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AN UPPER LIMIT ON THE DECAY RATE

4'Kiy+ x Ty

Roy Cannon,Thatcher; Ph.D.
Department of Physics

University of Illinois, 1968

In the film from a spark chémber‘experimeqt on Kg;decays
performed in the 28° beam line of the ZGS at the Argonne National. : .
Laboratory; we undertook a search for the decay mode KL-* n *x 2 o |
The - charged decay products were momentum analyzed in a magnet and
identified in a set of range-shower chambers on the basis of their
behavior there. The position of'the gémma fay conversion point’in;l
'these chambers wac compared with the position predicted on the:

'hypothe51s of KL d n Ty,

The K <3 prov1ded almost the sole background as well: as

che normqlizatlon of our rate measurement. In 962 events with

good gemma showers we found one evént fitted £he nty hypothesis

‘wichid our spécdal resolution. Hoﬁevef; the expected background was cne

event..: Thiszresultgcorresponds;to:an.upperflimit on: the decay rate
KL - ny) S 7.5 % 10° sec ™ at a confidence level of 90%.

The’reéult is compared with the predictions of various theorecical

_models. The possible cohnections to other decay processes

(K—-» n-uﬂ 7, KL-* 1°x° 7 Kg - n+ﬁ-7) and the feasibilities of CP

" invariance tests.are discussed.
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I. INTRODUCTION

At thé'present time ﬁhere is great interest in studying CP -
violation in K-meson éystems. Cp conser?ation forbids the.decéys |
KZ'» xtn” and Kg 4'n°¢0." The observation of the férmeri/'of these'
two decay modes led to a rash of éheorigs many bf thch struggied
valiantly to "save' CP. But CP was not to be séved;A'The obsérvation

of interference beétween Kg »‘n+n' and KE - n+n_.can be explained.

only by the violation of CP. Since then,CP violation has been

6.0 2

observed in Ki adl O ¢ in the K; - ni-2+v 2/ whére<it shows up as:

a small charge asymmetry.

Whereaé.the existence of CP violation is now well es@ablished5
one dbes not,yet know frecisely whére the vioiation 6ccurs.<
Altﬁough it is only in weak decays that the small CP vioigfing:

effecfs have been éeen, the CP violation could be due to the strong

' interaction,ﬁ/ or to . the electromagﬁetic iﬁteractionz/ or to the-

weak interactioné/'or to a combinétidn of all of these. It
mighﬁ also be dﬁe to.a_new.interaétion.Z/ To pin down the location
and nature of the CP violation, several different reactions must

be observed which manifest this violation. The radiative decay

-of the chargediandnneuprai K-mesons have become of great interest

as a possible test of theorétical'broposals for understanding
CP violation.

' This thesis is a report on a spark chamber experiment ~

performed at the Argonne National Zaboratory's 2GS to search fdr the



decay«mode Kz - u+n-7; There are two CP violation effects which’

have been pfoposed as possibly showing up in this decay.
ALee and ﬁué/ pointed out that if.there are large C.and T .
violations in the electromagnetic interactions, these could
manifest themseives as a snall ( i%) asymmetry in the 2, x
energy distribution. This is about 300 times the asymnetry one
could expect if CP violetion dis enti;eiy in,the'weak interactions.‘

But in view of the small npper limit on the brenching ratio of

o—>
L

decay.

K n+ﬂf7,.there is little hope of seeing such an effect in this

Sehgal and WOlfensteinQ/ have pointed out that one might

'o-->
L .

a CP violation is associated with the intefactions involved in

get strong interference between K ﬁ+n—7 and'Kg d ﬂ*nfy if

the emission of the photon. The present experimental data on .

Kz;* n+n77 are consistent with inner breﬁSstrahlung. The calculated

‘rate for thisvprocess for a gamma. ray energy Ey;? 50 MeV is rate

O-v
the upper 1limit on the rate ‘for (Ki - ﬂ+g-7) which we obtained in

(K axy)=1.6 x 107 sec™t. This is & x loh'timescgreater than
this experiment. Interference effectslare most marked between
equal Emplitudes; therefore the low rate for the Kg radiative
decay we have observed makes'the experimental test of Sehgal and
Wolfenstein unfeasible et the' present state of the art.

Several models have béen,used to calculate the rate for

<Ki'? n+u-7. One can also relate the magnetic dipole contributions

[N



“

to direct emission for Ki ~~n+x’7 and for K+ g ﬁ+n°7 if one assumes
an extension of the AI = 1/2 rule proposed by D. Cline.

These will be discussed in the next section.



- II. THEORETICAL CALCULATION OF THE DECAYV

o . +-
KL»nﬂy

’

The decay KE-» n+n-7 can proceed by direct emission of the

photon or by inner’bremsstrahlung."However inner bremsstrahlung

. ’ " O + - - . . -a .
“is small'because the KL - 'mode v1olates CP,1nvar1ance.*

We can expect that those direct processes whlch conserve CP should

dominate the radiative decay.

~ The quantum numbers of the n+n-7 final state for the first
terms in the'mulu@ple expansion are shown in Table 1. Since Ki
can'be assumed to be very nearly an elgenstate of CP with eigenvalue

-1, the CP conserving processes are seen to be magnetic dipole -

" and electric quadrupole’emission.

At the present state of the art our attempts to calculate
the KL-—> ﬂ n 7 decay rate should be viewed as estimates rather
than precise computations. In all treatments to be discussed

here the theorists neglect the electric quadrapole contribution

to the -direct emission process and compute only the magnetic

dlpole term. The dipole term is easier to. calculate. ‘As

P16 1 2

£__ =1 for the M, transition and as z = 2 for the E. transition .

the dipole should be bigger than the quadrﬁpole'from angular

momentum considerations alone.

_ *One cap estimate the rate for internal bremsstrahlung by itself:

R (I B+) ~~ R +

KL-+ L ¢ 7 KL-* T x
gives a branching ratio estimate of R(I.B. ) / R(KL - all)/\JlO 5

KL > x'x Ty

_¥:q, the fine structure constant. This



Table 1

Quantum Numbers o6f the Final State for

o} + -
KL - 1 ﬂv7»

M1 El M2 E2"

£ﬂ+ﬂ- 1 1 2 2
3 : ! ¢ °
. I,"r 1 1 0,2 012
Cﬂn7 ! . B N
\
Pnﬂy -1 +1 -1 +
P -1 +1 +1 =
"
nny (-1) *® ™ (-1) photon
+ -~ :
(-1 )[/’f n (_l)j7+l Magnetic Multipoles
qy =

+ - ’ .
(-l)zﬂ X (-l_)j7 Electric Multipoles



Estimates of the magnetic dipole term to the rate have been
made by D. Cline, Pepper and Ueda, Oneda, Kim and Korff, and
Lai and Young. The basic ideas of each of these calcﬁlations are
outlined in the paragraphs which follow and their results are
summarized in Table 2 at the end of the chapter.

