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SEARCH FOR THE DIRECT DECAY MODES K - p + Vv +y ANDK - x + 9+ 9
Min Chen
Iawrence Radiation Laboratory
University of California
Berkeley, California
Janvary 1969
ABSTRACT
I. Search for the Direct Decay K+ - u+ +V+y

We searched for the direct decay Kkt - u+ + v + ¥ as part of our

stopping x* spark chamber experiment at the Bevatron. The direct decay

. is experimentally distinguished from ordinary inner bremsstrahlung by

:a measurement of the angle 6 between the directioﬁ‘of the muon and

gamma ray emission for events with high eﬁergy muons .- The‘direct
decay favors the emission‘of photbné in & direction opposite té that
of energetic muons while for the inner bremsstrahlung the emission of
soft photons at small forward angle prevails.

We found 27 events with muon kinetic energy between 137 and
142 MeV. Each of the selected 27 events was associated with a
converted gamms ray shower. None of these evénts have the angle 6 in
the interval -1 < cos 6 < -0.9 where more than 66% of the direct decay
xt - u+ + V + y events should appear. The upper limit for the branching
ratio of the direct decay of K+ - u+ + Vv + 9 in the above muon spectrum

5

interval is 1.1 X 107° at 90% confidence level. If we assume that the

El decay amplitude is negligible, we can set an upper limit on the ML

form factor (hM)_of 2.3 at 95% confidence level.
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A. . INTRODUCTION
The matrix element for K+ - u+ + Vv + 7y can be divided into two

terms,

M =‘M.b +_MS

Mb is the contribution ef ordinary inner bremestrahlung while MS includes
all the processes in which the gamma fay'is emitted directly. This
latﬁer term is aleo referred to as the structure term as it is determined
by the internal structure of the K meson. The caiculetion of the struc-
ture term is complicated; so it is necessary to asseme a detailedAmodel
of: the process in order to estimate_its magnitude.

If time reversal invariance is Valid the phase differehce between

Mb and MS is zero. 1In the convention which we employ invthis paper Mb
~ 1s real. Time reversal invariance therefore fequires the form factors

which describe MS to'be real. The experimental consequences of a T

violation will appear as a, component of the polarization.of the muon out
of the plane'containing the p, v, and ¥ momenta.
It was suggested 1,3,k that there | may be an apprec1able violation

of time reversal invariance in processes such as K g u + V 4+ 7. Unless

the absolute value of MS is comparable with that of Mb--at least for .

some kinematic configuration--it will not be possible to design practical

_expefiments in which the time revereal violation would be detectable.

For the experiment we describe in this paper, we have set a limit on the

‘magnitude of M.

The inner-bremsstrahlung term has been calculated by Cabibbo2 in

: + : .
the case of ¥ - u+ +V o+ 7. This calculation applies also to

+ + ‘ :
K - u + Vv + 7. According to V-A theory, the matrix element responsible



for the decay K& —» ' + v is

l ’ .

G,
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where P, is the four momentum of the K" meson and M are the Dirac y

K
and ﬁ2 and Uvrarevthe spinors of the muon and the neutrino respectively.

By making the usal assumption of a minimhl electromagnetic interaction,

matrices; G is the weak interaction coupling constant; f,. is a.c@nstant;

" and by assuming that the weak interaction form factors are constant and -
équal to their on-mass-shell values, the inner bremsstrahlung matrix

element‘Mb can be calculated in a straightforward fashion. The gauge-

invariant matrix element for inner bremsstrahlung is:

M = ie Kb g |4s o Ree ey key (1+75) u, . (I-1)

.#:é\/l#poko Elex px 22k

= f%% R £u, ku? and €, are

the four momentum‘of the p meson and the four momentum and polafization

whetre ee,is the fine structure constant, e?

of the gamma; A-B is defined as A B, - K-B. The direct matrix M_ is
difficult to calculate. From Lorentz invariance, gauge invariance and

(VQA) theory the most general form of the direct matrix element for

the decay K™ » ut 4+ v 4 o is0
ie G T hy |
i S »
M, = U (pek)(e-7) - (e-p)(k*y)
5 Vipx ?|n® :
o0 K
+;§—- 1 eupo 7>\puepkc (l+75)Uv . (I-l2)

K
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+1 if Aupo are an even permutation of 0,1,2,3,

where ekupa =
,ekupd = -1 if they are an odd»permutatlon, and
€5 = 0 if two or more indices are equal.
Hpo

hE and hM are the form factors for El and‘Mi respectively. They are

generally functions of qe,.the square of the inyariant mass of the

' o + _ _ 2 _ 2
lepton pair. In a system‘where the K decays at rest, ¢ =m K- 2mKE7.

" As the experiment we areidescribing here has a limited number of events

we shall assume that hE and‘hM are constant and equal to hE(E7=O) and
hM(E7=O) respectively. If indeed they are not, our result must be
considered as an average over the spectrum of kinematical configurations.

In fact the form factors hE and hM have been estimated from a number of

“theoretical models.3’h’5 Tt has been shown that the odd parity strange

vector mesons (17) will contribute to hM and the even parity strange

vector mesons (l+) will contribute to hE' Since the K* has the lowest

- mass, it is likely that it is the dominant contribution to M . Gervais

et alil+ used a K*¥(890 MeV) pole model to calculste the value of by

A1l contributions from higherAmass states were neglected. Their model .
can be'expressed in the following diagramsﬁ

Y ¥
K" ,z/f

K +
M+ (Inner Bremsstrahlung terms)
fK*K')’ gKm J » ' :

The matrix element at K¥Ky vertex is

1 + 0
. = e ) %
B =3 Ty Supo T 55 %
where fK*Ky is the coupling constaﬁt, Ké is the polarization vector of |
the K* and qu is defined by
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and Py is the K fleld. The matrix element at the vertex K*pv is

= g.K*uv(K*) o, 7a(l+75)U .

The contrlbutlon of the K*—pole term to the decay K - u + Vv 4+ 7 1is

K*K gK*p,v 1
H = e — 2 J7HV kePU7(1+')’)U"‘———"‘— (1-3)
qa;iz— Mupo o LINYTT 150y (p-k)e—m2
oo K*

The coupling constant was related by SU6 to the pay coupling

fK*Ky
constant and the latter was estimated by aésuming the p->=xn +:7 partial

-width of the order of 0.5 MeV. They got

However a similar calculation bva'acksonl2 using the SUg relation

1

fK*Ky = g‘ﬁmn and ‘the experimental width T(w - 1 + 7) = 1.1 MeV gives

| K*Ky' = O.5/mK. The ngmerical value of Eyxyyy CAD be.related ﬁo the
. . "y .
e3 partial rate by assgmlpg a K¥-pole model'gK*uv was estimated to be
1.9 X 10™7 by Gervais et al. and to be 3.1 X 1077 by Jackson. Comparing
the term of h in Eq. (I-2) with that in Eq. (I-3) we find in this

‘model the form factor becomes:
’ ' 2

_ Troxy oo X th g - K 1 x 107
o € ((0-5)% - wg,”) T B T 2 /g
| (1-4)

from which we find hM52 accordiﬁg to the values estimated by Gervais
et al. and hM=O.5 according to Jackson if the dependence on ko is
neglected. The discrepancy between the two values of hM must apparently

be attributed to the different numerical values used as input data.
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For comparison, the corresponding hM in'w - p(e7)+ v + ¥ mode
was estimated” +to be V31072 from CVC theory and the life time of x°.

* The E1 form factor hE wa.s estimated5 to be:

_hE =0.8 hM .

if unsubtracted dispersion relation holds for hE(qg)-or

gl << I

”1f once subtacted dispersion relation holds for hE(q )

“

The differential distribution in muon energy_Eu(or zo) and cosine
cf the angle 0 between the muon and photon directions, evaluated in the

rest frame of the K ﬁeson, is

2w My 9L (554548,
dEu dcoso 2k2 a0
max

(mK +24m, cose-m 24 —(mK +n, 2mK 2 )ﬂ cos@)

(I-5)
(mK -4+ L cose)
where o . -
L2 0B ' ,
So = 7op [4° sin (2my kmax/z-k)+2v-k] s
ST 2 2 ; 1{()
S, = > [£° sin“0 Reh_ + v*k Re(h -h )] — ,
1- £k . S ,h§ hE hM mK
i 2 . 2 2 2
S, = —= | [£+v-£"5in“6] : l
. 5 - 5 [ ? sin“@ (IhEl + ]hM )
“_ , - . .
T .
- , + ﬂo (,e i z i )
. . 2
x l2ng lw.coswl-w] =,
e
a1 £ k

*® " 2n 2(mK-k )+£ k cosf
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£ is the magnitude of the muon >-momentum; Eu and vu are muon and
Lo

. _ 2 2
neutrino 4-momentum; W, is the rate fo? KbHut+ v; LS =(m]K -m, )/
EmK; @ is the angle between muon and gamma} @l and @2 are the phases
of hy and hy. If time reversal_invariance isivalid.,cpl-cp2 =0 or 4 and
,ImhMJand Imh, equal ierp. ?So_represeﬁts the inner bremsstrahlung:
contribution (the inner bremsstrahlung photon spectrum is shown in

| Fig. 1), while S ahd 82 are the interference and direct contributions. -

1
: Ly, . .
In the K¥-pole model, Gervais et al. introduced T-violation

through the KK*y vertex. Assuming maximum C violation by letting

Im fKK*y = Re fKK*y.(from Eq. (;-4) we see that this implies

Re hM = Im hM = JE),_they found the maximum transverse muon polarization
to be 57%. Since the transverse muon polarization
- Bk

B8]

.is odd under time reversal operation, an observation of 0 component

perpendicular toithe.u-y plane in the decay K+ - u+ + v + 7 should
| : : - ’

be a good test of T-invariance in electromagnetic interaction. The

~ practicality of such an experiment, hoWever, dépends heavily on the
magnitude of hM' If it is smaller than predicted, the transverse
polafization decreases. |

MlIt was sﬁégested6 that_weék,in;eractions are mediated b& the

eXchange ofba vector boson-W ﬁeson.'lThe absence of the‘decay mode
xt - W+ + 7 which should be vefy abundant if it were not forbiddenk
by kinematic réason, implies that %W > e The effects of a W-meson

with mass larger than mK usually are very small. The inverse neutrino



dN/dEx (ARBITARY SCALE)

60

S0t

- 40}

30t

20t

10

a

e o

0 : - 60 120 180 240 300
KINETIVC ENERGY OF 6AMMA (MEU)

XBL 6812-6410

Fig. 1. Energy distribution of the gamma ray in K+ —iu++v+7 for

pure . inner bremsstrahlung.
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events with low energy muons. Therefore we looked for events with Eu

greater than 137 MeV only. The e+ from the decay mode K+ - no + e+ + v

~can go farther beyond the range of a 137 MeV muon. Therefore we used

3

lead plates and Cerenkov counter to reject e+ by a factor of 107,
Furthermore because of the finite energy resolution of the range spark

is much higher than

chamber, the humber of events due to the decay KME

the number of events of the decay Kuvy when the kinetic energy of the
muon is greater than 142 MeV. This sets an upper limit on the muon

energy for which we can‘poSsibly look for the decay K+ - u+ + VvV 4+ 7.
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'C. APPARATUS

8. Bea

The K+ beam transport layout on the Bevatron floor is shown in

Fig. 3. The total length of the béam from the target to the final focus

was about 14 m. The beam had & solid angle of 6 millisteradians for a

target of size 0.95 cm wide, 0.32 cm high at the second focus of the

external proton beam of thé Bevatron. The image size at the final focus
was about 1.3 cm X 1.3 cm,
The beam was designed to meet the following requirements:

(1) This beam syétem reduced the number of n+ to thé same order as K+
at the stopper althéugh'fhe production rate of ﬁ+ from the‘target
in the extérhai proton beam was two order of magnitude higher
than that of K*. :

(2) The momentum of the beam was chosen so that n+ and K+ could be
easily.separated and the loss of the Kf mesons due to scattering
and nuclear interaction through the degrader is tolerable.

