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June 1969
ABSTRACT
We have analyzed Qohlrevents of'the.type K+.»rﬁo pf v to gain some

understanding about the matrix element of the strangenessrchanging hadron

s . R ‘o + o)
‘current. In our experiment this current describes the transition K - x . .

The most general matrix element can be written in_terms of two Lorentz

scalars called form factors:

<K > = 1 (@) (Berp,) + (07 (BB,

'f+ and f_are the form factors; P, and Pﬂ are the four momenta of the

K

kaon and pion resﬁectively; q2 is the four ﬁomenﬁum transfer to the

lepton pair.

The events for this analysis were obtained from a spark chamber
experiment at the Berkeley Bevatron. We observe both convertea'y-rays
from the.ﬁo and are able to feconstruct the kinematics of each event.
completely. This allows us to determine the'ﬁQ'energy distribution

which we use to get information about f, and f_. The slope of the m°

energy spectrum is sensitive to the ratio £(0) = fl(O)/f+(O). If we

v

assume that f+ and-f_ are independent of qe, we obtain from a measurement
of the slope the result £(0) = -0.3 * 0.3. We can introduce a q2 depen-

dence of f by means of a linear approximation:



5 : 2 .
f-_i-(q ) = fi(O) (l + 7\'_". ! 2)
. ~ mx©

If we take A_ =0 and fit our data to £(0) and K+ we find that:

g(d) = -0.5 A, = 0.009 |

In a separate experiment we have searched throﬁghrour data for
events of the type K+ - ﬂ+.ﬁo 7; These events are distinguished'by the
fact that they produce three showers in our spark chambers. The decay
K" - at ﬂo v would be of 1nterest in studying tlme reversal invariance
1frone could observe decays_produced by direct radiation rather than
.inner bremsétrahlung. The:two types of events.can be.told apart by the
fact that for inner bremsstrahlung “the 7-ray is mostly emitted in the
same direction as the % » while for dlrect radlatlon the y-ray is emitted
in the opp051te dlrectlon to the n+. Hencevﬁe are 1nterested in the
dlstrlbutlon of events as a function of %+‘- 9 to distiﬁguish the two
types ef radiation. | | | | |

We—have found'27'events which satisfy a two constraint fit to
the kinematics of K@ - T 7 y. We enalyze them ih terms of the decay
rate: |

ar

. i(S
3 _dcoso |Xpe + X5 4

%0)n[ + 1,12

Here it 1s assumed that direct radiation is dominated by dipole radiation.
XB, XE’ XM are parameters which describe the contributions of inner
bremstrahlung, electric dipole radiation and maghetic dipole radiation

respectively. g and h are functions of the kinematic variables. We -

¥
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have made a likelihood fit of our events to this decay rate and find:

i#) - | ' UXE = 0.8 té'; . ‘ Xy assumed O
< . % =21%15 | X, assuned O

What this result says is that our events are distributed in the
variable mt o ? as would be expected from inner bremsstrahlung without

the presehce of direct radiatiomn.

‘Work performed under the auépices of the U. S. Atomic Energy

<)

Commission.
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I.  INTRODUCTION
Many’weak‘ihteractidn processes have been successfully described
by using a Hamiltonian of the form:
_ G . '
G is the weak coupling constant. JX is a current in analogy with electro-’

magnetic interactions. We can write JX as a sum of currents:

_ h, AS=0 ,08=1 o . SR
A Ry | 12

L. £,/5=0 ' '
JX is the lepton current; JX is the hadron current of strangeness

conserving transitions; Jﬁ’és=l is the hadron current of strangeness '

) violating transitions. The form of the matrix element < BIJ{IA > 1is

well uhderStqodcin the case that-]A> and ]B> are the state vectors of
leptons. For“exémple, fhe_purely leptonic decay p - evV and the
strangeness cénsérving decay n - peV'haVe yiélded ianrmation about
the matrix e;ements < e]J{lv > anq:<'p1J§{v-> .
' If we use Eq. I-2 in Eq. I-1 we get a sum of terms:
' t +

LR ACERE Sk B Gak

J2 | : -

N Jﬁ,AS=O(J§,AS=O)* . Ji,as=1(J§,As=1)+'+ Jﬁ’aszl(Ji’AS%O)
+h.c.] ' | | o '

The first term applies to théiiansition L = evV; the second term épplies

ton - pev. In our'experimeﬁt we ‘are inﬁeréstéd in.the third term to'v

study the matrix élements of the current Jﬁ’ﬁs:l; We ha?é looked aﬁ

the decay mode K+ - nou+v whose decay rate islﬁroﬁprtional ﬁo the

square of the matrix element:



Do
+ o G + Jh AS=1y o ' &z*'
<K|%Hpv>if<le’ |2 >< play |v> I-3
2 : _
The part of the matrix element involving hadrons is ﬁnkﬁqwn{ Hence we
write its most general form in terms of parameters to be measured:
kT A8=1 oy 2 +P - (2 ip -

<K lJﬁ |a” > = f+(q )(PK+PK).+ f_(q )(PK Pﬁ) Ik
| | + o S Y- S~
P ’JPn are the K, n~ four momenta respectively; d = (BK_Pn) is the

K

four momentum transfer to the lepton pair.‘ f+ and f_ ére'parameters.

