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Annihilations of Antiyrotons at Rest in Hydrogen. VI.
Kaonic Final States*

N. BARasH, t L. Krascrr, t D. MILLER)$ AND T. H. TAN~~

Nevis Laboratories and Physics Department, Collmbia University, 37em York, New Fork

(Received 30 September 1966)

We present here experimental results on the annihilation of stopped antiprotons into EE+3~, EEq,
and EZM. We find the branching ratios for p+p ~ ZiZiu and p+p —+ EiEgo to be (0.25+0.04) X10 '
and (1.08+0.16)&10 ', respectively. From events of the latter reaction we find the width of the co meson
to be 12.3+2.0 MeV. The Eo 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-+E1E+7f+ to measure the mass difference between the charged and neutral F*. We find
MK*& K*0—3fK*+=6.3+4.1 MeV.

I. INTRODUCTION
" "N this Anal paper in our study of antiproton annihi-
i - lations at rest in hydrogen, we present results on the
reactions

(1) p+ p —+ KtK+rr+ir+7r+,

(2) 77+p —& KtKtrr+rr 7r', -
(3) p+p~KtKtrl,
(4) p+ p ~ KtKtoi

In addition, we have used events from the reaction
p+ p —& KrK+7r+ 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
Aux of '?.35)&10' antiprotons. The results of other re-
actions on antiproton annihilation are presented in
Refs. 1—S.

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.
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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, 11% of
all events of topology (a), and 14/o 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 GRIND kinematics program was
used to fit the "V" 's to the three-constraint hypothesis
Kq —+m+x . For those events whichhadasuccessfulE1'
decay 6t, the K' momentum calculated in the 3-t" fit,
together with its errors, was used in fitting the following
production hypotheses (given in Table I), at the p
vertex. In order for an event to be listed as fitting it
must have a X'&5&( constraint class, and for topology
(c) all charged tracks must have an apparent ionization
consistent with momentum and mass. Approximately
50'Po of the events of topology (c) were lost because of
failure of the "V" to fit as a Eq in the 3-C jj.t. 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 Right, or a
E» 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

Ter.E I. Production fits with Ei
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annihilation vertex were either electrons from a Dalitz
pair or pions from the decay of a El' 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 vms made, assuming the tracks to
be pions, and a peak was observed near the Eo mass.

3. 4b RQd g PX'OdQCtlOQ

The rrnssing mass from the reaction p+P ~Bier+
missing mass is plotted in Fig. 1, and the m+m xo com-
bined mass from the reaction p+p —+KqXq~+~ s.o is
shown in Fig. 2. In both distributions there appear peaks
at 550 and at 780 MeV, which can be identified with the
qo and coomesons. From the 33~6 events in the qo peak of
Fig. 1 and the 12&4 events in that of Fig. 2, we estimate
the ratio

A. 81RQC11lQg RRt108

In determining the branching ratio into final states
(1) through (4), wemal&e use of the following efficiencies:

(a) Probability of a Era to decay into ~+a= is

0.70+0.05.'
(b) Scanning efficiency after two scans is 0.95&0.05.
(c) Probability of a KP to decay between 0.2 and 12.0

cm from the vertex, assuming the average E' momen-
tum of 200 MeV jc, is 0.81+0.03.

(d) The efficiency for an event to survive the geo-
metric reconstruction program is 0.89+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 (7.35&0.74) X10', based on a
count of heavily ionizing tracks which end in the cham-

ber. After correcting for annihilations in Qight, this
corresponds to (6.32&0.74) )& 10' antiprotons which
annihilate at rest.

Using the above eKciencies, we list the values for
the branching ratios of the reaction p+p~Egsgm
in Table II.

So—

60—

=2.55+0.90.

I I I I I I I f I

P+P Kl Kl 7I & 7T'

2%i EVENTS

8 M. Chretien, V. K. Fischer, H. R. Crouch, Jr., R. E. I,anou,
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Ronat, K. Strauch, J. C. Street, J. J. Szymanski, L. Guerriero,
I. A. Pless, L. Rosenson, and G. A. Salandin, Phys. Rev. ISI,
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Fio. 2. Combined mass of (m+x m0) from the reaction
g)+P ~ E1IC1m-+7f m'.
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The 171&13 au events in Fig. 2, together with the
19+5 co events in Fig. 1, give a value for the ratio

or + neutrals

(o ~ m+x—~o
=0.10&0.03.

