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ABSTRACT

For I'_ = Rate (K?}*n;utv), we have measured the charge asymmetry,
& = (T+- I‘_)/(I‘++ T ), to be (+ 0.28 + 0.05)%. Such an asymmetry is
evidence of CP violation. We have compared our result with previous
CP violation experiments in this and other decay modes of the neutral
kaon. We find consistency among the experiments, and consistency with

the predictions of the superweak theory.
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CHAPTER T

Introduction

Symmetry is one of nature's most prominent features. Symmetry
reduces complexity and nature prefers simplicity. Throughout the
range of observable phenomena, from galaxies to elementary parti-
cles, one sees the simplest, most symmetric shdpes, configurations
and motions. It is remarkable when one finds a phenomenon which
violates a basic symmetry principle.

We present here a study of the symmetry between matter and
antimatter. This symmetry, known as CP symmetry, is equivalent to
the combination of ftwo other symmetries C and P. C refers to charge
conjugation, the symmetry between positive and negative charge. P
refers to parity, the symmetry bhetween objects and their mirror
images. Prior to 196, nature was thought to rigorously cbey the
symmetries P, C, and CP. At that time, violations of P and C were
discovered in the weak interactions. These_violations were due
fundamentally to the existence of neutrinos which always have their
spins aligned in a left-handed manner with respect to their veloci-
ties, and antineutrinos which always have their spins aligned in a
right-handed manner. The nonexistence of right-handed neutrinos and
left-handed antineutrinesg violates P, and C but not the combined
symmetry CP. Thus ncne of the observed viclations of P and C were
violations of CP, and the notion of CP invariance survived until 1964

1
and the experiment of Christensen et al.” which observed the decay

KE**ﬂ+ﬁ-.
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By now, CP violation has been seen in the two pion and the
leptonic decays of the KE. The relative degree of CP violation seen
in the various modes has been the subject of considerable specula-
tion, excitement, and investigation. We present here a measurement
of the charge asymmetry in the decay KE~>nuv. We examine the
asymmetry across the Dalitz plot and compare our overall value to
the charge asymmetry in Kgr*ﬂev and to the CP violaticn seen in
KE—’ﬂﬂ.

We feel that our experiment has several important advantages.
The use of wire spark chambers enables us to accumulate large
numbers of events while obtaining precise measurements of the pion
and muon trajectories. Qur measurement of the Kg monmentum, by the
time-of-flight technique, adds a powerful tool to our analysis.

Our multielement muon filter provides detailed information on each
penetrating particle. The multitude and precision of our informa-
tion enable us to detect, identify and measure contaminations which
might otherwise have to be hypothesized and estimated. As the charge
asymmetry is such a small effect, even minor systematic errors can
seriously jeopardize any experimental measurement. We feel that the

detailed knowledge of each event in our data is invaluable.
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CHAPTER II

Theory

Our understanding of the neutral kaon system is based on a
distinction befween the elgenstates intc which kaons are produced
and the eigenstates from which kaons decay. Hadronic processes
produce Ko's and Ko*s. These states are the antiparticles of each
other and differ only in thelr strangeness guantum number; the x°
hag strangeness +1 and the RP has strangeness -1. Second order weak
transitions are therefore possible between the two states, and due
to this mixing, the decay eigenstates are not the 5° and &° but
linear combinations thereofg. The decay states of definiﬁe life-

time are conventionally defined to be

50> = { (W) [>+ (1-0) 2>}/ Va(elel?)
€= { (o) (1-e) B>}/ Vee|e]?)

.where the Kz is the short-lived, and the KE the long-lived kaon, and
€ is the complex constant which measures the level of CP mixing in
the decay states.

There are two possible sources of CP violation. The first
alternative is that the weak interactions might contain small CP
violating terms. The prospect of & force that almost conserves CP
symmetry is unesthetic, however. The other alternative 1s that kaon

states of definite CP are somehcow mixed by an amount €. The weak
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interactions could then congerve CP, and the apparent violations
would have to be blamed on the process by which the kaon states
were mixed.

The most widely held theory of CP violation is the superweak
theory of Wolfénsteinh, which states that CP violation is due entirely
to CP wmixing in the decay states and is in no way intrinsic to the
weak interaction itéelf. The theory further states that this mix-
ing is caused by a hitherto unknown force weaker than the normal
weak interaction. The superweak theory provides no further under-
standing of this force, but it does make definite predictions. As
the violation alters the keaon states but not the decay process, the
effect should be independent of the kaon's decay mode and kinemstics.

5

Recent results on the KE”Kﬂ modes” are in excellent agreement with
the superweak predictions.

We now proceed to compute an expressilon for the charge asym-
metry assuming that CP violation is restricted to the mixing given

by €, as in the superweak theory. We define the KO and &° decay

amplitudes:

+ AQ)
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where f, g and x can be functions of the Dalitz plot position.
Combining these amplitudes appropriately we find the Kg decay

amplitudes to be,

Cau v B IR~ (L+e) £ - (1-¢)e
WM IS~ (k) g - (Lo £

and for the decay rates,

P+ = Rate (Kg—*n; ui V)
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and finally for the charge asymmetry,
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We emphasize the x, and hence 8, is in general a function of the
Dalitz variables and could be different for Ki}’ﬂuv (KEB) and
Kg—*nev (KEB). x has been measured for both decays and is known

to be small, The current world averages are :

For KZB Re x = 0.021 + 0.022
CImx = 0.003 4+ 0.021
0 _ +0.0T
For KMB Re x = 0.09 -0.09
+0.11
Im x = 0.00 _0.10

We expect, therefore, the effect of x should be small,



CHAPTER III

Experimental Setup

This study was performed at the Stanford Linear Accelerator
Center on an eiperimental facility built by this group. Using this
facility, we studied KE decays from a neutral beam of well-defined
direction and time structure. Charged decay products emerging from
the beam were detected by arrays of scintillation counter banks and
wire spark chambers. In order to measure the particle momenta,
detectors were placed on both sides of a wide-aperature magnet. The
decay products finally impinged on a lead wall which was followed by
additional scintillation counter banks. Refer to Fig. 1.

The scintillation counters served to identify events of interest
and to measure the KE time-of-flight (TOF). The wire spark chambers
provided an accurate determination of the particle trajectories.
Particles which penetrated the lead wall were identified as muons.

Our data acquisition logic gathered and condensedlthe informa-
tion from the detectors and transferred this data to our on-line
computer. The computer monitored the data, carried out equipment
performance tests, and recorded the events on magnetic tape for
later analysis.

We now consider each aspect of the setup in detail.

A. Beam

0 . ..
Qur KL beam was produced by a primary electron beam incident on
a beryllium target. The energy of the electron beam was generally

19 GeV. -7 -
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The fime gtructure of this beam was unusual. The beam came in
pulses of 1600 nsec duration, typically 160 per second. The average
current over one entire pulse was 3 ma. FEach pulse was further
divided into buckets of < 20 psec duration, with 12.5 nsec between
buckets. Since the bucket separation was greater than the TOF
difference between the fastest and the slowest K; of interest, we
could unambiguously and accurately determine the production time.

By measuring the arrival time of its decay products, we determined
the KE TOF .

The electron beam struck a 1 radiation length beryllium target.
Rehind this target a coaxial cable was mounted in the beam line. As
the electron beam passed through the target and hit the cable, it
preduced a signal which provided the time reference point for our TOF
meagsurements. Our secondary KE beam was taken at an angle of 50 mrad
to the primary electron beam. The KE beam passed through a hole in
a 6 m thick iron and concrete shielding wall. The openings of this
hole were blocked with a total of 20 cm of lead and 168 cm of poly-
ethylene. The lead removed the gamma rays from the beam, and the
polyethylene reduced the number of neutrons. At the exit hole of the
shielding wall, a collimator reduced the beam to 5 by 12 cm. The
beam then traveled through air for another 60 m before reaching the
start of our detectors. Along this path, additional shielding was
placed around the beam, and three sweeping magnets removed charged
particles. A second collimator was placed 29 m upbeam of our momen-

tum~analyzing magnet. This collimator removed scattered particles,



but did not intersect the beam itself. The total distance between
the electron target and our analyzing magnet was 77 m. C(Care was
taken in the design of this beam line so that no substantial material
intersected the beam volume defined by the target and the shielding
wall collimator. The beam's cross section at our detector was 6k cm
wide by 28 cm tall.

