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The $(1020) i 3m decay appears to be dominated by pm fina states.

The decay (t)-3n occurs with a branching frac-
tion of 0.16+0.02, ' including an unknown fraction
of pn final states. The experimentally observed
narrow width' of the ~ has been the subject of
intense theoretical debate. The arguments fre-
quently use properties of the p(1020} directly or
by analogy. ' In particular, Takasugi and Oneda'
argue that the widths of the g and p can be com-
patible in the "charmonium" model only if
(P- pv)/(P-3v) is less than 10%. This conclusion
may be modified by SU, -breaking effects. Others'
argue that "asymptotic freedom'" takes ca,re of
the discrepancy in comparing the g and p widths.
More information on p(1020) decay modes, pres-
ented here, should help to clarify such discus-
sions.

These data on the decay modes of the p(1020)
are taken from a study of 2.18-GeV/c K p inter-
actions in the BNL 31-inch liquid hydrogen bubble
chamber. The reactions of interest are

K p-AK~(K~)

AK+K

An'+m' w,

(2)

(3)

where Kz denotes K' -v+v and (K~) denotes a com-
puted missing K . There are only a few events of
the type

K p AKgKg, (4)

K p Am+m (6)

can feed background into reaction (3). The sample
of events for reaction (3) is obtained by accepting
all events that fit reaction (3) having the laboratory
momentum of the reconstructed m' greater than 50

so that it is correct to label the missingK' as
(EP~} in reaction (1). Events which fit reactions (1)
and (2) are dominated by

K p-AQ(1020).

The reactions

MeV/c and which do not fit reaction (2) or

K P ZK+K (8)

The overlap with reaction (6) is eliminated by the
50-MeV/c v' cut, and the overlap with reaction
(7) is partially eliminated by this cut. Since reac-
tion (7} cannot yield &o, ri, or P signals when fitted
to reaction (3), the overlapping background will
decrease the statistical significance of any signals
but will not cause any systematic bias. Less than
6% of events of a highly constrained nature, such
as reaction (2) or (6), fail to have acceptable fits.
However, the 50-MeV/c v' cut will eliminate most
of these events from the sample for reaction (3).
Thus the three decay modes of the (t) observed in
the selected samples for reactions (1)-(3)have
losses which are small, comparable, and less
than the statistical uncertainty of the experiment.

Optimal mass resolution and signal-to-noise
ratio in reaction (3) a.re obtained by a further cut
in momentum transfer squared, between the pro-
ton and A, to -g~ A ~0.5 GeV'. This cut accepts
60% of all P's with t~ A &0.8 GeV-2, for which the
scanning criteria of this experiment are unbiased.
Figures 1(a), 1(b), and 1(c) present the mass spec-
tra of the selected events for reactions (1), (2),
and (3), respectively. A fit9 of a resolution-broad-
ened y signal plus a linear background has been
made to the data of Fig. 1(c) above a mass of
0.988 GeV in order to determine the number of
(t)-w+m no decays. Below 0.988 GeV, the tail of
the g'-p y events, misidentified as w'm' n, can
be seen. The number of P decays found from the
data of Fig. 1(a), 1(b}, and 1(c) are 133+12K&K~,
321 + 18 K+K, and 195a 62 w+w m', respectively.
Correcting for the branching fraction
(Kz-v'v )/(K~ -all) =0.688 and assuming a frac-
tion 0.03+0.01 for other decay modes of the
y(1020), ' the branching fractions of the p(1020) to
K'P', K+K, and 3g a.re found to be 0.27+0.03,
0.44 +0.05, and 0.26~0.07, respectively. These
are in moderate agreement with the accepted val-
ues' of 0.346+0.022, 0.466+0.025, and 0.158 +
0.015, respectively. Also, the ratio of ft)-K~K~
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to P-K'K is expected to be 0.67, owing to angu-
lar momentum barriers and kaon mass differences
for the small phase space available. Our ratio is
0.60+0.06 as compared to the "world average"
value of 0.74+0.06. The average mass of p-K~K~
and P-K+K from Figs. 1(a) and 1(b) is M=1019.7
+0.5 MeV. The width 1 =3.8w0. 5 MeV of the
p-E'K was reported previously. ' These re-
sults also agree with the accepted values

M =1019.7+0.3 MeV and I'=4.2+0.2 MeV.

The fit to Fig. 1(c) determines the mass of
p-m+n no to be 1016.4+2.6MeV; the observed
width is due entirely to the resolution of I'R -20
MeV (FWHM). A shift in the observed mass and
width values in P-3m decay as compared to KK
can be expected owing to the different variations
of the phase space. A calculation using different
Breit-Wigner parameterizations' indicates that
differences 6M M(p-3w)-M(y-KIf)= —2 to
0 MeV and 5I' = F„,(P - 3s) —I'.„(Q KK) —0 to
+1 MeV can exist. The e'e -f-KK or 3g exper-
iment of Augustin etal, ."sees a possible Qf
= —1 or-2 MeU. Thus all the parameters of our
P(1020) data are consistent with other data.