A knowledge of f+ and f;'is interesting for two reasons. First,

an equation similar to I-3 can be‘written‘for'Kég decay (K+ - noe+v .
- The principle of p-e universality assumes that f?'= f& and fi = fi.

S0 we can use the form factors foﬁnd from the Ku decay mode

_ 3 :
" - 2uv) foicalculate the ratio P(KMB)/T(KGB). If this prediction
disagrees with a direct measurement of‘the ratio P(KHS)/T(Keé):then a
violation of p-e universalify'is the only explahétion within the -
framework'of.the current-current_iﬁteraétiéh ﬁypothesis; SecOnd,
predictions can be made about_f+vand f;-using the algebra of éurrents.
The results of such calculation$ are diécusSedvbelow in Section IT.
There arerseveral methods which can.Be used to measure f and f_:»

' o 1,2
1) u' total polarization in K - n*u'v gives £_/f .77

2) K > 7% Dalitz plot and'branching ratio gives f+;5’u

© 3) Branching ratio I'(X .)/T(K ) gives f‘/f:;5’6
' - 1) e> A
4y &kt > 2%utv palitez plot gives £ and f+.7’8
Manyvmeasurements'of £ have been made. p+ polarization experimehts

usually give a value for & = f_/f+ in the neighborhood of -1. For example

D. Cutt52 using the same events as this anélysis found & = -0.95 * 0.3.
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Taking_an average of measurements for R =“P(Ku5)/T(Ke5) - 0.68° we een
calculate £(0) = 0.25 * @,lh...The European X-2 collaboration6 find &
lower value for R than the above and they quote‘g(o) = -0.6 %
(evaluated at 7\+ = 0.023). ' Ari older KuB Dalitz plot analysis by Call__ahan7
found g = Q. 72 + 0.37. ‘A more‘recent measurement'by'Eisler et al.
u51ng the Dalitz plot method glves £(0) = -0.5 + 0.9.

The dlsagreement between £ as obtained from P(K )/T(K 5) and pt

polarization 1nd1cates a v1olat;on of p-e universality. We have repeated

'a‘Dalitz plot measurment'to get a measurement ef ¢ independent of any

assumptiqn about p-e universality. One of the two exieting experiments
has a]rather large error;'the_other experiment is in eempleterdisagree-
ment with the u+ polarization_results. The cenfirmation of a positive |
value for ¢ neasured by the Dalitz plot method réises the possibility

that we have to go beyond the current current hypothesrs to descrlbe

weak decays.
Appendix I gives a formula for the Dalitz plot density as a func-
tion of.Eﬂo, Eu, f+; and T . A very simple equationVCan be written for

the deeay rate if we assume that the form factors are independent of

2 .
q: o
. 4ar A
W = N(EM)[l + a(EuJ E)Y]
B . | I-5
Eﬂo'Eﬁo(MINIMUM)

=2 : -1
v E o (MA)C[MLM)-EﬁO (MINIMOM) |

-1<y< l
We have 1ooked at the change of the Dalitz plot dens1ty as a function

of the-n . energy. It is apparent from Eq. I-5 that the n energy spectrum

~is a stralght llne with slope Qo The slope of the spectrum eonstitutes



.
then a direct measurement of £. Figure 1 shows the relation between
v & and £. Note there are two values of £ for each value of .,
We have fitted our s spectrum to the rate given in I-5 and find
that £ =-0.3 iAO.B . This result,aSSUmes_that ﬁhe form-factors_f+ and
f_are independent of qg{ We have exténded oﬁr anaiysis to”searchvfor

the dependehcelof the form factors on q2.: For this purpoée we write:

2 q>
f+(q ) = f+(0) 1+ A, g
mﬂo
oy . | 2
£ (q7) = £ (O)}1 + N = 5
)=t = o

7
%+ énd A are pafametersvwhichbdeterminevthe q2 dependence of f+ and T_
to first orderiin qe. q2 does not depend on the muon energy buf only
on the pion energy. Hence a value of A different from zero adds terms
to Eq. I-5 whichiare non-linear in Eﬂo' .Our results aré presepfed in
terms of contour:plots of a likelihoqd function; Figure 17 assumes

A_ = 0; Figure 18 assumes %4-= 0.

e ]
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' Fig. 1. & is the slope of the x° energy spectrum as shown in
qu. Ie5. E is the ratio Qf the form factor f_ and

£, T# is thé'kinetic'energy_bf7the muon .

