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ABSTRACT

AN EXPERIMENTAL DETERMINATION OF THE K; CHARGED TO
NEUTRAL BRANCHING RATIO AND J AI| > 1/2 TRANSITIONS

by

Jorge Guillermo Morfin
Chairman: Daniel Sinclair

We have exposed the Michigan~ANL 40-inch heavy liquid

bubble chamber filled with heavy Freon, CF_ Br, to a separated

5
K+ beam at the ZGS complex of Argonne National Laboratory.
Approximately 150,000 pictures were taken at a transport
momentum of 825 MeV/c. An auxiliary exposure of ~ 20,000
pictures using a W+ beam of the same transport momentum was
also obtained fof determination of v+ contamination of the K+
bean.

The resulting K+ sample was scanned for the charge
exchange reaction K+ + n + K°+ p . Through subsequent
edits those K°'s produced by the above reaction and decaying
via the‘short;lived mode, Kg, were categorized as to whether
their decay products were two charged pions (w+ + w_) or two
neutralvpions (m® + 7°). The raw sample of 7500 Kg st
decays was then subjected to four corrections while the raw
sample of 4280 KZ - 7° + 7° decays underwent six corrections.
The corrected charged and neutral samples contained 7736 +99
and 3654 +100 eventé, respectively.

With the resulting K; charged to neutral branching ratio

xii



of 2.117 +0.064 we have investigated the difference in mr

phase shifts lég - 6°| where 52 and §° are the s-wave isotensor
o] o o ]

and isoscalar phase shifts, respectively. Assuming no

_ . . _ +104 o
AL = 5/2 transitions we find &, - & | = (T2 I17)°.

We have
also investigated the relative magnitudes of I = 2 and I = O
states in the composition of the 27 final state and find
Re(A2/A°) = 0,022 $0.014, Using the results of this last
investigation we have examined the relative magnitudes of
AL = 5/2 and AL = 3/2 transitions in the K; + 27 decay. We
find this ratio to be a5/2/a5/2 = -0.391 £0.510 or -2.18 +2.85.
As a check on our experimental method, a careful tabula-
tion of all Kﬁ production was kept. After fiVe corrections
were applied to the raw sample the total KE production was
compared to the total Kg production and an estimate of the
phase of the amplitude for coherent regeneration in Freon,
(-40 +25)°, has been obtained.
In the appendices we examine the phenomenology of Kg + 2T

decays including regeneration and interference phenomena. We

also give a resume of the status regarding mm phase shifts.

xiii



CHAPTER I
PHYSICS OF THE K; BRANCHING RATIO

1. PHYSICAL INTEREST IN THE Kg BRANCHING RATTO

The function of the |AIl = 1/2 selection rule in non-
leptonic weak interactions has been of great interest to
experimentalists within the field since its formal introduc-
tion by Gell-Mann and Pais’ in 1954, On the other hand, the
theorists' response has been justifiably non-commital since
the validity or non-validity of this selection rule would not
alter present weak interaction theory to any great extent as
long as any violation occurred in a prescribed2 manner,

There are many predictions of the AT} = 1/2 rule that
have been repeatedly checked through experimentation. Table I
summarizes predictions of the |aI) = 1/2 rule along with the
current experimental results; phase'space corrections are
included where significant.

The decay of the 3 hyperon has not been included since
the usual test of the |AI| = 1/2 rule for the I family is the
closure of a triangle plotted on the s-wave and p-wave axis.

By defining the amplitudes

+
Z+ =2 o nr
st =5t 5 pr°
ST =3 anr



TABLE I
STATUS OF THE AI = 1/2 RULE

AL = 1/2

. *
Ratio Prediction Experimental Value
Kaons
+  + o
K smm 0.0 (1.47 +.03) x 1077
(e}
T(KS ~+ 2m)
L(Kg - W+W-)
~ 2.0 See Chapter IT
o__0
L(KS »+ m°1°)
K - 31 See Table IT See Table IT
Hyperons
L(A > pr ) 66 L6l +.008
T(A »pr ) + T(A » nr°)
Lz > all) .50 .55 .0k
(g™ =+ all)
T(Q » =°T 5 0 8 events

3 events

*All experimental values in this table are taken from
Reference 7.



the | AI| = 1/2 prediction is
Lt -5 =0

The amplitudes Zi and Z: are fairly well known, and the orien-
tation of Zi and Z: with respect to the s and p axis is also
well known, being determined from the asymmetry parameters

a, B, and V. Howéver, the parameters of the decay st . pr°
have, at present, an inherent uncertainty reflected by the

fact that at has been measured three times with results

~0.80 £0.16°

Q
i

n

= -0.986 +0.07

= -0.88 10.05° .

Also, the sign of y: is still uncertain necessitating two
solutions, both of which are shown in Figure 1. Note that
closure of the triangle is a necessary but not sufficient
conditioh‘for the'assumption of Ai = 1/2 dominance in X
decay6.

The 'AIBI = 1/2 rule is equivalent to the AS = 1 rule

since in the relation

2(Q - 15) =5+ B (1.1)

both baryon number (B) and electric charge (Q) are strictly



S-WAVE

v

Figure 1. Graphical representation of the triangular
relations for the S decay. If AL = 1/2 rule holds, the
triangle should close.



conserved. The simplest way to insure |A15| = 1/2 in rela-
tion (1.1) is to assume |AI| = 1/2. The observation that the
|aT | = 1/2 rule is most likely only an approximate selection
rule has been hypothesized, based on the presence of the decay
mode K% -+ W+W° . As will be demonstrated shortly, this weak
decay requires a |A1| > 1/2 transition. Simplistic arguments
lead to the result that if purely electromagnetic corrections
allowed K' =+ 77r° then the ratio of X' » 7 7° to Kg -+ 2T

would be

+ + o A _
R(F) = LE 27 7m7) 12%5x105
(KRS =+ 2r) (137)
Experimentally we find7
+y 1.7 x 107 -3
R(o) = = 15 ~ 1.4 x 10
1.2 x 10

so that electromagnetic corrections fail by about two orders
of magnitude to explain the abundance of K+ - v+w° . Thus
thevquestion before the experimentalist is not one of the
vaiidity of the | ALl = 1/2 rule but rather by how much is

the |AIl = 1/2 rule violated and what is the composition of
the |AL| > 1/2 component of the weak decay Hamiltonian (i.e.,
is there also a Al = 5/2 as well as a AL = 3/2 component).

There are several ways to experimentally answer these

questions, and among the most direct methods of determination



are the K =+ 2r and KX -+ 37 decays. By comparing the

K » 31 decay rates, the existence of |AI| = 3/2 and |AI| =
5/2 amplitudes of the decay can be separately determined.
However, due to the unreliability of necessary phase space
calculations, there is no confidence in tests of |AI| = 1/2
rule for K -+ 371  decay to much better than 10%. The 3T
decays of the K meson have been recently summarized by Aubert8

and Overseth9 and Table II summarizes these decays. In Over-

seth's notation

) = T'(K - W+W_W°)

')’(+— o ©

where ¢ is the phase space factor due either to Trillinglo

or Devlinll as indicated. The results are divided into those
ratios which indicate AI = 3/2 transitions or AI > 5/2 tran-
sitions. The table shows no clear evidence for any } AL} > 5/2
amplitude but evidence consistent with a |AI} = 3/2 amplitude
is indicated.

The overall 10% uncertainty in any |AIl = 1/2 test from
K + 37 decay can be cut by more than half if one looks at
the K -+ 2r decay. Unfortunately, the only thing that can
be determined directly from K - 27 decay is the existence
of |AI] = 3/2 amplitude and any measurement of the relative
amount of [AILl = 3/2 and |AIl = 5/2 transitions must be based
on knowledge of wmr phase shift. However, it was our opinion

that improved accuracy in the measurement of 7w phase shifts



would soon be available, and for this reason we proposed to

determine the branching ratio

T(KS -+ )
R = (1.2)
T(Kg + 7°r°)

in order to directly determine the |AI| > 3/2 amplitude, and
ultimately the ratio of |AIl = 3/2 to |AIl = 5/2 amplitudes
of the weak interaction transition matrix which governs the

K; + 21 decay.

TABLE IT

ATl = 1/2 RULE FOR K - 37 DECAY

Experimentai Value

@

Ratio Prediction Prrilling Devlin
Y(o0o) 1.0 if no AL > 5/2 0.935 +0.06  1.00 20.06
3/2 y(+-o) transitions
= : |
1.0 if no AT » 5/2 1.03 £0.03 1.00 +0.03
by (+o0) transitions
t-o 1.0 if no AT = %/2 0.875 +0.044 0.80 +0.0Lk
2y (+00) transitions
y(ooo) 1.0 if no Al = 3/2 0.79 0.04 0.79 0.0k

y(++-) - y(+00) transitions




2. ISOSPIN ANALYSIS OF K =+ 27 DECAYS

The concept of isotopic spin was first introduced12 in
low-energy nuclear physics to describe, phenomenologically,
the similarity in nuclear force between any two nucleons.
Thus the concept of charge was superfluous when discussing
nuclear type forces, though electromagnetic corrections keep
this statement from being totally valid. If we now go to
isospin space (sometimes called SU(2) space) the 7 meson mul-
tiplet with its three charge states 1s represented by a single

isovector (I = 1) with three projections on the 15 axls.

These states are (|I, I5>), as follows:

|1, +1> =7 (1.3a)
|1, 0> = T7° (1.3b)
11, -1> =7 (1.3c)

A similar analysis of the kaon family shows that the four
members are divided into two doublets with isospin 1/2. The

first doublet is

11/2, 1/2> = KT (1.ka)

Il

|1/2, -1/2> = K° (1.4p)

while the second doublet is

g

l1/2, 1/2> (L.5a)

Il

l1/2, -1/2>

I
=~

(1.5Db)



In this experiment we are primarily interested in the
2r final states of the K; decay, namely lw+w_> and |r°mr°>.

7

Using Clebsch-Gordon coefficients’ we can construct these

isospin amplitudes to be
I, I;> = |0, 0> = 7% [lw+w-> + I#_w+> - |rer°>] (1.6)

11, 0> = 7%- Ortr s - |rr>] (1.7)

Il

l2, 0> 1 [2|r°r°®> + | rtr > + W—W+>]. 1.8
Vo

Note that I, is always O since our final state has net charge

P,
0, and that the [0,0> and |2,0> state vectors are symmetric
while the |1,0> state vector is antisymmetric under the inter-
change of the isotopic spin coordinates of the two 7 mesons.
Since the initial kaon state is that of a spinless boson,
conservation of angular momentum restricts the final 27 spa-
tial state to be of an s-wave nature and thus symmetric.
Bose-Einstein statistics, which demand symmetry for the total
2r final state wave function, thus restricts the isospin wave
function to be also symmetric. Thus the allowed final 27 iso-
spin states are |0,0> and |2,0> while the initial isospin
state is isospin 1/2. The |AI| = 1/2 selection rule says
simply that the change in isospin between initial and final
states in a weak decay is 1/2. 'If the weak interaction Hamil-

tonian governing this decay adheres strictly to this selection
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rule then only the |0,0> final state is allowed and the branch-

ing ratio is

4+ -
T(KS »m 7 )
R = 8 2L _ 5.0

(kg »7m°r°) 1/3

(1.9)

Of course this result will be modified by a phase space factor
due to the very slight mass difference between the charged
and neutral modes of the final state pions. This turns out

to be given ble

1
m® - Lm®
K° 'TT+
5 ~ 0.988 (1.10)

so that we may safely disregard this for now. A more dramatic
effect will be observed if there is a part of the weak inter-
action Hamiltonian that allows |[AI| = 3/2 or even [AIl = 5/2
transitions. (In this case the final state will be a mixture

of {0,0> and |2,0> isospin amplitudes such that

lar> = A 10,00 + A 12,00 . (1.11)

The relative amount of |0,0> and [2,0> amplitudes can be

calculated with the aid of K+ + 27 1isosplin analysis. In

the decay K+ - w+w° the third component of isospin in the
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final state will be 1, i.e., a final state of charge +1, so
that the only allowed values of I are I = 2 and I = 1. Using

Clebsch~Gordon Coefficients we can construct these states as

12,1 = 7% [lﬂﬁﬁﬁ>b+ lrort> (1L.12)
and
1,15 = —% [r'r?> - Iror') (1.13)

where |2,1> is symmetric and 1,1 antisymmetric under the
interchange of pairs of pions. Using arguments similar to
those employed for the Ké -+ 21 decay, we find that the boson
nature of the final state again demands symmetry of the total
wave function and thus symmetry of the isospin wave function.
Thus the allowed final 27 state has isospin 2 while the ini-
tial XK' state has isospin 1/2, so that in no way oah a Al =
1/2 amplitude contribute to this decay. Since this decay is
governed solely by AT > 3/2, if charge independence of nuclear
forces is valid and ignoring any possible second order weak
interaction effects (AS = 2 transition in K°-K° complex) there
is most likely a similar violestion of the |AI) = 1/2 rule in
K; -+ 27 decay.

We may now, simply with the use of Clebsch-Gordon coef-

ficients, derive the useful relation* first specified by

*This relation is rigorously derived in Appendix C starting
with the modified Weisckopf-Wigner treatment of the time-
dependent amplitudes K and K.
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Abbud, Lee, and Yanglu
Ay
R - 2 = 642 Re(g=) cos (&, - ao) + (8gp) (1.14)
]
which starts with the 27 state constructed as
lom> = A 10,00 + A, I2,O>ei(62'5o) (1.15)

where

AI = <(2W)ItHWle(> :

2m '> is the stationary 27 eigenstate
I
spin I, while the 61 are the respective

3 3 *
The branching ratio R becomes

of H

with total iso-

st

s-wave phase shifts.

2 ,2,1,2 4
L3 AT + 3 A5+ 718 Re A, A cos (65 - 8 )
1,2 2,2 4
3 A+ 3 Ay - wAL:S Re A, A cos (6, - 60)
Dividing through by A~ we find
[¢]
A2 A
2, 1172 4 2
3+3i] tom Re(K:) cos (6, - 6 _)
R = °
A.|2 A
1,2 (72 b 2
-5'+ '3* 'K: - 7-'8'1 Re(K: COoS (62 - 60)
“We ignore the Im(A,/A,) since we show (page 15, expression
1.19) that it is of t8e order of 10 to the minus four while

the real part is two orders of magnitude larger.
is 5, O or nr.

relative phase between A2 and A

0

Thus the
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Ignoring second order terms

) cos (8, - 6 )

o

) cos (8, - 6 )

o

A

2 [i + 7% Re(K%) cos (8, - GO)J

I

Again ignoring second order terms

Ao
R - 2 = 6J2 Re(g=) cos (6, - 6 )

(o]
To determine the value of Re(A,/A ) we need only realize
} o
the relation between the standing wave amplitudes AI and the
|AI] = 1/2, 3/2, and 5/2 transition amplitudes 0 sps %3 /0

and a5/2, respectively. Assuming a3/2 P a5/2 we find

A = (1.16)
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and

s 1 1 %O &
B2 =2 %300 T B 357 (1-37)

for the K° decay. For the K 4 7o decay we define

+ 0 +
AL = (T )2|Hwk|K >

and in tferms of a3/2 we find

x 0
at =L

1
2" 2 %3727 3 552 (1.18)

]

From the decay rate of K+ -+ W+W we can determine

+
'K— = .052-’-4

(o]

and from expressions above we see

fo =

+-
2

N

*Neither the general Cabibbo theory nor any current-current
form of the weak interaction based on octet x octet interac-
tions can accommodate a AL = 5/2 term. The usual current-
current theory describes the K2 + 2r decays with products
of currents of the form JM S; where Ju is the AS = O current
with AT = 1 and Su is the AS = 1 Current with AT = 1/2.
Thus the product Contains AI = 1/2 and AL = 3/2 but no

AT = 5/2 component.
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so that

~2
K

o

- /g (L054L) = .ol

Since we are interested in the Re(A,/A ) we can subtract

|In(a,/A )| by noting that'?
o

£ (Ing_t ¢ In__1) (1.19)

Ay
lIm(K—)
where |ﬂ+J and [nool are the CP violating parameters

(o]
A(K?

In | = F -

(o) are » nlodp(e))

(1.20)

Thus the imaginary part of A, reflects the CP violation within

2
the K°-K° system and is consequently on the order of 1077,

Hence we may assume

Ay
Re (A—) RE e 045

so that again, without prior knowledge of the wmr s-wave phase
shift, the limits on the branching ratio are given by expres-

sion (1.14) to be
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1.64 <R < 2.36 "

We now consider the possibility of Al = 5/2 transitions
taking place so that in expressions (1.17) and (1.18) the
a5/2 terms are not zero. There are two possibilities. If we
assume that a5/2 and a5/2 areacomplex then we can merely set
an upper limit on the ratio Eéfg‘ . If, on the other hand,

3/2
we assume that a5/2 agd az /o 8re both real then a quadratic
equation exists for (—élg) and there are thus two solutions.

a
3/2
In the first case, a5/2 and a3/2 complex, we find

+
A
2
+ I N 5
vl = 22| = Ll 0.462 cos (8, - 3,)|_ B ase - /5 0y
fol - ]h2 R-e 03/2 F 955]
AO
(1.21)

Upon examining the relation between |y| and the relative phase

between a5 /o and a5/2_we arrive at the inequality

J_@_/E E‘_i/_’c‘_l | J§+/§ “5/2,
i ’ ‘133/2 ' | < 2 > _0.3/2 (1 22)
o N < O . .
1 + __.5_.@’ 1 - 5/2|
93 /2 az /o
“Current experimental values of (4, - & ) definitely indicate

a first quadrant result so that we may ‘possibly restrict the
value of R to be 2.0 < R < 2.36. See Appendix D.
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With this we can set an upper limit of

HRES

|7| - /3
On the other hand, assuming a5/2 and q3/2 are real, we find
v/"(“5/2
%3/2
a
1+ <a5/2>
3/2

The resulting solutions are

a5/2' (1.23)

193/2

(1.24)

&
"5/2 % - "5/ . % (1.25)

oyt V-

5. ELECTROMAGNETIC CORRECTIONS TO THE Kg BRANCHING RATIO

In expression (1.14) the last term within parentheses

(Aem) corresponds to the sum of corrections due to electro-
16

magnetic effects. Wu and Yang noted that these corrections

lead to small changes in the ratio R. The explicit form of

the electromagnetic correction contains five termsl7
s |3 . A w_ ra(l + V°)
Aem =2 Fln o + aJZn o 0.015 + ST + oC
T T
(1.26)

*
These corrections include the previously mentioned phase
space consilderations.
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The first term contains renormalization effects at the Kmr ver-
tex and pion wave function renormalization and is logarithmi-

cally divergent at A the cutoff momentum. The second term des-
cribes soft photon emission'd in x¥ o T (i.e., KW a7 T y)

with y energy less than w. The constant a is defined as

2
_2al 1 +V 1+ V)
a = Sy () -1 (1.27)

where V is the velocity of the v+ in the K rest system. The
third term is due to phase space differences and was calcu-
lated earlier. The fourth term is a correction factor from
the Coulomb interaction. The fifth and last term is a result
of strong-interaction corrections to the electromagnetic cor-
rection. In addition some of the finite contributions of the
first two terms are contained in C.

