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Measurement of the Charge Asymmetry in the Decay EJ.o +n-Itt' vf
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The charge asymmetry in the decay XJ. —n' p v has been measured to be (2.78 + 0.51)
x j.o, leading to a value of Be& in good agreement vrith the results from. the EI0-2m
deca+ modes ~

%'6 pxesent herewith a measurement of the CI-
nonconservj. ng chRrge Rsyolmetry in the decay
K~ -mdiv. This quantity can be directly related
to the fundamental parameters describing the
E -Eo system. Following standaxd phenomenal-
ogyy lf one defines.

and the parameter x, which is the ratio of AS
= —b,Q to b,S= DQ amplitudes, as

x=(n p.'elH[ZO)/(n p'vlHlK'),

then the charge asymmetry 5, defined as 5 = (I',
—I" )/(I', +I' ) with I', =Rate(K~'-v'tt' v), is
given by

6 =»-(I —l.l')/(ll —.I').

The paxameter x, and hence 6, can in general be
R function of the DRlltz-plot. posltlon, Rnd could
be different for the K» and K,3' decay mades.
Recent measurements, however, indicate that x
j.s small.

The experiment was performed at the Stanfox'd

I inear Acceleratox' Center. The components of
the experlIDental setupq Rs shown ln Flg. ~

q
wex'6

Rs follows:
(I) A neutral kaon beam was taken at an angle

of 50 mrad to R beam Gf 19-66V electx'ons Inci-
dent on R 20-cm 86 talget. Photons were 1"6-

moved by 36 radiation lengths of lead, and charged
particles by thx'ee sweeping magnets. At the cen-
ter of the detector, 77 m from the target, the
beam cross section was 64 cm wide. by 28 cm-
high. %6 x'eceived 160 beam pulses pex second,
each of 1600.nsec dux'ation. Each pulse was sub-
divided into buckets of &20 psec duration, with

12.5 nsec between buckets. A signal induced in
R coaxial cRb16 plac6d immediately do%'nstreaIB
of the tRrget enabled us to determ1ne the KJ„
production time. %ith this information and the
time of the K~ decRy products, %6 were Rble to
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determine the K~ momentum, The X»o decay
and detected spectra peaked at 2. 5 and 6.5 GeV/c,
x'6 spe ctive ly.

(2) The decay volume, filled with helium, was
6 m long,

(3) Five scintillation counter banks were used
to identify events of interest. The & counter,
Gpex'Rtlng R8 R veto, defined the up-beRID 8lde of
the decay volume. The T-counter bank, which
defined the down-beam side of the decay volume,
con8lsted of Rn uppex' bank Rnd R lower bank of
twenty counters each, covexing R total axea 100
cm wide by 120 cm high. The twelve A. counters
covered Rn area 180 crn wide by 129 cm high.
Behind the first 2nd second lead walls mere four-
teen B and sixteen C counters, respective1y. The
trigger was Vv.';T,-ABC, in coincidence with a
beam signal. Event ti.mes were xecox'ded in the

Rnd C countex's.
(4) Two ten-gap wire spark chambers with ca-

pRcltox'-diode x'6Rdout %'ex'6 plRced on. opposite
sides Gf the magnet. ERch gap measured posi-
tions along one coordinate only, with 4 X, 4 7;
and 2 UV planes in. each chamber.

(5) The momentum-analyzing magnet had a gap
which wRS 2.5 M wide by 1 ID by ~ m Rnd im-
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TABLE I. Event categories.

Category

2 track

1.5 track

No pion

Ambiguous

2 muon

Multiprong

Description

Muon identification unambiguous; pion and muon seen in
both chambers; vertex in decay volume.

Muon identification unambiguous; pion not seen in down-
beam chambers; vertex in decay volume.

Muon identification unambiguous; no track forms vertex
with muon.

Muon identification ambiguous; vertex in decay volume.

Two distinct muons present; muons come from common
vertex in decay volume.

Muon identification unambiguous; more than two tracks
share same vertex.