W
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II. THEORY

The stuﬁy of hadron currenté in the weak interactions is compli~
cated by the strong interactions of the hadrons. A convenient way to
parametrize the modifications due to stfong interactions isthrough form
factors. Equation I-L is the most'general Lorentz invariant fofﬁ we
can write for the matrix eleﬁéﬁt of the hadron cufrent between the
physical states KJ'r and 7°. f+‘aﬁd_f_ are empiricai factofs containing
the effect of stfong interactions. |

Current algebra ailoﬁs us to relaﬁe the matrix element in I-4 0
other matri# eleméhts of the hadron currents. These in turn can'bé'
calculated from the masseé and decay rateé of various hadrons. If
these masses and decay‘rateslare knoWh, wé caﬁ use them tovcalculaté
‘f% and f_ with'the help of current algebra felatiéns. Many such '
calculations haﬁé béen madé.9’lo"Thé'eaflieét éttempts used a sﬁraight
forward application_éf current algébré in conjunction with PCAC. The
most serious.dréwback dfithis'abprdaéh is thaf form' factors aré
calculated with ﬁﬁphysical.ﬁaiues.for the Variabies}' Forvexample'

9 2

.= 0.
s

Céllan and Treiman’ found the value of E at the poiﬁt q? = mK?, P
They assumed that the form factors do not change much when extrapolated
_to the physical region. Their result is £ = 0.3. Mpre.recent'calcula-
tionslo inv¢ke dispersioh'relations and'superconvergent'sum rules. With'
- their help extrapolatiops in the variables BK? and Pﬂg to the physical
region can be computed. However, more parameters_are necessary to make-
a prediction. Particles such as the K (~ 700, 0') and K, (1520, 1*) are

assumed to exist. Theoretical estimates of their masses, and in some

cases their widths, have to be made. The resulting formulas for f_.and



This value is confirmed by Ke5 decay experiments.

==
and'f+ depend ‘on a host of constants whose values are not well known.
Table I lists_some of the representative theoretical predictions

that have been made for £. The bibliography lists many other papers

~which attémpt to calculate £. The ranges of the physical variables

in our experiment are limited to:

2 2
Fe =m
p2_,2
S O

2 2 \2

m-<a < (mem)

Several of the results in the. table depend on K+ as an unknown parameter.

Answers are QQoted'for %;»: 0 and %+ = 0.02. The latter value is a

_ natural one to take if we assume the decay is dominated by an inter-

" mediate K¥. In this casé f+ takes the form:

', 2, _ CONSTANT =
) === II-1

x4

Comparing this. equation with I-6 we get:

_ mol?2 o
Y z(-“- = 0.02%
T | ey
| 3

The above discussibn cdncerned only vector,form factors. If we
assume that séalariand tensor couplings aré'aiso present we have to

make the substitutions:
, _ , o
A |
om PA4P )+(P -P ) '
. +(Kﬂ)(“-v)f' - =
- - m 8
M ® oo T
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Table I. Theoretical Predictions for £(0) = f_(o)/f+(o),'x+, A .

Reference

Callan Treiman:

Berman, Roy

Pati, Sebastian

Mathur, Pandit,
".Marshak

Hsu

£(0)

0;5

©-1.0
-0.22

small
negative

-0.2
154
-1.05

-0.52

-0.02k -

Matsuda, Oneda <-0.026
T >-0.28

Biswas, Smith

Ma jumdar

0.45'

-7.88

A
=

<0.05

0.022 0,028

~0,24
0 0.024
0.02 0.01
0 -0.035
0.02 -0.05
-0.37
- 0.02

. Comments

—

P -0 ¢ is.evaluated at.q2=m§
Adler consistency condition;
Kéh-form facfofs approximateiy
constant.

Once subtracted dispersion

relations; K*,K intermediate

states, ﬁK/fﬂ=1.28, m(K)=1.6 BeV

No K meson, f+(O)~l

K%,ﬁf meson (width, mass);

dispersion relations

Spectral function sum rules;
k¥, K , KA(1280),A1, @ super-
convergence relations; A, is

a parameter.

KA(1520)

Uhsubtrécted dispersion rela-
tions; K , K¥ intermediate

states. .

Spectral function sum rules;
superconvergence'relations;
k_ set equal O; K%, Al,interf

mediate states.

Spectral function sum rules;

K*, .Al? K'A(:LBEO)J K H .7\+ is

a parameter.

(continued on next page)

©



Table I. . (continued)

Reference =~ £(0)
| -0.37
B. W. Lee |
0.026
0.05k4

1+

0.02

0.018

0.016

A S Comments

014 No K

Chiral dynamics; field-current

identity; © is a free parameter.
-0.2 3= -1/3 (from A, p widths)

-0.083 &=0
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f (PK+PKO)(P“-PV) fn

‘ £+ 25 ?§ + m - T
SUERT
14 2T |
M T

Assuming that fT =0, it is apparent that this experiment can measure
only the sum: . '

£ =&+

+

-

B
H)|mHJ

Our fits are made taking f = 0. We cannot Separate'the_efféct of § 

S
and fs/f+ on our n° spectrum. On the other hand, fT/f+ introduces a
depéndenée.on'Eﬂo} Comparing with Eq; I;6 wé éeé that the parameter
A also gives a dependence of the form factor on E&d. "So in fitting .
T

be used to reconcile conflicting results from different experimental

" for %_ weé have to assume that £, = O. Clearly these parameters can

methods.'