D. Clinelg/ has calculated an upper limit for the Ml direct
emission assuming a IAII = 1/2 rule in which the photon is
ignored in computing the isospin of the final stgte° There is no
a priori justification for the assﬁmption of suchla rule but it
is an interesting speculation.

Subtracting the calculated inner bremsstrahlung from the
experimgntal limi& for K+ - n+no7, Cline obtains an upper limit
on the rate due solely to Ml radiation.

R+(K+ - n+n-7§ ML) <3 x lOlL sec L. Using the Wigner-
Ekhart theorem and neglecting meson mass differences, he finds

R, (ML) R(K - x'xy, M1) E% -1 2
R (ML) ~ ' =

., _ ! (1)
R(KY > a"nyy M) i+ AE/ ¢

where 53 is the ratio of |AIl = 3/2 amplitude to that for [AI| = 1/2.
Cline's [aIl = 1/2 rule is invoked by setting A3 = 0 in Eq. (l).>
Ry(ML) = R (M1)

(2)

R.(M1)
2 < 2 x 1o'3

R(all Kz decays.)



Pepper and Uedaii/ consider two different mechanisms and
estimate the contribution of each to Ki - n+a-7. The first of

. . 12/ . .
these is a model generalized from the Cabibbo-Gatto interaction
and is based on & strong kaon-pion vertex, a two particle intermediate
state ahd a weak IAII = 1/2 interaction. This model gives a very

small branching ratio

Rate (K° = n'n"y)
1 < 3x lO-8~

Rate (Ki - all)

Since this model gives a much smaller branching ratio than inner
bremsstrahlung, we shall ignore it in all further discussion.

The second model they consider is the boson pole model.lé:ié/
Here one assumes that the strangeness changing vertex can bve |
attributed to an effective two-point:.kaon pseudo-scalar.meson
AL = 1/2 weak interaction. The diagrams calculated are shown
in Fig. 1.

Thé_Lagrangian used by Pepper and Ueda has the AI = 1/2

rule implicit in its coupling constants;

L : 2.0 o 2 o0
= - T + 4+ mIr K2 T+ fKn mﬂ K2 n
K n
A A o
+ n evap ap A, Bcppn + n squp 8“ A, BG Py o
A .
3 o
+ n 8vap BG ppﬂ + fp“ﬂ P - X x.ap x



Figure 1.

The Feynman diagrams used by Pepper
and Ueda in calculating the direct

emission contribution to

o}
—-

+ -
KL Ty,

2]
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The piop péle‘amplitﬁdes can interfe:e with the eﬁa pble'termé s0
ﬁhe reléti;e sign of f'+ + and fKﬂ becomes imﬁbrtant. A upiﬁarj
symmetry generalizatiog gf the IAIJ = 1/2 rule giyes | |
K+ﬂ+/fxn = - 6,and.k3/k = 3. This gives destructive intefférence,
Although mass differences may shift the magnitudes of these ratios,
it is ﬁéped that the sign is right. In this way Pepper and Ueda

obtain for the direct process

Rate (KE > xny)

Rate (Ki - all)

Z6.7x 107 (%)

This result is rather uhcertain since the f + + and fKﬂ coupling
’ S ' Kn.

constants are known only to an order of magnitude.
. Oneda, Kim and Korff estimated the decay rate using the
pseudoscalar meson pole ‘approximation. and a current-current type
of 1nteract10n which transforms like a member of an SU(3) octet. -ltgﬁ/
The Feynman diagrams calculated are - shown in Flg 2. Note that
Oneda, Kim and Korff use the same diagrams as Pepper and Ueda
) : '+' * - —p¥.
plus others involving K— and Ko - K. The SU(3) generalized

- Lagrangian for pny type vertices is

"CVP7 = oy 04375 O B{a Py +1O,% oy

-t o O - ¥4 + ¥
_+57KP8+\/§ ayn p5+87K Ky +57KK6 (5)
0.0 * 0 %o
-287KK6.-28 K KS + }
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Figure 2.

The Feynman diagrams used by Oneda, Kim

and Korff in calculating the direct

. + -
emission contribution to Ki-+ Y.
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. ' - The coupling constant any is estimated from the no - 2y

decay rate to be

: | 2 o 13 x10%0 sec”t
' pry o
' b 16

From the width of the p meson (taken to be 100 MeV) Gpnn is

given approximately by

A(G

-£§E}—— =‘d.5o .

The amplitude for the diagrams in Fig. 2a takes the form

- Tk My
. o Mé'h%2_$ +m2_£)fwkncmn%ﬂﬁ
' n Kk n k
+ - 1
k e P P, '
B T e W

2 + -2
m + (p+p)
P .
+ - : :
where k, p and p are the four momenta of the photon, the ﬂ+

and the x mesons, respectively. e, is the polarization vector

of the photon.

Exact SU(B) is used to obtain the relatiéns between the

coupling constants

-1/2
. =3 (f.)
i nq v Kg

(fw) O

K - M

o]
2

e _="lf2
%Oy =0 Nondy
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The coupling constant Kpny is estimated from the x° - 2y

decay rate to be

XE o~ 1.3 x ZLOEO_sec-l .
pity - m3
- ' n

From the width of the p meson (taken to be 100 MeV) Gpﬁn is

given approximately by

(G

_ -£§E}——' = 0.50 .

The amplitude for the diagrams in Fig. 2a takes the form

2 2 2 2 )'fw kpﬂ7 Gpnu FpV)B

- 1
' 2 + -2
- m_+ (p+p)
P
+ _ L R
where k, p and p are the four momenta of the photon, the x+

and the ' mesons, respectlvely e

y 1s the polarization vector

of the photon.
Exact SU(3) is used to obtain the relations between the

coupling constants

(£.) o5l (t, )



The other Feynman amplitudes are constructed similarly. Assuming

that the weak coupling constant,'fw, depends only weakly on the
external momentum qe, then the rate for the direct.process is
found to be

6.51 x (1 +0.5) x lO?sec-l

R(Ki > 2 ny)

and the branching ratio is
(7)

(o] + -
R(KL > y)

R(K] - all)

-5

2.9 x (1 + 0.5) x 10

When Oneda, Kim and Korff include m-¢'miking, they obtain a larger
rate and branching ratio:

R(Ki.*-ﬂ+ﬂ-7) (2-3) x (1L + 0.5) x 105sec-l

- (8)

L

R(K‘I)J'—> ﬂ+ﬂ;7) ‘
' = (1.1% - 1.70) x (1 + 0.5) x 10"

R(K.i - all)

Lai and Ydunggé/ used the method of currentAalgebras to
calculate the ratio of the rate for the direct CP conserving process
for Ko - ﬂ+ﬂ-7 to the rate for K° - 7y« --Since the rate for"o'ﬁ'yy

L K Ko
has been experimentally measured,'this gives them a prediction on the
gbsolute rate of Kg > 7 xy. In their notatlon J (x) Vl(x) +-A1(X)
is the sum of the vector and axial wvector currents and the superscrlpt

i is an SU(3) index. Using the PCAC hypothesis, 5 A ( ) = @ (x)1 =

1,2,3 and assuming the lazl = 1/2 rule, they get the CP conserving



direct amplitude , %

-5/2 1/2

w
Ml(Ki > n'ny) = 2n (2k )" ch 2 (p- q) Ma(p+q,k) (9)

It

o~ ©o

where p, q, and k refer to the four mqménta of the ﬁf, n and photon

respectively; and e . is the eléctroﬁic';harge. Mz is defined by

ch )
e
ie M3(p+q,k) = 21()3/2 2k )1/2 LBd x e (p+q)
. ' (10) .
x <7, ke[T {v (x), B SOTNE
where HV(O) is the weak Hamiltonien reépbhsible'for non-leptonic -decays.