The primary components of this beam were Kg‘s and neutrons. In
the multi-GeV region, the Kg and neutron fluxes were comparable.
The KE momentum spectrum of our beam is shown in Fig. 2.

When the three sweeping magnets in the beam line were turned
off, a substantial beam of fast muons entered our apparstus, provid-

ing a ready calibration source for our TOF measurements.

B. Decay Volume

Events of interest were restricted to K; decays that occurred
in our decay volume, a 6 m long helium bag preceded and followed by
scintillation counters. Immediately downbeam of the final sweeping
magnet was the V counter. Following the V éounter was the upbeanm
gide of the helium bag. This région was surrounded by iron and
concrete shielding to prevent stray particles from entering the
apparatus. Just downbeam of the helium bag was the T counter bank.
Counts in the T bank coupled with an absence of counts in the V
counter signaled decays (or possibly beam interactions) in the decay

volume .
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C. Scintillation Counters

OQur five scintillation counter baﬁks were of conventional design
and construction. TOF measurements were made from the A, B and C
counter banks. These counters were therefore viewed by one photo-
multiplier tube at each end. S6AVP tubes were used throughout except
on the A counters which were eguipped with XP 1021's for superior
time resolution.

The V counter was located just upbeam of the decay volume. It
was only 0.6 cm thick in order to minimize material in the beam line,
and was viewed by four photomultiplier tubes in order to guarantee
high efficiency. The presence of a signal in the V counter indicated
a charged particle entering our decay volume.

The T counter bank was located just downbeam of the decay volume.
This bank covered an area 100 cm wide by 120 cm tall, and consisted
of 40 counters. To minimize material in the path of the decay products,
the T counters were only 0.3 cm thick. 8ignals from the T bank indi-
cated charged particles emerging from the decay volume;

Behind the downbeam wire chambers was a bank of 12 A counters
covering an area 180 cm wide by 120 cm tall. Signals from the A
bank indicated charged particles passing through the magnet.

Downstream of the A counters was a ™ cm thick lead wall. Be-
hind this wall was a bank of 14 B counters covering an area 210 cm
wide by 165 cm tall. Signals from the B bank indicated the presence
of a penetrating particle.

Downstream of the B counters was a 30 cm thick lead wall.

- 12 -



Behind this wall was a bank of 16 C counters covering an area 240 cm
wide by 165 cm tall. Signals from the C bank confirmed the presence
of a penetrating particle.

The T and A counters were located 240 cm from the magnetic
mirrors of our'momentum-analyzing magnet. The magnetic field in this
region was measured to be no higher than 15 gauss. BFEach photomulti-
plier tube was protected from this field by two concentric shields.
The inner shield was molypermalloy; the outer ghield was of iron.

The B and C counters were 330 and 450 cm from the megnetic mirrors,
respectively. As the field in this region was 2-3 gauss, the B and C
shields were merely molypermalloy. The pulse heights in the

A, B and C counters were digitized and recorded with each event. Some
variations were found in the photomultiplier pulse heights between the
magnet forward and magnet reverse data. These variations were typi-
cally a few parts per thousand, and resultéd in an exceedingly small
correction to the measured asymmetry. See VI.H for details.

The photomultiplier tube high voltages were set so that the pulse
height from a minimum_ionizing track was between 7 and 10 times the
electronic trigger logic's discrimination threshold. These large
pulse heights improved the time resolution, reduced pulse height time
gslewing, and minimized the importance of pulse height variations from
magnetic field effects.

The computer checked the photomultiplier tube voltages every few
hours. Voltages which had drifted were reported to the experimenter

wheo could instruct the computer to adjust the voltages as desired.
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Finally, every counter had a photodiode imbedded in it. These
photodiodes could be activated under computer control, thus testing
photomultiplier tubes and related electronics. This procedure, called

a Pulser run, was performed every few hours.

D. Wire Spark Chambers

Our wire spark chambers provided saccurate determinations of the
particle trajectories. The details of the wire chamber construction,
operation, and readout have been previously reportedY. We will touch
here only on some of the major peints.

Two similar wire chamber arrays were constructed. One was placed
upbeam of the magnet and one downbeam. FEach array had 10 gaps, with
each gap being composed of two parallel planes of wires. The planes
were separated by 10 mm and the wires within each plane were separated
by 1 mm. The wire diameter was 0.1 mm., One of the two planes was
pulsed with high voltage, while the other, the ground plene, was used
to read out the spark locations. OQur wire chambers had several ad-
vantages. The wire planes put very little mass into the path of the
beam and its decay products. By isolating the wires of the high
voltage plane with resistors at the high voliage distribution bus, a
spark on one wire could not rob charge from nearby wires. This isola-
tion led to higher multitrack efficiency. The parallel wire scheme
eliminated pulse propagation problems inherent in crossed wire chambers,
thus providing high and uniform efficiency.

All the wire planes were perpendicular to the beam line (the z

axis), and each gap measured spark locations with respect to one

-1 -



coordinate direction. Within each array of 10 gaps there were L
x-measuring geps, 4 y-measuring gaps, 1 u-measuring gap, and 1
v-measuring gep. The x axis was horizontal and the y axis vertical.
The u and v axes were rotated with respect to x and y. The uphbeam
chambers were 1.2 m square; the downbeam chambers were 1.2 m by 2.4 m.
In each case, the u and v planes were somewhat larger. There were a
total of 30,000 readout wires in the system. |

The use of 10 gaps to determine 3-dimensional line segments pro-
vided a high degree of redundancy. This redundancy enabled us to iso-
late tracks of interest even in the presence of considerable background
and occasional chamber inefficiency.

The chambers were typically pulsed with 4L Kv. The voltage was
delivered by discharging numerous charging cables through hydrogen
thyratrons. The pulse length was 200 nsec, with a rise time of 40-50
nsec. A DC clearing field removed residuwal ionization from previous
firings. It is interesting to note here, that without the clearing
field, and at high trigger rates, the chembers would light up with
many hundreds of sperks. The residual ionization from a preceding
spark would reignite and form a cluster of sparks. These clusters
would dance frantically over the surface of the chambers. Our computer
was not amused by this mode of operation, but it does indicate the ex-
tremely high multitrack efficiency of our chambers.

The chambers were filled with a gas mixture of 90% neon, 10%
helium, and & small amount of alcohol. The alcohol reduced spurious

sparking and edge breakdown, and improved the multitrack efficiency.
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The readout scheme was of unique degign. It was unaffected by
large magnetic fields, and was capable of handling an unlimited
number of sparks. Each readout wire was comnected to a capacitor.
The current from a spark traveled down the readout wire and charged
the capacitor.. Later, all the capacitors were interrogated by the
data acgquisition logic.

Periodically, the computer would test all the wires and their
electronic readouts. Each wire was reguired to have & nonzero count-
ting rate. Each readout element was required to read ON when its
capacitor was artificially charged, and read OFF after its capacitor
had been cleared. Failures were reported to the experimenter. Due
to the modular nature of the readout design, replacement of faulty

electronic units was fast and straight-forward.

E. Momentum-analyzing Magnet

Our momentum-analyzing meagnet had a gap of 2.5 m by 1 m by 1 nm.
It had magnetic mirrors to reduce fringe fields. At oﬁr normal running
condition the magnet imparted a momentum transfer of 377 MeV/c to inci-
dent particles. The magnetic field was measured at 30,000 grid points.
From these measurements, field integrals were computed and used in the
analysis for momentum determinations. An NMR probe was placed just
above the lower pole piece when the field was measured. The reading
on this NMR was recorded throughout the experiment, and the measured
field integrals were scaled appropriately. Over the course of the

experiment, the NMR reading remained constant to 0.1%.
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A shunt on thé magnet power lines monitored the current and
polarity of the magnet. We occasionally checked the magnet polarity
by observing the deflecfion of a current-carrying wire in the field.

The volume inside the magnet gap was filled by a helium bag in

order to reduce interactions and multiple scattering.

F. Lead Wall

Muons from KEB decay were identified by their ability to pene-
trate our lead wall. This wall was divided into two sections. The
first section was 75 cm thick and was followed by the B counters.

The second section was 30 em thick and was followed by the C counters.
The minimum muon energy necessary to penetrate this assembly was
1.54 GeV. The lead wall was 7.7 interaction lengths thick.

The combination of the B and C.information gave us powerful
constraints on the presumed muon. The measured times, the horizontal
positions, and the vertical positions in the B and C banks were re-
quired to concur with the A counter data and the measufed trajectory
in the downbeam chambers. Through these constraints spurious muons
were eliminated.