(3) Since K™ has a short life time (Tk'~ 12ns) the total beam length
must be as short as compatible with (1) and (2). The optimum
K+ momentum was found;to be 500 Mev/c. |

(%) In order to maximize the number of xt stopped in a reasonable
slze of stopper, the'momeﬁtum dispersion of the coming K& must
be less than a feﬁ per cent of the central mdmentum.

The secondary beam was produced in a target at an angle of Eho
to the 5.3 BeV external beam of the Bevatrdn. It passed'through the
following elements:

(1) Quadrupole I which was put as close to the target as physically
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Fig. 3. Layout of the 500 MeV/c separated Kt beam.



-1h-
permissable to gain a large solid angle.
(2) An electrostatic separator which deflected partigles vertically
| by distances inversely proportionél to their velocities. The
électrostatic separator, together with a vertical collimator
at the first focus, separated n+ from K+ by a factor of 50:1;
‘(5)' Quadrﬁpole IT which focused tﬁe beam to the first focus hbriiontally.
.  (4) Magnet I which analyzed the beammamentum aﬁd allowed a momentum
spread of i2% about:the central beam momentum of 500 MeV/c .
(5) A singlet quadrupole sitting at the first focus. It serves as a
fiela‘lens.
_(6) Magnet II which éompensated the dispersion effect of the first
magn?tﬂ This function is called momentum recombination. |

(7) Quadrupole IV which brought the beam to a second focus.

With 5><:|_ol'~l protons per Bevatron pulse focused on a l—l/é-inch'
>

thick uranium target, there were 3x10” positive-charged particles df

- momentum afdund 500 MEV/C flying down the magnet system. Most of %he
particies‘were ﬂf. The XK' meson intensity was about 4000 per pulse at

the final focuslahead of the degradef. One quarter of the K+ were brought
to rest b& a geries of counters and carbon degraders. . The remainder were
lost due to interactions with the carbon nucleus and multiple scattering.

. The KT stopper was a box of size 7.6 cm X 5.kemx6.9cm filled with powdered
carbon of low density 0.85 gm/cmB. The walls of the box ﬁeré made of
plastic scintillator. The data were taken with the Bevatron operaﬁing .
under long spill (900 millisecond) conditions at a kinetic energy of

5.3 BeV. The average trigger rate of the spark chamber system was one

per 2000 K& mesons stopped or one per two pulses.

ad
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b. Countérs and Spark Chamber System

The counters forming the K+ telescope are shown in Fig. 4. The
function of this telescope was to select K" from a n+ background and
to insure that the K+ stopped inside the stopper before it decayed.
The K telescope was located between the exit aperture of the last
guadrupole doublet and the second focus of the beam which was 91 cm
from the doublet. It consisted offive scintillation counters S, 52,
SB,.Sh; and 55, and one th;eshold.water Cerenkov counter ék between
81 and S2. The Cerenkov counter detected Eharged particles of
B = v/é > 0.75. Since 500 MeV/c n+ have B=0.963 while the B of the
K+ at the same momentum is only B=0.T7 this Cerenkov counter served as
an anticounter to reject'ﬁ+, uf, and e+. The counter'§5 had the shapé_'
of'a_hollow box. Foﬁr of the six sides of the box were made of scihtilé
latofs while the side fa¢ing the incoming K" and the side toward the

decay-particle telescope were open.

The kinetic énergy of the K+ meson was considerably lower than 7

- that of the pion or lighter particles before entering the stopper,
'The ionization energy loss of a charged particle is approximately

“inversely proportional to its kinetic energy,

@ 1 mn mv

nve ZI(l-ESE):T]2

gl&

Therefore the signals from counters S2 and S3 were bigger when the

incident particle was a K father than a lighter particle. We set a

lower limit for'anaéceptance on the signals from 32 and S3 to reject

faster partiéles.

The criterion for a stopped K+ was the coincidence of pulses from
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Fig. 4. K* telescope layout. S;, Sp, Ss, Sk, 55 are scintillation
cou.nters;'(-JB is water Cerenkov counter; Dys Do, D5 are

carbon degraders; and SCl and SC2 are spark chambers.
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the scintillation counters in the K+ telescope

stop _ .3%5.5k.5 .5
K = §1.82.5%.84 € s5

The anticounter § Vetoed any event upon detecting a charged

5
particle in coincidence with S3.
The counters forming the decay-particle telescope were called T2,

TB}Th,ée, and T5. ‘The telescdpe'was used to identify charged particles

+ = ' :
from XK' decay. The water Cerenkov counter,lce, was used as a veto device

s . ' . + + O +
-against products of gamma ray conversion and the e from K = n +e + v,

which were much more abundant than the muons from the decay K - u+ + VvV + 7;
The anticounter T5 rejected high energy particles, mainly u+ from the
decay KT - put + v. About 95% of the muons from Kfv» 0’ 4+ v passed through

T5 and thus were rejected. Approximately 15% of the muons with insuffi-

cient energy tovgb'beyond the T5‘anticoincidenCe counter were detected

':'in the Cerenkov énticoincidence counter. The degrader shown in Fig. 5

was Variable and could be adjusted to make the rénge interval.between

T4 and T5 correspond to an initial muon kinetic energy fro@ 45 to 160 Mev.
The spark.chamber trigger requirement was a T2-T5-T4-§e-55 fast

coincidence occurring in the ihterﬁal from 6-35 nanoseconds after a

K~-stop signal, the time of which‘was determined-by the S3 counter. The

minimum allowed time between a K-stop and K-decay was chosen to insure

‘a rejection of better than 250:1 against K+ decays in flight and other
- prompt events, such as the scattering of the K+ against the carbon

stopper. The logic corresponding to a delayed K+ decay was,

K(delayed decay) = (81-82-85—34-5B5§5)v-v(TQ-TB-Th-ée-Ts)delayed.
| (1-6)
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TABEE I

Counters

Sl

82
-

sh

-T2

T3

mh

'Size Photo Tube (s )

50cmx30cmxo.§5cm

10cnmx10cm.0.95¢cm

_ 7 .6cmx7 . 6cmx0.6¢cm

5.1lcmx5.1lemx0.16cm

T.6cmx5 . bemx6 . 9cm

7 .6cmx7.6cmx0.16cm

'25.hcm§25;4cmxl.3cm

-32cmx3gcmxo.16cm

81emx8lemx0.95¢m

RCA6810A

RCA2067

RCA2067
RCA2067

RCA2067
ROA206T

RCAT265

RCAB5TS
RCAB5T75

LxRCA
68104

Purpose

S1 detected charged particles
from the beam magnet system.
If charged particles were
detected by S1 within 600 ns
before (or within 200 ns after)
a K meson stopped, the event |
was discarded. ‘

- §2-53%-Skt defined the K meson

telescope. The signals from
52 and 83 were attenuated to

-reject fast partlcles.

S3 determined the time of the

Kt meson entering the stopper.

Whenever Si was triggered the

particle entered the stopper.

' 55 vetoed any prompt events.

It also recorded the event
when any charged particle
entered the gamma spark cham-
ber from the stopper.

T2~T3-T4 defined the muon
telescope. We know the decay
particle came from inside the
stopper if T2 was triggered.
T2 set the delayed Kt decay
time.

T3 insured that the particles

-went through ae.

- We know the emitted particle

entered into the range spark
chambers if Tl was triggered.

T5 vetoed any charged particle
passing through the range
chamber in coincidence with -
T2-T3-Th,
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TABLE I (continued)

Photo Tube (s)

Counters Size
ék '17emxL7emx5 . lem RCA (31000
. (water filled) ’
' éé 27.5emx27.5cmxl.6cm  4xRCA
<. (water filled) 8575

Purpose

¢ .rejected n+ and other
1ighter charged particles.

4 rejectéd e+ by a factor of

' more than L4O.
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The éamma rays were detected in three 36-module spark chambers
surrounding the kaon stbpper as shown in Fig. 5. In Fig. 5 all the
spark chambers onlthe right side were TEXY6 cm2 5 Whereas the upper and
fhe lower chamberé‘weré 30 cm X 76 cm. The plates in these modﬁleé
consisted of a sandwich of & 0.8‘ﬁm thick lead between two 0.3 mm thick
aluminum plate§.‘ The tWo.modules closest_té the kaon stopper were made
of thin-aluminﬁm plates in order'to.identify‘charged particles entering
the chamber from outside. There were no countérs.associatéd'with the
gamma, ray chambers.

Thevdireétion of the incdming K+ was measured with two 2-gap
-alumihum spark chamber modules placed between counters S3 and Sb iﬁ. 
the.beaﬁ‘ﬁelgscope. The initial direction of the charged particle from
the K+ decay was measured with three 4-gap spark chambers labeled as
8C1, SCé, an& SC5 in Fig. 5. The spark chamber trigger criterion

- required the u+ffrom K+ decay to stop between counter T and T There

5°
were three more sets of spark chambers associated wifh the u+'te1escqpe:
(a) Féur gapsvof thin aluminum sheets between_Th and theidegradér.
Théy showed the‘direction of the charged particle aftér it
scattered through the degrader. '
- (b) Twenty-eight gaps of a total thickness 9.9 gramS/bm2 of
| .:aluhinumAsheets between T4 and T5.
S

particles going beyond T5'which for some reason was not vetoed

(c) Four gaps of thin aluminum sheets after T_ to show any charged

by T5 (such as an electron from muon decay).

: A1l of the spark chamberé were fired within 390 ns of a délayed
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K+ decay signal. : . : -
Muons and electrons can generally be distinguished by the nature
of their tracks in the aluminum spark chambers. The track of a muon was
straight and continuocus while that of an electron was usually broken and
scattered. The range of the'muon was determined by measuring its dépth
of penetration into the 28 module aluminum plate spark chambers between
5 The degrader ahead of T5 was variable. For K' - u+ + vV o+ y

decay mode we used three pieces of degraders,

T), and i

(1) 29.6 gm/cm2 or 2.5 radiation 1éngths of copper before Ty
(radiation length of coppei =12 gm/bmg),
(2) 7.8 gm/cmeior 1.2 radiation leﬁgths of lead ahead of 3pérk'
chambers SC3, and ‘ 
(3) 11.8 gm/cm? or 1.8 radiation lengths of lead ahead of spark
chambers SC2 (radiation length of lead = 6.52 gm/bmz).
For K+ - p+ + v decavae changed the thickness df the copper sheet
£o 35.7 gm/cma of copber. This was the only difference bétween the two
runs. |

The lead sheets were used to attenuate ﬁhe positrons from the

+ ., 0
+ T+ V.

decay mode KT ~ e
Thebspark chambers were sensitive for a period of 390 ns after the
"K+.decay took place. The minimum delay between two triggers was chosen
to be 250 milliseconds to allow the apparatus to recover. The clearing
. fields which cleared away the remaining ions due to previous charged
partiqies in the spark chambers, were 50 volts for the range chambers,

4O volts for the gamma ray conversion chambers and 30 volts for the

beam chambers. A total of ;8 views of the 9 sets.of spark chambers
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were photographed by a camera 10 m away. We used 24 mm X 36 mm frames
of Tri-x film. The f-number of the lens was 8. We observed 566,858
delayed K© decays, among which 26,807 short range u+, which did not

pass through T_. nor triggered:ée,'were able to pass the trigger criterion

5
(I-6). Whenever a particle satisfied the trigger ciriterion, the chambers
fired and we took.a picture of the event.