Both of these numbers are in good agreement with
the averages of previous experimental measurements,
which are quoted by Rosenfeld as 2.76+0.2 and
0.106+0.01, respectively. ' Using the branching ratios'
(g -+ neutrals)/(g —+ all modes) =0.694+0.035, and
(g ~ rr+rr rr')/(rl -+ all modes) =0.250+0.016, com-
bined with the number of g' decays observed in Pigs.
1 and 2, we find the branching ratio of @+p ~ EiEirr
to be (0.25&0.04) &&10 '. Similarly, using the values for
(or ~ neutrals)/(or —+ all modes) =0.106&0.010 and
(or -+ rr+rr rr')/(or -+ all modes) =0.88,' we find the
branching ratio for 1r+p —+ EiEror to be (1.08&0.16)
&(10 '. We expect the branching ratios into K2K9q
and E~E~co to be the same as into E~K~q and K~Ego.

C. The Width of the ao

We have previously reported a value for the width
of the or meson from a study of the reaction p+p-+
E+E ~o ~o ~ ~+~ ~o 'o We report here a, value for the
or width using the reaction p+P + ErE ror, or —r rr+rr rro.

'

It is apparent from the histogram of Fig. 2 that the

9A. Rosenfeld, A. Barbaro-Galtieri, W. Babas, P. Bastien,
J. Kirz, and M. Roos, Rev. Mod. Phys. 37, 633 (1965).'

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

reaction is dominated by co 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 E~"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 11&1MeV.

We have checked for systematic errors in the determi-
nation of the E&' momentum from the decay K&' —+
m+m . This was done using a monoenergetic source of
Eio mesons produced in the reaction p+P ~E,'
+(Ei') where the annihilation takes place at rest. The
momentum of the Era is then 795 MeV/c. We have
calulated two Gaussian idoeograms for these events.
The 6rst is for the 6tted momenta and the fitted errors
of the individual events. The second is the resolution
function constructed by ideogramming the individual
Atted 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 htting 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

TABLE II. Branching ratios for the reaction p+p —& E'Em.wm.

Events Detection
Reaction observed ef5ciency Branching ratio

P+P ~ IC1E1m+~ mo 241~15 0.256&0.023 (1.49~0.22) &(10-'
P+P~E1K+~+m~2l-+ 167+13 0.452%0.055 (0.59~0.08)X10 '
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p+ p- K(+(K~
well determined from the 6tting of the decay as was the
momentum from range of the stopping charged E's.
This results in a wider resolution function. However, the
background in the reaction p+ p ~K~K~&a is negligible.
The background in the earlier reaction was of the order
of 33/~, 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.

775 785 795 805
P„(MeVg )

8 l5 825

FIG. 4. Gaussian ideogram and resolution function of the Ep
momentum from the reaction p+p ~ Xl'(E') where the second
K' is not seen. The momentum and its errors are determined from
the 3-C fit Id/~ m+7i- .

D. She E Meson

Armenteros et at. ,
"in studying the reaction @+p—+

E1E+7r+7I-+7I-+, have noted a striking enhancement in
the E1E+7I-+ combined mass spectrum at 1410 MeV.
This was attributed to a possible resonance, the 8
meson, and evidence was seen for the decay of this

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 co, I.O

+ +P+P- K, K 7T 7T 7T

l360&M (K K m )&F440

M„=779.5%1.5 MeV,
I'„= 12.3&2.0 MeV.

This experiment differs from our previous one in two
respects. First, the momentum of the E~"s is not as

I I I I I I I ~ I l I I
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F1G. 5. Combined mass of E.~ E+~+ and Eq'E+vr+ from the
reaction pp —& ICloE+vr+vr+m+.

Fzc. 6. Dalitz plot for events whose (ElE+~+) combined mass
is between 1360 and 1440 MeV. The outline drawn corresponds
to a EEm. mass of 1410 MeV.

meson into the state I~~K. A similar enhancement in

the neutral ICA.z spectrum was seen in the reaction
m p —+ K+E'7r e "Our data also show a neutral %Em.
enhancement in the final state K1E+7I-+7I-+7I-+, as can be
seen in Fig. 5. Figure 6 is a Dalitz plot for all events

with E~E+7I-+ mass in the region 1360—1440 MeV. The
outline drawn corresponds to a EEm mass of 1410MeV.
There is a clustering of points in the upper right-hand

» R. Armenteros, D. N. Edwards, Y. Jacobsen, L. Montanet,
J. Vandermeulen, C. d'Andlau, A. Astier, P. Baillon, J. Cohen-
Ganouna, C. Defoix, J. Siaud, and P. Rivet, in I'roceedings of the

International Conference on Digh-Energy I'hysics, Bubna, 1964
(Atomizdat, Moscow, 1965).

