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A SEARCH FOR A CP-NONCONSERVING ASYMMETRY IN

THE DECAY Ki > 0T no

Abstract
_by
LAWRENCE B. LEVIT

The purpose of this experiment was to test CP
symmetry in the decay K{ > w'nT1°. A search was
made for a charge asymmetry revealing itself as a dif-
ference between the n+ and T transverse momentum

spectra. The experimental configuration was three

~ hodoscopes in line and a momentum analyzing magnet.

The experimental limit set by this experiment was
calculated from the data for which both charged

mesons were detected, and one y-ray from the w° de-

N cay was identified. This constitutes 400,000 events.

The eiperimental data wére analyzéd by a Monte Carlo
fitting procedure. The best value obtained for the CP
violating p;rameter, oi,' was 00,0001 * 0,0009., BEsti-
mates of all biases that could mask the asymmetry are
included in the uncertainty quotéd above.

Two previou; eiperimentsA’B have shown no asym=-

metry to a precision of 0.02, and one experiment ex-

hibited a 2-1/2 standard deviation effect of O.Oh.c

ii



The result of this experiment is consistent with

CP invariance.
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I. INTRODUCTION

In order to simplify theoretical calculations of elementary
particle interactions, a number of assumptions were made. Speci-
fically they were: symmetry of the interaction Hamiltonian under
the operations parity reversal (P), charge conjugation (C), and
timeAreversal (T). These assumptions were indeed born out for the
case of strong interactions, but the weak interactions were found'
to be more complex.

Observation of K' decays in 1955-1956 (referred to as.thé
-1 puzzle) led Lee and Yang to question the validity of parity
conservation.l They found that no experimental evidence existed
for parity conservation in ﬁeak interactions. Their suggestions
were confirmed in 1957 by a séries of éxperiments including Mrs.
Wu's experiment on nuclear B8 decay of Co‘60.2

Soon after the downfall of-the parity symmetry law, the viola-
tion of charge conjugatién in weak interactions was also observed.
The complicating factors 1led particle theorists to look for other
simplifying assumptions. In 1957 Landau,3 apd also Lee and Yang
proposed that weak interactions.exhibited symmetry under the com-
bined operation PC. T
The Ki Kg, system was hypothesized in 1955 by Gell-Mann and
p)

Pais. These two particles were defined as eigenstates of C, but
in 1958 the formalism was changed, and they were defined as PC
eigenstates.

_The Kg AND Ki decays were used for experimental tests of

1=
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.PC invariance. épecifically the theory predicts the short lived
K° may decay into‘2n mesons, but the ;ong lived one cannot. In
1958 the absence of Ki + an  was determined to 1%6 and in 1961 to
0.3%,7 thus putting the theory on a sound basis.

In 1964, Christenson et al.,8 detected the decay
Kg -+ n+'+ m  forbidden by PC invariance. The result of the experi-
ment was certainly surprising first because the violations of both
C and P were maximum, and second, no other examples of the viola-
tion were found.

A number of hypotheses were put forward (these will be dis-
cussed below) concerning the violation of PC, however, the number
and dccuracy of experiments done to daté QOes not strongly rule out
or reinforce any of these theoriés.

The experiment described in this thésis was performed to aid
to the phenomenology of PC, and to hélp in the sorfing out of
various theories proposed. A‘chargé agsymmetry was searched for
in the decay KE + w1 n°. Because of the magnitude of the PC
violation in the 2n decay, it was expected that any PC violation
would be slight, so very good statistics were necessary. This re-

quirement was fulfilled because this was a'counter experiment.

. - . P ‘ . . . D~
This experiment was discussed in an earlier publication™.

Dy.A. Blanpied, L.B. Levit, E. Engels, M. Goitien, T. Kirk, D.G.

Ryan and D.G. Stairs, Phys. Rev. Letters 21, 2 (1968).
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II. THEORY

The K° and K° are not eigenstates of the weak Hamiltonian,

. A pair of linecar combinations
lxg> = (ko> + r|RO>)/(1 + r2)s
|K£> = (|Kk°> - r|K°>)/(1 + rz)%

are'eigenstates of Hw. Here r is related to the off diagonal

elements of the mass squared matrix, W by9

_ | <ke|w|ke> %
r= <K° jw|K°>

Ir one‘takes r = 1, the states IK§> and |K£> are also
eigenstates of PC with eigenvalues +1 and =1 respectively
(PC|K®> = + |K°> has been used).

The 27 state must be even under. CP. Since the = mesons
satisfy Bose statistics, the wave function musp be even under

total exchange. Undef the operation PC,

+ - - +
To+T T <> T
- *-r - -

r T -
Ty - -7 T

so we have total exchange and

-3-
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=l
PClw+ﬂ-> =+ |nw >,
Thus, the decay
Kg ot
is allowed by the conservetion of CP but

is forbidden.

In 1964 the forbidden 27 decay was first observed.lo The
branching ratio is only 1.6 x 10-3.ll The detection of this decay
is evidence of PC violation. The existence of this decay means
that at least one CP violating virtual interaction exists connect-
ing the states K° to K° to each other and to themselves.

A number of theoretical frameworks have been proposed to
deal with the violation. Sa.chslz.. suggests that the observed

decay may be an '"indirect manifestation of & maximal CP violation

in the leptonic interactions of the K° meson". The theory indi-

~cates that the existence of the 2w decay channel arises from

r # 1 rather than a difference between the KO »~ 2r and K° =+ 2rm
rates. The cause of the deviation of r from unity is predicted

to be due to maximal violation of CP in leptonic decay modes.
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The theory requires further that the amplitude for A4S = -~ AQ De

on the order of the AS = AQ amplitude but out of phase by w/2.

3

An alternative theoryl put forth by Truong assumes that the K°

decays which satisfy the AI = 1/2 rule do conserve CP, but the AI

= 3/2 decaysvare not CP invariant. The ratio of Ki;ﬂi+ﬂ° to
K§+n++n- decay rétes was usgd to determine the strength of the AI

= 1/2 selection rule. For these deéays, AI > 1/2 and AI = 1/2 re-
spectively. Using the ratio of Kg + 21 to Kg + 27 the value of r
was calculated to be .995, very close indeed to unity. This implies

& charge asymmetry in the leptonic decay of the KE of 0.4%.

Lee and Wolfstein's a.pproachlh is to assume that the weak

Hamiltonian is made up of two parts

iy = R +

where HG is the usual CP invariant Hamiltonian which satisfies

|as}<2 and HF is an additional interaction which does not conserve

CP. The two terms are characterized by coupling constants F and G.

There are several possibilities for HF leading to different
selection rules. If, for example HF satisfies IAS[ = 1, +then one

would expect

-k
R(Kf - ﬂ+ﬂ_) 3
- ~c10

e ;
R(Kg > )

A e Ty ] T § = Y S s R B e g, = oo
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To date, however, no such CP violation has been found in |AS| =1
decays.

A second possibility is that HF satisfies [AS]| = 2. 1In

this case, transitions of ‘the soxt K°<—>K° could occur. Then, a .

-transition of the sort Kﬁ > K§ would be possible. If this were

the case, one would expect

This is not the case.ls’16

17,18

A theory of several authors is that € invariance is
violated in strong interactions. Since conservation of parity is
so well verified, this would imply that CP is violated for strong

interactions. This could cause the KE + 2n effect by virtue of

the K°'s wvirtual (strong) interactions.

Cabibbo has suggested that in many cases, C violating effects
may be severely limited in magnitude by the CPT theorem and parity

conservation. He points out, however, that in some complex cases,

& C noninvariant effect would not necessarily be so limited.

If indeed there were a violation of C in strong interactions,

the KE + 2n effect would not be a surprise. Such a viclation
of C would be expected to be small Judging from the magnitude of
KE + 2w, It is interesting to note that tests of C invariance in

hadron interactions have not yet been made to a sufficient pre-



cision to confirm or deny the theory.l9

In this experiment & search was made for CP violations in the

decay
+ - .
KO+ [~
L T W

Such a violation would reveal itself in a charge asymmetry, for
example, a difference in the kinetic energy spectra of the 2 char-
.ged m mesons. This can be seen as follows: Suppose PC is a
constant of the motion. Then the three pion state would be an
eigenstate of PC. Any pibn state can be broken down into states
of definite valués of PC depending on the value of the isospin.20

Operating on & state with P has the effect on momentum

Here the subscript i stands for the positive, negative or neutral
" meson. Operating with C interchange the 7' and 7~ charge indices.

