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This report concerns itself with the study of four- or five-body final states produced by the
interaction of 4.48-GeV/c K~ mesons on neutrons. The data result from a 372 000-picture
exposure in the Argonne National Laboratory 30-in. deuterium-filled bubble chamber. The
reactions studied include (1) Kn— Ar*r™1™, @ K n—Z'r* 171", @)K n— Artnn71", (4)
Kn— At*tr"r"MM, (5)K n— AT K*K~, and (6) K n— An'K%Kg , where all the A particles
decayed visibly. Evidence is presented for the existence of the Z(1640) whose mass and width
are 1642 +12 MeV/c? and 55 +24 MeV/c?, respectively. The branching ratios are found to be
consistent with an octet assignment. The A, data are presented and are compatible with
JPC=2**  In addition, the productions of p°, w, and ¢° are discussed in conjunction with si-
multaneous £ ~(1385) production and the results are compared with quark-model predictions.

1 MARCH 1973

I. INTRODUCTION

The primary purpose of this experiment was
to study the interaction of K~ mesons with neu-
trons. To this end, 372000 exposures were made
at the deuterium-filled MURA 30-in. bubble cham-
ber at Argonne National Laboratory using a 4.48-
GeV/c K~ beam. Almost all the data analyzed
here consist of four- and five-particle final states
containing a visible A decay. Four- and five-par-
ticle final states containing a visible K° decay!
and two- and three-particle final states containing
a visible neutral decay®? have been studied else-
where.

Analysis of the data is divided into three sec-
tions. The existence and branching ratios of hy-
peron resonances in the 1.6-GeV/c? mass region

is investigated under the topic of baryon reso-
nances. Included under meson resonances is a
study of the controversial A, region of the three-
pion mass spectrum. The angular distributions
and cross sections of the quasi-two-body reactions
resulting in baryon-vector-meson resonance pro-
duction are compared with predictions of the
quark model in the last section.

II. EXPERIMENTAL DETAILS

The film was scanned for events of the types
three- or four-prong plus vee and one- or two-
prong plus two vees. In the case of even-prong
events it was demanded that one of the positive
particles (the spectator) had a range of less than
15 cm. All events of these topologies were mea-
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sured on three scanning and measuring projectors
(SMP) on-line to an IBM-360/40-44 system which
provided geometric reconstruction (TVGP). The
kinematic fitting was performed off-line on the
IBM-360/44 using the Berkeley program SQUAW.

Out of the approximately 8000 events with an
associated vee, 4474 were unambiguously iden-
tified as A’ s and 2978 as K”s. In addition, 532
vees were regarded as ambiguous since both mass
interpretations fitted the production vertex with
at least 0.1% probability and the positive decay
track had a momentum greater than 1.2 GeV/c
so that identification on the basis of ionization
was impossible. The distribution (not shown) of
the cosine of the angle between the K° and the out-
going 7" in the K° rest frame is, as required by
parity conservation, flat whereas the correspon-
ding distribution (Fig. 1) for the A’s has a depres-
sion in it which is nicely filled by the ambiguous
events. We, therefore, included the ambiguous
events in the A sample.

For the A sample, the following five hypotheses
were considered:

K d-patn~n A, (1)
K d-pa*n~n"Z% z°-Avy, (2)
K d=paa~n"An°, 3)
1504 B
1254 -
1004 r
3
S s i
2 Vi
/
a
Y
80- -
26 -
o T T T T
-1.0 e -2 2 s 10

cos 8

FIG. 1. Distribution in cosf, where 6 is the angle
between the vee direction and the decay proton as
measured in the vee rest frame for the vee’s selected
to be A. The shaded portion corresponds to the ambigu-
ous vee events.

K-d=pa*n 1 AMM, (4)
K d=p,K' K1\, (5)

where p, is the spectator proton, an MM is the
missing mass. In order for a given hypotheses to
be considered acceptable, it was necessary that
the confidence level for that hypothesis be greater
than 1%. This cutoff provides a unique assign-
ment for events of reaction (5). It also resolves
most of the ambiguities between reactions (1) and
(3), but leaves the ambiguities between reactions
(1) and (2) and between reactions (2) and (3) es-
sentially unchanged.

We used the following scheme* to assign events
for reactions (1), (2), and (3). LetC,, C;, and
C ., be the confidence levels of the fits for reac-
tions (1), (2), and (3), respectively. An event
was assigned to reaction (1) if C,>1.3C; and
C,>C,. An event was assigned to reaction (2) if
Cy>1.4C, and C;>2.5C,. Finally, an event was
assigned to reaction (3) if C,>1.2C, and C,> Cy.

The following tests of our selection criteria
were made: The momenta of the decay A’s in the
=° rest frames were examined and found to lie
predominantly in the plane containing the beam
and Z° momenta for the events accepted as “true
A” events. For the “true Z° events they were
found to be isotropically distributed. When an
event was accepted as a true A, true Z° or true
7° event, the hyperon missing mass M, for the
reaction K 'n—n"n"n"M, was calculated. The
M 4 distribution showed separate peaks at the A
and Z° masses for A and Z° events, respectively.
For n° events, the M, distribution showed the
characteristic =(1385) structure on top of a An°
invariant-mass phase space.

