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SEARCH FOR THE DECAY OF THE SHORT-LIVED NEUTRAL K MESON
INTO -TWO CHARGED "PI MESONS ‘AND :ONE NEUTRAL PI MESON

- Lewis Hammond Jones, IV,.Ph.D.
Department of Physics
University of Illinois at Urbana-Champaign, 1971

A spark chamber experiment was run at Argonhe‘National Laboratory

+ -

‘to search for the decay Kg -» mmnm®, CP does not forbid this decay, but the

. CP conserving states are strongly suppressed by centrifugal barriers.

+

: . . O. -0 . . .
Therefote, observation of a large amplitude for K, - m W T would indicate

S

probably CP violation in this. decay modem The method used was to measure the
trn© decays in the region from 0.5 to 6.5 Kg'
lifetimes. The Ko.mesoﬁs were produced in a‘3 cm. long carbon target via the
reaction.ﬂ-p - KOA‘at a beam momentum of 3 GeV/c. Identification of the A
insured that there was no K° contamination in the data at £t = 0. The momenta
of the charged decay products were measured using thin foil spark chambers
placed in a 10 kG magnetic field. Photons from ﬁo‘decay were identified by
observation of showers in heavy plate spark c‘pambérs° Two charged particle

3

decay, were required. - The

time distribution for the 99 events in the final sample was fit by the method

‘of maximum likélihood for the complex amplitude ratio

(Kg - ﬂ+h'n”)

X + iy = - .
(K; - no)'

The result is

x = -0.09 % 0.19, y = 0.56 % 0.43.




. This result indicates a possible violation of CP in Kﬁ

3 decays but.is also

consistent with CP conservation at the one-standard deviation level. The

‘value of Xz‘for x =y =0 1is 6.10 for four degrees of freedom with XZ

 probability = 19.2%. A second result found in the likelihood fit is

-~

sﬁatistically,preferred,over the first result but is ruled out on theoretical

and experimental grounds.
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The universe is not only queerer than we imagine, but it is queerer than
we can imagine. ' '

===J. B. S. Haldine

On ne peut pas rester toujours sur les sommets, it faut redescendre. A
qudi bon, alors? :Voici: le haut connalt le bas, le bas ne connait;pasﬁle
haut... o :

On monte, on voit. On redescend, on ne voit plus; mais on.a vu. Il y a
un art de se diriger dans les basses régions, par le souvenir de ce qu'on
a vu lorsqu'on était plus haut. Quand on ne peut plus voir, on peut du
moins encore savoir. :

~-=-René Daumal, Le Mont. Analogue

Alice laughed: "There's no use trying," she said; '"one can't believe in
impossible things."

"I daresay you haven't had much practice,'" said the queen. '“When I
was younger, I always did it for half an hour a day. Why, sometimes I've
believed in as many as six impossible things before breakfast.'

---Lewis Carroll, Through the Looking Glass
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. Frontispiece.

Participants in the experiment, inside the instrument trailer.

Front rows C. I. Smock, R. D. Stutzke, A. Abashian.
Back row: J. H. Smith, P. M. Mantgch, M. J. Glaubman,
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I. . INTRODUCTION AND THEORY

. 0 7 . ‘ . .
-in the K (KP) mass matrix due to 3T intermediate states.

. . ' +_~_0
In this experiment, a search was made for the decay K; -nmmTm, CP
does not forbid this decay, but the CP conserving states are strongly sup-

pressed by centrifugal barriers. Thus the existence of the decay

Kg - 7n™n° would indicate probable CP violation,

. ! . . + =0
The method used was to measure the time distribution of mm m

. : . + = o
decays resulting from an initial K® state. If only Ki - mmmT decays occur,

+

the distribution is exponential with the K° lifetime. If Ko »>mmmo decays
P S

occur as well, the two amplitudes can interfere with one another. The time

2 . . .i+ = 01 2 . v ‘
distribution of ff m m° decays would then exhibit an interference between the

o o} _
KS and KL components.

The current interest in CP experiments began in 1964 with the dis-
: 0 + LA |
covery of the CP violating decay KL - T m.. Since then, many experimenters have

looked for other évidence for CP nonconservation, No clear evidence for CP

violation outside of the neutral kaon system has been found. In the KO(EO)

. . . Lot -
decays, it has been observed only in the existence of the decays Kg - and
+ =

K; - 1m°m® and in the charge asymmetry found in the leptonic decays Kg - ﬁ§e+§(3)
. + .

and KE -1 u+b(v), Although the CP violation in 2m decays is very small, this

does not completely preclude the existence of a much larger CP violation in

31 decays. This violation would be reflected in the 21 decays through terms
3/

For later reference, we introduce here the following abbréviations

for certain decay modes of the K° meson:

o] o + =_0

Kn3.for K‘ - n+ﬁan

K°. for K° » me viv)
e3 + o

§j3 for K° - ﬂ=u+ v(v)



We now state the conventions used for the Ko(ﬁo) system and derive

the expression for the time distribution in K° - TT+1'r='rr°-decays°
- CPT is assumed fo be a valid symmetry in all that follows., C is the

charge conjugation operation, which transforms a particle into its anti-
particle,‘ P is the parity operation, which inverts the spatial coordinates
of a particle (? »or). T is the,timé reversal operation, which inverts the
time coordinate (t - =t)°‘ If CPT is conserved, then CP is equivalent to T,
The CP operétion for the'KO(EO) system is defined by CP|K0> =‘|Eo>.

We use the following definitions for |K§> and |E0>, the short-= and

long-1ived components of the KO(EO) system: v

|KOY = —mmmdmmme [(14) [K°) + (1) [R®7]
57 hateD | |
o 1

y = [(1+e) |[K®) - (1-¢)|K®)]
ey 7====T2(1+lel ) ' I ell

Terms of the order of ¢ are negligible in this experiment and will be neglected
in all subsequent‘discussions° Thus, for the purposes of this experiment,
(o] ‘ ot 0] o O (o] e
|KS> and lKI? are taken to be equivalent to |K1> and |K2>s the eigenstates of CP: -
K ~ [KD) = 2 [|%) + [R%)]

Y[R ==-=1=-[( K%y = |K°)]
K 1) = LI - |

In this approximation, Kg is even under the operation of CP and Kz is odd

under CP,




Define the ratio of amplitudes

‘a(Kg - i)

x + iy =
(o] + = 0
a(KL ST )

This ratio is the quantity measured in this experiment,
. e . . o, 1 o o}
Starting from an initial state at time t = 0, |K (0))= f:[lKS>+|KL>],
2
the amplitude for decay iato ﬁ+ﬁ=ﬂo at time t is

dYSt ] dYLt Mt
a(t) = =+ [a(RS-mnn%e 2 THSE 4 a(®-m'mn%e 2 UL
| 7 ¢ |

. o .0
Wldths of KS, KL

1]

where Ygs Y,
M = ma £ kS, K
T Mi = masses 0 KS’ KL’ ‘
Squaring a(t) and using the definition for x + iy gives the rate of nfnﬁno

decays, I'(t;:x,y)

* - Yot =y .t

T{t;x,y) = %la(Kg - nfn ﬂo)lz{(x2+y2)e S + e L
= YS-PYL) t

+ 2[% cos 8t = y sin 8t]e 2 o

J

wﬁere § = Mi - MS'

Figures 1 and 2 show plots of this expression for several values of the
magnitude and phase of x + iy.
All states of K; ﬂ'ﬂ+ﬁmﬂo except the CP violating I = 1 state are

_ 4/
expected to be suppressed by angular momentum barriers or the AI = 1/2 rule,



- Figure 1. Theoretical time distribution curves with |x + iy} = 0.2.
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Figure 2.

Theoretical time distributioh curves with |x + iy|

1.0.
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Therefore a nonzero ﬁalue for x + iy suggests that CP is vioiated in this
mode.
. The following discussion considers briefly the allowed statgs of
the n+ﬁ=ﬂo system., A more detailed discussion is fdﬁnd in reference 5 .
Bose statistics trequires that the isospin state be multiplied by
the appropriate space state.to give total'symmetry of the wave function,

6/

There are seven isospin states for the neutral 3m system: ome I =0

state (AL = 1/2), three I = 1 states (AL = 1/2, 3/2), two I = 2 states

(AT = 3/2, 5/2), and one I = 3 state (AL = 5/2, 7/2). One of the I = 1 states
and one of the I = 3 states are symmetric. The other states either are anti-
symmetric or have mixed symmetry, JPG = 0 for all three-pi states,

_ L I : 0 + = o0 ' s .
CP = (=1)"GP = (-1)". Thus, for KS - mmm decays, the.even isospin states,
with I = 0,2, are allowed by CP and the odd ones, with I = 1,3, are for=

bidden, Table 1 summarizes the K§ "isospin states.

3

Table 1.
Do . )
K1_r3 Isospin Statés
/
Isospin ~ Number of _ . Symmetry (63
: States

I - 0. 1 . Antisymmetric ' +L
I=1 3 Symmetric, Mixed =1
I=2 2 . Mixed , - H
I=3 1 Symmetric -1




iy :
= . 4
Now consider the space states., Let the angular momentum of the m

and the m in their rest frame be { and the angular momentum of the n° with

' ' : -+ - ‘ e as
respect to the center of mass frame of the m and m be L. This is indicated

 schematically in the diagram below.,.

Since the spin of the K° is'zeros the total angular momentum of the three-pion
system must be zero,. Therefore, £ =L = 0,1,2,... 'All states except the
dipionvs=state with 4 = L = 0 have ceﬁtrifugal barriers and hence are stréngly
suppfessed. Therefore;#the‘threeapion decay rate is dominated by the s=state.
Qince the spatial wavelfunction for the s-state is symmetric, the corresponding
i;ospin-state must also be symmetric. Thus the symmetric I = 1,3 states, which

o : E . .
violate CP in KS decays, are favored over the I = 0,2 states, which conserve

CP in Kg.décaysj

Another reason for suppression of certain isospin SfateS'iS the
AL = 1/2 rule, which is thought to hold to a few percent. Tﬁe AT =,1/2 rule
allows I = 0,1 but forbids I = 2,3, uThué the suppression due to centrifugal
barriers and to the AT = 1/2 rule indicates that the I = 1 symmetric sestate
is preferred, except for the effect of CP, |
| . Interference between Kg and KE oécurs in the total rate only if
both Kg and KE both decay to the same final state, since states with different

valﬁes of I,/ are orthogonal. A nonzero value of x + iy should be attributed



10

primarily to interference in the dominantvI = 1 gsymmetric s-state, whicn is

CP violating for KS and CP conservlng for KL Thus x + iy #‘O would implynCP
v:LolatLon° Interference in the I = 0,2 states, which are CP conserving for

KS and CP violatlng for K Lg is also possxble, but would be too small to observe
in this experlment

Several theoretical estimates have been made of the amount of .
: 7/
Kg - 3m which might be expected. Lee and Wu  suggest. that the ratio of

amplltudes of CP violating KS - 31 to CP conserv#ng KE % 3m should be of

KL - T )

order of magnitude 1) where 1) ~ -~ 'T]+ = 1,96 x 1'0='3 where @ is
‘ - a(KS - ﬂ D) '

~ the fine structure constant, They estimate the strength of the AI = 3/2,5/2

R

amplitudes, §3/2, §S/2, to be ~ m of the AL = 1/2 amplitude., The centrifugal
barrier effects should go as (kR)2£ where k is the average nion momentum, R

is the effective interaction radius, and {4 is the dipion angular momentum,

One factor (kR)z is due to the_centrifugal barrier of T with respect to m ,
and the other factor (kR)'6 is due to the centrifugal barrier of n° with respect
to the ﬂ+ﬁé.system. (kR) ~ 1/3 if R ~ the pion Compton wavelength. L =3

fer I‘= Oand £ =1 for I = 2, Using these approximations for the effects of
the suppression due to AL = 1/2 and centrifugal barriers, Lee and Wu estimate
the ratios of. the amplitudes for the different isospin statee to be:

a[Kg - (3ﬂ)ﬁ O : a[KS (3n)" : a[Kg - (3ﬂ)1=2] :

a[Kg ~_§3n)1=3 : alk - (3ﬂ)I=1]

~ 6% s %y, Mg, 1

100 ;. 2x10 ¢ 25x100° : 5x107 o1

Q




For the total branching ratio, Lee and Wu estimate

=5

T(KS - 3m) |
S 2 2
+ | (kR) §3/2[ ~ 10

2
- ~ |nl
| & ~ 3m)

: . . . . 0_0_o + = 0
The notation (31m) in these expressions includes m m T .as well as mm ™ , Lee
and Wu state that their estimated values could conceivably be wrong by several
orders of magnitude due to the limited understanding of CP symmetry.

| 8/ |

Eliezer and Singer have also estimated the strength of the CP

conserving (CPC) AL = 1/2 partial rate for Kg - 31 using a Hamiltonian con=

structed phenomenologically from three meson field products. The obtain'the.

ratio
LK~ 61 oler T _ =6
> ~ 10 ° = 10
Pk, ~ M lgpe
Glashow has proposed a Hamiltonian model of weak interactions which
9/
allows for a large CP violating Kg - 37 rate., In this model a modification

-éf the usual currentecurrent weak interaétion is employéd in which vector and
axialevector currents transform differently under SU(B), yet eéch transfoﬁms
Iike a membér of a unitary octet, Glaéhow“s model pfedicts»that F(Kg *'3ﬁj‘
and F(KE - 3m) may be comparablioin magnitude,

Glashow and Weinberg_; haVe,pointed out that if fhe magnitude of

(x + iy) is near unity, then CPT invariance and AL < 3/2 require the phase

of (x +,iy) to be approximétely + 90°,
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.This experiment is not sensitive enough to.detect the very .small.
amplitudes predicted by Lee and Wu or by Eliezer and Singer. The experiment
could expect to observe only a large CP violating.Kg ~4w+ﬁ-no.amplitude in..
the I =.1, 4 = 0 state. That is, a Kg.amplitudeﬂan order. of .magnitude
smaller than the K; amplitude could not be resolved due to the limited
statistical accuracy of the experiment.

o + - 0 . .

A large value for the KS -+ m'm ™ amplitude can be related.to €,

' )

‘ . . , ; P o . ,
the CP violation parameter in the definitions of K,S,KL given above. Given
. o =0 , '
a coherent mixture of K and K~ at time t

[

¥(t) = a(e)[K%) +b(O)[K%

3/

the evolution of the system is given by the equation

- Q%éi)— - + imjy(t»)

where [’ and M;are-(Z X 2) Hermiteam matrices, geriérally termed the decay

3/
matrix and the mass matrix. € may be written in terms of elements of T
and M as follows, neglecting terms of order 62:
. T i (M -M*
: r12 ’r12 + 1(M12 Mlz)‘

€7 Tlrgvp) * 21 )

Under the assumﬁtion of a large, direct, CP-violating amplitude for Kg - n+h_ﬂo,
: ' , s/
occurring primarily in the state with I =1, £ = 0, Haggerty has shown “that

the contribution of decays to € is

| -4
E [l - 1
S3p A 2y (1-1)(10 ) .