Events
(x 1P3)

8452

4701

1235

1S3

parted a momentum transfer of 377 MeV/c. The
magnetic field, monitored by an NMR probe, re-
mained constant to + 0.1/0 throughout the experi-
ment. A helium bag was placed in the magnet
volume.

(6) The muon filter consisted of two lead walls,
75 and 30 cm thick, respectively, for a total of
7.7 interaction lengths. The minimum muon en-
ergy loss in traversing the lead walls was 1.6
GeV.

(7) An on-line PDP-9 computer served to ac-
cumulate and monitor the data, which were writ-
ten onto magnetic tape for later analysis on the
Si AC IBM 360/91 computer. The PDP-9 also
displayed histograms of wire-chamber and scin-
tillation-counter data, and periodically tested
the phototubes and the readout and trigger elec-
tronics.

Data runs lasted approximately 2 h. After
every other data run, the magnet polarity was
reversed and diagnostic and calibration runs
were made. Approximately 20 million triggers
were taken. After removing data taken under in-
ferior conditions and events with no identifiable
muon, 15.1 million events remained. These
were divided into groups as enumerated in Table
I. Only the 2-track and 1.5-track events were
used in the charge-asymmetry computation.

The following selection criteria, designed to
reduce possible contamination, were then im-
posed on the data: (a) residual muon energy at
the C bank, as computed from track-curvature
measurement, &220 MeV; (b) muon transverse
momentum &187 MeV/c; (c) one and only one C
counter triggered; (d) pion and muon triggered

distinct T counters; (e) decay vertex &25 cm up-
beam of the T bank; (f) kinematically fitted pion
momentum &500 MeV/c; and (g) P,"&0, elim-
inating K„,' events. The variable &p denotes
the square of the K~' momentum in the frame in
which the sum of the longitudinal momenta of the
charged pair is zero when the event is analyzed
as E„'decay. A total of 7.7 million events sat-
isfied these seven criteria.

A great deal of attention was devoted to the
study and correction of systematic biases. Geo-
metric asymmetries were eliminated by averag-
ing magnet-polarity-forward and -reverse data.
Reversing the magnetic field did not affect the
mire-chamber readout, and had an insignificant
effect on the phototube pulse heights, which were
recorded with each event.

Particle charge determination was totally un-
ambiguous, but some uncertainty could enter into
the muon identification. We have therefore ex-
cluded from the data all events in which there
was any doubt as to which wire-chamber track
correlated with the muon counters behind the
lead walls.

We have considered the possibility that acci-
dental coincidences of tracks and scintillation-
counter signals might result in spurious events.
However, a study of events in which a single
muon track was merged with tracks from another
totally uncorrelated event showed the probability
of accidental vertices to be very small.

The level of regeneration was exceedingly small
and readily calculable. Beam interaction biases
were measured by placing a 2. 5-cm-thick carbon
slab at several positions in the decay volume.
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From the number and asymmetry of the events
verticizing at the slab, and from the helium/car-
bon slab mass ratio, we have determined the
bias in the main data sample.

Potential muon biases were subject to direct
measurement. We observed a large negative-
charge asymmetry for those muons which just
barely penetrated the lead walls. This may be
due to p, capture or to ionization differences
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FIG. 2. The uncorrected charge asymmetry 6 plot-
ted with respect to several variables. (a)-(c) ~ versus
the muon position in the A, 8, and C counter banks.
(d)-(f) 6 versus the kinetic energy of the p, , n, and v in
the EI rest frame. (g), (h) & versus the momentum of
the p, and w. (I) 6 versus the residual energy of the
muon after the second wall; all events with muon ener-
gy &220 MeV are included in the lowest bin, including
those in which the muon was apparently below threshold.
(k) 6 versus the horizontal distance between the pro-
jected muon wire-chamber trajectory and the muon
C-counter position. (m) 4 versus the (n, p) vertex pos-
ition along the beam axis. The upper left-hand corner
of each plot contains X and the number of degrees of
freedom for a fit to the average 4 from that plot.

which extend the p, range. We removed all such
biases from the data by excluding events in which
the computed muon energy after the second wall
was &220 MeV.

