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ABSTRACT

The complex quantity X = (amplitude of the AS = -AQ process
RP—*n-e+v/amplitude of the AS = +AQ process K% ne* v) has been
measured in a counter-spark-chamber experiment at the LRL Bevatron.
Assuming CPT invariance, ImX # O implies CP-violation in the decay.
KO— mesons were produced in two brass targets by 2.85 GeV/c pions.

A series of veto counters and hodoscopes selected neutral decays into

two charged particles. The electron and pion were identified by (1)

pulse height in a Freon 12 threshold Cerenkov counter, (2) visual

appearance in three radiation lengths of lead, and (3) pulse height

in a set of fourteen shower counters. From 240K pictures, 1,079

events were isolated with a (2 * l)% background level. A maximum

likelihood fit to the ﬁ-e+ and ﬂ+e- time distributions gave the result:
ReX = -.069 ¥ .036

+,092

+.,108

Imx "0074

Il

This result is within two standard deviations of X = O and therefore
consistent with it (relative probability = 0.25). Tt is, on the other
hand, more than four standard deviations from the existing world
average (+0.14, -0.13) and therefore inconsistent with it (relative
probability < 3.3 x 10_4). Sensitivity of the result to a large
number of possible systematic effects was investigated and it was
concluded that any systematic error was small compared to the

statistical error.
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I. INTRODUCTION

In the past decade, one of the most spectacular developments in
particle physics has been the use of internal symmetrics In under-
standing the interactions between elementary particles. The most
prominent of these symmetries, SU(3), combines isotopic spin and
strangeness, both of which are conserved in the strong interactions.
The weak interactions conserve neither isotopic spin nor strangeness
and so violate SU(3). However, as will be shown, the most elegant
way of breaking SU(3) implies certain selection rules in weak tran-
sitions. One of these is the AS = AQ rule, which applies to strange-
ness-changing semileptonic transitions where AS is the change in
strangeness and AQ the change in charge of the hadrons involved in
the transition. The rule was first proposed in 1958 by Feynman and
Gell-Mann and has been the subject of theoretical speculation and
experimental investigation ever since. This thesis describes an
experiment which studied the leptonic decay of the K-meson,

K—=xn + e + v and measured the parameter X, the ratio of the AS = -AQ

amplitude < ﬁ-e+viﬁo > to the AS = +AQ amplitude < n_e+v|Kp T

A. Theoretical Background of the AS = AQ Rule

In 1958 Feynman and Gell—Mann(l) formulated the presently
accepted notion of the weak interaction as a current-current inter-

action, for which the interaction Lagrangian density has the form:

wk

P Ry i ~ =5 =2 -
Lt (%) .f% J%(ﬁ) Jx(g) vhere G ~ 10 m and JA(5) is a current



n

whilch has contributions from all partlcles having weoak interactions,
JX has a vector part and aﬁ axlal vector part whilch obey current con-
servation laws of varying degrees of validity. Up to the present,
there is no evidence for scalar, pseudoscalar or tensor contributions
to the currents although they are allowed by Lorentz invariance. If
one separates JA into a leptonic part and a hadronic part, then L?Et
becomes:

wk _ Tlept lept Thadr ept lept hadr +hadr hadr
Lint(x) = -G { I\ I Jl )+ Ty "

The first term involves only leptons which do not have strong inter-
actions. Matrix elements involving this first term can be accurately
calculated by first order perturbation theory and experiments on the

purely leptonic decay p — e v v are consistent with the current:

lept & s
I\ = Y“ 7k<l + 75)‘i’vH + feyk(l + 75)Yve

in the usual relativistic Dirac spinor notation.

Of the terms involving hadrons, the first j&hadr J%ePt 4

Tlept adr
7 EES g

only once and its matrix elements are easier to handle than those of

.i_
thadr Jiadr . The best known term in J?ad is the B-decay term in-

, offers most hope of understanding, since J%adr occurs

volving nucleons, ?gyx(l + CyS)Yn where C ~ 1.2. 1In isotopic spin

c - ¥ : y -
formalism this can be written N I+7%(l +4 CyS)PN where WN is a general

nucleon spinor, and I+ is the isospin raising operator. Meson decays
are accounted for by introducing terms containing meson fields into

the hadronic current. The conserved vector current hypothesis pro-



vides an elegant prescription for adding thce vector part of the meson

current. For pions it is

Jgion(vector part) = i[¢: I+_8%®ﬁ - (6x®ﬁ)%1+®ﬁ]

where ¢ﬁ is the pseudoscalar pion field and I+ is the isospin raising
operator. With this addition the vector current of nucleons and pions
is conserved. ﬁ+ —>ﬁo o e+ + v 1s an example of semileptonic pion
decay and ité experimental rate agrees well with that predicted by
the above pion vector current.

The decays considered so far do not involve strangeness change
(AS = 0). To account for strangeness-changing (AS # 0) decays of
hyperons and K-mesons, terms involving these particles are introduced
similar to the nucleon and pion terms. Still considering semileptonic
processes only, the currént Ypyk(a + b75)¥A.will give rise to
A B-decay, A =D + e + 5, and a combination of pion and K-meson fields
similar to the pion current will give processes such as K+;>ﬁo+ e++ Ve
Other possible terms in the AS % 0 current are (abbreviating the

bilinear form):
. o - o - + =0
(1) (2); (1,2 ), (x ,K ), (= 2K )
. + -._0 o +
(i1) (n,Z7), (Z7,=7), (K ,xn")
s - - 0 =0
(141) (m,A), (T ,2 )_: (n,K)
All the currents have been written with AS = +1, but the first set has

AQ = +1 while the second and third sets have AQ = -1 and AQ = O

respectively. ©So the first set of currents provide for the AS = 4AQ



processes

<i

A=p + L7+

<lI

0 on + 4+

.4 o T -
K =% +4 +v (v)
K> o n + 47 4y

while the second set provides for the AS = -AQ processes

+
Z =-n + a + Vv
0 + - -
KT =»>xn +24 + v

) - +
=T =y + 4 +v .

The third set cannot play a role in semileptonic processes since there
are no known neutral leptonic currents. Feynman and Gell-Mann noted
that AS=-AQ terms like (n,Zﬁ) were not needed to account for the
observed hyperon decays and would lead to unobserved processes,
i -n + £+ + v . They also noted that AS = -AQ in conjunction with
NS = + AQ terms would lead to decays such as = — x n with AS = +2.
With the advent of SU(3) symmetry for the strong interactions,
the AS = AQ rule appears in a very natural way. The pion and nucleon
currents involve isospin through the I+ operator which transforms like

an object with {f] =1, I, = +1 and hence has the same SU(3) trans-

3
formation properties as %he n+ . If the rules [AS| =1 and &S = AQ
are true for strangeness-changing decays, then the simplest SU(B)

properties for the strangeness-changing current are those of the

k
K -mesons. This is illustrated in Fig. l(a) where the SU(3) spin



(a)

|A S|=1
Currents

n P
S=nev Ape‘v

z A i
/ H=Acv H>z*y
e K™ K° 5 g g°
©
K ° n e
K0->'Tr+e- v Z+->ne+\)
" : Lol B :

® B°
A~ a0 At At
] @ ® .
Fm *(Q %4
& z R o 8
e %0 AS = -AQ currents
@ ° © ®
Q_ —
|,9 ® IQ R . \
Fig. 1 SU(3) properties of currents : (a) ]AQI==_1 currents in

the octet; (b) transitions caused by currents in (a);

(c) AS = -AQ transitions and their currents.



operator F, + iF, (I+) is identified with the " and the AS = 1,
AS = AQ SU(3) operator F, + iF, is identified with the K. The
current is represented by an arrow from the origin of a multiplet to
the position of the particle having the same SU(3) transiormation
properties.

The octet current hypothesis, proposed by Cabibbo,(g) consists
of the proposal that all hadronic currents in the weak interaction
are members of an SU(3) octet of currents. The currents shown in
Fig. 1(a) are all charged; the remaining currents, which correspond to
the ﬁo, Ny KP, Rp, are all neutral and henc¢ do not take part in semi-
leptonic decays. In this scheme, the semileptonic decays can be seen
as transitions in the particle octets induced by the currents of
Fig. 1(a), as shown in Fig. 1(b). Decays such as K° = 5 + e + v
or ¥ »n +et 4 v require transitions caused by currents which are
not members of an octet, and so violate the AS = AQ rule. 1In fact,

the lowest SU(3) multiplets admitting such a member are 10 or 10 as

shown in Fig. 1(c), where the currents correspond to A” and A’

o
B. EeS Decay
Measuring the magnitude of the AS =-AQ amplitudes in hyperon
== + —0 - + & s
decays, Z=2n + £ + v, = 23X + £ + v, involves direct measurement
of the branching ratios for these processes. The situation is dif=-
ferent for neutral K-mesons due to the KL - KS phenomenon, whereby
K~ decay occurs from states which are almost eigenstates of CP and so
are not eigenstates of strangeness. This means that KO—»n— + e+ + Vv

can interfere with Ko - o+ e+ + v and by studying the interference



one can measure the phase of any AS = -AQ amplitude precsent relative

to the AS = 4AQ amplitude. As shown in Appendix 1, therc are four

diotinct amplitudes [lor Ke5 decay
£, the ampliteds for Ko o ey |
Y AS = +AQ
T, the amplitude for Ko— n'e v
g, the amplitude for K= e v \
$ AS = -AQ
g, the amplitude for K- ' e’v

and one defines X = g/f and X = E/?. All of thes¢ functions involve

a form factor which depends on q2, the square of the 4-momentum
transfer between the K and the n. It is known (8) that this dependence
is small and it will be neglected from now on.

The discrete symmetries C,P and T imply relations between these
amplitudes as shown in Appendix 1. CPT-invariance implies (¥ is complex
conjugate) T = £ and g = -g* so that X = X*. T-invariance in the
transition implies that £, f; g and g are relatively real so that
ImX = ImX = 0. With CPT-invariance, ImX % O therefore implies direct
CP-violation in leptonic K-decay. Sachs(s) has suggested that such an
effect could be the source of the CP-violation seen in Ki - 21t decay.
This matter is discussed more fully in Appendix 1.

In Appendix 1 the leptonic time distributions are derived for
a pure Ko beam at t = 0. Assuming CPT-invariance, so that X = X*, one

obtains



N (t) clt| {Jl + X| Tsb 4 |1 - X|2 e L

1
£ 2(1 -|X|%) cos Amt e 2(Ty, + Tglt

1
- 4 TuX . Sin amt e2(Tp ¥ Fs)t}

where FS and FL are the KS and KL total decay rates and Am is

(mKL - W ). In the detailed derivation, CP-violating effects in

the KL - KS states are taken into account. ©Such effects are of the

order 2 x 10-3, well below the sensitivity attainable with present
+

experiments and are omitted in the expression for N (t). For t = O,

the above expression becomes N'(0) = 4|f|2 , N (0) = 4\f|2[X|2 so
that N (0)/N7(0) = [X[2 , as one would expect before the XK° - K-

interference comes into effect for t > 0.



C. History and Current Status of the AS = AQ Rule

Most checks of the AS = AQ rule have boen in ' and K o
decay. Kﬁ% decay 1o consilderably more difficult; I'n bubble chanboers
there sre possible charge asymmetries in ' /p” identifleation, and
in counter experiments one has to operate at fairly high energies to
filter p's from hadrons. There is also serious background from
KS —>ﬂ+ o , with one of the n's undergoing undetected n — uVv decay.
The first experimental evidence on the AS = AQ rule was
reported at the 1962 CERN COnference(4) and it placed the rule in
serious doubt. First, aﬂ example of Z+ =% T u+v decay was reported
and, secondly, two KZS experiments found evidence for large violation.
The E+-event was found in an emulsion stack exposed to K-—mesons(s)
and the authors were well aware of the danger of drawing sweeping
conclusions from one eveﬁt. They did not report any examples of the
allowed £~ —»n u v decay mode which would have been helpful in
understanding the Z+ —)nu+v event.
The Ke3 experiments(6>’<7) had 28 and 22 events respectively

and the data was analyzed in terms of Fl/T2==(Total Kl leptonic rate/

2
Total K, leptonic rate)= [l & X[ . CP-conservation was assumed, i.e.,

ImX was fixed at zero. If AS = AQ then Pl/P2 = 1. The results were

+7.5 +6.0

Tl/F2 = 11:9 5.6 and 6.6 -4.0 respectively. The first experiment

separated the data into n+e_v and ﬁ-e+V events to distinguish between



10

+ .08

X and l/X and gave X = 0.55 _ o The second experiment could not

do this but, taking the value of X whilch waus less than unlty, they

fg'ég « Crawlford, in hils rapporteurs talk to the

obtained X = 0.44
1962 conference summarized: "The conclusion is that the AS = AQ rule
is probably wrong." However, admixture of Ky - g background in the
leptonic decay sample gives Tl/F2 > 1 and it is noteworthy that both
of these results are in that direction.

In the seven years that elapsed until the 1969 Topical Con-
ference on Weak Interactions at CERN, the AS/AQ problem was attacked

with great energy on both the =" and Ke fronts, the Ke3 case being

3
given considerable impetus by the discovery of CP-violation in
KL-a 2 decay.
i (8) + +

At the 1969 conference, Filthuth reported a 2 7?n e Vv
event and two more st p+V events, all three being from H2 bubble
chambers. The electronic event(g) corresponded to a bubble count 3.6
standard deviations from that expected for a pion, with a 1% proba-
bility that the track was not an electron. TFor the exposure yielding

the muonic events,(lo) it was calculated that 0.3 background events

of the type:

Z+ ->n ﬂ+ 74
followed by =t —>“fv (with decay vertex undetected)
would be present in the éample. Thus the prdbability of the two
candidates being due to this background is ~4%. These new events gave
totals of 3 = u /177 £ " and 1 T e¥/931 £ e~ which corre-

sponded to a branching ratio T(Z'= nt™v/r ("> n £7v) ~.03. On the



1.

basiv of these events 1t should be noted that the (AS = -AQ rate)/
(S = 4AQ rote) Tor muons 1s 15 times that lor electronn whercas o
naive theory would predict the same ratio for muons and clectrons.

Rubbia,(e) at the same conference, discussed Ke decay and

3

from eight new experiments done since 1962, compiled a world average

for X:

ReX = 4+0.14 T 0.05

ImX = -0.13 T 0.043 .

This world average clearly contradicted the evidence for a gross
violation displayed at the 1962 conference. The experiments con-
tributing to it are tabulated in the next section.

One other test of the AS = AQ rule is experimentally
accessible; the decay K= x e v being allowed while K= x'x'e ™V
is forbidden. The 90% confidence limit for this process is
P g dtnte 5/r (85 fnetv) < 0.04 based on 264 K_, OS = +Q events
with no AS = -AQ candidates seen. (Rubbia's talk, Ref. (8).)

This completes the discussion of the direct checks of the
AS = AQ rule and the conclusion in 1969 was that the AS = -AQ am-
plitudes were < 20% of the AS = + AQ amplitudes. Two indirect impli-
cations of AS = -AQ currents will now be discussed.

If the current-current picture has AS = -AQ currents as well
as AS = +AQ currents, then these can combine to give AS = 2 processes
with amplitudes which are first order in the weak interaction coupling

=0

= - o
constant. Ixamples of such processes are = =-nx and K <K . The

observed branching ratio for = =-n x is < 1.1 x 15" (11) and it



Je

is well known that the KL —KS

to < K°|H|K® >, is second order in G (Am ~ I./2) indicating that K° e K°

mass difference, which is proportional

transitions are forbidden in first order. The current-current picture

would thus need modification to accomodate AS = -AQ currents, if they

were found.
The I[ﬁ?[ = % rule for semileptonic decays states that the
change in the total isospin of the hadrons in such a process is %. If

, and O

one defines ail’ a corresponding to isospin changes

31 33
(8T, A1) =(1/2, 1/2), (3/2, 1/2) and (3/2, 3/2) then the |aT] = % rule

states that a31 = a33 = 0, whereas the weaker AS = AQ rule states that

033 = 0 alone. Evidence from K+ and K_L semileptonic rates gives (see

Rubbia's talk, Ref. (8)):

((Ogy +3 Ozz)

Re = = (3.4 T 13) x 1072,
13
. Nd%ss S _ .
Since ~ 4.2 X, a violation of AS = AQ corresponding to ReX > %
1
would require a subtle conspiracy between ¢, and O_, to maintain the

31 33

above relation.

The conclusion from all available data in 1969 was that there
was no definitive evidence for AS = -AQ currents in the weak inter-
actions but the experimental limit on such amplitudes was fairly large;
In view of the implications of non-zero X just mentioned and the
importance of measuring ImX accurately to help understand CP-violation,
an improvement in the measurement of X by at least an order of magni-

tude was called for.



D. Experimental Measurement of X

+
If the expression for N-(t) is rewritten with quadratic

terms omitted and TLt = 0, one obtains:
+ _ L
N (t) = (e Vit 1) + 2. cos Amt e 2 Lgs I
B ReX(eéPSt-l) 1T
< T.t
- 4 ImX sin Amt e @~ S IIX

In Fig. 2 the features of terms I, II, and IIT can be seen. Taking
Am ~ rs/e, the wavelength of the periodic terms is 4ﬁ/PS which is
roughly 12 KS lifetimes. As they are damped by an exponential these
terms are essentially constant after S KS lifetimes. The best way to
measure the coefficients of the terms in Nt(t) is to collect a sample
of leptonic decays in flight within the first 10 or so lifetimes,
separate them into the two charge states, and fit the parameter X
using the time distributions Nt(t).