P
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When the data of this experiment are fit by the method of maximum ..

. likelihood, as discussed later, two.maxima are found with the following values

of x, y:

+0.56 £ 0.43

x = -0.09 £0.19, vy

x = -=2.94 £ 0.36, y

-0.10 £ 0.55

The second. result is statistically preferred by two standard deviations over

the first. However, such a large magnitude for x is not only theoretically

wvery unlikely because it would imply a large violation of the AL = 1/2 rule

or. CPT,. but this particular value is also ruled out by other experiments

- R - ,
using K~ initial states. Therefore, we place more credence upon the first:

s

result.
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1T, EXPERIMENTAL DETATLS

. . . o . : '
The experiment was performed in the 17  beam line at the Argonne
National Laboratory Zero Gradient Synchrotron. using optical spark chambers
and scintillation counters., The apparatus was designed to be sensitive to

-

the following sequence of reactions.

ﬂup—>K° £°

l--m"p
+ = o
T T

L,

Detection of two charged particles from K° decay ‘and one from Ao
+ - ’
decay were required, The nw and m from the K° decay were momentum analyzed
in a 10 kG magnetic field in order to reconstruct the decay. During scanning,

one gamma ray from the n° decay was required to shower in heavy plate spark

“thgmbers'downstream of the magnet.

A, ) ‘ThesBe am .

RN

A schematié drawing of the 17° beam line is shown in Figure 3 ..
Circulating protons in the Z.G.S. struck an internal beryllium target. A

secondary beam of 3 GeV/c negative particles was directed down the 17° 1line

and focused onto our target by a system of two bending magnets, three .

quadrupole doublets, and a collimating Sllt A detailed description of the

11/
beam optlcs is given elsewhere;—/ Included in the beam line were two CO

2

threshold ﬁerenkov counters, which are discussed in the next Fectlon, The

beam intensity was regulated by adJustlng the width of the colllmatlng slit
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to allow approximately 200,000 negative pions per accelerator pulse to reach
the apparatus. The beam spill was spread over a 450 msec. flattop. The
period between .the .start of successivé beam pulses was about 2.5 seconds. At
the final focus of the 17° line the beam particlés struck a cylindrical

térget, 3 cm., long and .875 inch in diameter, made of dense carbon (2.2 gm/cc).

B. Experimental Arrangement

'Therarrangement of the -spark chambers and scintillation counters is
shown in Figure 4 . There were six sets of spark chambers designated n cham-
ber,AA chamber, K chamber, K' chamber, magngt chambers, and shower chambers.
There were two 8erenkov counters, éﬂ and ée;‘four beam defining counters,

Tis Tos Mg and A; and three counter hodoscopes, )\dE/dx, ¢, and [

The incident beam particle was identified as a 11 by signals from

the COé threshold Cerenkov counters, éﬂ and ée“ The upstream counter, ée’

was set to veto beam electrons. The downstream counter, éﬂ, was set to accept

pions but reject heavier particles., The beam pion was required to give a

pulse in T Moo and Ty before entering the carbon target. The anticoincidence

counter A, located immediately downstream of the target, ensured that only

neutral particles emerged from the target.

Decay of the A was signaled By a pulse from one of the AdE/dx
hodoscope. counters. This‘hodoscépe was a clrcular array of eight triangular
counters centered on thé beam line. The.diameter of the array was 19.75
inches and the thickness of the counters 1/8 inch., A 3/4 inch hole in the
center of the array allowed beam particles to pass through without hitting
the counters. The AdE/dx hodoscope was designed to be triggered by the slow

proton (or pion) from A decay but not by the more energetic charged particles
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produced in K° decay. To achieve this, the discriminator levels for the
hodoscope counters were set to trigger on 550 MeV/c protons hitting the
counters straight on. Particles producing a smaller pulse than a 550 MeV/c
proton would.not trigger the array. | |

The rationale behind the AdE/dx hodoscope is further explained as
follows. The lambda from associated production is peaked backward in the
production rest frame. In the laboratory frame it is typically emitted with
an angle of about 40° and a kinetic energy of a few hundred MeV. Due to its
low energy and short lifetime, the lambda generally decays in the region before
the hodoscope (2/3 of the time to the charged mode mp). The proton and/or
pion from lambda decay is generally about twice minimum ionizing and can
trigger the hodoscope by dE/dx. The Ko, on the other hand, is strongly peaked
forward in both the production rest frame and the laboratory frame and is
emitted with. a. lab kinetic energy of about 2.2 GeV. 1If it decays upstream of‘
‘_the hodoscope, its decay products are usually too energetic to cause a‘large
enough pulse in the AdE/dx counters to trigger the hodoscope. In some
events, the K° decay products boﬁh pass through the same AdE/dx counter and
thus deposit enpugh energy to trigger the counter. Events of this type were
eliminated during scanning. lThe Monte Carlo calculations, described later,
show that lower energy K°'s and K 's from the three-body production processes
mTp - K°A 7° and Tp - K°K’n do not trigger the hodoscope,

The decay volume for the K° was the region between the anticounter
A and the ¢ hodoséope; ®° decays were signaled by pulses from the 0 gnd p
hodoscdéés, which;were two vertical arrays of counters‘locaﬁed'before and’
after the 10 kG magnetic field region. . Two signals in coincidence from each

of these hodoscopes were required in order to ensure two charged particles

0
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entering and two leaving the magnet. The ¢ hodoscope consisted

of nine scintillators, each 12 inches high by 2 inches wide by 1/8 inch
thick, The p hodbscopelcontained eight scintillators, each with dimehsions
24 inches high by 8 inches wide by 1/8 inch thick.

All counters were fabricated frqm Pilot B scintillator;ﬁ/ RCA 8575
photomultiplier tubeg with bialkali photocathodes were used for the AdE/dx
counters. RCA 7746 and RCA 6810 photomultiplier tubes were employed for the
other éounters. As protection from the fringing field of the magnet, all
tubes were surrounded by cylindrical magnetic shieldsbcomposed of Netic,
Co=netic:3ﬁ/ and soft iron. This precaution was taken to minimize any
dependencevof pulse height on the magnetic field. With no shielding; the

pulse heights from photomultiplier tubes in the fringing field showed pro-

nounced dependence on the magnetic field strength. For a given counter,

differences of as much as 40% were observed between pulse height with field

on and pulse height with field off, With the shielding in place, the greatest
difference observed was about 5% for the ¢ and p counters. The AdE/dx counter
pulse héights showed negligible change between field-on and field=-off runs

with shields in place.

C. Triggering

Pulses from the scintillation counters were fed into Illinois and

EG&G iogic modules., A schematic diagram of the triggering ¥ogic is shown in

% ’
Pilot B is a trade name for plastic scintillation material manufactured
by Pilot Chemicals Inc.

Foke C C ‘ s e e .
Netic and Co-netic are trade names for magnetic shielding materials
manufactured by Magnetic Shields Division, Perfection Mica Co.
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Figure 5 . A desirable event was one in which one charged pion entered the

target, no charged particles emerged from the target, one heavily ionizing

- particle passed through a AdE/dx counter, and two charged particles traversed

the magnetic field region. The final coincidence which signaled this type

of event was:
éﬁ(‘fenlnzn3K (AdE/dx) (2¢) (2p)

When this coincidence occurred, high voltage pulses were applied to fire the

spark chambers and the event was recorded on film,

D, Spark Chambers

The trajectories‘of the charged particles for each event were
recorded using optical spark chambers., In the drawing of thé”apparatus,
Figure 4 , the spark chambers are shown with.typical tracks‘sketch‘ed°

Four small thin foil chambers located upstreammof,thelmagnétic
field region recorded the early stages of each event. Figures § and 2

show the upstream spark chambers and counters. The incoming beam track was

seen in the T chamber. Eigher one or two tracks from the lambda decay were

seen in the A ande chambers., The_stért of the two charged tracks from K°
decay was recorded in the A, K, and K' chambers. The 7, A, and K chambers
were identical six-gap chambers. The foils in these three chambers were 1 mil
aldminum9l12,75 by 12.75 inches., The distance between the centers of adjacent
gaps.was .5/16 inch, The K' chamﬁer had four gaps with 3/8 inch spacing
between the centers of adjacent-gaps,' The K' foils were also 1 mil alumi-

num,
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Figure 6. Upstream spark chambers and counters seen from above. Shown in
the photegraph are the beam defining counters, anticoincidence
counter, T chamber, A chamber, AdE/dx hoedoscope. "Grendel" is
the spectrometer magnet. - '
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Figure 7. Upstream spark chambers and counters seen from the side.
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The magnet chambers, shown in Figures 8 and 9 , were thin foil
chambers located within the 18 inch high gap of the magnet and viewed through
slots in the upper pole piece. These chambers were used to measure the
curvature of the track in the 10 kG magnetic field in order to determine the
momenta of the charged particles, The chambers contained 20 visible gaps,
each 1/4 inch wide, with a distance of 25.4 inches between the centers of
the first and last gaps. The foils were 1 mil aluminum with dimensions
14,5 by 31.2 inches,

The m, A, K, K', and magnet chambers were mounted on wheeled
transport plates which could be rolled upstream on hexagonal transport rails
for servicing. During the data taking, both transport plates were securely
clamped in place.

Downstream of the magnet were four heavy plate shower chambers,
shown in Figure 10, These were used to identify and differentiate between
pion, electron, and photon tracks by observation of their interactions and
showering in the plates. Each shower chamber contained twenty-one plates,
with dimensions 3 feet by 4 feet by 1/8 inch. The plates were alternately
aluminum and stainless steel. Every third plate in a given chamber, start-
ing with the second plate, was stainless steel., Lead, 3/16 inch thick,was
placed between the upstream and downstream chambers to enhance the shower=
ing of electrons and photons. The chambers contained a total of 4.4

radiation lengths of material,

E, Photography

All spark chambers were viewed in 90° stereo using a system of

mirrors. Two cameras recorded the spark chamber tracks for each trigger.
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Figure 8.

The magnet chambers.
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Figure 9. The magnet chambers seen from the side, partially rolled out of
the magnet. At left are the T and A chambers.
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Figure 10. The four heavy plate shower chambers and some of the
associated mirrors.
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One camera photographed the 1, A, K, K', and magnet chambers, and the other

photographed the shower chambers. In addition to the spark chamber tracks,
the cameras photographed arrays of neon lights which were flashed with each
trigger to indicate the frame and roll numbers as well as which counters fired.

Figure 11 shows the two frames from a Kg event, In the lower

3
frame, which shows the upstream chambers, the top views are on the right and
the side views on the left. In the m chamber, one incoming beam track is
seen, The A chamber shows the two tracks from A decay, one of which cone-
tinues into the K chamber, The vertex for the K° decay is seen in the K
chamber. The two T tracks from K° decay continue through the K' chamber and
the magnetic chambers, where their curvature due to the magnetic field can
be seen. Between the T and A chambers are the binary frame and roll number
lights and the counter lights. The paired circle and cross which appear in
various positions on the frame are fiducials., These fiducials were electro-
luminescent panels which were mounted on each spark chamber and flashed each
time the spark chambers fired.

The upper frame shows the shower chamber tracks., The top views
appear in the upper half of the frame, and the side views in the lower right
and left. Right and left in the picture correspond to beam right and beam
left respectively. One of the m tracks passes through the shower chambers
undeflected, while the other indicates a scatter between the front and rear
chambers, The photon shower, which originates in the lead plates between
front and rear chambers, appears between the two T tracks in the top view
and on the right in the side view. Lighter marks parallel to the T tracks

are reflections. These sometimes appear in the shower chamber pictures but



37

Figure 11.

A K°

™3

event.
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are easy to recognize .and therefore céuée 1i£tle difficul;yp The binary
lights and p counter lights appear in the center left portion of the frame.
159 retroreflective fiducial crosses were permanently mounted on

the lower magnet polepiece and on the right wall of the magnet yoke. When.
the tfansport plates were rolled forward, these fiducials could be viewed
through the magnet chamber optics.- Calibration photogfaphs of these
fiducial crossés were made periodically to ensure that the magnet chamber
optics remained stationary. ' The crosses were illuminated by fléshing an
annular.flash lamp which was mounted surrounding the upstream camera lens.
This same set of fiducials allowed optical -corrections to be made for dis-
tortions in the mirrors.

| The cameras were fasf cycling Flight Research camerés° 35 mm,

. Kodak 2479 RAR film was used throughout most of the experiment.

F. Experimental Procedure

4
[}

To. avoid aﬁy bias associated with the magneti; field direction, the
polarity of the spectrometer magnet was revefsed periodically, The current
‘in the magnet coils was monitored continuously to prevent variation of»the
field strength b§.more than a few hundredths of a per cent,

Rates of ;11 counters and of various coincidence circuits were
checked frequently in order to detect and correct for any anomalies. Tube
voltages aﬁd discriminator settings were adjusted and logic circuits replaced

- as needed to eﬁsure reproducible performance. Partiéular attention was paid
to the AdJE/dx counters. A 0.l microcurie Co60 source was permanently mounted

on each of these counters so that frequent calibrations could be con=-

veniently carried out.
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Numerous ékperimental settinés were checked hourly and adjusted
when necessary, for example spafk gap high voltages, spark chamber clearing
fields, ¢erenkov counter pressures.

At the end of each roll of film a test strip was developed aﬁd '

examined in order to note and correct for any changes in spark chamber or

camera performance.




LIL, EVENT SELECTION

Figure 12 shows a flow diagram of the stages in the selection of
K§3 events. Table 2 1lists the rejection criteria which were. applied to

the data, as described in the following sectiomns.

A, Photon Scan

A total of 467,900 pairs of spark chamber photographs were taken ‘
during the experiment.