Then the combined action of P and C on the 3m state is-
. T, + /o _+ - - -»
pey(n" (BTLET ), (3 ,E7),n°(3°,E°))
= 23 (77 (-pTLET) 1 (= HE D), 10 (~p° ,E°)) (1)

Here the % represents the eigenvalue of PC.



Suppose the 3 pion wave function, ¢,’ is not an eigenstate of
PC, but rather, a linear combination of PC even and PC odd terms:

o(rt (BT EN) ,nm(37LET) ,m0(3°,E%)) = ¥ (n (BT,ET),n (3 7,E7),m0 (30 ,E°))

+ awf(n*gﬂn“),n’(?,f) 10 (3°,E°))
"Here a is a constant. For such.an admixture,
|Pc¢<n*<5*,z*),w‘('ﬁ'.E'_)',n°<§°.E°>| = Jo(n" (<57, E7) (-3 ,ET),
E N o™ (BT ED) " (3TED) me (300N (2)

* This inequality is due to interference of the even and odd PC
eigenstates.

According to Equation 1, if the 3 pion wave function is an
eigenstate of PC, the n+ and m energy spectra are identical.
Equation 2 indicaﬂes that if the 3 pion wave function is not an
eigehstate of PC, there will be a difference in the ﬂ+ and T
energy spectra. 'Thus & n+nf energy asyﬁmetry implies a PC |
violation.

The 37 final state can have isospin, I, of 0, 1, 2°or 3 since

the pion has isospin 1. These possible states are even for even

I and odd for odd I. Since the Ki has isospin 1/2 and is odd

B e Mo A Tk S . ) IS T ET T



under CP, the I =.l three 1w state conserves CP and satisfies the
|aT| = 1/2 rule. Also, the I =0 three 7 state would also
admit the |4I| = 1/2 rule, but not CP conservation. Finally,

the I =2 state has IAII = 3/2 and‘does not conserve CP. It

is assumed that the I = 3 state does not contribute to

K> > n'nn° since it would require |AI| = 5/2. Then, a CP vio-
lation would give a w+w- energy asymmetry by interference ﬁetween
the CP conserving I =1 state and the CP violating I = 0 and

I =2 final states. If, indeed, Truong's theoryzl is correct,

the I =0 final state does not contribut'e.

A calculation of the magnitude of the energy asymmetry re-
quires estimates of the magnitudes of various 3m decay amplitudes
which depend upon centrifugal barriers, amounﬁ of CP violation and
validity of the [AI] = 1/2 rule. -

A measure of the'energy asymmetry between the charged
mesons is

N, - N_

@ = T
N+ N_

' ) +
Here Ni' is the number of events for which the =~ had greater
. . 22 [ .-5 .23
energy. Estimates of this parameter range from 10 “ to 2.7%.
The low estimate is simply a carry over of the CP violation ampli-
tude observed in Kﬁ - 27, The higher estimate is that predicted

by Truong's theory. of maximal leptonic violation of CP. Two pre-
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vious experimentseh’25 have shown no asymmetry at the 2% level and

one gxperiment26 exhibited a 2 1/2 standard deviation effect of u%.
A useful parameterization that was used in this analysis is

11,27

the "linear matrix-element approximation. The final state of

the three ™ mesons can be described by two independent parameters

X and Y. These are defined as

Y=(7 -7 Y/y 2
\ 0 "max T
= - 2
x = (2, - 7_)%/mM 2.
+
Here T, is the kinetic energy of the wo, MK is the mass
3 ,
of the neutral K, MTT is the mass of the w meson and Tmax is -

the maximum kinetic energy kinematically allowed a 7w meson.

The matrix element, then, can be expanded as
M(X,Y) =a+Db X+ cY + higher order terms.
Here a, b and c¢ are constants. The linear approximation then
uses‘only the first order terms:
M(X,Y) ¥ a + bX + c¥

and

M2(X,Y) %.a2 + 2abX + 2acY.
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Again, higher order terms have been dropped. Then with

o, = b/a
o, = c/a,
M2(X,Y) = a2(1 + g, X + ooY)

The constant a2 determines the rate of the decay and it is of no
consequence. to this analysis.- The quantity 60 is the so called
slope parameter and is ; measure of the variation of the density
of the Dalitz Plot between the charéed 7 mesons and the neutral
T ﬁeson.

The quantity Oy the CP violéting parameter, is a measure
of the energy asymmetry between the n+ and 7 . A non-zero value
of

o, implies a violation of CP asymmetry.

- ewemymm e

wr e e —
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ITI. APPARATUS

A. Synovsis

One of the external particle beams from the Alternating
Gradient Syncrotron at Brookhaven National Laboratory was incident
upon the apparatus used in this experiment. See Figure 1. The
beam consisted of K; mesons (the particles whose decays were |

to be studied) as well as neutron contamination. In order to iden-

tify a decay as
Kf > o,

The two charged m mesons had to be detected as well as the gamma

rays from the essentially instantaneous decay
T -+ 2y.

The apparatus is shown in Figure 2.

The charged 7's were detected by 3 ﬁodoscopes made of 16,8
and 12 plastic scintillator strips. The three hodoscopes were
perpendicular to £he beam direqtion and piaced one behind the next
so that the 2 charged = mesons would cause 2 hodoscope elements
in each plane to fire. A large magnet between the second and third
hodoscopes bent the charged particles. The farticles' paths could
be reconstructed from the knowledge of which counters had fired and

thus, the momentum of the charged = mesons could be measured.

.
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The gamma réys from the 'w° decay were detected by the use of
four shower counters placed upstream of the hodoscopes. These four
dectectors were placed parallel to the beam direction such that the
beam passed through a sort of tunnel.

In order to guarantee that the particle whose decay was being
studied was neutral, a charged particle detector was placed up-
stream of the apparatus so that a firing of this detector could be
used to veto an event during which this counter had been on.

Thus, the decay of interest was completely determined by 2
trajectories in the hodoscopes, 2 of the 4 éamma counters turned
on and the charged particle veto counter off.

As mentioned above, the beam also contained neutroni. The
interaction of the neutrons could cause false triggers of the
apparatus. These false triggers wefe of concern because they
could conceivably have been asymmetric so that an erroneous result
would have been obtaingd. For this reason, the decay region was
' fi;led with SF6, a véry heavy gas, during part of the running of
the experiment. An esﬁimate of the effects of neutron interactions

could thus be obtained by looking at the counting enhancement due

to the extra matter in the beam.

B. The Beanm

The apparatus used was designed by Bennett et al., for use in

.28

an earlier experimen and was modified for use in the present ex-



periment. The beam was produced on a thin beryllium wire internal
target (target G 10) by the proton beam of the Alternating Gradient
Synchrotron at Brookhaven National Laboratory. It was directed 20
degrees inward from the synchrotron beam. Its geometry is shown

in Figure 1. Three brass collimators of rectangular cross section
were used to define the beam. The internal faces of the colli-
mators lay on common pyramid whose apex was at the center of the
target. The distances of the three collimators from G 10 target
were, 3.7, 9.8 and 18.4 meters respectively. .The exit opening of
the last'collimator was 20.8 cm. high and 13.6 centimeters wide.
 Before traversing the collimators the gamma ray flux was attenuated
by allowing the beam to pass ﬁhrough 1.9 em. of lead and 2.5 cm. of
Heavimet.(primarily tungsten) a total of 10 radiation lengths. -
Between the first and second collimators was a large AGS 18D72
sweeping magnet used to 5end charged particles from the beem. The
current through the magnet was maintained at least three times the
value below which an enhancement to 2-fold coincidence rates be-
tween hosocopes was noted. A veto scintillator was placed so the
entire beam cross section was covered. The éfficiency of this
counter was measpred aﬁa found to be in excess of 99 percent

for charged partic;es. Thus, the efficiency for détecting at least
one of a charged pair was esséntially 1 and although the beam con-
tained some charged particles created downstream of tHe target,

they were effectively vetoed.
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The beam generatedlwas one of neutral particles and was well
collimated. The distance from the target to the apparatus was 20.4
meters so that the short lived particles decayed in flight leaving
a beam of only neutrons, gamme rays, and long lived K-mesons. The
fact that there was no contamination of other neutral particles can
be easily shown. The highést energy particles of a given half life
travel the farthest. At L4 Bev/ec incident K° momentum
the intensity of the AGS neutral beam was down by a factor of TO
from its maximum value at approximately 1.4 BeV/c. Thus 4 BeV/c
is a reasonable choice for the maximum of the K° beam momentunm.
This being the case, the mean distance traveled before decay was
only 25 centimetérs, 1/100 the total distance to the apparatus.
Thus it is clear that there were no particles in the beam except
neutrons »Ki's and photons. The contamination of the beam by
neutrons was a serious- problem and the treatment will be described
beiow. The photons in the beam did not represent the same problem.‘
~ They were attenuated By the ten radiation'lengths of lead. The B8
particles generated by the gamme flux wgre.swept out of the beam by
the s&eeping magnet (see below).