There have been only four attempts at evaluating the term
Do * The first was only a partial estimation by Lee and Wulg.
In 1967 Abbud, Lee, and Ya.ng,:wr attempted a complete evaluation
of A, and arrived at the estimate A, = -.04 +.04. However,
they neglected to include the fourth term in equation (1.23),

L7

and Belavin and Narodetsky recalculated Aem including this

important Coulomb term. Their result was A = .006 with no
assigned error. Finally in early 1969 Nachtman and de Rafaelgo
recalculatedvAem with a revised estimate of the last term.
Their result, the result we will use in this paper, is Doy =
-.006. As can be seen the correction is small and is more than
absorbed by the current experimental errors in both R and

6y - 60, so that we feel justified in ignoring it in our rough

quantitative calculations.



CHAPTER IT
EXPERIMENTAL METHOD

1. PREVIOUS EXPERIMENTAL VALUES OF R = (K] - w*w')/r(Kg + T°m°)
Although the existence of the charged mode of the Kg was
experimentally confirmed.21 as early as 1947, it was not until
ten years later* that the state of the art, plus enhanced
theoretical understanding of the phenomena, enabled the exper-
imentalists to attempt an accurate measurement of R. Since
the experiment of Eisler22 in 1957 there have been essentially
only nine experimental determinations of R including the pre-
sent experiment under discussion. These experiments can logi-
cally be grouped into two temporal categories which we will
call the "old" and the "recent" experiments. The first seven
of the nine experiments make up the "old" group. All seven
were performed between 1957 and 1963 and most quoted errors
on R of 10% or greater. Between 1964 and 1968 no experiments
were carried ouﬁ, and the recent category did not begin until
the experiment of Gobbi et al.gj in 1969. The experiment
which we present here is the only other recent attempt at
determining R. The last two "recent" experiments reflect

the improved experimental techniques in assigning errors of

2-%% on R.

There were several early experiments on V° particles between
1947 and 1957. However, they observed only the charged
mode, and this plus extremely limited statistics made their
results only approximate at best,

19
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1.1 Eisler et al.

The experiment of Eisler et al. used a propane bubble
chamber and was the first to observe the neutral decay Kg -
T°T°® by observing the subsequent conversion (y -+ e+e') of

one or more of the resulting four y's (7° -+ y¥). The K°'s

were produced in the assoclated reaction
T + p =+ A° + K° (2.1)

which was the predominant method of K° production for the old
category of experiments.* The resulting statistics of 168
charged decays and only six observed neutral decays emphasized
the very poor gamma detection efficiency in these early cham-
bers. Based solely on the charged sample Eisler et al. found
R to be 5.25 £3.37, while based on both the charged and neu-
tral decays R was found to be 6.0 +2.68. The results were
self-consistent, but somewhat inconsistent with any AI = 1/2

prediction of 2.0 for R.

1.2 Crawford et al.
The experiment of Crawford et al.24 used reaction (2.1)
in a hydrogen bubble chamber to compile a total of 1091

recorded events. In 227 events both the A and K° decayed

*A more detailed analysis of the general method used in these
assoclative production experiments is given in the descrip-
tion of the Chretien et al. experiment (Section 1.7 of this
chapter), the last of the "old" experiments.
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within the fiducial volume via their charged modes, for 594
events only the A decayed via its charged mode, and for the
remaining 270 events only the K° decayed via its charged mode.
After correcting for fiducial volume characteristics and scan-
ning efficiency (30% double scan), the LRL group arrived at

a value for R, based‘solely on the charged mode, of 2.11 i.29*
In addition, this experiment detected three events which were
consistent with Kg + 7°7° . Corrections for the extremely
poor conversion efficiency of hydrogen led to a value of R,
based only on neutral decays, of 2.7 +1.1. We quote this

value of R for completeness only since we feel the assigned

error is underestimated.

1.3 Baglin et al.

The experiment of Baglin et al.25 used a mixture of pro-
pane and methyliodide with radiation length of about 10 cm in
a small (3.4 x 2.4 x 2.0 radiation lengths) chamber to detect
the K° decays. Contrary to previous experiments, Baglin
looked primarily for the neutral K° decays. Again using
reaction (2.1), only those events in which the associated A
decayed via its charged mode and two of the four y's converted

within the fiducial volume were used. To the raw sample of

16 events, four major corrections were made. The first

*In most experiments the K§ charged to neutral ratio is quoted
as T(KS » 7m)/T(KS - allz . For such cases we re-expressed
the result in the form T(Kg + mhr=)/T(KS + m°1r°)
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compensated for randomly scattered tracks simulating charged
A decays. The second correction considered the possibility

of alternate origins for the observed gammas. Thirdly, those
charged A decays with a short line of flight of a slow secon-
dary were accounted for. The last correction used Monte Carlo
techniques to determine the y-ray detection efficiency. The
resulting value of R was 2.85 #.66, within 1.5 S.D. of being

consistent with the AI = 1/2 rule.

1.4 Brown et al. (1961)

J. L. Brown et al.26 were the first experimentors to try
and obtain a value of R using accurate counts of both the
charged and neutral decays. The Michigan 21-1liter bubble
chamber was filled with a mixture of 99.5% Xenon and .5%
ethylene With a resultant radiation length of 3.9 cm. Thus
the cylindrical chamber was approximately 7.7 radiation lengths
in diameter and 6.4 radiation lengths deep so that the average
¥y detection efficiency was ~ 70%. The source of K°'s again
was a 7 beam and the associated production m p -+ A°K®
As was customary in these associated production experiments,
only those K decays accompanied by an easily scanned A° -+
7 p were counted. The charged K decays were easily scanned,
and the neutral decays were defined as the intersection of
2, 3, or 4 y-ray pairs in association with the charged decay
mode of the A. The neutral decays of the K° were subjected
to additional checks in the form of

1. Comparison of decay length distributions. Average
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decay length, L, of the two modes should be the same;
however, it was found that T(K, - W+W_) = 1.7 +.22
while 'I',(KS + 7°7°%) = 2.25 £.34 , a difference of
two to three standard deviations.

2. Subtractions of stray-y events. A check on the num-

ber of events incorrectly identified as neutral
events, because of the intersection of background
v-ray pairs, is obtained by counting the number of
times this happens in association with an event where
both the A° and K° are observed to decay via their

charged modes. In 120

T +p -+ A° + K°
L——a'w—w+

s 4 P

only one event had such a spurious vy palr associa-
tion.
The resulting uncorrected statistics were 120 Kg -+ w+w—
decays which, when corrected for decays outside of the fidu-
cial volume or too close to the origin, became a sample of
130.2 charged events. The K, - m°7°® raw sample contained
49 events, and after similar corrections the final neutral

sample was 56.5. The resulting branching ratio was R =

2.33 £0.27.
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1.5 Anderson et al.

During the 1962 CERN Conference on High Energy Physics
a value of R attributed to Anderson et al.27 was entered into
the record with the only accompanying description being that
it was carried out in the 72-inch hydrogen bubble chamber and
only the charged mbde was counted. Since there was never any
follow-up publication, we give the Anderson et al. value of

R = 2.85 #.35 only for the sake of completeness.

1.6 Brown et al. (1963)

A Michigan-ILRL collaboration28, consisting of nearly the
same physicists as the earlier Brown et al. experiment, rede-
termined the branching ratio in 1962. The xenon chamber was
again used to get maximum gamma conversion, but for the first
time the K° production mechanism was the more efficient charge
exchange reaction K+ + n +» K° + p rather than the associa-
ted production reaction. A separated K" beam of .8 GeV/c was
used and charge exchanged approximately 5% of the time. If
there is negligible v+ contamination in the beam a reliable
signature of K° production is the charge exchange reaction
itself which, in turn, is reliably identified by requiring
all prongs from the interaction to stop in the chamber with-
out decaying. Double scanning of the film resulted in
~ 12,000 charge exchanges of which 7,000 were within the
fiducial volume. Hence around 3500 K;'s were in the initial
sample, which is about a twenty-fold increase in statistics

over the earlier Michigan experiment.
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The charged sample underwent four major corrections which
accounted for scanning efficiency, kinematic failures (mis-
labeling V°'s), extremely short pion secondaries and negli-
gible line of flight. The final sample contained 2477 events.
The neutral sample was corrected for scanning efficiency, ¥
conversion efficiency, and beam contamination and ultimately
contained 1250 events. The resulting branching ratio stands
alone in being the only result lower than the Al = 1/2 pre-

diction of 2.0. It was found that R = 1.98 +.12.

1.7 Chretien et al.

The last of the experiments which fall into the "old"
category was a four-institution collaboration henceforth
referred to as Chretien et al.29 This collaboration followed
the methods previously established by branching ratio experi-
ments prior to the Michigan-LRL experiment, described in the
last section, in that they used a 1.144 GeV/c 7  beam to pro-
duce K°'s via the reaction 7 + p - A° + K° . The chamber
used was the bl.b-liter cylindrical chamber at the Cosmotron
filled with a mixture of methyl iodide, propane, and ethane
which resulted in a radiation length of 8.4 cm and an 82%
probability of converting two of the four y rays. Since the
purpose of thils experiment, as well as the other associlative
reaction experiments,‘was not only to measure the branching

ratio of the K° but also the branching ratio RA of the A°
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_ (a° +p+ 7T )
RA =
T(A° »n+ 7°%)

there were three types of events recorded.

1. The AgKg sample,
- o (o]
T +p—oAC+Kc
and
A° 4 p + T K a7t 41
c ? c
2. The AgKﬁ sample
- O1r- O
T + p -+ AcKn
with Ag as above and
Ky »mo+7° iy

with at least two of the ¥'s converting.

5. The KCAn sample
- ) o
™ +p K+ An
with Ké as above and

A° 4 7° 4+ n
n m
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with the two y's converting.

The K° branching ratio was determined using the AcKc and
ACKn samples. The basis of the scanning was the search for
all two prong V configurations associated with a m interac-
tion and then a subsequent search for possible associated Y-
rays. All charged V decays were then measured twice while
neutral decays were measured as to projected line of flight
of the converted gammas. A consistency check on the K° sample
was provided by a Bartlett S function determination of the

10 compared to7

mean Kg lifetime 7 .= (0.87 +0.05) x 10~
(.862 +.006) x 10‘1%8. Any possible bias toward the neutral
(AK,) or charged (AK_ ) modes was determined by demanding
similar properties of the charged A decay in both cases. The
initial raw sample of charged events was 508 events while the
initial neutral event count stood at 198.
Five corrections were made to the raw charged sample:
1. A 16.4% correction was made to compensate for those
Kg decays which occurred between O and .3 cm from
the 7  interaction.
2. A 3.8% correction for Ké decays.with secondaries of
.5 ecm or less and/or Kg decays with opening angles
less than 15° or greater than 160°.
3. A 1.7% correction for Ké's having momentum less than
100 MeV/c. This correction is closely correlated
to corrections 1 and 2 above and contains only the

events not already corrected for in 1 and 2 above.

4, This correction compensates for those Ké’s which
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interact in flight before decaying and therefore
fail, kinematically, the requirement for Kc decays.
The correction amounted to .7%.

5. This was an overall correction for background simu-
lation of a K] event (fake V's) and possible errors
in the analysis procedure and was estimated as 0 +1%.

The final corrected number of charged decays was 628 +35.9.

The neutral sample underwent six correctiohs before

arriving at the final quoted number.

1. Monte Carlo techniques were used to correct for the
conversion efficiency of two or more y's from the Kn
decay. A 22.1% correction resulted.

2. A 6.1% correction was made to compensate for associ-
ated Y convergions accidentally pointing to alternate
origins.

5. This is the complementary correction to 2 above and
accounts for background ¥'s accidentally simulating
L. decays. This negative (subtractive) correction
amounted to 2%.

4, This 1.6% correction was made to compensate for the
difference in scanning efficiency for those events
labeled as K, decays and those labeled K., decays.

As might be expected, the charged decays were "easier"
to find.

5. A .9% negative correction was made to account for
charge exchange events (m + p »+ n + 7°) in which

the resulting neutron star simulated a V and both
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v's converted.

6. As in the charged sample, this last overall correc-
tion was for analysis uncertainties but, in addition,
this correction'compensated for charged V's which
satisfied both the Ac and KC events and thus amounted
to .8%.

The final corrected neutral sample thus contained 255 +21.2

events, which resulted in a final value of R = 2.47 .25,

1.8 Summary of Older Generation Experiments

With the exception of the Michigan-ILRIL collaboration,
all of the old genération experiments used 7 p production
techniques to obtain their sample of Kg's and were thus char-
acterized by low statistics. In addition, these early exper-
iments were most likely hindered by a general lack of refine-
ment in the measuring and subsequent analysis of both the
charged and neutral modes. This is especially important when
one realizes that to guarantee a reasonable gamma conversion
efficilency high-7 elements have to be used. These very same
high-7Z elements increase multiple scattering effects, thus
making tracks which would be easily measured smooth curves
in hydrogen or deuterium, a nightmare collection of partially
connected kinks. Thus even the charged decays of the K;,
confirmed through measurement under these conditions, must be
analyzed carefully, not to mention the much less massive (and

+

thus more scattered) e e’ conversion pairs. Even today with

the much more sophisticated geometrical reconstruction
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programs, relatively large uncertainties must be attached to
tracks measured in heavy liquid chambers. The alternative to
this measurement uncertainty is to use a hydrogen (or other
low-Z) chamber and not count the neutral decays at all. This
has a decided disadvantage in that a major quantity, the num-
ber of neutral décays, necegsary for the branching ratio being
determined is not seen but rather inferred by two other num-
bers and a constraint relaﬁion. Thus any error in the treat-
ment of these two other charged samples is compounded when
the number of neutral decays is inferred from these erroneous
quantities. It is a well known observation of these branch-
ing ratioc experiments that, due to less statistics and the
necessity of greater corrections, the major portion of the
final error attfibuted to the branching ratio comes from the
neutral sample when it is directly measured. Thus the final
error of those experiments which infer, rather than determine,
the number of K° + 27° decays might possibly be underesti-
mated.

As can be seen from Figure 2 all of the results, with
the exception of the preliminary Anderson et al. value and
the 6% determination of Brown et al. (1963), are consistent
within errors. It can also be noted that, within errors, the
value of the branching ratio as determined by these old gen-
eration experiments ranges from 1.83 to 3.5 with a world
average7 of 2.165 #0.08. Thus more refined experiments, in
terms of beam, chamber, and analysis, were clearly needed.

After a lapse of about five years, during which many of the
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necessary refinements were realized, the experiment of Gobbi
et al. began the second generation of experiments to deter-

mine R.

1.9 Gobbi et al.

The first experiment of the new generation of determin-
ations was unique in that it was a spark chamber experiment.
They uséd a 2 BeV/c unseparated K+ beam coming down a beam
line containing a counter telescope and differential Cerenkov
counter set to reject w+, p, and u+. As in the Brown et al.
eXperiment of 1963, the charge exchange reaction, K& + n -+
K° + p , is used in this experiment. Detection equipment
consisted of a 2U-gap, aluminum-foil spark chamber for the
charged decays and a U-radiation length, U49-gap, steel spark
chamber for the detection of the neutral decays. 1In addition
to the above, a third spark chamber was used to register the
K& point of entry into the target so that kinematical analysis
of the charged decays could be performed. Due to the veto
counters surrounding the target, front edge of the fiducial
volumes for the charged and neutral modes were defined elec-
tonically and t?e effective front edge of the neutral fiducial
volume is displaéed upstream; The back edge of the fiducial
volume is the last pléte in the steel chamber while the sides
are unbounded (detection efficiency quoted as constant and
near 100% up to ~ 45°).

All pictures were double scanned and the raw sample of

charged and neutral decays was 6608 and 3016 events,
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respectively, leading to an uncorrected branching ratio of

2.191 +.048. Seven corrections were made on this raw branch-

ing ratio (quoted as a percentage).

1. +3.8 +.1 to compensate for neutral decays in the
downstream veto counter that did not convert and
thus were éccepted, while charged decays in this
veto counter were rejected.

2. +1.0 £0.5 to account for background to two ¥ events
such as K&n + pr°kK°® and the charge exchange of
beam contamination pilons.

5. =0.5 for those events in which only one or no y's

converted and thus were not counted.
+0.3 for neutral decays which escape the target.

-0.1 for y's with momentum back towards the target.

[OATENNL O ) B oy

+0.1 for backgoing 7 interactions.

7. =0.3 for possible admixture of 3-body decays.
The net result of these corrections was to raise the branch-
ing ratio to 2.285 £.055. Thus the first of the recent exper-
iments showed a violation of the Al = 1/2 rule of five stan-

dard deviations.