After the lead wall was inserted, we noted a substantial back-
ground from beam interactions in the lead wall. In order to reduce
a spray of slow neutrons from these interactions, we placed parafin

on the upbeam and downbeam faces of the lead wall.

G. Electronic Trigger logic

The function of the electronic trigger logic was to examine the
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signals from the various scintillation counters and select events of
interest.

Photomultiplier tube outputs were run through discriminators
which converted them into standard logic level pulses. For each A,
B, and C counter, the logic pulses from the upper and lower photo-
multipliers were combined to produce one logic pulse for the entire
counter, whose time was the average of the upper and lower times.

The logic pulses were summed to determine the number of simul-
taneous signals in each bank. If the required number of counts in
egch bank was found in the proper time coincidence with the beam's
cable pulse, an event was triggered, the data acquisition logic was
initiated, and the trigger logic was gated off.

The requirements of the trigger logic could be changed under
computer control. For KEB runs the trigger was noV 2T A B C Cable;
for muon runs it wag VT A B C Cable. By the preceding notation, we

mean the time coincidence of the logic signals defined below.

A - simultaneous Tiring of both ends of one or more A counters
2A - simultanecus firing of both ends of two or more A counters
B - simultaneous firing of both ends of one or more B counters
C - simultaneous firing of both endé of one or more C counters
T - firing of one or more T counters
2T - firing of two or more T counters

V - simultaneous firing of at least one tube on each side of

the V counter
noV - absence of a logic V

Cable - occurrence of the beam cable pulse.

.18 -



Every time an event occurred, the trigger logic produced logic
gates which enabled latches and analog-to-digital converters (ADCs).
The latches recorded every counter which fired during the event time.
Pulse height ADCs integrated the photomultiplier ftube outputs. The
gate to the timé ADCs was produced at a time determined by the beam's
cable pulse. DPuring the gate, each ADC integrated one of the photo-
multiplier tube discriminator outputs. Since each discriminator output
was of constant amplitude, the integration measured the time overlap
of the gate and the discriminator output. The gate was designed to
begin before the start of any legitimate discriminator output, and
to terminate before the end of any such output. Hence, the ADC
measured the time of the photomultiplier signal relative to the

beam's cable pulse.

H. Datea Acquisition Logic

The data acquisition logic collected and condensed the data from
the wire spark chambers and the scintillation counters,-and fed this
information into our computer. The internal workings of this logic
have already been published7.

After the trigger logic had signaled the occurrence of an event,
the data acquisition gystem proceeded to interrogate all the wire
chamber capacitors. Each spark would appear as one or more consecu-
tive, charged capacitors. The sparks were isolated and one word of
data, specifying the location and width, was produced for each spark.
These data words were sent to the computer, and the readout capacitors

were cleared. As a precaution sgainst possible leakage, the capacitors
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were also cleared 1 msec prior to each beam pulse.

After the wire chamber data had been processed, the logic began
examining all the latches and ADCs. All nonzero data was sent to the
computer.

The data transmitted to the computer entered its memory through
a direct memory access channel, thereby reducing the lcad on the
central processor and enhancing the data transfer rate. When the last
data transfer was completed, the computer was interrupted.

Another feature of the data acquisition logic was a computer
ocutput device. Thils device enabled the computer to measure and control
up to 200 voltage levels, and gave the computer access to a large
number of relays, flip-fiops, and pulse generators. .These controls
were used to change event triggers, pulse the photodicdes in various
combinations, modify scope display modes, turn alarms on and_off,

enable and disable the trigger logic, and select data acquisition modes.

I. On-line Computer

Our on-line computer was a PDP-9 with a core size of 24K. TIts
main function was to accept, process, and record events. In additioﬁ,
it performed tests on the data and the equipment to ensure proper
cperation of the experiment.

Upon recelving an interrupt from the data acquisition logle, the
computer transferred the event from the direct memory access buffer
to one of three processing buffers, and enabled the trigger logic.

The use of multiple processing buffers enabled us to take events in
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rapid bursts with & minimum of dead time. Once in the processing
buffer, the event data was translated into a more convenient format.
Then the numbers and positions of sparks, the spark widths, latches,
times, pulée heights, and other date were histogrammed. The event
was transferred to one of two magnetic tape buffers. One of these
buffers was being filled while the other was being written onto the
magnetic tape.

The computer displayed these histrograms on a storage scope.
The experimenter could request any particular histogram, or he could
request the computer to cycle through a sequence of displays. The
latter mode was very useful. In less than one minute, the experi-
menter could see the entire gamut of distributions and readily spot
malfunctions. The computer would also display individual events,
showing all the sparks and scintillation counters which fired.

The computer saved histograms from old runs. By examining the
experiment’s higstory, we could look for such long term variations asg
the effects of increasing the alcohol content of the sﬁark chamber
gag. Periodic tests were made on the chamber readout electronics and
the photomultiplier tube high voltages. After every Pulser run, the
computer checked every latch and ADC to ensure the proper operation
of the scintillation counters and their associated trigger and data

acquisition logic.
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CHAPTER IV

Data Taking Procedures

o
K . Runs
—p3

We divided our KSB data taking into runs of two hours. Every
four hours, we reversed the polarity of cur analyzing magnet. 1In
addition to the testing features provided on-line, data was periodi-
cally run through an off-line analysis program which provided further
checks on the apparatus, such as the wire chamber plane efficiencies.

During the normal running, we took 10 events per second with an

average of 8 sparks in each wire chamber gap.

B. Pulser Runs

Pulser runs were done every few hours in order to test the
scintillation counters, photomultiplier tubes and associated elec-
tronics, and to calibrate the ADC scale factors. Because the events
generated during the Pulser run were not begm associatéd, it was
rnecessary to provide a timing signal from the pulse generator which
took the place of the beam's cable pulse.

Through its control of external relays, the computer selected
various combinations of scintillation counters and repeatedly pulsed
their photodiodes, thus generating artificial events. A total of
2400 events were so generated with each counter appearing in at least
600 events. After all the evenbs were taken, the computer checked to
gsee that every latch, time ADC and pulse height ADC had registered
appropriately.
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After half of the events had been taken, the computer inserted
an extra 7 nsec delay into the pulser timing signal. This had the
effect of making all the counter times appear 7 nsec earlier. By
examining the change in ADC values corresponding to this 7 nsec shift,

we computed the time ADC scale factors.

C. Muon Runs

The purpose of the muon runs was to calibrate the time ADCs. By
examining the arrival times of fast muons from the beam target, we
determined one additive constant for each ADC that brought all the
individual time measurements into one uniform scale of reference.

Muon runs were taken with the three beam sweeping magnets turned
off. The trigger logic requirement was set to VT A B C Cable, This
trigger favored single charged particles completely ftraversing our
apparafus. Due to the high flux of muons, wire chamber data was not

recorded during muon runs.

D. Special Calibration Runs

In addition to the normal running, we took three small data
samples under special conditions. One sample contained regenerated
K§2 decays, and was used to study our experimental resclutions.
Another sample was designed to collect K§3 decays and was used to
determine our momentum spectrum. The final sample measured the
effects of beam interactions.

We collected a sample of Kﬁ decays by placing a 35 em thick

2

- 23 -



copper block in the beam. The Ki beam entering the copper produced
a flux of KZ'S through the phenomenon of regeneration8. For this
running, the V counter was moved to a position 120 cm upbeam of the
T bank, and the regenerator was placed just upbeam of the V. The
trigger logic was set to noV 2T 2A Cable.

We readily isolated the charged K; decays of the KZ downbeam of

2
the copper block. As this meode is so heavily constrained, we could,
for example, compute the pion momenta from the measured angles and
known masses. Then, by comparing the measured and computed pion
momenta, we determine the precisicn of our momentum measurements. By
gimilar procedures, we determine the precision of cur TOF and beam
direction measurements.

In order to determine the KE spectrum, we took a special data

gsample to collect charged Ki decays. As the amount of energy re-

3

leaged in the K: decay is smaller than in the leptonic decays, the

3
kinematically computed kaon momenta were subject to le;s error, Dur-
ing this running, the trigger logic was set to noV‘2T 2A cable.