A One half radiation length of lead and later one of stee; was
placed in the beam to enhance the counting rate due to gamma rays.
The counting rate of charged pairs relative to the beam intensity
did not show an increase. The measurements were made to an accur-

acy of 1% and did not include electron discrimination. An upper
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limit can be set on the fraction of gamma induced counts usiﬂg this
data. Since the matter in the beam was < 10‘3 radiation lengths,
the fraction of gamma induced counts was less than 1 in 105.
In order to aveid interactions between the beam and matter,
the beam traversed vacuum for the entire distance from the first
collimator to the front veto except for the region of gamma attenu-
ator. Any charged particles created in the atpenuator would have
been swept ouﬁ of the beam direction by the sweeping megnet. Any
uncharged particleé created would have either been K°'

L

trons, photons or would have decayed well before reaching the

s, neu-

sweeping magnet.

The geometrical optics of the collimators defined the size of
the beam to be lh.S centimeters wide by 22.2 centimeters high at
the upstream end of the apparatus and 16.0 centimeters wide by
24 .2 centimeters high.at the down stream end of the decay iegion.

The beam diverged only ten percent as it traversed the apparatus.

C. The Floor Plan

.Figure 2 is'a diagram of the apparatus used in this experi-
ment. Because of the high incident K° momentum and the low Q
(82 MeV) of the reacti;n, the mean opening angle between a charged
m-meson and the beam direction was on the order of 6 degrees. Thus

the apparatus was very long and narrow, consequently, Figure 2 has

been considerably foreshortened.
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The n+ and 7 trajectories were defined by three hodo-
scopes of plastic scintillator, A, B, and D. They contained 16, 8
and lé vertically oriented counters respectively. The A hodo-
scope can be seeh in Figure 3, B in Tigure 6 and D in Figure 5.

To contend with the problem of interactions of the charged parti-
cles with the counters, the A and B hodoscopes were constructed of
very thin plastic .10 mm thick. The counters were all light
shielded by thin aluminum foil .025 mm thick. Since interactions
in the D hodoscope would not send particles downstreén to other
counters, these counters were made somewhat thicker, 0.3 mm.

Scintillation light from gach of thé hodoscope elements was
directed to a 2 inch RCA 8575 photomultiplier via a lucite light
pipe. Each of the tubes was magnetically shielded by 0.06 cm of
mu metal, 0.3 cm of Netic-Conetic shielding énd 0.95 cm of iron.
Signals from the A and B hodoscopes were amplified with x10
Chronetics 103 amplifiers. The signals were clipped to 5 ns. Be-
cause of the high counting rates, the last 3 stages of each tube
were driven by booster supplies as were all photomultipliers in
this éxperiment.

In order that a reasonably accurate reconstruction of the
decay point be possible, it was necessary 1o use a large number of
narrow counters for the A hodbscopes. This was due to the fact
that the A hodoscope was the downstream boundary of the decay

region and thus the counters forming this hodoscope subtended the
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largest solid angle per unit counter dimension of all counters.
For this reason, 16 counters of width 1 inch were used. Thus,
since the beam was approximately 6 inches across, the entire range
of the beam was covered and even the w-mesons emitted at relatively
large angles to the beam direction would pass through the appara-
tus and be detected. The size requirements for the B and D hodo-
scopes were not as stringent because they wére farther from the
decay region. For this reason, only 8 counters of width 5.5 inches
were used for the B hodoscope. The size of the counters was deter-
mined by considerations described‘below.

A.Vide gap momentum analyzing magnet was placed between the
B and D hodoscopes. It had a.vertically oriented field so a
transverse momentum kick was delivered to the charged particles.
Knowledge of which three counters had fired is sufficient for re-
constructing the horizontal component of the particle's momentum
vector and thenhorizontal coordinates of the decay vertex. The
size of the C and D counters wa; determined subject to the con-
dition that the maximum possible (see Figure T) deflectipn of a
pgssing from the B to D planes be less than 1 1/2 counter widths.
Thus & logical constraint could be placed on the data to eliminate
spurious counts. This const?aint is called angle logic and is
signified by ¥.

In order to avoid extraneous counts due to interactions be-

tween particles and the magnet, the entire magnet gap was covered
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by 6 counters used to veto scatters from the magnet. These coun-

ters were called Vl - V6.

An ethylene gas (C2Hh) Eérenkov detector was placed between
the B and D hodoscopes. This detector was designed to differen-
tiate between electrons and all other‘types of charged particles.
This is possible because Eerenkov light intensity is velocity de-
pendent rather than momentum or energy depen@ent. The condition
for threshold of Eérenkov light is n:B = 1. Here n 1is the index
of refraction of the gas and B 1s the ratio of the velocity to
the speed.of light. ©Since the index of refraction of the gas is
1.0007 the threshold velocity is 0.9993c. Tor electrons, this
corresponds to an energy of 13 MeV, for muons 2.7 BeV and for -m-
meso;s 3.8 BeV. Thus the detector differentiated between elec-
trons and other charged particles. The efficiency of this detec-

tor for electroﬂs can be calculated as follows: the number of

v/
photons per unit path length from Cerenkov radiation is

d2N - 2T (l _ 1 )(29)
axdv  137c BZn?

Here B is the ratio of the velocity to the speed of light, n
is the index of refraction of the medium and v 1is the photon
frequency. Since the phototubes used in the detector were Amperex

58AVP's, the response of the photocathodes was a standard S-11.

Thus if the light collection efficiency is taken as flat at 8%
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over the range 3000 to 5000 angstroms for a total path length
through the detector of one meter, the average number of photo-~
electrons generated by an wltra-relativistic electron (8 = 1)
was 5. The distribution of photoelectrons is given by the

Poisson relation:
_ h =5
Prob(n) = 5°e “/n}

If no fewer than 2 phofoelectrons could be distinguished as a
signal, the probability of an electron's passing through undetec-

ted is:

Prob(0) + Prob(l) = 0.04

" Thus the efficiency was> 95%. The Cerenkov detector contained

8 photomultiplier tubes located for optimal light collection
efficiency. The fact that particles emit Eerenkov light aﬁ an
angle given by sin 6 =.l - E%HT indicaﬁes that the range of
possible angles is 0 to 2.1°, well directed light. Thus an
efficient light.collection system was possible employing.reflec-

ted light off 8 aluminized mirrors and focused onto the photo-

cathodes of the tubes. The 8 tubes were driven at 2700 volts and =

their unclipped signals were added using an E. G. & G. AN1OO
mixer, giving a single signal for pulse height analysis.

There was & thin square of plastic scintillator at the up-
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stream end of the apparatus located 6 feet from the A hodoscove.
This was used to guarantee that any trigger of the apparatus that
appeared to be an acceptable event was not caused by charged par-
ticles entering the.apparatus through the beam port. This veto

counter was called V Thus, since the system would not reveal

| 7
completely defined pair of charged particle trajectories if a
count occured after A, the decay region was delineated by V7 and
the A hodoscope.

In order to minimize interactions between the beam (particu-

larly neutrons) with the matter in its path, it would have been

" advantageous to place the apparatus in an evacuated room. This

was of course not technically feasible, so a reasonable approxi-
mation would be a low atomic weight gas. Because heliuﬁ is inert,
it is & good ;afe choice. Polyethylene bags containing helium at
one atmosphere were placed in the decay region and between the A
and B hodoscopes. In order to correct for the existence of some
matter in the beam, a portion of the running time of the experei-
ment utilized e heavy gas, SFg (molecular weight is 150) in
place of helium. Using the results of the experiment in the SF6
phase, the existence of any matter in the decay region could be
corrected for.