Since leptonic decays occur at NILO"3 times the rate of the
usual Ks —9ﬁ+ﬂ- one would expect backgrounds from Ks decay to be a
major problem and to be most competitive at short lifetimes. Thus the
effect of such an excess of events on the measurement of X should be

+
considered. From the expression for N-(t) one finds:

W +n)att=0 _ 2
(" ¥ )att~w 1 -2 ReX

, hence an excess of events at

t = 0 will give ReX > O for both K° and K~ initial states, ec.g. & 10%

excess of Ks—’n+n- background will increase ReX by .05.
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Fig. 2 Terms I, II and IIT of N (t).



A compilation of all experiments done since 1963 1s given in
Table 1, with the same results shown on an Argand plot in Fig. 3. It
is interesting to note that 7 of the 8 experiments give ReX > 0. Each
of the experiments suffers from a small number of events and so has
serious difficulties in investigating systematic errors. Therefore,
one should not place much faith in an average derived from them, but
if this is done for the first eight experiments, the result is
ReX = +0.14 t 0.05, ImX = -0.13 T 0.04. Ref. (20) measured

(1 - [XIE)/[l - X|2 from the amplitude of oscillation of the charge

asymmetry following & regenerator in which the phase was measured. The
strongest conclusion to be drawn from these experiments is that

|X] < 0.2.

E. This Experiment

In order to place a better limit on X it was desirable to do
a high statistics experiment for which the systematic errors could be
estimated well within the statistical error. In view of the importance
of CP-violation in the KO R system, it was declded to aim for equal
sensitivity in ImX as for ReX and so it was necessary to reach high
acceptance well within the first KS lifetime where the charge asymmetry
is greatest. It can be shown that the statistical error on X, for

X = 0, depends on the number of events approximately as follows:

~ ,8/n"

o ~1.1/n' vhere n' = dN
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TABLE 1. MEASUREMENTS OF X, 1963 - 1969
. |am| in
‘e3 Units of
Group Mcthod Lvents T ReX ImX Ref.
Paris Froon/Prop.
(1965) | p.c.,x'n-k%| 15 |.a7 % .20 Ll B Rl BT
et (| o 152 |.1573 los T8 | et 32 s
1965 : . R
Columbia/
Rutge;s H, BC P-p 109 =.5 -.os*'ég .24*'?8 14
(1965 e o
Penn. |Sp. Chamber 116 7 .17 +'é§ .00%.25 | 15
(19668) | ™p —» KOA s
Brookhaven| .
fCarnegie | DBC K n->Kp | 335 = .5 wlr .10 |=20d.101] 18
(1967)
Berkeley H,BC Kp— Kon| 242 = 47 22 +'8; -.08% .08 17
(1968) (includes o
K _events
p3
CERN/ ; = #4515 +.29
Paris |H,. BC p-p 121 = 47 .09 "* o 18
(1966) 2 gl i
San Diego | Sp. Chanmber 686 = .46  |.09 f'ig -.11+'ig 19
(1969) K*+Cu - K° * B
Average .14 %.05 | -.13£,043
CERN/ 1.l%(2
Colunibia | Counter Reg. ? = 469 s = 96T .05 | 20
(1969) K, Beam |1-X|

(= means input, not a free parameter in fit)
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being the total number of events per K lifetime. With n' = 500, the
error on ReX is T 0.04 and on ImX it is + 0.047. The sensitivity to
background is such that a 26 admixture of K_ - x'x” gives ImX = -0.0L,
ReX = +0.01L for X = O. 8o in an experiment with n' ~ 500 it is enough
to keep this background below 2%.

The method, which is described in detail in the next chapter,
was to produce K-mesons in an apparatus that could detect Ke3 decays
from 0.2 to 7.0 KS lifetimes. The K-mesons were produced by plons in
small brass targets in front of a large aperture magnet in which the
decay secondaries were momentum analyzed. Sensitivity to electrons
and rejection of heavier secondaries was achileved using a combination
of gas Cerenkov counter, visual shower chambers and shower counters.
The experiment involved tsaking pictures of some 240K candidates from
which a final sample of 1079 Ke3 events was isolated with a background

level of (2 £ 1)%. The value of X estimated from these events is:

ReX = -0.069 t 0.036
+0.092
InX = +0.108 0" 07 -

The error on ImX is larger than expected because X is sufficiently
far from zero that the above error analysis is only approximate.

This thesis is divided into four more chapters. Chapter II
discusses the experimental method and apparatus, Chapter III describes
the procedure used to isolate the final sample of KeS's, Chapter IV
deals with the Monte Carlo efficiency calculation and the maximum
likelihood fits to the data and Chapter V finishes the thesis with

conclusions and outlook for the AS = AQ rule.
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1T. IXPERIMENTAL APPARATUSG

The experiment was executed in 1968 at the Bevatron, a 6 GeV weak
focusing proton synchrotron at the Lawrence Radiation Laboratory in
Berkeley. As stated in the previous chapter, the object of the experi-
ment was to acquire a sample of Ke3 decays with known efficiency in
time over the first 7 KS lifetimes and to extract the value of X from
this sample by fitting it with the time distributions N'(t) and N (t).
This was achieved with an apparatus which twas sensitive to decays of
neutral particles into an electron and a pion and which determined the
~ charges of the decay products. This chapter 1s divided into three
sections. The first describes the general features of the apparatus,
the second gives a more detailed description of the triggering com-
ponents, and the third describes how data were recorded for the events

that satisfied the trigger.

A. General Features of the Apparatus

Since a major goal of the experiment was to get more events
than the previous experiments, it was decided to produce the K°-mesons
from dense target material rather than from hydrogen. This meant that
the kinematical constraints of a proton target could not be used to
identify the Kes's as was done in the bubble chamber experiments.
Instead, tﬁe two charged prongs fromla neutral decay were identified,
one as an electron by its production of Cerenkov radiation and its
showering properties in lead, the other as a non-showering, non-
Cerenkov-radiating particle which had to be a nuon, a pion or a proton.

By a process of elimination, the only neutral decays having such g
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final stote are A - p + e” 4 v and KO —>ﬂt + el - V. 'Ihe momenta of
the secondariles were measurcd In a large upcectrometer no one wosg able
to eliminate AB events by a cut on the (p e) invariant mass.

The  technique was based on achieving three goals:

(l) The ability to isolate neutral decays. The triggering system
was designed to favour neutral decays and these could be
seen in spark chambers placed throughout the decay region by
observing the characteristic two-prong vee of a neutral
decay.

(2) Good differentiation between electrons and heavier particles
so that one particle in the final state was an electron and
the other a heavier particle. This distinction was made by
the pulse height in a 1 atm. Freon Cerenkov counter, by the
visual appearaﬁce of the particles in three radiation lengths
of shower chambers and by their pulse heights in a set of
shower counters.

(3) Enough mass resolution to make necessary mass cuts. The
decay secondaries traversed more than 100 Kg-inches of
magnetic field, with spark chambers to determine the tra-
jectory. The momenta were determined with Ap/p ~ 5%.

Negative pions were used +to produce K°'s by associated pro-

duction from brass targets. A beam momentum of 2.85 GeV/c was chosen.
It was determined that this momentum was roughly optimum for the ex-
perimental configuration by consideration of the following four effects:

(1) Available beam intensity, which decreases with momentum,

(2) Ko-production cross section, which also decreases with
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momentum,
(3) Apparatus acceptance, which increases with Ko~momentum,
(4) Electron identification by showering, which is better, the
higher the electron energy.
At this momentum the beam intensity could be as large as 400K/accel-
erator pulse with about half of the circulating proton beam striking
the target used to produce the pions.

A general sketch of the apparatus is shown in Fig. 4. The
largest component is the M-5 spectrometer magnet which has 60" dia-
meter poles and an aperture of 108" (horizontal) x 22" (vertical).

The field value at first was 2.0 Kg and later in the run it was in-
creased to 2.8 Kg. Most of the other components were either attached
to the magnet or else placed as close as was physically possible. The
pion beam, through S3 and S4, impinged on two brass targets placed
inside a set of thin plate spark chambers. Production of a neutral
particle was demanded in‘one of the two targets by the signature Civi
in either target. The counter, S5, placed after the decay region, was
used to trigger on decays occurring in the region. A Freon gas
Cerenkov counter, GC, which detected electrons, was placed inside the
magnet. There were two hodoscopes, MH at the center of the magnet and
RH at the back, which demanded two particles through the magnet aperture
into the shower chambers. A set of four spark chambers, SC, inside
and at the rear of the magnet was used to record the particle tra-
jectories through the magnetic field region. Finally, at the back of
the RH, were the shower chambers and shower counters, in which the

showering properties of the decay secondaries were studied in five
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radiatlon lengths of lead. All of these components will now be
described in the remainder oi this chapter. Detailed discussion of
the apparatus is contained in Appendices 2-8, and only those features

directly affecting the physics will be included here.

B. Triggering Components of the Apparatus

Approximately 1 in lO7 of the pions interacting in the
targets led to a Ke3 decay accepted by the apparatus so it is clear
that selective triggering was needed to reduce the number of events
to be recorded for subsequent analysis. This section deals with the
components that played a role in this selection process.

Before entering the production region, the beam particle
traversed four small counters S1, S2, 83, 5S4 and a large veto counter
S4V which had a hole for the beam and removed off-axis beam particles.
A good beam particle had the signature $3.84.54V.

The selection of neutral particles was achieved by producing
them in two brass targets Tl and T2, 1.2" long, and placing a veto
counter 2.0" in diameter immediately downstream of the target. A
pion was required to enter a target by the counters Cl or C2 imme -~
diately upstream of the targets so a neutral trigger from either
target had the signature CiVi,i=l,2. A scintillator 7" x 18" x 1/8",
S5, placed 13" downstream from the second target ensured that a decay
took place in the region viewed by spark chambers. The first target
produced Ko's that could decay over seven decay lengths which 1s where
the time distributions, Nt(t) reach a constant level, whereas the

second target had only two K., decay lengths available for decay, but

S
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Ko's produced in it had three times more likelihood of being accepted
by the apparatus than KO's from the first target. The beam was tuned
to maximize the counting rates in Cj_and Co. About 99% of the beam
impinged on C; and, after multiple scattering and interacting in the
first target, about 36% reached Co.

The selection of two charged particles through the magnet
aperture was effected by two hodoscopes, MH and RH. The multiples
hodoscope, MH, was a horizontal hodoscope at the center of the magnet
consisting of fifteen 1" wide counters and the rear hodoscope, RH, had
thirty-two 4" wide counters arranged vertically. The MH was helpful
in reducing the contamination from small angle electron pairs which
did not open out very much in the vertical direction since the mag-

netic field was in that direction. TFor the Ke trigger it was demanded

3
that the two charged particles be separated by at least one counter,
i.e., at least 1" in space. The RH ensured that two particles reached
the rear of the apparatus and had a high probability of entering the
shower chambers and shower counters where their interaction in five
radiation lengths of lead could be studied. There was no separation
requirement here, and the RH trigger was satisfied by any two counters
firing.

Decays where one of the decay products was an electron were
selected by a threshold gas Cerenkov counter which had a radiator of
Freon lE(CCléFz) close to atmospheric pressure, with a pathlength of
20" through the gas. The counter was placed between the poles of the
magnet as close to the decay region as possible and had thin mylar

windows at both entry and exit. Since the threshold for pions at this
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pressure 1o about 3 GcV/c, the counter wao unlquely sensitlve to
electrons and could only count pilons whilch were accompaniced by w y-
conversion or a fast O-ray. The mean pulse helght from electrons in
the counter corresponded to about five photoelectrons in the RCA 8575
phototubes which gave an operating efficiency > 93%. From studies of
the pulse height spectrum of electrons from different sections of the
decay region, it was concluded that the efficiency varied by at most
1.2% over the decay regidn. The Cerenkov light was reflected by
spherical mirrors into two lightpipes, one on each side of the beam.
Each lightpipe had three RCA 8575 phototubes. The discriminator
threshold to satisfy a GC trigger was set at a very low level to ensure
high efficiency. The separate sides were also pulse height analyzed

and the pulse heights stored on tape if the Ke trigger was satisfied.

3
This concludes the discussion of the components in the Ke3
trigger which was defined as:
S3.54.54V. (Ci'?fi from either target).SS.(two MH counters fire with
at least one counter separation).(two RH counters fire).(pulse
from GC, set at very low bias).
At the typical intensity of 3 x 105 effective pions per pulse (i.e.,
usable by the electronics) this trigger gave 0.9 triggers per pulse.
The contribution made by the various elements can be judged from the
following rates (there are, of course, correlations between the rates).

With 3.0 x 105 pions per pulse,
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55.54.54V.C,V, .85 180/pulse
83.54.54V.CV,.85 220/pulse
4
GC ‘ , 1.4 x 10 /pulse
§3.54.54V.85.MH 1.0 x 10%/pulse
$3.54.54V.S5.RH 2.8 % 104/pulse
SS.S4.S4V.(ClVl+ CEVQ).SS.MH.RH 10./pulse
K, 5 trigger = ¥ .GC 0.9/pulse

Another experiment to look for interference effects between

+ +

Kg = = 1 n° and K 7 " ran simultaneously with the K,z data-

taking and had a trigger rate of 1.0 per 3 x 105 pions. The overall

deadtime with these two triggers was 30%. A general block diagram of

the triggering and data recording is shown in Fig. 5.

C. Data Recording Components

Having considered how the apparatus was triggered, the next
topic is to describe the remaining components that recorded data from
triggering events. These were three separate groups of spark chambers
and a set of fourteen shower modules.

Production-decay region chambers

In the region where the K°'s were produced and in which they
later decayed, there were seven spark chamber modules, each 4" x 8" x 18".
The targets were placed iﬁ the gaps between the first and second, and
the fifth and sixth modules. The modules after the targets were placed

as close as possible to the veto counters Vl and V2, 50 that there was
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an active gap about 3/4" from the end of each target. The decay point
of a neutral particle could be seen within 1" of its production. At
the mean Ko-momentum of 2.4 GeV/c, this corresponded to 0.2 KS life~
times. The length of the fiducial volume along the beam in which

decays were visible was 34" for the first target and 10" for the second.

target, corresponding to 7 and 2 K

q lifetimes respectively at P, = 2.4

K
GeV/c. The transverse spatial resolution attained with these chambers
was ~ .1" and an angular resolution ~ 10 mr for an average length
track. This led to a resolution for the longitudinal coordinate of

a typical decay vertex of ~0.3", which is to be compared with the un-
certainty of 0.4" in the KO production point. The multi-track effi-
ciency of these chambers wascrucial to the detection of neutral decays
with uniform efficiency throughout the decay volume. Extra tracks
from a target most often tended tobe present in the first 5" of cham-
ber after the target. If the chambers were inefficient, decays
occurring in this region would be difficult to see, due to the rob-
bing effect of the extra tracks. From looking at the pictures, it
appears that the chambers could support up to three tracks well, but

four or more tracks became difficult to see, with some tracks robbing

energy from the sparks in other tracks.

Momentum chambers

The next chambers encountered by the secondaries in their
passage through the magnet was a group of four chambers referred to
as momentum chambers because of their momentum determining role. The
first was 8" x 24" with six 1" gaps and it was placed between the S5

counter and the entrance window of the gas counter. The second was
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immediately aflter the MH and was 60" x 18" with four 5/6" gaps.
Finally, at the rear of the magnet, st 160 to the normal to the beam,
were two 36" x 60" chambers, each with six 3/8" gaps, one chamber on
each side of the center line. These chambers were viewed by excellent

optics rigidly bolted to the magnet yoke and gave spatial resolutions

of the order .05".

Shower chambers

~The interaction of the decay secondaries in three radiation
lengths of lead was studied in shower chambers which consisted of a
total of six modules, three on each side of the center line. A
module was 4' x 6' and had nine plates with +" gaps. The plates were
formed of an Al-Pb-Al sandwich, .02" Al on either side of .02" Pb,
giving 0.1 radiation lengths per plate. The chambers had six active
gaps per module so a shower could be studied in eighteen gaps if it
penetrated to the back of the array. Shower maximum is reached after
three radiation lengths by 0.7 GeV/c electrons which is a fairly typical

energy for the electrons of accepted Ke Since the ability of the

3's.
chambers to distinguish between xn's and e's depends on the scanning
criteria used, discussion of the identifying power of the shower
chambers will be postponed until the next chapter. The optics used
in the photography of these chambers was not as good as that used in
the other two sets of chambers since it involved very large mirrors
mounted at awkward angles. The spatial resolution attained was ~0.2"

in transverse position and ~20 mr for angles. This was quite ade-

quate for preliminary track reconstruction which was then refined by



including the momentum chamber measurements in the track Fitting:.

Shower counters

The final detection components of the apparatus were the
fourteen shower counter modules placed immediately behind the shower
chambers. Each consisted of a scintillator-lead-scintillator sandwich,
the scintillator slab having dimensions 52" x 10" x 3/8". The lead
sheet was two radiation lengths thick, so that electrons traversed a
total of five radiation lengths of lead in the apparatus. This is
shower maximum for 3.1 GeV/c electrons whereas electrons from the
accepted Kes's had an energy spectrum which fell to zero at 2.0 GeV/c.
The 28 scintillators were paired in front-rear pairs, with phototubes
at opposite ends, and the summed signal from each palir was pulse
height analyzed and stored on tape if the Ke3 trigger was satisfied.
It will be seen in the next chapter that this shower pulse height
information was used before scanning to reduce the number of pictures
looked at by a factor of 4.