The electronic logic system is shown in Fig. 6 and Fig. 7.
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LEGEND

ADC : Analog to Digital Converter
Amp :' Amplifier

B L : Binary Lights

C. C. : Camera Control

C S5 : Camera Shutter .

D G : Delayed Gate

ENTF : Event Number Flash

"ER A : Event Register Advance

" FD: Fixed Data -

FDDC : Fixed Data Display cdntfol
 Fid : Fiducials | |

F O : Fan Out

FI: FanlIn

‘Gates : Gates for Chronetics

G M: Gate Monitor (scope)

L. G. : Linear Gate |

LS : Level Shift

PG : Pulse Generator

R.:‘ Reset

" R D : Relay Driver

S : Set -

Sep Sepératbr Iﬂterldck _ _ _

- T. to P. H. : Time to Pulse Height Conversion
XL: Xenon Lamp |
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D. DATA REDUCTION AND ANALYSIS

The purpose of data reduction was to select events with appropriate
muon energies and converted gamma rays. The 26807 pictures taken during
164 hours of running at the Bevatron were scanned with SPASS, the auto-
matic computer-scanﬁing system developed by beutsch at MET,8 All views
of th¢ chambers were scanned by this system except the 6 views of the
gamma ~ray éonversion.chambers which Were.scanned manually. Using the
information from the SPASS scanning we reconstructed the track of the
incoming K+ and the track of the éharged decay particle, u+. If there
were two of more tracks in either of the K+ tracking chambers or the u.+
tracking chambers the event was discarded. If either the K+ track or
the‘p+ track was ﬁissing,'the_event‘was’alSO‘discarded; Because of
the above cfiteria, 16.4% of the total pictures were discarded.

The:posiﬁion of the.K+ stop was inferred from the intersection
point 5f'the track of.tpe1K+ ahd the track of'fhe u+. Ideally this
should be a point. However since the K+ was scattered before it actuélly
stopped, the position of the K+ stop was then defined fo be thé point on
the u+ line with the minimum distance between this pdint and the K+ line,
We discarded all events with this minimum distance larger than 1 cm or

with the intersecfion'point outside of the stopper. Five percent of the

- events were thrown away because of this criterion.

The muon range chambers were also scanned by SPASS. From this
information we obtained the portion of the muon track after the muon

scattered'through the degrader. Sometimes when we combined this part

- of the data with that obtained from the tracking chambers, the picture

numbers used in the two scannings did not match. For this reason, 4.3%
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of the ev§nts were discarded. This loss was due to a defect in the auto-
matic.scanning device.
The:muon stop position inside the muon range chamber was measgred
by SPASS in both the top and side views. Occasionally SPASS missed‘the
last few ébarks in one view or the other, before the muon stopped or

SPASS added some nearby random'sparks to the muon track in eithér'of‘

1
i

the two views. Also 17% of the muon stopped in the rangé chambers

decayed iqto electrons béfore the chambers were fired. When the emitted

electfpn made an angle less than BO'degrees with respect to fhe muon
direction in 6ne view, SPASS could not tell ‘the muon track from the
electrbn track in that view. Therefore the gap numbers in the two viewé
/were différent in these'cases. In order to get a good eﬁergy fesolution,
ﬁe required the difference between the number of gap penetrated by_the_

- muon deduced from fhe top view and that from the side view be less than
3 gaps qrvl.6 MeV muon kinetic.energy. As a result 4% of the remaining
pictureé were discarded begause of iﬁconsistency of the gap numbers in
the two views.

We have set the following criteria for the smoothness of the muon
track tolimprove the precision of the calculation of the muon energy and
to reject séat£ered electrons |

(a2) The scattered angle through the'three tracking chambers of

muon was less than 11°.

(b} The scattered anglevthrough the copper degrader, and T5{ T4

was less than 230, |

From the track inferred from the tracking chambers we could

predict the initial position of the muon track in the range chamber

A
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if the mﬁén had not been SCatteréd. Théndistance between the predicted
position and the acfuall& heasuréd position, S, also gave somé informa-
_fion of scattering. ;Thérefore we:required
- {c) S be less than 5 cm, |
- (d) The angle between the initial direction of the track deter-
mined by the first 4 sparks in the muon range chamber and
the mean direction of the track in the range chamber be less
than 22.50._ Inside the range chambers the multiple scatter--
ing angles of the eiectrons‘are considerably larger than
those of'the.muons. Therefore this criterion also helped

discard Ke . background events. -

3

Thirty percent of fhe remaining pictures were discarded because of

the above criteria. The muon energies of those pictures left should be

" well represented by_theif total ionization energy loss through various

materials. The calculation waséonfirmed by tﬁe Kué data as shown below.
We used the muons from.the decay @ode Ku2 as a calibration of the

determination of the muon kinetic energy from the range. ‘The calculated

mean energy was lower by 1;5 Merthanvthe.known muon energy of 152.5 MeV

for Kf - u+ + V. The caiculated energy vaiues.were then multiplied by

a correction'faqtor 1.01. The only change in our setup for K+u2 and |

K+'+'ufv7 is one piece‘of cqppe;\degraderjbf a thickness of 5.9‘gm.

After méking the ébovg correction, we believe the error of the calculated

y “ decay mode is much smaller
than the energy uncertainty due to straggling which is 4 MeV for 150 MeV

muons .

The detection effiéiency of the muon telescope was deduced from
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the range curves shown in Fig. 8, which_showed the solid angle of the
muon telescope was méximum for 138 MeV of muon energy. The threshold
Cerenkov countef rejected about 15% of the muons at that energy. ®

We selected the events with calculated muon kinetic energy between
137 MeV and 142 MeV; There were EiO K+uv7 candidates left. Assuming _
inner bremsstrahiung only, we expected 228 events. The ratio Qf Kpg
events té Kuyv events was about 2 to i in the above energy interval.

The identification of a gamma ray shower is crucial to separate_Kuyv
events from_Ku2 background events.

The gamma-ray chamber views of these pictures were scanned manually
on a Récordgk machine. Gamma rays were identified by the showers in the
lead spark chambers; The criteria fof a gémma ray shower were:

(a) There was a cluster of three or more sparks in successive

. plates in the'lead spark chambers. The main part of the
cluster should be within roughly i cm of the averaged éhoWer

direction, and

(bj There were no spérks as ﬁért of thewélustér in th? firsf two
plates ciosest té the K+ stopper. With this‘reQuirement most
of the charged.particlesAcéming into the gamma ray chamber
were thrown'away, and

(¢) If the track of a gamma ray shower was straight, the plate.
-fafthest from the X' stopper.should not be fired so that
charged particles cowing from outéide would not contaminate
the real events; However if we cduld identify the track aé

a shower, we ﬁould not require the last gap to be empty, and
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(d) The angi@ ¢, between the line defined by the K+ stop point
and the fifst sparkv(closest to the K+ stopper) of the>spark
cluster and the liné defined by the firstispark and the
average poéition of the next.two sparks of the cluster; was
less than 40°.

The criterion (d) was necesééry to diséard_all events with ganma
ray Showersvor recoiled protons from sources other than those in the K+
étopper. Six such events with the above anglé from 450 to lOO? were
discarded. 1In order to justify'this cut-off, we scanned some pictures
with gamma ray showers from the decay K+ i n+ + no. ‘When both gamma
rays were éonverted,lwe calculated their enérgies from kinematic
conditiohs. bThé'distribution curves with respect to @ corresponding

to twé gamﬁa ray energykintervals are shown in Fig. 10a and Fig. 10b.
We found fewer than 5% of the evénts had @ greatér than 450.

After the selection based on the above criteria thgre were’27
events associated with a converted gamma shower. The detection effi-
"clency of the gamma ray as a function of c6s6 is calculated in
Appendix (c) by a Monte Car}o ﬁéthod. The result bf the calculation
isishown ih Fig;_ll.

To estimate how maﬁy backgrqund gammévrays we had in our sampie,
‘we scanned two sets of events. The muon energy of the first set was
between 14h and 146 MeV and that of the second set was between 152.5
and 153.5 MeV, where Kpg events were dominant. Each set contained about
600 pictures. They were scanned by the same criteria as (a) through

(d). We found no essential differenee between these two Sémples of

data. This distribution curve of gamma rays, which are certainly all
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spurious in this data;:with respect'td the angle ¢ defined above is shown
in Fig. 9. Taking a cut off pOint'ét_@ = 40° we were left ﬁith three
backgréund events from a saumple tﬁice as large as the data sample size.
Therefore we conclude that there are one and one half expected background
events in our déta.'.Theiprobability fof_fhe gammg, rays of these back-
. ground events to appear in fhe backﬁard éone with respect to the mudn.
direction is proportional to the'sélid anglevand is extremely small.
As-a result we conclude that these background events ﬁill not simulate -
the direct decay events of Xt —§'u+ + v + 7y at the level of sensitivity 
we have reached in this e#periment. |
The main background events that can simulate the direct decay of

 K+ ?a‘u+ + v +'7 are as follows: |
(1) Kt o o +3ﬂo followed by the processes 7 -y + ¥ in flight
-.and xt - Q+ + v in flighf. The kinetic ehérgy of the muon cduld be

as highlas 134 MeV if the muon was emitted in»the'forward direction in
the center of'massvsystém of the =*. Since we had neither by solid
angle nor lOO% conversion probability for the gamms, rays, frequently

one of th¢ two gamma rays did not cbnvert (roughly 25% of the |

Kf —i:ﬂ+ }_no events). Because the detection efficiency was larger for¥3
béckwardigamﬁa rays with. iespect to‘the mupns_than'for forward gamma
rays; it was very likely?that we detected only the backwérd gamma. ray
from the © decay and toék it.asvthe structure dependent decay of |
Kkt o u* + Vv + 7. To eliminate this kind of backgfound we cut off any

‘event with muon energy below 137 MeV.
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The branching ratio of Ko iS'El% of the total decay rate of the
K" meson. Fewer than 2% of the xT from the decay K" » "+ 2° could

decay in flight before entering the degrader. After the pion entered

the degrader it lost too much energy to emit a high energy muon to make

the total range of the pion and the muon greater than the range of a
128 MeV muon andvtherefere could not be taken for a K* - u+ + Vv + oy
events with muon energy greater than 137 MeV. Only 5% of the n-decay

muons, from the above 2% xt decay in flight had kinetic energy greater

~than 130 MeV. ‘A Monte Carlo calculation showed thatvless phan 1/15

of the above muons with energies between 130 and 134 MeV could penetrate
the equivalent range of a 137 MeV muon beceuse of straggling. A n+ from
the decay KT = 1 + n° could emit a muon such that the total range of

the‘u+ and ﬂ+ appeared to be greater than the range of a 137 MeV muon.