There were 295 events remaining ambiguous.
We excluded those events from the following
analysis and made a small correction to the cross
section for the lost events.

The number of events assigned to each reaction
is given in Table I together with the corresponding
cross sections. The cross-section calculation
was corrected for beam purity, scanning efficien-
cy, Glauber screening effect, A branching ratio,
losses due to failures in the reconstruction pro-
gram, and detection efficiency for the A.

III. BARYON RESONANCES

The most prominent baryon structure in the
data is the well-known Z(1385) which is seen in
all the A -pion mass combinations. A second iso-
spin-1 enhancement is seen in these mass spectra
centered around 1.64 GeV/c2. This enhancement,
which was the subject of an earlier letter,® will
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TABLE I. Cross sections.

Reaction Cross section
Final states (ub)

Reaction Cross section
Final states (ub)

Kn—Ar*r"n" 171+ 9 (497 events)
bl og 78+ 7 (242 events)
Arta T n® 548+ 14 (1781 events)

Amtr"r™MM 451+ 20 (1558 events)
ATK'K™ (189 events)
KK s 7% 7 118 events)

Z(1385) production
Kn— (An*)nr"n” 37+4
(AT*yr~n"n® 58+ 5
(A" )t MM 355

(ATt r"n” 25+ 4
(ATTKK '%
36+ 5
KK

(Ar7)rt "m0 100+ 7
(A7) T™MM 74+ 7

2(1640) production

Kn— (At*)yr"n” 7+3
(ArT)ymt o™ T+3
p production
Kn—At"r"(r* 10 22+ 3
Ar~(r*t ) 30+ 4
20"t 17) 16+ 3
A no(rt ) 59+ 6
Ar”(r*rT)MM  26%5
At r”(@'7) 28+ 4

A7) 'r”) <6

A, production

Kn— A1) 12+ 3
20t ) 542
w production
K n—Ar"(r* 171 73+ 6
¢ production
K*'K~
Kn— At KX } 434
el
R region
Kn— A "1 10 20+ 3

Quasi-two-body reactions

K™n—27(1385)¢ 18+ 3
27(1385)w 10£2
£~(1385)p° 5+ 3

henceforth be referred to as the Z(1640) and
evidence is presented for its interpretation as the
previously reported Z(1620).5:” The production
cross sections associated with (1385) or =(1640)
are presented in Table I.

A. Mass Fitting

The Z(1640) is seen predominantly in the final
state A7*7"7", in both possible charge states
(Fig. 2). This is the only final state used in fit-
ting for mass and width, not only because of the
relative prominence of the (1640), but also be-
cause other final states involve lower-constraint
kinematic fits and hence poorer resolution. The
mass resolution for the Z(1640) in the final state
considered is 12+ 3 MeV/c2.

In the mass fitting, simple Breit-Wigner func-
tions of the following form

b2
B(m) < (mR _m)z - Ifr.z

were used to represent the £(1385) and Z(1640)
resonances. I is the full width at half-maximum,
my is the resonance mass, and m is the invari-

ant mass. These curves were added incoherently
to a smooth background function of the form

P(m) < (m =m)(my - m)eXmme)

where m; and m, are the lower and higher limits
of m and m, is the average of m; and m . In
addition to the background parameter @, the mass,
width and amount of both resonances were per-
mitted to vary. The fit is shown in Fig. 2 and the
fitted parameters are presented in Table II.

B. Production Mechanism

Figure 3 shows |¢-¢,| versus M(Am), where
t is the four-momentum transfer squared from
the neutron to the A7 combination and |¢,| is the
minimum kinematically allowed momentum trans-
fer squared. Both the =(1385) and Z(1640) seem
to be produced predominantly at small |¢-¢,].
Although the four-momentum-transfer distribu-
tions are consistent with meson exchange and
K or K*(890) exchange may be important for the
A7~ case, substantial resonant A7" is also seen,
and therefore the possibility of a cascade-type
mechanism was investigated. Plots of M?(Am)
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versus M?(An"77) in Fig. 4 shows no strong clus-
tering of £(1385) or =(1640) events in any band
of An*r~ mass. The Z*(1640) may show some
tendency to be produced for M?(An*7”) around 7
(GeV/c?)%. In order to search for a reaction of
the form