For Kg > 77 the decay amplitude is given by

M(Kg - 77) =i(2n)-:42(2k5)f1/2<<;k{e!, 7ke,Hw(o)]ng )>
S - ' ‘ ' (11)

ie ei \jf’ C;uxe-ik“ <k€ IT Gem(X), H (Oj’ >

where - k k', e and e' are the four-momenta and polarization of the
em

J
> .1
two photons, and ecth = ech(Vp + =
‘ Vi3

current operator. Then by covariance they write this as

VE) is the_eiectromagnetic

M(K) ~ 77) = (2n);5/2(2k0)—1/2(iech)2 " ¢ uvaé el e k! B.

(12)

2 R A -+ CP-noninvariant term

where M is the CP conserﬁing part of the Kg yy form factor. The
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CP-violating term is neglectéd since it should be nearly three
orders of magnitude smaller.
Comparing Egs. (10), (11), and (12) and using the definition

of vﬁ‘;‘ Lai and Young write

M (p+q, k) = A M e (p+q) k : 13
’p(p a6, k) = Euvap © (PFa)y B (13)
" where the factor A (correcting for the contribution of the isoscalar
part of the photon) is calculated from SU(3) to be

V3

Combining Eqs. (9) and (13) gives

b - ‘
. 2m '

O L wtny) = (2n) P2k )12 TH oy em
Ml(Ke any)=(2n) (2#0) = exM suydﬁpueyqakﬁ

‘and aésuming a constant form factor Mem, the brandhihg ratio of

) + - 0 ;
Rl(Ké % y) and R (K2 A27)

2 _ )2
T T
- 8.2 2 1/2
Rl(Kg - ntx 7) m A ) 50 th /2
S = - ) k”dkf1 - — |
R (Ka-»ey) 21tacn m : me - 2mk

L 2, | 2 |
where a = e~ /hx, C“ = JE? my FA/ &g’ 204 gNNﬁ/hg- 14.6, F, = 1.18.

. Upon substitution and integration



17 -
.Rl(xg - n+n-7)/R(KZ = 27) 22 0.1k o (15)
Using the experimental value for the Ki.» 7y rate,gigé/

N

R(K, ~» 27) -
..._..__..__.}& ~ (7.4 4+ 1.6)x10 ",

'R(Kg - all)

they obtain for the direct process the prediction

o ' + -
Rl(K2 - N 7)

= =~ (10 + 2.2) x 107 (16)
'R(K2 - all modes) ' :
Since all these estimates are rather .small, it now becomes
worthwhile to consider inner b:c'ernsstrza.hlung27 28 with some precision.

For this process the matrix element is giﬁenlby

MB(KS > any) = (2n)~5/g(éko) e M(Kg - x'x”) |
L L. (7).
x (B= - 3=)

where M(KZ > xtx") is the matrix element for the CP violéting-decay'

KZ - ﬂ+n;.' The branching ratio of this bremsstrahlung pré¢ess in
K; - x'x"y to the decay KZ > n'n" is then given by .

: 2 P

O L+ - K " Py

RB(KQ-*nvu 7) S L

R(Kg - xn)

(18)
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where E7 is the energy of the photon in the radiative decay.

Comparing with the experimental branching ratio for Kg‘» n+g §§/,

R(Kg - n+n-)

R =(1.53 + 0.007) x 107°
R‘(Kg ~ all) - o

we find for the bremsstfahlung process

Rc(Kg > xny) {1.69 x 1077 E, 2 10 MeV
.2] ) - -5
R(KC - | 0.4 x 10 E 2>

5 = all modes )

The branching ratios calculated from the various models are summarized

in the Table II-2.



Table 2

Rate(Ki > xnTy)

Theorist ‘Description of Model Rate (KE - ﬂ+ﬁ-7) =
' Rate (KL - All)
calculated value of inner o1 -3
D. Cline Al = 1/2; bremsstrahlung is sub- 3 x 10 sec <2 x 10
: tracted from experimental
value.
Pepper and Boson pole approximation; 1/2 M -1 » L
Ueda to get K3 - n© coupling constant ' 1.2 x 10 sec 6.7 x 10

Unltary sjmmetry generalization of

AT = 1/2 to get sign of M-n
interference

Oneda, Kim
and Korff

Boson pole approximation; SU(3) -
generalize AI = 1/2 is built in;
coupling constants from SU(3) and
model for x° - yy; w/@ mixing

(2-3) x (119.5)x1035ec

-1

(1.14-1. 70) x
-4

x(l+0 5) x. lO .

Oneda; Kim
and Korff

; Same as before but w1th no w/Q
~ mixing.

0.51x(1 +0.5)x10%sec

2.9%(1+0.5)x10™

Lai and
Young

Current - algebra;,: PCAC,
experimental rate

(0]
(Xg, » 77)

(il% ii.ﬁ)'x:iOB:égc-l

(10 +°2:2) %107

. Inner bremsstrahlung

2.88 x 10°sec ™t E >10
-1 7

.68 x 102sec E7a5o

1 .695:1'0;5

E 210 MeV
-5 7
Aox10

E_>50 MeV

—
\O
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ITI. EXPERIMENTAL DETAILS

The experiment was performed in the 310 neutral beam of the
ZGS at the Argonne National Laboratory. See Fig. 3 for a '
_schematic of the beam layout. Circulating protons of momentum -
11.6 GeV/c struck one or two ipternal targets just upstream of the
L3 straight section of the machine. Target A was & multiple-pass
tafget of 1/8" x 1/k" x 1/4" beryllium. Target C was of
1/8" x 1/ x 3.85" copper. Fifty rolls of film were taken with
target A only, 180 rolls with both A and C targets and 18 rolls with
target C only.

During the experiment the beam spill varied from 50 to
400 milliseconds and the beam intensity from 1 x lOlo to 5 x 10%1
~ protons on target per machine pulse. Four collimatofs were used
with the last collimator pfoviding the defining aperture.u This
48" long brass collimator had a tapered opening which was 1.78" high
by 1.25" wide at a point L48' from target.

Gamma réys in the beam were attenuated by two inches
(10 radiation lengths) of lead just upstream of the first collimator
(see Fig. 3). The electrons and positrons produced in the lead as
well as other charged particles already in the beam were swept
out by a bending magnet (BM-lO5) between the second and third
collii’natofs° The beam reaching our apparatus consisted mainly

o
of neutrons and K2 mesons.