’From:thevabove calculation we found the hpper‘limit of such events was

foui. ‘However, from the result of a scanhing'of X events which were

n2
taken under the same condition as the K+ - p+ + Vv + 7 sample except

that the degrader in the muon telescope was readjusted for 108 MeV pion,
we found thatvthere were tﬁice as many K&2 events with both gamma rays

converted as those with only one gamma ray converted. Therefore we

- believe that there were iess than one background event due to

K+»—r n+ + ﬁo in our sample: The fact that we did not see any events

with 2 gammavshowers beyond 137 MeV muon kinetic energy suggested that

+

there were fewer than 0.5 K+ —S T + ﬂo events.
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(2) R TIUL where one of the two gammas from the go
decay was not converted. The highest muon energy of‘these events is

134 MeV. A Monte Carlo calcﬁlation was made to estimate how many K

M3
6

events would simulate Kuvy events. We randomly generated 4X10 KuB

" events éccording to the distribution in the Dalitz plot célculated from
V-A theory and from the assumption that fhe effect of the terms with
the form factor F_ is negligible. \The uncertainty in the muon energy
measurement was assumed to be %4 MeV. wé found 63 events wiﬁh_muon

range greater than that of 134 MeV muon. Furthermore, for Ku3 events

with'muon kinetic energy greater %han 125 MeV, the detection efficiency
of the gamma rays is roughly the same as that of the gamma rays from

.the 7 of Kjr .events. As we discussed in the previous section that the

2
probability of detecting only one gamma ray was about 25%. Taking the

n3

branching ratio of K . to be 3.4%, we concluded that there were fewer

0

than 0.13 Padkground~events of Kf -~ T + u+ + v in our sample;

- (3) XK = et +x° + v, where the x° decays into ¥ + ¥ in flight.

If only one of the two gamma rays was converted, the Ke events could

3
simulate the direct decay of K+ - u+ + vV + Y. The cut~-off of low

energy muons did not eliminate Ke background events because the

)
electronschuld_go beyond the range of 137 MeV muons. Therefore it was
neéessary to uéé Cérenkov ébuﬁter and lead blates‘to identify elecfrons.
We used 3 radiation lengths of lead between the 3 sets of mudn fracking
spafk chambers. Behind the tracking chamber there was a coﬁper degrader

9

of 2.46 radiation lengths. It was shown by Wilson’ that after two

radiation lengths of lead the probability of attenuation of a 100 MeV
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electron is 0.28 Wbileitbe probability‘of conversion of the electron into p
'two or more electrons with'energybgreater'than 5 MeV is 0.54. When two |
or more sparks appeared in any one plate of the tracklng chambers, the
event was dlscarded because the orlgln of the track was suspected to be'ﬁ
an electron. v | ,

We scanned lﬁo.pictures of 200 MeV electrons stopped in lead plate
spark chambers. The data wasftaken by Cronin.lo We found the probabil-
ity was less than 3% for an electron to go through the lead plates corre-
sponding to the thickness of the deéraders we used without being attenu-
. ated, converted or scattered by an angle greater than 150 " Iinreither-.
view.:fThe'threshold water Cerenkov counter,‘ée, detected particles with
p > 0.75. From the test with cosmic rays passing through ée_we knew the.
efficiency of'ﬁe against high velocity particles was better than 97.5%,
Less than one half of the electrons’which went through the degrader
~ would stop in the range sperk chambers. 'The probability of an electron_
stopped in'the rsngevchamber to be taken es a muon of kinetic energy
between 137 and 142 MeV was about 25%.- Thevprobability_of detecting.
only one gamms ray from 7° decay for the K+e5 decay mode uas less‘then
50%. We concluded that there were fewer than 1/2 K = x° + e’ + v |
background events in our sanple.

- (ﬁ) A charged particle, most likely to be a pion, entered the
apparatus within‘BHO nanoseconds after a K+ meson stopped: This could
cause two kinds of background events:

(a) ‘there was a gamma ray shower due to the k' meson decay
but the muon track was produced by the % which was scattered into the

muon telescope.
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(b) ‘the muon track was from the real K+ meson decay but the
gamma, ray was produced by the incom_ing;r+ interacting with‘the nucleus.
For example, the reactién n+'+ n - no + p with only one gamma ray con-

' sy + 7
verted.‘
| ‘When we took the da£a we marked ﬁhe picture with a 1amp whenever
thé 51 céunter deteéﬁe& é chérged particie between 20 to 200 ns éfter
é K+ meson stopped. Sincé the'particles from the Bevatron usually came
in a spike of 100 ns.width, most éfvthe above background events‘Were':

detected by S1 and thus rejected. One-seventh of the total pictﬁres

 belonged to this category and were discarded.
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Table II. Discards'bf pictures due to various criteria.

Total Pictures Taken = 26,6 x 107
: Criteria ' L SNy (NUmbee of - ' E; = Ni_l/Ni
’  pictures left) efficiency
'1) One and only one track 0 22.2%x10° . 83.6%
 in the K* and the pt : -
tracking spark chambers
2)  Pictures with the two : 5 _
scanning numbers matched= 2.2 X 10 v 95.7%
3) Pictures with the two gap 5 v
numbers matched . 20.4 x 10 96.49
4) Minimum distance between 19.3 X 10° 95%
the KV stop position and o '
the kaon track less than
1 cm
5) »Muon scatterlng crlterlon 18.2 x 10> 95%
(@) | | |
6) No. of pictures with - - 1351 -
calculated muon energy ' ' -
between 130 and 142 MeV
7) Muon scattering'criterion | 1231 . 91%
(a) -
8) Muon scattering criterion . P .
() : 1051 85.2%
9) Muon scattering criterion - 965 9%
(e) o
10) No. of pictures with calculated 712 : -
'~ muon energy between 157 and 142
MeV
11) w+ after KT events discarded 610 ' 844

Overall detection efficienéy for the muon = El-E2-E5-E41E5-E7-E8-E9-

: Curqy = 41%
where’ CH ‘is the percentage of events not vetoed by Cu, Cu~85% and Qu
is the solid angle for the muon, ,(E~138) = 100%.




. =ho.

1: f v ‘ E. Results : : '

| We found 27 evente with.meon kinetie energy between 137 and 142 MeV
with an accompanying eonverted.gamma ray shower. The effective K'J‘2
events was defined as the préduct of the total number of K“2 eveptse
observed during the K+ - uf + VvV + 7y runs-end the overall detecti;n
efficiency (not ineiuding the gamma ray) of the K - ut + v + y events
in the muon kinetic‘energy interval 137 < Tu < 142 MeV as discussed in
 the data reductlon. The observed 27 K+ - u+ + VvV + 7y events correspended t

5

to 2Xi0 effective K events.

A maximum likelihood analysis was performed to caiculate the form
faetbrs‘hm,‘hE in Eq. (ie5) from the ebServed distribution_qf the apgie?
9u7’ between muon end the gamma ray. The form factors wereeassuMed-to
be real becéuse'Wifﬁ the.limited humber of events as we had, we did eot
expeet to detect the effect due to T-violation. We constructed the
likeiihood function, depending only on hM.and hE; as the product over
' eil the events of the separate probability distribution:» |
| - o)

L(hE hM) ﬁ f (%SI(IE:EEhMTi,COSQ | (1-7)

where f(hE,hM, ,cose ) eqﬁals the differential decay rate defined in

Eq. (1-5), ,1s the energy of the muon and the normalization factor

-s(hM hE) has the form:

.o 1lh2 2 ' :
_s(hM:h_E) = f f cos ewdEuf(hM,%,Eu; cos Guy)g(Eu?cos ew) (1-8)
L1371 o |

where>g(Eu,cos euy) is the detection efficiency of an event with muon

energy Eu and the opening angle QHV
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Our result for hM.E is the value whdch maximizes the likelihood
functlon in Eq (I 7) The result of thls analysis is shown in Flg. 12.‘
| Fach closed curve shows where L(hM,hE) has dropped to a constant fractlon

of the maximum L(hM,hE) There is a 40% probablllty that the true values
of hM and hE fall 1n31de the flrst closed curve (l/e The two vertlcal
lines at hM = #2 are predlcted by Gervals et al. based on SU6 and K¥
.pole model when we neglect the dependence of the form factor hM on Ey'
The line hy, = O.8_hM'is predicted in reference 5 by using Fubini type ‘b
unsubtracted dispersion_relatibn. The two intersection points at |
‘hE = *1.6 and hM = *2 gre incompatible with our result. It seems the
value:predicted by Gervais et al. is at least a factor of two too big.
Theltalue predicted hy‘Jeckson is consistent with our data.
Because the mass of the vector_mesons are lower than those offthe
pseudo-vector mesons wevenpect that_the ML term is much larger than the

"Eliterm. Therefore it is~reasonahle to assume that the El term is
negiigible. We did a maximum‘iikelihood analysis with respect to the.

ML term only. As before we have

L() 7 f( E cose())
by ShM hM

‘?‘nd 12 1
seg - [ [ : :
(hM) té‘ /4 a co.s‘ ,,9.97 dE“ (hM,Eu,cos Guy)g(Eu,cos Gw) | (1-9)

_The result is shown in Fig. 13. We found hM = 0.05 * 1.2. The
upper'limit.of the absolute value oﬁ hM at 95% confidence level_(2
standard deviations fromvthe'maximum value) is 2.5. Our result is

consistent with the predictions of'the'K*-pole model in the case that
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hE is negligible. However if there were a spin 1 K¥ meson with mass
below the Kx threshold, the value of hy would be greatly enhanced.
Our result is incompatible with the existence of such a vector meson.
The distribution in cos 6, of the xt - uf, + 7+ 7 events that would
be detected by ourvgpparatus if thé form factor were hM = 2.3 is .shown
: in‘Fig. 17.

Substituting hE'for hM in the ébove eéuations ﬁe did & similar
'maximumklikelihood function analysis withvrespect to the E1 term only.
The result is plotted in Fig. 1%. We found h, = ;O.ffi:i dr’lhE|<2.9
at 95% confidence level. If we neglect'the dependencé on the energy

of the gamma ray, the mass of W meson can be related to hE’

wy = (( (emw)/ng) + 1Y% m

where uw is the anomaleous magnetic moment of the W meson. TFor p . = -2,

W
we got mw >T750 MeV.

