
decay mode for the ¢(1680). At the present level
of statistics, however, a branching ratio for

[#(1680) ~ p7] /[$(1680) - (p7 + 37)] > T0% would be in-
distinguishable from a pure p7 decay. The 37 data
outside the p bands are shown in Fig. 1(b) for com-
parison.

The individual pm mass distributions for p de-
fined as 0.66 <m(27) <0.86 GeV are shown in Figs.
4(a)-4(c), and in Figs. 4(d)-4(f) with the interme-
diate ¢’ cut imposed as discussed in Sec. IV. En-
hancements at the ¢(1680) occur for each pr com-
bination. These enhancements remain, although
with diminished significance, when only the pr data
outside the p-band overlap regions are plotted, as
shown cross-hatched in Fig. 4. The enhancement
at the ¢(1680) in the p°7° distribution cannot come
from an I'=1 state and suggests I=0 or 2 for this
resonance.

In the ¢(1680) mass band, 1.58 <m(37)<1.78 GeV,
there are approximately (56+17):(69+18):(41+15)
events above a smooth background in the channels
pm* :p®n®:p*wT, respectively. These amplitudes
favor an I=0 assignment for the ¢(1680), which
satisfies the I=0 branching ratio 1:1:1 to within 1
standard deviation. For the I=1 or 2 assignments,
however, the branching ratios are satisfied only
within 3.9 and 2.5 standard deviations, respective-
ly.

These conclusions would not necessarily apply if
both I=1 and I =2 resonances occurred in this re-
gion. A recent result from a 7~d experiment® at
7.0 GeV/c is consistent with there being no events
above a smooth background in the 7~7"7° or the
p~m~ data in the ¢(1680) mass region. Taking a 2-
standard-deviation limit on the I=2 production in
Ref. 16 yields 0,_,(p™77)<4 pb. If the I=2 reso-
nance were produced by /=1 exchange, the I=2
cross section in the (p7)° channel would be < % ub,
and can be neglected in comparison to the ¢(1680)
cross section reported in Sec. III.

In order to confirm that the ¢(1680) decays into
all three pm channels, the 77 mass distributions
have been plotted in Fig. 5 for data with 37 masses
in the two control regions and the ¢(1680) mass re-
gion as defined in Sec. IV. These distributions
were fitted in a manner similar to that described
in Sec. III. Enhancements in the number of events
in the p peaks were observed in all p charge states
for nm data from the $(1680) mass band over 77
data from the combined control regions. This was
consistent, therefore, with our previous isospin
analysis.

Fits to the 7" 7~ mass distribution from 37 data
in the ¢(1680) mass band yield 40 + 20 events in the
f° peak, after correction for similar enhancements
in the 777° and 7*7° mass distributions. Similarly,
the number of f° events remaining in the p selected
data, shown cross-hatched in Fig. 5, was 20+ 10
events, or about 5% of the data in the ¢(1680) mass
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FIG. 4. (a) m(p~1"), (b) m(p'r%, (c) m(p*r™) for data in the separate charged p bands. Dashed lines mark the ¢(1680)
mass band 1,58 =< m(37) < 1.78 GeV/c®. The cross-hatched data excludes events in overlapping p bands. The curve on
the pr% (no p*+~) data was a fit of polynomially modified phase space to data outside the ¢(1680) mass band. (d)—(f) are

the same as (a)—(c) but with 0.16 <|f —fminly o 57 = 1.0 (GeV/c)2.

band with p selected. This was confirmed by fits
to the Dalitz plots in the p bands as described in
Sec. VI.

The f°7° mass distribution is plotted in Fig. 6(b).
The cross section rises sharply at threshold, as
has been observed in A; production in 7*p experi-
ments!7"?° and in the analogous K*(1420)7 mass dis-
tribution in the L-meson mass region seen in Kp
experiments.?''? When events in the f°n°, p*7*
overlapping bands are excluded, as shown in the
cross-hatched data in Fig. 6(b), no significant en-
hancements remain in the ¢(1680) region.

To aid in the interpretation of the f°7° mass spec-
trum, the analogous “f*”7* mass distributions have
been plotted in Figs. 6(a), and 6(c) for “f*” select-
ed with 1,18 <m (7*7°)<1.34 GeV. Distributions
were obtained that were similar to the f°7° mass
plot.