We studied the effects of beam interacﬁions by removing the
helium bag from our decay volume and placing a 2.5 cm thick carbon
slab in the beam. Carbon was chosen because of ifs nuclear similarity
to helium. The carbon slsb completely covered the beam's crogs section
and contained 42 times as much mass as the entire helium in the decay
volume. By selecting those events which verticized near the slab, we
isolated an enriched sample of beam interactions. We took data at

seven different positions along the beam line in order to obtain a

representative measure of the interaction contamination in our main data.
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CHAPTER V

Data Analysis Procedure

The output of the on-line computer comprised 47C magnetic tapes
of raw data containing 75 billion bits of uncorrelated spark posi-
tions and uncalibrated ADC readings. The data was analyzed on an
IBM 360/91, and required 300 hours of central processor time. The
first stage of the analysis was to convert the spark positiong into
reconstructed particle tracks, and convert the ADC time data into
times meagured relative to the beam. The first stage condensed the
data to 24k billion bits written on 73 magnetic tapes. The second
stage of the analysis was to match front and rear track segments
through the magnet, compute particle momenta, identify muons, and
correlate tracks coming from common. vertices. The second analysis
stage condensed the data to 6.3 billion bits written on 17 magnetic
tapes. In the third, and final analysis stage, evenis were selected
and categorized according to & large number_of criteria. The number
of events and their asymmetry in each category finally determined

our result.

A, Wire Chamber Reconstruction

The most time consuming phase of the dnalysis was the correlation
of sparks to form particle tracks. Consider the extraction of line
segments from one set of 4 x gaps.

Our object was to find all straight lines formed by 3 or L sparks.

We tock every combination of‘one spark in gap‘l and one spark in gap 3,
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and projected the line joining these two sparks into gaps 2 and 4.

If we found sparks in the vicinity of the projections, a suitable
line had been found. Next, we proceeded in the same manner starting
with spark pairs from gaps 2 and 4, and projecting into geps 1 and 3.
During this procedure, it was possible for a given spark to be part
of several different lines. For each line so isolated, a best-fit
slope, intercept, and quality-of-fii were computed.

We found that the set of lines, extracted by the above procedure,
contained a number of spark combinations which accidentally happened.
to lie on straight lines and did not represent true particle tracks.
The expected number of such accidental coincidences can be readily
computed. For our conditions, we could expect 4.5 accidental 3 spark
lines in each set of 4 gaps. In order to reduce this number, we com-
pared the quality-of-fits of lines with common sparks, and discrimin-
eted egainst the poorer lines.

The above procedure was implemented so that the computer time
required per event varied linearly with the number of sparks per gap.

Having found all the lines in one set éf X gaps, we applied the
same procedure to find all the lines in the corresponding set of y
gaps. Next, we determined which x line went with which y line. We
projected each x and y line into the u gap. §Since the u direction
was a linear combination of the x and y directions, we could compute,
for each pair of x and y lines, the expected spark position in the
u gap. If a spark had actually occurred in the vicinity of this
position, a complete track had been found. This sequence was re-

peated for the v gap, and all possible tracks were collected.
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Discrimination against accidental coincidences was handled in a manner

similar to the 4 x gap case.

B. Time Calibration

In order t0 convert the time ADC data into usable measurements,
we had to calibrate each ADC. Care was taken to operate the ADCs in
their linear range. We needed to determine, for each ADC, the number
of ADC counts per nsec and the TOF corresponding to a given ADC value.
The pulser runs determined the ADC scale factors, as discussed above.

The muon runs determined one additive cdnstant for each ADC that
brought the time measurements from the various counters into one uni-
form system of reference. Typical muon runs had at least 75 acceptable
events in each counter. The times for these events were averaged, and
one constant was produced for each ADC. By subtracting these constants
from all subsequent ADC data, the times in all counters were measured
with respect to & common reference point. All that remained was to
find cne overall constant, TSHIFT, which would give the time of the
average selected muon with fespect to the beam production time.

The final time caiibration constant, TSHIFT, was determined by

fitting the data to the Kﬁ hypothesis. Without the knowledge'of the

3
KE momentum, all of the kinematic parameters of the KEB decay may be
computed from the pion and muon directions and momentea, the particle
masses, and the Ki direction. Unfortunately, this computation results
in two solutions due to a quadratic ambiguity. There were, however,
a substantial number of events in which the two golutions were almost

equal., Using this sample of events, we computed the required value of
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TSHIFT needed to bring the measured times into agreement with the times
computed from kinematic fitting.

We found that the precision of our TOF measurements was 0.35 nsec
(rms deviation). A substantial part of this was apparently due to

jitter in the ADC time gate.

c. Track Matching Through the Magnet

In the ideal case, a particle's trajectory has the same y slope
and intercept on both sides of the magnet. The upbeam and downbeam x
line segmentg intersect near the magnet's midplane, and the difference
in the x slopes determine the particle's momentum. In actual practice,
these ideal conditions are somewhat degraded. Each potential pairing
must satisfy four equations relating the front and rear track segments.
As there is only one unknown, the momentum, there are three constraints.

The track matching proceeded by considering every pair of one up-
beanm and one downbeam track. An approximste momentum was computed
using the average transverse momentum transfer of the mégnet and the
difference of the upbeam and downbeam x slopes. Using this approxi-
mate momentum, vertical focusing correctlons were made. Pairings with
substantial differences in the corrected y slopes were discarded.
Wext, the point of closest approach of the two tracks was found. Pair-
ings with a large distance of closest approach, or with a point of
closest approach ocutside the magnet volume, were discarded.

If all the above criteria were met, the particle's trajectory i

was integrated through the field. Using the upbeam track data, the

- 28 -



approximate momentum, and the magnetic field measurements, we integrated
the trajectory through the magnet to the downbeam chambers. The inte-~
grated trajectory was required to be consistent with the downbeam

track. Having satisfied all these criteria, the track segments were
deemed matched.  The momentum was corrected to compensate for the differ-
ence in the x-direction cosine between the integrated trajectory and

the downbeam track. The upbeam track direction was corrected for bend-

ing in the magnetic field inside the upbeam chambers.

D. Muon TIdentification

Muons were identified by their ability to penetrate the lead wall.
All particle tracks which had been successfully matched through the
magnet and correlated with an A counter, were considered as potential
muons. FBach of these tracks were projected through the lead wall onto
the planes of the B and C counters. TFor the track to remain a m;on
candidate, counters were required in the vicinity of the projections
in each bank. Due to multiple Coulomb 3cattering, the particle's actual
trajectory could deviate subsgtantially from the projection, especially
for low momenftum muons. For each set of one track and one A, B, and C
counter, a quality-of-fit was computed which reflected the differences
in the measured times and the horizontal and vertical positicn devia-
tions relative to the expected scattering.

The particle's time at each counter bank was determined by the
average of the times of the upper and lower photomultiplier tubes.

The particle's vertical position was determined by the difference be-

tween the upper and lower times. Occasionally, the ADC time data of
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a given counter would be logt due to electronic dead time. In order
to reduce loss of eventg, muon candidates were permitted to have in-
consistent ADC data in one of the A, B, or C counter banks; the
quality-of-fit of such events were heavily penalized, however.

Muong with exceedingly poor quality-of-fits were digcarded.
Marginally acceptable muons were discarded if a substantially superior

muon was found.

E. Selection of KEQ Events

Having matched particle tracks through the magnet and identified
the muon, the next step was to find the pion. All tracks which were
not identified as muons were potential pions. Each of these tracks
was examined to determine if it verticized with the muon. The events
were then divided in groups according to the results of their muon
identification and pion search.

The prime events fell into two groups. In both groups, there was
one unambiguous muon which had a suitable vertex with an upbeanm track,
assumed to be the pion. In the first group, the pion track was seen
in both the upbeam and downbeam chambers, and hence its momentum was

measured. For this group we had a one constraint fit to the Ki3

hypothesis. In the second group, the pion track was seen only in the
upbeam chambers, and we had a zero constraint f£it.

The other event groups were not included in the charge asymmetry
sample, but were used to study systematic errors. One such group in-

cluded the events with two distinct muons. In another group, one
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penetrating particle was seen, but it was not clear which track
correlated with the counters behind the lead wall. And in yet another
group, no pion could be found.