Since the 7° decayed in an unmeasureably short distancé
(< ZLO-S cm), only the gamma rays associated with this decay were

detected. The gamma. counters used were conventional shower coun-
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ters using approximately one radiation length of lead to shower the

gamma rays. The counters were constructed of a layer of plastic

scintillator, a layer of lead and another layer of plastic scintil-

lator. A gamma ray was assumed to have been detected if the first
counter was off and the second was on. That is, the gamma ray con-
verted in the lead and the charged pairs caused the second layer to
scintillate., The greatest difficulty with such a counter stems frém
the fact that an event in which both counters are turned on is con-
sidered to. be an event gque to a charged varticle rather than a gam-
ma ray.Thus,the first counter may be thcught of as a veto counter
for charged particlésﬁhis places rather severe limitations upon the
acceptable locations of the gamma counters. They cannot be placed
so that the charged w-mesons pass through them. Thus, the most
logicel location, behind the apparatus, is ruled out. For this
reason, the four gamma counters were placed around the'decay rcgioni
They formed a sort of gamma tunnel around the decay region so that
gamma rays emitted at large angles would pass through the tunnel

detectors but the charged m-mesons would not.

D. The Electronics

The electronics are shown in Figure L, The'resolvipg time
of this experiment ﬁas on the order of 5 nanoseconds so care
had to be taken to keep the cable lengtﬁs cdnsistent with correct
counter timing.  The techniques employed in counter timing will

be described below.
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The anode signals of the hodoscope gamma counter and veto
counter photomultipliers were clipped to 5 ns. and fed into Chro-
netics 101 discriminators. As mentioned above, the outputs of
the A and B hodoscopes were also amplified. Before the signals
were fed into the disériminators, the signals were all timed with
respect to each other at a commbn panel called the isochronous
panel. Each of the siénals could be passed through or a test
pulse could be injected.

The fast logic pulse was generated using standerd bin type

logic. The requirement for a trigger of the fast logic was
T = (BL > 1) (BR > 1)+ (During beam spill)-(System Not busy)

Here BL and BR are the number of B hodoscope elements that
were on for the left and right sides respectively. Determination
that the beam spill was on was done via a digital clock gated on
by the AGS magnét pulse. The clock produced a DC level which
vetoed events between AGS beam spills.

The trigger,. T, activated the input control unit, TGI
(Trigger Gate Imitiate). This unit cleared the registers (to be
discussed below) and strobed them on again. The widow widths of

the strobe pulses were set by clipping cables to be 20 nano-

seconds for all hodoscope constituents and gamma counter halves



and 30 nanoseconds for the veto counters. The outputs of all dis-
criminators to the registers were delayed by.80 nanoseconds to
bring the pulses into time with the strobe windovs.

The status of the hodoscope elements, gamma counter elements
and veto counters was stored as DC levels in a series of registers.
This occured when TGI gfrobed on th¢ registers. Once this infor-
mation was stored, it was interrogated by DC logic. Levels were
set for the left and right sides of the B and D hodoscopes and the
entire A hodoscope f&f the conditions = 0, =1, =2, > 1 and > 2
elements on. The complementary levels were also available. Also,
logic levelslfor angle logic were generated.

There were 15 logic busses to all of which 10 selected logic
levels as described above were supplied in parallel. With the
inclusion of six external logical inputs, these busses could be
used to generate up to a 16-fold logical combination. This com-
bination could be set by a series of front panel switches each
of which could be set to true, false or ignore.

Oné of these modules was used to generate the event decision
levei, E. This level was interrogated by the trigger pulse suf-
ficiently delayed, TD, at the output trigger generator TGO
(Trigger Gate Ou£put). The logical constraint used was

TGO =YTGI'(A._>_2)°( .,21)+(D

Dy ot ) (v7'=o) (G>1)

right:}
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Here G > 1 signifies that at least one of the eight gamma scin-
tillators had‘a light pulse during the event and V7 = 0 signi-
fies that the upstream charge anti-coincidence had no pulse. The
gammg, restriction was included to limit the rate of data takiﬁg.
The event requirement used was less restrictive than one would
want to analyze only K3TT events. This specific requirement was
used in order to be able to later study various backgrounds.

In addition to event logic levels, the other logical levels
were interrogated with TD and the results were counted on scalers
independent of the event level. Also, 6 additional logical levels
were generated to facilitate easy analysis and.ahd to check for
malfunctions in the system.

If an event waé to be recorded, the TGO unit extende@ the dead

‘time (unit busy pulse) to 22 usec, initialized the area to height
and anaelog to digital convertors used with the Eérenkov counter
and the ADC used with the beam intensity telescope and requested
the data handler write the event in its core memory. The timing
of the logic system is shown in Figure 8.

The BNL data handler consisted of a 4096 word magnetic core
meﬁory and associated control circuitry. The words in this memory
were 36 bits. At the end of each beam spill, the data handler was
interrogated to see if the number of events recorded in the core

was greater than a preset minimum. This minimum was adjustable

according to conditions during the experiment. When the minimum

i
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was exceeded, the data in the core were written on magnetic tape
as one physical record with an IBM 729 IV transport. The %ormat
of this record is discussed below. ,

The data handler communicated the same information to a PDP-6
digital computer via its data control unit. In this way, on-line

examination of the data could be performed to be assured the experi-

ment was operating correctly.

E. Timing of the Counters

The hédoscope counters were timed by requiring a meximum coin-
cidence rate with VY' The technique was to set the timing so
that the coincidence rate for charged particles through V7 “and
each hodoscope element was a maximum. It was found that differ-
ences of 2 ns. were clearly observable in the rate. After the
hodoscopes were timed, the Egrenkov detegtor was timed. ZEach of
the individual tubes in the detector were timed. This was done by
. triggering a dual beamAscope on (D8)~(B5)-(Y7). These counters
were chosen because they form a straight line near the beam direc-

. , , U
tion. (One beam displayed B and the other the Cerenkov.sig-

>
nal. In this way, one could visually adjust the timing of the
<o/
Cerenkov pulse to be coincident.
The timing of the gamma counters was more difficult since the’

detectors were placed completely out of the beam. Consequently,

a totally different technique was used for timing. TFirst, the
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anticoincidence inner detector was disconnected and the CT-ly

(See pg.3h) rate was mqasuréd as a function of gamma timing. The
timing that gave the maximum rate was taken as correct for the
outer half of the gamma counter. Then, the anticoincidence half
of the gamma counter was installed into the circuitry. The CT-ly

rate was then minimized by adjusting the timing of the inner half..

F. Data Taking Technique

The data taking technique was intentionally redundant in order
10 make checks to guard ageinst machine errors in writing the.
tape and human errors during the experiment.

The experiment was performed with one magnet polarity (A polar-
ity) for approximately 1/2 hour, and then with the other polarity
(B polarity) for about 1/2 hour. Each time the magnet polarity
was changed, a new run was begun. The run number was recorded on
. 4 ten position thumb switches which, vie a diode matrix, was con-
verted to binary coded decimal. The approximate magnet current
in amperes was set in 4 of the thgmb.switches and the magnet status
(0=off1=A polarity 2 = B polarity) was set in 1 switch. The
switches labelled A, B, C, ..., W, are shown in Figure 9. All 23
of these switches were recorded on tape as described below.

In ordér to check the data output device, all 4 bed bits of
O and P were set to one and all 4 of Q and R were set to

Zero.
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Meaning of the Thumb Switches
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During the course of each run, 15 scalers were counting. The
meanings of the scalers are shown in Table 1. Here the term CT

has been used to describe a complete trigger:
CT = (DR=1)(DL=1)(BR=1)(BL=1)(G¢0)(A=2)(zv)

and CAT 1is a complete trigger with angle logic included:
CAT = CT-(3.)-(3).

Also, the run number, the magnet .current as measured in millivolts
across a shunt and magnet polarity as measured by a Hall-probe
were recorded.