The similarities of the three “f”’m mass distribu-
tions of Fig. 6 can be explained by noting that con-
structive interference in the overlapping p bands
for an /=0 state decaying through p7 is reflected
as enhancements in the “f” mass regions when

m(37)~1.65 GeV. Experimental evidence for an
interference in the crossed bands is seen when the
77 mass distributions of Figs. 5(a) and 5(c) are
compared for data lying in the ¢(1680) mass band
and for data coming from the two control regions.
Enhancements are seen to exist above the fitted
background in both the “pseudo-f*” mass regions
for data having a 37 mass in the ¢(1680) mass band.

This is confirmed quantitatively in the Dalitz-plot
spin-parity analysis of Sec. VI, where spin-parity
JFP =17 is favored over J¥ =2* and 1* is favored over
27, for the ¢(1680). The differences in the Dalitz-
plot distributions for these cases are that spin-
parities J¥ =1* have constructive interference in
the overlapping p bands, whereas spin-parities J%
=27 have destructive interference.?

The similarity of the longitudinal -momentum dis -
tributions for the 7~ and 7 mesons in the data (not
shown), considered with the similarity of the sim-
plest multi-Regge diagrams applicable to this chan-
nel, suggests that “f*”7~ and f°7° mass distribu-
tions should be similar, apart from resonant f° ef-
fects.?* Attempting to obtain the “true” f°7° mass
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FIG. 5. (a) m(r*1Y), (b) m(r*r~), (c) m(r=7%, from
data in the control regions below and above the ¢(1680),
144=m@n)=1,54 GeV and 1.82=m(37)=1.92 GeV, re-
spectively, plotted in the left-hand figures; and from
data in the ¢(1680) band 1.58=m(3m) = 1,78 GeV plotted
in the right-hand figures. The cross-hatched data are
events lying in the p bands. The curves are fits of
Breit-Wigner functions plus polynomially modified phase
space as discussed in Sec, VI,

distributions, the distributions in Figs. 6(a) and
6(b) have been subtracted to yield Fig. 7. No sig-
nificant enhancements occur at the ¢(1680). In fact,
the resulting distribution possesses a phase-space-
like distribution. The number of events remaining
in the ¢(1680) mass region of Fig. 7 was in agree-
ment with the fitted number of f° events determined
from Fig. 5(b).

VI. SPIN-PARITY ANALYSIS OF THE ¢(1680)

In the rest frame of the ¢(1680), the decay
¢(1680) — 37 can be completely described (apart
from an inessential rotation)?*® by the direction of
the normal to the decay plane of the 37’s and by
two coordinates on the Dalitz plot. These distri-
butions have been fitted for several spin-parity as-
signments for the ¢(1680). Fits to the Dalitz plot
in the ¢(1680) mass band have been described else-
where,® but will be sketched here for completeness.
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=m(nm) =1.34 GeV., The “f*” and “f = are analogous
mass cuts to that used to selectf? events. The cross-
hatched data lie outside overlapping “f”- -p bands. The
curve on the cross-hatched data of Fig. 6(b) is a fit of
polynomially modified phase space to the data.
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“true” f97° mass distribution.
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was assumed to be 0 for this analysis. (a) The percent-
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0.0%. (b) The same as (a) but with the fraction of f set
to 5%, our estimation of the amount of 0 as discussed in
Sec. V.

The cosp distribution of the normal to the 37 decay
plane in the Jackson frame® will be presented and
compared with a restricted set of spin-parity as-
signments for the ¢(1680).

A spin-parity analysis of the ¢(1680), assuming
the isospin was 0, was discussed in Ref. 8 follow-
ing the techniques of Zemach?® and Frazer, Fulco,
and Halpern,*” Dalitz-plot fits to data in the p
bands were made for spin-parity assignments
JP=0", 1% 27 3*%8

The data in the 37 mass regions near the ¢(1680)
were divided into three regions: two control re-
gions, 1.44 <m(37)<1.54 GeV and 1.82<m(37)
<1.92 GeV, and the ¢(1680) mass band 1.58 <m(37)
<1.78 GeV. The background in the ¢(1680) mass
band was assumed to be described by the data in

the control regions. To determine the composition
of this background, the control regions were fitted
to an incoherent sum of 3w, pw, and f°n° distribu-
tions, and the x?® was minimized. The amount of
f°7° and pr in the background was constrained to

be consistent with the fits discussed in Sec. V to
the mm mass distributions of Fig. 5. The contribu-
tions so determined were f°r°/(f°n° +37 + pm)=(5+5)%
and pn/(p7+37)=(60+10)%. These ratios then fixed
the form of the background amplitude to be used in
the ¢(1680) mass band.