2. GENERAL METHOD OF THE PRESENT EXPERIMENT

As in the experiment of Brown et al. (1963) and Gobbil
et al. (1969), the K°'s in this experiment were produced via
the charge exchange reaction K+ + n -+ K°+ p . Unlike the
Gobbi et al. experimeht,vthis experiment used a heavy liquid

bubble chamber to observe the decays.
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The basis of our method was to use the charge exchange
of a K (K& +n 4+ K° + p) as a signature for the creation of
a K°. The vicinity of a charge exchange (Type I event) could
then be examined for evidence of a charged decay of the K°
(a V whose arms were consistent with W+W-) or a neutral decay
(one or more electron pairs). The topological definition of
a charge exchange was a beam track interaction whose visible
products, if any, were protons, i.e., heavily ionizing posi-
tive tracks which stopped in the chamber without evidence of
a subsequent decay.

There are two difficulties with the method as described
so far. The first is that a w+ contamination in the beam
produces 7°'s by charge exchange and such events are not
easily distinguished from K& charge exchanges followed by a
neutral decay of the K°. A second difficulty is that many of
the K°'s decay so close to the charge exchange point that the
separation between that point and the vertex of the V cannot
be resolved by the scanner.

In order to overcome these difficulties we asked the
scanners to look for any beam interactions which produced a
negative track (a Type II eVent). By subsequent examination
of the Type II events we Were able to ciassify them as fol-
lows:

1. The negative track was a 7 and was accompanied by

a 7. Other tracks (if any) from the interaction
vertex were protons. Since none of the events of

this type were accompanied by V's we then deduced
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that either they arose from a W+ contamination in
the beam or they were charged decays of K°'s very
close to the charge exchange vertex.

2. The negative track was a 7 and all other tracks
(if any) from the vertex were protons. Since none
of the events of this type were accompanied by V's
we then deduced that they were due to the interaction
of a w+ contamination in the bean.

3. The negative track was a 7 and was accompanied by
two w+ tracks and no other tracks. Such events were
easily recognizéd as T+ decays in flight.

4, The negative track was an electron either from a
Dalitz pair or from the conversion of a y-ray close
to the interaction vertex.

We used the "7~ only" events described in (2) above as

a measure of the W+ contamination in the K+ beam. The scan-
ners scanned 9400 W+Apictures taken at precisely the same
momentum as the K+ pictures. The scan rules for the W+ film
were the same as those for the K| film.

The sample was then subjected to four separate edits to
further classify the events, a re-edit to check our editing
accuracy, and a partial measurement of the charged decays to
both confirm our classification of the Kg - W+W— events and
to give realistic input to our Monte Carlo program. The raw
sample of charged decays was then corrected for such things
as editing errors, and w+ contamination of the beam, while

the raw sample of neutral decays was corrected for stray ¥'s,
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editing errors, unobserved ¥'s, and W+ contamination of the
beam. These corrections were based on both previous observa-
tions and Monte Carlo predictions. Our initial statistics
and relatively small corrections enabled us to keep the error

of the final branching ratio down to ~ 3%.



CHAPTER ITI
THE EXPERIMENT AND REDUCTION OF THE DATA

1. THE BEAM AND THE CHAMBER

The beam used for this experiment was the low momentum,
two-stage separated 28° beam at the ZGS installation of
Argonne Nafional Laboratory. The beam elements included
seven quadrupoles, threé bending magnets, and two electro-
static separators; in addition there were two preset mass
slits and one set (horizontal and vertical) of remotely con-
trolled collimators. The beam was designed to operate in two
modes by reversing the polarities of the first doublet (Ql
and Qg). In Mode A the ratio of separation-to-image size 1is
maximized at the first mass slit while in Mode B this ratio
is ~ 2.5 times less favorable but the solid angle of the beam
is increased by a 50%. For this experiment beam contamination
(primarily W+, p, and M+) was crucial so that Mode A, as in
Figure 3, was employed.

Essentially*, the first two quadrupoles make the beam
parallel in the vertical plane while focusing the beam hori-
zontally at the first mass slit. The first bending magnet
deflects the beam by 15° while providing momentum dispersion.
The first spectrometer provides mass separation by deflection

in the vertical plane. Following this spectrometer a

*

For full details of the beam see M. Derrick and G. Keyes,
Low Momentum Separated Beam, unpublished but obtainable
from Argonne National Laboratory, Argonne, Illinois.,

38
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quadrupole is situated with a field gradient to give both
horizontal and vertical focus at the first mass slit. Diver-
ging particles at this point are made parallel in the vertical
plane by the 40° second bending magnet. The second stage
introduces another separator, and a final doublet of quadru-
poles to provide focus on the last mass slit.

For monitoring the beam four cascade counters--though
only three were used for this experiment--and one differen-
tial Cerenkov were available. The mass limit on the Cerenkov
counter was set so that any particle of mass m <m,, would
not trigger the counter. Thus a coincidence circuit of TI1,
T2, T3, and C would essentially count only K+ and p, while a
circuit containing T1l, T2, T3 in coincidence with the Cerenkov
in anti-coincidence (C) would essentially count only W+ and
u+. Naturally, a circult which excluded the Cerenkov entirely
would count all charged particles. An inhibit circult was
employed using Tl, T2, T3, and C such that when the number of
v+ + u+ was greater than two no picture was taken.

The K beam was transported at 825 MeV/c. After tra-
versing the mohitoring'equipment and the beam window, the K+
momentum was down to approximately 790 MeV/c upon entering
the liquid, and was further reduced to ~ 700 MeV/c in travel-
ing ~ 2% cm to enter the fiducial volume. This momentum was
chosen since it was high enough to overcome decay loss along
the beam line, and low enough not to introduce 7° production

from the interaction X' + n =+ K° + 7° + p as shown in

Figure 4,
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The 40-inch heavy liquid Michigan-Argonne bubble chamber,
filled with heavy freon (CFEBr), served as both target and
detector for the highly separated K" beam described above.
Heavy freon, radiation length ~ 11 cm, was chosen since we
wished the 7 conversion efficiency to be as high as possible
in order to detect the neutral decay of Kg 4 2m° 4 by . It
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was determined”” that the conversion efficiency (y - efe”
or ¥ -+ Compton e~ ) of photons in the 40-inch HLBC filled
with heavy freon is .862 +.015. Using Monte Carlo techniques
we also determined that 98.5% of the neutral decays have at
least one gamma conveft within a sphere of radius 20 cm cen-
tered on the charge exchange point. It was this observation
which we incorporated into our edit rules.

A total of 150,000 frames, each with four stereo views,
were taken in this chamber using the K+ beam. In addition,

20,000 frames were taken of 7" beam interactions for deter-

mination of'w+ contamination of the beam.

2. SCANNING

An initial beam survey was carried out to restrict the
definition of a "good" beam track. The position of entry,
rate-of-change of angle and dip were measured from a sample
of K& beams and W+ beams. It was found to be impossible to
confidently eliminate any w+ contamination using the results,
but all off-momenta beams could be eliminated by constructing
a two—piece‘template. The template consisted of a base whose

upper portion was an arc of 58.4 cm radius of curvature, a
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second piece whose bottom edge was an arc of 58.4 cm slid
along the base and was used to define the entrance angle of
a good beam within #6°.

Since the purpose of this experiment was to determine a

branching ratio, scanning rules were of utmost importance.

For this éxperiment, the possibility of missing an event,
though unfortunate, was not disastrous as long as no bias
towards the charged or neutral decays was involved. The
scanning rules were designed with this in mind and because
of their importance they have been reproduced, as used, in
Appendix A of this paper.

The most important requirement of our scan rules is the
necessity of along-the-track scanning. If the scanner will
consistently follow the beam track from the point it enters
the fiducial volume to the point where it either interacts
or leaves the fiducial volume fhere will be no bias toward
one decay mode or the other. This method of scanning was
demanded from the}scanners and most effectively followed by
them.

In summary, the two main types of events scanned for were
characterized as follows. (See Appendix A, Figures 19-21.)

Type I

1. Any zero prong event if the beam track 1s not heavily

ionized within 2 cm (low magnification) of its end.

2. Any 1, 2, 3..... n prong interaction whose outgoing

tracks satisfy all of the following.

a. All outgoing tracks must stop in the chamber
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and the last 2 cm (high magnification) must be
heavily ionized.

b. No negatively charged prongs.

c. The outgoing prongs must not interact or decay,
i.e.; no abrupt change in ionization.

d. A prong may scatter through any angle as long as
it satisfies (c) above and does not produce one
or more prongs at the point of scatter.

Type II

1. The interaction has an outgoing negatively charged

prong longer than 4 em (high magnification).

2. The beam track is minimum ionizing in the last 2 cm

(low magnification) before interaction.

All the film was double scanned for Type I and Type II
events. The scanners were instructed to scan along the tracks
from the point where they entered the fiducial volume to the
point where they left it, typically a distance of ~ 55 cms.
Only those tracks which entered the fiducial volume within
+6° of the average beam direction were scanned. Since the
huge fringing field of the chamber magnet bends the beam
through ~ 80° before entering the fiducial volume, this rule
ensured that only '"on momentum" tracks were scanned. All
disagreements from the double scan were checked and resolved
by a third party, either an experienced scanner or a physicist.

At the conclusion of both scans and the disagreement
check there were 29,44l recorded events. Of these 27,030

were Type I events and 2,414 were Type II events. This then
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was the raw sample which had to be further classified.

The question of scanning efficiency for this experiment
was important only to the extent that we would want the
detection efficiency of charged decays to equal the detection
efficiency of the neutral decays. Of the three predominant
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models used in calculating scanning efficiencies, random-
miss, correlated-miss, and two-scanner model, the random-miss
model was employed for this experiment. This model is based
on the hypothesis that all events are of equal difficulty for
the scanner to detect and is the model most often used in
bubble chamber work. Methematically, the random-miss model
treats all events missed by scanners as statistically indepen-
dent events.

When double scanning film, as we did in this experiment,
the scanning efficiency for each roll is greatly improved.
If we let N, be the number of events seen by a single scanner,

S

NB the number seen by both scanners, then NSB = NS + NB is

the number seen by either or both scanners. If the total
number of events that could have been found, i.e., they passed
the scan rules, is NT then we can relate the above quantities
to a single scan efficiency* e as follows:

Ng = 2Npe(l - e) (3.1a)

*This method of calculation is particularly attractive when
many different scanners have procegsed the film. The effi-
ciency e is indicative of the results of all scanners com-
bined and does not necessarily reflect the result of any one
of the scanners. T
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N, = Ne (3.1b)
New = No[1 - (1 - e)2] = N, (2e - e°) .(3.1c)
sp = Np T

The double scan efficiency E is just

BB o (ze-e®)y=58 . (3.2)

Solving (3.1) for e and substituting in (3.2) we find

4NSBNB

E =
)
+ NB)

. (3.3)

(Ngg

Using this expression the double scan efficiency for K; -+
v+v_ events was .994 while the double scan efficiency for
K: + 7m°7° was .995. These correspond to single scan effi-

clencies of .923 and .929, respectively. Thus no scanning

bias was detectable for the two scans.

5. EDITING
3.1 The K Sample

A series of four edits was used to further classify the
events. The rules governing these edits can be found in
Appendix B. In the first edit all events found in the two
scans were examined by experienced scanners. In the case of

Type I events they checked to see that the charge exchange
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vertex obeyed the scan rules and that there were no other

Type I events within a distance of 10 cms on any of the four
projected views. Ten centimeters on the scanning machine
corresponds to ~ 20 cms in real space. If the event passed
both these tests a template consisting of two concentric
circles of radii 5 cms and 10 cms, respectively, was centered
on the charge exchange vertex and the area within the outer
circle scannéd on all four views for one or more electron
pairs. Note was taken of any electron pair with an apex within
the 10 cm circle on all four views. At this point no judgmént
was made concerning the origin of the Y-ray. The only other
test applied to the electron pair was that its entire track
length could not fit within a square 1 cm on a side. This
imposed a low energy cutoff of about 10 MeV on the accepted
electron pairs. Events which passed these tests were denoted
as "y events" and were passed on to a second edit as such.

In addition to searching for electron pairs, the first
editor also searched for st whose apex lay within the 5 cm
circle on all four views. Such events were noted as V events.
In order not to miss V's with wide opening angles the first
editor was instructed to count as V's stray tracks intersec-
ting the 5 cm circle provided they were not obviously beam
tracks or connected to beam tracks.

Events which passed both the Y-test and the V test were
denoted as y-V events.

In the case of Type II events the first editor examined

them and classified them as described in Section 2 of this
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chapter. Then the first editor searched for V's and electron
pairs in the same way as for Type I events.

Physicists carried out a second edit of the film. We
examined all ¥ events, V events, and y-V events. We checked
to see that the arms of each V were consistent with being
W+W_ tracks and that the orientation of the V relative to the
charge exchange vertex was consistent with conservation of
momentum. All events whose arms were consistent with W+W—
tracks were accepted, and the distance between the charge
exchange point and the apex of the V was noted. Those events
whose orientation was inconsistent with the conservation of
momentum were denoted as scattered V events.

In the case of Y events and Y-V events we examined each
electron pair whose apex lay within the 10 cm radius on all
four views to see if it had an origin other than the charge
exchange vertex. The event remained a Yy-event if there was
at least one electron pair within the 10 cm radius for which
no origin, other than the charge exchange vertex, could be
found and provided the electron pair(s) could have come from
within the 5 cm circle on all four views. Again, the separa-
tion between charge exchange point and the nearest y was
measured at the scan table and noted. It should be emphasized

that the number of ¥ rays per event in no way influenced our

raw count of neutral decays.
Table IIT contains a breakdown of all categories after
the first two edits and the double scan. For the meaning of

each clasgification see the edit rules in Appendix B.
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TABLE IITI

DETAILED EVENT BREAKDOWN AFTER SECOND EDIT

First Edit Second Edit
Scan
Classification Totals Classification Totals
Reject 868 Reject 108
Neither V nor v 9187
. V good 5979
e Associated V 6870 V fails 875
g Undecided 2%
E At least one "
. good 161
: Associated y(s) 5616 ALl y'syfail 130k
g:% Undecided 33
BO y(s) and V fail 311
ko)
5 assostateq v food vy w0 g 200
: end associated 1628 Both % o
“ 7(s) y(s) good 106
8 Undecilded 20
2 Type I within
20 cm 2195
Undecided 8
T decays 1230
7~ with KT 62
0 7~ only 76
)
& V on good Type Atdégist one 2l
5 iszgigztgéth(s) 118 A1l y's fail 93
— Y Undecided 1
[
V on good Type
T 7 o R &
o no assoc1ated 0%
oA e~ or e e’ pair 26
'é e” or eet pair
E on bad Type I 79
S 7t on _
illegitimate 22
Type I
Undecided T
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To check the accuracy of these two major edits, we
re-edited a 20% sample of the film and compared the results
with the original edits. All conflicting categorizations
were resolved by a third party during the fourth edit. 1In
each event category we found errors (~ 3%) of both omission
and comission approximately equal in numbers so that the cor-
rections applied to each category for such errors are small.
Table IV gives exact numbers for the re-edit-edit comparison.
Classifications not listed in Table III showed no net change

between edit and re-edit.

TABLE IV

TABULATION OF ERRORS FOUND BY RE-EDIT
OF 20% SAMPLE OF Kt FILM

Omission Comission
V events 1st editor 15 L
2nd editor 25 ol
¥y events 31 35
Y-V events 10 L
7 only events 0 1
Neither a V or a 56 67

v events

The third edit was carried out by those scanners who had
first edited the film and was twofold in purpose. Primarily
we wanted to determine the distribution in spatial separation

between the charge-exchange point and estimated copunctal
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point for those events classified as assoclated Y events by
the second editors. This distribution was to be checked

later by Monte Carlo techniques described shortly. The secon-
dary purpose of this edit was to insure that there indeed was
no other Type I event within 10 cm of those events classified
as 24, 25, and 26 by the first editor.

The fourth and last edit of the raw sample, carried on
solely by physicists, was‘désignéd to serve several diverse
purposes. All events in which the second editor had tossed
out a V configuration were re-examined for possible regenera-
tion effects (see Appendix C, Section 2) or Kg elastic scat-
tering. A spot check was made of those events which, due to
the first edit classification, were not passed on to the
second edit and thus were not examined by physicists. 1In this
spot check special attention was given to the dilstinguishing
of any p+ contamination from those events categorized as having
neither an assoclated V or Y. As stated earlier all disagree-
ments between editor and re-editor were resolved at this point.
The final purpose of this fourth edit is related to a step in
the analysis of the sample described in Section 4 of this
chapter. This step was a further check of the V events
obtained by measuring a randomly chosen sample of ~ 2000
events and testing to see 1f they constrained (tests applied
are éxplained in Section 4) to the decay Kg -+ W+W— . If they
did not constrain to this decay they were visually checked at

this edit.
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3.2 Editing of the 7@ Film

The W+ sample went through the first two major edits
only. All rules used in the K+ edit applied to the W+ edit
with the exception that even if there was another Type 1 event
within 10 cm of the vertex in question it was still accepted.*
This was done since the important point was not which vertex
the ¥ was associated with but that the y was associated with
either one. Table V conﬁains a comparison of K& and W+

sample after the first two edits. In this table the sample

is already grouped into its major divisions.

TABLE V

DISPOSITION OF EVENTS IN THE k' AND 7T
FIIM AFTER SECOND EDITING

KT Film T+ Film

V events including Type II 7381 (535)** 195 (195)
events with 7tr= at
interaction vertex
Y-V events 119 (22) 0

Total V events 7500 195
y events including Type II k280 (26) 1025 (28)
events whose negative track
is an electron at the
interaction vertex
Type II events with 7~ but no 76 (76) 275  (275)
7t at the interaction vertex
Events with neither a V nor 11747 (0) 1244 (0)
ay —_—

Total of all events 23527 2739

*%
The numbers in parentheses denote the number of Type IT
events in each category.