"If we believe in p-e universality, results from K3 experiments

3

can be used to show that'fs and fT are small. Because of the smallness
‘ . | ‘ , .

of the electron mass, the form faétor f_does not affect the Ke5 Dalitz

plot. So a direct measurement of fs and fT is possible. Imlay et al.

find that the contribution from scalar couplinglto the total Ke

_ 3
rate is less than 5%; in a later analysish they find that the contribu-

decay

tion from tensor coupling is less than 4%.
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ITI. EXPERIMENT
The X' mesons observed in our experiment were produced in a

copper or urahium tafget in the 5.3 BeV external proton beam of the

'Berkeley. BeVatron. Figure 2 shows the beam tfansport system used to

momentum and mass analyze the Kt beam. An electrostatic separator was

used to se?araté»K+ mesons from ﬁ+ mesons. About one in twenty éharged
particles in the’vicinity_Of the K-stbppér were kaons. The 500 Mev/c
kaoné were degraded to rest in a carbon dust stopper of. dimension

2" x 2-1/5”X 3" and density'o.85-g/cm2. We stopped on the average

700 kaons:per Bevatron pulse. The beam wasion for 700 milliseconds

every six seconds. Figure 5 shows the éounter telescope used to select
stopping K+ mesons followed by a charged decay particlq."sl, Se, 85;
Sh define the incoming beam. S5 surrounds the stopping material except

on the faces toward the incoming K" beam and the counter T),+ A stop-

“ping K+ is. signalled by the logic:

R, = 85.,8,5 84

L 172 5 5

 The Cerenkov counter vetoes pions and electrohs. 55 rejects pions which

' pass through the stopper. R, opens a gate of 38 ns duration 6 ns after

1

the K-stop. The gate is in coincidence with the signal:

2 T2T5Thc T5
R2 requires a charged particle of B < 0.75 to stop between Th and T5.

The Cerenkov cdunter was used mainly to reject events of the type
K+ - noe+v. The 6 ns delay was éhosen to reject particles that come
from K decays in flight or from the scattering of incbming charged

particles toward Tha Tu eliminates short'range pions frdm*r' decay
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+ + 00
K »axxm). T5 vetoes energetic charged particles from K ©
(K+ - 7'%°) and K (K - u *V) decays.
The pos1tion of the incoming kaon was defined by two 2-gap spark

chambers located between S, and Sh' Figure 4 gives a more detailed

_ 5
view Of'the'u section in Fig. 33 The incident kaon comes out of the
page. The pos1tion of thé muon is defined by three h-gap spark chambers
SCl, SCE, and SCB. The muon is slowed down.by a 1" aluminum degrader
and passes through a water Cerenkov counter and T5 1nto an aluminum
range chamber. There are 28 gaps of total thickness 9. 9 g/bm between

Th and T ‘Tuvlimits the muons to a solid angle of 2.9%. T4 and T5

5
put an upper and lower limit on the muon energy. Eighteen percent of
the KH5 ewents survive this energy cut. | |
The;7'rays from:ﬁo decay are:converted into showers in aluminum-
lead sandwich spark chambers. Each of the three chambers has 36 gaps.
Individual plates are made from O. 8mm lead plates between 0. 5mm Aﬂ ‘
sheets. The_first two plates in each chamber facing the stopper are-
aluminum Only.‘ We require that‘no sparks'are in these gaps to make
sure the showers are caused by y-rays. .The active volume in the right-
‘most chamber extends to a depth of 26 gaps. The other two chambers
are,limited to lB‘gaps becavse only 13 gaps of the indirectkwiew are
visible at the camera. Ninety percentrof the y-rays entering the
right-hand chamberlconvert in the active volume; 55% of the y-rays
entering the upper or lower chambers convert in the active volume.
With these efficiencies hl% of all Kp.5

have two conwerted y-rays. However, the detection efficiency for the

events selected by Qur trigger

most energetic pions is five times that of pions with zero kinetic
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of the page. The u+ passes through 'I'2 and T), into the
range chamber. ’
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energy.

The éignal Rl . R2 triggers all spark chambers except the muon
range chamber. fhe latter is triggered 3.5 microseconds later so that
we.can observe the decay u+ »'e+v;. The views of the éhambers, 18 in
all, are projected onto filﬁ by mirrofsjand lenses. A picture of a
typical event is repfoduced in Fig. 2‘of Part II.On'the éverége‘we N
obtained one picﬁure every six Bevatron pulses. The events we recorded

were about evenly split bgtween Kﬁ2 and KM5

and 7' were relatively few in number.

decays; Other types of

events such as Ke

3

©
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- IV. ANALYSIS

A. Reconstruction of Events

Qur spark chamber film was scanned by the gutomatic scanning system
sPASS™ at MIT. SPASS recorded the positions of the muon and kaon in
their respéctive tracking chambersQ In the shower chambers the conver-

sion point of the y-ray showers and the number of sparks in each shower

- was measured. SPASS did not scan the muon range chamber.