K3 BEAM LAYOUT AT THE
ARGONNE NATIONAL LABORATORY

OPTICS FRAME

SPARK CHAMBER
MAGNET

RANGE CHAMBER
\ OPTICS
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The apparatus can be divided roughly into two parts.
(See Fig. 4):

1) scintillation counters for the detection of the decay
and thin walled spark chambers in a magnetic field for the measurement
of the momenta of the charged decay products, |

2) spark chambers with 1/8" thick aluminum plates for the
identification‘of the decay products and hence the decay mode.

To make sure that events were decays aﬁd not interactions
all decays were reqqired to originate from within a vacuum pipe
built into the firs£ of the two magnet spark chambers. The vacuum
pipe was an oval tube of thin stainless steel with .005" mylar end
and side walls. The vacuum pipe was 12" long end roughly 57’ from
the target._ | |

The magnet spark chambers were made of .OO0l" aluminum foil
plates and éach had twelve l/hﬁ gaps at intervals of 1.25". 1In
the first nine foils of the upstream chamber there was a three
inch by four iﬁch rectangular hole fqr the vacuum pipe. Qf the 24
gaps the last 22 were photographed through the slotted upper pole
face of the-magnet. The walls between the two chambers were of
.003" mylar bonded to .602" of aklar with Eastman 910. Aklar was
selected for its low permeability to water vapor. The back wall of
the back chamber was of 5/8"-alﬁminumf

The magnet in which the chambers were situated had a lh"hhigh

gap and produced a field with an average vertical component of 9.78
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kilogauss over the region of interest. The pole faces were 30" long
(beam direction) by 45" wide with the upper pole face being slotted
in order to photogréph the chambers from above. (See Fig. 5)

The magnetic field'polarity was reversed every seven folls of

film. The magnet was cycled during the polarity changes to
eliminate hysteresis effects. 1In addition the current throﬁgh.

the magnet and the voltage of a.Hall probe inside the magnet

were recorded for e?ery roll of film.

The spark chambers were offset 6 inches to the right of
the magnet centerline to make room for the side view mirrors.

The chambers were securely attached to a large aluminum transport
‘plate which rolled in and ouﬁ of the magnet to enable us to
service the chambers. When in the magnet, the traﬁsport plate
was securely clamped in place. This was impoftant not only to be
sure that the chambers did not accidently change position during
the run, but also to protect the chambers in cése of a power
failure. In the event of sudden field collapse the large eddy
‘currents induced in thé chambers and ih the transport plate were -
caﬁable of making the chambers and plate jump.

About 40" downstream from the second magnet chamber were
five "range" or "shower" spark chambers.made of 1/8" aluminum
plates 36" high by 48" wide. There were twenty 5/16" gaps per
chamber.. Including the walls a particle passing thréugh one
chamber must traversé 7.62 cm of aluminum or .86 radiation lengths.

Between the vacuum pipe and the first active gap of .the shower
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chambers there were #°5 gm/cm2 of Al, O.7 gm/cm2 of Cu (radiation
shield) and 1.9 gm/cm2 of CH (plastic scintillator) for a total
of 5.9 gm/cm2 in all.

Both magnet and range spark chambers were filléd with a 90%
neon - iO% helium mixture at essentially atmospheric pressure.
(Actually an overpressure of about 1/8" of silicone oil was
maintained at all times.) The chamber gas was circulated through
zeolite cold traps at liquid nitrogen temperatures to maintain
the purity of the gas.

Six scintillétion counters were involved in.triggering the
spark chambers. (See fig. 4 for the location of the counters.)

‘ were in anti-coincidence. Aa was

B

immediately in front of the vacuum pipe. A_ was just to one side

B

of the vacuum pipe to shield against stray charged particles. The

Two of these, Aa and A

anti-counters and the M, and M, counters were of 1/8" plastic

2
scintillator and had long lucite light pipes to permit the photo-

multiplier tubes to be in a region of low magnetié field. Ml and

M2 were separated by 1/2" to reduce accidental coincidences in

which a secondary particle from a neutron interaction in one counter

would trigger the other. Ql and 92 which determined the solid

angle of the secondary particles were 15" x 15" x 3/8" scintillators.

ps 0 and . The

triggering mode was intended to ensure that midway through the

Coincidence:was demanded of counters M M

l,

magnet the evenf had two charged particles which would reach

the first plates of the range chambers.
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Uhiversity 8f Illinois Modular Electronicsgg/ was used. A
block diagram of the electronic for the counter logic is shown in
Fig. 6. For a detailed discussion of the spark chambef firing
electronics and spark gaps see L. Verhey's thesisozg/

Thé reprodiicibility of the counters was checked once a day
when the beam was off. Standard counting rates for each counter
were taken with and without a Co60 source. During the course
of the run as photomultiplier tubes changed, the high voltage on
each tube was adjusted to maintain the standard counting rate.

Four cameras with Beattie Coleman 35 millimeter.film
magazines and Schneider Super-Angulon lenses were used to photograph
the spark chambers. To ensure correct correlation of film from
different cameras, four octal counters:which consisted of a total
of 20 pairs of lights in blocks of three were photographed by
each camera. The counters for all cameras were wired in parallel.

The top:'and.the side view of the magnet chambers were
recorded by the same camera. (See Fig. 5.) Each gap in the
chambers was reflected in its own mirror strip atop the magnet and
viewed through its own Slqt in the upper magnet pole face. A
mirror on the side of each magnet chamber reflected fhe side view
of each gaplto the mirror strips above and thence to the camera.
An event in the magnet chambers as it appeared on the film is- shown

in Fig. 7. A more detailed description of the magnet optics system

1
can be found in Appendix B of R. J. Abram's Thesis,é—/ Two top
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Figure 7. A typical event in the magnet chambers.
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view cameras for the range ér shower chambers were lined up with
the outermost fiducial lines of the chambers to the left and right
of the peam line. The top‘cameras in combination with the side
cameralat beam height gave both 80° and 100° ‘stereo. ‘An event in
the fange-shdwer chambers is shown ianig..B.

The cameras and the fiducial lines were set with the aid
of the ANL survey group-to an accuracy of better than 0.030"
relative to the beam line. During the entire expériment a iarge
survey monument was left in place over the beamvline behina the
apparatus. |

A 1/2" thick piece of copper regenerator was position
Just upstreaﬁ of the vacuum pipe during part of the run. See
Fig. 4. The possible effects of this regenerator invour experimenﬁ.;‘

will be discussed in Chapter V.