The question remains whether y-3s is domi-

nated by pm final states, as might be expected
a priori owing to the spin-isospin structure of the
J~ = 1 3m matrix element. Prior bubble-chamber
experiments" made p selections in order to ob-
serve P-3w. However, such a selection will ac-
cept a large fraction (a 0.5) of the p-3w phase
space whether or not pm final states are present.
These earlier experiments also had & 60 events
each. The e+ e storage- ring experiments" have
not analyzed substructure in the 3n decay.

Since the signal-to-noise ratio is -1:3 [Fig. 1(c)],
a meaningful Dalitz plot cannot be shown. Instead,
in order to examine substructure, the Dalitz plot
corresponding to a 3m system of mass M/23 is di-
vided into parts that are interior to a triangle in-
scribed inside the Dalitz boundary and parts that
are exterior to it. The mass squared, M/23', of
three particles is related to the mass squared of
the three diparticle subsystems (M&~2) as follows:

M„,' = (M„'+M„'+M„')—(m, '+m, '+m, '), (9)

where the m, 's are the rest masses of each of the
three particles. For a 3-pion subsystem, ignoring
the mass difference between charged and neutral
pions,
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M,,'+u„' =.V„,' -m„'+ 0.057 GeV'. (10)
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At the boundary of the Dalitz plot, where, e.g. ,
M»' = minimum = (m +m, )' = 0.076 QeV2,

MI2 lVI3 so that the Af ' value desc ribing the
sides of the inscribed triangle is

M„„.„.„'= 2(M2, 2 —0.019) GeV' .
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FIG. 1. Mass distributions of (a) K&KL, events, (b)
K+X events, and (c) 7f+~-7r~ events. Threshold is
marked in (a) and (b). The solid fitted curve in (c) is
discussed in the text (igtl mass is free). The dashed
curve is the estimated background level.

At the mass of the &u(783) (M», ' =0.613 GeV'),
M~„„,„'= 0.297 QeV' (545 MeV), and at the mass of
the P(1020) (M», ' =1.040 GeV'),
M, . „&,

' =0.511 GeV' (714 MeV). The maximum
dipion mass for an +(783) is 643 MeV, and that
for a P is 880 MeV. Thus ~'s contain p(770) only
virt:ually (the tail of Breit-Wigner distribution far
below the p peak), whereas P can contain pw states
explicitly. TheM, ,,„„'cut for the p in fact falls
below the p peak. It divides the p Breit-Wigner
distribution into a fraction 0.31 below and 0.69
above. In Fig. 2(a) and 2(b), the data of Fig. 1(c)
are shown separated into the exterior and interior
regions of the Dalitz plot, respectively, according
to Eq. (11). Qualitatively, (a) the &u(783) is split
about evenly in the two plots, (b) the q'(958) (mis-
identified as 3n at 965-970 MeV is mostly in the
exterior region (since the q' decays to p y), and
(c) the p is predominantly in the exterior region,
indicating that (t) -3n is dominated by pw final
states.
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FIG. 2. Mass distribution of vr+x x events separated
into (a) exterior and (b) interior to 'triangle" inscribed
inside Dalitz area, as indicated by inset diagrams
(see text). The solid fitted curves were used to deter-
mine the numbers of Q m+x x in the exterior and in-
terior regions (g mass is constrained to its accepted
value of 1019.7 MeV). The dashed curves are the esti-
mated background levels.

A resolution-broadened P signal plus linear
background is fitted to the data above 0.988 GeV
as in Fig. 1(c}. The fitted curves are shown in
Fig. 2, where the mass of the p has been con-
strained to the accepted value of 1019.7 MeV. The
numbers of p - 3w were determined to be 121 a 35
and 67+22 for the exterior and interior regions,
respectively. In addition, the separate exterior
regions corresponding to m+n', w n', and m'm

(not shown) were fitted similarly, yielding 55+25,
70+35, and 0+30 p-3m events, respectively. If
P-3v is described by phase space and angular
momentum barriers essentially as in QV83) decay,
the ratio of events interior to events exterior
should be 1.1 (as is the case for the &g data in
Fig. 2). However, it p-3w all proceeds via p-
pn, then a fraction 0.69 of the data should be exte-
rior; that is, the ratio of events interior to exte-
rior should be 0.45. The interior/exterior ratio
is (6V+22}/(121+35) *0.55+0.24, consistent with
0.45 for all pw final states and 2.3 standard devia-
tions away from pure "phase space. " Additionally,
since the (II) has isospin zero, the p+m, p w', and

p m states should be equally populated. The three
exterior regions are consistent with equal popula-
tions of —,'x0.69x(195+62)=45a14 events as re-
quired by an I =0 pw state. Thus we conclude that
the P-3v decay appears to be dominated by p(VVO)

m final states, contrary to the expectation of
Takasugi and Oneda. 7 Thus, either SU2-break-
ing effects are important or another explanation
for the discrepancy in the widths of p and g, such
as asymptotic freedom, ' must be invoked.

In conclusion, we find p-KK and 3g with prop-
erties consistent with other data. We find that the
3m decay appears to be dominated by pz final
states.
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