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Annihilations of Antiprotons at Rest in Hydrogen. VI.
Kaonic Final States™
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We present here experimental results on the annihilation of stopped antiprotons into KK-3w, KKn,
and KKw. We find the branching ratios for p+p — K1K1m and p+p — K1Kiw to be (0.254-0.04) X 10-3
and (1.08-£0.16) X 1073, respectively. From events of the latter reaction we find the width of the » meson
to be 12.3+2.0 MeV. The £° meson is observed and evidence is seen for the assignment of even charge
conjugation and even G parity to this resonance. In addition, we have used events from the reaction
p+p — KiK*r* to measure the mass difference between the charged and neutral K*. We find

Mx* Kfo— Mr*+=6.34-4.1 MeV.

I. INTRODUCTION

N this final paper in our study of antiproton annihi-
lations at rest in hydrogen, we present results on the
reactions
1) p+p— KiKErEnToT

2) p+p— KiKwtrn0,
(3) 25+P—‘>K1K171,
(4) ]5+P—9K1K1w.

In addition, we have used events from the reaction
P+p— K1K*rF to determine the mass difference
between the charged and neutral K* mesons.

This study is based on an exposure of the 30-in.
Columbia-BNL bubble chamber to a low-energy sepa-
rated antiproton beam at the Brookhaven AGS. The
exposure consisted of 630 000 pictures, yielding a total
flux of 7.35X10° antiprotons. The results of other re-
actions on antiproton annihilation are presented in
Refs. 1-5.

II. EXPERIMENTAL PROCEDURE
The film was scanned for the following topologies:

(a) two “V”’s and no charged prongs,

(b) two “V”’s and two charged prongs,

(c) one “V” and four charged prongs.
prong
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The number of events measured of topologies (a), (b),
and (c) were 427, 1154, and 939, respectively. For events
of topology (c), each track was assigned an ionization
code, in order to facilitate the identification of the
charged kaon.

Each measured event was reconstructed in space
using the Nevis program Np54.% At this point, 119, of
all events of topology (a), and 149, of the events of each
of topologies (b) and (c) were lost because of failure to
be successfully reconstructed. These events were not re-
measured, but were accounted for in determining
branching ratios. The GrRIND” kinematics program was
used to fit the “V” ’s to the three-constraint hypothesis
K®— 77— For those events which had a successful K,°
decay fit, the K° momentum calculated in the 3-C fit,
together with its errors, was used in fitting the following
production hypotheses (given in Table I), at the $
vertex. In order for an event to be listed as fitting it
must have a X?<5X constraint class, and for topology
(c) all charged tracks must have an apparent ionization
consistent with momentum and mass. Approximately
50% of the events of topology (c) were lost because of
failure of the “V” to fit as a K;° in the 3-C fit. This is
consistent with the fact that of the multipion annihi-
lations, the most common topology was four charged
prongs. Thus, an unrelated “V” in a picture, such as a
pion which enters the chamber and decays in flight, or a
K1° coming from another annihilation vertex is more
likely to be associated by the scanner with such a
topology than with any other. About half of the remain-
ing events were those in which two of the prongs at the

TaBLE 1. Production fits with K,%’s.

No.of No.of events
Topology Hypothesis constraints fitting
(a) KK+ (missing mass) 0 291
(b) K\ Kyntr™ 4 491
K\ Kywto—z® 1 241
(©) K K*pEgFqF 4 167
Ky (K)7tntn—n~ 1 0

(1;(%5 J. Plano and D. H. Tycko, Nucl. Instr. Methods 20, 458
TR. .Bock, CERN Report No. 61-29, 1961 (unpublished),
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annihilation vertex were either electrons from a Dalitz
pair or pions from the decay of a K;° close to the vertex.
This was checked by assuming the tracks at the vertex
to be electrons, provided that their ionization was con-
sistent with this mass assignment. The effective mass of
all such neutral pairs of prongs was then plotted, and a
prominent peak was noted near zero in the mass spec-
trum. A similar plot was made, assuming the tracks to
be pions, and a peak was observed near the K° mass.

III. EXPERIMENTAL RESULTS
A. Branching Ratios

In determining the branching ratio into final states
(1) through (4), we make use of the following efficiencies:

(a) Probability of a K;° to decay into ntr is
0.70£0.05.8

(b) Scanning efficiency after two scans is 0.9540.05.

(c) Probability of a K1° to decay between 0.2 and 12.0
cm from the vertex, assuming the average K° momen-
tum of 200 MeV/c, is 0.814-0.03.

(d) The efficiency for an event to survive the geo-
metric reconstruction program is 0.89-4-0.06 for topology
(a), and 0.86=0.04 for each of topologies (b) and (c).