£*~5(1640)7,
»(1640)~ A1,

the £(1640) was defined as
1.61< M(AT)<1.67 GeV/c?,

and the following weighted plot was constructed.
Labeling the negative pions, 7; and m,, each
An*n” combination was plotted the number of times
shown below in Table III. [An asterisk in the
AT columns indicates the presence of a =(1640). |
The plot is shown in the shaded portion of Fig.
5(a), the outer histogram showing each A7n*7n~
combination plotted twice. There appears to be
a clear enhancement in the A7 "7~ spectrum just
below 2.6 GeV/c? for events having a Z(1640) com-
bination. Identical plots (not shown) for control
regions on either side of Z(1640) do not show this
structure. The signal persists undiminished when
events containing a (1385), p°% or A, are re-
moved. A hyperon resonance is known in this re-
gion, the Z(2595) (Ref. 8); however, so far it
has only been seen to decay to NK. If this reac-
tion indeed occurs, it accounts for fewer than 25%
of the 2(1640) events and could not be the only
production mechanism. Events having 2.52
<M(Am*17)<2.68 do have an enhancement of the
2(1640) in both charge states. In Fig. 5(b) each
Am mass combination in the 1640 region has been
plotted if no A,, p, or =(1385) combination is
present. The solid curve is a smoothed represen-
tation of the An*7~ background obtained by select-
ing Am masses in bands above (1.67-1.73 GeV/c?)
and below (1.55-1.61 GeV/c?) the =(1640). The

A. C. AMMANN e¢t¢ al.
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containing three combinations per event. The smooth
curves represent simple Breit-Wigner fits to the data.
The shaded portion in (b) is the combination having

lower [t —to|from n to An™.

TABLE II. Fitted parameters of AT mass spectra.

2.0
M(A)

2.8
(Gev/e?)

FIG. 2. A7 mass spectra in 40-MeV/c? bins for the
(a) Ar*, (b) Ar™, two com-
sum of (a) and (b),

Am and unfolding
the mass resolution

Art An” Ar of 12+ 3 MeV/¢?

a —2.05%0.20 -1.22+0.14 -1.42+0.10

For Z(1385)
M (GeV/c?) 1.380+ 0.005 1.380+ 0,004 1.380+0.003 1.380+ 0.005
T (GeV/cY 0.060+0.016 0.062+ 0.010 0.063+0.010 0.061+0.010
A %) 19.8+ 3.4 17.8+ 2.0

For Z(1640)
M (GeV/c?) 1.650+ 0.006 1.631+ 0.009 1.642+0.010 1.642+ 0.012
T (GeV/cd) 0.018+ 0.012 0.046+ 0.025 0.059+ 0.023 0.055+ 0.024
A %) 3.4+1.8 3.6+1.0




7 FINAL STATES WITH THREE CHARGED PARTICLES... 1349

~ 3 L e R . (a)
~
3 .
R e
= 2r :
o .
|
- I+
0] B 3 JOREENNELY? ".l J
1.2 1.6 2.0 2.4 2.8
M(A7*) (Gev/c?)
-
)
~
>
4]
©
o
|
0 =

.2 6 20 54 28
M(A ™) (GeV/c?)

FIG. 3. Chew-Low plots for K n— Ar*tn"n": (a) An*
system, (b) Ar~ system.

curve is normalized to the total number of events
in the plot. The enhancement just below 2.6
GeV/c? is seen to persist.

In order to eliminate the possibility of the
2(1640) being a kinematic reflection of other res-
onances in this channel, all known structures
were removed and the remaining events inspected.
Figure 6 shows all three A7 combinations, the
shaded portion representing those remaining after
removal of known resonances. It can be seen
that the 3(1640) signal is reduced, but still pres-
ent. Removal of the A, produces no loss of signal
but there is some slight tendency to share parti-
cles among the 3(1385) and the 2(1640). Most of
the signal loss occurs upon removal of p° events.
Among these, the biggest loss is in the negative
charge state. This is expected since a p° may
be produced simultaneously with a ¥ (1640) and
thus removal of the p° events may remove some
legitimate £71640) events even though we see no
evidence of strong quasi-two-body 2 7(1640) p
production. Inspecting a plot of M(A7,) against
M(m*m;) shows no particular tendency for events
to lie in the X 7(1640)p° intersection and thus gives
no indication of strong particle sharing.

C. Branching Ratios and Assignment

Because of the small number of events, errors
associated with the branching ratios of the £(1640)
are quite large. Despite these large errors the

(a)

2.0 v
0. o 60 8.0

Y
[(GeV/cz)Z]
-

(b)

4.0 6.0 8.0

2.0
MY A7) [(GeV/cz)z]

FIG. 4. Scatter plot of M?(Ar) versus M2 (An*77) for
K™n— Ar*n7n7: (a) for An*, (b) for An~.

identification of the Z(1640) with certain known
resonances, in particular the 2(1660) resonances,’
can be ruled out.

Figure 7(a) shows the %% mass spectrum con-
taining three combinations per event. There is
little or no evidence for the £(1640). Accounting
for charged Z events which are not included, an
upper limit on the Z7 to A7 branching ratio can

TABLE III. Weights used to test (Arm)— Z(1640)7. An
asterisk in the Am columns indicates the presence of a
Z(1640).

Weight of Weight of

AT® Ang Amy Amtwy Aty
0 0
* O 4
= 4 0
* * 2 2
* 2 2
* * 1 3
* * 3 1
* * * 2 2
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be estimated as

Z(1640) - Z7w
Z(1640) - Aw

<1.0

at a 95% confidence level.
A similar situation exists in Fig. 7(b), the

ortn

mass spectrum, which has two combina-~
tions per event. There is no evidence for an en-

hancement at 1.64 GeV/c2.