One-parameter ¥? fits were made to the data in
the ¢(1680) mass band by varying the fraction of
resonance to background. Individual fits were made
for “f°n°/all” ratios of 0 and 5% and for two bin
sizes. The results of the fits to the data using dif-
ferent binning were essentially identical; the larger
bin size allows better statistics, however, and will
be presented here.

The ¥? curves for 0 and 5% “f°n°/all” ratios are
shown in Fig. 8. The ratio of the amount of reso-
nance to the total number of events in the ¢(1680)
mass region was determined to be (27+5)%, as
discussed in Sec. III. These one-standard-devia-
tion limits are dashed on the x? graphs in Fig. 8.

The natural-spin-parity assignments for the
¢(1680) yield x2 probabilities of about 50% at the
center of the resonance band as shown in Fig. 8.%
The spin-parities in the unnatural series all yield-
ed y? fit probabilities <10%. The spin-parities 0~
and 3* can probably be excluded for the ¢(1680),
having ¥? fit probabilities < 1%.

The amplitudes used to describe the ¢(1680)
Dalitz-plot distribution were compared to the data
in the two control regions to determine whether the
natural -spin-parity amplitudes were favored in the
entire mass region 1.44 sm(37) <1.92 GeV. The y?
curves from this analysis are shown in Fig. 9.
These results confirm the previous determination
of the composition of the background. The unnatu-
ral spin-parities J¥ =1*, 27 are seen to yield dis-
tributions that most nearly describe the data in
control regions, whereas the spin-parities J”
=17, 2*, 37, favored in the ¢(1680) region, yield
poor fits to the data in control regions.

The present analysis disagrees with a previous
spin-parity determination for the ¢(1680)? that fa-
vored an unnatural -spin-parity assignment. Both
analyses?'® have alternate fits in the conjugate
spin-parity sequence with ¥2 fit probabilities of
~10%. This disagreement is, therefore, not statis-
tically very significant. We note, however, that
while the present analysis does not strongly exclude
spin-parities 1*, 27, a completely consistent de-
scription of the data in the ¢(1680) and neighboring
control regions is obtained for spin-parity assign-
ments of 17, 2*, 3~ for the ¢(1680).
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FIG. 9. One-parameter x%\,DF curves obtained by comparing the Dalitz-plot model distributions used for the ¢ (1680)
—p to the Dalitz-plot distributions for data in the control regions below and above the ¢(1680). (a) 1.44=<m(3w) <1.54
GeV/ct. (b) 1.82=m(3m) <1.92 GeV/c?, and fraction f%/total number of events =0%. (c) and (d) same as (a) and (b), ex-

cept fraction f0/all =5%.

The distribution of the events in cosp (B is the
angle between the normal to the 37 decay plane and
the incident pion direction evaluated in the 37 rest
frame) is shown in Fig. 10 for two sets of data at
the ¢$(1680). These distributions were obtained by
subtracting the combined cosp distributions from
the two background regions, 1.44 <m(37) <1.54 GeV
and 1.82 <m(37) <1.92 GeV, from the cosp distri-
bution in the ¢(1680) band 1.58 <m(37) <1.78 GeV.

These distributions have A**° events excluded.
The exclusion of A", as discussed in Sec. III,
was not expected to distort the cosp distribution
significantly. The data without A*° exclusion are
shown dashed in Fig., 10. With the large statistical
uncertainties it is not clear that the two distribu-
tions are significantly different.

The solid curves on Fig. 10 result from fitting
the expressions for cospB from Refs. 30 and 31,
assuming spin-parities of 17, 2*, 3~ for the
¢(1680). The fits shown in Fig. 10 and tabulated in
Table I were all one-parameter fits, apart from an

over-all normalization to the total number of
events. For spins 2*, 37, it was assumed that p,,,
~0 for m >2.3 Fits were also made, however,
with p,,=0.1, and the results are included in

Table I.