As will be shown, this reduction took place by use of a
complicated computer program. It would have been advantageous to
apply this selection in real time to reduce the triggering rate.
However, duﬁlication of the program by electronics is a complicated
problem in fast logilc, and besides, one would not have the advantage

of trial and error if one were to apply the selection in real time.

Magnetic tape recording

The spark chanber data were recorded by three cameras while

the clectronic data f'rom the counters werestored on magnetbic tape.



The two questions asked of the counters in the systom weres  (a)
Digital =-- which counters fired, and (b) Analog -- lor certain countors,
what was the émplitude ol the pulse in the counter? In casc (a) the
fast logic output corresponding to the‘signal in question went to a
buffer storage circuit (BS-1) from which it was read into a PDP-8
computer after the spark chambers had fired. For (b) the pulses were
analyzed by slow pulse height analyzers (SPHA’S) and then read into
the computer in the same way as the BS-1 data. After several events
had been accumulated the information in the computer was read out onto
megnetic tape. A program, EXPO, controlled the movement of information
through the PDP-8 and also histogrammed any desired quantity. These
histograms could be observed directly on an oscilloscope while running
and provided a very direct check on the performance of the apparatus.
This completes the description of the apparatus. A total
of 900K pictqres were taken in January-April 1968 of which 240K were

with the Ke trigger. The magnetic field was reversed twenty-five

3
times during this data-taking period, with equal amounts of data taken
at each polarity. A discussion of running procedures and checks on
the stability of the apparatus is given in Appendix 9. The next

chapter will discuss how these pictures and magnetic tape records were

analyzed to obtain a sample of Kes's.
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IIT. DATA ANALYSIS AND BACKGROUNDS

Of the 240K pictures taken, 1t was expccted that ~1.5K
were good KeS's' This Chapter describes the filtering process which
extracted these Ke3's from the raw data and then discusses the back-
ground remaining in the sample. Such a process must be able to
reduce the background level to ~1% and at the same time introduce
no biases, with respect to decay length, on the accepted Kes's.

As usual, one started with the simplest and crudest selec-
tions available and then, with a smaller sample to work on, applied
more complex and precise tests to the events. In this case, the
first step involved qualitative selections designed to isolate
neutral decays from other triggers (using the production-decay
region pictures) " and - mw-e from other final states (using
the shower chambers and shower counters). To ensure that the n-e
seen in the rear of the apparatus came from the decay seen in the
front end, the surviving candidates were next measured and their
trajectories reconstructed through the magnet. Quantitative selec-
tions could then be made on these measurements, e.g., only events
that reconstructed reasonably were retained, mass cuts were made on
different invariant mass combinations, eté..

This chapter is divided into four sections: (A) Scanning,
(B) Measuring and event reconstruction, (C) Final selections and

rescan and (D) Remanent background in sample.



A Scanning
Examples of qualitative features that one would expect a
priori of good KO—>nev events are:
(a) A vee visible in production-decay region.
(b) A showering track and a non-showering straight-through
track in the shower chambers.
(¢) In the shower counters, a large pulse height for the

electron and a minimum ionizing pulse for the pion.

The 240K triggers were examined for these features in the order (c),
(b) and (a). This order was chosen since it went in order of in-
creasing difficulty and sensitivity to biases, e.g., a scanning
inefficiency in the decay region is much more direct in its effect
on X than a pulse height dependent inefficiency in examining the
pulse heights in the shower counters. Each of these steps will now
be described and further details are contained in Appendix 10 on
scanning procedures.
Tape Scan

The magnetic tape record for each Ke3 trigger was analyzed
by a computer program which examined the pulse heights in the four-
teen shower modules and looked for a combination consistent with an
electron and a pion. The pulse height distributions of electrons
and non-showering tracks, identified in the shower chambers, are
shown in Fig. 6. Fig. 7 shows the electron pulse height response
for three regions of electron energy. It is clearly reasonable ,

the average response increasing with Pe although the distribution
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broadens with energy. This latter effect 1s duc to the fact that

the shower counters sampled the shower at three and at five radiation
lengths only and for higher energies, the effect of correlations
increases.

In the computer scan, an "electron" was defined as a pulse
height > 1.7 Imin in a pair of adjacent modules. A "pion" was
defined as a pulse height between 0.5 Imin and 2.6 Imin in a single
module with < 0.6 Imin in the modules on either side. For a given
RH counter triggered, three pairs of shower modules behind it were
searched for an "electron'. If either RH counter in a trigger had
an "electron" behind it, then three single modules behind each RH
counter were searched for a "pion". The trigger was accepted if an
acceptable "electron" - "pion" combination was found. If the RH
counters for the trigger were within 4 RH counters of each other
then the search for a "pion" was not made and the trigger passed the
computer scan with just an "electron". Details of the tape scan and
analysis of a sample event are given in Appendix 10. Events passing
the tape scan had their serial numbers and other relevant information
printed out in the form of a scanning list to be used in the next
stage of scanning.

From a sample of 524 Ke 's obtained without any pulse

3
height selections, the tape scan accepted 396 events, giving an
overall efficiency of 75%. This should be regarded as a lower limit

because many of the 128 events missed are dubious, the Ke3 sample

being preliminary. A more crucial question is whether the
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acceptance of the tape scan is a function of decay length or electron

charge, thus biasing the Ke3 time distributions. These matters are

investigated in Appendix 10 and no evidence for any bias is found.
The tape scan accepted 67,205 out of the original

240,000 triggers.

Shower Scan

The 67,205 remaining candidates were scanned in the shower
chambers for an electron and a non-showering particle. The trig-
gering tracks were distinguished from other tracks by using the RH
information which was on the scanning list and also visible on the
film. The scanner simply found those tracks that were headed for
the triggered RH counters using a scanning template, which had the
rear hodoscope marked on it. The tracks were classified as "x" or
"e" according to the criteria:

"y (a) Straight through track.

(b) Track scattering at a definite point, with
straight segments.

(¢) Track with an interaction where a number of
straight tracks emanate from a definite
vertex.

e Any track which satisfies none of the "x" criteria
and 1s not an obvious stop.
The criteria were kept simple and liberal -- the "e"

criteria will accept many low cnergy pions and protons and many pion

and proton interactions. Iowever, the criteria have high efficicncy



for good Ke3 events and 1t was planned to have all final candidates
rescanned by physicists in the shower chambers. If the picture had

1n__n 1" 1

an acceptable "nt' - "e" combination it was retained, cvents which
were "x" - "x" were also accepted in & different sample to be
analyzed in parallel with the se sample. Throughout the thesis,
this sample is referred to as the nx sample but, of course, positive
identification of the n was not made and such events could also be
7P or wu. Most of the events rejected at this stage were 2e events
which easily passed the tape scan.

The efficiency for Kes's was checked on an independently
acquired sample and found to be 96%. Most of the events lost were
cases where the pion had extra sparks along the track, leading the
scanners to interpret the event as a 2e event.

One might well ask about the possibility of bias in the
events lost. The most likely source would be a correlation between

Xv, the decay length, and AZ the horizontal separation of the e

Sh’
and © in the shower chambers, with the scanners tending to miss
events when the e and n are beside one another. This matter is
investigated in Appendix 10, and no correlation between XV and
AZSh was seen. Another possibility is that the scanners missed
low energy electrons. However, the electron energy spectrum does
not change much with position in the front end so any bias would be
second order. It was concluded that any dependence of the shower

scanning efficiency on the decay vertex position was negligible.

The number of events accepted was 14,613 we and 6,005 nx.
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Productlon-decay Region Scan

The thlrd phase of qualltatilve svclecetlon was to scan the
decay reglon plctures for the two-prong vee characterlistic of a
neutral decay. Since the aim of the experiment is to measure the
decay distribution of the Ke3 decay, it is clear that this scan should
be highly efficient so that any position dependent biases will be
negligibly small. High efficiency was obtained by

(a) 1leaving the scan until last so the scanners could spend
more time on fewer pictures,
(b) using the MH information to identify the triggering tracks
in the decay region picture, and
(¢c) having the pictures double scanned.
The MH information was used by having a template of the appropriate
magnification with the MH marked on it. The scanner found those
tracks which headed for the triggered MH counters, and the candidate
was accepted if these two tracks formed a consistent vee in the plan
and elevation views. The scanners noted in which plate the vee first
appeared and this was used in comparing scanners and, later, in
checking measurements. More details on the decay region scan are
given in Appendix 10.

Vees with more than two prongs or with opening angles less
than 2O were rejected. This opening angle cut was designed to
reject electron-pairs, the major triggering background. From the
Monte Carlo calculations, discussed in Chapter 4, it was determined

that (.06 * .03)% of the K_,'s have © < 2°, this fraction
ed opening
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increasing to 1% for © 40. Hence o is a safe cut to make,

opening
any possible bias being small.
Iixamples of triggoero failing‘ the production-decuy roglon
scan are
(a) Scanner finds a vee, but one of its tracks is not directed
at either of the triggered MH counters. Such triggers
are probably due to a conversion outside the decay region
or else an extra track,visible in the decay region,
triggers an MH counter.
(b) Scanner fails to find a vee anywhere in the decay region.
A 7 probably converted in S5 and then triggered the gas
counter.

(c) An electron pair (which does not separate into two distinct

tracks) and an off axis beam track trigger the apparatus.

For the sample of Kes‘s finally accepted, the individual
scanning efficiencies were (96.4 *+ 0.5)% and (97.3 T 0.4)% for the
two scanners. The average individual efficiency as a function of
decay position is shown in Fig. 8. There is clearly no systematic
position dependence so that scanning biases are negligible. If
there are no correlations between scanners, so that one is 97%
efficient on the 3% missed by the other, then the overall efficiency
of the double scan is 99.9%. Correlations were investigated using

a previously acquired sample of Ke 's and the double scan missed 1

3

event out of 300, consistent with the above overall efficiency. This

does not close the question since there might be a class of patho-
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loglcal cvento that all scanncrs would tend to miss. I'rom knowledge

of the efficlency of the spark chambers and the geometrlcal dis-
tribution of the Ke3 vees, however, such low visibility vees can

only form a minute fraction of the total.

The number of w-e events surviving this scan was 3,395.

B. Measuring and Event Reconstruction

It had to be established that the electron and the non-
showering track identified in the shower chambers came through the
magnet from the vee in the decay region and did not interact or
scatter on the way. Before entering the shower chambers, the
secondaries of a typical decay in the front end had encountered
12.4% of a radiation length, 6.2% of a collisioﬁ length and lost
6.7 MeV of energy if they were minimum ionizing. To check the
continuity of tracks, the 3,395 surviving candidates were measured
and the decay secondary trajectories reconstructed in space. The
reconstruction was first done using only the decay region and shower
frames. Events which fit reasonable trajectories through the magnet
were then measured in the momentum chambers and the fit repeated,
using this extra information. Details of the measuring and recon-
struction process are given in Appendix 11 and only features affect-
ing the analysis directly are included here.

The pictures were measured with digitized protractor
measuring machines, digitizing the angle and the position of some
point on the track. The resolution on the measuring tables was

t 0.01" in position and 1L mr. in angle. In real spacc, this corre-
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sponded to t 0.03%" for position measurements and, again, 1 mr. for
angular measurements. The angle and the two coordinates werc each
encoded and digitized into 5-digit decimal numbers and punched on
cards by an IBM 526 Summary Card Punch.

In the decay region picture, the incoming beam track and
the two decay prongs had their angles and positions measured in the
plan and elevation views; in the shower chambers, the two triggering
tracks were measured in the plan and elevation views and the electron
was identified. These measurements were then analyzed by a checking
program which verified by reconstruction that the tracks were con-
sistent with the MH and RH counters triggered by the event. This
check actually duplicates the MH and RH checks in the decay region
and shower chamber scans. However, it was very useful in isolating
events where the scanner or measurer had made a bookkeeping or
measuring error. The decay vertex positions calculated by the
program were checked for consistency between the plan and elevation
views and also checked against the plate number noted by the decay
region scanner. These checks were effective at finding mismeasure-
ments and such events were remeasured and passed through the program
again. Three passes through this program were sufficient to clean
up incorrect digitizations.

The measurements were then combined with the PDP-8 data
tape record and analyzed by a track reconstruction program. A pre-
liminary tesct was made to sce if a line, drawn between the points

digitized in the decay region and the shower region, intecrsected the
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the triggered MH counters within a certain tolerance. 'This check ic
more demanding than the MH check previously mentioned because it
ties together information in the decay region and the shower region
by interpolating between them, whereas the previous check merely
extrapolated from the decay region to the MH. Tracks which headed
for the triggered MH counter, but subsequently scattered in the
vertical direction, for example, would fail this test. Events out-
side +the tolerance, ~23% of the total, were removed from the sample.
The successful tracks were fit to orbits in the magnetic field and
constrained to intersect ét a unique vertex in space. This pro-
cedure found reasonable fits for 76.5% of the measured events, the
remainder almost all failing the MH test. The distribution of X2
for a track is shown in Fig. 9 for all tracks; there were three
degrees of freedom per tréck.

All events for which the X2 of each track was less than
100 were then measured in the momentum chambers. The momentum
chamber measurements were checked for consistency with the MH and
RH counters and mistakes corrected. These measurements, along with
the results of the decay region-shower reconstruction, were submitted
to a fitting program and the trajectory fit performed using all
chambers in which the track was visible. This more refined fit used
up to five segments of the track, whereas the previous fit used only
two. The tracks were constrained to a unique vertex in space, as
before. If the fit could be improved by dropping any of the chambers

(except the decay region, which was needed to reconstruct the vertex),
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then this was allowed.

The geometrical reconstruction was checked using a large
sample of straight through tracks, photographed with the magnetic
field off. The momentum fitting procedure was checked with KS—>ﬁ+n-
and A - px events, from calibration data, by looking at the K and A
masses calculated for the 2-body decays. Fig. 10 shows histograms
of these masses separately for each target from a sample of success-
fully reconstructed calibration events. M’ﬁ is the invariant mass
calculated assuming that the positive particle is a proton, the
negative a pion. The distribution in this quantity is shown for all
events. Then a cut of Mpﬂ > 1.160 GeV is imposed and the Mmr dis-
tribution of the remaining events shown. This order was chosen since
the K-background under the A peak is less than the A background
under the K-peak. Almost all events are consistent with K or A decay.

Fig. 11 shows a histogram of X2/degree of freedom for all
tracks of the ne sample. This gquantity, rather than‘Xg, is plotted,
as the number of degrees of freedom in the fit depends on the number
of chambers from which measurements were used in the fit. This plot
shows that for good tracks above the flat background, the assigned
errors in the reconstruction program were reasonable. The flat
background contains, for example, tracks which interacted in the
apparatus and poor fits resulting from attempts at fitting uncorre-
lated tracks to the same trajectory.

Fig. 12 shows a histogram of the difference in vertex

position elong the beam, as calculated by the fitting program (Xfit)
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and as determined from the plate number estimate of thc decay region
scanner (Xpl). The sample in the histogram is that obtained after
the cuts of section (C)'of this chapter. The width of the distri-
bution implies that the resolution in lonéitudinal vertex position
is < .3", which is what was expected from the transverse position
and angular resolutions.

Of the 3,395 K_, candidates measured, 2,226, i.e., ~66%,

3
reconstructed reasonsbly. Of the 34% rejected, 23% were previously
removed by the MH interpolation test. The remaining 11% were events
where the>(2 of either track was greater than 100 in the front end-
shower fit. Some of these events were traced by hand, and it was
seen that the separate track segments were at angles such that a
single orbit could not fit the segments consistently. Such events
arise from scattering in the horizontal direction or from fitting
track segments of different particles to the same orbit.

The discussion will next center on the selections made to

obtain the final sample used to fit the K.e time distributions.

3

Cs Final Selections

Fig. 13 shows e+ and e decay position distributions from
each target for the 2,226 events which survived the reconstruction.
It is evident that there is a substantial charge asymmetry, char-
acteristic of a K , signal if|X| < .2. This meant that the back-
ground was at a failrly low level and it remained to make the final
selections to reduce it even further. It consisted of two basically

different kinds of background:
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(a) FEvents which still show features in their reconstruction,
not characteristic of tracks continuous through the
magnel aperturec.

(b) ELvents where the "x" and "e" in the shower chanbers both
come from the vee in the front end without interaction or
scattering, but where the "x" or the "e" is misidentified,

i.e., the event is really 2x or 2e.

To reduce (a) and (b), quantitative cuts were first imposed and then

all survivors were rescanned in the shower and decay region chambers.

Quantitative Cuts

The following seven cuts were imposed on the 2,226 remain-
ing candidates. Of these cuts, discussed below, (1) - (5) were

directed at eliminating (a), while (6) and (7) were aimed at (b).

(1) Charged prongs were required to be contained within the
production-decay chambers over their length because if they
exit through the sides they would encounter an excessive
amount of material. This requirement was actually imposed
at the scanning level for later data so it is not meaning-
ful to quote how many measured gvents were rejected by it.
It is clearly a reasonable cut, particularly since, on one
side, an exiting particle would encounter the dense materisl
of the spark chamber electrical hardwarec.

(2) From thc Monte Carlo calculations of the electron and pion

momentum distributions (Fig. 24, in Chapter 4), it can be



(3)

(4)

seen that there are few events wilth elther sccondary
momentum sbove 2.0 GeV/c. A cut at 3.0 GeV/c is reasonable
and any decay secondary with a momentum > 3.0 GeV/c is
probably a result of a scattering which gave a smaller
apparent bending angle.