*We also demanded that the y point exactly to the C.E. point.
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4, MEASURING

To further guarantee that those events categorized as
"agsociated V" events by the second editor were indeed Kg -
T decays, a random sample of 1000 (14%) such events were
measuredvon digitized projection machines. These machines
were equipped with encoding devices which transferred position
measurements along with track and event identification to IEM
cards for subsequent computer analysis.

The resulting punched cards were processed through CAST,
a measurement-checking program for Datex-machine measurements
of bubble chamber events written at the University of Michigan.
This program checks both for illegal and illogical control
information on every card and compiles data for the event as
a whole. Then CAST checks the event for consistency and
unmeasured vertex points are extrapolated. Badly measured
points are determined using a sliding circle fit and excluded.
Finally CAST produces output in the necessary form to serve

as input to SHAPE.

4,1 Geometric Reconstruction

SHAPE32 is a University of Michigan-created heavy liquid
geometry program, designed to reconstruct the spatial coordi-
nates of each measured track and to calculate, using range-
energy relationships and the curvature implied by these
spatial coordinates, the components of momenta and their
assoclated errors plus all involved real space angles and

errors., Briefly the structure of SHAPE is as follows.Bj
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1. Reads all input constants which may vary from exper-
iment to experiment and prints them.

2. Reads in the data (CAST output) for each event.

5. Tries to reconstruct all vertices as corresponding
points.

L, Reconstructs tracks in three dimensions by calling,
among other things, CURFIT--a large package of rou-
tines which obtain kinematical variables (range,
angles, momenta) from the real space points of the
track.

+ - .
5. Reconstructs gamma tracks from e e pairs.

6. Controls the calling of print and tape writing rou-
tines and further calculations.
7. When all events have been processed prints a list of

events passed and events falled.

4.2 Kinematic Fitting

Fitting ﬁo the Kg 4‘W+W_ hypothesis was accomplished
with the progrem UKFIT written especially for this reaction
and based on the deduction that the vector (3 = élS]) from
charge exchange point to V-vertex should lie in the same direc-
tion as the vector (ﬁ = ﬁlRl) found to be the kinematical vec-

tor sum of the 7 7 system. Thus

>
o>
t
-
(@]

(3.4)

was one requirement for fitting the hypothesis. A second test
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required that the effective mass of the v+v_ system equal the
mass of the K° within 1 S.D. Of the 1000 events initially
measured, 240 failed one or both of these tests and were sub-
sequently visually examined. This rather high rate of failure
(24%) is a consequence of the relatively poor reconstruction
available for slow and extremely short tracks in heavy liquids
plus the fact that we purposely set the requirements very
tight so that any dubious events would be subject to re-

examination.



CHAPTER IV
CHECKS AND CORRECTIONS OF THE RAW SAMPLE

1. MONTE CARLO TECHNIQUE*

In addition to the check on the charged sample provided
by the measurement described at the end of the last chapter,
it is also possible to use Monte Carlo techniques to check
both our samples. Monte Carlo may be defined as the use of
the statistical properties of random numbers to solve prob-
lems. 1In this case we are trying to simulate the statistical
nature of the K; decay so that the application of Monte Carlo
methods is particularly well suited and consequently easy to
apply.

We used the kinematic properties determined from the
random sample of measured charged decays as input to our
Monte Carlo program. For each event that passed the fitting
program we took the charge exchange point and momentum vector
of the K°. The program then carried out the following steps.

1. Starting at the charge exchange space point the

"particle" was stepped along its given direction

.5 cm at a time. At each point a probability to
decay ig determined from the relation PDK =

1 - e—(Q/yBCT) ; a random number, r, is then gener-
ated and compared to PDK' If PDK < r then the

"particle" has decayed and the program moves on to

*An excellent reference for Monte Carlo techniques if F. James,
Monte Carlo for Particle Physicists, CERN Reprint.

56
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Step 2, while if PDK >r Step 1 1s repeated until
it does decay.

We now have the decay point which is the apex of the
V for the charged decay and the point of creation
for the twd m°'s of the neutral decay. Aside from
geometrical projections and scaling factors to get
from a 3-space point in the chamber to the screen of
our measuring machines, we are now finished with the
"particle" as a charged decay since we only need the
projected distance from charge exchange point to
decay point for comparisons. For the neutral decays,
however, we are just beginning. Using Kg + 77’
center of mass kinematics, we randomly decay (in

° to two gammas. Due to

16

terms of ¢ and cos §) each T
the extremely short 7° lifetime’ (T o= .89 x 10~
sec), we assume the K° decay point and 7° decay
points as identical.

Each of the four gammas is now stepped along its
random, though kinematically constralned, direction

3l

until a comparison of‘ifs chvérsion factor and a

random ﬁumber dictatés av'y -+ e+ + e conversion or
a compton conversion. Naturally a check is made at

each point to insure that the 7y is still within the

boundaries of the chamber,

Having determined all items of interest——Kg decay

point (V apex), the four gamma conversion points,

and distributions of kinematical variables of the
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particles involved-~all 3-space points were projected
to the screen of the scanning machine and relevant
distances determined.
Based on the quantities determined with this Monte Carlo
method we made the checks and some of the corrections to be

discussed directly.

2. THE CHARGED DECAYS
2.1 Verification

To determine the purity of our sample of observed charged
decays we pursued two courses; the experimental determination
of well known kinematic characteristics for the decay K; -+
v+ + 7 and comparison of observed distributions with Monte
Carlo predicted distributions. First we measured and kinema-
tically checked a random sample of charged decays as described
at the end of the last chapter. Of the 2200 events measured*,
1940 events passed the kinematic checks or subsequent visual
examination. In Figure 5 the effective mass of the mr system
is presented. There are 235 (12%) events in the central bin
which runs from .49 to .50 BeV while 892 events lie to the
left of this bin and 813 events fall to the right. Thus the
mean value of the distribution gives a mass of x .495 BeV for

the 777~ system with a full width at half-maximum of .050 BeV.

*In addition to the sample of 1000 events measured, fit, and
visually inspected, a second sample of ~ 1200 events was
measured and those that passed both fitting criteria were
used to increase the statistics of our effective mass plot
and proper time distribution. There was no further treat-
ment of this second sample.
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Figure 5. Distribution of the measured effective mass of
the 717~ system. Each bin is 10 MeV2 wide. The center of
the peak is at ~ 0.495 BeV with FWHM of ~ 0.050 BeV.
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This effective mass of the W+W— system is to be compared with
the mass' of the K° = (.4O776 +.00016) BeV.

The proper time of each of these decays was also computed
and the resulting distribution is presented in Figure 6. A
straight line was visually fit to the points, and the inter-
secting dashed lines give the e':L point and the corresponding
lifetime. This admittedly crude procedure yields a value for

10

T7(KZ) of .83 x 10"~ sec to be compared with! (.862 £.006) x

S

lO-lO sec.

Of the 1940 kinematically checked K° » 7 7 decays,
580 were picked at random and used as input for the Monte
Carlo program described above.* The momentum distribution of
the 580 events chosen is shown in Figure 7. Since each event
went through the procedure 20 times, the number of K° decays
generated was 11,600, The distribution of (charge-exchange-
point)-(w+w'-vertex) separation of the generated sample is
compared to the distribution of distances noted during the
second edit in Figure 8. The distributions are normalized to
the first two bins, and it 1s found thet the statistics match
extremely well except for the last four bins. It is found
that there is a ~ 195 event surplus of actual events over
predicted events; since 40% of these excess events occur in
the last four bins this excess might be attributed to regen-

eration phenomena.

*

Monte Carlo programs are notoriously inefficient and conse-
quently outrageously expensive. This is the reason why we
generated such a small sample,
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2.2 Corrections to the Charged Sample
It was found necessary to make four minor corrections to
the raw sample of 7500 charged decays. Table VI summarizes

these corrections.

TABLE VI

CORRECTIONS TO K; -+ W+W— SAMPLE

Total V events from 2nd edit 7500 +87
Scattered V events 2l2 115
Due to 7' contamination -5% + 8
Total edit corrections 90 45
Due to Kﬁ—Kg interference -4z 17

Total Kg 7T events 7736 +99

The largest correction was for scattered K° particles
which subsequently decayed as Kg -+ W+v" . This class of
events contains both KS non-regenerative scatters and incoher-
ent regenerative effects. Our neutral sample includes such
events while scattered K° events decaying by the charged mode
within the 5 cm scanning circle would most likely be elimi-
nated at the second edit. To correct for this we examined
all V events rejected by the second edit to find out how many
were charged decays which had failed the second edit because

their configuration relative to the charge exchange point was

inconsistent with the conservation of momentum. Of the 1126



65

events examined, 242 were found to be of this type and were
consequently measured. The effective mass of the W+W_ system
is shown in Figure 9d. Of these 242 events, 80 were found to
have a éhort proton track located close to the vertex of the

V. The distribution of the projected distances of these
scattered events from the charge exchange vertex is shown in
Figure 9a, 9b, and 9c, respectively, for events with observed
proton recoil, without observed recoil (containing those events
scattering off neutrons and those events scattering off protons
but imparting insufficient energy to the proton to render it
visible), and total. These distributions are consistent with

a flat distribution of K. regenerative effects plus the super-

L
position of an expeonential fall-off from KS scatters. An
extremely crude visual estimate of the relative magnitudes of

these two effects would attribute 150 to K. regeneration and

L
the balance (92) to K, non-regenerative scattering*. Because
our neutral sample includes such scattered events we must
therefore add 242 +15 events to our raw sample.

A second correction takes into account the results of
both the sample measurement and the re-edit check. All of
the 240 events which failed one or both of the fit require-
ments in the initial 1000 event sample were examined by phys-
icists and in all but 22 of these cases the events were

thought to be good K° decays into 7 7, having failed the

kinematics tests either because of a measurably difficult

*We attempt a more precise calculation of these two effects
in the next chapter.
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configuration such as a steeply dipping or scattered track or
because of a slight K° scatter before decay. The 22 failing
events could in most cases be traced to errors by the second
editor. The complement of this measurement check of the
charged decays was executed when we examined all V's failing
the second edit for the scattered K° correction described
above. It was found that 113 events went from rejected V's
to good V's. In summary, the measurements showed that 22
events out of 1000 (13.5% of the 7500 initial V's) were incor-
rectly called charged decays while the re-examination of the
rejected V events (the total sample of them) showed that 113
events were incorrectly called failing V's. We can now com-
pare these results for consistency with the re-edit findings
given in Table V. It is obvious that the 22 events of the
13.5% sample measurement is consistent with the 24 errors of
comission by the second editor uncovered by the re-edit of the
20% sample. We also note that the 113 events which went from
rejected V's to good V's 1is perfectly consistent with the 25
errors of omission uncovered by the sample re-edit. We have
thus determined our V classification efficiency in two inde-
pendent manners and found them to be consistent. Combining
the results we apply a net correction of 90 45,

The third correction applied to the charged sample
accounts for the very minor w+ contamination of the beam.
From Table IV we see that 76 "r only" events were found in
the K% sample compared to 275 found in the sample of 7t film

scanned, and since these events can be produced only by W+
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interactions we deduce that the XK' film contained a contamina-

tion of 7 mesons equal to 76/275 = .276 £.0%2 of the 7' film.

The W+ film contained 195 events simulating V events*, hence

the K+ film would be expected to contain 195 x .276 = 53 8

events due to w+ contamination which must be subtracted.
Another correction to be considered is the possibility

of interference between the K; -+ 2r and K; + 27 amplitudes.

L
If it 1s determined that N, = M then this correction
is unnecessary; however, since 'ﬂool is poorly known we are
compelled to include the effect. From Appendix C, expression
(C.41), we see that the integrated time dependence of the

decay rate in the W+W_ channel (assuming only mo ~ 0) contains

the major contribution

- T

s
_ 'p'Q (1.0 —28 )

=
!

and a correction term due to interference effects

¢C._ = In_ollacos® _~-pBsing ]
where
—TS/E T FS T,
a =@ [sin (== T) - cos (= T) + 1.0]

(-)

* -
An event such as v+n + i p simulates a good Type II

event and would thus enter our charged sample.
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For our fiducial volune T = 6TS so that
= (4.988 x 107%)1p1°

Then using’ Ing_| = (1.92 +.04) x 1077 and’? p, = HO° £6°

we can calculate the correction term to be

0.0 -3y .
_= (284 15T x 107 g

so that the percentage of ultimately detected W+W— decays due

T Ol)Api The magnitude

to interference effects will be (.57 _
of the regeneration constant p, as defined here, can be
expressed in terms of the matrix elements Rij(x) as defined

in Appendix C, Section 2, to be

1.0 + R
o = 12 ‘

Upon solving for o using heavy freon characteristics, we find

p(CF Br) = 1.04 which implies that the actual percentage is

+ 009
(55 _7518)-

plus all previous corrections), it is found that 43 27 must

Using the subtotal of 7804 events (raw sample

be subtracted as arising from interference effects.
The final corrected number of KZ - T decays was

7736 499 events.
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5. THE NEUTRAL DECAYS

The initial sample of events stood at 4280 +65 and, as in
the charged decays, certain corrections had to be made to this
quantity. Since visual observation of the decay process
Kg +7° 4+ 7° 1is contingent upon the detection of one of the
ultimately produced gammas, checks and corrections are very
difficult and must reflect this uncertainty with larger assigned

errors., A summary of all corrections for the neutral sample

is given in Table VII.

TABLE VITI

CORRECTIONS TO Kg + 7°%r° SAMPLE

Total y events from 2nd edit 4280 + 65
Due to imperfect detection 101 + 28
efficiency
Edit corrections -20 = 40
Due to 7' contamination -284 + 36
Due to background vy's -284 £ 35
Outside fiducial volume -109 = 11
Due to Kﬁ-K; interference -30 + 30
Total KZ + m°T° events 3654 £100

The techniques for reconstructing and fitting gamma con-
versions in heavy liquids need much improvement; therefore

any checks that were made had to be made via Monte Carlo
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predictions. We feel justified in pursuing this course since
very few sources of extraneous y's are available. Even with
the Monte Carlo predictions there is no off-hand check on the
neutral sample because of the very intimate relationship
between the corrections and these checks. To illustrate this
Figure 10 presents the distance between charge exchange point
and nearest Y as determined by both the second editor and the
Monte Carlo methods. The two distributions are normalized to
the total number of events so that there is surprisingly good
agreement for the first two bins; however, beyond this, as the
distance increases, predictions and reality tend to diverge.
This does not indicate that there i1s a basic fault with our
neutral sample. On the contrary, since the Monte Carlo points
as plotted assume perfect (lOO%) gamma detection efficiency,
we would be at a loss to explain agreement at this stage.

Thus our first correction to the neutral sample, a positive
correction for unobserved gamma events, should result in a
more meaningful check between observed and predicted gamma
distributions.

The probability of none of the four gammas from the
neutral decay converting within the 10 cm (projected on the
scan table) scanning circle is only about 1%. However, not
all of the converted gammas will be observed by the editors.
Some will be missed because they are dipping steeply in the
chamber, others because theilr energy is too low. It is an
important advantage of this experiment that this correction

remaing small even when low scanning efficiencies are assumed.
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To determine this correction a small sample (12%) of
neutral decays was examined by those scanners who were respon-
sible for detecting the gammas initially. They were instructed
to scan within a 10 cm radius of the charge exchange point and
count the number of gammas. We then hypothesized’three scan-
ning models whose ultimately predicted gamma detection effi-
ciency depended on a weighted product of a dip factor and an

energy factor. Hypothesis A assumed that the detection effi-

ciency for electron pairs varies between 0.0 and .95 as the
gamma energy varies from O to 80 MeV but never gets above
0.95. Also the detection of dipped electron pairs is further
inhibited by a factor which varies from 1.0 to 0.0 as the dip
(measured up from the xy plane) varies from 30° to 90°.

Hypothesis B was designed similarly except that the energy

factor reached 0.95 at 40 MeV and the dip factor was 1.0 until

60°. Hypothesis C assumed that the detection efficiency was

both energy- and dip-independent and assumed a straight 95%
detection efficiency. Figure 1l gives the distribution in dip
of the gammas as predicted by the Monte Carlo program. Also
contained in Figure 11 is a graphical description of the dip
factor as used in the three hypotheses. Figure 12 gives the
gamma ray energy distribution, again Monte Carlo predicted,

as well as a graphical representation of the energy factor for
the three hypotheses. Each of the hypotheses was subjected

to Monte Carlo methods which resulted in a prediction for the
number of unobserved gamma events, the ratio of 4-y to 3-y

events and the ratio of (4-y + 3=9) to (2-y + 1l-y) events as
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well as the distribution of distances between charge exchange
point and nearest Y. The results for the three hypotheses as

well as the ratios observed in the sample scan are summarized

in Table VIITI.

TABLE VIII
DETECTION OF ¥ CONVERSIONS

Hypo- Hypo- Hypo-
thesis A thesis B thesis C Observed

Wy/3y ratio 242 oo .55% 4ol £.050
(By + 3v)/(1y + 2y) U456 1.06 1.425 1.053 +.085
Number}of y events 286 96 50

missed

It was then trivial to interpolate between the Monte Carlo
predictions to arrive at our final correction for unobserved
gamma events. From the 4y to 3y ratio, 103 fgg unobserved
gamma events were predicted, while from the (47 + 3¥) to
(2y + 1Y) ratio a consistent number 98 fi%, of unobserved
gamma events resulted.‘ Thus, to the raw sample, 101 fg%
gamma events were added.

We can now also see how the unobserved gamma factor
affects the distribution of nearest gammas as in Figure 10.
Using the distribution of nearest ¥ distances as predicted

by Hypothesis B we find the distribution of Figure 13 which

also contains the unweighted Monte Carlo points for ease in
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comparison. As can be seen, agreement between the observed
and predicted distributions has improved perceptibly.

The next correction accounted for edit misclassifications
as uncovered by the sample re-edit. From Table V this correc-
tion can be calculated to be minus 20 40 events.