The first step in the selection of Kﬁ candidates was the scanning

3
of the shower chamber film for photon showers. In this scan any track start-
ing farther downstream than the fifth gap of the shower chambers and.having
at least five sparks was called a photon. The scanners were instructed to be
very liberal in their selection of poésible photon tracks, Any frame with |
the slightest poséibility of having a photon track was to bé‘considered a

K§3 candidate at this stage of the énalysis,v

A total of 32,000 frames were selected in the photon scan,

B, Chloe Measurement
For all events selected in the photon scan, the magnet film (which
included the m, A, K, K', and magnet chambers) was digitized on the GHLOE

12/

flying spot digitizer at Argonne.,=' This machine;éontrolled by an AST 210
‘éomputer, meaéured the locations of all marks of sufficient bfightness within
specified regions.on the film. CHLOE measured the.spark.chaﬁber tracks as
well as the Binary coded frame numbers, counter lights and fiducials, 1In
addition to the location of the centroid of each mark, CHLOE measured the

area of the mark and the number of scan lines it included. This information

was recorded on magnetic tapes.,



Figure 12. Event selection flow diagram.,
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'3)

4)
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18)

Table 2

Summary of Rejection Criteria

Less than two good magnet tracks with opposite
curvature

Hits

No intersection within fiducial volume
Momentum > 2500 MeV/c for either track
Miss > .500 inch

M < 50 MeV

“ee

Mwn > 362,78 MeV

M _ < 1135 MeV

TP

No phbton

Shower chamber tracks not correlated with magnet
chamber tracks or not piomn tracks

Fakes

Incérrect counter lights

No lambda

Scatter before end of magnet chambers
Energy cuts: Yi < 3,000 or Yy > 6,100
Decay ﬁertex before A cﬁamber | |
Outside Dalitz plot

th > 6,5




C, ~ Computer Reconstruction of Event

Informétion from the CHLOE tapes was analyzed using programs
written for the IBM 360 50/75 computer. First the spark and fiducial locations

were transformed to real space coordinates. A pattern recognition program

.attempted to organize the sparks into tracks., Only the tracks in the T and

magnet chambers were used at this stage of the analysis. The momenﬁa oﬁ all
tracks passing through the field region were calculated by a least squares
method with thé aid of a table of meaéured magnetic field values. For each
pair'of magnet tracks having opposite curvature, the point of closest approach
was calculated;' This point was taken as the decay vertex for. the t@o charged
particles associated with the tracks. The broduction point for the décaying
particlg was taken to be the intersection of one of the T chamber tracks with

the midplane of the target. Using the calculated momenta,'decay point, and

- production point for each pair of magnet tracks, the complete kinematics of

the event was calculated assuming several hypotheses for the decay.

D. Physicist Scan of Computer Output

The output of the CHLOE programs was sdanned rapidly by physicists
to eliminate obviously bad events and to determine which frames éhould be
rémeasured. Frames were rejected fbr any of the fpllowing reasons:

1) There were not two magnet tracks with opposite curvature.

2) Hits., Events were rejected if either magnet tfack hit any part
of the magnet chambers of the magnet itself. To determine which
tracks hit obstacles, a computer program stepped' the tracké downe=

stream through the field and checked for hits. .
3)'The computer programs.could not find an intersection point for

the two tracks within the.fiducial volume.




4) The calculated momentum of either track was greater than

2500 MeV/c. This condition eliminated beam tracks, which

sometimes appearéd in the pictures. Such tracks entered the

,apéaratus after the triéger‘but before the spark chambers fired.
A total of 229750.éventé were éummarily rejected as a result of these

conditions,

E. HYDEL Measurement

5640 eﬁents which failed the pattern recognition program or which
éppeared to need a better measurement were remeasuréd on a manually 6perated
- HYDEL object plane digitizer at the University of Illinoi._so ‘The HYDEL is a .
slower but more accurate measuring device ﬁhan CHIOE. To save measuring time,
. only the T and magnet chambers were measured at this stage. Tﬁe remeasﬁred
events‘were then reprocessed on the computer and gxaminéﬁ by physicists in
the manner just described. 1445 of these events survived.‘

JIn addition, 3610 events which hgd passed the CHLOE measﬁrement
and computer reconstruction were remeasured on the HYDEL. This was done to.
ensure greater consistency of measurement for all events. .

5055 events were found to be acceptable at this point.

F,'iKinematical Cuts
Two kinematical cuts were now applied to the data° .Events were
rejected for the following reaéons?
| 5) Miss > ,500 inch, where the miss is the distance of closest
appfoach of the two magnet tracks when they are extrapolated

- upstream of the field region.
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6) Mée < 50 MéV,there Mée is the invariant mass of the twb
charged particles assuming they aré an electron-positron pairf
This cut eliminated most of the triggers due to photom coun-
versions upstream of the magnet chambers.,

After these cuts the sample contained 3135 events,

G. Addition of Events from Electron Scan

At this point another class of K§ candidates was added to the

3

samplén In . a companion experiment to test the validity of the AS = AQ

' 13/
selection rule in Ke3 decays, the same- shower chamber film had been scanned
for electron showers. Physicists analyzing the electron frames for KZB

Sandidates noted that in some cases the -scanners had mistaken photon showers
for electroﬁ showers. In éddition; the electron scan showed that a sub-=
stantial number: of photon showers had not been.selected in the photon scan
dﬁe to the requirement that photon showers originate later than_gap fivé‘of
the shower chambers, -Many‘of these had Been called electrons during the
electron scan. It was decided.té study all events having photons which
materialized later than gap one of the shdwer chambers. All such events not
found during the photon scan but later identified by physicists studying the
0.

electron scan were now considered as possible Kﬁ3

had been measured in the same manner as the events from the photon scan and

candidates, These events

processed with the same computer programs. They were subjected to the same
six rejection criteria already described. There were 795 events in this
category. After these had been added; the total number of events remaining

in. the sample was 3930,
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CH. M and M Cuts
m=p

Two additional kinematical cuts were now applied to the sample:

- ‘ 7) M > 380 MeV, where Mo 1is fhe invariant mass of the two
charged particleS'aésuming bbth are pions. (The kinematic 11mi§
for K, is M = 362.78 MeV.)

D) Mn?p< 1135, where Mﬁ%p is the invariant mass aésuming the posi-

tive particle is a proton and the negative particle a pion,

This cut was made to rid the sample of triggers due to A - T p,

I, Physiéist.§pudy\of Spark Chamber Photographs
- ' ‘Physi;ists now made a careful study of the spark chamber photo-
graphs for the 624 events which remained in the K§3 sample,. Events were
rejected for any of the following reasons:

9) No goéd photon track., The photon had to materialize later than
gap one of the shower chambers, show évidence of showering, and
have a:direction coﬁsiétent with the calculated decay point of
the Kog

10) Lack of correlgtion between "pion'" tracks in the shower chambers
and tﬁe tracks in the magnet chambers, The computer programs
predicted where'the'extrapolated magnet chamber tracks should
appear in the shower chambers. We required pibnnlike tracks to

.appear'near theée locations. To aid in distinguishing pions
from electrons in the shower chambers, a series of‘calibration
photographs of.pidn and eiectron tracks of yarious momenta had
been taken during a special_run° With the. aid. of these_cali—

bration photos, all tracks which. showed evidence of showering
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were carefully examined to determine whether they might be
electrons raﬁher thah-pions° Typically, electrons could be
clearly identified by their showering in thé shower chambers.
Pions would generally do one of the following things: .pass
through the shower chambers undeflected, pass through wi#h a

single scatter, interact in the plates producing several new

. tracks at large angles to the original track, come to rest in

the plates. For low momentum tracks (<500 MeV/c) electron
showers were occasionally not well developed, and careful

examination was necessary to distinguish them: from pions. In

vaddition, pions would occasionally charge exchange by m“p - °n

or ﬁ+h - ﬂop followed by ﬂ9 -~ Yo, The photons ‘from. the ﬁo

decay would then convert in the plates and shower, Study of the
calibration pictures was very useful in distinguishing such
pion.charge exchange tracks from electron or.photon showers. In
a few frames;one‘pion passed.fhrough the gap»betweenvthe left
and righf shower chambers and wasfnot observed in the chémbgrs.
Such events were accepted if the computer programs indicated |
fhat the cbfresponding magnet track shouid extrapolate into

the gap.

Fake events. Fakes were events in which the two magnet tricks
couldlnot have come from the same point. Fake events were
dgtected by careful examination of the spark chamber photo=~
graphs and the computer output; They would usually have‘large

misses. Often their calculated decay point locations would
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differ from the "vertex" locations seen in the upstream spark

‘chambers, A particularly prevalent type of fake event was the

following, vad vees were seen in the upstream spark ghamberé°
One track from each vee passed through the magnet chambers, and
the other two tracks left the fiducial region upstream of the
magnet;

Incorrect counter lights. The countér-lights were examined to

- ascertain whether the counters involved in the trigger were the

ones struck by the particles, A computer program extrapolated

_the magnet tracks to determine which ¢ and p counters the

particles should have passed through.

No evidence for a lafibda, A A - m"p decay appeared as either a

‘single track or a vee in the A and/or K chambers. 'Thé_sing1e=

track lambdas occurred when the angle between the two lambda
decay‘particles was very émall or when the second decay particle
was emitted backwards in the laboratory. The lambda counter
1ighté were examined to be sure that one of the tracks considered
to be ffomﬂlambda decay hit the.kdE/dx counter involved in_the'
triggér.

Scatter befofe end of magnet chambers. For a small number of

events, one of the tracks made a small angle scatter. Since

this could cause error in the determination of the momentum and

of the decay point location, these events were discarded.

Only clearly bad events were rejeéted at this stage of the analysis.

B wAllvquestionable events were retained for remeasurement- and further study,

317 events remained in the sampile,



Jo Complete HYDEL Méasurement

‘Thus far, to save measuring time, only the tracks in the T and
magnet chambers had been measured. All candidates remaining'in the sample

were now remeasured on the HYDEL, This time the'A, K, and K' tracks were

measured as well as the T and magnet tracks. An extended version of the

analysis programs incorporating the front chamber tracks was used, This

decays.

enabled more accurate calculation of the decay point locations for early

The spark chamber photographs and new computer output were re-

‘examined by physicists. In addition to the rejection criteria already

described, events were now discarded for any of the following reasons:

15)

16)

17)

Aw.

YK"< 3,000 ér-yK_> 6.100 where.yK is fhe calqulated 1aboratory
energy of the K® in units of the K° mass,

Intersectién point before first foil of A chamber, Evenfs having
deca& points before the A chamber were véry difficult to
intérpret, ‘For example, 1if both the K° and the lambda decayed
before the A\ chamber, there could be fou: A chamber tracks, ahy_
twé of which could continue on through the magnet. It was‘somen

times impossible to distinguish fake events of this type since

ail four tracks would appear to originate at roughly the same

location prior to the A chamber. To avoid fakes of this sort,
. / .

no decays before the lambda chamber were accepted,

Outside Dalitz plot. ' All events were required to be either
within the Dalitz plot boundary or not further outside than

15 MeV.



52

. Condition 7) was now made more restrictive:

7 Mﬁﬂ > 362,78 MeV, This cut had earlier been 380 MeV to ensure
that good events were not discarded due to small measuring
. errors.

After these.cuts, 108 events remained as K%3 candidates. All of

these events had been measured at least twice on the HYDEL. A few were

measured a third time to be certain that no good events were eliminated .
because of measuring errors,

Table 3 summari;es the numbers of events rejectéd_and,the reasoﬁs
for rejection duringvthe studies by'physiciéts described in this section and

the last section. -

K. Cut on Decay Time
Before the final likelihood fit, a cut on proper decay time of
the K° was made. 9 events were discarded, for which

18) ty > 6.5, where t, is the proper decay time of the K° in units

‘ K

of the Ky lifetime.

The reason for fhis cut was that the geometrical detection efficiency for.
ty > 6,5_wa§ very low, The efficiency is discussed in a later section.

After all thd rejection .criteria had bden.applied to the data,

99 events remained in the final Sampleo
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Table, 3

Reasons for Rejection of Events dur1~g¥Slmu1taneous Examination’ of Photographs
. and Computer Qutput by Phy51cists

" Reason_for First . Second Both

Rejection Physicist - Physicist ° Physicist
: Study . Study : Studies

Hit . 39 41 80
Either momentum > 2500 MeV/c ' 8 _ .O' 8
M > 362,78 MeV . ‘ 0 3 3
LLLLE
M - < 1135 MeV 0 2 2
m™p ‘ .
No photon : S 49 10 - 59
Tracks shower or do not appear 17 ' AR 31

‘in shower chambers

Fake event | o 152 81 o233
Wrong counter lights - o0 22 22
No lambda “ o - 26 & 30
_ Scatter before end of magnet .‘ 0 | 3 3
chambers ' '
: K° energy too high or low : 0 6 6
Decay before A chamber 16 16 32

Outside Dalité plot

o
N
.

307 . 209 516




IV. MONTE. CARLO PROGRAM

A Monte Carlo computer program was written for the following
purposes:

1) To calculate the.geometrical Kﬁ detection efficiency of the

3
apparatus as a function of .the K° proper time.
2) To calgulate theoretical distributions of kinematical quantities
for comparison with the data.
3) To study the effect of Qarious backgrounds.
The Monte Carlo pfogram.generates simulated K§3 events and asks
whether they_woﬁl& trigger the apparatus. The values of all required
kinematicai Quantitieé are chosen by random number techniques.

' o
The K 's and A's which trigger the apparatus are assumed to come

from a mixture of the following production modes:

ﬂ-p - KPA
ﬂ-p - KOZO
> Ay
- o?k’ R .’ ’
-mp-=K (890) A

O O
K

There is also provision for generating other production and decay
proqesseé in order to §iudy backgrounds.

No experimental error is included in the calculations.

A.longer discussion of the Monte‘Carlolprogram is presentéd in>

Appendix Al
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V. CALIBRATION.ROLL.

To. obtain estimates of the main types of‘eventsvwhich,triggered.thev”
spark chamberé;,a typical roll of film was examined without respect to the
content of the shower chambers.  The magnet film for this roll was scanned
to reject frames whiéh did not have two good. tracks.of opposite curvature.
The 1851 remaining. frames were measured on the HYDEL, processed on the
computer, and studied by physicists. Based on this étudy, TaBle 4 presents
estimates ofhthe.ﬁajor categories of events which were seen on the spark

13/ -
chamber film.

In addition to providing background estimates, this typical roll
: proﬁided an unbiased sample of‘K§.~ ﬂ+ﬁ_ events, which were Psed‘for

. . o ‘ ‘ . s .
calibration of the K~ energy spectrum, as described in a later section.

i



Table &4

‘Estimates of Types of Events which Triggered the Apparatus

Unmeasurable events

(> 4 tracks and ‘spurious trlggers) 48.4%

Fake events, events with tracks that

hit the sides of the chambers or

magnet : , 38.14%

RS~ mim | 10.0%

2% - np | o 2.0%

y -~ ete o - 1.2%
o .t %

K -»1me \)(\)> ‘ v 1%

¥ - :
. t—ﬂ +
K® - v(v) 1%
- ' o *
K - o n® ‘ 4 .06%

* .
Pue to the requirement that one photon be observed in. the shower

chambers, only about one third of the Kn3 events which trlggered
the counters remained in the final sample.