Figure 8. A typical event in the range-shower

chambers.
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IV. REDUCTION OF DATA AND ANALYSIS

The film from the magnet chambers was scanned for events with
good V's originating in the vacuum pipe with no extra tracks. The
selected events were measured on CHLOE,;Ey<the Argonne National
Laboratory's flying spot digitizer which was developed by D. Hodges
and associates. The size and position of the sparks on the film
were recorded by CHLOE on magnetic tape. The processing of events
from this pdint on was done on the IBM TO94 computer at the University
of Illinois. The pattern recognition programs (LINK) developed
by R. Clark pf the Argonne National Laboratoryéé/ were modified to
handle more rapidly our particular set of event topologies by
ﬁ. Mischke and O. McBride. If this streamlined set of programs
failed to handle an event, then LINK was called. (See Mischke's
thesisé&/ for details.) A preliminary reconstruction and kinematic
ahalysis was performed at this point and event summary cards were
punched containing among other things the locatioﬁ of the spark
in each track. Using these cards, we.were able to incorporate
later correctioﬁs for the non;uniformity of the magnetic field
énd also improved optical constants without doing pattern
recognition over again.

A scan of the range-shower chamber film was made looking
for gamma rays. Every frame was scanned regardless of the analysis
of the magnet chamber film for the event. The scanners were given

the following range-shower chamber scan rules.
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Record all events for which there is a good gamma
ray shower. |
A good gamma ray shower must
a) skip at least the first three gaps of chamber one
(Otherwise it may be an electron shower.)
b) point back toward the vacuum pipe region
c) NOT point back to a tréck
a) NOT originate in the beam as indicated on the
beam templates.
In general the opening angles of the electrop-positron
péir in a gamma ray shower is small. The higher the
energy of the gamma ray, the smaller the opening angle.
To be labeled a pion, a track.must do one of three things
a) stop in the chamber. (Be careful not to be fooled
by tracks going out the top, bottom or sides of
the chamber. )
b) interact in the chamber producing 2 or more prongs
c ) scatter through an angle of more than'5o.
For each good event, record the chamber and gap number
of the gamma ray origin.
If a good event has 2 pions, then for each pion record
a) the number of prbngs
b) the chamber and gap where the track stopped, kinked

or interacted
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c) the angles of scatter in the left and side views
(for those pions which scatter or * kiﬁk”).
6. If in doubt about &n event, ask a physicist. If a
C physicist is not available, record the eveﬁt° A lost

event may never be found.

The scanners took rather seriously the admonition not to throw
away events which were doubtful. Most of the questionéble events
were thrown out when cﬁecked by a physicist. (See below in the
discussion of the fate of events.)

A prior scan of the shower chamber film had been made

o}
L

the scanning rules was that events in which two charged pions were

looking/for the decay of K. into u+u_no. The only difference in
identified in the range-shower chambers were recorded even though
no gamma ray was found. The events found in this scan represented
é kinematically selected group since only those events were looked
at in the range-shower chambers which were compatible with

~
Kz - ﬂ+ﬂ-no kinematics as determined from the momentum measurements
in the magnet chambers. An event compatible with Kﬂ3 kinematics
is always also compatible with Kﬁﬁy but not vice-versa. A
comparison of this "3x scan" with the "gamma scan" gives a check
on the scanning efficiency. The efficiency is discussed later in

this chapter.

The summary cards for all events in which a gamma ray was

recorded in either the 3n scan or the gamma scan were run through
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two programs which incorporated all optical and magnetic field
corrections. The first of these programs computed all relevent

kinematic quantities for the decay under the hypotheses of Ké3 s
K ., K , and K , for both solutions for the enérgy of the kaon.
3’ Tawy 73

In particular it calculated the direction cosines of the photon

assuming the decay to be Kz - n+x+ n + 7, so that one could predict

the line of fliéht of the photon through the range-shower chambers.

The two-fold ambiguity in the energy of the kaon presentswno
diff&culty in this experiment. In general the two solutions arise
because one does not know whether the neutral particle went forward
or backward in the rest frame of the kéon° In the decay Ki - ﬂ+ﬁ-7,
those photons going baékward in the kaon rest frame either miss ﬁhe
shower chambers entirely or have too low an energy to produce the
ob;erved shower. Thus one need only consider the solution with

the higher energy for the kaon.

The second program with ﬁhich the summary cards were run
traced the two charged particles through the magnetic field and
predicted their entry points in the range-shower chambers. This
program also checked whether the charged particles struck the
magnet yoke where interactions with the iron could give rise to
spurious gemma rays and also té charged secondaries which could
falsely trigger the Q (solid angle) counters.

‘With the output of these two programs at hand, a physicist

looked at the shower chamber film for every event in which a gamma
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shower had been reported. Using a special graph, he could quickly
estimate the coordinates of a shower origin or of a charged particle
track to about'one inch.

It was then easy to scréen out those Ke3 events in which
the electron had failed to produce sparks in the first three gaps
of the éhamber and had subsequently showered. The charged particle
tracing program alsq’facilitated the screening out of those events
in which the shower came from a gamme ray produc;d in interactions
with the back magnet chamber wall, the front shower chamber wall
or the solid angle counters.

The events remaining after these checks should be almost
entirely Kﬂ3 or Knny events. At this stage & comparison of the
two scans becomes a significant measure of the scanning efficiency.
Since the "3x ‘scan" involved a pfeselection of évents to look
at whereas the "gamma scan" did nbt, the expression chosen as a
measure of the scanning efficiency for gamma rays is

=~ .. - the number of good events found in the "3x scan"
but missed in the "gamma scan"

e = l-
7 .

the number of good events found in both scans

where for this purpose "good event" implies also that the event
D

was kinematically compatible with K . decay. As defined the

5

-+ scanning efficiency was found to be e7‘= 8.

Each event in which a gamma ray was reported was tested

o}
->

L x'n"y. The actual

for compatibility with the hypothesis of K
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position of the showér origin was compared with that predicted'from
phe direction cosines‘of the photon which were computed in the
program described above. All events in which the miss between the
predicted and observed showef origin positions was less thap
5 inches were remeasured to determine the actual shower origin
with greater accuracy. About 1/3 of these were remeasuréd‘twice,
first with left and side views and theﬁ with right and side views.
The two measurements agreed always to better than O.5Ainches.

The "rate" of events,is described below.

1. There were 160,000 pictures taken during the runs with
O" and 1/2" generator.

2. T1,000.0f these pictures were found by scanners to have
a "good V" in the momentum chambers suitable for digitization
on CHIOE.

3. 92.4% of these orﬁ66,000 were properly digitized.
& should not have been on the scan list. Only 1.6 were lost
because of poor digitization.

4. The pattern recogniﬁion programs failed on about 10p
of the events which had been digitized. This left 59,500 events in
the sample.

5. After cutoffs were imposed on the allowed region of
decay 41,000 events remained.

6. Frém this sample, the scan of the shower chambérs

yiélded 3,507 candidates.