(e) The total flux of antiprotons entering the bubble
chamber was found to be (7.354:0.74) X 105, based on a
count of heavily ionizing tracks which end in the cham-
ber. After correcting for annihilations in flight, this
corresponds to (6.32:£0.74)X 105 antiprotons which
annihilate at rest.

Using the above efficiencies, we list the values for
the branching ratios of the reaction p+4p— KKnrr
in Table II.
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B. o and »n Production

The missing mass from the reaction p+p — K1K1+
missing mass is plotted in Fig. 1, and the 77— 7° com-
bined mass from the reaction p+p— K Kirta—n0 is
shown in Fig. 2. In both distributions there appear peaks
at 550 and at 780 MeV, which can be identified with the
7% and w’mesons. From the 3324-6 events in the 7° peak of
Fig. 1 and the 1244 events in that of Fig. 2, we estimate

the ratio
7 — neutrals

=2.554-0.90.
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The 17113 o events in Fig. 2, together with the
19435 w events in Fig. 1, give a value for the ratio

w — neutrals
———=0.10240.03.

w— 70

Both of these numbers are in good agreement with
the averages of previous experimental measurements,
which are quoted by Rosenfeld as 2.764-0.2 and
0.106-£0.01, respectively.® Using the branching ratios?
(n— neutrals)/(n — all modes)=0.694+0.035, and
(n— mtr 7% /(n— all modes)=0.2504-0.016, com-
bined with the number of #° decays observed in Figs.
1 and 2, we find the branching ratio of p+4p — K1K1n
to be (0.254-0.04) X 103, Similarly, using the values for
(w— neutrals)/(w— all modes)=0.106=0.010 and
(w— 7t~ 7% /(w— all modes)=0.88,° we find the
branching ratio for p+p — K1Kw to be (1.0840.16)
X107% We expect the branching ratios into K:Kan
and K.K.w to be the same as into K1K;1 and KK w.

C. The Width of the o

We have previously reported a value for the width
of the w meson from a study of the reaction p+p —
K+K=w% o®— mtr—m0.10 We report here a value for the
o width using the reaction -+ p — K1Kw, w — wtr—r0,
It is apparent from the histogram of Fig. 2 that the

® A. Rosenfeld, A. Barbaro-Galtieri, W. Barkas, P. Bastien,
J. Kirz, and M. Roos, Rev. Mod. Phys. 37, 633 (1965).

1 N. Gelfand, D. Miller, M. Nussbaum, J. Ratau, J. Schultz,
J. Steinberger, T. H. Tan, L. Kirsch, and R. Plano, Phys. Rev.
Letters 11, 436 (1963); D. Miller, Ph.D. thesis, Columbia Uni-
versity (unpublished).

COMBINED MASS (77* 77~ %) MeV
reaction is dominated by w production with almost no
background. Figure 3 is a Gaussian ideogram of the
three-pion combined mass for these events. The indi-
vidual errors were calculated using the vector momenta
of the two K:”s. The errors obtained for each event
are of the order of 5-10 MeV. The resolution function
constructed from these errors is also shown in Fig. 3,
with a width of 11241 MeV.

We have checked for systematic errors in the determi-
nation of the K;° momentum from the decay K,"—
wtn~. This was done using a monoenergetic source of
K" mesons produced in the reaction p+p— K0
=+ (K% where the annihilation takes place at rest. The
momentum of the K,° is then 795 MeV/c. We have
calulated two Gaussian idoeograms for these events.
The first is for the fitted momenta and the fitted errors
of the individual events. The second is the resolution
function constructed by ideogramming the individual
fitted errors multiplied by V2 about a common value.
The two ideograms are displayed in Fig. 4. The agree-
ment between the two curves suggests that there are no
systematic errors in the determination of the momentum
of a K,° from the fitting of the decay hypothesis.

The width of the three-pion mass distribution above
a small background is 16.5+1.7 MeV, the error being

TasLE II. Branching ratios for the reaction p+p — KRrrr.

Detection
efficiency

Events
Reaction observed
p+p— K\ Kyntrn® 241415 0.2564-0.023 (1.4940.22) X103
P+p — KiK*rtrTa¥ 1674-13 0.45224-0.055 (0.59:0.08) X 10-3

Branching ratio
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due largely to an estimate of the amount of background
in the reaction. After unfolding the resolution function
from the experimental distribution, we obtain for the
mass and natural width of the ,

M,=779.5+£1.5 MeV,
Ty= 12.3+2.0 MeV.

This experiment differs from our previous one in two
respects. First, the momentum of the K,%s is not as
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well determined from the fitting of the decay as was the
momentum from range of the stopping charged K’s.
This results in a wider resolution function. However, the
background in the reaction p+ p — K1K 1w is negligible.
The background in the earlier reaction was of the order
of 339, and the determination of the width was limited
by lack of knowledge of its exact size and shape. The
values for the width measured using the two reactions
agree within one standard deviation.