Scalers 8 and 9 were used as logical checks just as were
thumb switches O, P,Q and R. Since scaler 8 and switches 0 znd
P formed one 36 bit word, all BCD bits of scaler 8 were set
to 1. Similarly, all bits of scaler 9 were set to 0. These

could be used later for logical checks.

Since the apparatus consisted of 36 hodoscope counters, the

configuration of the system of hodoscopes was described by a 36 bit

binary word. This was particularly convenient for later analysis
on a 36 bit Univac computer. The remainder of the data had to be
packed into an integral number of 36 bit words. It was found that

thiz could be done with only one more word which had to be packed

~
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Scaler Numbeér Meaning

1 CT gamma = 0
2 ‘ CT gamma = 1
3 | : CT garma > 3
i CAT gamma = O
> : CAT gamma = 1
6 . CAT gamma = 2
7 | CAT gamma > 3
8 See text
9 ' ‘ . See text
10 o CAT gamma = 0 %17
11 . .' CAT gamma = 2 5?_7
12 . G.10 + 90 dégrees rate
13 - CL/1000 -
1k - CR/1000
15 VO singles
Table 1

Meaning of the On-line Scalers
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into‘an integral number of 36 bit words which contained puise
heighﬁ information concerning the Cerenkov detector and the beam
intensity as measured by the G 10 monitor. Also, it had to con-
tain information ebout the 4 gamma counters, the veto counters,
and finally logical tags used as checks on the validity of the
event against errors in the recording electronics. The data was
then stored in 2 words called WORDL and WORD2. . These are
shown in Figﬁre 10.

In WORD2, Gl is the inner half of gamma counter 1 and
Gl 1s the outer half of gamma counter 1. The beam intensity and
Eerenkov pulse height were the 6 bit outputs of analog to digital
converters. The remaipder of the information is redundant since
it is all contained in - WORD1.

The. format of the data written on tape is shown in Figure 11.
Each record was made up of a 17 word preface as well as the data
for each event. The run number, the thumb switches A through W,
the on-line scalers and the magnet current were written in BCD.
The écalers were T digits and the digital voltmeter output from
the magnet was 5 digits.

The data were written'on 7 track 556 b.p.i. on 2400 foot tapes.
The end of each tape was marked with several ends of file.

Also associated with each run were 25 off-line scalers. These

were employed for the purpose of checking for malfunctions of the
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Figure 10

Packing of the Data from Each Event
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DIGIT BCD RUN NO.

12 BIT BINARY WORD COUNT

iHALL PROBE POLARITY

MAGNET CURRENT - 5 BCD EITS

Packing of Bach Block of Data
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CLOCK
TIME AND DATE
. on line scaler 1> - [ LECD BiTs
on line scaler 1k
on line scaler 13
——;;——. on line scaler 12
U v on line scaler 11
S T on line scaler 10
Q R on line scaler 9
0 P on line scaler 8
M N on line scaler 7
K L on line scaler 6
I J on line scaler 5
G H on line scaler &
E F on line scaler 3
C D on line scaler 2
A B on liné scaler 1
#AST EVENT - WORD2
LAST EVENT - WORDL
FIRST EVENT - WORD2
FIRST EVENT - WORDL
Figure 11
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apparatus.
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These were printed out by an sutomatic typcwriter wvhen

TGO reached a preset total. The scalers printed out were:

10 .

11
12
13
1L
15
16

1T .

18
19
20
21

22

TGI
TGO

y=1i- CT

Y>3 (caT) (¥erenkov Pulse Height

. < Channel 7)

V., singles

.V noise

Gl
ungated G 10 monitor

gated G 10 monitor
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24 _ zinpgles gates

25 noisc gates.

These scalers were gated on and off by a digital clock, the
predet. In this way, the V7 (first veto) count rate during the
spill and also the noise rate (between beam spills) were measured
on scealers 12.and 13. Scaler 12 was gated by the spill gate and
gcaler 13 was gated by a 100 msec. pulse from the predet during
the time when the beam was off. These scaler outputs were used as
a check of both the operation of the apparatus and also of the
AGS. For example, it was found that (v singles)/(G 10 monitor)
vas constant until the G 10 target went bad. This is reasonable
since V7 was located at -20° and the G 10 monitor at +9OO. Wnen
the target curled up becaﬁse of heating, an unusual angular dis-

tribution resulted causing V7/G 10 to change.



IV. DATA ANALYSIS

A. Central Idea
The best possible way to look for a CP violation in the data

w

from Kin would be to makeva Dalitz Plot of the background sub-
tracted data. A CP violation would show up as an asymmetry between
the left and right sides of the plot. To make such a plot, if is
necessary to know the kinetic energiés of the n and © in the
rest frame of the. Kz. Unfortunatély, it is not possible to trans-
form the data to,the rest frame becausé the momentum of the inci-

. dent Kz is unknown and also, théré is virtually no information
available concerniﬁg the 7°. .For these réasons, the horizontal
transverse components of the n+ and w  momenta (hereafter
called transverse momentum) were studied. They are unchanged by

a transformation between the laboratory frame and the center of
mass fréme. The transverse momentum distribution for the ﬁ+
and w  were compared. Any statistical significaﬂt difference
between the two spectra could imply é violation of CP.

In order to relate such a difference to a physical parameter

such as o, from the linear approximation to the matrix element

x
: !
o e S 3
5= L reoer -1 ) T + 2o_+_(r.1:+ -T) T

it was necessary to find what asymmetry in the momentum spectrum

was implied by a given value of 0,. Here p is the density of events

in the Dalitz plot ¢ is the density of phase space. To do this, a

large number of bhysical distributions had to be folded together.

=41
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Included in these were the geometrical efficiency. of the
detectors, the quantum efficiency of the detectors and the incident

K; beam characteristics. To do this analytically would be an

extremely difficult if not impossible task. For this reason, a
Monte Carlo simulation program was writien with % and o_ as

Titting parameters. A chi squared program was used to determine the

values of o, end co for the best fit of the Monte Carlo to

experimental data.

B. The Monte Carlo Program

The Monte Caxlo program was run as a two part process. TFirst
the momentum veciors in the lab system of the w+, the 7 , and
the 2 gamma rays from the 7° decay wére genefated and stored on
tape. One tape was generated for decays cénsistent with a constant
matrix element, a CP Violating matrix element and a CP conserving
matrix element. The linear approximation to the matrix element was
employed as described above. The program used to generate the
decays, or explosions was called EXPGEN.

'Second, these decays wefe distributed through the decay region
of the gpparatus and weré allowed to pass through the appratus'to
be detected. The decay of the ﬁfmeson to a muon was agcounted for.

This program was called APEXP. "It generated data tapes in a simi-

lar format to the experimental tapes.

-
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C. Monte Corlo Program Part I - FXPGEN

The first half of the Monte Carlo program contained kinemati-
cal transformations and quantum mechanics associated with the decay.
The standard Monte Carlo techniques were used. Parameters were
"chosen consistent with some distribution. Thgt means, a value E
of the parameter was chosen at random. If Prob (E) was greater
than or equal to a number, R chosen at random, the value E was
. & :epted. If not, a new value of the parameter was chosen and
another try was made, and so on.

The mechanics of the program wére straightforward. The value
" of the incident K-meson momentum was chosen consistent with the

AGS beam spectrum. The form of the spectrum used was

-~p/2p
.Prob (p) = p/poe
P, = 0.28 BeV/c
1 BeV/e <p

This was first used by Bennett et al. It is consistent with the

spectra obtained by many experiments performed in the Ko veam. 30

The total mass of the n+ + 7 system, Mzﬂ, was chosen con-

sistent with the phase space distribution. The system was treated
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as a 2 particle decay in which the X-meson decayed to a 7° &nd an

+ _ .
aggregate wm + m  particle. The phase space associated with the

SN
decay is given by:°l

- T T2 VA VYA AN VY vy vy
¢)(IVIQW)(WIZW - /ngn thi)(M2n+(MK Mw°)q 2(MK+M1I°)M217 dM2n

This is the product of the two phase space relations for the decays
k% + 7% + (27)
(2n) » 7% + 7",

A value of the quantity M21T was chosen. Then, a random direction

+
for the w was chosen in the M2w rest frame and the opposite

" direction is assigned to the = . The two particles were Lorentz
transformed to the K%J'rest frame.” In this way, a 3 particle decay
was generated consistent with a phase space distribution for the

momenta of 7', 7 and 7° in the KEJﬁrest frame.