56
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VI.  BACKGROUNDS

This section discusses the most significant backgrounds encountered
in the experiment. The number of possible background events remaining in

o .
the final Kh3 sample was estimated to be so small that no background corrections

were made for the final fit.

- This process, although frequently obsérved in the spark chamber
:photographsg caused no confusion with KgS decays. The mm invariant mass for
Kg ﬂ‘ﬁfnﬂ is Mﬂn.= 497(.76.9 the mass of the Kos whereas K§3 events must have
N%ﬂ < 362.78. Thus our Mnn cut completely eliminated Kg - nfng'events from
the sample,

o=

B. A—-Tp

| Examinatiog of the Mn=p invariant masses in the raw data showed a
large peak in the region of the lambda.mass° This effect is evident in
Figure 13 ,,which is a hisﬁograﬁ'of Mﬁ“p for a}l‘events'whiCh satisfied the
following requirements: a"photpn candidate in the shower chambers, two godd
tracks of opposite curvature in the magnet chambers, Mée > 50 MeV,
Miss < ,500 inch. |

| In 6rder to rid the sample of lambdas, events having Mngp < 1135

were rejected., Monte Carlo calculations show that 3.3% of the K,1_T events are

3
lost by making this cut. Figure 14 shows a histogram of the events in the
final sample. There is no evidence for peaking at low Mﬁép, For comparison,

the Monte Carlo predicted curve, normalized to the same number of events, is

superimposed on the histogram,



=1

Figure 13. m p invariant mass distribution before M‘rr”p cut.,
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Figure 14. ™ p invariant mass distribution for final sample. Smooth curve
is Monte Carlo prediction. '
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C. Leptonic Diecays of K°

13,14/
In two companion experiments, the same spark chamber film was

0 o , o
analyzed for Ké3 and K,u‘3 decays as well as for Kn3

been designed to be semsitive to all three decay modes. Monte Carlo

decays. The apparatus had

calculations showed that comparable numbers of events should be expected from
each process.,

- There were several methods forf distinguishing Kﬁ decays from

3

leptonic decays. A photon in the shower chambers was required for Kg

3

candidates, whereaé leptonic decays would generally not.have a photon in the
shower chambers. For Kobs produced via nap—'AK.o9 the leptonic events would not
have a photon, . Photons could arise from K%z° production folléwed by ZQ*AV or
from KoAmC production followed by ﬂoayy. Monte Carlo calculations showed that
only about two percent of the leptonic events should have photons appearing

in the shower chgmbers.

) . . es .
For most K.e events, the electron could be identified by its

3
showering in the shower chambers.- The calibration pictures discussed earlier
were carefully studied to aid physicists in distinguishing electrons from ‘

pions. For 6 of the events in the final Kﬁj

particles observed in the magnet chambers passed through the gap between the

sample, one of the charged

right and left shower chambers. Thus we could not determine from observing
the shower chambers whether the particle might be an électron. However, each

' o]
of these events gave a better kinematical fit to Kw than to KZ Monte Carlo

3 3°

estimates show that about 0.4% of the K:B events which triggered the apparatus

should have had an electron in the shower gap plus a photon in the shower




o :
chambers, . Based on.the number of K.e3 events observed.in the companion

experiment, we estimate that 2 Ké3‘events.of this type might have been

. o e .
mistaken for Kn events -before kinematical calculations were made,

3

The kinematics calculations performed for each event tested whether

it was consistent with a K§3

hypotbesis. Generally the fit was considerably better for oné K° decay mode

o o . PR o
or Ke3 hypothesis in addition to thexKn3

. 0 ! :
than for others. One reason is that the Kﬂ decay hag:a lower energy release

3
than the leptonic decays. (Q = 83.63 for K;B’ Q = 252,52 for Kﬁ3, Q = 357,67 for

o) . ' .
Ke3° where Q is the kinetic energy available in the K° rest frame,) The leptonic
events tended to have higher transverse momenta than allowed for Kgs, and hence

‘the.:reconstruction of ‘these events under a Kg hypothesis either failed entirely

3

or gave unphysical results a large fraction of the time.
| 15/

A kinematic calculation described elsewhere in the literature was

. o e e g o} . . : .
© very useful in distinguishing Kn events from leptonic events., This calculation

3

exploits the low Q value in Kg decays. For each event, the quantity Popsquare

3

was calculated where

2 2 2,2 ' 2 2 2, 2
(Mk = Mho =M )" - 4Mﬁo M = 4MK PT
Popsquare = .
2 2
4(PT +M )

' o
MK = mass of K
. . + e
M = invariant ™ T mass
T
o
= mass of ™

P = total transverse momentum of the two charged particles
with respect to the K° direction
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In physical terms, Popsquare is the square of the momentum of the kaon in the
reference frame inm which the total longitudinal momentum of the two charged:

particles is zero, For a true Kﬁ event, Popsquare must be positive, although

3
measuring uncertainties give the Popsquare distribution a small negative tail,
For K23 and %33 events, the Popsquare distribution is predominantly negative,
peaking around wZODOOO.MEVZ with only a small positive tail., Figure 15 shows
3

companion experiments. Superimposed on each experimental histogram is the

the Popsquare distributions for this experiment as well as for the KZ and 533_

expected Monte Carlo distribution. Measuring errors and experimental resolution
were not included in the Monte Carlo calculations, The Popsquare histograms for
the three K° decay modes are plotted on the same scale, one above another, so
that one can easily compare the overlap regioﬁs. No cut on Popsquare was

actually made in any of the three experiments. For the Kg final sample, all

3
events have Popsquare greater than =5000 MéVZ/c, Based on the experimental
histograms, 8% of the KZB evénts.and 247 of the K:B events which triggered the
apparatus had Popsquare greater than =5000'Me.V2° We estimated above that" 
2 X

o . o . .
events might have been mistaken for K,TT events before the kinematical

3

calculations. Applying the Popsquare test as well, we estimate that no KZS

3

events remain:in the final K§3 SampleC , s

$0‘aid in distinguishing muons from pioms, a steel absorber with
thickness 405 gm/cm2 was placed downstréam of the shower chambers. Beyond the
steel was a hodoscope of counters with héight 36 inches and total width 108
inches, . Because of their low interaction probability, muons with total lab

energy greater than 875 MeV were expected to traverse the steel and trigger the

hodoscope. '"Mu lights" were flashed and recorded on the shower chamber film



65

Figure 15. Popsquare distributions for 035 KZ3, and

(o] .
Kn3 experiments.

Smooth curves are Monte Carlo predictions.
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to indicate when these hodoscope counters fired, Monte Carlo studies indicated

that 697% of the K
w3

also trigger this muon hodoscope. Valid Kg

events which triggered the spark chamber firing logic should

3 events could trigger the muon

hodoscope provided one of the chafged pioné decayed in flight to a muon; and
that muon had sufficient energy to penetrate the steel absorber. On the basis .
of Monte Carlo calculations we expect about 4 events of this type,‘ In the final
sample there are 3 events with mu counter lights. 'All of these have a beﬁter

hypothesis than to the K° hypothesis. No events were

3 3

discarded on the basis of the mu lights. 317% of .the KSS

expected to trigger the mu counters and thus would have more chance of being

kinematic fit to the Kg

-events would not be

confused with Ks events., . But only 2% of these should have a photon in the

3
shower chambers. Based on the number of K§3 events observed in the companion
experiment, we estimate that less than 2 K§3 events which did not trigger the

mu counters should have had a photon in the shower chambers, From the
Popsquare test described above, dnly‘24% of these events should have a

Popsquare value in the Kﬁs

) . : e e
‘than 1 K.M3 event might remain in:the Kﬁ

range {$=5000 MeVz). Thus we estimate that less

3 final sample,

D, Kg i ﬂ+ﬂ°y

This process is assumed to occur only through inner bremsstralung
' " _ 15/
and not through the direct process., The relevant Feynman graphs are
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The theoretical center-of-mass photon spectrum (Figure 16). is glven byli‘lZLlél

dar (Ks—m+1'7 V)

¢ F(Ksﬁnﬁﬁ_)ﬁ_(ii@; _iﬁo (1 - _5)
: ' m B B ln k m
dk o K
. . \
where k- is the photon momentum in the Kg rest frame
B 1is the pion veloc1ty in units of ¢ in the dipion rest frame

BO is the value of § when k = 0.
o ‘ . ,
For K , decay, the mm invariant mass is restricted to the region Mhﬂ < 363 MeV.

m™3.

Figure 17 shows a histogram.of M.m_r for the'finallsample and the predicted Modnte

.Carlo distribution. Making this the restric-tion.MTm < 363 MeV for K§~n+ﬁiy is

equivalent to the condition k > 135 MeV/c. The lntegral of the above expressxon
16/
for k > 50 MeV/c has been performed elsewhere. . From this integrdation, Webber

obtains the branching ratio

F(K T ﬂ y, k> 50 MeV/c) = (2.56 x 10~ )F(K,ﬁn )

We have performed numerical integrations from the graph in Figure to

S

k>135 MeV/c and hence:could simulate K;3

ascertain that only 2.69% of the K9~n+h”y decays with k>50 MeV/c also have

decays. Approximately 10% of the

triggers in the‘experiment (~46,700) were due to K§~n+ﬁ_. Thus

(46,700) (2.56 x 1Om3)(,0269) s~ 3 triggers should have been due to K§~ﬂ+ﬁuy.
Considering the photon detection efficiency of 55% (discussed later) and the

fact that all photons would not reach the shower chambers, less than 1

Kgéw*ﬁ_y‘event might have been mistaken for a K§3,
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Figure 16. Theoretical center-of-mass photon spectrum for Kg - ﬂ+ﬁny.
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. + - L '
Figure 17. T T invariant mass distribution for final sample.
is Monte Carlo prediction.

Smooth curve
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“E, Photon conversions (y—e e )

Electron=positron pairs from photon conversions upstream of the magnet

were responsible for approkimately 1.2% of all triggers; The photons came

primarily from the 2y decay of m° mesons which were produced through Kzﬂﬂoﬂo,
pidn charge exchange, or three‘body production feactibns°

This backgroﬁnd was easily eliﬁinated due to the small invariant mass
of pairs and their cha;acteristic appearance in the spark chémbérsab

.Since the pair is produced with appfoximately zerb opening angle, the
two tracks appear together in thevupsfream spark chambers. .In thebmagngt
chaﬁbers, the two tracks curve apart iﬁ the top view but remain colinear in the
side view, In the shower chémbers both tracks shower. This topolqu -

facilitated identification of pair conversion events by examination of the

sspark chamber film,

The invariant méss cut M.ee < 50 MeV was applied té the data in orde#
to virtually eliminate all pair conversions from the sample. Examination of
the spark chamber photographs for events with the above topology provided an
additional check that no such events remained, Thg Monte Carlo program

indicated that 2.1% of the Kg events were discarded as a result of this cut,

3

‘Figure 18 shows a histogram of Méé_for all events in the final sample.

Superimposed on the histogram is the Monte Carlo'predicted curve norﬁalized to
the same number of events., There is no evidence of peaking at low values of
Méea and the data agree well with the Monte Carlo prediction. We estimate

that no photon conversion events remain in the final sample.
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+ - : ) : "
Figure 18.. e e invariant mass distribution for final
is Monte -Carlo prediction.

sample.
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. F, Dalitz pairs (ﬂqﬂye+ea)

Approximately 1% of n° decays prdceed via the Dalitz mode
- 18/ | ' : |
e e Yo o The Dalitz pairs from this decay may have observable opening

angles and sizeable invariant masses, Stiudy of experimental invariant mass

19,20/

‘distribution for Dalitz pairs indicates that 95% have Mée < 50 MeV and

hence are eliminated by our Mée cut,

| To be mistaken for K§3 events, the remaining Dalitz pairs Would have:
to satisfy K§3 kinematics as well as qot producing showers in the shower
chambers. All events in the final sample having Mée < 135 MeV were re~examined
to determine whether the shower chamber tracks showed any evidence of showering,
No sqch evénts~were found. We estimate that no Dalitz pair.events should

remain in the final sample.

G. KKn

This process could cause a bias in the time distribution if undetect-
ed, since it'would‘result in a small initial K° component. However, the Monte
Carlo calculations indicate that the number of events of this type that would
trigger the apparatus is negligible. For this process to~Pe detected, oﬁe kaén
would have t0-trigger Fhe ¢ and p hodoscopes and the other kaon, decaying in
the-n+ﬁ_ mode, would have to trigger the XdE/dx hodoscope. The Monte Carlo
results indicate that even if~the K° decay products have enough energy to
pass through thé magnet and trigger the ¢ and p hodoscopes, the K° decay
pfoducts tend to be too energétic to trigger the XdE/dX.hodOSCOpe. Further-
more, -because of its iarge energy and short lifetime, the K° will often decay '
upstream of’the‘aﬁticoincidence counter and thus anti out. We estimate that

: 050 . R .
no events from.K K n production remain in the final sample.



VIL. DISCUSSION OF PHOTONS

The reéuirement that one of the photons from n° decay be seen in

the shower chambers Qas an important check that the events werevrealiy
K§3 events. This section describes some studies of thglphotons foryeﬁents
in the final sample and indicates the existence of some biases in the
identification of photdns.:‘Whereaévthese biases limit the number of K§3
events in the fimnal saﬁple, they have little effect on the time distribution,

| Figure lb shows a histogram of the starting gap for the photon
showers in the shower chambers. The vertical marks along the abséissa\
indiéate the position of the heavy plates in thgse chambers. :The desig;a=
tions"S" and "Pb" with arrows indicate the locations of the stainless steel
plates and the lead sheets. The plates not marked by arrows were al@minum,
The histogram clearly indicates that showers are most likely to begin in
the gaps immediately following the stainless stéel blates or the lead
sheets, as énticipatedo One expecté the distributipn of photon cohversions.,
as a function ofrdistance z to be exponentiél, decreasing as enxz. Thus
the histogram suggests that our photon deteéfion efficiency is low for the -
first five gapé of the shower chambers compared with the later gaps, as
wduld.be expected, A calculation based on the histogrém‘indicétes that the
photon detection effiéiency_fér these early gaps is about 35% relative to
the later gaps. This low efficiency is due to the manner in which events
in the eafly gaps were obtained, which has been_deséribed in the section
on selection of events. |

Thé deﬁection efficiency for photons converting 1atef than

gap 5 is estimated to be 70%. The overall photon detection efficiemcy is
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Figure 19.

Starting gap for photon showers. Numbers along abscissa are

gap numbers for front and rear shower chambers.

HSII and l!PbH

indicate locatioms of stainless steel plates and lead. The

"other plates are aluminum.
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. charged particles° ]

estimated to be 55%. These estimates were computed from the relative

numbers of photons found by different scanners examining the same shower
chamber £ilm.
Figure 20 shows histograms of the laboratory energy and angle

6 , of the ﬂog computed with the kinematical data from the two visible
- .