The reconstructed position at the MH and RH counters was
required to be within one counter of the triggering counters.
The MH and RH information has already been exploited in
checking the tracks. However, for a small number of events,
it was possible for the vertex fitting procedure to move
the orbit outside the counter in its attempt to find a
unique vertex in space. If the reconstructed orbit is con-
sistent with the orbit actually followéd by the particle,
then the MH and RH counters intersected by it should be
those triggered by the event. The resolution for this was
determined by looking at the distance of all reconstructed
tracks from the center of the triggered counter, in the
appropriate dimension. This requirement demanded that the
reconstructed track be no more than 1" from the edge of

the triggered MH counter and no more than 3" from the edge
of the triggered RH counter.

The X2 per degree of freedom of all tracks in the sample
was required to be less than 5.0. From Fig. 11, where this
quantity is histogrammed, it is evident that a cut at 5.0

is conservative for the signal which peaks at 0.8.



(6)

(7)
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The tracks were rcquired to have opposilte churges uvlnece 1t

wago impossible to tell whilch charge was wrong when an event
came out of the (it with both secondaries having the same
charge.

The pulse height of the electron shower in the shower count-
ers was required to be greater than 1.2 times minimum
ionizing. Now that the electron trajectory was exactly
knowvn from the reconstruction, its position at the shower
counters could be calculated and the pair of counters con-
taining the shower known precisely. This requirement
simply demanded that the pulse height in these counters be
consistent with the computer scan. ﬁ-ﬁ events, where a
low energy pion was accepted as an electron, would tend to
fail this test.

The gas counter trigger configuration was required to be
consistent with the orbits of the electron and pion. The
counter had two mirrors, each reflecting light into a set
of three phototubes, and the pulse height’ of each set was
separately recorded. Most orbits had the electron shining
its Cerenkov light into one side only and for these it was
demanded that the pulse heights be consistent with the
orbits. Electron orbits were chosen for which the tangent
at any point of the trajectory, when extended to the plane
of the mirrors, did not intersect within 1.0" of the other

mirror. For such events, it was demanded that (a) the side
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recelving the, Cercnkov light have pulse helght > 0 and
thot its BO-1 blt be on (see Appendix L), and (b) that the
pulse height of the side not recelving Cerenkov light be
< 3. or its BS-1 bit be off. This test removed e’ - e~
events where the electrons were separated enough to shine
on opposite sides and ﬁ+ - % events where one of the pions

was considered an electron in the shower chambers but the

opposite side of the Cerenkov counter had the trigger.

Table 2 shows the number of events removed by each of these
cuts separately and also the number removed by one cut, but passing
all others. Selection (1) is not included in this table. These cuts
reduced the sample to 1,673. Decay position distributions of the

553 events removed are shown in Fig. 1l4.

Shower Chamber Rescan

In order to establish conclusively that the two tracks in
the shower chambers were those of a xe(pe) event and to reduce
backgrounds of type (b), the 1,873 candidates were looked at by a
physicist who had access to all parameters of interest from the
computer reconstruction of the event. The appearance of the electron
and the pion was carefully scrutinized. The electron was scanned
for any large angle tracks characteristic of a strong interaction,
the pion for excessive multiple scattering which is characteristic
of low encrgy clectrons. The shower counter pulse heights were next
checked to sec if any cxtra tracks actually gave a pulsc height in

the counter into which the track extrapolated. If so, it could be in
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TABLE 2. EFFECT OF QUANT.ITATIVE SELECTIONS ON THE x-c SAMPLE

Number which would get

into final sample if this

Rejection Total rejected cut were dropped but all
Criterion for this reason others kept
2

X°/d.f. > 5, (4) 129 25

Same charge (5) 111 9

Either momentum greater

than 3.0 GeV/c (2) 65 6

Misses MH by more than
L counter (3) 52 3

Misses RH by more than

L counter (3) 106 7

Electron pulse height
<l.27I1 . (6) 124 8
min

GC pulse height incon-
sistent with orbits (7) 163 16
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colncldence with the n-e and the event was rejected since the extra
track could be due to the sccondarles interacting on thelr woy
through the apparatus. Most of the extra'tracks visible were, of
course, within the 500ns. live time of the shower chambers, but
usually not within the SOns. gate opened for the shower counters.

As a result of this scan, 289 events were removed from the x-e sample,
some of which were put into the 2n sample. Fig. 15 shows the decay
position distribution of these rejects for each charge state and each
target. There is clearly not much asymmetry between et and e

indicating that the rejects are largely background.

Decay Region Rescan

All remaining candidates were examined in the production
decay region by a physicist. Dubilous vees or events with more than
2 prongs from vertex were removed. A total of 47 events were

rejected leaving 1,337 in the sample.

D. Estimation of Remanent Background.

In this section the following backgrounds will be considered:
(1) Neutron stars

(28) Eg= ", A= px
(3) e - e pairs

(4) AB-decay (A —pev)

(5) K°- production in the targets

le Neutron Stars

The material density in the decay region was kept low to
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avoid background from neutron stars and y-conversions. The material
was mostly aluminum with some epoxy and mylar gas seals. It corre=-
sponded to .003 collision lengths and .01 radietlion lengths per KS
lifetime. In order for & neutron to produce an event in the final
sample, the vee must contain an electron and a pion with no visible
evidence for another electron. The two charged prongs must in
addition be energetic enough to get through the magnet (p > 150 MeV/c).
As an experimental check that neutron stars were not a background in
the final sample, it was determined that the excess of accepted vees,
produced in the first target, that appeafed to decay inside the
second target was 0.5 T 2.0 events. By extrapolating to the spark
chamber volume, correcting for relative densities and solid angles,
the total neutron star background from the spark chamber plates was
estimated to be 0.05 + 0.20 events per KS lifetime. This gives about
1.0 * 3.0 events from all material in the decay region in the final
sample. In the data used to fit the time distributions it was re-
quired that a space of at least one spark chamber gap separate the
target veto counter from the visible decay vertex. This excluded
any events which might have materialized in the veto counter.

2. K > ate” , Ao px

Kq > 5" and A - px~ have decay rates 16° times that of
K —» mev and to reach a background level of 1%, it is necessary to

have a rejection ratio of ~105/l. This rejection came from three

sourcess



(a)
(b)

(c)
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Gas Cerenkov counter, used in the trigger.

Shower counters, pulse heights examined in the computer

scane.

Shower chambers, scanned for an electron.

In more detail:

(a)

(b)

()

The gas counter was used in the trigger as described in the
last chapter. The pulse height threshold was set as low

as possible, just above the noise. From the number of Ks—>ﬂﬂ
in the Ke5 trigger relative to the number in the more
general calibration trigger, where GC was relaxed, the
rejection of the gas counter was estimated to be (69 + 7)/1.
The computer scan discriminated against znx and pn final
states since, without interacting, these would give two
minimum~ionizing pulses in the shower counters. If the
RH's were separated by more than four counters, there would
not be a pulse height acceptable as an electron to the

program. From & sample of K - and A— pr~ picked up

S
in the general trigger, it was calculated that the rejection
of the computer scan was (3.7 ¥ 0.3)/1.

The visual shower scan gave the largest rejection of the
three. A series of runs with the general calibration
trigger was scanned and measured with no rcquirements on

the appearance of tracks in the shower chambers. Lvents
were choscen which had invarlant masses consistent with

either KS ”’ﬂ+ﬂ— or A - px hypotheses and these were scunned



for ne by the same criteria used in the Ke shower scan.

3

A total of four events survived from a sample of 584,

giving a rejection of (146 *+ 73)/L.

The fact that the rejections (b) and (c) may not be in-
dependent has to be taken into account if the three are combined to
find the overall rejection. For example, a pion which is shower-
like in the shower chambers is likely to give a big pulse in the
shower modules. So the overall rejection will be a bit less than
the product of (a), (b), and (c¢) which is (3.7 T 2.0) x 167, However,
there are more direct ways of estimating the K and A background, as
will now be seen, and the preceding was Jjust to give a feeling for
the discrimination of the apparatus against this background and show
that it had the correct order of magnitude.

Direct measurement of the K and A backgrounds was performed
by comparing the m-e sample to the s-x (n-p) sample collected in the
shower chamber scan. Fig. 16 shows comparisons of different dis-
tributions for these two samples. The x-nt events peak at low GC
pulse height and have prominent K and A mass peaks, whereas the rn-e
events have a broad GC distribution and show no evidence of K or A
peaks. In order to measure the small K and A contamination in the
n-e sample, it was necessary to make selections which enhance such
backgrounds. This was done as follows:

(a) Select events with GC pulse height < 8, and

(b) select events with decay lengths < 10".
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absence of events with pulse height <2 in (a) and (d) is

due to the trigger bias.
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Sixty percent of =z events satlsfy (a) and (b), whercas only 2% of
the n~e events fall in this region, giving an enhancement factor of
30. Histograms of mﬁﬂ and mPﬂ for such-ﬂ-e events are shown as
shaded histogreams in Fig. 16. It is reasonable to assume that the
mass distributions of good x-e events satisfying (a) and (b) are the
same as those for the total sample, since there are only weak
correlations between mass and GC pulse height or between mass and
decay length. Using this assumption, a subtraction was made to
isolate whatever K — znix or A — pn signal was present. For the m
spectrum an excess of (-=3.1 * 4.3) was found in the A region and
for m__ an excess of (7.8 + 4.3) in the K region, giving a total of
(4.7 + 6.1) events. Since the procedure is 60% efficient on back-
ground, this leads to a total background in the sample of
(7.8 * 10.0) events. This number was independently estimated from
the total number of xnw events picked up in the Ke3 trigger (after
the tape scan) and the measured rejection of the shower chambers.
This gave 1164/(146 + 73) = (8 *+ 4) events, consistent with the
(7.8 + 10.0) estimated above.

The K, A background can be reduced further by a factor of
3 by demanding GC pulse > 8 simultaneous with mpﬂ > 1160 and mo < 440.
The sensitivity of X to this cut will be discussed in the next chapter.

3. Electron Pairs

This background falls into two categories:

(a) External conversions: 7 + Z = e’ +e” + 2

(b) Dalitz conversions: Kg—>no + ﬂo, followed by



P oet s+ 4y,
For (a) and (b) the expected invariant mass distributions of the
electron pair peaks at very low mass. Fig. 17 shows the invariant
mass distribution of the n-e sample under the hypotheses that both
charged particles are electrons. For comparison, the B = dis-
tribution is shown for events taken with a 0.25 radiation length
lead converter placed in the decay region and where the two charged
particles in the shower chambers showered (process (a)). The shape
of the latter implies that there are < 9 events from process (a) in
the uncut sample. A cut of 30 MeV on mte = reduces this background
by 30.

Data taken with the lead converter were scanned in the
shower counters and shower chambers like regl data to determine the
rejection of the n-e scanning for gt g pairs. It was determined
that the rejection of the scanning on et - e pairs was
{43.8 % 11.3)/1. Using the Monte Carlo program (described in Chapter
4), it was calculated that 880 events of type (b) would be in the
final n-e sample with no shower or mass selections. Using the shower
rejection of 43.5, this number reduces to 20 Dalitz conversions
before cuts on m o+ - . A cut at 30 MeV reduces this to 12. In order
to demonstrate sensitivity of the final result to such background, a
cut of 60 MeV can be imposed to reduce it further by a factor of 4.8,
as will be done in Chapter 4.

4o Lambda Beta Decay

A->p+e +vgives e events at early times where X = O
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predicts few cvents. TFilg. 18 shows the distribution of mep for e

and e  events, for decay lengths < 5" to cnhance the AB slgnal.

This signal was expected to be visible in the e distribution for

mep < 1115 MeV. The -+ distribution was used to calculate the

number of events with mep < 1115 MeV if there were only Kes‘s in

the n,- distribution, with no.AB contamination. A subtraction was

then made as follows:

n_ (< 1118)
=n _ (<1115) - n _ (> 1115) . — .
nAB e~ e- (> 1115)

Inserting numbers from the histograms gave 1n, = 14 ¥ 4.5.
P

Correcting for the fact that the histograms are for the first 5"

from each target, this gave a total of 19 + 6 A, events in the xe

p
sample. To ensure that this background was eliminated, it was

required that Mep > 1115 MeV, the maximum p-e mass possible in AB
decay. The cut was imposed on both charge combinations to preserve

charge symmetric treatment of the data.

5. K°- production

It was estimated from n p bubble chamber data(zl) that the
total cross section for K- - production is less than 10% of E° pro-
duction at 2.85 GeV/c. The momentum distribution of the K° will
peak somevhat lower than the K° and its angular distribution will
be less peripheral. From the acceptance of the apparatus as a
function of K - momentum and angle, it was estimated that the average

relative acceptance of KO to KO into the apparatus was < 10%. This
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means that leos than 1% of the KcS data came from plon productlon
of KO. As mentioned in Appendix 2 on the plon beam, the K~ con-
tamination in the beam was measured to be ~0.1% of the pion flux.
o(K™p = K'n) is estimated to be soogb.(eg) whereas o(x p — K°A)~10Ob.
at 2.85 GeV/c. This means that ~0.5% of the events come from K -
produced K°. This gives an overall limit of 1.5% to the B s pro-
duction fraction. As will be seen in Chapter 4, when a fit is made
with the fraction of initial K~ relative to K9 as a free parameter,
the 3-parameter fit gives = fraction = 0.6% f%:zé , consistent
with the above estimates.
In summary, the following background-reducing cuts have
been made in this section:
(a) Mep > 1115 MeV, 163 events fail.
(b) M, > 30 MeV, 8 events fail.
(¢) At least one spark chamber gap visible upstream of the
decay vertex, 34 events fail.
The total number of events after these cuts was 1,137; a summary of
the background analysis is contained in Table 3.
This Chapter has shown how a sample of Ke3 events, with
background < 2%, was obtained between 0.2 and 7.0 K, lifetimes. It
remains to calculate the acceptance as a function of decay length

for these events and to fit them with the parameter X.



TABLE 3.

Type of

Background

70

BACK(:ROUNDS IN THE s-e SAMPLE

Number present

before cut

Cut imposed on

final sample

Estimated back-

ground after cut

Neutron stars 10 T 5.0 NO cut 10 ¥ 5.0
K~ 2n, A - pr 7.8 T 10.0 NO cut 7.8 T 10.0
Electron pairs:
a) External

Conversions <9 m_, .> 30 MeV < Qa3
) Dalitz pairs 20t5s w3
Lambda beta
decay,A > p + € + V 24 T 16 m, > 1.115 0.0

P GeV
KO- production
a) 7 p = KKn < 1 « i1
b) Kp »Kn ~5 T2 NO cut ~5 t 2
Total background 26 T 11
in 1137 events < 11 from
KOKO pro-

duction
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IV. EFFICIENCY CALCULATION AND MAXIMUM LIKELIHOOD FITS

The last chapter concluded with a sample of 1137 KeS
events. In this chapter, these data are fit to X, the AS = AQ rule
violation parameter. The function used to fit the data is a product

of the decay distributions derived in Chapter 1 and e, (xK), the
es

efficiency for»KeS detection at a given decay length, x This

K.
chapter first discusses the Monte Carlo calculation of €x (xK) and
e3

concludes with the maximum likelihood fitting of the data.

A. Efficiency Calculation

K
-3

In fitting the decay position distributions to X, the

likelihood function that is maximized has the general form:
7 - } li f(Xi)e(Xi) where f(X) is the decay distribution

function and e(x) is the acceptance efficiency for an event whose
decay length is x. In the Monte Carlo calculation of e(x) for Ke3
decay, it is necessary to know the momentum spectrum and angular
distribution of the decaying K°'s. Alternatively, one could

reconstruct Py and GK for each event and then use €x (pK, QK’ x)
e3

in calculating Jf., vhere (pK, OK, x) is the efficiency cal-
€5

culated at fixed Py and OK’ without folding in their distributions.
The K - momentum in KeS decay can be calculated up to a guadratic
ambiguity by measuring @K and the momenta and angles of the decay

secondaries. In most cases, this ambiguilty can be resolved by
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appealing to Independent knowledge of the ospectrum of Py

However, iIn thls expcriment, the mecasurement of GK we.s

poor and it was not'possible to find P> as indicated, for each
event. This meant that one could not use e (pK, Oy x) to weight
e3

the events individually in the maximum likelihood calculation. The

approach taken was to find the production distribution of pK and QK’

D(pK, GK), from K - x'%” events for which P and 6, were known

K

for each event. D(pK, GK) was then used as input in the KeS Monte

Carlo calculation of e, (x) where:
e3

€ (x) = ffde de,. D(pK, QK) € (pK, 6> o S
e3 e3 _

For a large sample, little information is lost by using the latter
approach except that it involves more dependence on Monte Carlo
calculations. This section will first discuss how D(pK, OK) was
extracted from the KTt2 data and then show how the final Ke3
efficiency was arrived at. Details of the Monte Carlo program are

contained in Appendix 12.

1. Calculation of D(p., @K)

The production distribution of K°- mesons from the brass
targets, D(pK, GK), was assumed to be the same from the two targets,
any differences in observed distributions being due only to the
acceptance difference between targets. It was further assumed that

p, and 6, were uncorrelated In the laboratory so that D(pK, QK)

f(pK).g(GK). These assumptions are Jjustified by the consistency



achieved in fitting momentum and angle distributions from both
targets with the single distribution f(pK).g(QK). For fitting, f

and g were parameterized as follows:

_1p-A\2
iy = & 2( B ) R(p; C, D); 4 parameters
L(E-ByE
g(0) = 0.2\ T ; 2 parameters

where R(p; C, D) is a ramp function, designed to make the 1 spectrum

fall faster than a Gaussian at the high momentum end:

R=1l1l; p< €
R = (D-p)/(D-C); C<p<D
R=0, p>D .