Téking hM>to be 1.5, we made a Monte Carlo program to génerate
xt - uf.+ v+ v events. The distribution of the génerated events in -
cos 9“% is' shown in Fig. 15. The observe@_dgta is shown in Fig. 16.
none - of thev27 events lies in the interval -1 < cos Q5$ -0.9
where mofe than 66% of the direct decay events should appear (Fig. 15).
Assuminé there are less than 2.2 K} - u+ + v + 7 events in the interval
-1 < cos 9u7 < -0.9 due to the direct decay in our sample, we can set
an upper limit for the branching ratio of the direct decay of
K+ - p+ + vV 4+ 7 in the spectrum interval 137 < Tu < 142 MeV of l.l><10-5

at 90% confidence level. In the same energy interval, the branching

ratio of the inner bremsstrahlung is expected to be 1.0 * 0.1 X 10-5.
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The uncertainty in the branching ratio is due to one MeV uncertainty
in the meaéured mean muon energy.
As a final check on our efficiency calculation, we have calculated
the ab;olute number of K+ - u+ + Vv + ¥y events we should;observe in our

5

data. We observed;A.S X 107 K events; .The overall detection efficiency

: k=
(not including the'gamma ray)'is.calculafed to be 41%. Assuming there
is only inner bremssirahlung décay, we expect 228 *+ 24 K+ - g+ +V % 7'
events with muon energy betweeﬁ 137 and 142 MeV among which 26 * 6
should be associated with a detected gamma ray. This agrees very well
with the_27vevénts which we found with gaﬁma ray showers.

The significance of our result is that we have set an upper limit
of the direct term (Eé. I-2) which turns out to be small. The smallness
of the direct decay’makes the search of T-violation in this decay
impractical. We mﬁst stress, h¢wever; thét our ﬁpper limit for the.
direct decay K+ *-u+ + ﬁ + 7.is still a factor 5 above the rate for
' inner bremsstrahlung alone for the events with high energy muons.and
gamma rays emiﬁted.in the bgékward regibn (Eu ~ 139 MeV and cos 9“7 ~» 
-.9). Therefore it is of interest to further impfove thié result By

‘an order of magnitudé, to test the theoretical predictions of the direct |

process.
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II. SEARCH FOR THE DIRECT DECAY K© ~ x* + 7 + .
| ABSTRACT

We undertook a search for exdmples_of the direct decay mode
Kt > a4+ v+ where the invariant mass of the two gamma rays is
different from that of the T .‘ Candidates were recoghized By the'
relation of the convers1on p01nts of two gamma rays to the momentum of
a charged particle. The charged_particle was assumed to be a pion. Its
momentum was deterdined from its.range in an aluminum plate spark cham-
‘ber. Our apparatus was_sensitive to pions having a kinetic energy be-
tween 60 and 90 MeV. The gaﬁma rays ﬁere detected by a lead plate
spark chamber.

. The K 03 prov1ded almost the sole background. In 6780 events
with good gamma ray showers we found»29 * 5.5 events that fitted the decay{

K+ hypothesis within our energy and spacial resolution. However the

Yy

expected background wasg 30 % 3 events. If we assume the hypothetical
direct decay process K" =t + 7 + 7 to be distributed accordlng to 8
phase space model, we can set‘an upper limit for the braching ratio

of the KV into this channel of 1.1 X lO"l‘L at a confidence level of 90%.
Following the suggestion of Fujii,lh we have interpreted our result as

a limit on the_off-the-mass shell variation of the K+ s n+ + no ampli-

--tﬁde. If this amplitude is assumed to be of the form
2 4 ﬂo
M(q ) M(n® o) (-8 ——=)

our result requires that [&| < 30. In this expression g is the invar-

iant mass of the two gamma rays. Our results are incompatible with the
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bsuggestlon of Lapldus 15 that the K' > 1t o+ 7 + 7y mode may be related to
the n - ﬁ + 7+ mode through a ¢ meson intermediate state model.
~The rate of K" - n+ + 7 + 7 predlcted by Lapidus is more than an order
of: magnltude greater than what we obtaln from our upper limit of, the
branchlng ratio. | | | |

If we assume that F(Kg ~> ‘nov"+ 7+ 7) apﬁroxima’cely'equals
’I‘(K+ - 7r+ + 9+ 7) we 'oan set an upper limit for the branching ratio
ovf the decay mode Kg - 5(0, + 7+ 7 of 5 X lO-u which is a small number
Vand shoﬁld not affect the present measurement of the branching ratio

of Kg - ﬂo..+ x° or the quantity -
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'A. TINTRODUCTION

a. General Reyiew

This pért.Of the‘fhesis is baséd oﬁ the result ofia spark chamber
experiment performed at the Bevatron to search for the decay mode
_K+ >+ } + 7. The decay K" - ﬁ+ + v+ v is first order in weak
interactions and second order in electromagﬁetic interactions. Itvcan
occur by inner bremsstrahlung or by direct emission of the photons
through some intermediate particles. However, if we assumé the effecfive
weak Hamiltonién to be of the form Tn+%K+.or 8“n+*5pK+, it is straight-
forward to showlhlthat all the contributioﬁs from’K+ and n+ currents
vanish, i.e. the%e is no inner bremsstraﬁlung term in this reaction
(Eig. 18).

The direct decéy can occur through many intermediate states. Some
of the mosﬁ important onés are shown in Fig. 19. Among them the contri-
bution of the.firsf two diagrams was foundllL to be negligibly small.
(about 0.3 x 10-7). The branching ratio based on Fig. 19c is about
. lO.6 if fhere is no smw resonance. But if there is a mx resonance with
guantum number O(O+), i.e. Fig. 19-d, the branching fatio of |

15

+
K = n+ + v + ¥ was estimated by Lapidus to be of the order of l%

of the fotal-K+‘décay. The branching ratio does not depend strongly
:on the mass and width of the ¢ meson. TFor & wide range of the o °
parameters the branching ratio chénges from 0.4% to l%. The diagram
in Fig. 19-c waé also considered by Lapidus. He cbﬁcluded that a
decay.dﬁe to this diagram is practically the same as the decay mode

K+ - ﬁ+ + no because of the small width of the nO meson. Cabibbo and

17

Gatto introduced a derivative coupling for the decay Kt - ﬂ+ + 7.
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. Fig. 18. Feyhman'diagrams for the inner bremsstrahlung of the
decay K+ - w+y+y. ‘The contribution of the inner

‘bremsstrahlung vanishes.
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Fig. 19. Feynman diagrams of various direct processes- for the _

decay Kt - at+y+y.
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Fugii, assuming the decay X — w. + y '+ 7 1s dominated by the same
diagram but with the derivative coupling, predicted the branching ratio

P

to be around 6 X 107 .of the total - decay. We will furthur discuss

‘this model in (v).
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b. The Decay K* » ' + y + 7 as a Test of the AT = 1/2 Rule in the
Weak Intefactions
The mechanism ceusing the K+1* ﬁ+ + ﬂo decay has been the subject

of_considerable theoretical speculation. Under the assumption29 thet'
angular momentum is conserved;in weak interactions, we can deduce tﬁe
spin of the K meson from the distribution of its decay partic]._esv in
the Dalitz plot. The fact that the Dalitz plot of the'decay Kt o gt et
is flat and uniformly distributed stronglybsuggests that the spin of the
K+ meson is zero. The relative orbital angular momentum, L, of the £wo
n-mesons in the decay K+‘+'n+ + no should equal the spin of the K+
meson. ~The pariﬁy of the ﬁwo m-mesons in the final state is (-l)L |
which is even wheﬁ L%o. Bose statistics would require that the
wave fﬁnction be‘symmetric under the interchange of two sn-mesons if the
pionsvwere'identical;' This obtains if we describe the different_piohsb
as the same particle with an isotepic spiﬁ andla diffefent third compo-
nent of isospin. :waever in this_apprbkimation fhe masses of‘the pibns
should be identical. =This is not the case for charged and neutal pions
- and the electromagnetie interaction breaks the symmetry that would allow
the vdescrnv'.pt:i‘_on of the pions by a aifferent I, only. Let us first
.aSSUme'that the charged and neutral piens are idehtical with ﬁhe under-
staﬁding that the relative magnitude of ﬁhe correction.term‘involved
here couid be as lafge as the square of the ratio of the mass difference
to the ﬁass of the pion. Theleven spacial wave function theh imﬁlies
the isetopic spiﬁ wave function must also be even. With the convention-

al notation |1,1 > = 7, |1,0 > = «°, |1,-1 > = n~, the isotopic spin
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wave functions'of‘two pion mesons are as follows:

|2,l>=3—_2—* [Isr+,no> + lnb,n+>] ,

'2,O>':'3/-:6— [‘évg]‘no,:ro>+ ‘|Iar+-,n_> +"..1r-,lzr+>] ,
11,1> . \}[—2— ['|ﬂ+:ﬂo>lvz-»’jﬂo:“+>] : (11;1)
|vl,O.>' = 3/'_2— [I'lw.tf,:t'> - I ,n > ] s

|0,0>=3_;- o yn™> + o ,nt> -|2%,2> | .
5 . .

'I'he'_I=O state is not available for the. two-pion éystem from x* decay
because tﬁe relatiohlIZ=Q‘together with charge conservation requires
I greater than or equal tq 1.

From _(II-i), we ‘s'ee. that Ithe I=1 .stat_e is odd and the i=2 and I=0
sta’tés are even vund.err the interchange of the isotopic ' coordi-
nateé of the two ﬂ-mesons.v Therefbre if we assume that. the elé:ctro-:
magnefic interaction in thevdecéy mode K+ *vn+ ; no isjnegiigible wé

+ (¢]
+ 7

find that isotopic 'spin of the fj‘.nal state in the decay K+ - I
is 2 while that of the K° - Jr+_'+ ;r- decay is O (or 2). As the isotopib
'spin of the K meson is 1/2 , it follows‘thvat the smallest possible chénge
of the isotopic. spin 1n Kt —>‘ T+ ;ro decay is 3/2 and that in the

Ko . .J'[+ + :r-ris: 1/2. ” If- t.he'v:r_t\:l':ro final state in the K+ de.cavabere a
pure isospin 2 st.a‘be , éﬁd if ﬁhe weak interaction satisfied the

laT| = 1/2 law exactly, this dééaj would be forbidden. Indeed » the

amplitude for this decay is about. twenty times smaller than the ampli-

tude for the K° - 2x decay which does not violate the IAII = 1/2 selec-
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tion rule. Since A'[=l/2 rule is generally obeyed in weak nonleptoflic
decays it is of interest therefore to_attempt to determine the actual
mechanism through'whieh the K+ - n+ + no decay occurs. ‘

It was suggested'by Gell-Mann and Pais;5 and Cabibbo " that thei
decay'Kf—> n+ + ﬁo ma&voccurzﬁecause of.the preeence of electromegnetie
intefactions} »Thue‘the'En.final state may not be a pﬁre iSospin sfete
on account of the n+;.no mass difference_which is likely caused by
electromagnetic interactions.l The advantage of this kind of model lies
vin the analogy between the relation of strong (AI=O) and electromagnetic
(AI=1,0) interactions and the relation of AI=1/2 and the AI=3/2 inter-
actions. In general, all measurable violefions of the AI=1/? rule in
the weak strangenese ehanging decays should be due to electromagnetic
corrections.Bo

~Let f and g denote the weak coupling coﬁétants between hadrons
when the decay vertei obeys or violates the AI=1/2 rule respectively.

o

| Following Cabibbo and Gattol7 we can assume that the.decayiK+ - ﬂ+ - v

occure through the following Lagrangian:

*

2= gm0 9 o+ H.C. | - (11-2)