38

position of.the showef origin was compared with that predicted from
. the direction cosines of the photon which Qere compﬁted in the
program described above. All events in which the miss Eetween the .
predicted and obser?edAshower_origin positions wés‘less than
5Ainchesvwere remeasured to determine the actual shower ofigin
with greaﬁer accuraéy.' Abou£ 1/3 of these were remeasured twice,
first with left and side views and then with right and side viewﬁ.
The two measurements agreed always to better than 0.5 inches.
The "fate" of events is described below.
1. There were 160,000 pictures téken during the runs with
‘O" and 1/2" generator.
| 2. T1,000 of -these pictures were found by scanners to have
a "éqod V" in the momentum chambers suitable for digitization
on CHLOE. | o
: -3, 92.w%-§f these o:;66,000 were properly digitized.
&h éﬁould not have béen_on the scan list. :Only 1.6% wefe lost
because of poof digitization.
4, The pattern fecognition brograms failed on aboﬁt 10%
" of the events which had been digitized. . This left 59,500 events in
the sample. |
5. After cﬁtoffs weré impoéed on the alldwgdlregion of
decay'hl,ooo events remained. |

6. From this sample, the scan of the shower chambers

yielded 3,507 candidates.
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h 4 » 7. After the test for kinematic compatibility with the

' K-> nny hypothesis énd the test to eliminate events in which one
- of the chargedAparticles hit the magnet, 1570 candidates remalned.
8. 962 of these candidates passed the scrutiny of'the
physicist. Most of the events thrown out at this point failed
because the gamma shower was associated with one of the charged
particles entering the chamber. Pibn exchange with subsequent
. 7° - vy decay was the biggest contributor.
350 of the candidates were from the no regenerator run gnd
,612 from the 1/2" regenerator run.
- 4 Three closely related Monte Carlo calculations were made
on the IBM 7094 computer. Two of these involved the generation
R of Knny events, in the first place to calculate the detection
efficiency for this decay and in the‘second»ﬁo determine the
| : ‘ effect of measurement error on the predicted photon trajéctory and
shower origin. The third Monte-Carlo program was tb determine the
KﬂB detection efficiency since it is the Kn3 ratg‘to which we wish
to normalize our measurement of the Knn7 rate.

The Knny detection efficiency progfam was the simplest of

the three. In it the events were generated in the center of mass

system according to a uniformly populated Dalitz plot. The
justification for assuming a uniformly populated Dalitz plot is
that none of the various calculations for the energy spectrum of

the photon differs very much from phase space. Furthermore by
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recording the center of mass. energy of the photon for the successful
Monte Carlo events one can determine the detection efficiency fof
different regions of the Dalitz plot. If one were to detect a
reasonable number of Ki - n+n-7 events;'then one could infer something
about the decay interaction.

The energy of the K-meson was picked randomly according to
the observed beam spectrum. The momenta of the decay products were
transformed to the laboratory system. At this stage a decay point'
was picked randomly from the acceptable region and the paths of the_ﬂﬁ
two charged particles were traced through the non-uniform magnetic
field.

Tests were made tolcheck thdt all the required counters

were triggered and that the charged particles did not hit the

magnet yoke. If the event was a '"good trigger'", the laboratory

'energy of the photon was required to be greater than some minimum

value. (See below.) Then the trajectory of the photon was
checked to see that it would pass through at_least twd-interaction
lengths iﬁ the shower chambers. If the event passed this'test, it
was taken as a "success" and the relevant pdrameters of the decay
were recorded.

For theAKﬂ3 detection efficiency the program differed in
two respects. First,_the events in the center of mass system were
generated according to a Dalitz plot which incorporated the matrix
element dependence Qf the population density.éé/ The expression

used is:




g

Density oC 1 + 5 (er

b

3 max

=

3

Tmax is the maximum kinetic energy of the 7°

where T, is the kinetic energy of the T

m, is the mass of the K

m is the mass of the x
and ¢ is an eXperimentally determined parameteréi/ taken to be
= -0.21. | | |
"The other difference is that for KBﬂ’ the n? must be allowed
to decay in a'random-plane and the labpratory energy and trajectory'
- of both the resultant photons must be checked. |
’ The efficiency found for either decay modé'depends.on ﬁhe
minimumvphoton energy requiréd. (See Fig. 9 for gr;phs of

£ and §“5/¢ﬂﬂ7 versus the cutoff of theAgamma ray laboratory

nny’ €13
energy. We estimate that the right cutoff 1s 250 + 50 MeV. This

+-21)_ -2

corresponds to a detection efficiency for K = (1.31 _.oh x10

30 7 Ex3
+;11) -2

and for K of & x 100°. The ratio is then
nKy. -.12 .

= (1.12
Ry :

sﬂﬁzsﬁnz = LT oy
| The remaining Monte Carlo program was to determine the
effect on the predicted shower originlof measurement érfors in
Fﬁe spark locations. Knny evgnts vere generated exactlyvag in the
'Knny detection efficiency program. ﬁSpafk locations" were assigned j

to thé intersection of each charged particle (pion) trajectory as

determined by the ray tracing program° These "sparks" were then




Figure 9.

Detection efficiencies for the decay modes
K; » 22"y and Ki » xtx"n° versus the
cutoff in the laboratory energy of the

gamma ray.
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shifted randomly with Gaussian-distributed measurement "errors".
From the new'spark positions the Monte-Carlo eﬁent was réconstructed
in the same way as for an actual event and the entry pqint of the
photon in the shower chambers was calculated. The comparison of thé
computed entry positions before and after the introduction of
"measurihg error" tells us how much uncertainty iﬁ this position is.
introduced in the measurement bf the magnet chamber sparks. This
calculation hinges on the width of the Gaussian error distribution
used. In the above calculations in order to be pessimistic, the
r.m.s. value for the error distribution was chosen to be 0.020" both
vertically and horizontally. In the. course of processing many
events on this film for this and other experiments the r.m.s.
deviation from a fitted helix in the vertical was 0.018" and in

the horizontal was 0:012". Therefore the value 0.020" ig
compatible with the CHLOE least count of 0.016" and allows fdr

small uncorrected errors in the optics. With this value the

r.m.s. "miss" between the computer entry positioﬁs before and

after "measuring error" was O0.47".
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V. RESULTS AND DISCUSSION

One way of displaying the experimental results is in the form
of a histogran-of the.numbe“ of events having various values of "miss"
for the photon that is shown in Flg 10. The "miss" plotted is the
distance in reallspace between'the actual origin and the predicted':
origin of the gamma ray shower. The "miss" AR = ‘AXQ + AXQ
where AX is the differenoe in the,X.COOrdinates between the
observed snd predicted shower origins and simllarly for AY. (X
and Y are transverse to the beam. )

One EXpects that gamma ray showers arising from the >n
decay’ mode of the KL meson will be virtually the sole background
and that tnese should be distributed essentially unlformly in X
and Y throughout the shower chambers. The’ assumptlon of uniform
distribution of'background is supported by thelplot in Fig. 11
shoving'the X and Y coordinates of about 100 gemma ray‘showers
observed.

Under the assumption of uniform background the data in
Fig lO were fitted by the- least smrnus method to & straight line
passing through the origin. The resulting line has a slope.of '

4.25. The X2 of this fit'is 6.53 for T degrees of freedom. We
note that there is no~indication of any peaking above the

background near the origin. With our resolution-any regl event

should be in.the first binr




Figure 10.