" 'is the angle between the m° direction and the beém
centerline, The Monte=Carlo predicted curves, normalized to the number of
events in the final sample, are superimposed on these hisf:ogramse These
plots indicate a bias agaiunst low energy, wide angle ﬂo“s, This effect is
presumably a result of the low ﬁhoton detection efficiency,

The energies and directions of both photons from m° décay can be
calculated provided the following quantities are known:

1) m° energy

2)' n° direction

3) Location of decay vertéx

@) Shower origin for observed photon
The first three quantities were known from the Ko reconstruction and
kinematics calculations. Rough measurements were made of the photon shower
origins in the shower chambers., Since the shbwer chambers were intended
for visual identification only, the optical constants needed for accurate
measureﬁents were not well knowho The measurements were made from a
Recordak film viewer, based on the known locations of six fiducial marks,

A rough parallax correction was then applied. It is estimated that a few

of these measurements could be incorrect by as much as 2=3 inches,



Figure 20. Distributions of calculated laboratory energy and polar angle
of m° for events in the final sample. Smooth curves are
Monte Carlo predictions,
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The photon direction was taken to be the direction between. the photon
shower origin and the K° decay vertex. A straightforward calculation then gave
the photon energy as Qell as the direction and energy for the second photon
from 10 decay.

No events were. discarded on the basis of theée calculations. However,
the results are presented ana compared to the Monte Carlo predictions in order
to give.an indication of the possibie photon biases in the eéxperiment.

Figure 21 shows a plot of the observed number of séarks vs. the

calculated laboratoxy énergy.for the. photons in the final Kg sample. The

3

average photon energy divided by the éverage number of sparks is 14.5 MeV per

‘'spark. This is consistent with the energy/spark ratio found for electron

showers in the companionJKZ3 experiment. | The data points on fhevplot.are
roughly centered. about the 14.5 MeV/spark line, which is drawn on the plot. The
spread of points away'from this line is partly due to the fact that 1.2
radiation lengths of léad is situated between the front and rear shower chémbers
to enhance the sHowering. Photons which lose a lot of energy‘in.the lead tend
to have fewer sparks-than'photons of the same energy which shower outside of
thé lead. 1In éddition, éome tracks reach the downstream end of the chambers
before the showering is complete an& thus have feﬁer sparks than might be
expectedvfrom their‘energy.

Figure 22 shows histograms of the calculated photon laboratory energy
and the photon angle ey relative to the beam centerline. The Monte Carlo curves,
normalized to the same number of photons; are shown for comparison. These plots
suggest a low efficiency for detecting high energy, forward photons. One
possible explanation is the following. In some frames, beam tracks appeared
which were not part of the trigger but which passed through the spark chambefs

during their sensitive time. These tracks appeared very near the gap between
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Figure 21. Observed number of sparks vs. calculated léboratory energy for
photons in the final sample. '
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Figure 22. Distributions of calculated laboratory energy and polar angle for -~

photons in final sample. Smooth curves are Monte Carlo
predictions.
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the right and left pairs of shower chambers. Some entered the .chambers. from
this gap. A substantial number of these accidental beam particles were
electrons and hepce showered in the shower chambers. If a photon appeared in
the beam region of the shower chambers, it could have been mistaken for part of
a "beam electron shower". TIf there was ény doubt, tracks such as these were not
accepted as photon tracks. Thus photons in the beam region cduld.have been
‘rejected to avoid confusing them with beam particles. The Monte Carlo. program
takes ihto account the existence of the gap between the shower chambers, but does
not consider the effect of accidental beam tracks.

The Monte Carlo calculations indicate that in approximately 13% of
'fhe frames, two photons should appear in the shower chambers. For each frame,
an approximate calculation was done to predict whetﬁer a second photon should
appear in the shower chambers_gnd, if so, where it should appear. The results
were as follows:

' 14 photons seen in the predicted region of the chambers
2 seen, but not predicted
5 predictéd, but not seen

49 ﬁot predicted, not seen
For the other-29 frames in the final sample, it was not clear whether the
prediction and the photograph were in agreement. In someICases the predicted
.location was near the boundary of the chamber, so that é small error in the
méasured location of the first gamma could throw the predicted location of the
éecénd gamma out of the visible region of the spark chambers. In other cases,
the assumed second photon trackrhad very few sparks or did not have the
characteristics of a usual photon track, so-that is was not clear whether or

not it should be called a photon.
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Considering the approximate nature of the measurements of photon
- shower origins, these predictions for the locations of second photons give
'satisfactbry agreement with the Monte Carlo results,

. . 0 + =0
Photons from other sources besides K™ = m m ™

Lsw

could occasionally appear in the shower chambers in connection with a

valid K§3 decay. Extra photons could come from the following processes:

TP - ° x°

Ly
mp ~m K° A°

YY

mp © K° 5°
| LvW L-% Ay
The photons from z° decays had laboratory energies < 20 MeV and thus were
not energetic enoughvto produce showeré in the sho&er chambers, On the
other hand, the photonsfrom the extra s could produce visible sbowers'in
the chambers., The Monte Carlo program indicates that about 15% of fhe KzB
- events which ﬁriggeredithe apparatus should_have had a photon from the decay
of an extra ™ as well as a photon from the decay of their own m° appearing
‘in the showér chambers. An additional 1% of the Kﬁ3 events which triggered
the apparatus should have had a photon from the extra ﬂo, but no photon
ffom_their own T°, .HoweVer,‘no attempt was made to reject events which had
the "wrong" photoﬁ° If a photon appeared in the shower chambers with a
diﬁéctidn;cénSistenﬁfwithiofigiﬁating at the decay. vertex and ifﬁthéukinéﬁééical

calculations were consistént with K§3 decay, the.event was accepted.
| | *
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In summary, the-e#periment appears to have a low efficiency for the
events with the followiné characteristics: |
- : 1) Photons starting te sh&wer'in the first five gaps of the shower
chambers
2) Photons in the beam regién of the shower chambers

g

3) Low energy, wide angle mts.

The primary effect of the low photon detection’ efficiency -and
possible photon biases is to decrease the number of events in the fipal sample.

. 0 o .. . o . L
The geometrlcaanh detection efficiency as a function of K decay time is only

3
slightly affected by the type of photon requirement imposed. This conclusion
was reached by éalculating the geometrical detection efficiency with vafious cﬁts
made to the photon energy spectrum in the Monte Carlo pxogram,' The fiﬁal data
were then fit using these different efficiencies, The resuifs are presentéd‘

in Table 5 . The relative: likelihood maximum near the imaginary axis is given

in cases where two likelihood .maxima were found.

Table 5
Region of photon energy speétrum‘ Results of méximﬁm~like1ihood fit
cut in Monte Carlo efficiency calculation- X v
~No cut -.,09 £ .19 +.56 = .43
EY < 400 MeV ‘ v -.08 £ .19 +.53 £ .44
400 MeV < E < 800 MeV " =04 % .19 "|  +.38 £ .50
E, > 800 Mev ' -.06 £ .19 +.48 £ .46
< V No photon required in Monte Carlo 'ma%ﬁ £+ .18 +.73 = .33
calculation !
- The.results of these fits are consistent with each other, cohsideriﬁg

- the limited statistics of .the experimental data. We conclude that the
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geometrical detection efficiency is relatively insensitive to any cuts made
to the photon .energy spectrum in the Monte Carlo program. For the fimal fit,
which is discussed.latér, no photon energy cut was made in computing the

Monte Carlo efficiency.
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VIII. PREDICTION OF EXPECTED NUMBER OF Kﬁ EVENTS

‘ 0 + - . . .
Based on the number of KS - .7 1T events seen in the calibration
. , . .,0 + - 0 .
roll, we have estimated the number of KL - 7 mm that should have been seen.

. An estimated 46,100 KO - n+h_ decays triggered the apparatus

S
- without hitting the walls of the magnet chambers or the magnet itself. The
: : 18/
ratio of branching ratios for the two decays is

_MQ“ﬂﬁ%mqqﬂn .126

T .687 -184

PG » ') / TR = all)

The ratio of geometrical detection efficiencies integrated over the fiducial °
region 1is

+ - o
E(KE - 71T no)

LN

5 = 2,22
E(K,S - 7

Beéause of the difference in KS and Ki‘lifetimes, virtually all of the Kg

S
. , o m6,5/TL
decay within the first 6.5 K, lifetimes, but only (1 ~ e ) = .010 of
the Ki decay within the first 6.5 Kg lifetime.) The expected number of

K - mmn events expected is then (46100)(.184)(2.22)(.010) = 188 events.
99 K ~ ﬂ*%mﬂo events wefe found in the experiment, indicating an overall

detection efficiency of about 53%. This is consistent with the estimated

. photon detection efficiency of 55% given earlier, although neither estimate

is claimed to be good to better than 10%. The agreement beétween these two
independent estimates of efficiencies substantiates our belief that the low
photon detection efficiency is the only significant reason for loss of good

o
K events.
3
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IX. DISCUSSION OF FIMAL Kﬁ

3

This section presents further comparisons between data and Monte

Carlo-generated events and discusses the resolution of the experiment.

A. Dalitz Plot

~Figure 23 shows the Dalitz plot for events in the final sample as
well as a Monte Carlo-generated Dalitz plot.conﬁaining the same number of
simulated events. The smooth curve in each plot is the boundary of the
kinematically-allowed region. The matrix élement WZassuméd in the Monte
Carlo calculation is

o 2

| ———

with ¢ = -0.204 % 0.018, as given by Nefkens .
- T__ = center of mass kinetic.enefgy of mO°.

0

The experimental Dalitz plot has fewer events in the region of high energies

than the Monte Carlo plot, but this difference is mnot regarded as significant,

considering the limited statistics of the experiment. There are two points
outside the allowed boundary in the experimental plot due to the measuring
resolution of the experiment.

Figure. 24 shows histograms of the laboratory energies for the T

: + ] C . -
and 1 with the normalized Monte Carlo curves superimposed. The m spectrum

+ :
is shifted to slightly lower energies with respect to the m spectrum as a
result of ‘the Mﬂ”p < 1135 cut which was applied to both the experimental data
and the Monte Carlo events. The agreement between thelexpérimentalband

theoretical spectra is satisfactory.



Figure 23. Predicted and experimenfal Dalitz plots.
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Figure 24. Plon laboratory energies for events in the final sample. Smooth
curves are Monte Carlo predlctlons '
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* B. Experimental Resolution

This section discusses the errors in the determination of the

. - quantities necessary for the calculation of tK’ the proper decay time of the
K°. tk’ expressed in units of the Kg lifetime, Tg» is given by
d
tK - B cT
YK°K®"s

' . 0 .
where d is the K~ laboratory decay distance
, k o . . o
Yg is the K* energy in units of the K~ mass
. ; 7'2 = .
: YK -1 ' 0
' - = —— is the K velocity in units of c.
YK ’
Yg can be calculated to within a two fold ambiguity, provided one
+ - . R
knows the laboratory momenta of the m and m and the laboratory direction
Y . . . . ‘
of the K. This direction and the decay distance d are determined by the
. o . ,
locations of the K production and decay points.
Momentum -measurement. The error in measurement of the momenta of
| 22 /
individual tracks is estimated to be £ 2.25% for 1 GeV/c particles. This
value was obtained by measuring events twice on the Hydel and comparing the
momenta obtained from the two measurements.

Determination of the production point. For the majority of events,
the production point was taken to be the intersection of the beam track
trajectory with a perpendicular plane passing through the center of the
target. In cases where a good vee from A decay was observed in the A

* ' chamber, the production point was taken to be the intersection of the plane

formed by this vee ahd the beam trajectory. Since the length of the target
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was 3 cm., the measured z coordipate (z axis being parallel to the beam
centerline) of the productipﬁ point could in extreme cases be wrong by as
much as 1.5 em. The measured transverse coordinates of the production
point are correct to within 0.015 inch.

Deferminatidn of the decay point. Two methods were used. For
events with early decays (decay point upstream of K chamber), straight line
fits were made to the n+ and m tracks in the A and K chambers, aﬁd the
coordinates of the point of closest approach were cglculated. In addition,
the Miss, of smallest separation between thg two tracks at the point of
closest approach, was calcuiated. If the Miss was 8maller than .100 inch,

, ¢ o , . ,
this point was taken to be the K decay point. For some events with early

. decays, this method could not be used because the tracks in. the A and K

chambers were not well enough aefined to determine a good intersection point
by this method, or the sparks from several tracks overlapped. For these
évents and for later decays, a second method was employed. Using the-
calculated ﬁomenta of the n+'and T tracks and.the‘calculated direction unit

vectors for a point on each track near the center of the magnet chambers,

. a computer program stepped both tracks ﬁpstream through the field region into

the fiducial region.and determined the point of closest approach and the

Miss. The table lookup of magnetic field values was used by the stepping

program., The standard deviations for determination of decay point locations
22/

for all events were o, = .041 inch, Gy = ,081 inch, g, = .653 inch,

where x is the vertical direction, y is the horizontal direction perpendicular

to the beam centerline, and z is the direction parallel to the beam centerline.
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Ths Miss distribution gives a further measure of the.accuracy of determining
the decay Point 1oéétions} Figure 25 gives a histogram of the Miss for
all events in the final. sample..
Kinematic .ambiguity. Thére is a two~fold.ambiguity in the

rcalculation of the K° laboratory. energy from the measured laboratory momenta
of fhe charged pions and the imeasured laboratory direction of the K°. For
all events, we.have taken-tﬁe solution closest to Yg = 5°35‘where Yr is the
K° laboratory énergy in units of its mass. Monte Carlo calculations
indicate that this method of choosing the K° energy gives the correct soiution
for 88% of the events. Ohly 4%‘of the events should have a solution incorrect
by more than 10%, according to the Monte Carlo program. For these events,
the low energy solution was correct, but the high energy solution was
chosen. Thus, the calculated value of the decay time would be too low.

| Energy spectrum. . Figure 2% - shows a histogram of the calculated

K’° laboratory energy E_, for the events in the fihal.sample° Also shown is

K
the Monte Carlo prediction (solid curve) normalized to the same number of
events. Since no experimental error was included in the Monte Carlo
calculation, the predicted cufve is more peaked than the experimental one.
We estimate that the experimental error in the determination of EK is of
the order of 5%. 1I1f a 5% Gaussian spread is included in the Monte Carlo
result, the dashed curve is obtained, which more nearly approximatés the
experimental histogram.

The overall error in- determination of t, is estimated to be

K
+ 0.25 Tg-



Figure 25. Miss at intersection for events. in the final sample.
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Figure 26.