The position of the muon is measured at three points alongiiﬁs
ﬁath; To meke sure that we have a good: tréck and measure ?u correctly,

: s, A A :
we calculate the cosine Pul . Pp2’

<$~“"';“~?--?ﬂf;‘_:;;,__jlfi——e—F-fffff‘ﬁfi_—-—f_

an

sC3 - lse2 {sc1

Figure 5 gives the distribution of &, = ﬁul . ﬁpz' ‘We make a cut at

= O.998.' The direction of the incident kaon (ﬁK) is determined by*»
fwo points along its path. We then take the stopping position of the
kaon to be that point on the muon flight path which is closest to the

o is the shortest distance between

line along the kaon direction. &

lines along the kaon and muon directions. 6D‘is given by:

By =|(K-n)* (Ba,)/ 120 |
position of kaon in spark_chamber.
: ) N

position of muon in spark chawmber.

B ol R S
no

In the absence of scattering 6D = 0., TFigure 6 shows £he distribution
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Fig. 6. 5. is a measure of the amount of scattering of muons and
kaons in our stopping material. o
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in BD. We eiiminate all eventé.with BDf>.lvcmf Eighty-foﬁr‘percent
of our events.wefe suécessfully scanned and réconétructed up-tQ this‘ ._ e
boint; |

The directions of the-?-rays'(?i)vare defined by:

CONV, -STOP
i” CONV

STOP

'cdnversion'point of y-ray.
stopping position of kaon.

Pj_: - -
: ]CONVi-STOPl

The three Vecforslﬁl, §2’ and ﬁu give us enough information to reject
events of the type,K+ > n+ﬂo (Kﬂe). Appendix iII gives a formula for
the cosine of the angle between the two y-rays in the center of mass

.Qf‘a‘ﬁ? with B o = 110 MeV and B o = B (5, = cos6 ). TFor K_, events
6cm should be equal -1. Figure 7 shqws_thg’distributioﬁ of evénts in
the.variable.Scm. Figure 8 givés a‘more detailed.view of the'ﬁail of
the distribution. 1In Qur.final analysis all events with Scm < 40.85‘
were rejected. _' _ : |

>All events ﬁhicﬁ.satisfy the following criteria are further méa-

sured on the manual system SCAMP at Berkeley:

a) 5 > -0.98,5.<1cm, 5 >0.998.

cm D A v

b)  Both y-rays converted énd Wereifecoénized by SPASS.
'c) There is no.charged particle_except u+ associated with Kt

decay. | |
d) The angle between the twday-ray di}éctions is greater than

5°. | o | .
12381 of our’original 99229 pictures sufvived fhe above cuts. They were
further analyzed on SCAMP. OnASCAMP'we measured the direction of the
muon in the range chamber (Pd), the stopping point of the muon ),

and the direction of the decay electron when visible. The scanner was

also instructed to make sure that there were two good showers in the
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lead plate chamﬁers.
‘Our sample was further reduced for the following reasons:
. , : é)  Showers must start in the third gap or later.
b) The resonstructed K-stop position must be within the stopping
material. ' |
¢) The track in the,muonbrange chamber must be measurablé.'
a) There must be two. good showers; 
¢) Some evenfs witﬁ no visible p-e decay were not measured.
f) Evehts with shqwers_close in one projected view were rejected.
The reason for this is expiained in the section on detection
_efficiency. |

With these cuts we have left 5468 events to beikinematically reconstructed.
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B. Kinematic Reconstruction |

The kinematic quantities measured in our experiment ére ﬁl’ §2;
§u+, and Tu+. The kinetic energy of the muon (T“+) is found from the

range of the muon. Positive pions from K - ' a° are used to calibrate
: o o 0
decay we had to decrease the