The reaction K “n— pK°r~n~, which has been re-

ported in Ref. 1, can be used to measure the

branching ratio to KN where N is a nucleon. The
PpK° mass distribution [Fig. 8(a)] shows marginal
evidence of the process Z(1640)—~ KN. A branch-

ing ratio was estimated to be

=(1640)~ KN
Z(1640) -~ An

A natural question to ask is whether the Z(1640)
is actually one of the two =(1660) states resolved
by Eberhard ef al.® They found that their lower-

=0.4+0.4.

mass component which we denote by Z, (1660),

COMBINATIONS

EVENTS /(0.04 GeV/c2)

FIG. 5.

100
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25

2 1.6 20 .4 28 3.2
M (Antre) (Gev/e?)

30r (b)
201
10
0 1 1 1 J
1.2 1.6 2.0 2.4 2.8 3.2

M (Z(1640)t  £) (Gev/c®)

(a) The Am*nr~ effective mass in 40-MeV/c?

bins for K™= — An*n"n"; the shaded portion shows the
weighted plot (see text). (b) Z(1640)7 effective mass;
the curve is explained in the text.

=3

decays predominantly to Z#m with the Zn7 spec-
trum peaking at 1651 MeV/c2. The other compo-
nent which we denote by Z,(1660) was found to
decay roughly twice as often to Zr as to Znw,

with the Z7 spectrum peaking at 1667 MeV/c?. The
=,(1660) was said to show a measurable decay to
A with the branching ratio

=7(1660) - AT*
>;(1660)~Z*r¥ 7"

=0.4+0.13,

where Z*r* is predominantly a decay of the
A(1405). Events in our experiment corresponding
to the reaction K n—n*7"n~ MM were examined
(where MM decayed to a visible A plus possible
neutrals) for evidence of the process

K n-Z*1640)r% 71",
=*(1640)~ A (1405)7*,
A(1405) - =°q°

In Fig. 8(b), events with 1.38< MM< 1.43 GeV/c?
were selected as possible A(1405) and their (MM)n
spectrum was plotted. No =(1640) is apparent in
the (MM)7 spectrum. In view of the branching
ratio quoted by Eberhard et al., the £(1640) must
be different from the low-mass component
=,(1660).

Eberhard et al. do not discuss the A7 branching
ratio of the high-mass component Z,(1660). One
might argue that the high-mass component (~1667
MeV /c?) is too far removed from 1640 MeV /c?
for the states to be identical. While this is prob-
ably true, we would further argue that one can
reasonably obtain the decay branching ratios of
2 4(1660) from the phase-shift results of Armen-
teros et al.'® This is because the state detected
in the phase-shift analysis has a very low branch-
ing fraction to Z77 and hence can contain only a

1201 ] ALL Am

A,,p,Z (1385)
REMOVED

COMBINATIONS

2.8

M(Am) (Gev/i?)

FIG. 6. Am mass plot for K n— Ar*r~n~. Each event
has been plotted three times.
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very small admixture of £,(1660). Hence we com-
pare our value of less than 1.1 for the relative
Zw/Awbranching ratios of the £(1640) with that

of 1.7 found in Ref. 10. They seem to be in sub-
stantial disagreement. Hence the £(1640) appears
to be different from either of the =(1660) states
described in the literature.

One may conclude that the most probable inter-
pretation of the Z(1640) is to associate it with the
2(1620) reported by Crennell ef al.5'7 The weight-
ed average of our mass and width (with those of
Crennell et al.5*") are 1626 + 7 and 66 + 14 MeV /c?,
respectively. Those values lie closest to the
mass and width of the P,, state of Ref. 10, making
the £(1640) an attractive candidate for a member
of a second 3* octet along with the P,, nucleon
state at 1470 MeV /c.

Finally a search for the =(1640) in other final
states has produced negative results. Figure 9
shows the A7 mass for final states (3)-(5). Al-
though there are clear Z(1385) signals, little
evidence for a Z(1640) is seen.

3
o

ations
—
o
S—

40

of Comb

[
o
i

Number

e 20 2.4
M(Z°r ) (Gev/c2)

301 (b)

N
=]

Number of Combinations
o

[ 0r . Y
1.2 e 2.0 2.4 2.8
M(Z%*mr) (GeV/c?)

FIG. 7. Mass plots in 40-MeV/c? bins for K
—Z0%*r717: (a) ME"7), three combinations per event;
(b) ME'r*717), two combinations per event.

IV. MESON RESONANCES

In this section several meson resonances are
investigated. In addition, evidence of structure
in the four-pion mass is presented. The produc-
tion cross sections associated with p, A,, w, ¢,
or R are given in Table I.