"D. H. Miller, S. U. Chung, 0. I. Dahl, R. I. Bess, L. M.
Hardy, J. Kirz, and %. Koellner, Phys. Rev. Letters 14, 1074
(1965).
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corner of the plot, which may be interpreted either as
an enhancement at low EX combined mass, or as large
positive interference of two E~ bands.

For those events in the Anal state E;qEgr+7r 7r' not
containing an to or an rl I

i.e., M(s.+s rr') between 620
and 740 MeVj, the KrKrrrs 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 (K~Kr7r+) combined
mass is consistent with having a Qat distribution.

Assuming that the E meson does exist, and can decay
via the channel EE7r, the relative numbers decaying
into KgE+7r+ and EgKg7I. O can be used to determine the
charge conjugation C and 6-parity quantum numbers
of this meson. The EX system in a state of isotopic
spin 1 (it appears as K'K or E'K+, both with

I I, I

= 1)

I'IG 8 EGective mass
of (E'IX) from the reac-
tion p+p —+ E1~+w-(X),
where the mass of X is
greater than 620 MeV.

44—
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If S is the number of events in the A peak in the channel
K~E+x+7r+x+, then 3Ã is the total number of E mesons
produced in the reaction p+ p-+ E'rr+rr, which d.ecay
into K'E+z+. Ke therefore expect ~3% to be produced
in the same way and decay into E'E'm'. The charge-
conjugation quantum number of the E is the product
C(KK) &&C(rr') =+C(KE). If C(E) is +1, then C(KK)
=+1, and the Kg must decay as KtKt or KsKs. Con-

16,—

(XYA~-, .
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M (Kl Ki 7r-+ 3
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I"zo. 7. Combined mass of (ZiZqr') and (Z&Z&s+) from the
reaction @+p~ EIE17r+7r xo. The shaded region indicates events
where the (m.+m ~') combined mass is between 620 and 740 MeV.

is coupled with a 71-, of' isotopic spin 1.The isospin of the
E is 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 foHowing relation among the
various amplitudes:

I
I
I

600

60—
I

I
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1000
M(K+- 7r+3

I 200 I400

1 K+K +K'E' 1
s'+—(K+X')s

V3 v2 V3

I
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M (K( 7r'+3

l
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Thus, the ratio

(E~K'K+rr+) (E~ IC+K s') (E +K'K'rr') =1:—,':-', . —
Fro. 9. Effective mass of neutral and charged (Zrr) combina-

tions from the reaction p1p —+ KIE+7f+. The region between the
dashed lines was used in Gtting for the E*mass difference.
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versely, if C(E)= —1, then the EEmust decay as EqICq.
In the case that C(E) is +1, half of the events decaying
as E'E' will appear as E~K~m', and approximately 4/9
of these will appear as double "V" events and should
be seen as a bump at 1410 in the E~E~m' spectrum from
the fina state E~K~x+x m'. Since there are about 75
events above background in the peak at 1410 in Fig. 5,
we would expect 4X-,"X(4/9) X/5= 12 events above
background in the EE;x spectrum in the final state
E~EIm+x x'. As can be seen from the shaded portion of
Fig. 7, this prediction agrees with the experimental
da, ta. If C(E) were —1, we would expect all events
where the E decayed into two neutral E's to appear as
E~E2m-'. The final state EiE2x+~ vr' is not directly
observable in this experiment. However, an estimate of
the rate Eo —& E~E~x 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 p+ p ~Z pre (X), and selecting
those events where the mass of X is greater than 620
MeV, we plot in Fig. 8 the combined mass of E~X and
find no peak in the region about 1410 MeV. We would

expect 12 E' events in this plot if C(E) were +1 and the

decay of one of the Ei"s was not seen, and 37 events
if C(E) were —1 and the E' decays into Eq"K2'7r'

Thus, it seems reasonable to assign an even charge-

conjugation quantum number to the E meson. The G

parity of the E is determined once C is known, since
G= CX (—1)r=+1

E. X~ Mass Di8erence

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 E*meson. " "
We have attempted to measure the quantity (Mx*o rr 0

—Mx*+) using events from the reaction p+p —&

E~'E+m+. There are two advantages to using this re-

action. First, both the charged and neutral E*'s appear
as prominent peaks above a relatively Oat 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 ~ KPE+~+ is discussed more

fully.
Events with n.eutral or charged Ex combined mass

between 680 and 1100 MeV were chosen, and both.

classes of events were independently fitted, using the

j' I". Duimio and A. Scotti, Phys. Rev. Letters 14, 926 (1965).
'4 H. Harari, Phys. Rev. 139, 81323 (1965).
~' S. Bose, Phys. Rev. 140' 8349 (1965).
~' H. R, Rubinstein, Phys. Rev. Letters 17, 41 (1966).
"J.D. Jackson, Nuovo Cimento 34, 1644 (1964).

maximum-likelihood. method, " to a function of the
form

83+84(tÃ —Gs)
Go+GySE+0255 +

(m —a5) '+ (IZ6/2) '

where the 6rst 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 a~ d,oes not correctly corre-
spond to the mass of the E*.However, since both neu-
tral and charged E*'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

ME'o, E.*o—3f~'+,E =6.3+4.1 MeV.