Tt

the energy scale. To stop muons from K

u3

amount of material degrading the muons. So we made an independeht‘bhécﬁff

of the u+ energy scale. We calculatéd thgvmaximum possible u+ eﬁergy
using all measured quantities except thé p* energy} We then plOttéd
Tu-Tu(max). The result is shown in Fig..9. If there wefe‘ho:meaéuremeht
erfors.T“-Tu(max)'would'néVer be larger than zero. Since'wé'do have'_
measurement errors, the histogram gradually decreéases for Tu-Tp(max)
greater than'zéro.: A syétematic-error in the muon ehergy'of say %lO MeV
would shift the entire histogram to the right'by 10 MeV. A Monté Carlo
calculation is shown for compérison;' Figure 10 gives our muon'enérgy 
distribution. | | | .
The.kinematic variable we are interestéd in for our aﬁalysis is
:the”energy of.the_ﬁo, _Appendix TII gives T o as a,function‘éf ﬁl’ ?2%
§u+, T“+. There are twovpogsible so;uiions fof.T#o. To resolve this
;ambiguity Wwe need a furthér-piece of information. We have used an
approximate measurmént of the y-ray enefgies to pick out the correct'
solution. The_enérgies of the y-rays can be crudely measured by couht-
.Ing the number of sparks made by the shoﬁers in éui lead chambers. we
cap use‘thé y-rays from Kﬁ2 decay to find the averagé number of;sparks ’
.expéctedvfor a8 given energy. We can then examine our K“5 events and
compare the number of sparks in a shower to the number we expecﬁ from

a particular solution. To make this comparison we calculate a X2 with

“
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two degreee of‘freedom:
R B (i W 7 |
(*%)? = EL | ———~ Iv-1
’ ”j=l AN(E j) :
The correct eolution is determined by the smaller of (lX)2 and (2X)2
In Eq. IV-1 ifl,é cOrresponds to .the two solutions. j=1,2 corresponds
tovthe two y-rays from n° decay. N(E) is the number of sparks expected -
for a pboton'of energy E. Nj is the number of sparks actually Observed.
AN(E) is the standard'error of_N(E).’z |
o -N(E)‘ié'found from photons of known energy;vlwe'have'an ample
»supply of such’ photons from some 10,000 K decays We have used these
events to find the dependence of N(E) on a number of geometrlcal factors
peculiar to our'experiment. Figure ll‘shOws the average number of |
eparks as'a.function of‘energy'provided'tbe.folLOWing conditions are
satisfied: | | _
1) The direction7of the photon is perpendicular to the sperk
chamber plates. | |
2) The photon converts in a gap far enough from tne.faces of the
| chamber so bhat the entirevshower is contained in the chamber.
3) There is only one shower per chamber |
If these condltlons are not satisfied correctlons have to be applied
to N(E) Flgure 12 shows N(E) as a functlon of the angle between the
photon and the normal to the spark chamber plates A good fit to the
points is prov1ded by the following formula - |
. N(E,cos8) = N(E,1)[1 + e(cose-l)j o Ive2

The straight line in Fig. 12 is drawn with e=1.
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Fig. 11. The graph plots the average number of'sparks N(E) versus
photon energy. The error bars extend over the range
N(E) * AN(E) as calculated from Eq. IV-4. The .graph is

‘derived from smooth fits to our KIr2 data.
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To correct for the decrease in N(E)‘because part of a sﬁower is
not contained in the chamber we estimate what fraction of the shower
has left the chamber. We measure the distance along #he direction of
the photon from the conversion point to thélneéfest edge_@f.fhé chambér.
N(E) is then mhltiplied by é factor which indicates what frac£ion of
the shower remains in the chamber for that particﬁlar distance tolfhé

edge of the chamber. The fraction of the shower F, outside the chamber

1
is found by calculating the area of the shaded region illustrated in] 

the following drawing:

0 Rz “2/5 1 L3

. B . '
a -‘étart of shower
B'-'edge of chaumber
C'--average length of shower for given energy.
All distances are measured.in units of the average length of a shower
.aﬁd relative to the beginning of the shower. The decrease‘in.the
ordiﬁaté between 2/5 and %/5 corresponds tO'fhe.variation of 50% of fhe
shower ;ength about its average. If the:edge of the shbwer»is to thg
bright of the point "D", “the shower is fully contained in the chamber v
and’Fl is taken to be zero. We made a fit to our data with N(E) of the
form: | ‘

¥(z,F,) = M(E,0) (10 F )
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>Wé find that @ = 1 provides a good fit for all energies. At a photbn

energy of 140 MeV about half of all showers have to be corrected for
this effect. The most energetic showers (up to 220 MeV) may deposit
as little as a third of their energy in the spark chambers. Figure 13
indicates how the avefage'number of sparks changes with the fraction
Fl'

Some showers have fewer sparks thanvexpected.because they have

to share the charge in the spark chamber condensers with another shower.

To correct for this effect we calculate a. number F2 which measures the

- fraction of a shower sharing its spark gaps with another shower. The

'average'nﬁmber'of sparks is then fitted to:-

- WE,F,) = NE,0)(1 - aF,).
A1l our data are corrected with 0=0.1. This corfespbnds to a 10%
décrease'invthé spark count if a shower shares all its gaps with
another shower. Figure 1l illustrates the change in the average number

of sparks per gap with F,. Note we plot the number of sparks per gab

2.
rather than the number ofvsparks. The reason is that the effect we

are looking for is masked by the following effect. Showers which fire

fewer gaps than average have fewer sparks; they also share fewer gaps

with other Showefs and'hence have“small values for FE' ‘Thus when thé ’
spafk cdunt éhéuld on the aVerage‘be'high>it is in fgct lqw. fovcompen_
sate for this effect we divide the number of sparks by tﬁe numbér of
gaps fired.