In the actual six parameter fit the momentum resolution S(p-p') was
included; its Gaussian parameter ¢ is .16 GeV/c for Tl, .30 GeV/c
for T2 at pK= 2.4 GeV/c, the mean K°- momentum.

A sample of clean KS — 2t decays was obtained from a set

of calibration runs by demanding:
(a) The same reconstruction criteria that were imposed on
the final sample of Kes's.
(v) LN > 1,160 GeV

(¢) m__ > .440 GeV.
p1%18

Since KS - 2x is a 2-body decay, pK and OK can be calculated from

the moments and angles of thc gccondaries alone, unlike the case of
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3-body Kes' The observed Py GK distribution of this cample was

then fit to a distribution functilon of the form:

(e 9) = J ap's(p-p')f(p')e(6y) € 2(p', 6y
7

where €% (p*, GK) was calculated by generating KS - 25 decays
2

exponentially in time. The fit gave the best values:

A= 208 F0
B=0.82 " :ég
c =268 " 00
D= 2.8 " O
s=-107%:%
T =907 .6

A sketch of the resulting f(p) and g(6) is shown in Fig. 19. The
procedure was checked by generating KS-% 2 decays with f(pK).g(QK)
from the best fit as input. The Monte Carlo and data were compared
for Py and GK distributions. Fig. 20 shows these comparisons for
Tl and T2. TFig. 21 shows the comparison for KS — 2x decay position
distributions. In all cases the agreement is good. The decay
position comparison gives a non-trivial check on the calculation of

- (pK, OK,:<) as a function of X.
n2
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2. Calculation of eKeggg)

The distributions of f(pK) and g(QK) were then used as

input in generating KeB'S to determine € (x) at fixed values of
ed

decay position, x. For the first target, six positions were chosen
at 5" intervals and for the second, two positions were chosen, also
S" apart. In order that the conditions producing these M.C. events
be the same as those that produced the Kes data in Chapter 3, it
was necessary to make extra selections whose effects are summarized
in Table 4. The selections were:

(a) As seen in Appendix 10, I'ig. 45, the computer tape scan
had an energy dependent efficiency for accepting electrons,
since it demanded a l% times minimum-ionizing pulse in the
shower counters. This efficiency was imposed on the
Monte Carlo successes.

(b) For events where the electron shone its Cerenkov light on
a particular part of one of the gas counter mirrors, it
was found that there was a deficiency of events in the
data compared to the Monte Carlo. This effect was corrected
for in the M. C. events.

(¢) The mass cuts e > 1.115 GeV aﬁd m,, > 30 MeV were imposed
on the M. C. successes.

From Table 4 it is evident that these corrections mostly lower the
level of the efficiency and only make slight changes to the slope as

a function of x.
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A possible position-dependent bias in the apparatus would
arisc i1 the gas counter cificicency che decay posltion dependent.
Fig. 22 chows the meoun pulsce height for Tl Kué's as a function of
decay position. The solid line is the best straight-line fit. TIrom
the mean and width of the pulse height distributions, it was esti-
mated that the overall efficiency of the counter for Kes's was
> 93%., From the straight-line fit, it was estimated that the
varigtion in this efficiency between the extremes of decay position
was ~1.2% and so of negligible effect on the Kes efficiency.

The efficiency functions for the two targets el(x) and
EQ(X) were derived by fitting the data in the seventh column of
Table &4 ; el(x) was fit to A + A x + A, 2 and eg(x) to
BO + Bl X. The efficiency was calculated and fit at the two mag-
netic field settings, 2.0 and 2.8 Kg; Fig.23 shows 2.8 Kg fit, also fit
when f(p) was displaced by 100 MeV/c in calculating e,

Comparisons of data to M.C. were made for: (a) pion
momentum distribution, (b) electron momentum distribution, and (c)
x-e resultant momentum distribution. These are shown in Fig. 24,
the pion M. C. histogram has been corrected for pion decay, which
has a visible effect for P, < 500 MeV/c. Fig. 25 shows the comparison
of data to M. C. for the invariant mass of the x-e combination, L
The agreement is good in all cases. IFurther checks on the Monte
Carlo calculations are discussed in Appendix 12.

The efficiency functions cl(x} and ez(x) will now be used

in the maximum likelihood fitting in the next section.
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B. Maximum Likclihood Tittilrnyg of Data

This sccetlon willl [first outline the fitting procedure, then
make filts to the data and finally investigate the sensitivity of the
result to variations in input paraemeters and to cuts on the data.

Le Details of Maximum Likelihood Calculation

The best value for the parameter X was determined in a

program that maximized the likelihood function

+ = + -
nl 1’1:L n2 n2

L =TT e T s T egeep Tl azeep
i=1 i=1 i=1 i=1

where, for example

S +
N (ti) € (ti) for e  events from

G (ti) = - '
ffz(N+(t) LN (8)) e, (t) at the first target,
i

+
N-(t) are the time distributions discussed in Chapter 1,

el(t) is the K_, detection efficiency from target 1 at proper

3
time t, at the appropriate fileld value,

nI is the total number of et events from target 1

Tl and T2 are the fiducial volume limits from the target in

question

ti is the proper time assigned to event i.

The proper time for an event is related to the decay

X -
position by the relation t = p ~ P ,mK , where XP is the pro-
K
b
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duction point, X}y the decay poilnt, and p]; ls the K-wmomentwun
projected in the x direction. The target length of 1.2" and K-
momentum spectrum FWHM of 900 MeV/c cauée an uncertainty in the
proper time for an individual event, which is usually, however, s
fraction of a KS lifetime. This uncertainty is minimized if one
takes for Xp the center of the target and uses the average < l/pi >
for l/pi in calculating the proper time of each event. l/<l/p§ >
was 2.28 GeV/c for T1 and 2.22 GeV/c for T2. The smearing effect
of the XP-—and pK-distributions on the time distribution Nt(t) is
investigated in Appendix 13. The time distributions Nt(t) used in
calculating?ﬁ were corrected to take into account moments up to the
second. It is shown in Appendix 13 that the effect of higher
moments changes IX] by < 0. 014

In calculating time distributions, the following quantities

were taken from Ref. 11:

1. = 0.862 x 1079 e

5
-7
TL = 0,538 x 10 sec.
AmTS = 0.469

The maximum likelihood procedure was checked by generating
Ke3 time distributions with different values of X and then using

them as input to the fitting program. The resulting fits were:

Il

2000 events, with input X = (-.069,+.108);

+.024 +.048

(-.060 ~.0%2 ? .080 _.044)

fit gave X

1l
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2000 events, with input X = (0.0, 0.0);

+.024 +.036

(0.000 ozg » 04000 "l )

fit gave X

Il

which are within the expected limits.

2s Fitting of the Data

The 1137 events which survived all the selections of
Chapter III were reduced to 1079 by a fiducial volume cut which re-
moved the last 2" of the downstream end of the decay region. It was
felt that vees from this region were more difficult to identify
in the scanning and hence prone to bias. When these 1079 events were

fit by the maximum likelihood program, the result was:

ReX = -.069 T ,036
+.,092
ImX = +.108 " °%

Fig. 26 shows the time distributions of the data with smooth curves
corresponding to a) best fit, b) X = 0, ¢) X = (+.14, -.13), the
world average given in Chapter I. A notable feature is that the
error in ImX is more than twice that for ReX, in apparent contra-
diction to the statements made in Chapter I, where it was stated that
n' = 500 would give errors of % .04 for both ReX and ImX. This larger
error occurs because there are non-linear terms coming into effect as
one moves away from X = O and the estimate of errors given in Chapter
I assumed X = O.

The likelihood contours for the fit are shown in Fig. 27.

The relative probability of X = 0, relative to the best fit is 0.25
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while that of the world average relatlive to the begt M6 1o

-8 . -4 .
< e = 5.5 x 10 ~. IHence, the best fit and the world aversge arc
inconsistent with one another but both are consistent with X = O.

If one assumes CP conservation in the decay (ImX = O in the

fit), the best fit gives

+.036
RQX - "-036 —.04:4: °

Conversely, if one assumes maximal CP-violation in the breakdown of

AS = NQ, i.e., ReX = 0 in the fit, the best fit gives

+.058
ImX = +.02 ~.060 °

Both of these results are clearly consistent with X = O.

3. Sensitivity of the Result

In this section the sensitivity to variations in the input
parameters and cuts on the data will be investigated.

(a) K. _- K, mass difference

The mass difference . = mS was allowed to vary as a free

parameter in the M.L. fit, giving:

+.,034

ReX = -.081 -.036
+.094

ImX = +.101 -.088
+.,052

AmTS = 4,424 -.048

The last is in good agreement with the accepted value of

+.469 T .Ol'gll)
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The time dependence of N'= N7, the diffcrence of +he

e” time distributions, depends only on Am oand o,

US,

—t/QT

() - N (t)w« e S . cos Amt . e(t).

It was hoped that a X2 fit of W' - N~ to this tize depenienee wiilo
place some restrictions on e(t) and hence make a direct check on
e(t) from the data. However, the fit is relatively insensitive
to ¢(t) since NN goes through zero at Amt = /2 which corre-
sponds to about three KS lifetimes. A wide range of slopes in
e(t) will still give a good fit to N'- N .
(b) K° fraction

As an independent check that produced K's were not a prob -

lem, the fraction of Ko at t = 0, ngo , was allowed to vary as

a free parameter by using the time distributions

N (t)

1l

(1-ngo) Teo (%) + nzo Mo (%)

N (%)

I

(l-nﬁo) N£0 (t) + N0 Néo (t) where, for example,

N%o (t) is the same as N&o (t) except that the term with ImX

occurs with an opposite sign. The best fit gave:

+.036

ReX = -.056 -
+.082

X = +.116 7 oS
_ +.019

Ige = <90 | oes

in agreement with the fraction estimated in Chapter III.
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(¢) Fiducial volume variation

Table 5 shows a series of fits in which the limits of the
fiducial volume were varied at both the upstream and downstream
ends of the decay regioh. The variations are consistent with
statistical fluctuations and the limits finally chosen were
9.28" (Plate 2) to 41.00" for Tl and 33.43" (Plate 2) to 41.00"
for T2.

(d) Mean momentum, mean production point and K . efficiency

o~ Z
T J

function
Table 6 summarizes the effects of varying these inputs.

The mean K-momentum of accepted Ke 's was varied by x50 MeV/c,

S
corresponding to 2% times the standard deviation on the mean
momentum calculated from the KS — 2x data. The mean production
point was changed by T 0.25", corresponding to a position dis-
tribution of production points which fglls to zero at one edge
of the target. The latter is an extreme assumption and it is
hard to conceive of a mechanism which could give such a strong
varistion in K - acceptance between ends of the 1.2" targets.
Sensitivity to the efficiency function €(x) was investigated by
varying the parameters of the KO momentum and angle distributions
uced as input in the K, Monte Carlo program. f(pK) was dig-

placed by 100 MeV/c and g(GK) was derived from each target



TABLE 5. TITS WITH VARTIATIONS IN FIDUCIAL VOT.UMI

The standard fiducial volume is defined from Plate 2 -- 41".

In this table

it is wvaried at both ends.

Number
of
Conditions Events ReX TmX
LB — a2 1123 -0.053 **2°% +0.06¢ ++092
PL.2 -- 41.5" 1102 -0.061 T+9% 40,096 7000
Pl.2 -- 41" 1079 ~0.069 ¥ .036 +0.108 *- 2%
PL.2 -- 40.5" 1054 -0.069 F+9% +0.128 ++3%
P1.2 -- 40" 1024 -0.066 T*0°% +0.155 *+0%2
Pl.2 -- 39.5" 978 -0.065 -3 +0.132 T+00%
P1.2 -- 39" 949 -0.065 F*05° +0.156 T+0%2
PL.2 -~ 38.5" 919 -0.065 T10>° +0.168 207
: +.038 +.080
P1.2 -- 38 880 -0.065 71020 +0.172 007
1 +.036 +.086
P1.3 -- 41 1061 -0.061 102 +0.096 208
" +.040 +.080
Pl.4 -- 41 1047 -0.053 T+ +0.099 **200
. +.036 +.092
P1.5 -- 41 1034 -0.052 ** 000 +0.108 1 2%¢
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TABLE 6. TFITS WITII VARTATIONS IN MIAN MOMENTUM, MIAN

PRODUCTION POINT AND Ke% LIFICTINCY I'UNCTION

Conditions of Fit ReX ImX

Tnerease < 1/p, >+

K +.034 +.080

-0.078 _ 036 +0.112 088

by S0 MeV/c ° :
Decrease < 1/p, >t

K -0.061 +.034 +0.108 +.086
by 50 MeV/c ) -.036 i -.080
Move Average Produc- - +.034 o.104 +.092
tion Point Upstream 25" : -.036 ) -.074
Move Average Produc-

. : +.032 +.092
tion Point Downstream -0.085 -.038 +0.096 -.078
by «25"

[ 2

g || T B R ~o.068 *++036 0.104 092
Vg Distribution ’ - 034 ' -.078
o)

)

1]

g oo, | Use ThAmgwlar ) s.032 vo.Lsp ++080

g :’g) Distribution . -.038 . -.092
s 5
a‘—‘ E:::

g & | Lower f£(p) by
o) ;

i 100 MeV/c in 0.04p T+034 i Tel1D

o S -.036 -.070
' Efficiency
§ Calculation
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separately and used as Input. In all cases the variations are
small compared to the statistical error.

(e) Cuts on the data

Table 7 shows a summary of additional fits made in an
attempt to demonstrate the presence of background or some
systematic bias from the apparatus. The final result is shown
for reference. The second and third entries are fits to the
sum NT + N and to the asymmetry (N - N7)/(N" + N7), the latter
being independent of efficiency. Fig.'s 28 and 29 show the
likelihood contours for these two fits and they are clearly
consistent. As mentioned in Chapter III, in the discussion on
background, there are extra cuts which can reduce the KS - 21,
A - px and Dalitz e+ - backgrounds by substantial factors.
These are made in thé fourth and fifth entries and show no
effect, confirming the estimates of background made in Chapter
IITI. Possible charge asymmetry was checked by dividing the data
into the two magnetic field polarities used. Entries 6 and 7
are statistically consistent. The effect of a position depen-
dent bias in the gas counter was investigated by dividing the
data into two samples, one with GC pulse < 18, the mean pulse
height, and the other with GC pulse > 18. 1In entries 8 and 9
the two samples give consistent results in agréemcnt with the
conclusion reached earlier in thils Chapter, that the gas counter
efficiency is not position dependent. Entries 10 and 11 show

fits for the first and second targets separately, in agreement
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TABLIN 7. I'TTS MADE INVECTIGATING BACKGROUNDS AND DBIASES TN DATA
Number
of
Run Condition Events ReX ImX
Final Result 1079 -.069 T.038 .108 f'ggz
+.086 +.092
Sum Only (neglect charge) 1079 -.076 " 1q +.100 "°/ 0
+.036 +.110
Asymmetry Only 1079 -.068 -.038 +.181 -.160
Reduce Kp —’ﬂ+ +
(@] - +1034 +.lo4:
A” - p + x background by 103L -.065 -.038 +.092 -.088
factor of 3 (see Text, p.64)
Reduce Dalitz background by - - oss +.034 - +.096
factor of 4.8 (see Text,p6S5) : -.036 * -.070
+ 1.2
Magnetic Field Up 516 -.057% ,050 | +.099 © égg
. 2 . 046 +0140
Magnetic Field Down 563 -.081 -.052 +.123 -.116
+.046 +.104
Large Cerenkov Pulse(> 18) 487 -.037 oo +.137 "174
+.052 +4120
q -
Small Cerenkov Pulse(< 18) 592 .085 " oo +.043 " oo
; +.048 +.098
First Target Only 868 -.053 -.046 +.164 —.120
———————————————————————————— J-———-—-—-—-—n——---——-———---.-r—-——-———-—-—_--
+.056 +6130
Second Target Only 211 -.045 . 062 -.004 - 060
Positive Electrons Only 672 -.077%.072 | +.006 72300
- . = 7 +o 054. te Ot}ll
Negative Electrons Only 407 .045 . 068 +.168 -.102
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with cach other. Intrice 12 and 13 show the effecct of fitting
to c+ and ¢ dato separatcly. DBeforc CIPI-Iinvarilance 18 assumed,
there are two independent parameters X and f, one occurring in
the e’ time distribution and the other in the e +time distri-
bution. If one assumes CPT-invariance these satisfy X = X* 3
From the last two fits |X - X| = .155 ¥ .219, consistent with
CPT~invariance.

In conclusion, all of these tests, a) through e), show no

reason to include any systematic error in the final error

quoted for X.
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V. CONCLUSIONS AND OUTLOOK

The final result for this experiment is:

ReX = -.,069 T .036
+.092
TmX = +.108 - o1a *

The difference in the logarithm of the likelihood function for this

best value and for X = 0 is A log & = 1.38 so the relative probability

; -1.38

that X = 0 is correct is e = 0.25. The previous world average ,
ReX = +.14 T .05
InX = -.13 T .043

while inconsistent with the sbove result (relative probability

e’ = 25 x 10-4), is consistent with X = O. If the present result

is incorporated into the world average, the latter becomes:

ReX = +.002 T .029

i

ImX = -.080 t .038

vhich implies that |X| < .16 with 90% confidence. One can be legit-
imately suspicious of the errors in the old world average and the 90%'
confidence limit on |X| would be lower than .16 if the error on ImX,
* .043, were increased to include systematic errors.