K° laboratory energy spectrum for events in the final sample.
Smooth curve is Monte Carlo prediction with no error included.
Dashed curve is Monte Carlo prediction with Gaussian error

(@ = 5%) folded in. ‘
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X, RESULTS AND. CONCLUSIONS

The~finélAdata were -fit for .the most probable values of %, y using
both maximum likelihood and xz minimum fitting programs. Both methods of
fitting gave two.values for (x,y).

The data used for these fits are fabulated in Appendix B.. The
"~ expression for the time distribution of‘K0 - n+ﬁ_no decays, which wés used
in tliese fits, is
T (t;x,y) = Const. (x2‘+ yz.)'e_yst + e-YLt

-1/2 (\{s.—'l‘yL) t
+ 2(x cosbt - y sindt) e
with-

a(Kg - n+ﬁ-no)

x + iy = —
a(K; - n+h no)
§ = 0.467
Yg = 1.000
g v 19
T -10 : -
vy = o =282 xI0 02 x 107
"L 5.38 x 10
t is the K° proper time in umits of Tg®
A. Maximum Likelihood Fit
The likelihood function used was
| T e \
£(x,y) =1 - ' » v
[ T(e,x,ye(r)de e

- t=0.5
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€(t) is the geometrical Kﬁ detection efficiency as a function of K’ proper

3
decay time. This efficiency was calculated by the Monte.Carlo program.
Figure 27 shows a plot of €(t). The intégral in the denominator was

evaluated numerically.

Figure 28 shows ‘the likelihood map. with contours of equal

n2/2

likelihood drawn. The contours shown indicate relative likelihood e
with respect to the maximum. n is the number of standard deviations from

- the maximum. The likelihood maximum occurs at-theApoint
X = f2,94 + 0.36, y = ~0.11 # 0.55
and a relative. maximum occurs at the poinﬁ
X ; -0.09 £ 0.19, y. = +0;56 + 0,43

The errors g;ven are statistical only. The first maximum is favored by about
two standard deviations over the second. Nevertheless, we place more
confidence upon the second result, which is consistent with CPT and the
AL = 1/2 rule. In addition, other experimental data rule out the first
result, as will be discussed later.
Figure 29 shows the time distribution for the 99 evenfs used for

- this fit. The éurves superimposed on the histogram are the theoretiéal

distributiens corrected for geométrical efficiency. The curves shown are for

the two likelihood results as well as for x =y = 0.
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Figure 27. Geometrical detection efficiency.
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Figure 28.

Contours of equal likelihood for the time dlstrlbutlon of 992
events, - The contours shown indicate relatlve llkellhood e
with respect to the maximum. ‘ '

/2






Figure 29. Time distribution for the 99 events in the final sample. The
smooth curves are theoretical distributions corrected for
~efficiency.
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- . B. Chi Square Minimum Fit

2 ‘
The data wetre also fit by a x .minimizing program. For this fit,

a ‘ the data were. binned as shown in. the histogram in. Figure 29 , with.bin width ...

o .. . .. X ) - ,
. equal to one KS lifetime. Two minima were found with the following values

for x, y:

-0.29 + 0.48, y = -0.06 + 0.78

X = ‘
2 - ’ v
X = 4.71 for 4 degrees of freedom
Probability = 31.85%
. x=-2.82%£0.61, y==0.30% 0.68

X2 = 3.23 for 4 degrees of freedom

Probability = 51.05%

The errors are statistical only.

. For x =y = 0 we obtained:

xz = 6.10 for 4 degrees of freedom

Probability = 19.2%.

.. A . 2
Due to the limited statistics of the experiment, the y results

are quite dependent on the binning used. Therefore, we place more credence

~upon the likelihood fits.

C. Estimate of €

. . ) 4+ - 0 : . ,
The contribution of m m m $tates to the CP violating parameter

v € may be eStimated using the expression‘given.by Haggerty.

‘



~ 2y (1074 (1-1)

E3n

If we use the value for y obtained in the makimum"likelihood fit,

\

= 0.56 % 0.43,‘then we obtain

€.~ (121) x 107% (1-1)

3m

~which is about 1/20 the value of 7.

D. Results of Other Kg - 3m Experiments

5,23=26/
Table & presents the results of other experiments which have sought

to measure x + iy, along with the results of the present experiment. Figure 30
shows a plot of the other results, as well as the results of this experiment.
*/
Figure 31 shows the likelihood contour plots for 3 other experiments = which
fit for x + iy by the maximum likelihood method.
- 23,24/

TWO of the previous experiments observed K° decays; the others,
including_the present experiment, observed K° decays. Since the same definition
- for x + iy was used for both the K° and the E? experiments, the results may be
directly compared. The only difference in the expression for the time
'distribution for K° and K° decays is the sign of the interference term.

25/ 5/
The experiments by Behr et al and by Haggerty assume x to be

negligible and present their final results in terms of‘y only.

F -
“The likelihood contour plot by Haggerty (Ref. 5 ) is one of six plots he
presents for different subsets of his data.



Table 6. Results of Ko -~ n+ﬁmno Experiments
1
‘Experiment Ref. Method X y Events
Haggerty 5 Heavy liquid assumed 0 -0.03 £ 0.5 88 ﬂ*ﬁ_ﬂo
(Wisconsin) bubble chamber
- K" charge exchange
7Méisnerret al. Hydrogen +0.6 _
M et al : .65 : -
(Mass . ,BNL,Yale) 23 bubble chamber 2.75 0.50 *0-70 50 mim
W : Ko = B0 -0.60 ' -0.55 ,
P n
Webber et al. Hydrogen : " - _
(LRL) 24 bubble chamber 0.5 tL-> 0.8 104 53 minn®
, K =0 -0.6 -0.8 :
- p 7~ K'n
‘Behir et al. : Heavy liquid + - o
(Paris,Milano, 25 bybble chamber assumed O - -10.34 +0.19 136 Mool
. -0.59] S4 mmom
Padova ,Orsay) K" charge exchange
Anderson et al. Hydrogen , . , S
(LRL,Wisconsin) 26 bubble chamber 0.1.10:5 0.6 £ 0.9 18 minn®
- 5 KO <0.4 » !
mp - KA ,
THIS EXPERIMENT Optical | =0.09 % 0.19 0.56 + 0.43 t -0
spark chambers ' : : YV uonm
Tp - KO\ -2.94 £ 0.36 - =0.11 £ 0.55

*

. . Errors estimated from limits of 1 s.d. likelihood contour.

STT
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Figure 30. Results of Kg - n+ﬁ-ﬂo experiments.
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Figure 31. Likelihood contour plots for four Kg - TT+1T-'I'I'0 experiments.
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~E. Discussion.of Experimental Results

- Both. the likelihood’and X2 fitting programs have found results near
x = -3 as well as results consistent with x =y = 0.. We .wish.to..argue that
the results near x = =3 should probably be excluded on physical and

experimentdl grounds.

. ' 10/
As stated earlier, Glashow and Weinberg have shown = that.if the

magnitude of x + iy is large,.thén.CPT and the AL = 1/2 rule require that the

phase of x + iy. be nearly":i_909 -+, * This result comes from a general preof -

that if a, and az.areuamplifudes for decay of Ki

1 and KO into any CPT~-conjugate.

2

channel which is an eigenstate of the strong interaction matrix then

42R %
| 2Re(aja, ) <L
50

Jay|® + |a,)?

We have shown earlier that this experiment is sensitive only to interference

' between.Kg and K; states both decaying to the symmetric I = 1 state of n+h-n°;

which is a CPT-conjugate ¢hannel and an eigenstate of the strong interaction

matrix. Then x + iy = al/az.

¥

2Re(a.a, ) 2Re[(-3a,)a, ] '

A : 2072 1

If a, ~ =3a, then = = 0.6 > ==
1 2 la ‘2 + la |2 : 10la l2 _ 50

LI B | 2

B

This suggests that x + iy~ -3 is nqtba physically all%wed solution.

#7

Figure 31 shows the likelihood contours from three other experiments
along with those of the present experiment. As indicated in the figure, two

: O . o, e .
of these experiments had K  initial states, and the other two experiments had
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X° initial states. All four experiments havg.kidneymshapgd contours at a
distance of two to three standard deviations out from the likelihood maximum.‘
In éach case, thé'two~standardwdeviation contour. includes.the region of the
pnaginary axis near theﬂo;igin, Two experiments”find”maximauin this region and
.thé present experiment. finds é.secondary maximum. in this. region. But the two-
standard~-deviation controus also include. the region near x = +3 for the. K°
experiments‘and thghregionvnear x =.-3 for the K experimeﬁts. ‘The presénf K°
experiment finds its absolute maximum near X = -3, and one of the K°
»experiments,.finds its absolute maximum near x = +3. Sinte.xﬂf iy is defined
in the same manner. for beoth K’ and»i? experiments, both types'Qf experiments
should obtain consistent results. Therefore, we maintain that the solutions
neaf.x =+ 3 are experimentally inconsistent with each other .and should be
ruled out.

We then give as our final result

x ==0.09 £ 0.19, y = 0.56 £ 0.43

This result is consistent with CPT conservation and the AI = 1/2 rule. It

indicates a possible violation of CP, but is also consistent with CP

conservation at the one-standard deviation level.



APPENDIX A: THE MONTE CARIO CALCULATIONS

This appendix deséribes the Monte Carlo program which was written
for the pregent K§3 expgriment andifor the concurrently run.K.Z3 and 533
experiments. ~The Monte Carlé program was used to compute the gedmetrical
efficiency of the apparatus’for triggering on K° decays into various modes.
- This efficiengy is calculated as a function of the proper time of the Kq,
i.e., the time between the prdduction and decay of the K° in its own resf
frame.
Simulated events are generated given the following constrdints:
1) A 7 beam of specified momentum impinges on the carbon target.
2) A K and a Ao are produced in the target.
3) The A° decays into a m and a proton.
4) The K° decays into a specified mode at a specified proper time.
"All opher necessary kinematical quantifies'such as the angles and gnergies
of the particles involved are chosen randomly as described below. Once the
event has been generated, the program asks whether it would trigger the
apparatus. The efficiency at the given value of the K° proper time is then
. the ratio of the number of successful triggers to the number of simulated
events.
For the initial discussion it will be assumed that the production
» mode, is nmp,~ K,OAO° Later, calculationé of the effect of three body
productioﬁ modes will be discussed.

The following K° decay modes have béen considered:
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[e) :!: "’7
K -1 e v(v)
o 3.
K -n v(v)
K0 - T nmrro
Ko - 1'r+n_

A description follows of the method for generating simulated events.

{

A.  Choice of Production. Point

The production point is chosen to lie along the beam tfajectory,
which is taken to be parallel to the z axis. The x and y coordinates of the
beam pion (and hence of the produétion"§§int) are chosen randomly to lie
within .250 inches frém the centerline of the cylindrical carbon target,
assumihg uniform density of beam particles in this cross se;tional area. The
z coordinate of the production point is chosen within the targetvvolume

using an exponentially weighted random number distribution. The weighting

- factor contains the interaction length for 3 GeV/c negative pions.

B. Choice of Production Angles and Ene;gies'for K° and AO

The beém pi interacts with a proton in the target. The proton is
assumed to have a stml momentum Pp chosen randomly according to the
dlstrlbution pF F P? with{po = 250 MeV/c. The quantities coseF and ¢F’
where GF and ¢F are the angles of the proton direction in spherical ‘
coordinates, are chosen randomly.

Next the production angles for the K° (and heﬁce of the A° also)

in the nmp rest frame must be chosen. The azimuthal angle ¢ is chosen

randomly. - CosB, where & is the polar angle, is chosen using a random number
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.distributionvweighted-acqording to an experimental angular distribution for

0,0 ‘ -21/ , ‘ o
K A~ production found in. the literature. . The momenta and energies of the K~

o . - ‘ | , , '
and the A" in the m p rest frame are calculated using the invariant mass of
the ﬂmp system and. two body kinematics. Using Lorentz transformations and
. . o

Euler angle rotations, the energies and vector momenta of the K and the AO

are transformed to the standard laboratory syétem having the z .axis parallel

to the beam direction.

C. The Lambda Decay

| The proper decay time of the lambda is now chosen randomly according
to an exponential decay distribution. ﬁsing the decay time and vector
- momentum of the AO, its decay point is calculated. The A® is constrained to
decay into the ﬂmp mode. The energies and momenta 6f theé ﬁ? and p in the AO
‘rest frame are known from two body kinematics. Their spherical angles in
tﬂe A° rest frame are chosen randomly assuming an isotropic angular
distributioﬁ, This assumes that aP = 1, where ¢ is the asymmetry parameter
and P the polarization df the le!tmbda° The energies and:veétor moﬁenta of the
7 and p are then transformed to the standard lab system.

| The program now asks whether the N)decavaill trigger the AdE/dx
hodoscope. LIf the Aodecay is upstream of the anticounter or downstream of
the \dE/dx hodoscope, the event is rejected. Using the vector momentum of
the proton, the program determines whgther it would hit a countef in the
hodoscope and whether it would lose enough energy in thé scintillator to

cause a photomultiplier pulse above the threshold of the discriminator (The

discriminators were set to accept 550 MeV/c protons.) If the proton would
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. pot cause a trigger, the same questions are asked for the pi. If neither

particle would trigger.the hodoscope, the event is rejected.

D.. The KO Decay

The decay point of the K° is now calculated using.the proper time

. . . . 0 s ,
for the bin under consideration. If the K decay position is upstream of the

 anticounter or downstream of the ¢ hodoscope, the event is rejected.

Next the energies and angles of the K° decay products in the K
rest frame are chosen randomly according to theoretical Dalitz plot

distributions. The.procedure for the three-body decays is as follows: The

 kinetic energies of the two charged particles are chosen randomly between zero

and their maximum allowed values. A calculation is performed to determine

whether this choice of kinetic energies corresponds to a point within the

" Dalitz plot boundary. If not, a new pair of energies is chosen and the

Dalitz boundary test repeated. Wheﬁ a pair of kinetic energies within the
Dalitz boundary has been found, thé Dalitz plot density for this choice of
energies is calculated, using the -expressions given below. A random number R
is chosen between zero and the maximum allowed dénsityf If R is smaller thén
the calculated density, the choice of energies is acceptéble.' Otherwise a
new pair of energies tmust be picked and tﬁe whole proceés repeated. The

Dalitz plot densities used are:

. , i (2EZE¥) ) 28 /
o : —ertee. g BR - <
Ke3°', Densmty'g, MK + Eﬂ Enmax

neglecting the small form factor £..
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o] . % 2, %
S Des , - ¢ -
KM3 enSLtycx.[QMKEv MK (Enmax ,En]f+
Y
‘ 29/
2 % 2 % % 2 =
- 2Mpb E\)f +f2 + MLL ‘(EmaX, Eﬂ)fz
where £, = l(f - £)
2 2+ -
. We use £_ = ~f+°
o) 2 % 21/
Kn3: Density e 1 -~ 1.042 x 10 .(2TII’__I_T -'53.80).