A correction for W+ contamination had to be made for the
neutral sample as well as the charged sample. Using the same
procedure as before and the results of Table IV we find that
the number of y-events in reality due to W+ interactions was
276 x 1025 = 284 136 events.

A further correction to the neutral sample is that which
must be made to compensate for the background, unassociated
y-rays which came from sources other than KZ -+ 7°r° decay.
These background gammas have the following sources: (1)
totally external vy production; (2) 7° production along with
the charge exchange; (3) a K interaction producing a A which
decays by the neutrallmode nr®; and (4) Kﬁ decay into three
neutral pions. Of these effects, (4) is negligible within the
fiducial volume we are considering.* Sources (1) and (2) can
be compensated for by realizing that y + Kﬁ events, which
make up the first two sources, should occur 1.47 (assuming
charged to neutral ratio of about 2.12 and KE to K; ratio of

1:1) times as often as the y + V events which we have counted

and corrected. Hence we would expect sources (1) and (2) to

*A K7 with a mean momentum of .325 BeV/c will decay into its
37 ° mode within the first 10 cm after production only ~ 0.2%
of the time. If we then fold in conversion probabilities we
can safely ignore this correction.
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contributed (149 #22) x 1.47 = 219 £32. Source (3), A decays,
was accounted for by scanning a sample of the film for the
charged A decay (A - pw-). For the sample scanned 30 #10
charged A decays were found which would indicate ~ 112 22
in the whole sample. Taking the charged to neutral branching
ratiol of the A° as 1.88 £.02 we estimate the number of A° »
nr°® decays as 65 z12 events. Thus the total necessary cor-
rection for stray y's is 284 35 events.

The complementary correction to the question of stray vy's
is the correction for an actual Kg + 7°7° decay whose only
qualifying gammas have false alternate origins.* To estimate

this correction a sample of K; decays in flight were found.

2
In the decay K+.4 W+W° 'the decay vertex and thus the origin
of the two y's 1s easily defined. Hence we know the true
origin of thevgammas and we could then find any alternate
origins which also fif the gammas. A total of 1466 ng events
were initially found and subjected to an edit which cut all
but 461 of them._ Next these 461 events were measured and
geometrically reconstructed using CAST-SHAPE as described
earlier; 309 paséed the measurement stage. These 309 events

were put through a KW constraint program which gave positive

2
fits on 243 of them for a final sample of 486 gammas. It was
found that 62 of these gammas had alternate origins which

would seem to imply that we should increase our l-vy events by

*A full report of this phase of the experiment is contained
in University of Michigan Bubble Chamber Group Research
Note No. 14/69 by K. Bartley.
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14.6%, our 2-y events by 2.1% (14.6% squared), our 3-y events
by 0.31%, and our U4-¥ events by 0.045%. However, to perform
this correction meaningfully, the distributions in 8, ¢, and
5 should be identical for the K o gammas and the K; -+ 1°7°
gammas. When the necessary cuts are imposed on the sz sample
to meet this condition it is found that the sum total (1-y +
2=y + 3-v + 4-y.events) of gamma events missed in this manner
is insignificant and thus negligible.

The next correction to the neutral sample makes use of
the fact thatvin the ‘K; + 7°7° events we do not observe the
point of decay but rather the point of conversion for one or
more of the resultant gammas. For this reason a separate
check muét be made to insure that we are using the same fidu-
cial volume_for”both charged and neutral decays. To guarantee
this all events accepted in the neutral sample were examined
by experiencedscanners or physicists with the sole purpose of
determining the copunctai point (point of origin) or distance
of closest approach for 1l-y events and then measuring the dis-
tance between chargé exchange point and copunctal point.

Monte Carlo methods were used to predict what the distribution
should resemble, and the results, both observed and predicted,
are presented in Figure 14, From the observed distribution

we see that 109 11 gamma events* must be subtracted from the

gamma total to insure equal fiducial volumes. Another inter-

esting feature of Figure 14 is its consistency with Figure 8

* .
We have already subtracted the 284 stray y events before
arriving at this figure.
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(charge exchange-V vertex separation) in terms of the various
pheonomena (both regenerative and non-regenerative scattering)
we would most likely observe in the last half of our fiducilal
volumé. To confirm that these various effects are not biased
toward one or the other of the decay modes we can determine
the branching ratio for the last half of the fiducial volume
and compare it with the overall branching ratio. In the
last 10 cm (real space) there are 378 19 V events and 288 %17
v events. Correctiﬁg each sample as described throughout
this chapter we obtain corrected samples of 455 121 V events
and 227 19 7 events. The reéulting’branching ratio 1is 2.00
+0.19; certainly consistent with our overall branching ratio.
As in the‘charged decays, a certain small percentage of
those events we have detected are due to interference effects
o

between the KE + 2r° and Kg + 27

case we are interested in the parameters |n | and @
(o2 o] o

amplitudes. In this
o
Since these quantities are very poorly known as of now, the
error on this correction is quite large. Following the same
procedure as-used for the charged decays we find that 30 30
events must be subtracted from the neutral sample.

Thus, with all correction‘considered, the final neutral

sample stood at 3654 £100 events.

L, THE Kﬁ SAMPIE

As a further check on our experimental method a count of

KO

1 decays (charge exchange with neither V mor y associated)
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was made. It followsB6 from the CPT theorem that the origi-
nally produced K° in the charge ‘exchange reaction K+ + n 4+

K° + p has an equal chance of decaying as a Kg or as a KE.

Thus, aside from uncalculable regeneration effects, the cor-

rected number of Kg decays should equal the corrected number

of K?Z decays at the termination of our experiment. Table IX

(]

summarizes the KL

decays.
TABLE IX

CORRECTIONS TOvKE SAMPLE

Total with neither V nor vy 11747 4108
from 2nd edit
Due to'v+vcontamination =340 £ 39
Due to background ¥'s +284 + 35
Due to missed Y conversions -101 % 28
Scattered V events -2U2 + 15
Re-edit corrections -55 £ 55
Total Ki observed 11289 +134

The raw samplé stood at 11747 +108. The corrections to
this sample are straightforward and in all cases except two
are compensations fér events shifted to or from the K; decays
in correcting'the charged and neutral samples. The first

exception is the correction for W+ contamination of the beam.
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Following procedures previously established for the K; decays
and using Table IV we must subtract 344 £19 events from the
raw sample. The other exception is the edit corrections.

From Table V we see that the sample must be diminished by

55 #55 events for this cofrection.- The only other corrections
are as follows: (1) 284 %35 events which were determined to
be‘ KL + stray‘yl andxsubtracted_from the neutral sample are
added here; (2) 101 fgg events which were undetected as neutral
decays because of imperfect gamma detection efficiency were
added to the sample of neutral decays and must be subtracted
from the K decays; (3) 242 £15 events whose associated V's
failed to cdnsefve momentum at the scan table were originally
classifiéd as K. decays. They have since been added to the

L
charged sample and must therefore be subtracted from the K

(o]

L

sample. The final K sample thus stands at 11264 2134 events.



CHAPTER V
RESULTS AND CONCLUSIONS

1. THE‘K; CHARGED TO NEUTRAL BRANCHING RATIO

From Table VI the corrected total of Kg T
decays found in this experiment is 7736 +99, while from Table
VIII we note that the total K; -+ wb + 7° decays stands at
3654 +100. From these final figures we determine the K
charged to neutral branching ratie to be
(K + 7 + 77)

s~ = 7136 #99 _ 5,117 10.06b
L(kg +7°+ 7°) 3654 £100

R =

This is approximately two standard deviations away from 2.0
which we should obtain if the decay is pure AL = 1/2. It then
appears that the odds are twenty to one in favor of some com-
bination of AI = 3/2 and AI = 5/2 amplitude in the Kg decay.
Note also that although this result is consistent with the
weighted average of the old generation experiments (2.16 +.08)
it is =~ 2.5 standard‘deviations away from the only other com-
pleted recent experiment of Gobbi et al. (2.285 +.055).
Therefore, an immediate and obvious result of this experiment
is to point out the necessity for further high accuracy exper-
iments to resolve the current substantial deviation in repor-
ted values. There are several attempts reported underway at

this time. Of these the Hungarian group, Bozoki et al.37

85
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has released the preliminary value of 2.12 +.17 in a recent

preprint. Thqugh it is questionable as to what value a
weighted average of three such widely varying (2.285 +.055,
2.160 +.080, and 2.117 i.064)‘quahtitiés is, the average
obtained is 2.201 i.O?l.

It is now possible, using expression (1.14),

‘ A,
R - 2 = 62 Re(Kg) cos (6, = 8 ) (5.1)

(o]

as derived in Chapter I, to determine various quantities of

interest depending on what we assume as known.

1.1 77w s-wave Phase Shifts

If we assume that there is no AL = 5/2 component of the

decay amplitudé, then it is poséible to determine Re(Ag/A )»
. ) o

as done in Chapter I, to be 0.044, vUsing this quantity, our

value of R and expression (5.1) we can now solve for the

difference in 77 s-wave phase shifts [6, - &6 | at E_ =M
’ o]

2

K® ’
where the subscripts indicate the isospin of the 7r final

state. It follows that

R-2 .17 206k _ iy, 00
I 373

cos (8, = & ) =
o

which implies that the difference in s-wave phase shifts is
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104 o
log = 6,1 = (72 137)

The mr s-wave phase shifts can be independently measured

by studying the strong interaction

T+ N+N+ (nr) .

Unfortunately the phase shifts derived, both experimentally
and theoretically, are strongly modél-dependent (as will be
shown in Appendix D), so that agreement among various reported
values is in even greater turmoil than the branching ratio we
have determined. Table X summarizes the most recently repor-
ted experimental Values, as well as those values predicted
theoretically using current algebras, Venezilano and phenomeno-

logical S-matrix techniques. As can be seen, ‘52 - 8| can
. (o]

range all the way from (28 £10)°--using the Hagopian et al.

value of §° and the Baton et al. value of 62—-to (73 £10)°

0
using the Biswas et al. value of 62 and the Malamud et al.
value of 6?. An,attempt at finding some sort of mean value
for these widely varying results ends with a value of

50 15)° for tﬁe différence'in'phase shifts 162'— Jup
This valué coveré the entire range of theoretical values,
from Arnowittis current algebra prediction of (35 #4)° to
Tryon's value, using a unitarized Veneziano partial wave
analysis, of ~ (60 #8)°. A complete review of the current
state~of-the-art in 7w phase shifts as well as a description

of some of the theoretical models and experiments can be
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TABLE X
REPORTED VALUES OF 6: AND 62
6° 5 5° - 6°
Reference (Degrees) (Degrees) (Degrees)
Gutay38 and Carmony59 19 6
(52 +10)
. Lo ~
Biswas et al. 56 10 -6 %3 62 #10
» U1
Malamud and Schlein 41 45 -17 +3 58 16
Hagopian et al.:42 25 %10
(75 +10)
. U3z
Cline 50 %17 -10 43 60 +17
. Ll
Scharengiuel et al. Lo 47 -7 43 49 18
Saxon et al.45 27 47
(50 8)
Baton and Laurens46 -5 3
Katz et al.47 -8.7 £0.9
Smith and Manning -9.8 £0.7
(-15.4 21.1)
Current Algebra49 35 b
Veneziano”0 54 iS, =7 +3 59 49,
52 49 61 6
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found in Appendix D of this paper.
There are several implications of the quantity |62 -5 |

which we have determined and quoted as |6, - & | = (T2 £10)°.
(o]

2
First, and most important, is that in arriving at our value

for |6, - & | we assumed that the AT = 5/2 component of the
o

2
decay amplitude was zero., If further experimentation shows
that the (62 - éoi lies in the vicinity of the mean value we
havé determined——(SO +15)°--or even lower, then only an admix-
ture of AI = 5/2 amplitude will reconcile this lower value
of.lég - 6_| and our experimental result for the K: charged

to neutral branching ratio. This point will be examined in
detail shortly. A second point of particularly current inter-
est in which both our value of R and ]62 - 60. play a part is
the question of time reversal invariance in the decay of

K° =+ 27 . The breakdown of CP invariance for this decay has

51

been experimehtally known for some time. Thus, accepting
the validity of the CPT theorem52, the violation of T invar-
iancé seems insured. Recently, however, R. C. Casella has
shown53-55 how, with the use of quantities determined from K°
decays, T invariance can be tested independently of CPT.
Employing two related methods, a modified Wu-Yang triangle

56

and the Bell-Steinberger sum rules, Casella assumes T invar-
iance and upon this assumption arrives at contradictions with
the data.

Since the method employing the modified Wu-Yang triangle

can be shown to include the Bell-Steinberger sum rule analysis,

we will briefly examine Cacsella's first method only. The
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57,16

original Wu-Yang  triangular relations were based on the
assumption that the 2m decays were mainly responsible for the
CP breaking effects (i.e., no large amount of Ks + 3T), the

validity of CPT, and the dominance of AI = 1/2 transitions in

the K = 27 decay. The reSulting'relations are

e + ¢! (5.2)

yn

n = ¢€ - 2¢' (5.3)

00

where ¢ and ¢! are related to the coefficients of KS and KL
(p and g in Appendix C) in the K°(K°) state. The phase of

e and ¢! are given by

- e

2(m, - m_)
-1 L S
6 = tan + A8 (5.4)
€ TS‘- FL €
-

{

and

= -(8_ - 8,) + 90° (+180°) . (5.5)

Ge,

It is possible to modify these relations so that instead of
being based on the validity of CPT, they are based on T-

invariance. The new relations

n._ = € + ¢!

€ - 2¢!

3
i
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incorporate phases for ¢ and €' which are rotated 90° from the

CPT phases

- 9o°

@D
i
@

e - 900 .

@
it

These modified triangular relations are solved by putting in

the measured value of §_ = -47° £10° and value of
€
r = -—-—n°°
. o
which then results in a range of values for (8§ - 5,) where

the triangle does not achieve closure, hence implying T-
noninvariance. Thus, with our value of the branching ratio
which reaffirms AI = 1/2 dominance--one of the bases for this
whole analysis--and our value for léo - 62( it can be shown
that T-noninvariance is ascertained for all values of r < 3.5
if (s - 85) > d and for all values of r < 1.8 if (6, - 85)

< 0.

1.2 The Quantity Re(Ag/A ) and AL > 1/2 Transitions
(e}
It is also possible using expression (5.1) to obtain the
value of Re(Ag/Ao) by assuming that the phase shift &, - 5

is known. For the sake of simplicity we will initially use

the mean value of |6, - & | = (50 £15)° quoted in the last
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section for computations and generalize the results to cover

the full range of [é6, - 8 1 later. We thus want to solve the

2
equation

A
2 R -2
Re(K:) - BJ2 cos (8, - 6) (5-6)

[e]

using R = 2.117 +.064 and |6, - 6 | = (50 £15)°. We find
Ao
Re(g=) = 0.022 +0, 014

where the large error is basically due to the fact that it is
the quantity R - 2.0 that determines the admixture of I = 0
and I = 2 states. Figure 15 generalizes this result in that
it graphically shows how Re(AQ/AO) behaves as a function of
the difference in phase shift [62 - 601. our error in R - 2
has already been folded in and is shown by the lower curve
which gives the effective lower limit of Re(Ag/Ao) for any
given value of 52 ~ 60.

1.3 Ratio of AI = 5/2 to AT = 3/2 Amplitudes

If we now assume that the Im(A,/A ) 1s less than 1077
o}

)

then we can find )Ag/Aof from the value of Re(A,/A ) we deter-
Q

(recent measurements of'noogimply that Im(Ag/A ) <3 x 10

mined in the last section. Having this quantity and using

the K+ -+ v+w° decay rate as input we can determine the ratio



93

0.09r

008,

0.07-

006

0.05

<"| < 0.04-

Re

0.03

Qo--

oolff J

0 20 30 40 50 60 70 80 90

| 82-" 8°| degrees

Figure 15. Dependence of Re on value of |6, - & R
using our value of K AR = %7 %O 064, Only medifan
value and lower limit {1 F.D.) are drawn.



94

iI0 20 30 40
0.1l -
5,5,

0.2

03

(o B

A
wigure 16. TDependence of aiéa
| 3/2

our value of R #AR = 2,117 £0.064, (ircles represent median
values while upper and lower limit curves are at 1 S.D. The
a5 /2
@3/2

on value of [62 - 6_| using

equation yielding the smaller value for
determining the above curves.

was used in




95

of AT = 5/2 to AI = 3/2 amplitudes as shown in Chapter I.

We are again hampered by the large error in the quantity R - 2
(~ 55%) end the large error in cos (8, - 6_) (~ 35%) and the
fact that the resultant of these two errors, added in quadra-

a
ture, appears both in the numerator and denominator of <E§%§%> .
5/2

Assuming the amplitudes are real, the two solutions are

<“5/2> = -0.391 £0.510 ; (Eﬁ[ﬁ) = -2,18 2.85
%43 /2 *3/2

It is obvious that although these values are consistent with
nc AI = 5/2 transitions, the necessarily large errors preclude
any positive statement. We have arbitrarily chosen the root
smallest in magnitude for further calculations. Figure 16

a
generalizes our results and gives aélg as a function of
5/2

62 - 60 .

2. RATIO OF Kﬁ TO K; PRODUCTION

From Tables VI and VIII, the total corrected number of

K2 + 2r decays is 11390 +141, while from Table IX we see

that the total corrected number of Kﬁ decays is 11289 #134,.

Thus our final value for the ratio RL g is
,k

N(K°
R, = (%) - 11390 #1M _ (5 503 40,008
’ N(Kg) + N(Kﬁ) 22679 £195

while the absolute difference in the number of K2 and Kf
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TABLE XTI
SUMMARY OF TOTAL Kg AND KE PRODUCTION
Corrected Sample - K2 - o+ 7726 £ 99
Corrected Sample - K; 47+ 7° 3654 +£100
Total K; Decays 11390 +141
Corrected Sample - K£ + all 11289 1134
Corrected Total K° Production 22679 +195
T(KS - 2r)
s
= 0.503% 0.008
[o] [+]
T(KS » 2m) + T(K -+ all)
TABLE XII

Re(A,/A ) AND

a
EEZE FOR THREE VALUES OF R

3/2
Q

- 5/2

R Re(A,/A ) /A
2.117 +0.064 0.023 +0.014 -0.3%391 +0.510
2.201 £0.071 0.037 +0.018 -0.110 +0.092

(Weighted Average)

2.285 £0.055 0.052 +0.020 -0.098 10,064

(Gobbi et al.)