D. The E Meson

Armenteros et al.,"! in studying the reaction p+p —
K K*r+7 T ¥, have noted a striking enhancement in
the K1K*rT combined mass spectrum at 1410 MeV.
This was attributed to a possible resonance, the E
meson, and evidence was seen for the decay of this

- .+ 7 =
prp—k K mErt ot

+ 5
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MZ
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F16. 6. Dalitz plot for events whose (K1K*r¥) combined mass

is between 1360 and 1440 MeV. The outline drawn corresponds
to a KK= mass of 1410 MeV.

meson into the state K*K. A similar enhancement in
the neutral KK= spectrum was seen in the reaction
7~p — K*tK'n.? Our data also show a neutral KKn
enhancement in the final state K K*r*r 77, as can be
seen in Fig. 5. Figure 6 is a Dalitz plot for all events
with K1K#rT mass in the region 1360-1440 MeV. The
outline drawn corresponds to a KK mass of 1410 MeV.
There is a clustering of points in the upper right-hand
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(1965).
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corner of the plot, which may be interpreted either as
an enhancement at low KK combined mass, or as large
positive interference of two K* bands.

For those events in the final state KiKwtr—r0 not
containing an w or an 5 [i.e., M(ztr—=° between 620
and 740 MeV], the K Km® combined mass has been
plotted in Fig. 7 (the shaded region). Although statistics
are poor, there is some evidence of an enhancement here
too at about 1410 MeV, while the (K1Kim%) combined
mass is consistent with having a flat distribution.

Assuming that the £ meson does exist, and can decay
via the channel KK, the relative numbers decaying
into K1K*7 ¥ and KK w® can be used to determine the
charge conjugation C and G-parity quantum numbers
of this meson. The KK system in a state of isotopic
spin 1 (it appears as K°K— or K°K+, both with |I,| =1)
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F16. 7. Combined mass of (K;1Kin% and (K:Kir*) from the
reaction p+4-p — K1 Kiwtn % The shaded region indicates events
where the (77 %% combined mass is between 620 and 740 MeV.

1540 1620

is coupled with a m, of isotopic spin 1. The isospin of the
Eis probably 0, since only a neutral component has been
seen.'? Coupling isospin 1 with isospin 1 to give a total
isospin 0, we have the following relation among the
various amplitudes:

1
00)=—(K—K%x+
|00) v ™ )
1 /KtK—+K°K° 1 _
L EEARY L e
V3 V2 V3
Thus, the ratio
(E— K°K#7¥): (E— K*K—n% :(E— K'Kr%)=1:1:1,

KAONIC FINAL

STATES 1403

L T T T T T T T T T T
52 - o
p+p—=K, w*v"(x“

410 EVENTS

FiG. 8. Effective mass
of (K1X) from the reac-
tionp+p— Kirtr~(X), & o0
where the mass of X is
greater than 620 MeV.

If NV is the number of events in the E peak in the channel
K K*rtr T then 3N is the total number of E mesons
produced in the reaction p+p — E'r+r—, which decay
into K°K*r™. We therefore expect 2N to be produced
in the same way and decay into K°K%? The charge-
conjugation quantum number of the E is the product
C(KK)XC(x%)=4C(KK). If C(E) is +1, then C(KK)
=1, and the KK must decay as K1K; or K,K,. Con-
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versely, if C(E)=—1, then the KK must decay as K1Ks.
In the case that C(E) is +1, half of the events decaying
as K°K° will appear as K1K 7w, and approximately 4/9
of these will appear as double “¥V” events and should
be seen as a bump at 1410 in the K1 K7 spectrum from
the final state K{Kyrtr—=° Since there are about 75
events above background in the peak at 1410 in Fig. 5,
we would expect 2X3X(4/9)X75=12 events above
background in the KKx® spectrum in the final state
K Kwtr—a0. As can be seen from the shaded portion of
Fig. 7, this prediction agrees with the experimental
data. If C(E) were —1, we would expect all events
where the E decayed into two neutral K’s to appear as
KiK. The final state KiKortr~n? is not directly
observable in this experiment. However, an estimate of
the rate £° — KK, can be obtained by considering
events of the topology two prongs and one “V,” where
both prongs have ionization consistent with being pions.
Interpreting these as j+p — Kyrtr—(X), and selecting
those events where the mass of X is greater than 620
MeV, we plot in Fig. 8 the combined mass of K1.X and
find no peak in the region about 1410 MeV. We would
expect 12 E9 events in this plot if C(E) were -+1 and the
decay of one of the K1”s was not seen, and 37 events
if C(E) were —1 and the E° decays into Ki°K'z°.
Thus, it seems reasonable to assign an even charge-
conjugation quantum number to the £ meson. The G
parity of the E is determined once C is known, since

G=CX(—1)'=-+1.