By this point, all the involved analysis had been done on the
individual events, and all that remained was to count and categorize.
We present in Table 1 the numbers of events that survived the various

stages of the analysis as discussed above.
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TABLE 1

Events Remaining Through the Number of Events
Various Analysis Stages {in thousands)
Events taken during acceptable running conditions 18,200
Fvents with reconstructable wire chamber data 17,300
Events with sufficient tracks and counters 16,500
Events with identified muons 15,500
Events with a two-prong vertex in the decay volume 14,300

Events With Identifiable Mucns are Subdivided Number of Events

Into Event Groups as Described Below (in theousands)
Name Description
2 TRACK Muon identification unambiguous 8,452

Pion and muon seen in both chambers
Vertex in decay volume

1.5 TRACK Muon identification unambiguous L 701
Pion not seen in downbeam chambers
Vertex in decay volume

NO PION Muon identification unambiguous: 1,235
No track verticizes with muon

AMBIGUCUS Mucn identification ambiguous, either 312
track could correlate with counters
behind lead wall. :
Vertex in decay volume

2 MUON Two distinet muons present. Muons come 193
from common vertex in decay volume.

MULTTIPRONG Muon identification unambiguous 2kl
More than two tracks share same vertex.
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CHAPTER VI

Systematic Corrections

The object of our effort is to determine the intrinsic charge

3

experiment in the presence of extraneous phenomena which affect the

asymmetry in Ki decay. We are constrained, however, to perform our
particles we study and shift the value we measure away from the true
charge asymmetry. These shifts, or systematic errors, must be indi-
vidually measured and subtracted out. The ldentification and computa-
ticn of systematic corrections 1s the trickiest aspect of the analysis.
One approach 1o the computation of these corrections is fo try
to isclate a subsample of the data in which the systematic error can
be experimentally measured. Another approach 1s to isolate & sub-
sample in which the bias has been enhanced in some known way. Using
the asymmetry of the subgsample and the enhancement factor, we can de-

termine the error in the total data.

A. Pion Interactions

Pions, being hadronic particles, have a substantial prcbability
of suffering a nuclear interaction in traversing even a small amount
of matter. If a pion is absorbed or significantly scattered before
it can be detected by our apparatus, the involved event would be lost.
If, furthermore, pions of one charge are preferentially lost, a systematic
biag will be introduced into the data.
In order to correct for this systematic bias, we measured the pion

losses in our apparatus. The material that the pion was required to

- 33 -



traverse in order to be detected was divided into two identical
sections. The upbeam section contained the decay volume helium, the
helium bag wall, the T counter bank and 10 wire chamber gaps. The
downbeam section contained the magnet volume helium, the helium bag
wall, a plastic sheet 3 mm thick and 10 wire chamber gaps. The plastic
sheet served only to duplicate the mass of the T counter bank. By
measuring the pion losses in the downbeam section, we determined the
pion losses throughout the apparatus.

We tried, therefore, to isolate events in which the picn should
have been present in the downbeam section. By counting the number of
such events with and without downbeam pions, we determined the pion
losses. The isolation of these special events was done kinematically.
Using the upbeam pion direction and the measured muon and kaon data,
we could compute the pion momentum as a function of the kaon momentum.
The locus of solutions is a closed curve as shown in Fig. 3. For each
event, we computed from the upbeam geometry the minimum pion momentum
necessary for the plon to traverse the magnet and the downbeam wire
chambers; call this lower limit PMIN. In a large number of events,
the line Pﬂ=-PMIN lay below the closed curve. These events were guaran-
teed to have pion momenta greater than PMIN, and should have had a
detected downbeam pion. In another large number of events, the line Pﬁ=PMIN
intersected the curve at two kaon momentum values PK1l and PKZ2, but the
kaon momentum determined by the TOF was substantislly greater than
elther PKL or PK2. These events also should have had a detected down-

beam pion.
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The pion loss analysis was carried out using 5.3 million events
from the final charge asymmetry data sample. 6f these, 2 million
passed one of the above criteria and should have had a downbeam pion.
Of these 2 million, 7.13% did not have the expected downbeam pion,
and were hence classified as pion losses. The muon charge asymmetry
of these events was 6abs: -3390 + 2620 ppm. This would lead to a

correction of A,= 7.13% x (Babs— & ), where B gy 18 The measured

raw
overall asymmetry before corrections.

The meagured level of pion losses of 7.13% was substantially
larger than the expected hadronic absorption. We found that the kine-
matic selection procedure described above failed to exclude all events
in which the pion could not have traversed the magnet. This led to
an spparent loss of 3.5%. Furthermore, spark chamber inefficiencies
and program reconstruction failures led to an apparent loss of 1.5-2.0%.
The remaining 1.5-2.0% was due to the hadronic absorption in the 0.8
gm/cm? of material in the downbeam half of the‘apparatus. Since our
analysis depended only on the product of the fraction lost and asymmetry
of the loss, the inclusion of these extraneous charge symmetric losses
does not alter our result. |

This analysis suffered somewhat because the pion momentum spectrum
downbeam of the magnet differed from that upbeam. Low momentum pions
were unlikely to traverse the magnet and unlikely to contribute to our
pion loss analysis. As the plon absorption cross sections are the larg-
est and the most charge asymmetric at low momenta, we had to refine our
analysis. To this end, we endeavored to eliminate the evenis with the
lowest pion momenta by imposing a kinematic cut, and we computed a
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second order plon absorption correction from the measured asymmetry
in the 2 TRACK events as a function of the measured pion momentum,

As described above, using the upbeam pion direection, and the
measured kaon and muon data, we were able to kinematically isolate
events in which the pion was almost certainly above any given cutoff.
We therefcere excluded from our final data sample all events in which
the pion momentum might have been below 500 MeV/c. Note that this
gelection was done without reference to the downbeam pion track, if
any. Although this procedure resulted in the loss of 20% of our data,
Monte Carloc calculations showed that it reduced the number of pions
below 500 MeV/c by a factor of 10.

The final stage of the pion absorption analysis was the computa-
tion of a second order correction, AE' In our computation of Al’ we
selected events which should have had a downbeam pion; let f(P) be
the selection probability for an event with pion momentum P. Had
f(P) been constant we would have obtained a uniform measure of the
plon absorption over all momenta. Ay corrected for the variations in
f(P) from its mean value F.

To obtain the differential pion absorption bias as a function of
pion momentum, we examined the measured asymmetry in the 2 TRACK events,
and assumed that variations in this asymmetry were due entirely to pion
absorption. In the 2 TRACK events, the plon was required to traverse
twice the amount of material reguired of all prime events, so that the

bias introduced at given momentum P was (8 /2, where

orex(?) = Bpay)

araw is as given above and 62TRK\1S the measured asymmetry in the

2 TRACK events. If e¢(P) is the fraction of all prime events with
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plon momentum P, then we have

A‘2 =‘ZIP E(P) [F " f(P)] [BQTRK(P) - area.w] /2

¢(P) and f(P) were determined from the Monte Carlo data, and are
shown in Fig. 4. We found that A= +167 + 119 ppm. Combining 4, and
Do s the final pion absorption correction to the charge asymmetry was

-7.13% x S ™ + 221 ppm.

B. Pion Decay and Pion Interaction

Any process which causes a muon signature, other than a muon from
K33 decay, could result in a systematiec error in the measured asymmetry.
As pions can decay to muons m — Uy, these secondary mucns could cause
spurious events. In addition, should a pion manage to penetrate the
lead wall and create a muon signature, 1t could also cause a spurious
event.

The pion decay contamination was a readily calculable correction.
A series of Monte Carlo runs generated samples of normal Kﬁ3 decays
and KZ3’ Kss and K:B decays with subsequent pion decays. The generated
events were then run through the same analysis programs as the real
date. The ratios of the number of events entering the final data sample
from each of the initial modes determined the level of pion decay events
in the real data. As the pion decay process and the guestions relating
to event acceptance probabilities are well-defined, we are confident
that our calculation accurately duplicated the true level of pion decays.