Assuming lé

2

o

- aZl = (50 £15)°
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produced is

N(KS) - N(KD) = 101 £195 .

The question then becomes what we expect the ratio RL,S to be.
As was mentioned earlier, incoherent regeneration phenomena
will tend to reduce the number of KE that we detect while
supplementing the number of Kg decays by a similar amount.

In the case of coherent regeneration, however, the observed
number of Kg particles can either be enhanced or reduced
depending on the regeneration phase eS,L‘ Since the regener-

ation phase in heavy freon (CF,Br) is an unknown (we will

3

shortly derive an estimation of 6q L) we will, at this point,
3

merely set limits on R In Appendix C, Section 2, we esti-

L,s’
mate that coherent effects can cause as much as a #4.2% dif-
ference between the number of Kg observed in vacuum and the
number observed in our experiment. We have estimated the
incoherent effects (Section 3.2 of this chapter) to be a 2.2%
enhancement of the number of observed Kg at the expense of

the KE sample. Thus, without prior knowledge of the coherent
regeneration phase, the sum total of regeneration effects can
cause as much as a 6.4% enhancement or 2% depletion of observed

(in freon) KZ events over the corresponding number in vacuum.

The limits on R are then
L,S

0.49 < RL,S < 0.53%
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Our measured value of RL g = 0.503 0,008 does fall safely
2

within this limit.

5. SUMMARY OF RESULTS: CONCLUSIONS
In summary, the basic results of this experiment are as
follows.
L. P(K; s+ T )
R = : = 2.117 +0.064
P(K; +7° + 7°)

2. Assuming no AI = 5/2 transitions,

+10+,
o = 8 1= (72 37)

5. Assuming a mean experimental value of the phase shift
difference [6, - & | = (50 #15)°
o

Q.

A
Re(g=) = 0.022 £0.014
b. o
a5/2 ~-0.391 +0.510
3/2
L, In freon
R N(Ks) = 0.50% +0.008
L,S - [ ] [ ] *

) N(Kg) + N(K7)

3.1 Branching Retio and Assoclated Quantities
There are several obvious conclusions to be drawn from

these results. Strictly from the necessarily low accuracy of
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our quoted values it may be surmised that more high precision
determinations of the K; charged to neutral branching ratio
are needed. They are necessary not only to resolve the final
value of R, but also to reduce the error in R still further.
Note that even though we have measured R to an accuracy of
~ 3%, because of the value of R itself we have measured the
quantity R - 2 to only ~ 55%. Since R - 2 is the quantity of
interest we should aim for an experimental determination of
this quantity to within 10% if not less. Figure 17 indicates
the type of accuracy needed in determining R to yield 1%, 10%,
or 25% accuracy in determining R - 2. As can be seen, if R
is indeed ~ 2.1 then to measure R - 2 to 25%, 10%, or 1% we
must measure R to 1.2%, .48%, or .0L48%, respectively. An
analysis of our 3% error shows that the neutral sample contri-
butes 2.75% in quadrature while the charged sample contributes
~ 1.25%. If we in turn now break down each of these errors
we find that we are essentially no longer statistics-limited
in terms of minimum error attainable. We are rather at the
stage where the necessary corrections dictate the major part
of the error. Therefore, though it may be still possible to
measure R to the accuracy necessary to determine R -2 to
~ 25% with the present methods, it is almost inevitable that
other techniques need be used if we wish to measure R - 2 to
10% or less.

The attainment of 10% accuracy in the measurement of
R - 2 will be a major step forward in eventually determining

the quantity Re(Ag/Ao) to a desirable accuracy; however, it
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(%)

Figure 17. The necessary accuracy of the quantity R to
determine R - 2 to 1.0%, 10.0%, and 25.0%.
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alone will not be sufficient to attain this goal. The present
wide variance in the difference of 7r s-wave phase shifts,

|6, - 6 1, must also be resolved. In using the mean value

6, - 6 | = 50 £15° we are introducing a 35% error in

cos ‘(62 - éo)l which appears in the denominator of the expres-
sion for Re(AE/AO). This error plus our huge error in R - 2
combine to give us a 61% error in the value of Re(A,/A ).
Figure 18 shows the dependence of the percentage error of
Re(Ag/Ao) on the percentage error of cos (&, - 60) for differ-
ent values of the percentage error in (R - 2). We see from
these curves that if R - 2 can be measured to 10% then the
Re(Ag/Ao) can be determined to within 11% if cos (38, - 60) is

known within 5%. A similar analysis can be carried out for

a
the ratio of AT = 5/2 to AI = 3/2 amplitudes QB/Q , but it
3/2

only reconfirms the necessity for resolving the quantities

R - 2 and 62 - 8§ to a much higher accuracy than available now.
[e]

Very little can be said about the quantities Re(Ag/A )
o

a
and _2[2 as determined by this experiment for obvious reasons.

a
3/2
If the phase shift difference 62 - 8§ 1is ultimately found to

be ~ 50° then AI = 1/2 dominance is insured to the 97% level
(from Re(A,/A ) as determined from expression (5.6)). However,

it is still too early to make such claims. The ~ 130% error
%/2
%3/2

result other than what was given at the time we calculated

necessarily attributed to precludes any discussion of the
this quantity; thus although this ratio is consistent with
0 (i.e., no AT = 5/2 transition) it also brackets 0.90.

To show how the branching ratio itself can influence the
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35.

O 2 4 6 8 10 12 14 16 18 20
ACOS (8, 8)
COS (32—3

) (%)

0

Figure 18. The behavior of the percentage error in Re(Ag/A )
[o]

as a function of the percentage error of R - 2 and cos
(6, - 8 ).
(¢}
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a
quantities Re(Ag/Ao) and 6212 we can calculate these quantities
using the weighted averageEégr R determined as 2.201 +0.071
and the Gobbi et al. value of 2.285 +.055. We again use the
mean value |6, - 60[ = (50 £15)°. Table XII summarizes the
results for all three values of R. Under the assumption made
about (62 - 60), it can be seen that both the weighted average
and the Gobbl et al. value are consistent with a small frac-
tion of AI = 5/2 transition, while AI = 1/2 dominance is only
assured at the 92% level. If indeed AI = 1/2 rule is shown
to be so violated then the T-invariance arguments of Casella
based on the modified Wu-Yang triangle and presented earlier,
are better replaced by the arguments incorporating the Bell-
Steinberger sum rules and not based on AI = 1/2 dominance.

5.2 The Coherent Regeneration Phase, in CFBBr

Bs1,
We have found it possible to estimate the coherent regen-

eSL’ for CFBBr. We emphasize the fact that

although the value we obtain is a probable value for

eration phase,
Q1,2 due
to the great sensitivity in gy, for the difference in N(XZ)
and N(KE) a separate confirming experiment is most definitely
needed.

From Appendix C we see that the intensity of Kg as a
function of?s, the distance from origin in mean decay lengths,
is

i

Is(ﬁ) = Constant x [e” + 3.6 x lo_g(eulbos A
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Thus, at any point‘[, the correction to a pure exponential

decay law is determined as
. —'i —C -.(:‘- . [
C(j) = 3.6 x 10 2(e “cos § - e /2cos (6 - 84)) (5.8)
whereas the pure exponential decay contributes the term

E({) = S (5.9)

Upon integrating over our fiducial volume we find

() ai = [ el ad

E = B(y) di = e ~di

J‘Fid.. fo

Vol.
and
‘ - 2 0
¢ = I c(y) dl = 3.6 x 10 [ [e cos ¢
Fid. o

Vol.

’*

i .
- e /2cos (6 - 60)] dt

Upon integration we find
E = 0.9975 (5.10)
and

C = 0.0395 cos g - 0,014l sin ¢ (5.11)
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so that the fraction of events due to the correction term is

F === 0,039 cos § - 0.0145 sin ¢ . (5.12)

=Ha

We can determine F for our experiment by examining our
totals of KE and Kg. From Table XI the corrected number of
K; particles (NS) is 11390 141 while the similar total for
KE is NL = 11289 +134. However, NS contains a correction of

242 £15 events for "scattered V events" which contains scat-

tered Kg events plus large angle incoherent regeneration

effects. Thus, for the determination of F, these particles
created as KE but decaying as K; must be subtracted from N,

and added to NL' In Chapter III we estimated that 150 of
these 2U2 events were due to incoherent scatters of 15° or
more.

It is possible to make a rough numerical calculation of
the relative amounts of Kg scatters and incoherent effects to
check our visual estimates. ILet Y be the number of V's within
two mean path lengths from the origin and X be the number of
V's between two mean path lengths and the end of our fiducial
volume. S_ and Sy are the number of Kg scatters in regions

X
X and Y, respectively, while Lx and Ly are the number of Kg

incoherently regenerated from Kﬁ particles. Then

X:Sy—{-LX

and
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Y=8_,+1L .

Since the scattering is relatively low energy, we assume it
is isotropic so that those Kg scatters detected still roughly

follow an exponential distribution law, hence

Sy 3 e=2:0 _ e_6'Q _0.14 0.162
- T -2.0 - -
1.0 - e 7° 0.86

<

The distribution of incoherently regenerated K;'s should

remain flat over our fiducial volume so that

a

X = 2.0
y

We thus have four equations and four unknowns and we can solve

for

1.635 X - 0.265 Y )

L= (L, + Ly)

1

From Figure 9 we find X 115 £11, Y = 127 %11 so that the

total number of large angle incoherently regenerated K®'s

which decay via the charged mode are calculated to be

L = (158 +18) - (34 £3) = 154 18

which agrees quite well with our visual estimate. To this
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total we must add the estimated number of small angle (< 15°)
incoherent regenerations which were not caught at the edit

stage. From our Gasussian approximation in Appendix C, Section 2,
we find that the ratio of scatters of < 15° to scatters of
greater than 15° is ~ 1:10, hence the total number of regener-
ations is estimated to be 170 #18 events. This would imply

that the number of neutral decaying regenerations is

170 +18
2.117 *.004

= 80 19

and the total number of incoherent regenerations is

250 +20 .

This quantity must be subtracted from NS and added to NL'

The corrected numbers for the two samples are

(@]

11140 +1l42

=
I

and

H

11539 132

o

with the difference in the two samples being

Ng - NE = -390 +196
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We propose that the difference between D as calculated
above and D as predicted by CPT (D~= O) is due entirely to
coherent regeneration effects, all other effects being cor-
rected for. Assuming our proposition, the quantity of CFBBr
contained in our fiducial volume (a sphere of radius 10 cm)
acted as an "anti-regenerator" subtracting 200 98 events

o

from our Kg sample and adding them to our KL sample. This

being the case we determine F to be

_ -200 +98 =
F = {ITI00 £I%2) ¥ (200 598y = ~V-0176 #0.0086

From expression (5.12) we have

-0.0176 20,0086 = 0.0%96 cos § - 0.0145 sin ¢ (5.13)
so that the quadratic equation for cos g is
5.73 cos® g + (4.5 +2.21) cos 6 + (0.33 20.98). (5.14)

Upon solving (5.13) for § and using the relation

- 5T
O, = 8 - T

we find the only solution for eSL compatible with expression
(5.13) 1is

Bgp, = (-40 £25)° (+90°)
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We submit this then as a possible value of the phase for

coherent regeneration in CF,Br. This result can be compared

3

with experimental determinations of the regeneration phase in

other materials:

8oy = (=36 £12)° (+90°)
6 = (=43 #8)°  (+90°) ,
oy = (-28 £18)° (+90°) .

These phases for copper (C. Alff-Steinberger et al., Phys.
Letters 20, 207), carbon (M. Bott-Bodenhauser et al., Phys.
Letters 20, 212), and hydrogen (M. Lusignoll et al. to be
published in Nuovo Cimento) as well as our value in freon
are only defined to within +90° because of the behavior of

the cosine of the phase.



APPENDIX A
CHARGE EXCHANGE SCAN RULES

These are the scan rules as used by the scanners in this
experiment.

1. Beam Tracks. If a track satisfies all of the follow-

ing, it is a beam track:

a. Use the beam track template to determine whether
a track enters the fiducial volume and has the
correct entrance angle.

b. The track must not be separated by more than 1 cm
in views 1 and 4 at the point where the track
enters the fiducial volume. Perform this test on
low magnification with both views 1 and 4 on
simultaneously.

c. The track must be minimum ionizing at the point
of entrance of the fiducial volume.

Primary Interactions. Scan EVERY beam track along

N

the path of flight (i.e., start at the point where it

enters the fiducial volume and follow it as it moves

deeper into the chamber) for a primary interaction.

A primary interaction is any one of the following.

a. Any scatter of the beam track of more than 10°.

b. Any O, 1, 2, 3, ... prong interaction. Note that
delta rays ("boil off" electron) are not considered
prongs.

c. Any decay of the beam track.

110
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d. Any abrupt change in bubble density of the track.

The importance of along-the-path scanning cannot be

emphasized enough. Please strictly follow the above

procedure.

Types of Recordable Events. If the primary interac-

tion falls into any one of the following classes of

interactions, record 1t on a mark sense card.

a. Record any zero prong beam track interaction if
the beam track is not heavily ionized within 2 cm
of its end on low magnification. This is a Type 1
interaction. Figure 19 shows this type of event
with a Kg +71°% 4+ 7° decay.

b. Record any 1, 2, 3, 4, ... prong interaction if
all of the outgoing tracks satisfy all of the
following.

i. All outgoing tracks must stop in the cham-
ber, and the last 2 cm on high magnifiéa-
tion of all prongs must be heavily ilonized.

ii. There are no negatively charged prongs
(see (c) below).

iii. The outgoing prongs must not interact or

decay; thus, they may not have any abrupt
change in ionization.

iv. A prong may scatter through any angle as
long as 1t satisfies the change in ioniza-
tion criteria above (1iiil) and as long as it

does not produce one or more additional
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prongs at the point of scatter.
If a primary interaction satisfies all of the
above criteria (i, ii, iii, and iv) it is recorded
as a Type 1 interaction. Figure 20 shows a typi-
cal one prong event with associlated V.
c. Record any primary interaction with a negatively

charged prong that satisfies both of the follow-

ing.

i. The beam track must be minimum ionizing in
the last 2 cm before interaction on low
magnification.

ii. The negatively charged prong must be longer
than 4 cm on high magnification in any view.
If an interaction satisfies both of the criteria
above, it 1s recorded as a Type 2 interaction.
Figure 21 shows a typical Type 2 event with V
superimposed on charge exchange point.

While performing disagreement scans for the charge exchange
experiment, it has been noted that there are several criteria
in the scan rules that are too subjective. Because of these
points the scanners are "missing'" events or recording extra
events. These events which they are missing in no way reflect
their true ability to find the desired topologies. Thus, the
purpose of this paper is to try and make these offending
criteria more objective.

1. Fiducial Volume - Left-hand Entrance Boundary.

Because of the uncontrollable difference between
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machine settings and templates, the templates pre-
sently provided do not give the same fiducial volume
from machine to machine. To clear up this point,

the left-hand boundary for entrace into the fiducial
volume will be drawn from the frame itself rather
than the template. A track will be considered within
the fiducial volume at the left-hand limit if, at the
point of entrance, 1t is still visible as a black
track on a white background.

Pseudo One Prongs. In some instances a track may

enter the fiducial volume and satisfy the beam cri-
teria. It then appears to "come to rest" somewhere
within the fiducial volume. Many scanners are listing
these as Type 1, one prong interactions with question-
able vertex. To remove these disagreements, I stress
the fact that one must be able to detect an obvious
vertex which correspons in at least two views. By
obvious vertex we mean a change in direction of the
track (angle change) or a definite, unquestionable
change in density.

In many cases, these pseudo one prongs are pro-
tons, so when these cases arise check the bubble
density carefully and compare with other tracks on
the same frame.

When and When Not are Two Vertices Connected. This

question arises in two contexts. The first, and

most important, is differentiating between a true O
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prong and the case where the last few bubbles of a
track are missing. First of all, a general rule to
follow is 1f two distinct vertices are obviously not
connected in any one view then they are not connec-
ted. Conversely, two vertices must be connected in

all four views to be deemed connected. To determine

in any one view if two vertices are connected, use

one of the three inscribed curves on the "angle
definer" part of the template. If, when you match

the curvature of the beam to the template, both ver-
tices fall on the inscribed curve of the template,
then the two vertices are connected in that particular
view. Check all four views in this manner.

The second context in which this arises is in
distinguishing Type 1l's from Type 2's. First of all,
we have changed the scan program so that a scanner
will no longer be charged with a miss if he or she
incorrectly labels the event type. Let 1t suffice
to say that the general rules--must be connected in
all four views to be deemed connected--still hold.

IT with this general rule you still cannot decide
which type 1t 1s, write down your best guess and put
a 1 in the picture column.

When Does Prong Leave Chamber. When you encounter a

very steep track (moves around a lot from view to
view) you might question whether it goes out the

front or back of the chamber. To determine if it
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goes out the front, measure the distance between the
end of the prong and a convenient fiducial in view 4.

Then in view 1 do the same with the corresponding

fiducial., If the distance measured in view 1 1s
within 1 mm of the distance measured in view 4 then
the prong goes out.

Jonization. This has proven to be the most subjective

criteria of all. What ig "heavily ionized" and an
"abrupt change in ionization" eludes exact definition
since it can vary from roll to roll, even frame to
frame.

To help clarify these points a scanner can use
the following guides. The end of a prong is "heavily

ionized" if the end of no other track on the same

frame 1s obviously darker. If you have to stop and

carefully compare the darkness of two tracks, then
one 1s not obviously darker than the other.