The J¥ =3~ angular distribution contained, in ad-
dition to the production density-matrix elements of
the ¢(1680), an additional relative coupling of the
¢(1680) to pr states with different spin quantiza-
tions with respect to the normal to the 37 plane.®°
This parameter was evaluated using the phenome-
nological matrix elements of Zemach?® assuming a
pure I=0, pm decay of the ¢(1680). In the notation
of Ref. 30, R} /(R;+R}) was determined to be ~0.6.
Fits to the cosp distribution using this ratio as a
free parameter yielded values consistent with the
model calculation. The ratio was fixed, therefore,
to the value 0.6 in all fits reported in Table I.

Due to the large statistical uncertainties in the
data, all spin-parities attempted yielded fits with
acceptable yZ probabilities. Summarizing Table I,
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FIG. 10. Distribution of the cosine of the azimuthal angle between the normal to the 37 decay plane (in the 37 rest
frame) and the initial beam direction (in the standard Jackson frame), This distribution has been folded, and has had
the background subtracted as discussed in the text (Sec. VI), The data are from the ¢(1680) mass band, (a) Solid histo-
gram with A*? events excluded; the dashed histogram uses all the data. (b) The same as (a) but with p selection. The
curves are fits to the solid histogram assuming that the ¢(1680) has natural spin-parity (see Sec. VI).

the spin-parity 1~ yields the best agreement and plot distributions of the ¢(1680).

2" the worst. With the inclusion of p,,=0.1, the

x* for J¥ =3~ does approach that of J¥ =1, how- VII. COMPARISON OF $(1680) AND A, MESONS

ever. With the assumptions noted above, the densi-

ty-matrix elements for JF=1", 2* allow some As discussed in Sec. V, the f°7° — “f* 77" distri-

unnatural -parity exchange, but are consistent to bution was found to be consistent with having no

~1 standard deviation with pure natural-parity “p” events above a smooth background in the A,-

exchange. $(1680) mass region. Taking 2 standard deviations
For spin-parity J* =37, however, a small value as an estimate of the upper limit on I=1 enhance-

of p,, is favored and therefore a large py,. This ments in this mass region yields 0,.,,,0<2.5 ub.

implies a large contribution from unnatural-parity Using the result that the A; decays with a >50%

exchange.’® The energy dependence of the cross probability into f°7* (Refs. 17-19 and Ref. 34)

section for 7*n— ¢(1680)p, discussed in Sec. VII, yields a limit of AJ production in the present exper-

is not consistent with simple p Regge exchange, iment to o .+, 4% < 5 ub.

but implies the added contribution of a low-lying The cross sections for ¢(1680) (Refs. 1, 2, and

trajectory. We note that the assignment of spin- 35) and A, (Refs. 17, 19, 20, and 36) are plotted

parity 3~ to the ¢(1680) and a production mecha- against the experimental beam momentum in

nism which includes the exchange of a low-lying Fig. 11. These data have been fitted with a depen-

unnatural-parity trajectory provide a self-consis- dence of the form 0=AP,,”" yielding values of »

tent explanation of the variation of o with s, the de- of 2.5+0.5 for 7*n— ¢(1680)p and 0.75+0.20 for

cay angular distributions and the observed Dalitz- Tp—Ap.>
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TABLE I Results of one-parameter fits to the back-
ground-subtracted cosp distributions of the ¢ (1680),
shown in Fig. 10, assuming natural spin-parity for the
¢ (1680). Onlypy; was varied in these fits; py, (assumed
to be small) was set to 0.0 or 0.1. For J°=3", we
assumed that pg3 =0.0 (see Sec. VI for details).

XZ .
JP (NDF =4)2 Py Pay

“No A"0” gelection +(background subtraction)

1 3.5 0.39+0.10

2 4.9 0.42+0.15 0.0
4.0 0.27+0.15 0.1

3" 4.0 0.02+0.1 0.0
3.6 0.02+0.1 0.1

“p, no A gelection + (background subtraction)

1~ 2.1 0.42+0.11

2% 4.6 0.31+0.16 0.0
3.5 0.25+0.16 0.1

3- 3.2 0.02+0.1 0.0
2.7 0.02+0.1 0.1

aNDF = number of degrees of freedom.