B Including all three corrections discussed above we'éan write for

N(E): 
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Fig. 13, F, is a'measurerof how close>a showér.is to.the'ndge

1
‘of the chamber. For F, > O at least part of the shower

~ leaves the chamber. T%e photon energy range extends

from 1&0 MeV to 150 MeV.
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N(E,_cos@,Fl,Fg) = N(E,l,o,o)[1+e(c_ose-1)](1-Fl)(1-.o.l Fg)_ Iv-3

With the help of IV-3 ﬁe-cén now calculate the standard error AN(E):

()1 =2 ) (u(z,) - n,)> B

n d 47 -
A ) '

Nj'is_the7number of observed sparks in a.given shower . ‘The' sum j ié
over all events in a given energy intervaif’ Weiéhbse.lQ’MeV energy |
intervals to. calculate the sum in IV-4. E is‘the.éverage energy for-
the particular énergy interval. The results éf this calculation are
graphiéélly displaygd in Fig. 11. The error‘bars.exténd‘over the
fange N(E) = AN(E).

As is evident from Fig. 11, the spark count may vary‘substéntiélly
for a given energy.A With suéh large errors we will at times pick'tﬁe
incprréct value for Tﬂo; To. find out how qfteh we’méke éuch an erroi
we have performed a Monte Carlo caléulation. We find that for 11% Qf
v éll events'Tﬂo will b¢ incdrrect by more than 5 MeV. Figu?e 15 show§
fhe résolution functipn.for Tﬂo; InvcéléulatingAthis histpgram we
conéidéred measurement errors as well as incorrectly assigned

solutions.

L}
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"Fig. 15.. 'ATﬂé isv our érror in measuring the Jto energy. The

~_histogram is obtained from a Monte Carlo calculation.
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C. Detection Efficiency

To detérmine the.shape of the fo spectrum ih xt - n°u+§ we'haQe.
to know how much the experimental SPectrumrhas been distbrtéd—by the
detection_efficiéndy. The efficiency_forvdeteqting a ﬁo iﬁ our épparafus
varies by about'a factor of five betweén the highest and lowest 7
energies. An energetic 7> comes out‘of the stoppér in a'direction“
-opposite to the u+; Referring to Fig. 4iwe see that most of the y-rays
‘from such a #o pass through the right-most conversion_chamber. Since
this chamber is_sensitive to a'depthvof é6 gaps, or about'k radiation:
lengths, the éfficiency for detecting a_ﬂoﬂis high.v Aé the energy of
the ﬁo decréases, the'no goes mdre neari& in ﬁhe éaﬁe difectioh aé"the
pf. At least one of the 7-rayé from such a no tends to come outkin a
direction ndt covered by a chémber, or.passeé fhrough the upper'or lower
conversion chamber. The latter are only useful to a depth of 2 radlatlon

lengths. Hence many soft plons escape being detected in our apparatus

The efficiency for detecting a x> from K decay can be written

M3

as follows:

>3

. g > A I'—> ' 2a
EFF(ET[-O,EM) = fe(Pl)e(Pa)elZ(G) N(Pu,Pll,Eﬁo, Eu)d PP y.5

N is the probability that a K , event with pion energy equal Eﬂo and

u3
muon energy equal Eu produces a photon with momentum ?i_and_a muon with
difection ﬁu. The integral over'dBfé has already been carried out. It

is of the simple form:
—-,A > B>
5f 5B, - F(B ,BsB_osE))d’

The function T can be calculated from energy and momentum conservation.
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The integralvover the five variables ?ﬁ, ﬁi takes care of the
indépehdent’variables left after Eno and EH have been specifaed. To
put it another way , thesexfive variables are'equivalent to the orienta-
tion of the event in a fixed coordinate system (3 variablés) and the
randémvpriéntation of.one oflthe photons in the rest system of the ﬁo:
(2 vafiabiesj; | |

€(B) is the efficiency_for détecting a photon with momentum B.
The prinéipal:variation af € is with the difectioh:ﬁ.' The dependeace
on energy is observable only-far photons with energy less than 140 MeV.
elé deviatés from one wheh fwo,showérs are closé in one projected view
of a spark>chamber; For shbﬁérs closer than 6=25° the automatic scan-
. ﬁing system at times could not resolve fhe'two‘showers. The resulting
' error in conversion point measurement was tod large to rejéct KT[2 baak-
groﬁnd. Hence all events where the computer’could not find two conver-
sion poipts in eaéh view were_rejected.':Thebefficienqy ei2 increases
frbm O‘to.l between G;OO and_9=25o; There‘ia no correction if 6 is
larger than_25o or the two ahbwers converﬁ in'different éhambers.