A. p Meson

The p meson is seen most clearly in the final
state An*n~n~. Figure 10 shows the 7*7~ mass
spectrum which contains two combinations per
event. The shaded portion is the combination hav-
ing lower |¢—t,| from the K~ to the p°. The
smooth curve represents a fit to the data using the
same background and resonance forms described
in Sec. IITA. Results of the fit are summarized
in Table IV. The fitted width of 50 + 21 MeV /c?
differs sharply from the accepted world average
value'! of 125 + 20 MeV/c%, A similar effect has
been observed in our one-prong plus Vdata of the
same exposure.?

60+
(a)
Final State:
2
S 40- pT TR
>
w
s
5 204
a
E
3
z
[+ T v T T
12 1.6 2.0 2.4 2.8
M(pK*) (Gev/c?)
(b)
2 401 Final State:
°
‘g ™ T MM
£
E
8 20
S
s
o - . . l"'ln7
12 16 20 24 2.8

M (A (1405) 1) (GeV/c2)

FIG. 8. Mass plots in 40-MeV/c? bins for (a) M(pK?
from Kn—pr~ 1" K%, (b) M(A(1405)7), A(1405) is
selected from K n — n*7~7"MM, with 1.38 <MM<1.43
Gev/c.
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TABLE IV. Mass, width, and amount of meson resonances.

Mass (GeV/c?) Width (GeV/c?) Amount (%)

p from reaction (1) 0.752+ 0.007 0.050+ 0.021 9.1+2.6
A, from reaction (1) 1.336+0.012 0.051+0.040 5.0+ 3.8
A, from reaction (2) 1.340+ 0.014 0.120+0.090 8.4+4.2
w 0.780 0.012

¢ 1.020+ 0.005 0.005+ 0.005

In Fig. 11 the M(7*77) is plotted against the represents the combination having lower | -]|.
four-momentum transfer squared from the incident The p does not appear as strong in the final state
K~ to the dipion system. The clustering of events An"n" 77 but five dipion combinations are plotted
at low [£-¢,| is suggestive of meson exchange, for each event in this case.
presumably the K or K*(890) mesons. The p°
production mechanism is studied in more detail B. The 4, Region
in conjunction with £~(1385) production in Sec. V.

The two-pion mass is shown for other final Enhancements in the three-pion mass spectrum
states in Fig. 12. A definite p° signal is seen in (Fig. 13) are seen in reactions (1) and (2). The
the final state 2% 7”7~ and again it appears to smooth curves in Fig. 13 represent fits to the
be very narrow. As before, the shaded portion data using the same background and resonance

form described in Sec. IIIA. Results of the fit are
summarized in Table IV. These enhancements

a .
o (o) occur at around 1.3 GeV/c?, the region of the A,
g °°° Final State: meson. As the properties of our A; meson have
5 AT already been reported elsewhere,’? we shall only
(= . .
- summarize the main results.
§ 300 Since the first indications of the existence of
the A, meson,'® that object has inspired continual
° interest. Chung ef «l.'! recognized quite early
S \LL‘-\\\\ that the A, must have a J¥ =2 component (or 4%,
on e 20 24 28 67,...) by their observation of the production
M(AT )  (GeV/c2) reaction
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FIG. 15. Cosé (the Jackson angle) distribution for events in the A, region: (a) K n— Anr*nr™1", (b)K n— An*n" 1"
with 0.5 <|t —tg|<1.2 (GeV/c)? and K n—Zr*#™1~ with |t —#,|<1.2 (GeV/c)?.. The dashed curves show the expected dis-
tributions for mesons of JP equal to 1~. The solid curves are for mesons of J” equal to 2+,

with the subsequent decays

A; - K"K°
and

Ay -n"nTnt,
Further analysis would be required'® if the CERN
missing-mass spectrometer group'® observation
of splitting of the A, is substantiated.

In a previous study of kaon-induced A, produc-
tion, Crennell et al.'” have analyzed the reaction
K m—-A;A at an incident momentum of 3.9 GeV/c.
They found a narrow peak at 1.289 GeV/c? having
width less than or about 40 MeV/c?. Although
JP =2* is not ruled out for this pr structure, they
favor a spin-parity assignment of J°=1"., Their
A, has I=1 and C = +1 which would imply difficul-
ties for the simple quark model since a quark-
antiquark pair cannot form a JP€=1"" state,

Our three-pion mass is plotted against the four-
momentum transfer (K~ -n*7"77) in Fig. 14.
Events from reactions (1) and (2) are both plotted.
Those events in the A, mass region [1.28< M(37)
<1.38 GeV/c?] show a tendency to be produced at
low [¢~¢,|. This suggests that K and/or K*(890)
may be exchanged. The ratio of coupling con-
stants g5 yy/grxy 18 known to be small.'®''®* There-
fore, only K*(890) exchange can contribute ap-
preciably to reaction (2). This assumption is
supported by separate plots for the two reactions
(not shown). A, events belonging to reaction (1)
tend to cluster at low |¢—¢,| while A, events from
reaction (2) show much weaker preference for the
forward direction.