The results of this subprogram then had a matrix element folded

in. The 3 matrix elements used were

& constant,

o — e an

© - e - e
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2 MK X
M2=l+-§-(T+-T_)M2-—.=l+—
K " i
& CP violating matrix element with g, = %3 and
M
2: +~g- - JK: x—
Mé =1 3(2T“° Tmax)M+ 1+
L] "_
a CPAconserving matrix element with o, = %u

If the event was accepted as consistent with the matrix ele-
ment histogramming of the kinetiec energies of the _n+, the
T and their sum and the inéidcnt K° momentum was performed.

The acceptable event was then transformed to the laboratory.
The direction cosines of the =° were randomly chosen and the
cosines of the n' and Tm wére rotated through these angles and
the energy and momentum of the 3 m-mesons were Lorentz transformed
to the laborstory frame.

The decay of the 7° was then allowed to occur. Since the
decay takes place within 10~ cm., the 7°- is takén to decay at
the same place as the K° decay. The gamma rays are eaéh given an
' energy of half the rest mass of the 7° (67.4875 MeV) in the rest
frame of the w°, 'The gamma rays were assigned random opposite
directions, and then Lorentz transformed to the lab frame. The
two gamma rays were rotated through the angles associated with
direction cosines of the 7° in the lab frame.

The events generated were written onAmagnetic tape for analy-

sis later.
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D. Monte Carlo Program Part II - APEXP
The second half of the Monte Carlo program was used to geo-
metrically detect the decays generated by EXPGEN. The decay of

the w-mesons: :

was included. The spaces between the counters were ignored.

The decays read into the program were plotted in a Dalitz Plot

~in order to be sure EXPGEN was'generating meaningful data. Specifi-

cally, the Dalitz Plot of the data for a constant matrix element
was examined and found to be uniform. The Dalitz plots for matrix
elements of 1, 1 + x/3 and 1 + y/3 are shown in Figures 12, 13,
14, respectively.

Each decay was assigned decay points in the decay region

). The decay position was chosen

(between the A hodoscope and V7

consistent with the lifetime:
Ct. = 1593 cm.o2
K. =
The relativistic time dilation was accounted for. The coordinates
of the decay point transverse to the beam were chosen consistent
with a beam distribution similar to the actual one. The actual

distribution of neutrons in the beam was measured using a neutron

telescope. The counting rate in this telescope versus position is
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shown in Figure 15. The curve is not symmetric due to the finite
size of the target. The length of the target is‘not perpendicular

to the beam direction. Rather, it appears at 70 degrees. In the
actual running of the experiment, this asymmetry was of no conse-
quence because the experiment was performed uéing both magnet polari-
ties and later averaged. In this way, the beam asymmetry was aver-
aged out. In the Monte Carlo calculation, this polarity averaging
was not performed.’ Instead, symmetrized beam distribution was used.
This distribution is also shown in Figure 15.

The form used was éreated by taking linear sides whose slope
was the average of the real slopes. The center of the model distri-
bution was peaked by linear approximations to the actual distribu-
tion. No measurement was taken of the vertical distribution but it
was certainly symmetric since thé geometry in the verticel direction
was symmetric. For this reason, the same symmetric form was taken
in this direction.

The two charged w-mesons wér§ allowed £o evolve in time, tra-
versing each of the hodoscopes. The counters were assumed to be
100 pefcent efficient. (They were more tﬁan 99% efficient.) As
the particles traveled through the apparatus, fhey were allowed the
possibility of decaying to muons. It was found that in approxima£e-
ly 20% of the events the 7m's decayed.

The charged particles were passed through the magnet by using
the effective length approximation. The impulse delivered to a

particle for various paths was calculated. This is shown in Table
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2. The maximum variation is 6 percent.

A charged particle's track was accepted if it passed through
all 3 hodoscopes and the magnet aperture. No angle logic require-
mgnt was used. This was reasonable since analysis showed 90 per-
cent of the events generated satisfied angle logic.

The subprogram for the detection of the gamma rays was not as
straight forward. The detection efficiency of the gamma rays was
not sufficiently large to be treatéd as 1. The detection of the
gamma ray had to be dealt with as a 2 part process. First, did the
gamma ray convert in the lead and second, did the charged particles
from the gamma conversion meke it out of the lead and into the
scintillator. The first stage of the process was performed using

33 The

linear approximations to the pair production cross section.
approximation is shown in Figure 16. Handling of'the 2 charged
particles from the pair production was facilititated using charged
particle Monte Carlo shower calcula.tions.3h The calculation tabu-
lates the probability of no particles of energy at least E for

an incident electron of energy Eo having traversed a thickness of
R radiation lengths of material. TFor this calcﬁlation E was
taken to be 5 MeV, perhaps a bit high for 1/4 inch scintillator

but it was found that the probabilities were very nearly the same

-at energies within a factor of 2,so the more complete information

available at 5 MeV was used. The thickness used was
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R = 1/cos@ - L radiation lengths

where 6 1is the angle to the normal of incident gamma and L is
the distance in radiation lengths the gamma traveled before pair
producing. This technique was suitably accurate as indicated by
the agreement of the ratio of ly to 2y events between Monte
Carlo result and experiment. The experimental ratio was 10.8 and
the Monte Carlo result was 11.2. If the efficiency of the gamma

counters is assumed to be 100%, the ratio is only 6.

E. Analysis of Hodoscope System

The finite width of the hodoscope elements used in this experi-
ment limited the precision of the reconstruction of an event. This
phenomenon is of particular importance for .reconstruction of momen-
ta. Knowledge of the uncertainties of momentum measurements leads
to intelligent binning and cutting of experimental data.

A program was run on the Case Western Reserve University high
energy physicé IBM 1800 computer to examine the uncertainties of
the réconstructed transverse momentum for all possible counter com=-
binations. The program converted counter numbers to real space
coordinates. It ignoréd the space between counters. The coordi-
nates associated with the counters triggered were used to calculate

the horizontal projection of the momentum vectors of both tracks

PL and PR.
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The geometrical reconstruction was performed using an iﬁpulse
approximation for the effect of the magnetic field. The magnet
was assumed to have delivered momentun to\each of the charged par-
ticles when they were half way through the‘magnet. The'value of

the impulse used in the program was =~ g
Ap = + 0.077 I MeV/c

where I was the magnet current in amps.

The geometrical reconstruction technique used is shown in
 Figure 17. The counters that had fired have been indicated by
darkening them in.

This reconstruction program was written for analysis of the
experimental data but was also used in this calculation. In this
case, non-integral counter numbers were considered. If counter
number A4 was turned on, the program would consider a trajectory
passing through the center of Ak. If A4.3 was assumed to be
turned on, the trajectory considered would pass three tenths of
an A counter width to the left of Ah's center.  In this way, the
edges rather thanlthe center of each counter could be considered
by using half integral.numbersr

In order to get an idea of the uncertainties in the various
measurements, an integration of trajectories was to be perfornmed

over the width of the counters. For any counter, n, the trajec~
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tories wére to be considered over the range counter number
'n - 1/2 to counter number n + 1/2.

The progrem was written to consider finite segments of the
counters and perform the integration. Because the total number
of counter combinations was large, any program for examining all
counter combinations would have been very time consuming. For this
reason, only 2 positions were considered for each counter - the
edges.

For each counter combination, the 8 trajectories through phe

edges of the A, B, and D counters were considered. Eight values

of transverse momentum were calculated and compared to the "central

value" or the transverse momentum of a particle whose trajectory
passed through the centers of the 3 counters. The root mean
squared deviation from the "centra; value" was calculated for
those values greater than the "central value" (AQI) and for
those less (ARI).

The results of this program show that the uncértainties
vary tremendously and aiso that the reconstructed data some-
times was unphysical - that is, negative valués of pJ.
occurred Qccasioﬂally..

Using a representative 6000 events, the frequency of each
counter combination was obtained. Using this information, it

was possible to determine what percent of the data remained if

various requirements were placed on the reconstruction. The re-




Restriction % of Date Remaining

reconstructed momentum is

positive ‘gz > 0) _ 98%

Py > 0 & Apy < 100% 69 %
pi>0 & opy < 90% 66 %
p; >0 & bp < 80F © 62.4%
pL> 0 & Apy < T0% | 6 g
By >0 & bp < 60% ,' 52 %
B >0 & fbp < 508 46 %
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p, >0 & Bp,_ < 104 | .. 1.6%
>0 & bp < 5B 0 %

‘Teble 3
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sult of such studies is given in Table 3.