At this stage the rcader is likely to ask the following

questions:
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a) If the experiment were to be repeated with the same boundary
conditlongs, ce.g., bcum time, major equipment, ctc., what
changes would optimize the experiment?

b) With existing accelerators ana techniques, how should a

high precision measurement of X be made?

In answer to (a), the following hindsight remarks are
relevant. By spending about six months modifying the apparatus it
would have been possible to: (1) lower the triggering rate by reducing
the amount of material available for y=-conversions in the front end,
e.g., by using wider gap chambers and (2) increase the acceptance of
the apparatus by moving the production-decay region further into the
center of the magnet. Of course, there was considerable pressure to
finish the run and six months of further work on the apparatus was an
unattainable luxury.

The question of further experiments posed by (b) is a less
academic question. Such an experiment should:

(1) Use a Ki -beam which gives a higher yield of K°'s per
incident beam particle, lowering the trigger rate per K°
produced,

(2) TWork at high energies where the efficiency for K- detection
is greater for a given aperture and electron detection by
shower technique is easier,

(3) Use wire chambers to facilitate data analysis,

(4) Use hodoscopicgas Cerenkov counters so that Cerenkov

radiation properties of both n and e are examined,
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(5) Reduce the amount of material in the decay region to the

lowest possible level to cut down on the triggering rate,

(6) Collect ~100,000 events at which level the systematic

errors will tend to exceed the statistical but with care-
ful design should be surmountable.

At the time of writing an experiment to collect 30,000 Kes’s is
being run at the CERN PS by a CERN-Orsay-Vienna colleboration.
Another Ke3 experiment, of comparsble statistical accuracy, is
scheduled to begin in late 1970 at the ANL ZGS, to be performed by
a University of Chicago group. These two experiments incorporate
many of the features (1) - (6) but are sufficiently different in
technique that one would hope them to be sensitive to different
systematic errors. When these experiments are analyzed, the para-
meter X should be known to < .0l in both ReX and ImX for the Ke3 case.

With the advent of high energy, high intensity neutrino

beams at NAL, study of the reactions:

v4+n-o 4+t (&S = Q)
vi+n-oI o+ u (AS = -AQ)

will become possible in heavy ligquid bubble chambers. At high
energies the cross section of the allowed v + n — % + u+ is
expected to be no more than an order of magnitude less than the
cross sections of the quasi-elastic reactions v + n =2 p + “- 9

v o+ P —n + u+ . A high precision AS = AQ rule test by this method

is quite feasible.
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VI. APPENDICES

Appendix 1: Theoretical Supplement

The notution used in describing the KO - Rp syustem Ju that

ol Lee and Wu<' A) who define the states:

1> = (L4 eI >+ (1= IR > ) [o01 + |,|2]
and K> = (1 + eI > - (1- )[R > )21 + [e|2]

they also define ¢ = % (el + 62) and 5 = = (el - e2). 5 = 0 if

CPT-invariance holds and both ® and e vanish if CP-invariance is also
true.
The most general amplitude for K = x + £ + V consistent with

Lorentz invariance and a V-A leptonic current, has the form

< wiv|K > e-c[f+(q2)(P+Q)u % f_(qg)(P-Q)H] - ¥, 7“(l+75)‘lfv
2

where f+(q2) and f_(q2) are Lorentz scalars depending only on (P-Q)E,
P and Q being the XK and x 4-momenta respectively. It can be shown
(Ref. 24, p. 342) that the form factor f_(qg) enters with a coef-
ficient (mﬁ/mK) and so, for Ke3 decay, can be neglected. In general,
f_(qe) can have different SU(3) properties from f+(q2) and so Kis
decay could exhibit different behavior from KZB with respect to the
NS = AQ rule. However, study of KiB with counters and spark chambers
ic very difficult due to the background Kg —>ﬁ+4 n with either x

decaying to the normal puv mode. It will be assumed that Ke is being

3
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considered and f+ is written f .

In general, there are four distinct amplitudes, writing the

whole amplitude as £,

f, the amplitude for KO - 4+ e” + v
AS = + AQ

<l

. the amplitude for K° —x' + e +

H

<l

g, the amplitude for K° —x' + e  +

&

_AQ
g, the amplitude for K= - = + e  +

<

and one defines X = g/f and X = é/?. The q2-dependence of £ and T is
known to be small (see for example Ref. 8, p. 232) and possible q2-
dependence of X and X will henceforth be neglected.

The discrete symmetries C, P and T imply relations between

these amplitudes. Rewriting in full:

2 —_
<rev|K > < f(q )_(P+Q)“ T 7u<l +«/5)\yve ;

Since there are no strong interactions in the final state nev, the

phase difference between |rev >, ~and |rev >oqt 18 electromagnetic

n t
3 3 . 3 B * el -x-
so that Inev >in ~[nev >out' CPT-invariance implies f = -f , g = -g
sy * o +
so that X = X . The negative sign in f = -f comes about as follows

(see, for example, Ref. 24, p. 401): +the hadronic part of the amplitude
transforms like a 4-vector and does not change sign under CPT, the

leptonic part changes sign since:

o ’ _ i B .
(cer) (i& 0, &b) PR = (1& 0, ‘i’b) for 0, = Vor A. The

complex conjugate enters since T 1s an anti-linear operator.
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T-invariance alone implies that I, T, ¢ and E can all be

chosen reclatively real:

o ” 3 ,
oy B|H|A >0 ™ oub AlH|B >, » statement of T-invariance

*
i< BIH[A > ., since H is Hermitian

*
=out< BIH|A >in 3 Bl lnev %11 %lnev >out

and ]KO > = |KO > .
in out

Hence, T-invariance implies ImX = TmX = O.

With CPT-invariance, ImX ¥ O implies direct CP violation in
the leptonic K-decay. Sachs has suggested that such an effect could
be the source of the CP-violation seen in KL--9 2x decay. If one
writes for ¢ (see Ref. 25 for details), previously defined for the K.

and KS states:

* *
_ T mTyn PP - Bl
E ™ Ep ¥ By “(Tg - T, )-2ibm Ty - T )-2ibm

then the contribution to €., from leptonic decay modes is:

I
et = 2 PL (leptonic) 1
T (*g - Tp) + 2i(mg - m.) ll-X|2

O O
- % +
T ((1.7 * .4) % 1079)et(132.97 £ 1.07)

il

4

v e = . -0 .
Since € ~2 z 10 ~ and ¢G ~457, if one agssumes |X| < 0.2, then one has
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to look to €M if one wishes to attribute the KL-*Eﬂ CP-violation

solely to leptonic sources. GM involves off-mass-shell matrix

elements whose values are not restricted by experiment. The eT(lept)
term is also 900 out of phase with the experimental ¢ .

Without assuming CPT for the present, one obtains from the

6

b

KL’ KS states above, dropping terms of order ee'vS x 10~

+

K° > = (1-¢,)|Kg >

(L-e; ) |,

i(-ms+iFs/2)t i(-mL+iTL/2)t

| t;pure K° at t=0 > (1-62)8 IKS > +(l-el)e

reexpressing in KO, KO states
. = . 2
- HOBHITBE () (e DI +(ame ) (1oe)) K]

+ ei(-mL+iPL/2)t[(l‘§9(1+€2)lKQ> - (l—€l>(l_€2)!iq>l )

From this the transition amplitudes to decay to wev are:

i(-ms+iPs/2)t

<ﬁ_e+v}t; k° at t=0 > = e (£(1428) + g(1-2¢))

p o (THIL/2) (£(1-28) - g(1-2¢))

i(—ms+iPc/2)t

< xte”V|t; KO at t=0 > = e (2(1428) + F(1-2¢))

+ ei<-mL+iPL/2)t ((1-26) - f(1-2¢)).

1%,

>
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Next replace £(1+20) + g(l-2¢) by £(l+y) vhere y = 26 + X (1L-2¢).
Then since:
ibt

'eiat

(1+y) + e (l-y)]2 =|l+y[2 % ‘lfylg + 2(1—[y|2) cos (a-b)t

- 4 Imy Sin (a-b)t
one finds

NT(t) = iflg {%_rét|l+y|2 +e I‘1_-11-'11.—:;[]2
_FL +Ibt'
+ e e [2(1—{y[2)cos(ms—mL)t + 4 Imy Sin(ms-mL)tl }-‘

A similar expression holds for N-(t) if one extracts g and defines

y = 25 + (1-2¢).(f/g). - Reinserting for y, we get

~Put T 1t
N = |f[2 {e 57 |1+28 + X(l-2€)[2 +e |1-25 - X(l-ze)[2

I's 71,
- ¥

+ e - [2(1—]25 + X(l-2€)[2) cos(ms-mL)t

+ 4 Im(20 + X(l—EE})Sin(mS—mL)t ]}
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N = |F]° {e’rst! (1428) T + (1-2)|2 4 ¢ L[ (1-28) T - (1-2¢)|2
_I‘S+-I‘Lt
pa = [2( ]fl2 - | 28X + (l—2€)|2)cos(ms—mL)t

+4In X (X5 + (l—2€))Sin(mS-mL)t] }

If CPT is assumed for both decay and state so that 1?[ =

I
o
A

—e
X =X and ® = 0, these expressions become, writing Am

o
mw?

r=1 = 2¢.

't -I'_t
Nt = lflg'{é S |l+Xr|2 +e L ll-Xr]2

-PL+PSt
re ° {2(1-|Xr\2) cos Amt - 4 ImXr Sin Amt] }

> Tt o« 2 ;PLtI * 2
N = |f] {? X'+ r]” +e |X - r|
Ty,
~—g v 2 .2
+ e [2(]x]7=]r]") cos Amt - 4 TuXr Sin Amt]p .

2 >
12Xl 144 Re el XL

|x"-r|2 |1-x|2

Il

+
For t >> l/FS , one obtains %:

This quantity has been measured in the KL charge asymmetry experi-

(26), (27), (28)

ments. Since these experiments show that

(L -1r)~4x 10-3 its effect on the time distributions at early
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times cannot be seen until the coefficients of the time-depcndent
terms are measured to 0.5%, well below present day sensitivity, which
i an order of magnitude wor:sce. If r ds scl to unity, the tilme

distributions become:

() = |22 {e—rst[l+X[2 R AT

—(TS+PL)
g . 2
T2e . (1-]X]|7) . cos Amt
-(1“S+1“L)t
- e ImX . Sin Amt}

In the final fitting of the data from this experiment to the para-

+
meter X, the above form of N~ was used. A more precise experiment

could extract X, € and & from the leptonic time distributions.
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Appendix 2: Pion Beam

The particle beam used to make Ko’s in the apparatus was an
unseparated % beam produced at 0° to the internal circulating beam of
the Bevatron. The nominal beam momentum was 2.85 GeV/c with a nominal
spread of fl%. The beam was designed to have its first focus between
the bending magnets ML and M2 as shown in Fig.30 with & second focus
at the apparatus between the two targets. QlA, QlB, Q2A, Q2B are the
usual quadrupole doublets required for each focus, ML and M2 achieve
the overall 170 of bending and Q4 compensates the fringe field of the
Bevatron.

The beam counters were S1, 52, S3, S4, and S4V. Sl and S2
were 3" x 13" scintillators used for beam tuning; S3 was a 3" x 3"
one-quarter inch thick scintillator; S4 was a 0.8" diameter +" scin-
tillator; and S4V had a hole 0.9" in diameter and was 0.4" thick. All
these counters had RCA 7850 phototubeslwhose last few dynodes were
boosted by a condenser bank to handle the high rates. The fast logic
which analyzed their signals is shown in Fig. 31l. The transistorised
fast logic modules used in all fast logic are described in Appendix 7.

The useful beam intensity was 3 x lO5 per lO12 protons
steered onto the internal target. This intensity was at a level that
gave one extra beam track in the production-decay chambers for about
50% of the pictures. Any increase in intensity would have made scan-
ning these pictures more difficult.

Of vital interest to the K % experiment is the K contami-

e

; ; . =0 y
nation in the beam since a K-minus can charge-exchange to K~ and give
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an Initlal ostatce of opposilte ntrangeness from u K°. A ten atmosphere
SFr Cerenkov counter wao placed In the beam. By analyving the

J
Cerenkov pulse in coincidence with a time of flight system the K -

contamination of the beam was measured to be (0.1 + 0.01)%.
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Appendix 3: Targets and Target Counters

As mentioned in the text, it was decided at the outset to
maximize the production of Ko’s by using dense targets and to forego
the advantages of hydrogen production kinematics. The usual technique
of a coincidence counter before the target and a veto counter behind
it was employed to select neutrals in the forward direction.

In order to fit the leptonic decay distributions to X using
the functions N+ and N-, it is necessary to know where t = 0 is for
the data used in the fit. A systematic error of 0.4 cms along the
beam in the average KO production point changes ReX by .01, whereas
ImX is not sensitive to this. X is relatively insensitive to the
higher moments of the production point distribution. A target length
of 3.0 cms was chosen. This was short enough so that the average
Ko—production point could be determined accurately enough and decays
could be seen well within the first KS lifetime (12 cms). This target
length is a reasonable fraction of an interaction length for the
denser metals.

It remained to decide on the material, the transverse
dimensions, and the number of targets. Considerations involved are:

(1) Total Ko—production for a given incident pion flux.
(2) Net acceptance through the apparatus of Koz's from these
Ko's. Different materials may produce Ko's with different
momentum and angular distributions.
(3) Trigger rate given that (1) and (2) are satisfactory.

(4) Multiple scattering and attenuation of the beam as it
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pasccs through the turgets, cauning lt to mice later targeto.
(5) Shadowing eflfect of a target on decays occurring upstream
from it. This increases with transverse size of the target.
(6) It was desirable to use the same material in all targets
so that the K° production physics would be the same.
From runs with polyethylene, aluminum, brass and tungsten
it was found that the number of neutral decays (vees) on the film per
incident pion behaved as shown in Fig. 32. So (1) was not a strong
factor in the choice of material. It was found that tungsten caused
almost no beam to reach subsequent targets due to multiple scattering.
With the same geometry, aluminum gave a higher Ke3 triggering rate
than brass because it converted fewer of the y's produced in it.
These converted elsewhere in the apparatus, triggering the gas
Cerenkov counter.

The final target configuration, previously shown in Fig. 4,
was two brass targets 1.2" (3.0 cms) long, the first one 1.28" in
diameter with its center 72" from the magnet center, and the second
one 0.75" in diameter, 48" from the magnet center. An added feature
was a disk of lead 0.2" (1 radiation length) thick between each target
and its veto counter to help reduce the Ke3 triggering rate by con-
verting 7's produced in the brass. The counters Cl’ 02, Vl’ and V2
were all coupled by air lightpipes to a 1.0" diameter lucite rod
lightpipe which led to RCA 7850 phototubes placed outside the magnetic
field region. Air lightpipes were used to reduce the material in the

decay region. The phototubes had their last few dynodes connected to
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a condenser bank to handle the high counting rates. These counters
had efficiencies > 99%. The counters were centered on the targets
by pins which were placed in holes drilled halfway into the counters.
The upstream target was suspended from an adjustable mounting bracket,
whereas, to cut down on material in the decay region, the second
target was actually supported by the air lightpipes. These were folded
from 0.01" mylar and so had good mechanical rigidity.

A block diagram of the fast logic analyzing the signals

from C 02, Vl’ and v, is shown in Fig. 33. ©Note that the signal

l)

from Vl is split; one half goes to a TVD-4 set at a bias > Imin

whose output vetoes 02. This prevented interactions in the first

target from giving spurious triggers in the second target.
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Appendix 4: Spark Chambers

There were three distinct sets of spark chambers in the

apparatus which wlll be now ceparately described.

Production-decay Chambers

The production and decay of Ko‘s was viewed by seven spark
chamber modules. Each module was 18" x 8" x 4" and had 11 active
%” gaps. The first target was between the first and second modules,
and the second target was between the fifth and sixth. Xach plate
had a total of .0015" aluminum and was stretched over a window frame
shaped brass rod which was filled out in the middle by crinkled .0015"
Al foil. Each module presented 0.0l radiation lengths of material to
particles passing normal to the plates. The plates could slide in and
out of the lucite box which formed the shell of the module, so that
defective plates could be removed by simply opening up the module and
replacing a plate. The whole assembly of chambers, high voltage
condenser banks, targets, target counters, as well as S4 and S4V were
mounted on a cart which ran on rails 8' above. This cart could be
rolled in and out of the magnet with ease and allowed convenient
access to the components on it as well as clearing the way to work
on the apparatus inside the magnet.

The gas mixture used in these chambers (also in the momentum
and shower chambers) was commercial 90/10 Ne-He mixture which was
purified and recirculated. Each chamber was driven with 3.9uf. of
capacitance charged to 9 Kv. and pulsed by spark gap in parallel iith

a shorting gap to provide uniformity of spark intensity. The delay



time at which the chamber efficiency dropped to 50% wos measured to
be 600ns. at the operating clearing field of 60V. The efficiency
during operation for two tracks was 99%, but with competition from
extra heavily ionizing tracks it deteriorated.

The tracks on the film were located in space using two
kinds of fiducials: full fiducials and transfer fiducials. The full
fiducials were a carefully surveyed set of aluminum strips with
notches cut every 4" and were 1lit from behind by luminescent panels.
Since these large area panels could not be pulsed at the rate at
which pictures were taken, there was also a set of transfer fiducials
consisting of smaller panels which could be rapidly pulsed and so
photographed on every frame. The transfer fiducials were measured
whenever a frame was measured and then the reconstruction progran
could refer them to the surveyed full fiducials using measurements
made when both sets were 1lit. The full fiducials were securely
attached to the magnet whereas the transfer fiducials were mounted
on the mobile cart.