In order to study the spin and parity of the 4,

production in these reactions, the events were
divided into two categories. The first category
includes all reaction (1) events satisfying | —{,]
<0.5 (GeV/c)? which lie in the A, mass region.
This sample is presumably rich in events pro-
duced primarily by K-meson exchange. All re-
action (2) events satisfying |¢-¢,|< 1.2 (GeV/c)?
are included in the second category. The sample
also contains events from reaction (1) satisfying
0.5< |t-¢t,|<1.2 (GeV/c)®. K*(890) exchange
should hopefully dominate these events.

Angular distributions for these two cases are
shown in Fig. 15. The angle 6 is the angle be-
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FIG. 16. The Dalitz plot for the A, region from K
— Artr " n" and K'n—Z0m*n ",
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tween the beam and the normal to the A, decay
plane in the A, center-of-mass system. The nor-
mal is defined as the cross product of the three-
momenta of the negative pions. Since the plots
are folded about cos6=0, the sign is unimportant.

For pure K exchange, the probability distribu-
tions for the decay of 1~ and 2* mesons have the
following form?2°;

P,-(6) = cos?6
and
P,+(6) <cos?4(1 —cos?6),

respectively. For pure K*(890) exchange, they
have the form

P,-(6) < (1 -cos?6)
and
P,.(68)<(1-3cos?6+4cos*d).

These are the four curves shown in Fig. 15. Al-
though background is difficult to estimate, the
curves indicate that a J® assignment of 2* is fa-
vored over 1°. Had we not divided the A events
into two momentum-transfer regions, our data,
like the 3.9-GeV/c data, would seem to imply
JP=1". Our analysis does not determine the J*
of the K "n produced A,, but does indicate com-
patibility with the accepted 2* value.

The A, seen in other experiments appears as

2501

200

150 ZL

of Combinations

100

Number

80

0+

L2 1.6 2.0
M(r* 7 7% (GeV/c?2)

FIG. 17. n*n~n° mass spectrum from K “n — Ar* ™" x°,

The shaded portion has the lower |t —#,| (K ~— n*7~n%),

an enhancement in the p7 mass spectrum. How-
ever, the dominant decay mode in this data is
A,—~7n"n"n". Defining the p° region as 0.70
<M(n*17)<0.82 GeV/c? and forming the p°r~
combination yields only a small A, signal above
background. Conversely, selecting A, events and
plotting possible p° combinations shows essen-
tially no relative p enhancement above that seen
in the complete sample.’? Thus our A, has the
very strange property that while a p°7~ decay
mode is not excluded, it is definitely small com-
pared to the 7*7 7~ mode. It would be interesting
to see if other K "n experiments confirm this ob-
servation.

For a 2" object decaying into p°7~, the Dalitz
plot (Fig. 16) in the A, region should show strong
constructive interference at the intersection of
the p° bands. Crennell ef al.'” find little evidence
for such an effect and use this as a supporting
argument for J® =1~ assignment for their A,.
Since the p°7~ decay mode is apparently small in
our data, it is difficult to observe if this inter-
ference exists.

C. The w Meson

Figure 17 shows the 7*7~7° mass spectrum from
reaction (3), the shaded portion having the lower
|t-t,| (K~=n*7"n°). Choosing the combination
with the lower |- ¢| leaves the w signal unre-
duced. Figure 18 displays |¢-¢,| against the neu-
tral three-pion mass. The w does seem to be pro-

Final State:

Anr*yr 7 we

0.3 X ) O..’ e (K] . ;..
M(T'T ) (Gev/ce)

FIG. 18. The Chew-Low plot for the m*r~ ¥ system
from Kn— Ar* 7~ n"n0,
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FIG. 19. The KK mass in 20-MeV/c? bins from K
— ATK*K~ and K n— At K (K.

duced peripherally, as very few events lie above
|t-1t,]=0.5 (GeV/c)?. The w is studied further in
Sec. V in conjunction with £-(1385) production.

D. The ¢ Meson

The ¢ meson is seen predominantly in two final
states. Most of the events come from the reac-
tion

K n~An"¢,

o~K*'K".

a0 Final State:
ATTKK

4.0 1

[(GeV/c)z]

3.04

A K=KK)

M(KK) (GeV/ c2)

FIG. 20. The Chew-Low plot for the KK system from
K7n—ATK*K~ and K 7n— ArK K.

=3

The remaining events are taken from one- and
two-prong plus two-vee topology, in particular
the reaction

K™n-An"¢,
¢~KIK?.

The KK mass is shown in Fig. 19 for events
selected from both topologies. There are about
30 events in the ¢ band which decay to neutral
kaons with the kaons subsequently decaying to
m*7~. About 63 events decay to charged kaons.
Taking account of the branching ratios of K2, we
find that

in excellent agreement with the listed value in
Ref. 11.

A Chew-Low plot (Fig. 20) for the combined
sample shows that the ¢ tends to be produced pe-
ripherally. This will be investigated in Sec. V
with regard to Z~(1385) production.

There is no evidence for the reaction

K™ n-AK K*,
K*~K*n~

in these events. This is not unexpected since a
one-particle-exchange model requires the ex-

125 Final State:
Ar'ro o

100

751

Number of Events

2%

o8 .2 18 20 24
M7 T T ) (Gev/c?)