Histogram of the "miss" between expected

and aétual>shower-origin positions. The
straight Iine fitted to the data has a

chi-square value of 6.53.
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Figure 11. The distribution of the gamma ray showers

in the chambers.:
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An alternative ﬁay‘of displaying the experimental feéults is
to plot where the individual 7—rays‘were observed relative to their expécted
positioﬁ. This is shown in Fig. 12. It also allows us to
check that there‘is no peak shifted in some systematic way from the
origin. The plot was made of the X and Y components of tﬁg "shower
origin miss" (+X up, +Y to the right faging_downstream) of each
event with "miss" less than five inches. We see that there is no
peak. The most one can say sbout the plot is that if one shifted
the AX axis down by about 0.4" (AY = AY + 0.4), the distribution by

quadrant of the events would be slightly more symmetric.

Population'of Quadrants

I 11 III Iv
Without shift 22 . 18 38 2k
With O.4" shift 2k 24 32 22

However more importanf to note is that the change produced in the
histogram of "miss" (Fig. 10) is completely negligible and does not
produce‘a,peak near fhe origin. |

With or without a shift of 0.4" there is one and only one
event with a "miss" smaller than our resolution. However, as‘One
can see from the background fit, one background event is expected in
the first bin. Since this is the case, the only thing weé can do
is to set an upper limit on the decay rate aﬁd evaluate the

confidence level corresponding to this limit.




Figure 12. The distribution of shower-origin miss.
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Ir ﬁe had found Nﬂnylevents above backgroﬁnd, then we would

have determined the hfanching ratio to be

iy

(o] + - . - o+ -
_R(KL »>xxy) N €y - R(KL > xC)
= X -

= 5 X = — (20)
R(KL‘a all) a3 73 R(KL - all)
where Nﬂ3 = 962, the number‘of K“5 events believed to be in the
‘ €43, 3 -
sample and #5“ = 1.17, the ratio of the detection efficiencies
. , ity , . ST

found in chapter-IV{ But we have no evénts_above background'sq-we
~report an upper limit én the’branching ratio. ‘Thét is we replace
the = sign in Eq. (20).by5§ and Nnny is replaced by,Nﬂﬂ7(max),‘thé.
number of nny events which would be expected in our data if the
branching ratio really weré to be our upper limit. The higher we
choose Nﬂxy(max) to be, the higher the upper limit we set and tﬂe
more confidence we can have in this upper limit._ Evaluaﬁing the'
pfobability (génfidence\level) that an upper limit is all'right
is rather involved so before discussing confidence levels we fi?stl
state the uﬁper limits'corresponéing to Nnny(méx) ;_i,2, aﬁd 3
events in our data |

:Nﬂ“%(méx) Upper limit on R(K%*n+n_7)/R(K§»all)
1 - 1.y X'lO-h

2 2.8 x 10‘?

L

3 k.2 x 10
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One expects that both the number of real Kuny events and

the number of background events will follow Poisson distributions:

k -n
P(k,u) = Beer

where k is the number of events observed in a given trial and

p is the mean number‘of events expected. In a situation éuch as
ours inAwhich an event can come from either of two random and
indistinguishable processes, the distribution of events is gi?en
"by a single Poisson distribution in which the mean is just the
sum of the two iIndividual distributions.

~ Thus the probability‘of observing ‘k events, either real or

background is

I K -(ur+ug)
(b, + 1)) e
P(k; u ) ==
S Hpr K¢
where
B = mean of the distribution for real Knny events
B, = mean of distribution for background events.

From Fig. 10 we see that there is one event within our
experimental resclution and that one event is expected from

~ background. That is, k = 1 and b, = 1. Let us now find the



probability (confidt_ance level) that the upper limit onvthe

branching ratio cori‘esponding to ijy(max) events in our samp'lé

ig really all right. This is just

\

Confidence Level = 1 - P(k = 13 s N;;m-y

where P(k = 1, pr>/ N (max), My = 1) is the probability of getting

' Y
our result (one event) with the expectation value u, having any

value p_ Nnny(max). N
P(k= 1, w3 N (nax), y = 1)
&0
= f P(k=l;ur,ub=l)dur
N s .
Ty
. (24)
(b .
_ k/ﬂ -(u, + 1)
(l + u ) e a 1}
r r
N
ntny (max )

| -(N '(m 1
(ij?(max) + 2) e Ky )+ 1)

This is the probability that N,my_(max)' corresponds to too low an

upper limit on the branching ratio. ‘The confidence level is thus
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¢.L. (N o (mx))

1

1 - P(N“ny(max) too low)

-N | (max) - 1 °
=1- (N, (mex)+2)e e
. c;p. (N (max) = 1) = 59;8%
:C.L. (N“ﬂy(max) =2) = 80.4%
C.L. (Nﬂny(max) =3) = 90.0%

Our results may now be summarized.

Upper. Limit : - Confidence Level
on Rate . on Branching Ratio
2.5 x 10° sec™t 1.h x 10'LL 59.80 -
, 5.0 x 100 sec ™t 2.8 x lO_lL - 80.4%
7.5 x 10° sec™t L.2 x 1o'u - 90.0%
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It is also relevent to note that all the events with a small

#»

"miss" in Fig. 10 were compatible with K, decay.. If a Kﬂ event

5w )
is assumed to be Knny’ the predicted energy of the bhoton in the

‘center of mass is always greater than 117 MeV. We found a handful-

»

of events with E7<<'ll7 MeV but the "miss" was always greater
than 3.5 inches.

Obviously, the value of the ratio of the efficiencies

'is important in obtaining the upper limit to the branching ratio.

As a ‘final check on our efficiency calculation, we have compared

®

our findings with those for the Kes data on the séme film for the

part of the run with no regenerator. From the number of Ke3 events

(NK ) found in the sample; the branching ratios and the detection
. e 3 ) . .
efficiencles € , and € ,, one can estimate how many K , events one
: 3 e3 >
expects.
N 3 = Branching ratio (ng) x X2« NK‘A
B : e> Ee3 e>3

In the no regenerator film, L. Verhey found 878 Ke3 events and

estimated the detection efficiency for this mode to be eé5 = 0.01.

" Using these numbers plus those in the Rosenfeld table for branching

ratios, we find

2

g o Q115 1.31 x 10

w3 ST 1072

x 878 = 355 events

This agreeé very well with the 350 events which we found with

good gamma-ray showers and this agreement gives us confidence in our
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Monte Carlo efficiency program for‘Kﬂj. Since'this‘eﬁfiCiency pfogrém
is almosﬁ'ideﬂtical to that for'K“ﬂ7, our confidence in the nny
program is also sfrengthened.by the good showing of the.ﬁn

efficiency; howevex;the'nﬁy efficiency dées_depend on, the gamma

ray spectrum in the center of mass. |

For our nnyiefficiency we chose to run with the spectrum -

‘corresponding to phaée spéde. We will give further Jjustification

of that decision here. As remarked in Chapter IV, running'the

* Monte Cé;lo program using phasé_space for the gamma ray spectrum

gives us the efficiency as a function of the'energy of the gamma ray

in the center of mass. See Fig. 13 for a graph of this efficiency
function. From fhis efficiency function we can then-compﬁte what
thé ovérall efficiency would be for aﬁy gamma ray spgctrum‘we choose
to considef. LaiAand.Young have calc#lated the gamme. ray spectrum
for their model fér direct eﬁiésion. Their sﬁectrum and the phase

. ’ 2 i
space spectrum are shown in Fig. 1l4. Using our efficiency function

" and the spectrum of Lai and Young, we obtain an overall -efficiency

which is 5% smaller than that obtained from phase space. Thus we

feél that reporting our upper limit on the ° 5 n+x- rate on the
. : 7

besis of the phase space gamma spectrum is.the best policy. Anyone
withAa different spectrum can then compute the corresponding overall
effiéiency using ‘the efficiéncy functioﬁ of Fig. 13. If their nni
detection efficiency’is lower than the one obtained ffom phase’épace,

then the upper limit of the nxy rate is lraised proportionately.