The asymmetry of these events were determined from known valuesg. The
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contributions from the various modes, and the total correction to the

charge asymmetry are given below:

Fvent Trigger . Asymmetry Fraction of

by Pion from; of Pions Total Data Correction
K%“’ xS 0. % 3.10 + 0.09% 0 ppm
K%-'T(ev : -0.32 + 0.04% 3.87 + 0.11% +124 ¢+ 15 ppm
Ki—*mw -0.29 + 0.13% 2.95 + 0.09% + 86 + 38 ppm

Our approach to the pion penetration problem was to isclate the
KEB decays which crept intc our final event sample. BSince the intrin-
sic charge asymmetry in K§3 decay was identically zero, any asymmetry
observed in this event sample must have been due to the pilon penetra-
tion process. We utilized a remarkable kinematic wvariable called Pég,

which effectively separated K; decays from the leptonic decays solely

3
on the basis of the charged decay productslo. We have computed this
variable for all 2 TRACK events in which the transverse momentum of
the two charged particles and the missing neutral were less than the
rkinematic 1limit for K:3 decay. In Fig. 5 we have shown the experi-
mental distribution and the distribution of the Monte Carlo data with
pion decays. In this distribution, the leptonic modes peak at negative
values, and the K§3 mode peaks near zero. The excess in the experi-
mental distribution near Pé2=0 is most likely due to pion penetration.
The quantity we required was the product of the number of pion
penetrations and their asymmetry. We obtained that product from the
experimental asymmetry in the region C = Pée < 0.01 (GeV/c)E, and the
number and asymmetry of the KEB

number of events here was small, the uncertainty in the experimental

events in that region. Since the
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ssymmetry was 50% of its value. rThus, we were insensitive to the
uncertainties in the Monte Carlo-determined value of the number of
KiB events under the pion peak. The reguired product was determined
for each of several momentum bins. Since penetrating pions came from

0

all modes, KEB,-KeS, and Kﬁ , and since our determinations were based

3
solely on the KiB sample which lay in selected region, the penetration
product and its error were multiplied by an enhancement factor computed
from the Monte Carlo data. Again, uncertainties in the Monte Carlo
determinations were completely dominated by the large uncertainties in
the experimental asymmetry. Combining the results for all momentum
bins, we found that the plon penetration correction to the final asym-

metry was -394 + 271 ppm. The results for the individual momentum

bins are shown below,

Raw Asym.
KO in - As due
No.Events 13 y%. Enhance~ Correc-
P ) . . to K .

i No.Events in Reélon Region KB ment tion
(Gev/e)  (107) (103) (%) (10-4) Factor (pom)
<k 6361 231.5 47 +1h + 21 3.21 -128+192
4-6 1726 47.9 63 +79 + 46 6.83 3184185
> 6 o2 1.9 5 -243+227 9.21 + 52+ 4g
C. Muon Interactions

The muon interactions which occurred in the lead wall might have
introduced systematic errors into our data. Possible asymmetries in
Coulomb scattering or in end-of-range behavior required investigation.

The Coulomb scattering proceeding through one photon exchange is
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charge symmetric, but higher order terms could be asymmetric. Camilleri
et al.ll have studied muon-proton scattefing at high energies; and have
found no asymmetry between positive and negative muons to the level of
l%. We have shown in Fig. 6 the charge asymmetry as a function of the
observed scattering of the muon in traversing the lead wall. We found
no variation and hence concluded that no correction was needed for possi-
ble Coulecmb scattering asymmetries.

An end-of-range asymmetry resulted from the capture of negative
muons by the lead nuclei. Whereas positive muons merely decayed
u+—*e+uv when they reached the end of their range, negative muon cap-
ture and subsequent nuclear disintegration could lead to neutron or
photon emission, As these neutrals could traverse more lead and then
convert in the C bank, the effective range of negative muons was
enhanced.

Ancther end-of-range asymmetry could result from differences in
the ionization losses of positive and negative mucns. These losses
should be charged symmetric to first order invthe electromagnetic inter-
action, but might be asymmetric in higher orders. Such asymmetries
should not exceed 1% of the total icnization loss; thug in our case,
the difference should be < 20 MEVIE.

We have examined our data for these end-of-range effects and show
in Fig. 7, the charge asymmetry as a function of the computed muon
energy at the C bank. A large negative asymmetry is apparent at the
lowest muon energy, but the effect does not extend to higher energies.
We have therefore excluded from our final data sample all events in
which the computed muon energy at the C bank was below 220 MeV.
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D. Beam Interactions

The kaons and neutrons in the beam occasiocnally underwent nuclear
interactions with the helium nucleili 1n the decey volume. To some ex-

tent, these interactions simulated Kg decays. We had to determine

3
the number of interactions which crept into our final data sample and
their asymmetry.

Our approach was to place a 2.5 cm thick carbon slab in the beam
to enhance the level of interactions. The carbon slab was successively
placed at 7 different positions along the beam line. At each position,
data was taken in each magnet polarity. We chose carbon because of
its nuclear similarity to helium. Assuming that the production cross
sections scale as the two-thirds power of the atomic number, we ex-
pected the number of interactions in the slab to be 29 times the number
of interactions in all of the decay volume helium. And since the
carbon slab interactions were localized, we could isolate event sub-
samples with 2000 times the normal level of interactlon contamination.

In the analysis of the carbon interactions, we restricted our
attention to events originating from the slab itself; hence the effects
of regeneration were not considered by this analysis. As the level of
regeneration was so low, only the coherent transmission regeneration
had any significant effect on the charge asymmetry. See VI.G for a
discussion of regeneration.

We have shown in Fig. 8 the vertex distributions of the events
from two carbon runs, both with and without the final cuts. We have
presented in Fig. 9 the transverse momentum distribution of the muon,

for the events originating from the slab. Note that these interaction
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events extend to very high transverse momenta as compared to the
Ki3 events. To reduce the level of these interactions, we imposed a
cut on the muon transverse momentum. See VII.A for details.

The results of cur analysis showed that the level of interactions
was very low. The event trigger rate was increased by only 3%, and
only 0.49% of the final event sample could be attributed to inter-
actions in the carbon slab. Examining the distribution of vertex
positions, we computed the level of interactions from the excess in
the number of events with vertices near the slab. By noting the change
in the asymmetry near the slab, and knowing the fraction of inter-
actions near the slab, we computed the asymmetry of the interaction
events. The systematlic correction to the charge asymmetry was obtained

by averaging the effects from each slab pesition and dividing by the

production enhancement factor. The results are,

Net interaction fraction in carbon data 0.hg + 0.05%
Asymmetry of interaction events 5.0 +11.0 %
Production enhancement factor ‘ 29

Correction to the final charge asymmetry +8 +19 ppm

E. Charge Resolution

If there were any ambigulty in the determination of the charge
of the muon, our measured charge aéymmetry would be diluted. Any
legitimate particle would have a bend angle of at least 30 mrad in
traversing ocur magnet. As our angular resolution was approximately

1 mrad, we could not misidentify a particle's charge. However, there
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were a number of events in which we could not positively determine
which of the particles was the muon. Events were placed in the
AMBIGUOUS group if the best muon candidate was not at least three
standard deviations superior to all other candidates. This event
group was not included in the final charge asymmetry.

The only remaining concern was that more events of one charge
than the other may have fallen into the AMBIGUOUS group. This might
have happened if, Tor example, more positive plons penetrated to the
B bank. We have studied the charge asymmetry of the pilons which reach
the B counters but not the C counters, and we found that their asym-
metry was +2.07 + 0.37%. Furthermore, we found that 0.23% of our
data fell into the AMBIGUOUS group with two B counters and one C
counter. This entire sample was most likely due to accidental coinci-
dences between the muon C counter and a plon which penetrated to the

B bank. We therefore applied a correction of -25 + 25 ppm.

F. Geometric Asymmetries and Magnet Reversals

If the detection efficiency was different for positive and nega-
tive muon events, a systematic error would have been introduced into
| the measured charge asymmetry. If, for example, the positive muons
always hit the left side of our apparatus, and if that side were
slightly smaller, we would have missed a number of positive muon events,
and our measured asymmetry would have been reduced. The standard solu-
tion to this problem has been to take half the data in each of the two
magnet polarities. If positive muons were lost in one polarity, nega-
tive muons would be lost in the other polarity. Then, we computed
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the charge asymmetry as,

8 =(r-1)/(r+1)

where,
e N
- N_4 N_*
and, N+T= the number of u+ events with the

magnet forward, etc.