Because the chambers had only 9" vertical clearance down
to the coill cover of the magnet, it was necessary to split the plan
view of the chambers with a V-shaped mirror and combine these two
halves at a later stage in the optics. This realistic film format
made it easier to scan thé decay region for neutral vees. It was
felt that high visibility of low intensity sparks would aid in scan-
ning, so an f-2.5 lens was used in the camera which viewed these

chambers. The camera was a 35mm. Flight Research model 207 which
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could pulse 15 tjmes/scc. glving a deadtime of 70ms..

The chambers were rcemoved at the ond ol the data-taking
and & large 1lluminated lucite sheet, with a 1" x A" carteslan grid
etched on 1t, was inserted and photographed through the optics in
both views at many distances from the camera. In this way, locations
of optic axes could be found accurately. Significant distortions
were discovered and carefully mapped out by this grid photography.

A correction scheme was devised in the decay region reconstruction
program and, using this, the position accuracy determined from
straight through tracks was + 0.08", + 0.11" for transverse position
Y and Z respectively, and * 0.01 radians for angular measurements,

which is fairly typical spatial resolution for optical spark chambers.

Momentum Chambers

These chambers were placed in the region of highest field
of the M-5 magnet and provided most of the information used for thev
measurement of the decay secondary momenta. There were four chambers
in all: a front chamber, FM, was 8" x 24" with six +" gaps and was
placed between the S5 counter and the entrance window of the gas
counter; the middle chamber, MM, was at the center of the magnet,
immediately behind the MH, and was 60" x 18" with four 3/8" gaps and,
finally, at the back of the magnet were placed the rear chambers,

RMN and RMS, each 36" x 60" with six 3/8" gaps. The chambers were
constructed with plates which consisted of an aluminum-styrofoam-
aluminum sandwich, the aluminum being 0.0005" foil and the styrofoam

1/8” thick. Such plates are easy to handle and were sct into lucite
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framcs wlthout having to cstretch and mailntain teut lurge areas of
aluninum foll. Iach plate preusented .007 gmn/cﬁzto Ineldent partlcles,
so the full set of momentum chambers presented .6% of a radiation
length to particles normal to the plates.

The FM chamber was pulsed from 3.9uf. charged to 9 Kv., MM
from 2 x 3.9uf. at 12 Kv., and the two RM chambers were each pulsed
from 3 x 3.9uf. at 12 Kv.. The gas mixture was the usual 90-~10 Ne-He.
The fiducials were similar to those of the production-decay chambers,
with transfer and full fiducials on all chambers. Each chamber wvas
looked at in the plan and elevation views by optics of high quality
bolted securely to the magnet. The Flight Research model 207 camera
was also bolted to the magnet. There were considerable variations in
spark intensity for different views on the film and it was felt that
making all views equally bright would maeke it easier to measure the
film. A plate of grey filters was mounted about 10' from the camera
to give the desired uniformity of intensity on the film. The transverse
position measurements were t 0.03" in the FM and EM chambers, + 0.08"
in the MM chambers, but the angular measurements were poor > ¥ lo,
due to the short track lengths and the staggering of successive sparks
by the crossed magnetic and electric fields. However, the chambers
were primarily used to measure the sagitta of the orbits and the

momentum resolution obtained was Ap/p ~5%.

Shower Chambers

The shower chambers were used to study the interaction ol

the decay secondaries in threce radiatlion lengths of lead and con-
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sisted of six modules, threc on cach slde of the center line. They
were located with the normal to the plates at 160 to the center line
so that, on the average, the decay secondaries would be at normal
incidence. Each module was 4' x 6' and contained nine plates each
formed of an Al-Pb-Al sandwich. There were six active gaps in each
module, so a non~-interacting track would give 18 sparks in traversing
the array. The plates had .02" of Al on either side of .02" Pb, the
sandwich being glued together with epoxy and pressed in a very large
area hydraulic press to ensure flatness. The modules were mounted
on a mobile cart which could be moved to provide access to the
apparatus at the rear of the magnet.

The gas mixture was 90-10 Ne-He and each module was pulsed
from a 4 x 3.9uf. condenser bank charged to 12 Kv.. As with the other
chambers, there were carefully surveyed full fiducials and the
usual supplementary transfer fiducials pulsed for every frame. The
chambers were viewed in the plan and elevation views. The optics
were not as good as for the other chambers since there were many
large area mirrors mounted on a scaffold constructed from steel tubing
which was not entirely rigid. The camera was again & Flight Research
model 207. The position measurements had resolutions + 0.2" and
angles were measured to t 0.02 radians. As mentioned in Chapter III,
these measurements were of small weight once the momentum chambers
were included in the fitting, but did serve as a starting point. The
identifying power of the chawmbers for n's and e's will also be dis-

cussed in that chapter.
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Appendix S5: Treon Cerenkov Counter

A 1 atm. Freon 12 Cerenkov counter was used for electron

detection. At 1 atmosphere n = 1.00105 which gives a Cerenkov
Freon 12

threshold velocity of B = l/n = .99895 corresponding to y = 21.9.
This gives threshold momenta of = T MeV/c,,pH = 229 GeV/c, and
B, 3.02 GeV/c. With an incident beam momentum of 2.85 GeV/c only
electrons will directly count in the counter; any other particles
triggering it through electron generation. For Ee >> me,
@i = 2(n-1) = .0021, s0 G, ~ .05 = 3° .

The gas was contained in an aluminum box 18" # 35" x 8Q".
The front and back panels, which had openings, were 3/4" Al and the
other sides were all %" Al. The entrance and exit windows consisted
of black mylar 0.02" thick. A sketch is shown in Fig. 34. The
mirrors on which the Cerenkov light was first incident were 1/8" thick
lucite spherical mirrors attached to adjustable mounts which could be
manipulated from outside without opening the counter. The light then
bounced back into one of the two lightpipes and ultimatély into the
phototubes. The lightpipes were constructed from a synthetic fibre
soaked in epoxy and cast into shape, the end result being like
fibreglass. The sections Jjust before the phototube were parsabolic in
shape with a focus at the phototube. The parameters of the parabola
were optimized using a light ray tracing computer program and a cast
of this shape was made by spinning a rough approximation to the shape
at a certain opeed and pouring epoxy on it. The epoxy then hardencd

to a parabola vhose parameters depended on the veloclty of rotation.



125

/ \@Q‘i:TON \

PHOTOTUBES . \ )

ToP ELE AR e =
VIEW | PARABOLIC

LIGHT PIPES
MIRRORS
VIEW = s /
LIGHT PIPE

ATTACHMENT WINDOWS

FRONT o D
VIEW ( )

\

PARTICLE ENTRANCE WINDOW &

Fig. 3k Sketch of gas Cerenkov counter



126

The phototubes used were RCA 8575 which had a measured photocathode
efficiency of 28%. There were three phototubes on each side. They
were in a region of relatively high field and were shiclded with-}"
thick soft steel tubing. The counter was bolted to a set of rails
attached to the colil cover of the magnet.

The counter was originally tested with 1.0 GeV electrons
at the Caltech synchrotron. The counter was not in a magnetic field
and so the results of such tests are not obviously comparable to the
conditions in the experiment. The best yield obtained in the electron
beaﬁ was & distribution which corresponded to a Poisson with m = 9.
If one assumes no other broadening, this gives nine photoelectrons
from the RCA 8575 phototubes. The actual distribution from the counter
for the final Ke3 data is shown in Fig. 16, Chapter III.

To get the narrowest distribution when summing phototubes
the gains must be equalized. To do this with the six phototubes of
the gas counter, it was necessary to have some well defined reference
signal. For this reason, the phototubes had small pieces of plastic
scintillator glued on the side of their photocathodes, with a 08137
source attached. The gains were equalized at Caltech by moving the
counter relative to the electron beam so that all the Cerenkov light
shone on one phototube at a time. The gaihs were adjusted to get
the same mean pulse height from each tube, and then the ratios of the
signals from the sources were noted. Thus, while running at Berkeley,
the gains could be equalized by getting the signals from the sources

into that ratio. Tor example, when the magnetic field polarity of
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the M-S magnet was changed, the galns of the phototuben changed
slightly and thc source signals were used to bring the six phototubes
back to equal gains.

The electronic circuitry that analyzed the phototube signals
is shown in Fig. 35. As can be seen, the three signals on each side
were first added and then fast amplified (MIX-1 and FA-l). They were
then separately pulse height analyzed and also the sum pulse height
analyzed. After another stage of fast amplification, the signals
went to a TVD-4 discriminator set at a very low bias and if either of
these triggered in coincidence with the beam a signal GC was generated
and sent to the final logic rack. The distributions of pulse heights
for the separate sides and the sum were stored in the PDP-8 computer
while running. It could be inspected on a CRT display and provided

a good check that the counter was operating normally.
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Appendix 6: Hodoscopes and Shower Counters

Multiples Hodoscope

The multiples hodoscope, MH, was a set of fifteen horizontal
60" x 1" x 3/8" scintillators made from Pilot Y which has good atten-
uation characteristics. The hodoscope was placed perpendicular to
the beam 8.7" downstream from the magnet center. Each counter had a
6655A phototube which was mounted in a gap between two sections of
the magnet yoke where the field was relatively low and heavy shield-
ing was not necessary. The pulse height distribution, from the end
of a counter away from the phototube, was a Poisson for which the
mean, m, was greater than 20 and rose to 60 at the end near the photo-
tube. This meant that the counters could be opefated with an effi-
ciency > 99.9% from all parts of the counter. A check of the
uniformity of response of the counters comes from the profile of
accepted events at the MH, in which no bias along the counters can
be seen.

A Dblock diagram of the MH electronics is shown in Fig. 36.

There are three basic signals:

MHGL 1 counter triggered.
MHG2 2 counters triggered.

MHAC ¢ Adjacent counters triggered.

The signal MH = MHGL.MIG2.BMS was used in the general VEEM trigger
and also in the PPG trigger for the KO->ﬂ+ﬂ—ﬁo experiment being run

in parallel. For the Koz (PIE) trigger, the signal used was
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MI = MHGL.MIG2.MIAC.TMS, the MUAC silgnal being generated by a multl-
channel coincldence cilrcult which gave an output when adjoacent

counters fired.

Rear Hodoscope

The rear hodoscope, RH, consisted of two sections each
having sixteen 42" x 4" x {" Pilot Y scintillators arranged vertically,
with phototubes at the bottom. Each side had its normal at 16° to the
center line and was mounted, together with its phototube shielding,
on the mobile cart which also supported the shower chambers and shower
counters. The apex Qhere the two sides met was 84.4" downstream from
the magnet center. A block diagram of the electronic circuitry which
analyzed the RH signals is shown in Fig. 37. As in the MH case, the
basic signal, RH, is formed thus: RH = RHG1.RHG2.BMS5. In this case
there 1s no restriction on adjacent RH counters firing. Each RH
counter had above it a light, visible in the shower chamber optics,
with the counter number on it. This light flashed on when a picture
was taken, if that counter had triggered, and was very useful in
picking out the triggering tracks when scanning the shower chamber

film.

Shower Counters

The shower counters immediately behind the shower chambers,
consisted of fourteen modules, organized in two scven-module sections,
one on each side of the center line with their normals at 16° to the
center line. Ilach module had two scintillator slabs, one with its

lightpipe on top, the other with lightpipe on bottom and with 0.4"
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lead between the scintillators. The slebs were 52" x 10" x 3/8"

Ne 102 veintlllabors with Lightpipes attuched at 900 .o keep the
ascembly compact. The lightplpes were pluced at opposite ends to
average over the attenuation of signals along the counter. The 0.4"
of lead was glued between %" layers of styrofoam backed with aluminum
sheeting and the whole assembly, scintillators and lead, was bolted
to a frame and mounted on the mobile cart. The electronic circuitry
which interfaced these counters is shown in Fig. 38. Since each
module was separately pulse height analyzed it was necessary to match
the gains of the fourteen modules. Minimum ionizing particles gave

a very noticeable peak (see Fig. 6 , Chapter III) in the pulse height
spectrum and the high voltage on the 6655A phototubes was adjusted

to place these peaks in the same channel for all modules. The pulse -

height spectrum could be displayed from the PDP-8 while running and

this also provided a check on the stability of the counter gains.
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Appendix 7: Fast Electronic: and Trigger Logic.

The fast electronics used standard modules built at Caltech
which have been described in detail in CTSL Internal Report No. 3l.
A brief glossary of these circuits will help in understanding the

electronics block diagrams:

FA-1 Fast amplifier; DC coupled, gain 10, - input,
- output, risetime 2.3 ns..

TVD-4 Fast discriminator, DC coupled, input -.05 to
-1V, output rise and fall time 2 ns., output
length(7 ns. + reset cable length).

L-3 Limiter, DC coupled, shapes pulses for use in
TC-6, risetime 2 ns..

™ =5 DC coupled fast multiplexer for digital signals.

TC-6 4-channel coincidence or anticoincidence circuit,

resolving time 2 ns..

GM-1 Gated mixer, can also be used as a flip-flop.
IN-1 Inverter.
MIX-1 Mixer.

DLPS-1C Delay line pulse shaper.

DIG-1 Deadtime generator.

The fast logic was organized into seven racks: Trigger,
Beam, GC, RH, MH, SH, and Target. All except the final trigger rack
have alrcady been described in Appendices 2, 3, 5, and 6. A block

diagram of the trigger rack is given in TFig. 39. The signals TARG,
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GC, MI, RHU, and OIT were all aboul, 10 ns. long when they arrlved al
the trigger rack. Accldental rotes In the logle were negliglible
since the beam was always < 500K per sec. and was usually without
excessively spiked RF structure. Table 8 has a list of all fast
logic signals.
The normal "DATA" run trigger was (PIE + PPG), normal

"CALIBRATION" run trigger was VEE before 2/2/68, VEEM after 2/2/68.
The TAPE trigger was always VEE before 2/2/68, always VEEM after

2/2/88.
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TABLE 8. TFAST LOGIC SIGNALS

*
Indicates that the signal was scaled and logged.

*31.S2
used for beam tuning and as a control room monitor
S53.54
BM = S53.54.54V
BEAM §
BEAMDT 300ns. generated by (cl.vl + c2.v2)
*EFFBM = BM.BEAMDT
L *¥BMS = EFFBM.SS
* — .
ClBM Cl EFFBM
* = .
CEBM 02 EFFBM
*T1 = C. .V,.BM5
TARGET O
*T2 = Ce.Vg.BMS
\ TARG = Tl + T2
*GC = GCN + GCS
[ MHGL = > 1 counter from MH
MHG2 = > 2 counters from MH
MH < MHAC = Adjacent MH counters fired
*MH = MHG1l.MHG2.MHAC.BM5S
\ MH*¥ = MHGL.MHG2.BM5 (also called MHWOS)
/ RHN = signal in RH 1-16
T
RHS = signal in RI 17-32
RH
< RHGL = > 1 counter in RI
RHG2 = > 2 counters in RH
*RH = RHGLl.RHG2. BMS (continued)
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\

TABLE 8. FAST TOGIC SIGNALS (Continued)

*NG = RHN.RIS

SHN = sum of North above TVD-4 threshold
SHS = sum of South above TVD-4 threshold
*SH (SHN + SHS).BMS
¥VEEM = TARG.MH*.RH
¥PPG = VEEM.SH.NS.GC

*VEE = TARG.MH.RH

PIPR = VEE.GC

*PIE = VEE.GC

*PDPEFFBEAM = EFFBEM. (PDP deadtime)
*3.C.EFFBEAM = EFFEM. (spark chamber deadtime)
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Appendix 8: $Slow Electronic: and Computer.

An dmportant part of the clectronics was the interface
between the fast logic and the PDP-8 computer. The fast logic pulses
were ~10 ns. long, whereas the PDP-8 was a relatively slow computer
with a 4K memory and a 1l.5us. memory cycle time. The digital infor-
mation was read from the fast logic racks into BS-1 Buffer Storage
circuits. The analog counter pulses were pulse height analyzed by
64-channel Slow Pulse Height Analyzers called SPHA's. These circuits
were all clamped while the spark chaumbers were firing. When the
electrical noise had died down, the BS-1 and SPHA information was
read into the PDP-8 accumulator by a read control circuit. The
resident PDP-8 program, EXPO, was then interrupted at whatever task
it was engaged in and began storing the fresh data in its memory.
When several events had been accumulated, they were written out on
magnetic tape on a DATAMEC D2020 tape unit. The tape I/O was double-
buffered so that it gave a negligible contribution to the overall
deadtime. The EXPO program could histogram any data the experimenter
called for through the teletype and display the result on a CRT.

This program has been described in detail in DECUS No. 8-161.

Besides being stored on tape, some of the BS-1 information
was put directly on film so that it would be available while scan-
ning. This was done by having the BS-1 information activate relay
switches in series with data lights visible to the cameras. These
data lights were lumincscent pancls similar to those used for the

transfer fiducials. The circuitry for these lights, which involved
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many poorly shiclded cables around the spark chambers, was cleclrically
isolated {rom the BS-1 and fast electronics by coupling the two with
miniature bulbs shining on LASCR's.