It can be seen that the cut Pj.> 0 and A?i < 70% (here ¢
refers to "central value") is worth investigating because the reso-
lution of the hodoscope system 1s dramatically increased in ex-
change for a reasonable loss of data. Any more stringent require-
ment on the data would greatly reduce the number of events to be
considered. The counter combinations associated with this cut are'
given in Table 4. The events satisfying this constraint will

henceforth be referred to as good and those not, as bad.

F. Experimental Data Reduction Program - TANAL VI

The computer program for reading the experimental data tapes
was intricate because of all the decoding and checking that had
to be done. The construction of the program was built of many
subprograms written in Sleuth II assembler language, Algol 60 and
Fortran V compiler languages. The actual program to read the tape
was written in Sleuth IT by the Case computing center staff.

This subprogram KENTAPE was written in the assembler language
because the comﬁiler language could only read tape wripteﬂ in a
specific format containing a fixed nunber of words per record.
Also, since the tape contained périty errors due to hardware
failures during the writing, the program had to be able to read

this tape, recognize the problem and set an error {lag. Since
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this Sleuth program was used, the main program and some subpro-
grams had to be written in Algol 60 because Fortran V cannot use
external subprograms in any language other.than Fortran. The
programs which did not need the advantages of Algol were written
in Fortran. Although Algol is & highly sophisticated compiler,
it is also-a very inefficient language time-wise since a progran
.written in Algol willbrun 3 to 5 times slower than one writtén in
Fortran.

The program sorted out blocks of data containing parity
errors and ignored them. It decoded the run number of each block
and decided whether to bin the data, skip the block or print out
the results to that point. The final print out was caused by
exhaustion of runs to be analyzed or by enéountering an end of
file.

For each block to be analyzed, a series of checks were per-
formed on the preface of the data block. The magnet current as
measured on the digital voltmeter across the magnet windings was
compared to the thumb switches for 5% agreement. The magnet
pola?ity as measured by a Hall probe in the magnet was compared
to thumb switch A. The sum of the run number plus the value of
thumb switch was checked for oddness.

If any of these conditions was not met, an error message was
printed and another block read. A check.was made on the magnet

current. If this had varied from the value in the previous block
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by more than 0.1 percent an error message was printed and another
block read.

The values of each of the 15 on-line scalers were decoded
and running totals were kept on each of them. When a data block
. passed the above requirements, control was returned to the main
program. Then WORD2 was decoded for each event. If all of the
logical checks in WORD2 were successful and no vetoes were on,
WORD1l was decoded. The event was then binned as described below.

Because of the high cost of computer time, the. analysis pro-
‘gram had to make only one pass to bin all of the data. For that
reason, the number of quantities binned is quite large. There
were twé types of binning performed. First, the actual counter
combinations (which elements of each hodoscope fired for both left
and right tracks) were binned for all relevant cases and second,
data which could not be reconstrﬁcted from the counter combination
tables was histogrammed for all relevant cases.

The histograms were each 100 bins plus overflow and under-
flow.‘ The gquantities histogrammed were A4p = Py left " ?1,right'
x (transverse decay coordinate) and z (longitudinal decay coordi-
nate). There were 4O histograms in all for the cases y = 0, 1,

2 for clean and dirty anq 8 < T and 5 >T. A dirty event is
defined as one for which one or more extra inner or veto gamma
counter half was "on" during the event. The E;renkov requirement
of a pulse height of less than channel number 8 corresponds t0 no

o .
electron passing through the Cerenkov veto. This can be seen from
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Figure 18. The electron peak can clearly be seen and the K37 con-
tribution can also be seen (note the split vertical scale). Using
the cut off in channel T yields essentially no loss of K37 events
and a Ke3 contamination of less than 1%.

There were 1k pairs (left track and right track) of counter
combination tables. The cases Oy, 1 and 2y clean and dirty for
é < T end E > 7 were binned. Also the case of extra counters on
was considered. If only one of 2 tracks had extra hodoscope ele-

ments on, the other set of counter numbers was binned for Oy, 1

and 2y. Finally, the counter combinations for 2y events with

opposite gamma'counteré were binned.

The advantage of binning counter combination tables rather
than histograms of reconstructed pion momenta is that more infor-
mation is retained. Using the tables, various cuts could be made
on the data andvthen extract momentum histograms. This could be
done without rereading all of the data tapes any number of times.

It should be noted that decay coordinates and Ap = Bieft -

-

pright cannot be reconstructed from single track counter combina-

tions so these quantities had to be binned directly in as many

cases as possible.



_g9_
Frequency (Arbitrary Units)

1000 |

800

600 |~

koo |~

200

49
{

18 |-

1t

12 |~

10 §-

:

Typical Pulse Height Spectrum
for Electron Discriminating

Cerenkov Detector

e

1234 5 678 910 15 20 25 30

Channel HNumber

Figure 18 Pulse Height Spectrua for Cerenkov Detector




-66-

G. Reduction of Experimcntal Data

The experimental data tapes were read and binned by Tanal VI,
If the parameters of several (up to 10) runs were the same (beam
intensity, magnet current, gas in decay regions, ete.), the runs
were binned together. |

In addition to printing the results on paper, the data were
punched on cards. The cards were subsequently read by the IBM 1800
computer and copied onto magnetic tape in BCD formatf Tﬁe IBM for-
mat was used because it is compatible with SDS format so that the
‘data could be treated on the Harvard University High Energy Physics
Sigma T computer.

The raw histograms and tables on the BCD tapes had to be cor-
rected for chance gamma counts. The rate of 1y events with a
chence vy trigger (writfen as 1y + (i} was typically 15% of the
2y rate and the Oy + (E} was 20% of the 1l1ly rate. These values
were measured using delayed gamma counters. The precise amount of
contamination depended upon the beam intensity. Specifically, the
chance rate was proportioﬁal to the square of the beam intensity.
This can be seen'by realizing that the ny(n = 1, 2) chance con-
tamination was proportional to the product‘of the gamma counﬁer
singles rate and the (n-1)y rate, each of which was proportional
to the beam intensity. The percentage of contamination, however,
was linearly proportiénal to the beam intensity. The data were

chance corrected by subtracting the appropriate percent of Oy

L
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events from the 1y and the ly from the 2y. The background

subtraction percentages used were

g
1

= (20%) G 10/6.46

g
i

(15%) G 10/6.63.

Here POY and PlY are the percentages of Oy and ly events
subtracted from the ly and 2y data respectively, and G 10 i
the average value of the G 10 monitor (via analog to digital. con-
verter so the value could be 0 to 63 units) during the data set
under consideration. The chance corrected date were then added to-
gether to form complete chance corrected data sets for both A and
B polarity for the caées of He and SF6' in the decay region.
The chance corrected data wérethen normalized so that the sum
~of all bins was unity. In this way, the various histograms could
be compared directly independent of the number of events obtained
/in each mode.
-In order to avoid introducing the bias of any geometrical asym-
_metry of the apparatus,the data were treated as if two experiments
had been run simultaneously; one on the left side and one on the
right side. |
Treating both 'sides independently,the transverse momentum spec-
tra for both magnet polarities were subtracted to obtain trans=

verse momentum difference spectra. The magnitude of the asymmetry
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for each was determined and the results averaged. In this way

geometrical bias did not affect the results.

H. TFitting Monte Carlo to Experimental Data

The Monte Carlo transverse momentum asymmetry spectra had to
be fit to the experimental data for four cases: ly and 2y for
a1l data (good + bad), and for the cut described in section IV

G (good). Decays other than K could contribute appreciably to

3n
the Oy data, so no fit was performed here.

The Monte Carlo program generated data using of = 1/3 (see
Chapter II). This is-the largest value of that parameter which
maintains positive probabilities. Using the largest possible -
value of of gives maximal w+ﬂ_ asymmetry, and thus good statis-
tics can be obtained with minimum time. Monte Carlo transverse
nomentum spéctrﬁm for a smaller value of o* can be obtained by
scaling down the o% = 1/3 spectrum linearly with ot.