Constant geometric asymmetries were completely eliminated by the
above method. - We have verified this by discarding all events which
involve counter Cl. The remaining events have a large geometric
asymnetry, but have the same charge asymmetry as the original sample,
within statistics. By successively‘discarding events with C1, C2, etc.,
we generated a series of data groups with widely varying geometric asym-
metries. As seen in Fig. 10, the charge asymmetries of these data
groups show no variation with the geometric asymmetry. -

Finally, we tested for time-dependent géometric asymmetries, such
as gradual changes in spark chamber efficlencies. Consecutive data
runs with opposite magnet polarities were paired and the charge asym-
metry was computed for each of 169 such pairs. We found that these
asymmetries were consistent with a constant value, and that the XE for
this hypothesis was 178 for 168 degrees of freedom, corresponding to a

confidence level of 27%.
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G. Regeneration

In addition to the beam interactions discussed above, we
congidered the effects of coherent transmission regeneration in the
V counter and in the helium of the decay volume. Owing to the differ-
ence in Kp, &° cross sections, when a Kg beam traverses material the
Kp, %° mixture is altered. As this is eguivalent to changing the CP-
mixing parameter e, coherent regeneration introduces & systematic
bias into the measured charge asymmetry. Consider, first, the regenera-
tion in the V counter. The ccherent regeneration amplitude following

13

a thin regenerator is known to be ~,
A(Z) = if, AN L exp [(ia - i) Z/A]
21 2

where,

f,, is half the difference of the K° and ¥ forward scattering

amplitudes
A is the Ki wave length
N is the density of nuclei
T, is the thickness of the regenerator
§ is the KE, K: mass difference in units of the Kz iifetime
A is the Kz mean decay length

7 is the distance downbeam of the regenerator

Using the charged kaon total cross sections measurements of Abrams

1h 15

et al.” , and the phase determinations of Bott-Bodenhausen et al. 7,
we found that |A(o)] = 3 x lO—u. The effect of this bias was to in-

crease the charge asymmetry by 2 Re A(Z) in the vicinity of the
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regenerator. This led to & correction of -12 + 6 ppm.
Consider now the regeneration in the helium of the decay volume.
Within a difuse regenerator, the coherent amplitude attains a constant

value after the first few Kg mean decay lengths. This value is,
A = if N?\A/(-]-'—ia)
21 2

Extrapolating the helium parsmeters from the carbon data, we found

that helium regeneration led to a correction of -4 + 2 ppm.

H. Pulse Height Variation

As noted in III.C, we observed slight shifts in the photomulti-
plier tube pulse height distributions between the magnet-forward (4)
and magnet-reverse (§) data. We have shown in Fig. 11 the pulse height
spectra for €15, the counter in which this effect was the greatest.

The mean * pulse height was 1.25 counts larger than the mean } pulse
height. As the overall mean was 233 counts, the spectra were shifted
by 0.54%. As C15 was near the left edge of the C bank, only p+'s hit
it for ¢, and only u-'s hit it for §{. Thus the H- pulse heights were
effectively reduced by 0.54% in this counter, and more u_'s would

fail to trigger the €15 discriminator. Fortunately, the discrimination
thresholds were typically 30 counts, and very few events were affected.
We have estimated the number of events per count at threshold, and the
fractional shift between the pf and u spectra for each counter.

The results, averaged within each counter bank, are

- 54 .



NUMBER OF EVENTS

T TTTT]
Ll

I
i

|
I

P

Pl Ill|
Ll

[
l

[
}

CLrind

FOR COUNTER CI5 |

——-4 —— Magnet Forward _
---- Magnet Reverse

I I |

O 100 200 300 400

PULSE HEIGHT (arbitrary scale) ...

Fig. 11--Pulse height distributicn for counter

C15 for magnet forward and reverse.



Fraction of Events u+/u_

per count at Spectrum Shift Correction
Counter Bank Threshold (ppm) {counts) (ppm)
A 20 + 20 -0.0540.02 +0.5+0.5
B 32 + 32 +0.07+0.02 -1.1+1.1
C ’ 10 + 10 +0.30+0.02 -1.54¢1.5
Total -2.141.9

T. Accidentals

Our Ki beam hed an especially poor duty ecycle. In order to obtain
a high event rate, we were forced to run at very high instantaneous
beam currents. In addition to the tracks of interest in each event,
we recorded any uncofrelated particle tracks which happened to occur
within the resolving time of our spark chambers. As the beam current
was high, the number of such accidental tracks was high. Our reconstruc-
tion programs had to select and correlate the tracks which belonged to
the true event, and discard the accidental background. Some fraction
of these accildental tracks would, however, get through our selection
criteria, and become erroneously correlated into an "event". We had
to determine the bias introduced by this process.

There were three main sources of aqcidentals: accidental matching
of upbeam and downbeam particle tracks through the magnet, accidental
correlation of muon counters and downbeam tracks, and accidental verti-
cizing of upbeam tracks.

As discussed above, there were three constraints in the matching
of tracks through the magnet. Accidental matches were, therefore, ex-
tremely unlikely. Furthermore, such matches should not have been charge

agsymmetric. )
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The correlation of muon counters and downbeam tracks was also
well-constrained, and accidentals were unlikely. For each muon, we
computed a X? which measﬁred hoﬁ'well the data fit the constraints.

We expected the X? distribution of the accidental "muons" to extend
to much higher values than that of the real muons. Hence, if these
accildentals altered the measured charge asymmetry, they would have
done so to a much greater extent at high X2 values where they were in
relative abundance. Upon examining the charge asymmetry as a function
of the muon X2, we found that the asymmetry was constant to a confi-
dence level of 97.5%.

The accidental verticizing of upbeam tracks was more worrisome.
There was only one constraint in the verticizing procedure, and we
found that there was a background of charge asymmetric, lone muons.

To determine the effect of these accidentals, we took each of the muons
which did not verticize with another track in the same event, gnd tried

to verticize it with a pion track from & genuine Kﬁ event. If the

3
tracks formed an acceptable vertex, we subjected this "event" to all
the event selection cuts. We found that 788 + 10 ppm of our events

were due to such accidental verticizing, and that the asymmetry of

these events was + 1.0 + 1.3%. This led to a correction of -8 + 10 ppm.

J. General Checks

We have applied corrections for all the systematic biases which
we have been able to isolate in the data. What about other, as yet
unknown, systematic biages; how can we insure that our measured asym-

metry is free of such unknown effects? The answer is, of course, that
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we can not be completely certain that we have thought of all possible
biases, but we can reduce the chance of substantial error by a thorough
search of our data. If there were a sizable systematic bias in our
data, we could reasonably expect that it would affect certain sub-
samples of our data more than others. Then it would readily be spotted
in the appropriate distribution.

In this spirit we have examined the asymmetry as a function of
many variables. The intrinsic asymmetry should be constant, and inde-
pendent of all the variables we will discuss. For each such distri-
bution, therefore, we will show in the figure the X? per degree of free-
dom obtained in asttempting to fit the charge asymmetry to a constant
value. We emphasize that in these distributions, the systematic correc-
tions already discussed have not been subtracted, as we are unable to
gquantitatively discuss the various functional dependences of the correc-
tions. We can, however, make some gualitative comments about the major
corrections, those being the pion absorption, the pion penetration and the
pion decay corrections.

Pion decay 1s inhibited at high energies by relativistic factors,
so that we expect relatively more contamination from pion decays at
low muon energy, where it will reduce the measured asymmetry.

Pion sbsorption is largest, and most asymmetric, at low picon
energies. The primary effect of pion absorption in our data is to
reduce the measured asymmetry.

The probebility of pion penetration, either through direct trans-
mission or through hadronic showers, increases at high energies. This

tends to affect the distributions at high "muon" energy.
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Finelly, there are natural correlations among the variables of
interest. For example, effects that arise due to phenomena at low
mucn energy will reappear in many other distributions. We must res-
trict our attention to the search for large anomalcous fluctuations
until such time as the detailed dependences of the systematic correc-
tions already applied can be determined.

We expect possible biases to vary with physical parameters
such as the momenta of particles, the position of the decay vertex,
and the counters.

Fig. 12 shows the dependence of the charge asymmetry on the momen-
tum of the muon, and of the pion. The muon distribution is consistent
with no dependence. The pion digtribution suffers from a substantial
deviation (X2=ll.0) in the region 0.5-1.0 GeV/c. This is precisely
the region of maximum differential pion absorption where we expect a
reduced asymmetry, although the magnitude of the effect is consider-
ably larger than expected.

Fig. 13 shows the dependence of the charge asymmetfy on the muon
counters. To compute this distribution, we have combined the events
from symmetrically located counters, and computed the asymmetry for
each pair. All the distributions agree adequately with the hypothesis of
no dependence on the secintillation counter involved. Among other
things, this supports the contention of VI.H that the corrections due
to pulse height variation are indeed small.

Fig. 14 shows the dependence of the charge ssymmetry on the Z
position of the vertex. Again the asymmetry appears flat, and rein-
forces the contention of VI.G that the regeneration in the V counter

is small.
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Since the helium bag around the decay volume is much larger than
the beam's cross section, we have no reason to suspect contamination
at the X,Y edges of the decay vclume. We have looked for such effects,
however, and find that the asymmetry is independent of X and Y posi-

tion of the decéy vertex.
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CHAPTER VII

Conclusions

A. Pinal Cuts

In order t5 reduce the level of certain contaminations, we imposed
a set of final cuts on the data. These cuts eliminated much good data,
but greatly purified the final sample.