The 7*x data at 5.1 GeV/c (Ref. 1) are consistent
with an upper limit on the 7"z~ AJ p cross section
of <12 pb. This is consistent with the present
data, and yields cross sections for A, production
in charge-exchange reactions that are suppressed
by a factor > 6 over non-charge-exchange produc-
tion. Assuming a simple Regge-exchange model,
the value for a.;~0.6+0.1 for A; production sug-
gests a dominant Regge f° contribution in this ener-
gy range. These observations are consistent with
the dominant f7 decay mode and weak pm decay
mode observed experimentally for the A,. Similar
features may be reproducible by multi-Regge mod-
els, however.”* %

The o~ -0.25+0.25 for ¢(1680) production,
similar to the processes m*n— AJp (Ref. 11).
and 7" n— w°p (Ref. 39), suggests that a low-lying
trajectory couples strongly to the ¢(1680). A sim-
ilar conjecture has been used previously to explain
the reaction 7*#z— w°p where the B meson is em-
ployed.®® In the «° reaction, the Br decay mode is
below threshold. This is not the case for the
¢(1680), and may suggest that the wnm enhance-
ments reported in Refs, 4-6 result from a Br de-
cay of the ¢(1680).

VIII. CONCLUSIONS

The I¢ =0~ assignment for the ¢(1680) has been
confirmed by the present data. The mass and
width were determined to be 1.679+0.017 and
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FIG. 11. Cross sections for mp —~A3p and 7tn — ¢(1680)p .
The curves are fits to this data of the form o=AP;,,™"
(see Sec. VII).

0.155+0.020 GeV, respectively. The differential
cross section for 7*n— ¢(1680)p [$(1680)~ 7t 77 7°]
at 6.95 GeV/c was determined to be 33.5+9 ub.

The differential cross section for the ¢(1680), as
determined by background subtraction, was consis-
tent with a flat or decreasing ¢ dependence in the
forward direction, similar to reactions such as
T n— w’p and 7% n—AJp.

The decay of the ¢(1680) is consistent with a
100% pn/(pm + 37) decay rate, but could not exclude
a branching ratio of [ ¢(1680)— 37] /[ $(1680)

-~ (37 +pm)] < 30%.

The energy dependence of the reaction 75
- ¢(1680)p was found to be adequately described
bY O 1+ noss( 168000 < Prap ~ 22 *°*® which is inconsistent
with simple p Regge-exchange predictions.

The spin-parity analysis of the ¢(1680) favors a
natural -spin-parity assignment for J <3, although
J¥=1*, 2~ cannot be rigorously excluded.

The mass and the favored natural-spin-parity
assignment for the ¢(1680) suggest that it may be
the Regge recurrence of the «° meson.
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This experiment is based on 150 000 photographs, taken at the Zero Gradient Synchrotron
with the 30-in. bubble chamber. We present results on a subsample of pp7* 7™z events in
which the protons stopping in the chamber do not show the characteristic nucleon-spectator
behavior. The selection procedure for this sample is discussed. A strong low-mass pnr*
enhancement at 2.2 GeV/c? is observed. This bump is not considered as a real resonance
and is interpreted as having the same origin as the 2.2-GeV/c? dr enhancement observed,
for instance, in thepd—pdr*n~ reaction at the same energy.

I. INTRODUCTION

In this paper we present results on a subsample
of events belonging to the pd—p, pn* 7 n channel.
Throughout this work p¢ will denote a proton stop-
ping in the chamber while the symbol N, is re-
served for a real nucleon spectator. The present
data were extracted from a p exposure made at the
Zero Gradient Synchrotron with the 30-in. deuteri-
um-filled bubble chamber. The 150 000 photo-
graphs were scanned twice for four-pronged
events with at least one positive track stopping
in the chamber. In this way we obtained an en-
riched sample of events with a proton spectator in
the final state. Excluding that part of the events
having the p, laboratory momentum for p,>0.28
GeV/c, we should, in principle, be left with a
pppr* m™n sample, allowing the study of the
Ppn—prtr-n reaction. As shown in Ref. 1, this

method does not give satisfactory results for the
pd—~ p,pr*m~n channel. For this reaction there is
an important fraction of events having outgoing
stopping protons which cannot be considered as
proton spectators. These events will be studied
in this work. Further experimental details on the
present experiment can be found in Refs. 2 and 3.

II. SELECTION OF EVENTS CONTRIBUTING
TO THE d* EFFECT

Each event fitting the pd—~p,pn* 7™n hypothesis
was taken as a candidate for this reaction if there
was compatibility between the calculated and ob-
served bubble densities of the tracks. After re-
solving the ambiguity problems between the com-
petitive hypotheses as described elsewhere! and
applying further cuts on the missing mass squared
and the x® probability, we obtained 1239 events.
For this sample we show in Fig. 1(a) the scatter