" where mK'is the K mass, ®+ is the K' field and ¢, @ are the charged ,
and neutral pion'fields respectively. Since the space wave function
'ieveven, the two pions Muet be in an I=2 state. Therefore this process
necesearilyvviolates the AI=1/2 rule. DNow if one of the emittedbn
mesons is a virtual particle with a mass different from the mass of
‘the other n meson, we can introduce another Lagrangian such that theb

_space wave function of the two mesons is odd. The isotopic wave function
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is_necessarily_also_odd to make the total wave function even. The
simplest Lagrangian corresponding to the decay K™ » ' + x° (virtual)
which satisfies the AI=1/2 rule is:
o : - . > \ o ;
o) o ! e ‘
X "5 | % +HC. - (1I-3)

v v ' -

£'<=. JE.T mK 3§;; N
If we evaluate £ in theﬁrest system of_the'Kf meson, we find that
£' is proportional to (En+ - Eﬂo) which vanishes in the case that the
masses of the two pions are the same and is proportional to the differ- -
ence of the square of thé'masses of the.two pions. The coupling constant
'f.can only_be defined on the basis of a model for K decays. Following
Cabibbo and Gatto, we assume that the decay.Ko - no + ﬂa occurs,
siﬁilar to the;process corresponding to if; from the following
Lagrangian: . . v :
| | x.' (x° > 2x) = f. i @ - 3 ) | (II-4)
: ", @0 X oG
Theb§alue of f can be obtained by éom@aring the above expression with
the measured KQ - ﬁ+ + 1 decay(rafe. Experimentally we kngw that thé
“amplitude which vioiétes AI=1/2 rule is severely suppressed, i.e. g is
much smaller than f; |
There afe two K mesopfdecay modes Where‘one of thé pions in the
final state is off mass shell. | |
| (1) 'KiamtiF +_qo + 7 . The tO£a1 émplitude consists of an internai
'.bremsstrahluﬁg and ofva direct ampliﬁﬁde. If there is é large off-

mass-shell effect (£'), the direct amplitude will contain a process

+ + 0
K »n. +nrx

S+
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where the intermediate n+ is off the mass shell. The decay vertex
k¥ > xt + x° therefore satisfies AI=1/2 rule.

At first glance, the conjectufe that the amplitude becomes large
off the mass shell may appear to be in contradiction to the experimental
observation that the radiative decay K+ - n+ + no.+ 7 occurs with the
frequency of ordinary inner bremsstrahlung. If the K+ - ﬁ+ + a0
amplitude is due to an electromagnetic correction to the weak inter-
action, and is therefore of order eg, one might think that the
Kt - n+ + 70+ v amplitude, which would be of order e, would be large
in comparison with the non-radiative amplitude. Experimental results,
however, indicate that this is not so.

It was shown17 that £'; even with & iérge off-the-mass shell
Al=l/é coupling constant f, will not give rise to abundant radiative

17

decay. In fact, the contribution of £' vanishes in this decay when
we require the decay matrix to be gauge invariant. Therefore we find
the off-the-mass shell effect will not show up in this decay mode.
+ + el . o . .
(2) K - x + x where the mass of the virtual x is different
e A ' :
from that of the = meson. This reaction is investigated in the present
'experiment.

14,18,19,

Many authors 21 have also come to the conclusion that the

K+ g ﬁ+.+ ﬂo amplitude may'become very large when the no is not on the
mass shell by applying current algebra to non-leptonié K meson decays.
The same cbnclusion was reached by Sakura128 using a simple dynamical
model of vector meson dominance.  Fujii further assumed that the

K+ - ﬂ+ + Y+ ¥ proceéS'is dominated by a single diagram in which there

is a ﬂo intermediate state and that the amplitude for K+ - ﬂ+ + ﬂo
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varies in the following manner:,

: q2 m?
- N f o |
ue?) = (o) [ 3-8 2 |

‘ . mj‘_[O

(11-5)‘_

In this expression,xM(mio) is the on-mass~-shell amplitude for
K" > 1t 4 a° decay, mﬁo is the mass of ﬁo; q is the invariant mass of
ﬁhe two gamma rays and £ is related to the coupling constants f and g

by
N2 fmio _

£=—3 5 )
| ey +-Jé_f(mﬂ+ - mﬂO)
‘Cabibbo and‘Gatto, and Fujii'have related the parameter £ to the
amplitude for K° - %' + n decay. TFujii finds that,
] _ :
O + - o
M_(K > 1 +n ) ~ 20 (11-6)

Mt - 7+ A8

n

€]

and in the model of Okubo et al.l9 we find

2
m

5
= —_— .
el = - 1h
'l 7°
In order to compare our results with the above predictions, we

have calculafed the differential spectrum of the n+ energy in the

s
K+_—> T + 7 + y decay for various values of £&€. The result is as follows:

1 ar >y )
IN A 7°) dE_*
. P 2
> ) | |
2K ra v 2) X o - - 4= (12-7)
Tt 3 P 2 2 . o L2
mo o |aTmo - im o (o —~ 2y) m o :
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In this expression P; is the momentum of the n+ in k' - n+ + ¥ +y decay,
while P_ is the momentum of the x° in the decay K' - n' + x . For the
purpose of comparing this calculation with our experimental resﬁlts we
have assumed that r(x® - 2y) = 7.4 + 0.15 X lO-6 MeV as given in'the
table of Rosenfeld et al.gl Since F(no > 27K < m o the term q24mﬂ02
completely dominates overvthe ferm mﬂoP(ﬁo -+ 2v) whgn q2‘is sufficiently
different from_mio. Therefore even though I'(x° — 2y) can vary as qB,
the energy dependence of I(sn® = 2y) will not affect the prediéted
differential fate. Several distribution curves in the kinetic énergy
of the pion corresponding to different positivg values of ¢ are shown
in Fig. 20. TUsing ¢ = 20 we find the prediéted branching ratio for
the decay mode K' =« + y + 7 with E_+ < 90 MeV is 6 X 10~ . The
predicted branching ratio for é = -20 is about 6% greater than thatvof
& = 20. Therefore it is interesting to look for the decay | |

K+'ﬂ ﬂ+ + 7 + 7 to test this and other theoretical models mentioned in

' the general review.(a).
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model The predicted branching ratio of this decay
with pion energy below 90 MeV is 6x107°. ¢ is defined
in the text.
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B. APPARATUS

The beam set up and spark chamber—-counters system were méinly the |
same as that uséd in the Kf > uf + vv+ 7 experiment (Figs. 3, 4 and
Fig. 5). | | |

The  kaon stopperiatiphe.centér-of»Fig. 5, which consisted of'av
scintiliatioﬁ counﬁer Box filled with carbon duSt, was placéd at the

ségond focus of a 500 Mev/c single-stage separated K+ beém at the

Bevatron. K+ mesons; which entered the apparatus in a direction perpen-
dicular to the figure; were identified by a variety of scintillation
counters and a Cerenkov counter in the beam. The counting system is
ﬁot shown in the figure. There were two spark chambers in the K+ beam
Immediately before the stoppervto assist in the determination of the
stopping point of the X meson.

Y.The set of counters T2, T3, C, T4, and T5, which we called the
pion telescope; was pééd to identify charged particles from K+ decay.

 The spark chambér.frigger requirement was.a'TE-TB-Th-a-TB fast

¢oincidénce occurring in the intérval from 6-35 X 10—9 seconds_after a
K—stop’signal. The water Cerenkov counter in the pion telescope served

to reject electrons from the K; decay mode, and products of gamma ray

3
conversions. Pidns with insufficient energy fo go beyond the 5 anti-
doincidénce'counter were not detected in the Cerenkov anticoincidence
countér. The aluminum degrader shéwn in the figufe wésvarﬁible and
could be adjusted to make the range. interval between Thvand T5 corre-

spond to an initial pion kinetic energy from 50 to 150 MeV. The degraders

used in detecting different K+ decay modes were listed below:



.

'Degreder) . Decay particle K.E. SpectrUm‘ﬁ‘
: ' accepted
K" >+ 7Y (I) 6.9 gn/em(A1) x 70 - 90 MeV
KtV o xt by 4y (II) ' 2.59gm/cu’ (A1) R 60 - 80 MeV
A A gm/bm? (a) A 1100 = 117 MeV
k"o ut v 6.9 gm/bm (Al) | ut 143 - 158 MeV

b'v47 gm/em (Cu)

- The pion range spafk chambere were fired 3.5 us after the electronic ;
system Was triggered so that the p-e decay was recorded for‘the purpose
of measuring the decay Kf‘*ru+ +3ﬂo + v in the experiment of Cutts et al. {
The clearing voltage for the pion range spark chambers wes cnanged to
6.6 volts in order to maintain the tracksvinxthose chambers for as
longvas 3.5 ps. |

| Tne averege beam rete was lower than:thaf of the K.+ -> u+ + vV 4y
experlment in order to be compatlble with other experlments running
31multaneously at the Bevatron The K stop rate ranged from 40O to
1000 per Bevatron pulse. The trigger rate ﬁaé about once per.fiVe
Bevatron pulses. | -

o,
Ag before, the delayed K decay is defined to be:

K(delayed decay) ;_(el-serss-su-ck-s5)f(Te-T5-T4-ce-T5)delayed' o

' (1I-8)
where all‘S’s and T's are seintillantion counters and C's are Cerenkov
counters deflned in Sectlon (I-c.).

We observed 5.1 x lO6 delayed K decays with degrader I and 0.88

6
X 10 delayed K decays with degrader IT in the three months of running

at thé Bevatron.
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c. DATA REDUCTION

A tétal of 90,000 pictures were taken during the running of the
Bevatron. AIl_l6 views of the spa}k chambef system except the twp
views of the pion range spark'chambers were scanned with SPASS, the
automatic scanningAdeVice. Two pércent of the pictures were missed ‘
by SPASS and the events were discarded. |

From the result of‘thiSVSCanning we obtained the positions and
directions of thé K+ track and the ﬂ+ track, the conversion points of
the gamma, rays and the blackening associated with each shower.

If there were two or more tracks in either of the K+ tracking
chambers or the u+ tracking chambers, thé event was discarded. If
either the X' track or the p+ track was missing the event was also
discarded. Twenfy-thfee percent Qf»the pictures were discarded because
of the above criterion. Five percent of the remaining evenﬁs were
~ discarded either because of the minimum distance between the K~ track
and the ﬁ+ track was greater than 1 cm or because the calculated K" |
stop position was outside the xkt stopper. |

Six percent of the remaining events were diécarded because there

was a charged particle detected by S. which surrounded the K+-st0pper

5
in coincidence with fhe pion stopped in the range chamber. Theée
chérged paricles were possibly due to either gammasrconverted inside
the stopper or a second charged pion from the decay mode

K+ *,n+ + 7 4+ ﬂ+. The conversion probability of a single gamma ray
inside the stopper was estimated to be 3%.