In order to check for systematic errors, we have
used the same method to measure the quantities
(Mx Mrr +—) —and (Mg o Mrr'o), —both of which
should be zero if we assume TCI' invariance. We find

M~* —3fE."+=3.7+7.4,
3fg -'—M&* ——2.3a4.8.

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 E mo-
menturn higher than expected in the reaction @+p—&

K'E ~+, while the E' momentum is too high and the
E+momentum too low in the reaction p+ p ~ EoIC+7r .
Since event. s of the type E'Il+~ and E E x+ are
treated identically, and since no distinction is made
between E' and E', or between E+ and E, it is there-
fore probable that the nonzero results for (Mx —Mx +)
and (Mg o Mx o) are not—due to systematic errors in
our experiment, but are merely statistical Auctuations.

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

3f~-o g o—~&*~—~~0 go —~~~—4.2~0.05

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

ACKNOWLEDGME5 TS

Ke would like to thank Dr. A. Prodell, the bubble
chamber operating crews, and. the AGS operations sta8
at Brookhaven National Laboratory for their help in

"The general minimizing program mNzvN written by W. K.
Humphrey was used.



KAON I C F I NAL STATES 1405

the exposure. It is a pleasure to thank. Dr. R. Piano an.d
his associates at Rutgers University for their collabora-
tion in the early stages of this experiment. %e would also
like to express our appreciation to Professor J. Stein-
berger, Professor P. Franzini, and Professor C. Baltay
for many illiminating discussions. We also would like

to acknowledge the efforts of the Nevis and Rutgers
scanning and measuring staffs, and the aid of Mrs. A.
McDowell and Miss Sharon Liebeskind for the 6gure
drawings. Finally, we would like to thank Miss Ann
Therrien and Mrs. Edna Thornton for secretarial
assistance.

PHYSICAL REVIEW VOLUME 156, NUMBER 5 25 AP R IL 1967

Radiative Decay of the Muon*

E. BQGART, ) E. DICAPDA, $ P. NRMETHY, AND A. STRRLzozP)

Columbia Un& ersity, ¹mFork, ¹mFork

(Received 17 November 1966)

The radiative decay of the muon, p+ —+ e++p+u, +s „,has been measured using muons from the Columbia
University Nevis synchrocyclotron. The decay products e+ and y were observed at relative angles near 180',
using scintillation counters and two 9-in. )&10-in, NaI crystals, which enabled simultaneous measurement
of the positron and p 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 p 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-A coupling.

I. DTT TRODUCTION

'HE radiative decay of the muon, p+ —& e++y
+v,+P„,has been observed by several groups. ' 4

Kim, Kernan, and York' measured the y spectrum at
forward electron-y angles, and Rey4 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. ~' Behrends, Finkel-
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stein, and Sirlin' calculated the probability of inner
bremsstrahlung as part of the complete radiative cor-
rections for muon decay; and, in fact, the agreement of
the radiative decay experiments with theory has
served to substantiate these radiative corrections.
Fronsdal and Uberall' worked out the most general de-
pendence of the radiative decay process on the weak-
interaction coupling constants, including parity-noncon-
serving combinations. They noted that the radiative
decay spectrum depends on the same parameters (e.g. ,
p) as the nonradiative decay, but that the spectrum is
also slightly sensitive to two new parameters which,
like the others, are simple functions of the coupling
constants.

The present experiment was undertaken in order to
measure the first of the parameters introduced by
Fronsdal and Uberall. This parameter, denoted by g,"
occurs only in the radiative mode, and measures directly
the fraction of scalar and pseudoscalar coupling entering
into muon decay. A measurement of g is in fact most
comparable to a determination of the electron polariza-
tion; and it is a well-known fact that measurements of
the nonradiative decay spectrum alone, without the
polarization, cannot determine the nature of the weak-
interaction coupling in muon decay.
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in denot~rig this parameter by q. It should be emphasized that this
parameter is not the same as the low-energy shape parameter for
muon decay, which has also come to be denoted by q.