FIG. 21. The 47 mass distribution in 40-MeV/c? bins
for Kn — Ar*7™7"n%. The shaded portion represents
those events for which an appropriate 37 combination
may form an A,.
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FIG. 22. The Chew-Low plot for the 47 system from

Kn— Artn~n™n0,

change of either a strange baryon or a strangeness-
2 meson.

E. The Four-Pion Spectrum

Figure 21 shows the 4-pion spectrum of the
final state An" 7 7"7° There is some evidence
for an enhancement in the “R” region?®' at about
1.60 GeV/c?. Baltay ef al.?? discuss an isospin-1
object found in the 47 mass spectrum [known as
the p(1710)]. They find a sizable A, decay mode
in addition to a slightly smaller w7~ decay mode.

(a) (b)

Kn—-Z27(1385) ¢
By KK
KiKs

¢

K,K*

z(1385) n
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FIG. 24. Am~ mass versus KK mass for K n— ATKK .

We have searched for an A,7 decay mode in our
data. The shaded portion of Fig. 21 represents
those events for which an appropriate 37 com-
bination may form either a neutral or negative A,.
Choosing events satisfying the condition 1.50
<M(4m)<1.70 GeV/c? and plotting the 37 mass
combinations reveals roughly equal AJ and A;.
There is, however, reason to doubt that the ob-
ject in our data corresponds to the p(1710). Al-
though background may be deceiving, our mass
appears too low. Secondly, an isospin-1 object
should decay to AJn~ twice as often as to A, n°.
Finally there is evidence that our peak for the A,
events may be a kinematic effect. Selecting
events having M(7777n°) in the “A, region” and
plotting the 47 combination shows essentially the

(c)
K'n— £7(1385) p°

L'A'rr' L T

K,K*

$(1385) n

FIG. 23. Diagrams to describe quasi-two-body reactions.
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same features as Fig. 21. Furthermore, the
Chew-Low plot for this final state is shown in Fig.
22 where the four-momentum transfer is taken
from the K~ to the 47 combination. There is no
preference for the forward direction.

V. DOUBLE RESONANCE PRODUCTION

This section deals with the study of quasi-two-
body reactions of the form

K n-~3"(1385)V°,

where V° represents a neutral vector meson.
Three vector mesons are considered, the ¢, w,
and p°® mesons. The production cross sections
for these reactions are presented in Table I. All
of the reactions are viewed in terms of the dia-
grams in Fig. 23.

Figures 24-26 show the scatter plots of M(A7")
versus M(KK), M(n*n~n°), and M(r*7~), respec-
tively. Evidence for the quasi-two-body reactions
can be seen in all those graphs.

A. Selection of Quasi-Two-Body Events

The region for double resonance production was
defined by mass cuts in the baryon and meson
spectra. The w region is taken as 0.76< M(n* 7~
<0.82 GeV/c?, and the ¢ region is taken as 1.0
< M(KK)<1.04 GeV/c%. The £(1385) and p° regions
are as previously defined, 1.34-1.43 GeV/c? and

1.8 N
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Amtr o ome

1.8
o
3]
~
>
S 1.2
¥
:; 0.9
b3

o.ow

0.3+ —

L2 ’ (K-} ) 8 l:i 2.4 t B 4
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FIG. 25. Ar~ mass versus "7~ 70 mass for K™

— Artn T,

|3

0.7-0.82 GeV/c?, respectively.

In addition to the mass cuts, a four-momentum-
transfer cutoff at |£—£,|=0.5 (GeV/c)* was im-
posed in order to reduce background. Using these
cuts, we obtain a total of 43, 31, and 14 events
for =(1385)¢, =(1385)w, and =(1385)p° respec-
tively.

B. Angular Distributions

The baryon and meson distributions were in-
vestigated separately. All decay angles are given
in the Jackson frame. The z direction is defined
by the beam in the over-all center-of-mass sys-
tem. The y direction is the normal to the produc-
tion plane. Angles 4 and ¢ are the azimuthal and
polar angles, respectively, of a decay product
in the rest frame of the resonances.

In this coordinate system, the angular distri-
bution for the decay Z~(1385)~ A7~ has the form??

1
w(6, ¢) = 7 [1 - z(1 - 4p,,)3 cos®9 - 1)

-2V3 Rep,_, singcos2¢p

- 2V3 Rep,, sin20cosg].
The p;; are spin density matrix elements for the
decay of a J¥ (3*) object into a (3*) and a (07) ob-
ject. At the meson vertex the corresponding dis-

tribution is (for the case of three decay products,
the normal to the decay plane defines the angles)

Z'OT

Final State:
-4 Am*m o
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)
S
S 12
1S
*
k oei -
=

0.4 1

0.0 — T - —
2 1.8 20 2.4 28

M(A7 ) (Gev/c?)