Ei; Ti’_MK are the total energy, kiqetic energy of particle i in the K°
rest frame and. the mass of the K°.

Knowing the momenta of the. three particles in the Kq rest frame,
the angles of two particles with réspect to. the direction of the third can be
calculated in a straightforward manner. The azimuthal angle defining the
orientation of the plane defined by the two particles is chosen randomly. - The
- angles of the third particle in the laboratory are chosen randomly. Using
the Lorentz transformation and sevéral Fuler angle rotations, the energies
and vector momenta of the K° decay products are them'tranéformed to the
standard lab system.

For the decay K® - ﬂ+ﬁ_, the foregoing calculations a:e~much
simpler. The eﬁergies:of the two pis in the K° rest frame are known frbm
two-body kinematics. The decay is isotropic in this frame. One need only
choose‘randomly two angles and then transform the energies and vector momentav

of the two pis to the standard lab system.
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‘" E. ,Tracking‘the‘Ko Decay Products through the Magnetic'Field

o : ) c L
-t decay are chosen randemly, assuming the m decay is isotropic. The

A subroutine steps the two charged particles from. the K° decay

- through the magnetic field. Measured values of the field components at

three inch intervals are stored in a table look=up. The subroutine
interpolates to obtain the average values of the field components for each
step. Tests are made to determine whether the two charged particles would

trigger the ¢ and p counters and whether they would hit the frame of the

. magnet spark chambers or any part of the -magnet. If either particle fails to

trigger the counters or hits an obstacle, the event is rejected. In .addition,

foer3 decay, the event is rejected if the electron goes into the gap

between the left and right shower chambers. This is necessary since visible
identification of the electron shower in these chambers is required in the

: . o . ' '
KZ3 data -analysis. For K'.“L3 decay, a test is made to see whether the muon

would trigger the muon hodoscope.

F.: Photons

: )
F_o__::-‘K=rr decay, the center of mass angles of the two photons from

3
momenta and angles of the photons are then transformed to the laboratory
system. Geometrical tests are made to determine whether one photon would -

pass through the shower chambers .
’ ¢ .

G. Summary Tape .

A complete description‘of each successful event is stored on

maghetic tape in order that histograms and plots of appropriate quantities
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can be made for comparison with the experimental data. In addition, the

effects of cuts on the data can be determined. For Fhe unsuccessful events,
. S _

a tabulation is made of the reasons for failure. ’

[

H. Threewbody Production Modes
The experimental K° energy spectra for K° decays show a strong
peaking in the region of 2640 MeV which.is consistent with the Monte: Carlo

generated energy spectrum of K°'s from KOA0 production plus KPZO production

followed by 70 o Aqy} However, the observed spectrum also shows a low enefgy

tail which is not predicted by the K°A° plus KOEOvcalculation. In order to

reproduce this low energy tail, it is necessary. to include three-body
. . - ' 0.0 , , . .
production modes in addition to the K'A mode. The main contribution is

believed to come from the following processes:

% %

- (o]
T™p - T A
KOTTO \.

- %*
np - K°y°
AOY

Several-K* and Y* resonances are believed to contribute the 10& energy K's .
seen in the experiment. fhe presence of these low energy K's has the effeét
of raising the efficieﬁcy in the later lifetimes.

In order‘to“detérﬁine whether resonance production can account for
the lower energy K’'s and to modify the efficiency acéordingly, an attempt
wés made to simulate resonance modes in the Monte Carlo program. Extensien

of the kinematics calculations described above to include three-body
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'prqductionvﬁodes is straightforWard. Howe&er,‘the.angular distribﬁtions and
 resonance décéy»mechanﬂmm.are not well known. Therefore several approximafions
are employed in the resonénce calculations. fhe,same;angular.distribution is
used fo? K*A, KY*, and K& production as for KA production with the meson
peakedlforward. The K* and,Y* resonances are taken to decay'isotropically in
their own rest ffames. "

Ideally one wouldvlike to include ali allowed production modes. in
- the Monte Carlo calculations weighted acéording to their measured cross
séctions. Unfortunately, knowledge.of the croés sections, angﬁla% distributions,
and resonance decéy mechanisms for modes other than KPAO and Kozd is limited.
Therefpre, it was deemed unfeasible to do a sufficiently accurate Monte Carlo
calculation which would include all possible modes. It was found that
Ko*(BQOQAP giQes,a reasanable fit to the low energy K® tail. Therefore we
have used this mode along with the K.OA0 and KPZO modes in. the final
calculation.

The percentages of the three production modes to use were determined
by a study of the energy spectrum for Kg ~-n*ﬁ_ evepts_(kﬁz) fromlthe‘calibration
_roll. Figufe 32 gives a histogram of this K;Z»energy spectrum. The Kﬁz

' o ' . .
spectrum was used rather than the Kﬂ spectrum because our determination of

3
the K° énefgy was more accuréte for two-body than for three=-body decays. For
tﬁo;body decays, the K° energy can be calculated by measuring the momenta of
" the two charged particles from the decay. For thfeembody decays, it is' |
neéessary to know the direction of the K° as well as the moméﬁta of the two
charged parﬁicles from the decay; The K° direction is determined from tﬁe'

measured locations of the production.and decay points. .In additiqﬁ, there is a

kinematic. ambiguity in the K° energy calculation for the three-body decays;.



RY

. ‘T10a
UOTIBIQTIIEBD Y] WOIJ SIUDAD t%t - MM 103 uniyoods A3zdus Lxojeioqe] -zg 2anf1g

. | | - - 0gT.



NUMBER OF EVENTS

450

300

150

131

I I 1

MONTE CARLO FIT TO
K°—=7+7~ SPECTRUM

L

: ] 1 [
1500 - 2000 2500
LAB ENERGY OF K° (MeV)




132

' . . o 0.0
. The production cross sections for K APand K°5° are roughly the
27,30/ : - .
same, and the geometrical detection efficiencies for detection of K ''s
from these two production modes are nearly alike. Therefore, we have used
' , 0.0 0.0 ‘ . ,
equal mixtures of K'A" and KX~ in the Monte Carlo program. That is, equal
0,0 0,0 .
numbers of K'A~ and KX~ events were generated and subjected to the Monte
Carlo tests. This gives about the same width to the main peak for the Monte
Carlo energy spectrum and the experimental spectrum.
0%, 0 .
The percentage of K (1890)A events to generate was determined as

follows. The K; energy spectrum (Figure 32 ) shows a main peak centered

2
about 2640 MeV QYK = 5.3), which we assume is due to kA% and K%:° production,
and a low energy tail which we assume arises mostly from three-body production .
modes. The upper slope of the main peak was reflected about 2640 MeV to

’ , , 0,0
approximate the contribution to the K’ energy spectrum from KA plus K% °

84.3% of the Kg events fell under this symmetrized peak. The events not

2
within this peak (15.7%) were assumed to be from resonance production. We

o¥* o . , , .
then calculated how long a K A run to make in order to obtain a ratio

resonance to non~resonance events. If was

‘ o
15.7:84.3 of successful Kﬁ2

determined that if equal numbers of K°A° and K°2° events were generated; then
%
the number of K° Aoevents generated should be .845 times the total number of
0,0 . 0_0 . . . o] | .
K A plus K'Z events. Using this recipe for the KTT2 Monte Carlo events gives
the smooth curve in Figure 32. The same formula was then used to generate
decays, the mixing

Monte Carlo events for the KﬁS and K° decays. For KZ

L3

. o '
formula was determined from the experimental KTT3 energy spectrum rather than

3

o)
from the an spectrum,
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I. ‘Correction to Beam Momentum

A subtraction of SO.MeV/c was made from the beam momentum of

3000 MeV/c to account for the following effects. By giving the target proton

+a Fermi momentum, we artificially add ~30 MeV of energy to the ﬂmp production

system,- so this -extra energy should be subtracted out again. In addition, we
estimate that ~20 MeV of energy goes .into overcoming the binding energy of the
proton in the target, recoil energy of the residual nucleus, and fragmentation

energies. if the target nucleus breaks up. How to treat all these effects

‘ rigorously is not understood. Theﬁeforé, we have employed the artificial method

of subtracting 50 MeV/c from the beam momentum. The beam momentum used in

the Monte Carlo program was 2950 MeV/c.

. 0
J. . Comments on K~ Energy Spectrum

. Carlo Ks

Comparison of the curves im Figure 32 for the experimental and Monte
o energy spectra shows that even after the 50 MeV/c subtraction from
the beam momentum just described, the Monte Carlo spectrum peaks about 50 MeV
higher than the experimental spectrum. We do not understand the reason for
this discrepancy. waever, its effect on the shape ofvthe detection efficiency
curves and on the galculation of other kinematical quantities for the Kplis -
very small.

o . 1 R .
- For the K,e experiment, an earlier version of the Monte Carlo

3

-program was used which had two differences from the final version described

above. The Kpﬂo production mode was not included.in the program. Only the

% o
- k°A° and ®° ( 890)Ao modes were used. This difference has the effect of

making the main peak in the Monte Carlo K° energy spectrum about half as wide

%
- as the peak in the experimental spectrum. Furthermore, the K°n° plus K n°
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, 0,0 00 o%* o
spectrum peaks at higher energy than the K'A~ plus K'27 plus K~ A~ spectrum.
To correct for this effect, a beam momentum of 2850 MeV/c was used for the

Ko Monte Carlo runs.
e3

K. Study of Backgrounds

Two poséible backgrounds which would bias the K° decay time
distribution if undetected are 1) ﬂmp ; Kpipn'and 2) A~ pemv (lambda beta
decay). Lambda beta decay is a backgroﬁﬁd for KZB decays only. These
proéesses have beén studied uéing a modified version of the Monte Carlo program.

The production process ﬂmp - K°K°n could add K° events to the
sample of Ko events thus modifying the K§3 time distribution.  This process
is studied under two different sets of assumpsions:

a) KO; fp, n produce& isotropically in the T p rest frame with

no resonance
n followed by A

b) Tp — A - K°K° using AK angular distribution

2 2

for A2 production with the A2 peaked forward and assuming

isotropic decay distribution for the A2°

. \ =0 o . _+ =
. In both cases it is assumed that K — Tev and K- = T 7T . For a successful

event, the K° decay products must trigger the AdE/dx hodoscope whereas the

X decay products trigger the ¢ and p hodoscopes. It is found that these

procésses,havega negligible efficiéncye The principal reason is that the
n+'and n” from K° deéay have momenta too high to trigger the AdE/dx hodoscope.

The lambda beta decay, A — pev, would add negative electron events

(o}

. to the sample if it were mistakenly. identified as KéB’ thereby causing a

' o
serious bias to the data. A study of the raw data before selection of K,e3
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candidates indicates that a sizeable numbef of triggers result from the decay
A~ ﬂepn Therefore it might be expected that A - pe Vv would also trigger the
apparatus,‘ The source of the A's seen in the raw data is unclear. They are
too numerous and have too broad an energy spectrum to have resulted solely
from AK production in which the A's are peaked strongly backward in the
production frame. Many of the A's must therefore come from other processes
for which the angular distributions are not well known. A comparison of the
efficiencies of the two lambda decay modes was made. Due to the lack of
information on the source of the A's, the following simplificatioﬁs were made
to the usual Monte Carlo program: 1) The AdE/dx hodoscope trigger was not
required. 2) The lambda total energy was fixed at the values 1500, 2000,
2500, and 3000 MeV. 3) The lambda produceion angle in the lab system,wae
fixed at the Qalues 0% and 5°. It was found that in all cases the A - pe-v
efficiency is approximately 20% of the A = T p effic;ency;‘ Using this ratio
along with the‘branching ratio for lambda beta decdy and the A - ﬁmp triggering '
rate, the expected number of triggers from A = pe v may be calculated and

sample for this background.

L0
used to correct the K 3
e
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APPENDIX B, TABULATION OF KINEMATICAL QUANTITIES
Table 6 presents a computer listing of kinematical quantities. for

o , . ' . - . ,
the 99'Kh3 events in the final sample. From the information given, other

‘kinematical quantities. such as invariant masses can easily be calculated. The

following quantities are tabulated:

FRAME. ..c0cc00ao .Frame number which identifies the event

TKeooooooos -os...Proper decay time of the K° (uﬁits of Té)

EK.cooovooo «o....Laboratory energy of the K° (MeV)

EK2. . 00eononss. Second laboratory eﬁergy solution fbrrKO.(MeV)

Mlssono ooooooooo Calculated distanée of closest approach for the nﬁ and T

tracks measured in the spark chambers (inches)
POPSQ...... coo...Popsquare (defined in Backgrounds chapter) (Mev2>
PLooooooonuonouo;Iotél laboratory momentum of pion (MeV/c)

PLXaPLY;PLZWOnoaaGomponents of pion laboratory momentum (z is beam direction,
x is vertical direction, y is horizontal direction transverse

‘to beam.) (MeV/c)

XPRO,YPRO,ZPRO. . .Coordinates of K° production point (inches)

: XDK@YDK,ZDKQOGOmDCoordinatés of K° decay point (inches)