The -pion track was measured in the three tracking chambers SC1,

SC2, SC3. In order to eliminate particles decaying in flight and the
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écattered particles we required the cosine.of the angle defined by the
~initial and the final direction of the charged particle in the tracking
‘chambers tb'befgréatér than_O,998Q‘ Fifteen percent of the rémaining
events ﬁéré discardéd aue?to this ¢riteri§ﬁ: -

If the eﬁent éatisfiedlﬁﬂé kinémafics it was also discardéq.
 With the measured initial charged pion direction and the directions.
of each:gamma ray ﬁe transfdrmed the gamma-ray directions in the ﬂo
center-of-mass system assuping this event to be a Kngydecay. We
required the dot product‘bf the two unit veé%ors aloﬁg the two gamma-
ray direptions in theino rest ffame to be greater than -.98. By doing

so we discarded more than 95% of the scattered Kﬁz

events without losing

more than 1% of the K., decay events.

_ nyy
We selected‘ll,SOO events with two possible gamma-ray showers and

unambiguousTKﬁ aﬁd ﬁT tra¢ks‘tg be hand-scanned for the direction bf
- the ﬁ* track; the poéition of the ﬂ+ étOp‘and the pion range on the
SCAMP machine st IRL. | |

Becausé‘this samplé was'choéén primariLy for the investigation of
a*Ku5.pola;ization experiment, we discarded most of the events which
did not show u-e decéy in the range chamber. Furthermore, if the
elegtrOn décay diféction wasiwithin a forward coﬁe of half angle
9=COs-l Q;9 withbrespect fo the initial mﬁon direction the event was
rejected. ‘If thg p-e vértei position was in the‘counter T4 the event
was also réjééted.  Thirty;f§ur=percent of the events were discarded
because of the absence of the pfe decay. SeventyQSéven percénﬁ of the
pions which had reaéhed the end.éf their ranges would cascade into

electrons through the processes nf+ u+ + v and u+ et 4y 4+ V. The
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electrons of 5% of those with a #-§ decay were in the fo;ward cone and
the events were rejected. This accoun%ed for 28% loss of thé total
events. The remainder were lost dLe to ﬁ-hucleus interactions and
inelastig scatterings.: Mbsf of the pions'came from the‘decay mode Kﬂ2'
Finally we were left with 6760 Xt > x + y + ¥ candidates. They

_ . + .
were ready for a two constraint fit to K *__ﬂ+ + v + 7 kinematiecs.

We have summarized the procedure of data reduction in Table III.
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Table iII. Summary of ‘the daﬁa:reduction for XK' » 57 + 7 + ¥ experiment.

3)

k)

5)

Degrader IT

‘_"Degradef I
Delayed K*Adecays ‘w 5.1 X}lOé | 0.88 x 106
T (L) ) @) /(2
D SR /M1 N ni2)/u(2)
Number of pictures - 82 X 107 - 13.2 X 107
taken : _ '
SPASS scanning 80 x»103 or 98% 12.9 X 10° or 98.7%
One and only one 62.9x10° Or 79.1% 9.75 X 10° or 75.8%
track in the Kt : ' -
and the nt tracking
chambers
Events selected to 10789 or  17.2%. . 1704 or 17.5%
be hand scanned - : _ . -
Events scanned - 9820 or 91% 1649 or 97%
Total Events Scanned = Nél) + Néz) = 11469 events

‘(Block I and Block II)

Events with two converted
gamma ray showers

6780 or  59%
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'D. DATA ANALYSIS
From the scanning'result With SPASS and with SCAMP we obtainéd the
following information for each event: |
1) The position of the xkt decay.‘v
2) The raﬁge of the charged particle from t‘h'e’K+ decay.
3) The directidh of the decay particle. |
&) The position of the conversion points of the two gamma rayé.‘
~ From the conversion poinf of each gamma ray and the-K+ decay
position we determined the unit vector in the direction of thaf gamma,
ray. |
The energy of the charged decay particlé was calculated from.thé .
range of that particle By assuming'it was a pidn or a muon. The caléu-
lated energy was then éalibratéd with the pion kinetic energy of K#e _'

and with the muon kinetic energy of K which are known to be 108.6 and

p2

- 152.5 MEV.respectively. The spéectrum of measured pion kinetic energy

is shown in Fig. 21. The only difference between the Kﬁ run and the

2

Kﬂyy run was a piecg of degrader of thickness of 12 gm/émg aluminﬁm.
Therefore the Kﬂ_2 data served as a calibration for the detection effi-
éiencies of the charged decay particle and the two gamma rays;

.Mb took the range and directiqn of the charged particle in thé pion
-teléécope and the direction of one of thé gamma, rays énd computed the
expected direction of the second gamﬁa ray. This direction is uniquely
predicted if the event is an example of K+ - ﬂ+ + v+ 7. We computev |

the angle O between the predicted direction and the measured direction

of the second gamma ray. The angle O, however, strongly depends on
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the angle 6 ,'between'theymuontdireetibn and the first gamms ray. To .

1

make the analyéis merejgymmetric‘with respect to the two gamma rays and

to make the angle a less dependeht on_Ql, we then repeat the procedure:

using the second gammafray to predict the direction of the first‘one.'we
use the average oféthe aﬂgles o from these two eomputatiohs as a
measure of the dev1at10n from K nd ﬂ+ + 7 + 7 kinematics.

In order to show that our apparatus would be sen51t1ve to

| Kkt - ﬂ+ + v + ¥ events, we adgusted the amount of degrader in the pion

telescope so that 108.6 MeV pions from the reaction kt > 1"+ 7° would

_stop between Th and T_. The dlstrlbutlon 1n_cos QEV of these events

5

is shown in Fig. 22.

| Figu:e 25‘shoﬁsthe distfibﬁtion in cos aev that we observe when
we reduce the emount of.degrader in the pion telescope in order that
piens from‘the reaction K+ g ﬂ+ + 7 cannot'stop in the fange interval
between‘Tb end_f-;  During:the coﬁrse of the experiment the'degrader

5

was varied so that the pion energy interval from 60 to 90 MeV was

covered. There is evidently no peak atvcos 03v=l in our data.

Several closely related Monte Carlo calculations were made on
the CDC 6600 computer to generate fake Kkt s a ¥ + v events. The X'
decay pOLnt was plcked randomly inside the stopper. The direction of

the ﬂ+ was generated accordlng to the observed angle distribution of

‘the charged particle. ' The dlrectlons of- the gamma rays were generated

based on the following'modele:

(1) Phase space distribution function:

+ 4+ ' '
arK” »> 5 + 9y + 7)_ :
T == NP4 (I1-9)
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Qﬁv is the averaged angle between the measured and the

‘predicted direction of one of the gamma rays in the

decay K - n++7+7;
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Fig. 23. Distribution in cos aav of the sample of the'K+ decay
events inrwhich we searched for examples of the
reactionwK+'7vn++7+7 with the invariant mass of the
two gamma rays not equal to the ﬂo mass. Our upper
limit on the branehing;ratio for this mode comes from
the conclusion that there are fewer than 11 events

in the interval from 0.994% to 1.0.



=TT
where A is a constant;lv
- (2) Off-maes-shellvmodel; i.e. aesuming the distribution to be of
.the form of Eq. (1147).J
(3) o meson'inteiﬁediafe efete,model, ife, aseuming the disfribu-

- tion function:

gf | S .z \

et : P
(K™ > x + oy +) o 7t (I1-10)
—aE . R
§ | (‘2-m2+ o) +me o
-85 oo

m_ is the mass of the o, assumed to be 40O Mev, and I is its width,
assumed to 100 MeV. 'K.is.e'constent.

(4) € meson inﬁefmediate state model, similar to the ¢ meson
v model but with M 700 + 150 MeV.

The purposes of these calculatlons were as follows

(l) To calculate the detectlon eff1c1enc1es of the charged pion
end the two gamma rays for the decay K -~ n+ + 7+ correspondlng to
different dlstrlbutlon functlons.

(2) To determine the effdct of measurement error on the predicted
. second photon direction.

The reeult of the calculation is shown in Teble IvV.
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Table IV. Results of Monte Carlo célcﬁlation.

Phase space  Off-mass-shell g meson Calibrating

model \ model model  data with
- . . _ K+ i
T2
Spectrum accepted o A '
Degrader I =~ . 19.26 ~ 13.0% 5.66 . 100%
Degrader IT 17T 15.8% 9.2%
Detection efficiency ~ 33.0% 3% 324, 50%
of the two gammas ' :
Loss due to m-nucleus =  23% . . | » 23% 23% _ “kb%

“scattering

The possible measurement errors of the charged pion energy and the

directions of gamma ray showers were estimated from the Ko data: -
. |

_ (1) The energy measﬁremehf.effor was directly read frqm thé K%E
spectrtm curve to be 4 MEV which 55 mainly due to the range uncertainty
‘because of the straggling of" the' pion through material. _”

~ (2) Taking the pion energy of the Kng.events to be 108.6 MeV wé
v calculéte& the ahgularymeasurement errors of the gamma rays ﬁo be less
thaﬁ 0.077 radian from thélnew cés_oav plot in Fig. 2L. |
; | The_uncertainty in the pion enefgy measurement was estimated to be
smailer for the 60 £o 90 Mev.pipns'than for the 108.6 MeV pions. Howf'
ever in order to cover any unknown s&stématic error, we used *5 MEV‘as :
the energy measurementluncertainty in anaiyzing the dafa. The angulaf i
events and fhé‘

2

Kﬂyy_data. Therefore we believe it is safe to use the above energy

measurement error of the gamma ray is the same for KTr
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and angular errors injcalculating the'resolution curve of the fake -

X events in the cos ¢ _ plot in Fig. 25.
nyy av
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E. RESULTS

The simplest way of dlsplaylng the experlmental results is to
compare the cos a ‘curves in Fig. 22, Flg. 23, and Fig. 25 with each
othér. In Fig. 22 we see that 61% of the KJT2 ‘events are dlstrlboted
in the interval O. 994 < cos a < 1. 000, 'The distribution chve'of che
fake Knyy events is shown in Fig._?S, wheréiwe have used tﬁc'camo_ |
'uncértainties in pion enérgy measurement and gamma-ray angilar meosufe-
ment we calculated from the KT - * + n° data.

We found 80% of the k 7y evénts"shouid lie in the interval
0.994 < cos Qév < 1.000. In general the resolution in cos O gets better
when the pion éncrgy1decrcases for Knyy events. Figure 23 shows the"
distribution in cos o . of our data with the pion energy between 60 and
90 MeY.  The  uniformly distributed events are mainly K+ >+ v + gf

events. As,a‘checkvwe generated K . events according to the_distribution

u3
in thc Dalitz plot calculated from V-A theory and from the assumption .
that the effect of the term with the form factor F_ is negligible.
'.vThe pion energy was then calculated from the rangc of.the,muon
with;given mﬁon energy. Figure 26 shows thc distribution.of_fhc
gené?ated KuB events.in cos O v We see the distribution is uoiform
in the interval O. 96 < COS'a < l 00 consistent with the dlstrlbutlon‘
-of the data. We have used the number of observed background events 1n‘»
thé interval 0.96 < cos o, < 0.99 to predict the number of background
events cxpécted in the interval 03994 < cos aév <ll.OOO._ We prédicted
30~i 3 events. We observed 29 events in this interval. The excess;of

the observation over the prediction is -1 * 6 events. At the 90%

confidence level We concluded that there are fewer than 11 events in
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the interval O. 99h < cos a < 1.000. This gives an upper limit of
1. 5 X 10 -4 for charged pions Wlth kinetic energy less thanv90 MeV if
the decay occurs according to the differential distribution of Eg. (II-T).