The pion absorbing material of the detector
was divided into two equal sections: the decay
volume helium, the T counters, and the up-beam
chambers; and the magnet volume helium, a
polyethylene sheet duplicating the T -counter ma-
terial, and the down-beam chambers. By mea-
suring the absorption in the down-beam section,
we could compute the overall bias. Using the
muon and K&' information and only the up-beam
pion direction, we kinematically selected those
events in which the pion momentum must have
been large enough for it to traverse the magnet
and the down-beam chambers. The numbers of
these events which did and did not have an ob-
served down-beam pion segment determined the
absorption level and asymmetry. However, since
this procedure was not equally sensitive for all
pion momenta, we have excluded from the data
all events which could have had a pion with mo-
mentum & 500 MeV/c, and applied a momentum-
dependent correction based on the 2-track events.

Pion decay effects were computed by Monte
Carlo simulations. Biases due to pion penetra-
tion of the lead walls were measured via the K,3'
mode. As the charge asymmetry in this mode is
identically zero, any asymmetry observed in the
K„' events must be due to the penetration pro-
cess.

We have also searched for other possible bias-
es by examining many subsamples of the data,
on the assumption that sizable systematic biases
would affect different distributions in different
ways. We have thus examined the asymmetry as
a function of many variables. Some of these re-
sults are shown in Fig. 2. We have found no evi-
dence of extraneous biases in any of these dis-
tributions. Furthermore, the asymmetry of the
2-track and 1.5-track events agree within sta-
tistics.

The systematic corrections and the final charge
asymmetry are presented in Table II. Our value
of 5 = (+ 2.78 + 0.51)x 10 ' agrees well with pre-
vious determinations in both the K» and K, 3'
decay modes. ' We have also examined the de-
pendence of the uncorrected asymmetry on the
center-of-mass energies of the pion, muon, and
neutrino, and have found no statistically signifi-
cant variation. In the absence of AS = —AQ am-
plitudes, our result gives Rem = (1.39+ 0.25)x 1() ',
in excellent agreement with the CP-nonconserv-

1414
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TABLE II. Tabulation of systematic corrections.

Description
Corrections

(ppm)

Events passing final cuts

Pion absorption

Pion decay

Pion penetration

Beam interactions

Pulse-height variation

Asymmetric contributions to
"ambiguous" event group

Asymmetric elimination of multiple
C-counter events

Regeneration

Accidentals

Final corrected charge asymmetry

+ 3010+360

—290 + 221

+ 431+ 41

—394~271

+8+ 19

—2k 2

—25+ 25

+ 65+ 65

—16+ 6

—8+ 10

+ 2VV9 + 509

ing results in the K„' modes, ' which yield ReE
=(1.51+0.07)X10 '. If we assume the K,2' re-
sult for Re&, we may compute limits on the 4S
= —4Q amplitudes. Assuming Imx=0, we find
Rex = —0.04+ 0.10. Thus, the results of this ex-
periment are completely consistent with the class
of theories assigning the CP-invariance viola-
tion entirely to the K -K' mass matrix, ' and with
the absence of b,S= —hQ amplitudes.
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Differential cross sections for & p, & p, pp, and pp elastic scattering were measured
at 8, 8.65, 5, and 6 GeUjc for momentum transfers from 0.08 to 1.5 GeV using the Ar-
gonne effective mass spectrometer. Particular attention was paid to the relative par-
ticle-antiparticle normalization. The crossover points are consistent with no energy de-
pendence, average values being 0.14+0.03, 0.190+0,005, and 0.160+0.007 GeU' for &'s,
E's, and protons, respectively.

The difference between elastic scattering of
particles and antiparticles from protons is due
to interference terms between amplitudes of op-

posite charge conjugation (C) in the f channel.
For example, the K'p cross sections are be-
lieved to be dominated by P, f (or P ), and &u non-