As to the question of an "abrupt change of
density", let me begin by saying that an abrupt change
occurs at a single point--from one bubble to the next
--and cannot be spread out over even a 1/2 cm.
Secondly, an abrupt change in density is repeated at
other points along the track it is not an abrupt
change. Note that decays usually have a heavy ioni-
zation to minimum ionization type change, while fast
prongs that interact usually have a light ionization

to medium ionization type change.
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6. Finally note that the 4 cm rule for the negative
track of Type 2's include all segments of the nega-
tive track if it should happen to scatter.

In conclusion, if after applying the above clarifi-
cations to any particular case you still have a question,

record the event--do not throw it out. Also, we have

noted that a majority of missed events have occurred at
the extremes of the fiducial volume, either just after
entering or at the left-hand boundary. This indicates

to me that the scanners are not following the procedure

of along-the-track scanning. Be sure to follow every
track that has any possibility of being a good beam from
the point it enters the fiducial volume to the point where

it leaves the fiducial volume if necessary.



APPENDIX B
EDIT RULES

1. FIRST EDIT RULES

58

These edit rules, as written by Daniel Sinclair”~, were

to be applied to the film after 1t had been scanned twice and

all disagreements resolved.

In order to make a decision as to the first edit classi-

fication, apply the following tests.

1.

Check to see that the event has been correctly iden-
tified by going over all of the scan rules except
those concerned with beam position and entry angle.
In order to determine whether or not the event has

a f associated with it, apply template to charge
exchange point. Template has two circles radius

10 cm and 20 cm (real sphere equivalent). The event
has a § if the apex of any "V" can be found within
the 10 em circle on all four views. A "V" is any
V-shaped track configuration which i1s not directly
connected to a beam track. One of the tracks should
be negative and the other positive, but 1f they are
so short that you cannot be sure of their sign, give
them the benefit of the doubt. Be on the look-out
for wide angle V's which might look like a single
track with no apex. Study all such tracks carefully
and if you think there might be an apex, include it.

In order to determine whether or not the event has

120
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a vy assoclated with it, place the template on the
charge exchange point. Look on all four views to
see if there is a y vertex either within the 10 cm
circle or within the 20 em circle and pointing to
within the 10 cm circle. Accept the vy ray whether
or not it has an alternate origin. It should obey
these rules on all four views.

4, If the event is Type 1 and has no g and no y's, check
to see if another Type 1 is within 20 cm (real space
projected) on at least one view. (See Second Edit

Rules.)

1.1 Type 1 Events

If the event is checked to be neither a Type 1 or Type 2
then no further work need be done and the first edit classifi-
cation is 00. 1If the event is determined to be a Type 1,

decide on one of the following first edit classifications.

Q0

Event is checked to be a Type 1 but has no
p or y palr associated with it and has no
other Type 1 interaction with with 20 cm
ON ANY VIieW.uieeoeeonaoserosoossosssnsonss Ceee e 10
b. Event is checked to be Type 1 and has a §
assoclated with it, but no y....vviviiiia, 13
c. Event is checked to be a Type 1 and has a
y but no g associated with it.................. 14
d. Event is checked to be a Type 1 and has

both a 9 and a vy associated with it............ 15
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Event satisfies (a) except that it has a
Type 1 interaction with 20 cm on at least

ONE VieW.iveweeooonss e eaneee e s e e enseenesanns 16

1.2 Type 2 Events

If, on the other hand, the event 1s checked out to be a

Type 2 event examine the interaction vertex to identify the

secondaries and search for a g and y as described above. Then

classify it as follows.

tje

h.

i.

J.

R L SR T P 20
T owith K oooooa.... e 21
T secondary with no associated g or K e 22
T secondary with an associated f.............. 23

7Tr” on legitimate Type 1 with an associated

Voooosoonsossansoes A e 2U
W+W_ on legitimate Type 1 and no associated y.. 25
e” or e"et pair on legitimate Type Ll.veeevennn. 26
e” or eTe’ pair on illegitimate Type l......... 27
TTr™ on 111egitimate TYPE Lo eeenneereeeennnnn. 28
A decision cannot be made....eeeveeienneeneanns 29

By "legitimate Type 1" is meant an event which would fit the

rules for a Type 1 interaction but for the presence of the

-+ + -
e or e € pair or m m .
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2. SECOND EDIT RULES

The events to be examined in the second edit are those

classified as 13-15, 23-25 in the first edit.

If for some reason the second editor wishes to reject the

event, the classification will be 000. To ultimately classify

the event one or more of the following tests will have to be

applied.

l‘

\N

Second Edit §-Test. This test has three parts to it.

a. The positive and negative track should be consis-
tent with being pions.

b. The straight line jointing the K% charge exchange
point to the apex of the V should be contained in
the arms of the V.

c. If one pion is obviously faster than the other
then the faster pion should make the smaller angle
with the straight line joining the charge exchange
point to the apex.

Measurable Test for §'s. Both the W+ and 7 tracks

must be measurable; that 1s, they must elther stop
without any inelastic interaction or they must have
at least 15 cm of chord length (projected) on at
least one view before interacting. (Note: 15 cm =
7.5 cm low magnification.)

Second Edit y. The test proceeds thus. First find

that (those) y(s) which either lies within the 10 cm
circle, or lies within the 20 cm circle and points

to within the 10 cm circle on all four views. Place
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the "pointing template" on each ¢ in turn and check

to see if any ¥ has an alternate origin consistent

with all four views. If at least one of these y's

can be found without an alternate origin then the

event has passed. Otherwise it has failed. An alter-
nate origin may be the following.

a. The interaction or decay of a beam track except
when the interaction is another Type 1 meeting
the requirements of

b. The interaction or decay of a secondary except
simple proton scatters.

c. The stopping point of a 7 (but not a W+).

d. The stopping point of a K" (but not of a proton).

e. The tangent line to any electron or positron
track from any source.

f. The interaction point of 7t or m° tracks from any
source.

g. Any neutron star except single proton.

For events which pass the test an estimate should be

made of the total number of copunctal y's. To do

this, scan the whole picture, not just the 20 cm
circle. Use Judgment as to the origin of a y-ray.

A y-ray with an alternate origin may be included in

this count 1f, in the editor's opinion, it is more

likely to be a member of the copunctal set than it 1s
to be associated with the alternate origin because of

the longer conversion distance to the alternate origin.
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4, Measurement of Distances.

a. For f's measure the longest projected distance
between the apex of the § and the charge exchange
interaction in millimeters on low magnification.

b. For y's measure the distance between the charge
exchange point and the apex of the closest v.
Make the measurement in centimeters on low magni-
fication and on that view in which the distance
is longest. Round off to the nearest centimeter.

5. Searching for Another Type 1 within 20 cm. Place the

template on the event and search within the 20 cm
circle on all views. Accept any event within this
circle on at least one view whether or not it meets
the fiducial volume and angle requirements of the scan
rules. However, it must be a legal Type 1 in all

other respects. See Figure 22 for this topology.

2.1 With V

For events classified as 13 or 23 by the first edit, the
following tests should be applied.

1. Second edit g-test; does it pass?

2. 1Is the § measurable? (See later instructions.)

5. 1Is there another Type 1 vertex within 20 cm on any

view?
Code your result as follows:
a. It is not a ¢ and there is no other Type 1

within 20 Ccm ON ANY VieW. .ot et v eeeeesoenneoons 0ij
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b. It is a § and it is measurable and there

is no other Type 1 within 20 cm on any view.... 1i]
c. It is a g, it is measurable, and there is

a Type 1 within 20 cm on some View..i.eeeeoons e 21]
d. It is a 6, but it is not measurable and

there is no Type 1 within 20 cm on any view.... 3ij

®

It is a g, but it is not measurable and
there is a Type 1 within 20 cm....vvuiveennnenn. Uij
f. It is not a ¢ and there is a Type 1 within
20 cm ONn SOME VieW.:iieeeeveonnnns Ceeeenans ceess Hij
The last two digits, i and j, are the distance from charge
exchange point to the g vertex., If no decision can be made

the classification is 999.

2.2 With vy

For those events classified as 14 or 24 in the first edit
apply the following tests.

1. Second edit y-test. (See later instructions.)

2. Is there another Type 1 vertex within 20 cm on any

view?

Code the first digit of the classification as follows. Enter
the estimated number of y's for events passing the test. If
the event falls enter 0. Do not enter more than four unless,
if the result of Test 2 is positive, add 5 to the entry. As
the last two digits enter the distance of the closest vy passing

the y test. If none, enter 99. If no decision can be made,

enter 999 as your final result. Fig. 23 shows illegal y event.
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2.3 With V and vy

For those events classified as 15 in the first edit apply
the following tests.

1. Second edit p-test; does it pass?

2. Second edit y-test.

5. Is the p measurable?

k., 1Is there another Type 1 origin with 20 cm on any view?

If the event passes the g-test and no y's pass the y-test,
code your result as described in Section 2.1.

If the event fails the p-test but passes the y-test, code
your classification as

a. No Type 1 origin within 20 Cl...vvvevvereranens 51]

b. There is a Type 1 origin with 20 ecm........v... 6i’
where the distance of the shortest y from the charge exchange
point is digits ij.

If the event passes both the f-test and the y-test code
your classification as

a. There is no Type 1 origin within 20 cm......... T1iJ

b. There is a Type 1 origin within 20 cm.......... 8ij
where the distance of the shortest y is again digits 1ij.

If the event passes neither the g-test nor the y-test,
then enter 0 99 if no Type 1 within 20 cm; otherwise 088.

If no decision can be made enter 999.

Finally, if the first edit classification 1is 25, apply
the "measurability test for g's" to the 7w 7~ tracks leaving
the origin. Code your result as follows.

a. Fails the test and no Type 1 within 20 cm...... 200
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Passes the test and no Type 1 within 20 cm.....

Fails the test and there is a Type 1 within

Passes the test and there is a Type 1 within
20 ClMuvuensesesesssosessnsnsassssssssnsosansnes

No decision can be made....eeeeeesens cees e s es s .o

300

Loo



APPENDIX C

PHENOMENOLOGY OF Kg -+ 21 DECAY

1. THE DECAY Kg,+ T

In this section we look at the K°-K° system from a
phenomenological point of view with special emphasis on the
2r decay of Kg. Only that analysis which bears direct effect
to our experiment will be presented. Our ultimate goal in
this section is to obtain the approximation formulated by

Abbud-Lee-Yang as

A
2
R - 2= 6/2 Re(g=) cos (6, - 8 ) + (a,,) (C.1)
[e]
where:
I(KS - T
R = .
T(Kg » 7°1°)
A2 and Ao are the I = 2 and I = O standing wave decay ampli-

tudes, respectively, of K+ 7 + 7 3 6 and 6 are the mr
o]
s-wave scattering phase shifts for the I = 2 and I = O states

at E = m A is the electromagnetic correction, mentioned

K> Sem

at the end of the firstchapter, which is composed of three
factors: a) final state Coulomb interaction, b) radiative
correction (due to transverse photons), and c) corrections

from on-mass-shell decay of K; + 27y =+ 27 , with correction

121
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(a) being the most significant (see Chapter I, Section 4).
To derive this expression we will startwith the initial time
dependent amplitudes of K° and K°, and propagate them via a
modified Weisskopf-Wigner treatment.

The original Weisskopf-Wigner59 description of unstable
states held only for nondegenerate eigenstates and resulted

in a differential equation for particle amplitude

¥(t) (c.2)

nof

a
- 5 U(t) =

where T is the total width of the state ¥ which is the inverse
of the lifetime. In 1934 Breit and Lowen6o modified the
original Weisskopf-Wigner formulation to include the possi-
bility of degeneracy and it 1s basically the Breit-Lowen
method we must use since the scalar formula (C.2) will not
describe the real and virtual transitions that cause K°-K°
mixing. A detailed application of the Breit-Lowen method
(modified still further by Kallen6l in 1958) to the K°-K°
system, can be found in Kabir62. Essentially we must replace
the decay constant T’ with a 2 x 2 decay matrix whose off-
diagonal elements provide for the mixing phenomena, while

the general neutral K state becomes a vector in a two-

dimensional Hilbert space with basis states

K> = () 5 &> =) (¢.3)
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so that
K(£)> = a(t) (5) + b(t) (O) = @ED SN RS

Thus the general Schrodinger type equation which governs this

system will be of the form

- & k(t)> = DlR())> . (c.5)

If we denote the various channels of decay as f and A.(E) e~ 1Bt

is the amplitude of the decay product in channel f with
energy E, then equation (C.5) breaks down to two coupled

Schrodinger equations (in the notation of Wu and Yang)

1 2 K(t) = J?ZE Heo(E) An(E) 7P, (C.6)
1 L R(t) = ;:E H (5) Ag(8) o~ 1ET (c.7)

with the amplitudes given by

5
~ Al

/

E) K+ H (E)K] . (c.8)

The various Hpy = (leWkii> are the matrix elements which
will later be expressed in terms of the decay and mass matrices

so that further discussion of them will be left for that time.
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Solving these via the modified Breit-Lowen treatment we

obtain

The amplitudes wi and decay constants xi are given by
the eigenvalue equation

(T+ M) y_ =29, . (c.9)

1.1 The Decay Matrix
The Hermitian matrix T is called the decay matrix and
its matrix elements are related to the weak Hamiltonian by

the perturbation formulae

N o
Tgp=m 4 Pr | £ 1M 1K 12,

Ly = }; op |<ElH, IR"> 12, (¢.10)

_ * _ ‘—\:—. e i o]
Typ = Typ =7 Af... op <K tﬂwklfxflﬂwkh{ >

where f again is the final state and Op is the density of
final states per unit energy. It is possible to perform these

sums and express the T matrix as the sum of the contributions
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from the wr(I = 0), mr(I = 2), leptonic, and 37 modes

where

The elements

of 1‘9 and err

with the sum

respectively.

+ T, + T

T = To + T2 ’ S

\‘\
aBW X3W+ly5w\\
F}W - }
BW ly}v aEW //

of T and F2 were defined earlier. The elements
(o]

represent the general expressions from page 134

over possible leptonic and 37 final states,
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1.2 The Mass Matrix

The Hermitian matrix M is called the mass matrix so that
iM 1s an anti-Hermitian matrix which represents the effects
of the mass shift. The elements of the mass matrix are much
more complicated than those of the decay matrix since, in
addition to the usual weak Hamiltonian perturbations, we now
have both strong and electromagnetic couplings between various

mass states. Thus we have (also in Wu-Yang notation)

- [Kalu x| ?
— v > O [+ \‘) ' Wk
My, = me o+ Q{IHWKIK>+‘,;'P -

n (mg - m>) /

o ‘<lewk'K?>lg\\

— o Lo aed o X
My, = me + SKOlH, R + » P =1} (c.11)
n (mK - mn) //

< KET [ | n> <afH KN

My, = Mo, = <ROIE KD + 2P Wk wk T

wk o o ;

n (mK - mn) /“

where

e = <K°|Hy, + Hle") = <K7|H,, + Hle“')

(assuming CPT allows the second equality). In the above ele-
ments P stands for the principle value while the sum over n

extends over all unperturbed eigenstates of Hot + Hy with

unperturbed energy mg.
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The off-diagonal elements of M can be simplified by noting

(o]

that the small mass difference between Kl and Kg suggests that
<KVIHWKIK§> is essentially 0. This is also consistent with

the hypothesis that the {AS| = 2 component of the weak rurrvent

J¥ is also essentially O.

1.3 The States |KI)and |K)>: Transition Matrix Elements

°-X°

We can now construct the eigenvectors of the K Sys-

tem which, in the notation of Lee, Yang, and Oehme65, take

the form
2 2\~1/2 P
v, = (P2 1a®) 2 (B (c.12)
where
2 . I .
Pm = P12 + 1M12 = A° + A2 + Xﬂ + lYﬁ + XBW
+ inW + 1My, (C.13)
and
2 ”T* *
@ = Dy + My = Iy + 1My,
I iy, + j M) c.1k
= A” + A, Xp = Wyg o+ xg -y + My, . (C.14)
° states to

Thus, as our notation we shall take the Kg and Kf

be:
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2> = (1217 + 1a?)7™2 (%)

(€.15)
ey = (1P + Ja?) 2 D)

There are several other common representations for these

states in use in today's literature. Of these the two most

P-4

5 in which case

predominant are ¢ =

o\ _ 2,--1/2 1+ ¢
K> = [2(1 + |el)] (;(1 T 9
and r = P/q so that the Kg state becomes

K = (L+ )2 (L (C.16)

We are now in position to construct the 27 decay ampli-
tudes of Kg. We need first the isoscalar (I = O) and iso-
tensor (I = 2) standing wave amplitudes a and a,, respec-

[o]

tively. Since

E}
g
=
i

O)) = Ao (]_

Hence
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a, = qr(T = 2)|Ky = (a,85) (1217 + 1aP)H2 (B

8y = (lPle + |Q'2)-l/2 (AQP + A;q) (C.17)
and

&, = (1p[° + lQI2)-l/2 A(P+a) . (C.18)

We now construct the W+W— outgoing wave amplitude using
the Clebsch-Gordon coefficients. The W+T— state 1s construc-

ted as follows (states are II’IE>):

ll:'*’l) H T = ll":[-)
Thus
isé
> = V/ lo 0) e s + /X2, 00 e ° (C.19)
a
2
and

] iy = (B + ) VA [ STl
+ '/:Ae162]P+E/—'Ae °
+ J/g A;eiégj q}
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i
= B(IPI2 + 1q P72 e e

1(62-60)]

x [WZA (P+aq)+ (AP + A%q) e

is
Dropping the overall undetermined phase e °, we have

G TSy = B(IRIZ + (g ?) 172 [VZ2,(p + q)

1(6,-6 )
-.k 2 [e}
+ (AP + Aq) e

1 . (C.20)

Similarly,

Il

o TR = 30117 + 1a1?)172 (4 (2 + q)

- /2 (AP + ALq) el(ég'éo)] . (c.21)
Or, in the more contemporary 'r' notation

<W+W_lI|K§> = [3(1 + |v1%)17%/? [VZa (1+r)

1(6,~6 )

* 2 °
+ (A, + Agr) e 1 (C.22)

Gror TSy = 3+ )12 (4 (14 x)
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. i(6,-8
-2 (A, + Apr) 02 °)] (C.23)
By definition
. r(KS - rhr '(ﬁ T I|Kg >'2
L(KS =+ v°v°) '(ﬁ°ﬁ°|I|KS>l2
Thus
- 2
'["A (1+ 1)+ (&, + Alr) M2 6°)’
(5,75 |2 (c.2H)
le(l—l-r J2 (A, + Ar) e °’

We now make the assumption, to be Jjustified shortly, that the

difference between r and 1 is negligible. Hence

2/ZA +2Re A |°
R = o
2 A - 2/2 Re AF
[+]
where
1(6,-6 )
P o270
Then
1 Ay 2
2,\/2 [l+:7§Re(-A-——) P
R = ' ° ,

Ay
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2=2 l+2Rea+a2]
1-’4—Rea+4a2

where
A
F 2
o = :7—2— RG(K—)
Neglecting terms of ordera2 we find

R=2[(L+2Re a)(l -4Re @)

Expanding the denominator

R=2[(1+ 2 Re a)(1 + 4 Re a)]

Il

2[1 + 6 Re o + 8(Re a)E]

From the definition of o and F above,

Finally upon substitution, again neglecting terms of order a2

or smaller,

A
R=2 [ﬁ + 7% Re(Ka) cos (&, - 6OX]



A
R - 2= 6J§'Re(Kg) cos (8, = 6 )

o]
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o]

1.4 The Validity of the Abbud-ILee-Yang Approximation

In the preceding derivation we have assumed limits on

several quantities.

the K; 7

amplitudes,

=
Il

o = ST LIRS =

X [J@‘Ao(l -
= ST =
b [Ao(l -r)

In addition we need the

(henceforth denoted as S_) and KJ = m°7

the corresponding K

[e] o

o]

I, These are:

amplitudes.
(3L e f?)17

*
2 2

r) + (A

31+ e lP)1Y?