E. K* Mass Difference

A number of predictions have been made as to the
sign and magnitude of the mass difference between the
charged and neutral components of the K* meson.**~10
We have attempted to measure the quantity (M gz
—Mg++) using events from the reaction p+p—
K 9K+ F. There are two advantages to using this re-
action. First, both the charged and neutral K*’s appear
as prominent peaks above a relatively flat background,
as may be seen in Fig. 9. In addition, both the charged
and neutral components are seen in the same reaction.
This eliminates both the possibility of an apparent shift
in the position of a resonance when the incident energy
in the production reaction is varied,'” and the chance of
systematic errors which may occur when the results of
two independent experiments are combined. For details
on selection and fitting of these events, see Ref. 1, in
which the reaction p+p — K°K*xT is discussed more
fully.

Events with neutral or charged K= combined mass
between 680 and 1100 MeV were chosen, and both
classes of events were independently fitted, using the

13 F, Duimio and A. Scotti, Phys. Rev. Letters 14, 926 (1965).
1 H, Harari, Phys. Rev. 139, B1323 (1965).

15 S, Bose, Phys. Rev. 140, B349 (1965).

16 H, R. Rubinstein, Phys. Rev. Letters 17, 41 (1966).

17 7. D. Jackson, Nuovo Cimento 34, 1644 (1964).
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maximum-likelihood method,’® to a function of the
form

astadm—as)
(m—as)*+(as/2)?’

where the first three terms describe the nonresonant
background, and the last two terms describe pure reso-
nance production and the interference between reso-
nances and background. Because we have used a Bret-
Wigner function alone, and have not multiplied it by
phase space, the parameter a5 does not correctly corre-
spond to the mass of the K*. However, since both neu-
tral and charged K*s are produced in the same three-
body reaction, the difference in this parameter between
the neutral and charged spectra does give the mass dif-
ference. The value so obtained is

Mg» gro—Mg*+ g =0.34=4.1 MeV.

aotam+asm?*+

In order to check for systematic errors, we have
used the same method to measure the quantities
(Mg—Mg*) and (Mg+w—Mg~), both of which
should be zero if we assume TCP invariance. We find

Mg Mgw=3.7474,
Mgx—Mg+=2.34+4.18.

Both values are less than one standard deviation from
zero. Even so, it should be noted that the direction in
which each of these quantities deviates from zero is
such that the K° momentum is lower and the K~ mo-
mentum higher than expected in the reaction p+p —
K°K—7+, while the K° momentum is too high and the
K+ momentum too low in the reaction f+p — KK+
Since events of the type K°K*r— and K°K—x+ are
treated identically, and since no distinction is made
between K° and K° or between K+ and K™, it is there-
fore probable that the nonzero results for (M g —M g*t)
and (M gw—Mxg*) are not due to systematic errors in
our experiment, but are merely statistical fluctuations.

Theoretical calculations by Duimio and Scotti'* and
by Boseld have both predicted the charged K* to be
heavier than the neutral K*. Harari'* and Rubinstein!®
have shown, however, that within the framework of
SU(6) and the quark model, the relation

Mg~ go—Mg*+=Mgo go— M g+=4.240.05

is expected to hold. Our result is in agreement with the
latter prediction, but, because of limited statistics, a
negative value for the quantity (M g* g*— M g*=)
cannot be completely excluded.
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Radiative Decay of the Muon*

E. Bocart,t E. DiCarua,i P. NEMETHY, AND A. STRELZOFF§
Columbia University, New York, New York
(Received 17 November 1966)

The radiative decay of the muon, u* — e*+4~v-+».47,, has been measured using muons from the Columbia
University Nevis synchrocyclotron. The decay products e* and v were observed at relative angles near 180°,
using scintillation counters and two 9-in.X10-in. Nal crystals, which enabled simultaneous measurement
of the positron and v energies. The pulses from the crystals were displayed on oscilloscopes and photo-
graphed, and the measured amplitudes of these pulses were calibrated using the positron spectrum of the
nonradiative decay. The two-dimensional energy spectrum for positrons and v’s was obtained for about
900 events, after subtraction of background. This spectrum and the measured rate, obtained by normalizing
to the nonradiative decay, were compared with theoretical predictions for the radiative decay. The results
were in good agreement with the theory, within statistics, for the case of pure V-4 coupling.

I. INTRODUCTION

HE radiative decay of the muon, ut— ety
~+ve+7,,, has been observed by several groups.t—*
Kim, Kernan, and York? measured the y spectrum at
forward electron-y angles, and Rey* measured the
angular correlation and electron range distribution for
backward electron-y correlations. Both of these experi-
ments obtained good agreement with theoretical pre-
dictions for the radiative mode.
Theoretical calculations for radiative muon decay
were developed by many authors.5® Behrends, Finkel-
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