Figure 19 is a histogram of the transverse momentum asymmeiry
spectrum for 1ly (good + bad). Superimposed is the Monte Carlo
specﬁrum for o = .003. The Monte Carlo asymmetry is clearly
visible. No such asymmetry can be seen in the experimental data.
The data for incident K?Jnoméntum less than 2 GéV/c were considered
separ‘atély. No variation in the asymmetry spectrum was found for
any of the.above four cases. A cut was also tried for longitudinal

decay coordinate, z, less than 50 inches (physically, 0" <.z <

72"). This also did not affect the asymmetry spectra.
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The Monte Carlo data were fit to the experimental using ot
as the fitting'parameter. The technique used was a chi squared

fit. The value of o¢x was found which minimized the wvalue of

Here Dg is the Nth element of the experimental transverse momen-

- tum asymmetry spectrunm, .DN(ci) is the Nth element of the Monte

‘Carlo spectrum with CP violating parameter value o+, and o 1is

/?cngz + (oDN)Z.

Figures 20, 21, 22, and 23 are plots of chi squared as a func-
tion of ot fﬁr 1y (good + bad), 1ly (good), 2y (good + bad),
and 2y (good). Each figure shows two curves; one associated with
data from the left, tﬁe other representing data from the right.

No geometrical asymmetry is visible from these data. The best
averaged fits for the cases are for of values of - .0007 +.0009,
.OOOL + .0005, .0025 % .008, and .005 * ,006 respectively.

As a check on the fittiné technique, the data were also used
to obtain the parameter 60 (see Chapter II). Rather than fitting
- the Monte Carlo transverse momentum asymmetry spectra to experi-
mental spectra, the average of the w+ and T spectra was used
and & chi squared fit was made, similar to the asymmetry fit, only

with o, @as the fitting parameter. The case of 1y (good + bad)

TN

i

Ty
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was Tit yielding o_ =-0.20 * 0.05. (See page 81).

The Monte Carlo predictions for the decay céordinate spectra,
x (horizontal transverse) and z (longitudinal) were found to
be the same for each matrix element assumed. The Monte Carlo x
spectra predicted the experimental spectra quite well in that the
acceptance of the apparatus was a constant over the region of the
incident K° ‘Ybean.

The 2z spectra bear more consideration. Figures 24 and 25
are 2 spectra of ly and 2y data respectively. The Monte
Carlo predictions are superimposed in dashed lines. Error bars for
the experimental datea are too small to be shown. In both cases,
the Monte Carlo predicts a larger percent of the events upstream
than indeed was found. This implies some problem with the model-
ing. The problem was that the incident K° momentum sprectrum used
for the Monte Carlo Ealculation had too'large a contribution from

large values. A low K° momentum (P,) associated event will have

K

a larger ﬂ+ﬂ_ opening angle. Thus, in order to satisfy the apera-
ture requirement of the A hodoscope, such an event must decay some-

what further downstream than the high PK events. As a check on

how sensitive the z épectrum was to the P spectrum, only the

K
2y events for which PK < 2 GeV/c were considered. The 2z dis-
tribution of these events is shown in Figure 26. The PK cut

drastically affects the 2z distribution by causing it to peak at

the downstream end of the decay region. + 1s easy to see fronm

these considerations that a slight variation of the PK spectrum
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assumed would bring the Monte Carlo prediction into line with the
experimental spectra. This variation in the Monte Cario calculation
does not affect the Monte Carlo prediction of the asymmetry spectra.
As mentioned above, the asymmetry for PK < 2.GeV/c were found to

be the same as those for all Monte Carlo data.

I. Discussion of Systematic Biases

There are a number of sources of asymmetry that could ;eflect
themselves in the data. Any such effects could cancel any true
ﬂ+ﬂ_ asymmetry due to violations of CP symmetry. Such effects
" will be discussed in this section. |

The effect of interactions of thé beem with the apparatus it-
self was estimated by replacing the helium in the decay region with
sulphur hexafluoride. This increased the amount of matter in the
decay region (including the poljethylene bag) by a factor of 16.
Since the count rate.enhancement observed with the SF6 was 30%,
no more than 1.5% of the 1ly or 2y events could be due to inter-
action processes. Since the asymmetry of the SFg (1y) data was
found to be no greater thap 0.0015, the maximum possible contamina-
tion of the asymﬁetry a#e to interactions with the apparatus was
0.0006.

The profile of the incidenthneutral beam at the position of
the apparatus together with the room background was experimentally
determined in a previous experiment,33 and implies that even if the

background originating from interactions of beam particles with the
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helium-bag walls and support structures were 100% charge asymmetric,
their contributions to the measured o would be smaller than
0.001.

" Another possible source of masking asymmetry was due to the
difference between the ﬂ+ - P ‘and T -.p scattering cross sec-
tions. The average ,n+ - b scattering cross section is ~ 100 mb.
whereas for n - p it is only n 30 mb. for kinetic energieg, Tﬂ,
of 0 to 400 MeV. For higher kinetic energies the cross sections
are about the same. .Thus, the events with a low Tﬂ+ were scat-
tered preferentially over those with a low T“_. To estimate.the
size of this effect, Monte Carlo data which assumed CP invariance
was subjected to a kinetic energy cut. Using the standard Monte
Carlo technique, events for which'rw+ < hOQ MeV were "absorbed"
with a probability of .3. A much higher absorption probability .
was used than the physical value of .003 in order to guarantee

.that the calculated stood out well above the counting statistics.

Comparing the'asymmetry generated by this technique with the Monte

Carlo result for a true CP violation yields the limit Ictl' < .0006.

'The analysis was performeé separately for the data from the
.left side, and then the right. The results were then averaged.
Since the asymmetry generated by magnet hysteresis was of opposite
signs for the two data sets, the averaging'cancelled the effect.

The systematic biases discussed above were. included in the

quoted uncertainty of ot 'by adding the contributions in quad-

i S A BN T ralir M ik kst i S 2l 12 0
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rature with the uncertainty of the chi squared fit. The result of
this operation is shown in Table 'S. With the cut called "good",
the results were .005 '+ .006 for 2y (good) events end .00l + .0009

for ly (events).

J. Discussion of Results

The value obtained for o, was ~0.2 + 0.05. This agrees with

values obtained by other experiments 3

and indicates that the
chi squared aﬁd Monte Carlo analysis indéed is valid. It should be
noted that the large uncertainty of this results is accounted for by
the fact that the experiment was insensitive to the w° energy.

The asymmetry pargmeter, o+, was found to be .0025 + .008 for
2y events, and -.0007 + .0013 for ly events. The limit on o+
set by the ly (good) data is offered as the result of the experiment,
because of its higher statistical precision.

The ly data were ‘indeed due to K s> the decay of interest.

3m
- Only decays of Kg could contribute significantly to the background.

. The deceys with branching ratios large enough to be of concern are ,

Kg -+ wowono - - (1)
< > gty . (@
Kg + ety - (3)

Process 1 could contribute by the Dalitz decay of a 7° meson.
These events would be effectively vetoed by the Cerenkov requirement.

Processes 2 and 3 could contribute only by virtue of chance gamma

coincidences. As discussed above, the chance gamma coincidence rate
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was corrected for. Thus these processes did not represent signi-
ficant contamination to either the 1ly or 2y data.

The agreement of .‘ohe Monte Carlo ly/2y rate ratio of 11.2
with the observed ratio of 10.8 also suggests strongly the 1y data
indeed represent KE - w+n—w° decays. The shape of the 1 vy
momentum spectra agreed well with Monte Carlo ly spectra.- These
spectra are.very sensitive to the decay kinematics, and, for ex-
ample, are considerably different for 1ly events.

Thus, the 1ly data indeed represent the decay of interest
and the data are sufficiently free of contemination that the 1y
result can be quoted. The best of the 1y results is the 285,000
events that survived the cut "good", that is the 1y (good). Thus,

¢

ot = .000L  .0009

The results of this experiment are therefore consistent with

CP invariance and the CP puzzle remeains a mystery.



Case

1y
2y

ey

(good+bad)
(good)
(good+bad)

(good)

Table 5

Uncertaintx
0013 -

-.0009
.008

. 006

Uncertainties of ot With Systematic Biases Included
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