Figure 13. The detection efficiency (in arbitrary

”

units) for Ki - ﬂ+ﬁ-7 versus the energy

of the gamma ray in the center of mass.

<>
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Figure 1lL4.. The center-of-mass energy spectrum for
the gamma ray in K; - x'n"y. The dashed
line is phase space. The solid line is the

.spectrum in the theory of Lal énd Young.
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In.part_of the ruﬁ a 1/2" Cu regenerator was preéent, One
needs to consider if there are any possible .effects on the observed. _
data due to ﬁhis rggeneratof. :Thelpresence of4the 1/2 inch copper |
regenerafor in front of the vacuum pipe can héve three effects. First,
i£ could contribute K%-+'n+n;7 events,which we could not distinguish

from Ki - n+n-7. Since in this experiment we found no events,

. this regeneration effect is of no concern to us. Secondly, gamma

rays arising from bremsstrahlung‘in the coppef are no problem since
the charged particle involved would have'to pass through the anti-

counter. Thirdly,. some of the K mesons scatter in the regeneratof

~and then decay. For such events we will get wrong gnswers in the

kinemgtics analysis. "In pafticulaf; a Ki - ﬁ+n-7 event following
such a Scéttefiwquld result in a b#d prediction for the gamma
conversidﬁ pojnt. Such events would‘be lost. ‘If a Ki ad ﬂ+n-no
decay'occﬁrred'after the K scattered in the copper, & fraction of

these would appear kinematically incbmpatible with an and would

-not be used in the normalizatioﬁ,: If one estimates the diffraction

cross section to be 600 mb, one finds that less than 6.5 of the

K's should undergo diffraction scattering in the'regénerator.

, Looking at the number of évents With good gamma showers one sees

-No_Regenerator ' - 1/2" Regenerator
350 events ' 612 events
67 rolls of film - 116 rolls of film

5,23‘evénts/roll 5.29 events/roll
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The-number of events per roll is the séme_within statisticé. Also
the plots of the "miss" of the shower-origin.are'noi statisticall&
diffefént{ See Fig. 15. Therefore this effect does not give rise
'to_a significant correcﬁign to our upper iimit. |
We wouldjlike'to consider the significance of ouf result.
We-shall3take the -upper ‘limit on’the branching ratio to be 2
Kox lO-u coffesponding td a 90% confidencé level. This is
| equivalgnt'ﬁovan upper limit on the decay rate of 7.5 x _103 sec-l
which is larger than all estimates’of-the rate except that of
APepbe? and Uéda.' Wé éee that their estimate (1.2 x lOu sec-l) is
too high by abtiuty; a factor of two. That Pepperﬂand Ueda obtain
suchxa large answer 1s interesting since.Oneda, Kim, and Korff
get 1/20 as bigg a rate when_they compute‘tﬁe‘same diagrams plus
some others. However, Peppér énd Ueda have a very. large destrucfivé
interferencé effect in their calculation so that their rate is
thé dif%erencé between two~ﬁuéh larger rates. For this reason,
their calculation is very sensitive to the choice of the coupling
constants. Since Peppér and Uedafclaim they only kﬁow the coﬁpling
constgnts ﬁo an order of magnitude, they'cgn pfobably fix up their
answerAwithout resorting to any new mechanismé,
We must stresé that our upber limit for'Kg-»An+n-7 is a full
order of magnitude above the rafe fqr inner bremsstrahlung alone.

Therefore it is of interest to improve our measurement by a factor

of at least five to test the other theoretical predictions of the

direct process.




Figure 15.

Histograms of the gamma ray shower-origin

miss.
’
a) for the 1/2" regenerator data,

b) for the no regenerator data.
1 )]
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Is there a way to relate the rate for Ki - n+n-7 to that

o + - 6 00 X '
for KS - t t 7y or to that for KL - n t y? The answer is no. The
Kg -

which is CP-conserving for this decay} The Kg - ﬂonoy has no inner

n+n-7 almost certainly goes predominantly by inner bremsstrahlung

bremsstfahlung and no dipole transition. The latter is forbidden
since conservation éf angular momentum demends that the two pions be
inan =1 state; and this‘is forbidden by Bose stétiétics. The
dominént mechanism for Ki-» nonoy is thus expected to 5e the electric‘
.quadrupole transition.

| However, it is possible to felate'our measurement to thé

K" and K™ radiative decays. The Cline extension of the AI = 1/2

rule does,giQe us the possibility of making a prediction‘from our

result. According to Eq. (2) in Chapter II, R_(Ml) ='R+(Ml) where.

+ -
- x 7y and

2
R2(Ml) is the magnetic dipole contribution to K

o ~—~

+

R+(Ml) is the magnetic dipole contribution to K. -» ﬂ+ﬂ-7. Using our
upper limit, one obtains

R+(M1)< 7.5 x 1o5 sec™t

"Since the magnetic dipole contribution to the K+ decay is incoherent
with the electric dipole and inner bremsstrahlung, the prediction
above is for the total Ml contribution to the rate. Cline and Fry
report the rate (x* - n+n07) = (1.8 + 0.6) x th sec™’ for the nf(
energy between 55-80 MeV. Our predicted upper limit for magnetic

dipole emission in this energy region is
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3 1

R+(Ml)<§ 3.0 x 10” sec’

The K+ - K~ radiative decays are of particular interest at thé moment

because & large CP-vidlation éould manifest itself either as an

| asymmetry between kK" and K~ Dalitz plotszZ/ or as a difference in the

~ partial rates.2§/ These effects, if they exist, result from

interference'between the inner bremsstrahlung and E1 amplitudes.

' The presence of magnet dipole emission will only tend to mask the

effects.
Our estimate from Cline's hypofhesis and our experiment is
rather encouraging to a search for CP violation in the K+- K~

radiative decay modes since it predicts an upper limit on the Ml

contribution~of‘less than 1/6 of the observed rate. The fruitfulness

of such a search depends on the correctness of Cline and Fry's
analysis that the "anomalous energy pions in their experiment were

associated with radiative decays. Actually the high energy gamma rays

" have not yet been seen.
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