To avoid end-of-range effecis, events were eliminated if the com-
puted muon energy at the C bank was less than 220 MeV. See IV.C for
details.

To reduce beam interaction contamination, events were eliminated
if the transverse momentum squared of the muon was greater than 0.035

(GeV/c)g. The kinematic limit for KE is 0.047 (GeV/c)g.

3

To reduce pion absorbtion difficulties at low pion momenta, events
were eliminated if the kinematically fitted pion momentum could have
been less than 500 MEV/C. In making this cut, no reference was made
to the measured pion momentum, if any. See IV.A for détails.

Events in which the pion and muon fired the same T counter were
eliminated since they were inconsistent with the trigger requirement.
These events may have resulted through the occurence of an accidental
T counter, or by erroneous assignment of both tracks to the same counter
in caseg of adjacent T counters. This class of events had a normal
asymmetry, but was excluded in order to improve the consistency between
the Monte Carlo and the real data.

To exclude beam interactions in the T counters, events with ver-

tices within 25 cm of the T bank were eliminated.
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To reduce the magnitude of the correction reguired for pion decay

and pion penetration, we endeavored to eliminate all K: events from

3
our data. These events were isolated kinematically as discussed in
VI.B. We eliminated all events in which the value of Pég was positive.
This cut reduced the number of KES events in the data by a factor of

6 as determined from the Monte Carlo events.

To reduce hadronic penetration (primarily by pions), events with
more than one C counter were eliminéted. This cut required some con-
gideration to insure that it did not asymmetrically eliminate genuine
events. Genuine events might fire multiple C counters through three
mechanisms. A Ki3 event in which both the muon and the pion penetrated
the lead wall could have two C counters. However,such events would be
clasgified as AMBIGUOUS, and would not be included in the final data
sample. A single muon could physically traverse two counters if it
hit near & counter boundary with a large incident angle; this effect
would be charge symmetric. A muon could fire multiple C counters by
delts ray emission., Delta ray emission is charge symmetric to first
order, but could be charge asymmetric in higher orders, just as Coulomb
scattering. The charge asymmetry as a function of the number of C
counters is shown in Fig. 15. We see that the asymmetry of the events
with two C counters is 33CC ppm above the normal value. This asymmetry
may be due to hadronic penetration, in which case we wish to eliminate
these events, or it may be due to delta ray asymmetries, in which case
we would introduce a bias by eliminating these events. Tortunately,

the total effect of these events is only 130 ppm so we can afford to

straddle the issue by eliminating these events and applying a
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correction of +65 + 65 ppm.

We present in Tabie 2 the results of these cuts.

BE. Numerical Results

Certain of the systematic corrections given below are stated as
an absolute bias. The relative biases indicate that the measured
agsymmetry has been shifted by a multiplicative constant rather than
an additive constant. For example, if the charge of the muon were
reversed in 1% of our events, then the magnitude of the measured
asymmetry would be 2% too low. We would then want to apply a relative
correction of +2%. The tabulation of all corrections and the final
asymnetry are given in Table 3.

Assuming the absence of AS= -AQ amplitudes, we find that,
Re ¢ = (1.39 + 0.25) x 107

>

Alternatively, we may assume the current world values for Re ¢, in
which case we find that,

- [x)®

: 5 = 0.92 + 0.17
|1-x|

Assuming that x is small, as shown by the data of reference 6, we may

refine our limit to,

|1-x| = 1.04 + 0.10

This limit provides a sensitive measure of the real part of x only,

which we find to be

Re x = -0.04% + 0.10 (K
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TABLE 2

Asymmetries and Number of Events for each Cut
(See VII.A for description of cuts)

Event Sample

2 TRACK and 1.5 TRACX events before cuts
Events cut for low muon energy at C bank
Events cut for high muon transverse momentum
Events cut for multiple C counters

Events cut for same pion and mucn T counter
Events cut for vertex near T counter bank
Events cut for fitted pion momentum

Events cut as possible Kn3 candidates

Events surviving all cuts

2 TRACK
1.5 TRACK

Total

68 -

Asymmetry No.Events

in ppm Millions
+ 3060 + 280 13.15
- 6120 + 860 1.3
+14320 + 1560 0.1
+ 7030 + 1400 0.51
+ 1810 + 1260 0.63
- 1080 + 4770 0.0k
+ 6370 + 690 2.07
'+ 3690 + 1520 0.43
+ 3360 + L4o 5.07
+ 2330 + 620 2.63
+ 3010 + 360 7.70




TABLE 3

Tabulation of Systematic Corrections and

Final Charge Asymmetry

Description

Events passing final cuts
Pion absorption

Plon decay

Pion penetration

Beam Interactions

Pulse height variation

Asymmetric contributions to
AMBIGUOUS event group

Asymmetric elimination of multiple
C counter events

Regeneration

Accidentals

Sum
Evaluation c¢f relative corrections

Final corrected Charge Asymmetry

- 69 -

Absolute
Corrections

ppnm

Relative
Corrections

a

+3010 + 360

1+

- 5+ 221

1+

+ 210 + 41

- 394 + 271

+2773 + 509
+ 64+ 5

+2779 + 509

-7.13 + 0.02

+7.33

1+

0.15

+0.20 + 0.15



Furthermore, we have determined the charge asymmetry as a function
of the Dalitz variables. We present in Fig. 15 the charge asymmetry
vs. the kinetic energy of the muon, the pion, and the neutrino in the
KE center of mass system. Note that systematic corrections have not
been applied to these distributions. We see no strong correlations in
these distributions. In fitting them to the hypothesis of a constant

asymmetry, we find

T“ : XE = 24,5 for 26 degrees of freedom
TTt : X2 = 36,7 for 23 degrees of freedom
Tv : X2 = 46,5 for 49 degrees of freedom

None of the fits are significantly improved by the inclusion of linear
or quadratic dependences. The Tﬂ fit has a confidence level of only
h%, but no systematic effect is apparent. We now compare our result

9

with previous determinaticns~”.

KO Charge Asymmetry

—u3

Dorfan et.al. (+4.03 + 1.34) x 1077

McCarthy et.al. (+2.1% + 1.01) x 1072

This experiment (+2.78 + 0.51) x 1077

Average (+2.80 + 0.43) x 1072

-KZB Charge Asymmetry

Saal et.al. (+2.46 + 0.59) x 1077 b
Marx et.al. (+3.46 + 0.33) x 1077

Ashford et.al. (+3.6 +1.8 ) x 1077

Average . (+3.23 + 0.28) x 1072
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K0 and Kg

-3
K 3 0.24) x 10

Average (+3.10

1+

3

World Average of 2 Re ¢ = (+3.02 3

-+

0.14) x 107

The last line gives the current value of 2 Re ¢ as derived from the

experiments on the magnitude and phase of y and Moo "

C. Interpretation

We have measured the charge asymmetry in Kz

3 .

3 decay and find it to

be (+2.78 + 0.51) x 10 This result is consistent with the previous

. e} o)
measurements in K and Ke

u3 3°

ments and their extreme sensitivity to systematic bias, the degree of

Congidering the difficulty of the experi-

consistency among these experiments is remarkable.‘

Assuming that CP viclation is due solely to CP mixing in the
decay states, as in the superwéak tﬁeory, and assuming the absence of
AS = -AQ amplitudes, the results of the Kﬁ}*nn experiments predict a
value of (+3.02 + 0.1k4) x 1072 for charge asymmetry in both KEB and,
KZ}’ and further predict that the asymmetry should not vary across the
Dalitz plot. The measured charge asymmetries are consistent with this
value. The constancy of the asymmetry vs. the center of mass energies
of the decay products, as discussed VII.B, is further confirmation of
these assumptions.

We feel confident in our result for several reasons. The multi-~
tude and precision of our information greatly reduced our suscepti-
bility to systematic biéses, Due to the design of the apparatus, the

biases were small; none exceeded our final uncerteinty. Almost all of

-



these corrections were directly measured rather than theoretically
derived. Monte Carlo methods were only used in the determination of
certain well-defined geometric and kinematic ratios. Finally, we have
checked many sensitive distributions for the existence of unknown
biagses. We see no eyidence thereof, and feel that should such unknown

biases exist, their effect on our result would be small,
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