FIG. 26. Am” mass versus 7*71~ mass for K™
— ArtrTn,
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TABLE V. Density-matrix elements.
Z7(1385)¢ 27(1385)w z7(1385)p

Meson vertex

Poo 0.42+0.09 0.42+0.10 0.32+0.15

Repyq —-0.02+0.04 0.06+0.06 0.07+0.05

Py- 0.03+0.13 -0.16+0.16 0.13+0.15
Baryon vertex

Py 0.38+0.10 0.49+0.10 0.38+0.16

Repgy -0.03+0.07 —0.12+0.07 —-0.14+0.12

Rep -y -0.03+0.05 —0.06+ 0.07 -0.16+0.09

W6, 9)= [1- (1 -

3pg)(3 cos?6-1)

-3V2 Rep,,sin26cosg

-3p,_, sin?6cos2¢].

The p;; are now elements of the spin density ma-
trix for the decay of a J?(17) object into (07)+(07)

or (07)+(07)+(07).

Baryon Vertex
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S 4 34
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FIG. 27. Angular distributions at baryon vertex. The
smooth curves are drawn using the fitted density-matrix
elements.
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All density-matrix elements were evaluated by
the method of moments. Table V contains the cal-
culated density-matrix elements. The principal
elements, p,, at the meson vertex and p,, at the
baryon vertex, are independent of the reaction
within errors. Figure 27 displays the angular dis-
tributions at the baryon vertex for all three re-
actions. Smooth curves are drawn using fitted
density-matrix elements. Corresponding distribu-
tions are shown for the meson vertex in Fig. 28.

C. Quark-Model Predictions

Bialas and Zalewski?* have derived conditions
on spin density-matrix elements using the quark
model. They divide their predictions into three
classes. Class (A) predictions assume additivity
of quark amplitudes without demanding relation-
ships among them. Predictions of class (B) re-
quire the additional assumption of equality be-
tween two spin-flip quark-quark scattering am-
plitudes. For class (C) predictions, the remain-
ing two independent spin-flip amplitudes must

Meson Vertex

Kn— 2(1385) ¢
. 8
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F Y
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F Y

o
°
o
o
°
°
©
)

100
¢ (deq)
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Fy

No. of Evis
o

%o  os 10 90 180

cos § ¢ (deq)

Kn— Z(1385) p°

No. of Evts.
No. of Evts.
o

o

90 180
¢ (deq)

FIG. 28. Angular distributions at meson vertex. The
smooth curves are drawn using the fitted density-matrix
elements.
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also be equal.

Relationships among spin density-matrix ele-
ments for the various classes are (meson on left,
baryon on right):

Class (A) 3(1=pgy) +Py-y =$(3 =py,) + +V3 pauy
Class (B) 3(1 -py)=%(2-p,,),
P1-1=3V3 pyy,
1°=§_J§p31;
Class (C) Rep,,=0,
Rep;, =0.

Table VI displays the appropriate quantities for
each class for all three reactions. The predic-
tions generally involve complex equations, but only
the real parts are tested here. Data involving the
¢ meson are the most reliable since this is the
largest and cleanest sample. Predictions for the
p° are included for completeness; uncertain back-
ground makes them highly unreliable. Taking the
above remark into account, reasonable agreement
is found for all three classes with regard to ¢, w,
and p° productions, in particular all the ¢ predic-
tions are satisfied within one standard deviation
and no equality is wrong by more than 2.2 standard
deviations.

Other investigators generally find relations of
classes (A) and (B) to be well satisfied, while
class (C) relations are badly violated.2572?

Using the quark model, Lipkin®® obtains for the
neutral-meson production cross sections:

30( K n—-2"(1385)¢)=0( K "n~ =~(1385)w)
=0(K n—-27(1385)p°%,

where G=0/p,, and p, is the final-state center-
of-mass momentum. Our results are

30(¢): 0(w): 5(p°) =1.0+£0.2:0.9+0.2: 0.5+ 0.3 .

The relationship between ¢ and w production is
seen to be well satisfied. However, p° production
is about a factor of two lower than expected.

=3

TABLE VI. Density-matrix-element relations.

Meson vertex Baryon vertex

Class (A)  1(l-pg)+py-y  (F—py) + P31
¢ 0.32+0.14 0.23+0.17
w 0.13+0.17 —0.13+0.21
p° 0.47+0.17 —0.21+0.24
Class (B) La-pg) 4 -py)
¢ 0.2940.05 0.16+0.13
w 0.29+0.05 0.01+0.13
p° 0.34£0.08 0.16+0.13
4
P1-1 T3Pt
¢ 0.03+0.13 0.07+0.11
w —-0.16+0.16 —0.14+0.16
p? 0.13+0.15 —0.37+0.21
4
Rep o Re /=P 3t
¢ —0.02% 0,04 —0.06i 0.11
w 0.06+ 0.06 —0.20+0.11
p° 0.07+0.05 —0.23+0.20
Class (C) Repq, Repyy
¢ —0.02+ 0.04 ~0.03+0.07
w 0.06+0.06 ~0.12+0.07
p° 0.07+0.05 —0.14+0.12

Since we consistently find very narrow p peaks
in this experiment, we may be systematically
underestimating the amount of p production.
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