Table 6

PGSITIVt PICA NEGATIVE PION ,

FRANME  TK ZK  EK2 MISS PCPSQG PL PLX PLY PLZ PL PLX PLY PLZ XPRO YPRO ZPRU XDK YCK  ZDK
217521 3.1 2531 2169 .028 1357 738 31 -8 127 937 25 239 905 9.48 8.47 8,01 9.9710.11 23.74
219808 1.7 27120 2317 .G38 1652 382 -T4 -88 915 675 -14-181 654 9.23 8.46 1.00 9.13 7,25 16.10
223497 4.3 2641 2640 .052 -3€9C 1185 -08 124 1177 601 -¢6 -28 596 9.50 8.55 7.00 9.03 9.91 30.23
353887 3.7 2278 22718 .Gz8 -362 343 33 14 €42 787 174-200 757 9.44 8.63 7. 0010.27 6.68 23.71
231424 5.9 2571 lsle .020 14525 836-108 -13 828 465 43 10 463 9.30 8.56 7.00 8.29 7.58 37.99
234554 .7 2604 2769 .026 243 1128 84 153 1114 T4l -€8 197 711 9.29 8.65 7.00 9.43 9.31 10.66
236308 2.3 2898 2156 .Ool 5694 943 -22 36 G42 711 57 -97 703 9.4l 8.63 7.00 9.37 7.69 20.32
237314 6.1 2477 2372 .037 120 694 34 -61 €61 1033 -G7 131 1021 9.23 8.13 7.00 8.56 9.59 37.58
238650 4.2 2729 4445 .081 15371 734 66 -56 128 1545 19 71 1541 9.11 8.74 7.0010.70 9.C8 30.46
539412 2.1 27195 2063 .279 €014 916 5C 132 9C5 709 -62 -30 705 9.47 8.08 7.00 9.63 8.61 18.80
247432 3.0 2€22 2375 .047 1912 1175-112 11 117C  64C 11 131 626 9.30 8.43 7.44 8.3510.11 24.53
553 44 3.6 2553 2056 041 2058 902 -46-176 8€3 633 -22 20 632 9.43 8.36 7.00 8.50 7.29 25.86
254652 .5 2544 4265 .002 17342 1292 80 10 1251 839 -70 26 835 9.50 8.30 7.00 9.52 8.37 9.78
560805 2.7 2851 1822 .238 12255 71871 -88 -30 1€l 692 47 71 687 9.44 8.61 7.00 9.24 8.70 22.53
270185 1.0 2028 1934 .003 149 819 48 54 815 472 54 127 452 9.07 8.55 7.00 9.13 9.25 10.92
27G249 2.5 2596 1917 .219 €032 91C -99-120 8S?7 599 59 7 596 9.11 8.80 7.00 9.10 7.68 20.25
274466 2.6 2157 1403 .241 12724 413 -9 62 4C9 1701 1 -97 694 9.08 8.39 7.00 8.90 8.43 18.44
275 85 6.3 2044 1737 .165 1761 657 40 108 647 667 46-114 655 9.33 8.38 7.0010.74 8.29 32.82
276321 5.8 2555 2554 .063 -3536 101€& -21 91 1Cl4  714-110 155 688 9.38 8.27 7.00 8.7612.84 36.67
578523 2.5 2124 3305 .092 2399 1410 -20-134 14C4 627 =30 35 625 9.13 8.41 7.00 8.54 8.12 20.94
283442 3.4 2847 3272 .148 1235 1312 -44 116 13C¢ 662 -18 122 650 9.26 8.34 7.00 8.37 9.73 26.79
285 93 3.9 2792 2791 .085 -2638 550 -77 104 524 1426 -56 70 1423 9.42 8.17 7.00 8.61 9.73 29.20
287377 2.1 2700 176l .135 12146 708 -42 -14 1C7 719 26-178 696 9.25 8.42 7.00 9.15 7.11 18.56
>B87910 4.5 2284 3389 .273 1C199 897 81 28 893 899 -45 113 891 9.25 8.66 7.001G.2310.89 27.75
288201 4.5 2313 1972 .055 1656 804 12 133 73 636 59 -48 631 9.11 8.53 7.00 9.2510.27 27.93
294350 2.7 2303 1764 .180 4700 412 47 34 4(8 967 -S3 -83 959 9.10 8.46 7.00 B8.84 7.84 19.56
295922 6.1 2544 3324 .049 4612 1055 -78 79 1CE3 92C 87 153 903 9,17 8.59 7.00 9.0813.14 38.27
296432 3.9 2593 2852 .054 586 6317 8 46 635 1193 -49-109 1187 9.37 8.38 7.00 9.15 8.75 27.68
300719 3.8 2726 4159 .059 11502 741 _ 8 63 728 1515-147 =33 1507 9.40 8.43 7.00 8.02 8.60 28.10
302538 2.8 2417 2192 .218 €20 1124-110 -4 1118 490 22 95 480 9.55 8.47 7.00 9.14 9.35 20.46
310312 4.1 2595 3023 .117 1502 898 -22 133 €€8 1048 -9 -63 1046 9.22 8.65 7.90 8.74 9.99 28.37
313612 3.4 2444 1914 .245 3916 345 —-34 61 341 1126 82 123 1117 9.42 8.60 7.0010.0011.12 23.45
316552 3.6 2658 1735 .133 16008 o006 13 -35 €05 156 56 47 152 9.44 8.44 7.0010.50 _7.29 28.86



Table 6 (continued) \ ' R

POSITIVE PICN NEGATIvE PIGN

FRAMC

TK EK  EK2 MI>S PCPSG PL PLX PLY PLZ PL PLX PLY PLZ XPRU YPRO ZPRU XDK YLK -~ 20K
320113 3.2 2547 1348 .000 €730 644 1 112 634 83C 6 -80 826 9.33 8.28 7.00-9.27 8.87 23.40
321691 1.8 2142 1555 .200 21858 688 -6 1 668 583 —-61-111 569 9.47 8.54 7.00 B8.97 7.32 16.96
33144 3.6 2624 2623 037 -1394 5391 42 -37 5€8 1239-1C4 83 1231 9.33 8.11 7.00 9.35 8,75 25.99
336562 2.5 2855 1922 116 10287 888 57 34 86 621 -23 130 607 9,36 8.48 7.0010.2810.25 21.19
341303 4.1 2278 2095 .025 457 642 -49 -11 641 829 63-171 808 3.15 8.66 7.00 9.01 7.22 26,05
48797 4.5 2119 2118 .0u8 —-2250 71971 54=-208  1€7 731 -€0 -3 728 9.29 8.64 7.00 9.43 6.43 25.90
358645 4.8 2467 3765 094 11573 I1C -32 -60 SC7 1125 =52 129 1117 9.48 8.27 7.00 8.44 8.87 31.21
365843 .5 2900 2170 .0U4 54065 118C 65 262 1149 539 29 5 638 9.59 8.11 7.00 9.73 8.54 9.97
367423 2.9 2708 1350 .0Y9 S591 551 47 11 £49 923 15-183 905 9.34 B8.32 7.00 9.56 6.66 22.79
374473 5.5 2679 2190 085 2623 3834 14 —66 €21 858 64 142 844 9.51 8.14 7. 0010.41 9.24 37.23
377599 4.7 2649 1713 .089 12637 602 -61 60 556 716 -60 -55 711 9. 22 8.50 7.00 B8.16 7.52 32.22
378523 4.5 2149 1691 .212 2835 351 27 102 325 962 -S4 12 954 9.49 8.62 7.00 B.2911.20 26.49
382512 .5 2676 3906 .00l 4719 902 -38 104 8%S6 1288 -6 15 1288 9.24 8.65 7.05 9.29 8.75 10.56
387149 4.0 2815 2849 .027. 10 1064 -34 192 1046 187 —-81 40 1782 9.52 8.51 7.00 9.1310.69 29.75
388498 1.3 2182 1630 .0U3 . 5694 386 -32 -43 35 881 10 135 871 9.42 8.54 7.00 9.17 8.88 12.88
389983 2.1 2151 3501 .010 15565 637 52 116 624 1105 53 42 1103 9.40 8.52 7.0010.23 9.41 15.93
390530 .6 2427 2426 .029 -367 1132 48 129 1123 501 11 -31 500 9.62 8.24 7.00 9.79 8.53 9.76
394307 4.7 2243 3744 .221 17177 1003 19 -28 1CC3 831 83 87 822 9.21 8.27 6.6310.96 8.69 27.91
403762 5.6 2513 1720 075 6574 524 -35 -37 522 840 29 132 829 9.45 8.74 7.91 8.6011.39 36.18
406607 1.9 2353 3C26 .052 40935 104€ 34 155 1024 797 -7 =53 795 9.48 8.14 7.00 9.74 8.78 15.95
409125 1.6 2603 1382 ,000 27791 505 -10 103 4S4 597 2 36 596 9.46 8.30 7.00 8.92 9.13 15.38
417502 4.4 1870 1428 .026 4983 404 -11 15 4(3 622 -58-125 607 9.65 8.66 7.00 9.52 8.01 23.52
423880 2.7 2794 2085 .00 5565 782 34 -69 718 708 36 17 706 9.28 8.36 6.78 9,11 7.12 21.84
423976 .7 2517 1803 .128 7371 423 1 12 4z3 913 80 -38 909 9.27 8.33 7.37 9.50 8.52 11.07
424683 6.0 2793 2792 .005 -2625 821 -90 -26 815 1069 —€0 137 1058 9.42 8.65 7.00 8.02 9.43 40.96
430851 3.3 2071 1764 .047 1701 6231 -471-104 €13 717 57 89 709 9.30 8.27 7.00 9.65 8.10 20.77
433698 1.0 2674 1703 .251 126032 85C 54-116 €4C 542 -59 22 539 9.31 8.54 7.00 9.35 8.20 12.46
38397 1.6 3035 3034 .111 -432 79C -46 95. 7€3 1219 75 51 1216 9.30 8.56 7.00 9.57 8.82 17.07
449932 3.1 2266 1653 L1716 €644 574 27 -44 57l 623 -32 45 620 9.39 8.34 7.00 8,98 9.54 21.37
458715 4.9 2389 2962 099 2984 7T2S 30 92 17z2 1061 -S4 -21 1056 9.23 8.22 7.00 8.94 9.64 26.45
459286 4.7 2534 3254 .185 4C24 574 -27 -4 Si3 1388 46 195 1374 9.30 8.34 7.00 9.7910.13 31.15
4539503 3.0 3C65 2C97 .000 6392 41C 22 52 4C1 1274 €9 . 8 1272 9.44 8.72 7.1710.55 9.€0 26.01
454558 4.6 2631 1576 .043 17738 351 36 69 €47 44C -48 -35 436 9.27 8.45 6.43 9.19 9.53 30.94

et




Table 6 (continued)

FCSITIVE PICN ~ NEGATIVE PION :
- FRAME TK EK  FK2 MI5S PCPSE PL PLX PLY PLZ PL PLX PLY PLZ XPRQ YPRGC ZPRO XDK YECK = ZDK-
475240 4.3 1878 14G4 .255 SB2C 60S5 7-113 SS4 466 43 68 459 9.29 8.28 7.0010.83 7.28 23.14
277361 1.2 21090 4153 .CL0 3C584 936 17 -67 . 926 857 -49-160 841 9.30 8.57 7.00 9.22 7.90 11.97
484247 5.9 2636 1378 .120 26139 53$ =27 -1 528 576 -2 95 56% .46 8.8l 7.00 7.0211.50 38.41
494316 2.9 26713 2083 .133 €726 621 -6 26 €z6 903 34 -72 899 9.13 8.35 7.0010.36 8.48 23.93
504624 2.7 2541 2167 .183 1647 364 33 89 3f1 1288 6 108 1284 9.33 8.18 7.00 9.52 9.87 21.05
515513 .8 2314 4213 .001 22603 391 53 75 €E€7 968 5 133 959 9.36 8.16 7.00 9.51 8.41 10.71
517651 1.0 2209 2208 .005 -4165 904 47 -8 9C3 528 -22 -59 524 9.52 8.54 7.00 9.96 8.35 1l.41
524572 3.3 2954 2002 .0l0 6909 81C -57-108 8C0 79C -23 63 787 9.32 8.18 7.00 7.71 7.59 26.53
524871 4.6 2698 2977 .112 €24 36C -91 -8 855 115C 1C8 84 1142 9.39 8.23 7.00 9.14 9.16 32.08
530335 3.8 2736 3397 .067 2002 1462-146 92 1452 636 -53 144 618 9.53 8.13 7.00 8.0110.40 28.14
531 70 3.0 2587 1823 .163 EC90 98C -98 112 9¢€8 462 58 43 457 .47 8.39 7.00 9.12 9.€1 22.62
531636 4.1 2308 3023 G99 4713 754 -52-102 7145 1055 112 2 —10 1049 9.50 8.15 6.62 9.81 6.65 25.56.
544104 1.6 2382 1972 .318 2330 801 29 112 73 717 71-100 706 9.27 8.53 7.00 9.89 8.66 14.67
544536 5.8 2603 3287 .085 2495 1302 -52 211 12¢4 754 63 1 751 9.06 B.24 7.00 9.0411.33 37.52
549 12 4.3 2595 2594 .016 -2485 83C -37-135 €18 978 19 42 977 9.31 8.56 7.0010.03 7,27 29.66
556199 3.4 2801 2800 .094 -2653 51C 20 -91 5(C1 1373 85-131 1364 9.47 8.42 7.0010.00 7.00 26.35
568659 4.6 2684 3528 .07« 4802 144€-137 -87 1427 693 6 69 690 9.31 8.29 7.00 7.85 8.C0 32.06
571385 .5 2887 3786 .03l 4693 1141 87 53 1126 1138 -€8 -73 1134 9.24 8.36 7.00 9.22 8.36 10.02
572355 4.9 2726 2334 .083 1556 766 62 -1 1€3 103C -35-227 1004 9.27 8.26 7.00 9.68 4.75 33.72
580410 4.5 2733 2066 .055 5104 603 -61 115 5€9 1001 11 -5 1001 9.33 8.59 7.50 7.7410.20 32.62
581788 4.5 2742 2741 .153 -731 637 -83 35 €31 1240 -56-130 1232 9.49 8,54 7.00 8.24 6.43 32.11
584656 2.7 2604 4399 .126 17872 1265 -81 71 12€4 906 5S4 17 904 9.45 8.24 6.53 9.33 8.57 20.91
600254 4.2 2650 1809 .0l6 S$624 6l2 59 -19 6C8 835 -10 152 821 9.39 8.55 7.66 9.7410.92 30.16
602520 l.4 2798 2798 .211 -20 1163 21-124 1156 815 36 87 810 9.32 8.58 7.00 9.37 8.45 15.09
605512 4.1 2320 2319 .096 -134 959 -18 241 928 708 -24 -l6 707 9.43 8.257.00 9.0110.97 25.92
608 66 3.7 2426 2425 .248 -4467 818 -3 94 813 898-1C5 -84 888 9.45 8.64 7.42 8.78 9.40 25.63
634312 3.2 2616 2828 .119 395 105C 37 -46 1C48 827 -56-184 805 9.64 8.67 7.00 9,14 _7.C7 23,99
635662 4.2 2066 2066 .118 =2C96 595 -46 ~ 0 5(6 876 =59 192 852 9.41 8.76 7.00 9.3011.34 24.33
649238 S.4 2555 2276 .259 922 1092 -72 -80 107 517 23-101 506 9.16 8.50 7.00 9.23_4,C3 35,03
655504 2.3 2268 3698 .202 15€21 534 18 17 524 1328 €5 185 1312 9.50 8.63 7.00 9.89 9.89 17.29
677434 3.9 253l 2580 .J80 -1420 706 -31 38 1C& 97C -35 -84 962 9.57 8.41 7.00 9.18 8.52 27.22
678230 2.8 2806 2111 .317 S264 671 -29 -32 670 948 14 144 937 9.28 8.70 7,00 8.5610.20 23.14

678282 4.4 2568 1981 .00l 42392 434 -13 103 421 10381 43 53 1078 9.30 8.14 7.00 9.2210.C0 30.04

6€1
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