~ v@“(A2 - AZr) F]

'

following numerical guantities

[n._| = (.92 £.0k) leO_B = L./S,
-3 *
In,,| = (3. #1.2) x 107 = L /8 ’
- - 2 2
R = 2.117 0.06k = 5, °/ 85/

*
We have set the error in
] . . o]
deviations in reported values,

M o’ to reflect the significant

To justify these we need, in addition to

(8,)
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To determine the quantity r we use the four amplitudes Lc’

Ln’ SC, and Sn as follows. Let

W= [3(1+ jrf?)172
Then

(2T, +1,) =M (1-r)
and

S8, + 5,) = W (1 + 1)

We define the quantity v, for later use, as

,l-r_ V2L, + L,
l+r /2 S. T 8y

v = - o0 . (C.26)

Since we are interested in the magnitude of r and v and we
experimentally measure [ | and |n , the best we can do is
- 00

set an upper limit on v

R M.t o,

vl <

J2R + 1
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sﬁl_m-lﬂmol . (c.27)
SR - 1

v

This gives us a lower limit on r

|r |y 2=dvl

1+ |v|

Using the values above we find
|v | <6.61x 1077

and

Jr| > 0.987

The validity of the Abbud-Lee-Yang approximation can be

shown by solving for cos (62 - 5 ) exactly, that is dropping
[o]

no terms and assumihg only that the CP violating component of

the decay amplitude is small (r = 1). We find

_R-2 (- 1)ef? (c.28)

242 (R + 1) Re(Kg)

[¢]

which is quite similar to the Abbud-Lee-Yang form

B -2 (c.28a)

=

cos (&, - 6 )=
6./2 Re(K—)

[o]
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since la12 = 9,68 x 10_4.

2. REGENERATION PHENOMENA
As early as 1955 regeneration of K; from Kﬁ was suggested

by Pais and Piccioni6h. Their basis for this hypothesis was

the observation that if a Ki'beam passes through matter its

K° component (S = -1) will be more strongly absorbed than the

K° amplitude (S = +1) since, due to strangeness arguments,

K° can make hyperons and hypernuclei while K° can only elastic

scatter and charge exchange. Hence, after traversing the

K°

matter, there will be relatively more K° than amplitude

which is equivalent to an admixture of KS.

2.1 Coherent Regeneration
Regeneration can occur with a scatter (incoherent regen-

eration) of the K; beam or without a scatter (coherent regen-

eration). In coherent regeneration the amplitudes for K; and

Kr

equations. Christenson et al.

are obtained by solving a pair of coupled differential
| 65

give the solution in matrix

form

K2(x) Ryp(X)  Ry,(x) K2(0)
- (C.29)
Ke(x), Rop(x)  Eyp(x)/  \ES(0)

where
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pp eminaf,, (0) (e Uo o188

T
K (-16 + 3)

e—lé&

(C.30)

The terms in R(x) are defined as follows:

A, = yBCTS = mean decay length of the KS,

5 = KS&KE mass difference described earlier,
Orp = total cross section in material averaged between K°

and K°,
ﬁ = X/'AS = distance traversed by K in units of KS mean

decay length,

K, = pKS/h = wave number of K »
N = number of nucleil per unit volume of material,
£57(0) = 1/2 (£,(0) - fK(O)) = forward regeneration

amplitude of the nucleus of the material.

D. Sinclair66 has applied these formulae specifically to
heavy freon (CFBBr) by replacing Nf,,(0) by = Nj[f2l<o)]j
where the sum is over the different elements in the material.
Then putting in the initial condition

K(O

K°(0) = k2(0) = 7 (c.31)

in equation (C.29), we have
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KS(x) = K&g-l [Ryq(x) + Ryp(x)] . (c.32)
The resulting K;,intensity is given by
T (x) = [k2(x))% = L2 ¢ Ry (x) 2+ Rpp(x) 2
+ 2Re Rll(x) ng(x)] . (C.33)

2

Since |R,,(x is of order ].O"4 it may be neglected and
12

-Nopx| _r HwNA_ £,.(0)
I(0 T - X s ~21\°
T.(x) =-—%—)- e 1 e +

x (e” " cos @ - e” 72 cos (g - 84)) . (C.34)

Following Sinclair's notation

MWNAS!le(O)l bra

_ - N_‘f (0) a
KS(GE N %)1/2 2 + %)1/2 [G 2l l

b |20 (0)] 5 + NBrlfglwnB;_]

and § in (C.34) is defined as

Ca e 21
6= 83, t T
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where eSL is the phase of the regeneration amplitude. Upon

substitution of numerical factors*

~No..X j
I (x) () 7T [e'Q+ 3.6 x 1077

L

x (e " cos § - e'}yg cos (8 - 8())1 . (C.35)

.

Upon integrating (C.35) over our fiducial volume we can deter-
mine the correction to our»K;-sample for different values of
the regeneration phase'eSL. We estimate that this correction
may result in as much as a 4.2% enhancement or reduction over
the corresponding number of Kg in vacuum and, although this
factor does not affect our charged to neutral ratio directly,

it does affect our KQ/KE ratio,

2.2 Incoherent Regeneration
Tncoherent regeneration arises since the cross section
for K°-nucleus and K°-nucleus are different. The amplitude

for scattering of the K (per scattering center) is

Vool6%) = 5 [fg(6) K(x) + £ (0) K(x)D . (¢.56)

solving (C.29) for KZ(x) and Kﬁ(x) and using the states

*
D. Sinclair extrapglates between measurements given in
Christenson et al.0” and estimates errors at ~ 30%.
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K(x) = 75 [Kg(%) + K (x)]
R(x) = 5 [K (x) - Kp(x)]
equation (C.36) becomes
Voo (8) = [£55(8)(Ryq 1K (0)) + Ry, [K (O))
T51(8) RpplK(0)]
Voo (85%) = [f,5(0) K (x)D + £oq(8) K (x)D]
where f,,(8) 1s as defined before and
T50(0) = 5 [f(6) + £ ()]
Thus the intensity of scattered Ks is
T(0:0) = Yoo (0) 7 = Mo £ |20(0) [7 1%, (x)> |7
+ £, (8) % (1K (x|

+ 2Re £,,(8) £,,(0) <Kz(x);KS(x)>} .

We can remove the x-dependence by integrating over our fiducial

volume
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_ : _ 2 2
Is(e) - fFid Is(e,x) dx = Nsc’f22(e)l Ns * Nsclle(e)‘ N
Vol.
Tre

+ 2N Re £,,,(8) £,5(8) [ <Ky (x)[K (x))> ax
(C.37)

where NSC is the total number of scattering centers, NS the

number of Kg, and NL'the number of KE. The first term of

(C.37) comes from scattering of the KS intensity. The third
term reflects the difference in cross section of K-nucleon
and K-nucleon and is insignificant when integrated over our
fiducial volume. The second terms, however, come from regen-

erative gcattering of the KL intensity.

The quantity ILS can be calculated since every increment

dx of the regenerator contributes at its end (x = x.) the

£)
following number of events per steradian

dQ

o« (W) - wjeyy o P TN

Upon integrating over our fiducial volume

I, = NA_(1.0 - g=6+0

Ls g [ lle(e)’z St

The quantity 'le(e),e is, as of yet, undetermined in heavy

freon; however, it can be approximated by a Gaussian67
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o 2 2
‘le(e)IQ = dg{(ze) ~ TS e 0 /28

We can then roughly determine the parameters o, and § by

demanding that at § = O we have |f21(0)l2 as given from the

~

=

earlier discussion on coherent regeneration (lf

2
21(0)‘CF Br
24

.58 x 10~ cme)*, while at § = 7 we let lle(v)lg be essen-

tially O(,fgl(w)]2 ~ 1 pbarn). Under these conditions we find

2,2
Egéﬁl = (.58 x 10_24) e"12-08 /m

so that our expression for I becomes

Is

2,2
T, = 2riA_(.997) N (.58 x 10720) [ eT12507/T in g g

T 2,2
= 1.95 x 107 [ e7¥2:587/T gin g ag

"o

Thus this very crude approximation gives an estimate of
800 events due to incoherent Kﬁ regeneration. This number is
onlyba factor of three from the visual estimate of 250 events
determined at the end of Chapter III. This discrepancy no

doubt comes from the assumptions we have made to determine the

parameters o and & iIn the Gaussian approximation, compounded
Le]

*We emphasize the fact that this is an_extremely crude estimate
since it is most likely that |f21(e)|2 is highly peaked at
0° and thus diverges from the Galissian approximation.
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by the approximation itself.

3. K;—Kﬁ INTERFERENCE

Since it is now known that Ki

m°m° channels, constructive interference between Kﬁ -+ 2T

can decay into 77 and

and K’ ~+ 2r amplitudes may become an important factor

depending on the phase angle ¢ 4. = arg (n " ) .

(o0) (o0)
If we have a choherent superposition of KE and K;

states in the form

Ik = Qﬁf%‘;? L&D + o]KS)] (c.38)

*
where p is a complex constant characteristic of the regener-
ative properties of the material at hand. If we take the

elgenstates derived in the last section
FL -
K (£)p = exp [-i(m - 1 %) t] [k (0D

_ r :
exp [-i(mg - 1 ) t] K (0D

i

[K, (£)>

then the time dependence of XK° = W+W— is given by

S t L3m!
“P.K. Kabir”!, pp. 66-78. Explicitly p = r(l - e~ (y'+im')
where y' = y4 - y; 1is the width of the eigenstates of Ky and
Ky, in the material, m' = m, - m, is the mass difference in
the material, and r accoun%s for the difference in cross
section between K° and K°.
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I, (%) = 'e <rimT |TIRD
+ p . (mg-tT/2)0 <7T+1T_|T|K >’2
I, (t) «n,_|° A lo]° s
| - (T #T5)t/2
+ 2‘n+_p| e 5 cos (amt - v, _ + CPp)
(C.39)
Since 'm_!g is on the order of lO~6, we can ignore this term

so that the integrated intensity for the 7r+7r' channel, assum-

0, is

T S 2In,._p
f t)dt——{—L-(]__e ) + 21+ I

+- T2 4 (am)?

(e]

x{cos ® [ -T T(Am sin (AnT) - T' cos (AmT))+ I‘j

- sin cp+_E e‘r'T(l" sin (AmT) + Am cos (amt)) - Am]}

(c.40)
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where T' = (TL + Fs)/?. Fxperimentally it has been shown

that am ~ T' »~ FS/Q = Tl , in which case

-2T!T
R, =-— lﬂlm (L - e ) +

+- r1

Iy |

~TIT
X {acos e, [j © (sin (TIT) - cos (TIT)) + l]
\\_\M‘M_ﬁ-—_v .......... . _”___’___“‘// ’

a

\\

~T'T
sin o [e ® (sin (TWH + cos (TIT)) - i]}] .
-
e e T W” e e+

B
(C.41)
For future use we need to know when the interference term will
contribute the most as a function of @+_. It can be shown

that R+_ 1s maximum when

o, = tan™* (%?) (c.h2)

with the secondary condition

a
tan CP+_ < —B— (C.LI-B)

where ¢ and p are defined in (C.41).

For the case K° + m°r° , one need only substitute the
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amplitudes <ﬁﬁv°|T|K°S> for <w+w_‘T|K°S> in equation (C.39).

We find (L) (L)
-t -t
o 2 L 2 S
Ioo(t) n,.l ¢ + lpl e
-(T_+T_)t/2
+ E‘ﬂoop‘e L s cos (smt - @+ ¢p)



APPENDIX D

77 PHASE SHIFTS

The pi-nucleon interaction is certainly one of the most
studied aspects of experimental elementary particle physics.
Unfortunately, due to several severe experimental problems,
the determinetion of 7mr phase shifts has not fully benfitted
from these years of study. As pointed out by Gutay68 at a
recent conference on 7m and Kr interactions, the two major
problems currently haunting the experimentalists are:

1. One must extract the 77 phase shifts from inelastic

TN scattering where the effects of the 7w scattering

are often clouded by other inelastic processes.

2. Since the reaction we must use

T+ N+ N+ (nr)

hecessitates the involvement of a virtual pion, the
angular distribution of the pions depends both on

the effective mass of the diplon system and the square
of the four-momentum transfer. Thus to extract the
fth-wave contribution from background and absorption
effects we must have knowiedge of the 77 distribution

as a function of four-momenta transfer squared (Ag)

for each value of the dipion effective mass (/8.

*

Much of the material in the first part of this resume comes
from a paper delivered by L. J. Gutay at the recent Argonne
Conference on 7r and Kr Interactions.
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Gutay estimates that these restrictions demand more

than 50,000 events in the Nmrr final state at any

single beam momenta; hence statistics are a problem.
Because of these difficulties all experiments to date have
used simplifying arguments to analyze the data. While the
resulting phase shifts are consisﬁent for I > O channels, the
results for the s-wave zero isospin phase shift are as varied

as the methods used to cobtain them.

1. THEORY
1.1 Partial Wave Analysis of mm Elastic Interactions

The phase shifts themselves afise aé a necessary param-
eter in the pertial wave analysis of any given interaction
since the scattering process changes not only the amplitude
but the phase of the outgoing wave. Briefly, the principle
used is to construct asymptotic solutions to the wave equation
in regions far from the point of scatter so that the particle

wave functions (V) obey
Y+ Ky = 0 (D.1)

where k 1s the momentum of the scattered particle. Following
the usual procedure69 the asymptotic form of the scattered

wave 1s found to be

Voo = T £(8) — (D.2)
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where V is the velocity of the particles and f(g) is the

scattering amplitude given by

oL

£(8) =Z (20+1) £ P2(e) . (D.3)

i=0

In this last expression fﬁ is usually referred to as the scat-

tering function and is dependent on the phase shift in the
form

iét
sin Bg e

v K

(D.4)

We can easily apply this method to obtain the 7w phase
shifts if we assume the following two things. First we assume
that all pions are on the mass shell, while secondly we assume
that all 7mr interactions sre elastic. Although the Chew-Low
extrapolation technique has shown these assumptions ultimately
unnecessary (at least for reactions dominated by single pion
exchange), assuming them at this early stage facilitates the
theoretical description of 77 scattering. Expressions (D.2)-
(D.4) give a total description of the scattered wave function
in "momentum-space'; however, to accommodate the various charge
combinations of two plons it becomes convenient to introduce
"iso-space" wave functions that are eigenstates of the total
isospin. Using methods described earlier in Chapter I and

Appendix C, we can construct the various 27 states to be
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(1T 1))
T = [2,2 (D.5a)
lrtre) = 712- [12,1) + |1,1>] (D.5Db)
|77 = 5 112,715 + [1,-1>] (D.5¢)
7t = 76 |2,0> + 7— |1,0) + 75 10,0 (D.54d)

which are the most often observed dipion states in the reaction

Tp -+ Nrm o . (D.6)

Combining the concept of isospin with the earlier constructed

angular momentum states, equation (D.3) becomes

L
g T+
:2—5 (2v+ 1)L+ (-1)7 "] f., P\,(e) (D.7)
o=
where now
.
; sinsv e !
- \
ft = R (D.8)

and k and g are specifically the pion momentum and the scat-

tering angle in the dipion rest frame. Using (D.7) and (D.8)
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we can now construct the scattering amplitude for any 27 state

following the isostate mixing as given in (D.5a-d). For

example
——n - . 2
£ (6) =L > (2h+ 1)L e gin 6201 + (-1)"]
== 2. (2 -
[75 7> kT=0 ° *

L

18, )

+ % e ' sin 5}[1 - (-l)j]

isp -
e " sin 671 + (-1)" 1
{

i
J

2 (8) - (D.9)

o =~

Since we are primarily interested in the region ,8 = Mo WE
may take advantage of the observation7o that for energles such
that /&' < mp only the first two partial waves (¥ = 0,1) make
any significant contribution. In this approximation the dif-
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