The film advance for the three cameras was governed by a
camera control circuit which controlled camera deadtimes, etc., and
prevented the spark chambers from triggering unless the cameras were
ready. In between machine pulses this circuit triggered a loop
generator on the cameras which pulled out a loop of ten frames so the
delicate camera mechanism did not have to pull film directly off the

1200' roll in the magazine.
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Appendix 9: Datu-taking Proccdures and Checks.

The usual spark chamber trigger was (PIE + PPG) and the
tape trigger, at the beginning of the 4-month run, was VEE, later
changed to the more general VEEM. After about 12 hours of data taking
with this trigger a short calibration run was taken, triggering the
spark chambers as well as the tape on VEEM which gave many KS - 27
events needed for the Monte Carlo efficiency calculations. Vhile
running, a continuous run-by-run log was képt of all rates that were
scaled (normalized to the total number of beam particles). Any dis-
crepancies in these rates were investigated and the trouble cured
before resumption of data-taking. The BS-1 and SPHA information was
being logged by the PDP-8 and could be displayed on the CRT. The
appearance of these histograms was a good indication of how the count-
ers were working and one could find out very quickly if a counter
were maladjusted or totally turned off. The apparatus was visually
checked at least every eight hours while running. Spark chamber
performance, fiducial and logic lights, and camera operation were all
checked. The developed film was also spot-checked for spark-chamber
efficiency, burnt out data lights, etc.. The field polarity of the
M-5 magnet was reversed every few days, amounting to twenty-five
times during the data-taking run. A record was kept so that the
total amount of data at each polarity was equal. The magnet current

was monitored to 0.1%.



Appendix 10: Scanning Procedurcs.

Tapce Scan

The analysis of a tape record.is demonstrated in Fig. 40
with the aid of a sample event. The RH counters triggered were 12
and 22. The pulse height in each of the fourteen shower modules is
given above the module. The first step is to search for an "electron"
-- an adjacent pair of modules with pulse height > 14 (1.7min).

Pairs 4-5, 5-6, and 6-7 are looked in behind RH 12, and 9-10, 10-11,
and 11-12 are looked in behind RH 22. An "electron" is found in

4-5, 5-6, 6-7, 9-10, and 10-11l. ©Next, the "pion" search looks for
individual modules with pulse height between 4 and 21 (0.5 - 2.6 Imin)
and < 5 (0.6 Imin) in the modules on either side. The "pion" search
is unsuccessful in 4, 5, and 6 behind RH 12. It is similarly un-
successful in 9 and 11, but finds one in 10 behind RH 22. So, the
event is accepted with an "electron" behind RH 12 and a pion behind
RH 22.

It was stated in the text that there was no evidence for
any decay-length dependent biases in the tape scan and this will now
be demonstrated. TFig.'s 4l and 42 show histograms of electron and
pion pulse height for four intervals of decay position (first target
only) from the final data: 5"~ 15", 15" - 25", 25" - 35", and
35" - 45". The mean pulse height in each of these intervals is
46.0, 48.3, 50.6, 50.3 for electrons, and 1l7.1, 18.1, 19.5, 19.1
for plons. Since the variations In the average are well within the

width of the distributlon for cach case, 1t is concluded that therc
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is no evidence for wuny systematic positlon-dependence in the pulse
helght cpectrum ol clther clectrons or plons.

Another posslble source of bilas would arise il the clectron-
pion separation at the shower modules were dependent on decay length
in the front end. When the electron and pion are near one another,
the pion could add its pulse height to the electron giving a pulse
height above threshold to events that would otherwise fail, since &
pion search is not made when the RH separation is < 4. This guestion
was investigated using Monte Carlo events, dividing the decay region
into three segments and histogramming the electron-pion separation in
each segment. These are shown in Fig. 43 . There is no statistically
significant difference between these histograms.‘

Charge biases in the computer scan were investigated by
histogramming separately the pulse heights of e+, e-, ﬂ+ and x from
the final data. These are shown in Fig. 44 and there is no demon-
strable difference between distributions for different charge states.

Fig. 45 shows the acceptance of the computer scan as a
function of electron energy. Low energy electrons reach shower
maximum well before three radiation lengths and so give a very small
pulse in the shower counters. This efficiency was used as a cor-

rection in the Monte Carlo program.
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Shower Scan

The actual scanning instructions gilven to the scanner are

reproduced here, with Fig. 46 for illustration.

"Shower Scanning Procedure for K=
The primary object of this scan is to pick up events in
which a pion and an electron have triggered the shower detecting
part of the apparatus. If the event is not n-e combination but
can be classified n-n, then it is also included and its type

noted.

Find the RH counters from the computer output and look for
the tracks in the shower chamber which extrapolate into the RH
counters on the scanning template. The tolerance for this is
ps % counter on either side of the triggered RH counter. If a
unique w-e combination can be found, a pion in one counter and
an electron in the other, then the event is accepted. If there
is an ambiguity where two pions or two electrons are within the
limits of the counter, then the event is rejected as ambiguous
(if one of these ambiguous tracks is within % counter but not
actually inside, then take the one that is inside and accept the
event).

Pion criteria:

l. Straight through tracks.

2. Tracks scattering at a definite point, with straight

segments.

%. Tracks with an interaction where a number of straight
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tracks emanate from a definite vertex.
Electron criteria:
Any track which satisfies none of the pion criteria and
is not an obvious stop, i.e., a straight track which stops
at a definite point in the chambers. In general, an
electron is characterized by extra curving tracks coming

off at small angles."

Decay Region Scan

The actual instructions used by the scanners are reproduced
here, with Fig.'s 47 and 48 for illustration.

"K , Scanning in the Front End
—e

T

From the computer output find the two MH numbers and insert
the pins in the appropriate holes. Move the strings attached to
the pins over the elevation view until the tracks associated with
these MH counters are identified. For Tl events the tolerance
is T 2 counters; for T2 it is t 3 counters. If these two tracks
satisfy the following:

a) Are reasonably straight, with no scatter > 5°.

b) Form a consistent vertex in both views, at the same
position along the beam within a few gaps (be liberal
when tracks are on opposite sides of split in the plan
view).

¢) There are no other tracks stopping or starting at the
vertex either from upsﬁream or going downstream (tracks

going right through vertex do not affect event).
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d) The vertex must not be upstream (to the left in picture)

of the target which trilggered.

If a) through d) are satiscfied,then check the event on the scan
list and write down an estimate of the chamber number and plate

number of the vertex.

The following special cases are illustrated in Fig. 48.
L 9122 or 019222 events
These events are to be treated by the same rules as the
regular vees with the addition that if a track appears to pass

right through the vertex then the event is rejected.

2. Small opening angle events

For events with vertex upstream of T2, reject the event if
there is no opening for at least two chambers in both views.
For events downstream (to the right in picture) from T2, there
must be evidence of two separate tracks for the event to be

acceptable.”
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Appendix 11l: Measuring, Reconstruction and Track Fitiing.

Thic Appendix describes how measurements from the three
25mm. frames taken for cach cvent were ﬁsod to reconstruct the tra-
Jectories of the decay secondaries in the magnetic field.

For each measuring machine a program, COVIUV, was written
to transform the numbers, encoded in the digitization process, into
two cartesian coordinates and an angle on the measuring table. The
overall calibration of each machine was regularly checked by placing
an accurate cartesian grid in the film clamp and digitizing many
points and angles. These measurements were analyzed by a checking
program using the same version of COVIUV that was being used to
analyze the data. Over the period in which the data pictures were
processed, no significant drifts were found in the calibration of
the measuring machines.

Measurement of a decay region picture will be taken as an
example of the spark chamber digitization process. Fig. 49 (a) shows
an example of a production-decay region picture; Fig. 49 (b) shows a
frame for which the accurately surveyed full fiducilals were 1lit along
with the transfer fiducials. The measuring procedure for data frames
was to meke twelve position-angle measurements in the order indicated.
Wnen measuring transfer fiducials, the position only was measured by
simply placing the measuring arm cross-hair at the point to be
digitized. In measuring decay secondary tracks, the cross-hair was
placed as close as possible to the decay vertex. Tor each run, a few

scts of full fiducials were measured in the order indicated in (b).
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A set of about ten full fiducials was collected by duplicaeting those
measured in adjacent runs. 'Any variations in the optics took place

on a long time scale relative to the few hours it took to collect a

data run, so it was reasonable to combine full fiducial measurements
from three adjacent runs.

In analyzing a set of data measurements, the first step was
to use the full fiducial measurements to calculate for each view the
magnification from the table to real space and the location of the
optic axes relative to the transfer fiducials. The average over the
ten frames was used to avoid sensitivity to single measuring errors.
The optic axes for the plan and elevation views intersected rather
closely in space. The measurements were analyzea to find the equation
of the tracks projected onto the planes containing the optic axes,
with the transfer fiducials as a reference. It is then a matter of
algebra to calculate the eguation of the track in three dimensions.
The optic axis locations were known from the surveying so this 3-D
equation could be transformed to a standard coordinate system whose
X-axis was along the beam, Y-axis in the vertical direction, Z-axis
perpendicular to these two and whose origin was located 80" wupstream
from the magnet center. The procedure in the momentum and shower
chambers was similar so that all shower chamber tracks could be
geometrically reconstructed in a common coordinate system.

The process described so far involved programs consisting
of about 3,000 cards of TFortran and used a large number of parametcrs

measured in the survey of the apparatus at the conclusion of the
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experiment. There are limitless possibilities for both programming
and surveying errors in this scheme, and it is clearly desirable to
have enough direct checks to tie the process together. This was
provided by runs of straight through tracks, where the apparatus was
triggered on interactions in the targets with the magnetic field
turned off. Measurements of the track of the same particle made in
different chambers were fit to a straight line. Using a sample of
1,000 such tracks, systematic errors in the chamber positions could
be found and corrected and the spatial resolution of each chamber
measured in the transverse position and angle. These resolutions
were used as assigned errors in the trajectory fitting program, to be

discussed next, and were:

Chamber Transverse Y (vertical) Transverse Z (horizontal)
Prod. -dec. .08", 6mr 11", 6mr

FM .03", 17mr .03", 500mr

MM L06", 17mr .06", 500mr

RM Q3" 1imr 03" ; 17mr
Shower 20", 1vmr .20", 1l7mr

The huge S00mr angular resolution in the front and middle momentum
chambers, horizontal view, is a reflection of the short track length
and the s%aggering of sparks in the crossed electrical clearing and
magnetic fields.

The information obtained from the measurements was, at this

stage, in the form of a 3-D equation of a segment of track at each
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chanmber where a measurcment was made. The next ostep wan Lo 1'Ind the
orblt which gave the best 11t to these track segments und thence to
calculate the momentum of the particle from the known magnetic field.

A subroutine was written which éould generate a trajectory
through the magnetic field from a given initial momentum and direction.
In order to fit the measured segments to a common trajectory, an
initial momentum and direction were guessed at, traced through the
magnet and compared with the measured track at each chamber. The
derivative of the position and slope was calculated at each chamber,
with respect to the five initial parameters. Using this information,
the best fitting trajectory was obtained by minimizing its X2 as a
function of the initial parameters. The five initial parameters of
each track were then varigd to constrain the two trajectories to
intersect at a unique point in space, the decay vertex.

With 3- momenta of the two decay secondaries known, the
invariant mass of different decay hypotheses was calculated, e.g.,
mﬁe 4 mmr’ mee’ etc.. The following information was then compiled into
a 1,000-word record and written out on magnetic tape:

1) Bookkeeping information, e.g., frame number, date measured,
etc.

2) Information from the data tape record written during the
experiment, e.g., which counters fired, pulse height in
gas counter, shower modules, etc.

3) Information on trajectories of decay secondaries, e.g.,

transverse coordinates at places of interest in the
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apparatus, decay vertex coordinates, etc.

Quantities calculabed from the momenta, e¢.g., m_, m_ , etc.
pé1¢

rror matrilcecso

final fit.

ne

for measurements In each chamber and of the



Appendix 12:  Monte Carlo Progran

Dlccusslon ol the Monte Carlo program will "Irot deal with
the simulation ol KS = 2x decay and later with KO - tev. In cach
casc it i1s assumed that Py QK’ and X are given.

K -

These were randomly generated in the center-of-mass system
and then Lorentz-transformed into the laboratory system using Py and
GK. The individual decay secondaries had their orbits traced through
the magnetic field. If both secondaries succeeded in traversing the
field region without striking the magnet poles, coils or return ironm,
then the Monte Carlo event was subjected to the following checks:

1) Decay vertex within fiducial volume.

2) Tracks are contained in fiducial volume for their length

in decay region.

3) One track hits SS5.

4) Both tracks hit MH and go through different counters

separated by at least one counter,

5) Both tracks hit RH and go through different counters.

6) Both tracks hit shower modules.

For KS — 2% it was demanded that both tracks be contained within
the GC front and rear windows. The only reason for this demand was
historical -- at first it was feared that tracks traversing 3/4"
of aluminum would reconstruct poorly, but it was later found that
this was not the case and for the Keg's the requirement was not
imposed. LEvents gsaticfying all the preceding conditions were wriltlen

on magnetice tope for cubscquent examination.
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Besides being a complex simulation program, the Monte Carlo
program had as input very many parameters ol the apparatus which woere
measured in the survey carried out at the end of the expecriment. It
is desirable to have as many checks as possible on such a procedure.
Besides the checks mentioned in the text -- momentum, angular and
'decay vertex position distributions -- it was also possible to compare
the decay secondary transverse position distribution (commonly called
profile) for data and M.C. events at different points. TFor KS-% 295
profiles were compared in both Y and Z direétions at a) end of decay
region, b) MH, and c) RH. These comparisons are shown for Tl data
in Fig.'s 50 and S5S1. The agreement is good in all profiles except
that the data haveexbiéger dip than the Monte Carlo at Z = O in all
Z-profiles. This is probably due to (1) a concentration of material
at Z = O behind the gas counter mirrors, and (2) a tendency to miss
events which are near the center-line of the shower chambers. Neither
of these effects give position biases in the front end so it was not
necessary to correct for them.

The only inconsistency found in the K.S ~>ﬂ+n_ data was that
the number of events actually coming from T2 was 70% of the number

calculated from the Tl rate, correcting for efficiency and beam flux

differences. TFor one set of runs this was:

. (T2 Beam) o (T2 Efficiency) 249
Npp (T1 Beam) (T1 Efficiency)
and 241 cvents were actually seen, so the K, » 2x rate 'rom T2 ig

(.71 .1) or Lthe rate expected.
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Thils discrepancy mny be due to the dil'lference in geomebry
between Tl and 'f'2., Tor example, secondaries from T2 may get into

the MH without passing through V., thus vetoing the event, whereas

2
this would be rarer from Tl which is 24" further away from the MH.

It was felt that this failure to normalize the targets for Kn2 data
would only affect the physics if one attempted to impose a normal-

ization in fitting the Kes's. The efficiency calculations were

checked very thoroughly to be sure that the effect was not due to a

programming error.

KO — Tevy
The Monte Carlo Kes‘s were generated in the EjT vs. E

Dalitz plot with the spectrum that one gets from the matrix element

in Appendix 1 with ¢§ = %i = 0 and no q2 - dependence in f+.<29)
They were then Lorentz-transformed into the lab, using Py and OK as

given. The Monte Carlo events were then sent through exactly theb
same program as the Ks-ﬁ 2n events without the added requirement
that both tracks be within the GC windows. As before, successes were
written on magnetic tape for later examination. Fig.'s 52 and 53
show Z-profile comparisons for both e and x from Tl events at three
locations in apparatus and again the agreement is good.

For the Ke3 data the relative number of‘events from T1 and
T2 1s in agreement with the calculated ratio. However, wvhen fitting,
the normalization between the targets was still allowed to vary as

a free parameter.
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Appendix 13: Omearing of Time Distributions Used in Maximum Likelihood

Calculation

Corrections were made to Nt(t) due to spread of production
point in targets and the finite width of the momentum spectrum of
accepted Kes’s. The latter has already been shown in Fig. 24. In
general, the proper time is give by:
T =o (XD - xP) & R (EQEZ—fg) putting k = ch'l

X X
where X is the decay point, XP is the production point, measured
from the center of the target so that < XP > = 0 and Px is the

x-component of KO momentum. The effect of the width in (xD - XP) and

p, was taken into account in a Taylor's expansion as follows:

2
XD XP> o #la] 8 {fn(z)ﬂe( °p2 UXE) + 2r{0) 8 53-2—},
(@]

+
Px 2 2
R
2 2 2
vhere £ = kx_ , 1/p =< 1/p. > and 0_° = (o + 0. %)e 0. wWas
R R
o

calculated from the reconstruction of each event, o_ was taken as

.3" corresponding to uniform production in the targets and o as

2
38 GeV/c from the Dy~ spectrum. The effect of the pK— spectrum can
be taken into account exactly by numerical integration.
: +

The N™(t) time distributions were calculated for the

three cases:

(a) Effect of spread in Py neglected.
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(b) Taken into account up to the second moment by the above
scheme.
(¢c) Folded into the distribution numerically.
Flg. 54 chowc the difference of (a) - (b) and the diftference (c) - (b).

If the fit to X is done with the time distributions from (a), one gets

+.036 +.084 .
ReX = -.080 -.034 7 ImX = +.104 _.072 compared to the final
+.092 .
ReX = -.069 % .036, ImX = +.108 _ 074 Quoted from using (b). The

effect of (c) on the time distributions changes the relative proba-
bility by < 0.5% of N at t = 0, when compared to the time distri-
butions from (b). This is less than the difference between the
distributions from (b) to (a). Since the change. in X from using (b)
to using (a) is negligible compared to the statistical error, it
follows that the effect of neglecting higher moments has a neglibible

effect on X.
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