As a final check‘on our efficiency calculation, we have calculated )
the K _, branching ratio from the K o sample. In one semble of onr Ko
data we observed 18é70 delayed.K+.decayvdefined by Eq. (II-8); After.
various losses in the data reduction we were left with 9542 delayed
'K+ decays. The loss due'to pion.nucleus'interaction was estimated to
be 0.4, The detection probability_of_the'two gamma rays was calculated
by'the Monte Carlo program to be 0.5. There were 366.Kﬁ2 events in the
interval 0.996 < cos dav < 1.00 while 60% of the Kﬁé events were expected.
to be in this'intervell' From this'we find the branching ratio of K
to be 19% which agrees qulte Well with the accepted value 20. 8#% in
the table of Rosenfeld et.al.

We would like to consider the 51gn1f1cance of our result The
upper llmlt ‘on the branchlng ratio with pion energy between 70 and 90
MeV is 2le -0 correSponding»to a 90% confidence level. The.average

value of the differentiai spectrum relative tox branching ratio is

n2
5XiO-6 for the energy ‘interval 70 to 90 MeV. As can be seen from
Fig. 20, thls corresponds to an upper limit on g of 30, and to a rate
for all charged plons of energy- less than 90 MeV of approx1mately three
tlmes that predicted by FqulcS model (&~20 , . but with newer x° llfetlme).
There are at least two ways tohimprove onr measurement: B

(1) ' One can reajust the degrader to allow less energetic pions

(say between 55 to 70 MeV) to stopiinside the pion range'spark chaMber.

The resolution curve gets better for pions with lower energy and one
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can get a bigger portion of the K+ - 1+ v + ¥ spectrum.

(2) One can also replace the pion'fange spark chamber with a stack
of‘scintillation‘counters. After ‘the pion stopped in a cerfain countgr,
one can require a delayed{(say 10 ns after the pion stopped) second
pulse_gpming from tﬁé saﬁé coﬁnter. By'reéuiring this = » u“decayg one-

can reject the number of the muons from KH by a factor of at ;eéét 100.

3

was. the main background in this experiment.

b)

With respect to the o meson intermediate state model, our result,

We note that KH

which is relativelylinsensitive'to the assumed ¢ meson parameters, is
that‘if the.K+ -+ ¥ + 7 decay préceeds via a o meson.in't;ermed.»iaévv:l:_c'evj
state, the totai branching raﬁio of the K+'meson into this.éhannel is.
less than 3.3 X 10-4. This is more than aﬁ order of magnitude lower
than thé pfediction of the Lapidus model. We would like fo point out,
however, that the o intermediate state model would not be in disagree-
ment'_‘with our results if the ratio, r, of the decay modes g = MYy
to no'» Bﬂo were more th?n an order of magnitude smaller than:the

5

Apredictedl value 0.3. The présent experimental resultsor indicate;
rr=d.12 * 0.1 which is consistent with both zero and the predicted
value O.B.v |
Various other O+ meson_inpermediate state models have been conéidere
ed in the literature. Oneda24 suggested an e model (m.€ = 700 MeV). TFor
this model our results limit the total.branching ratio to be less than
1.8 x 10'_4. |
Finally, if we assume that the h&pothetical K+ *-ﬁ+ +.7 + v &ecay'
is governed by a phése épace ﬁodel, that is, if the distribution of the‘

+ .
. is as follows
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A o+ 4 ) AP L
| dE - xt
! SRR
where A is a constant,'ourfexpérimental result limits the total branch-

ing ratio of the K’ into this mode to be less than 1.1 X 107 or the
partial decay rate ;essQﬁhan 1.0 X lOlF sec'l. ‘
The experimental;situation of the measurements on the branching

31

ratio of KZ i ﬁo + no is very confusing. One possibility of this

confusion is that the branching ratio Kg - no + 7 + ¥ might be quite

large thus different methods of measurement of the decay rate

Kg'—> © + 7 + y might accept different amount of Kg - 70 + 7.+ v and

get different results. Assuming the decay rate k"> 1t o+ ¥ + ¥ is -of

the same order as KZ -1+ 7 + ¥, we can set.an upper limit for the
decay rate of‘Kg > 1° + ¥ + y of th sec™™ or the branching ratio of
Kg - 10+ 7 4+ v of 5 X lO-gfwhich is sméller than the observed

. 5)

° .
-
2 .

concluded that if the above assumption is reasonable then the decay

K x° +an branching ratio (about 2 to 4 x 107 7). We thérefore

K> » 7° + y + v will not affect the rate Ko - ° + x° or ndo which

2 2
" was defined as ' ' ‘
S, ‘ o e
T(K2 -

T (Kg X

T]OO
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APPENDIX A

AT = 1/2 Rule for K Meson Hadronic and Semi-Leptonic

. VWeak Decay Modes

Isotopic spin is conserved.in.gtrong interactions but nqt in eiectro—
magnetic or weak inﬁefactioné. Since the isotopic spin of thé K!meson
is 1/2, the_‘AI = 1/2 rule for weak intéractions requires the total |
isotopic spin of the final state of ény K meson decay mode to be O Qr 1.
The AT = 1/2 rule is generally weli‘obeyed for the‘K-meson hadronic
and semi-leptonic decay modes. The deviation from the predicted valugs‘
based on Al = 1/2 rule is ieéévthan 10%5 ‘Thelsmall_deviation can be |
either attributed to: - |

i)' correctioﬁs due to electromagnetic interactions, or

‘2)' the existence of some _AE = 3/2, 5/2, ... weak interaction"

amplitudes.which afé much smaller than the AL = 1/2' amplitude.

The elecéromagnetic corrections usually are of the ordér of 1/137

but in some cases the.corrections can be as large as 1/20. One example

where the correction is large is the mass splitting of the pi. _mesons:

(m + - mno)/mn+ ~ 5/140 =~ 1/28 .

'_.Wévhave listed below some of the relations among K meson decay
modeé as predicted by the»,AI =il/2 rﬁle. The predicted values are
: com@ared with most fecent‘experimental results based on fhe paperé
éubmitted to the 1hth Internationgl Conference on High Energ& fhysics,
Vienﬁa 1968, whenever applicable and otﬁérwise with»the decay rates

summarized in the Table of Rosenfeld et al. (August 1968).
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(a)

(b)

(c)

-9k~

The AI = 1/2 rule is apparently violated. However the ratio is

: ohly of the order of (1/20)2. It was suggested by Cabibbo that

the decay kK® - 2n is fdrbidden in the 1limit of SU., symmetry and

3
it is likely that the rate is one order of magnitude smaller than
what would be if it were not forbidden; Therefore it is poseible'
to attribute the violation of the AI = 1/2 to electromagnetic
corrections of weak decays. | |

As was pointed out by Devlin3u that there is a *10% uncertainty
in the'predicfed value of this ratio based on the AT = 1/2 rule
due to some uncertainty in determining the eenters'of the Dalitz
plots.

This ratio appears to be inconsistent with the AI = 1/2 rules
However the ratio of the AI = 3/2 amplitude needed to account
for the inconSistency to the AT = 1/2 amplitude is still ef the

same order as that in a.

Lk
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~ APPENDIX B

Experimental Evidence of the Conservation

of Angular Momentum for Weak Interactions

After the discovery of the violdtion of the symmetry laws C, P and
CP in weak decays; it becomes édvisable tq test the validity of other
conservation laws such as the rule that any intéger or half inteéer
spin pafticle must obey Bose-or‘Fermi étatistics and the conservation v
6f angqlar momentum. The former is still under investigation for muon233

There seems to be no direct experimental evidence that the rule is valid

.for K mesons or other strange particles. The conservation of angular

ﬁomentum is dommonly believed to be guaranteed by Lorentz invariance.
Siﬁce there are so mén& examples of Iorentz invariance in weak inter-
actions fhe conservaﬁion of angular‘momentum is usually taken to be
eétablished in weak intera.ctipnso

It was shown by Franco Selleri29.that Lorentz—in#ériance'does not
necessarily lead to éngular'momentum conservafion, if one introduces.
some fairly daring hypothesis. His mechanism for angular momentum

violation is to assume existence of a particle (spurion) with spin,

- but with zero four-momentum.. This particle would appear in weak inter-

action strangeness changing reactions. Therefore the angular momentum

of detectable pafticles in weak. interaction reactions would not be con-

served while their energy and momentum would be strictly conserved.
Observing that. the spins of the strange particles K, A, Z, = have
not been measured directly but have been deduced from the assumptions

of total angular momentum conservation, Selleri claimed that several

- new sets of assignment of spins for strange particles corresponding to
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different spin valueslfor his spurion, would be consiétent with the
present experimental eﬁidence. |
If the spin of the spurion were 1/2, Selleri's assignments of spin

for strange particles would be:

K A Lz =

1/2 1 1 3/2
If the spin of the spurion were 1, his assignments would be:

K . A z :
with selection rules AI = 1/2, AT = 1.
1 3/2 3/2 ' -

in either'of the above schemes, he claims that the new assignments
have theoretiéalvadvanﬁages over the conventional assignments while both.
assigﬁments are consistent with the present éxperimental data.-

Some of the theoretical advantages are:

1. The_ AL = 1/2 rule becomes rigoroué in weak interactions..

2. Strangeness conservation in é.m.'interactibns becomes a

consequence of J-conservation.

3. ‘The A4S =1 rule béébmes a consequence of the AI = 1/2 rule.

The weakness 6f these schemes lies in the assuﬁption of an unobser-
vablgﬂpérticle--spurion, and in thé contradiction with the success of
the SU(3) scheme. The direct measurements of the spins of the strange
particles would pro&e or»dispfove this scheme of J-violation, however
the experimental measurements are very difficuit‘to carry out. We would
like to point out here an experimental result on the upper.limit of the
decay K - o % Y of 5?6 X 1077 measﬁred by Friedell et al.5% as an

indirect evidence against the J-violation scheme. ‘We observe that if

with selection rules AI = 1/2, &7 = 1/2.

G
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btwoﬁldvbe.of the order of lO‘“3 if the cQuplihg constant fﬂ
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the K meson had spin 1/2 (or l) and fhe selection rule in étrangeness
changing weak interagﬁions were AT =.l/2, and AJ = 1/2 (or AT = 1),
the decay reaction - Kf_-9<n+ + v would be allowed in either set of the

new spin assignments. Further from the simple Feynman diagrams,

b a4 o
K JLLE K Ny P s m.

where X means the decay due to weak interaction, we can estimate that

_ : : + +
with the new spin assignments, the branching ratio of- K. = = + 7

K is not other-
ﬁise suppreésed comparea with pr.» This is an order of magnitude higher
than the experimental upper limit. Therefore we have here an expérimental
evidence‘against the existeﬁée of a.spurion‘with‘ponzero angular momenpum
but_zero four momentum in weak interactions. Only if the =K coupling-
conStgnt is_unexpectedlyjsuppreséed,‘fhen the,branching ratio of

K+ - n+ + Y>vcould drop to 1074,_comparable to.the experimental uéﬁer

limit. -
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LEGAL NOTICE

" This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, 'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract

 with the Commission, or his employment with such contractor.
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