To find the functions € and € we have used K events. They

_ 12 , 12
 were scanned and reconstructed in the same way as our Ku3 events. . The
' same efficiency functions apply then to K 03 and K.,2 events. 'For K

events, however, the spectra of the varlables descrlblng the decay are
well known. Suppose R(P) is the probablllty of observ1ng a 7-ray from -

Kﬂ2 decay in our apparatus

@) - <) f @ eiye e

¢ is the Only'independent variable left after Pl has been fixed. 9@
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determines the azimuthal angle of the decay plane about the direction
ﬁl' N'(@,fi) is the probability of getting an event with azimuthal
. :

angle equal ¢ once Pl

The integral Eq. IV-6 is solved for ¢ and e

has been specified.
12

functions until R(?i) matches the 7-fay distributions actually observed.

by adjusting these

The integral'.is evaluated by a Monte Carlo technique. We pick a

-direction ?ﬂ; according to the distribution actually observed._'A 0

is attached along the direction -§ﬁ+. The 7° then generates two photons
with either one of them randomly distributed in the centér of mass of
the no. These steps correspond‘ﬁo célculdtihg the fuhction N'. The
generated event is then given a weight according to e(fé)~e12(6) and:
stored in a bin cofresponding to two angles (ﬁl) and an energy (lPll);

A X2 meﬁhod is'used to compare this disﬁributioﬁ witﬁ our experimental
distribution. € and €15 éfe;adjusted untii'ail X2 Values have a Teason-
~ able probability. | |

Of course KjT events cannot provide us with a complete range.of-

2

all variables. For example if we restrict fi

in the upper or lower conversion chamber, then the energy IPlI has to

so that the photon appears

be less than 70 MeV. To extend fhe calibration to higher energies we
assume that the energy dependence of the efficiency is the same in all
chambers. |

Using our knowledée of € and €]p W€ can now evaluate the expresrj-
sion in Eq. iV-5. We use a Mdnte Carlo techniéue similar to the one
described above for Kjt2 events. The result of this qalculation is;

presented in Fig. 16 for two representative values of E“. The curves

exhibit the strong dependence of the efficiency on the energy of the
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T, = 80 Mev. | | o
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: ﬁo. The decrease in efficiency at the upper end of the spectrum is
caused by the cut on & .
cm
To .provide an internal check on our calculation we set up a

relation similar to IV-6 but for K, events:

5 .
RE) = @) [eBep OB, 3 5 0k ) ot2 4z ap 4%
| - V-7

-To evaluate the integral we have to make some assumptions about the

parameters determining dD/dEﬁodEu. However the detailed diStributioﬁé

of R as a function of ?i.are relatively independenﬁ of such parameters.

-

So IV-7 gives us a check on é(fi) for those values of Pl'whiéh are not

~accessible to K312 events.' For this pﬁrpose we again used a X2 method
to compare R(P) calculated from IV-7 with R(P) found from our sample

of K . events.

u3
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D. Background
There aré several decay modes of the K+ which our analysis cannot

distinguish from'Ku decay. We have used a combination of experimental

3

_ information and Monte Carlo calculation to estimate the amount of back-

.gound among our K

H3

‘events. Table IT presents a summary ‘of the results
we obtained.
. , . . + +.0. 0 4
One possible source of background is the decay K - n n = (t').
If only two of the four y-rays convert in our chambers, the event looks

like a Ku decay. However, unless the ﬁ+'decays in flight the eveht

)
will be rejected by our trigger. The maximum energy of a % from '
- decay is 53 MeV. The least energétic'ﬁ+ we detect has an enérgy.of

56 MéV. To estimate the amount of t° background we calculated the

following fatio:

()
- f f .—ngﬂT G(EH)F(EVﬂ+,EH)§EudEﬂ+

[arx
_J[‘———(—L‘é2 G(Eu)dE“

R

= 0.0037. Iv-8
aB
5

%% is a decay rate. G(Eu) is the probability of detecting a muon of

energy Eu'in our apparatus. 'F(Eﬂ+,Eu) is the.probability that ‘a ﬂ+
: with energy E_+ proéuces a muon with'enefgy Eu. T owas calculated by
_considering_that the deday.could take piace aﬁYwhere betwéen the x* |
_stopper and T) (See Fig. 4). The ratio R in Bq. IV-8 is an:upper |

limit for 1' background. Since in addition we require that only 2

5

photons be detected and the event be reconstructable as a Ku ; the amount

of 1! background is less than 0.4%.
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There are two ways in which we reject events of the type
K - ﬂ+ﬁo (KﬁE). First, we do not accept‘ﬁ+ mesons with enérgieé larger

than 90 MeV. The x' from K decay has an energy of lOB'MéV. Second,

T2
we have to calculate the constraint 6cm explainéd in Secfion'IV-A.' This
quéntity is cut vefy'conservatively at Bm = -0.85. The top frame in>
' Fig. 8 shows that with this cut.we are well béyond the #ail of'the'§ém _
distribution. | ' o | |

There are several ways in which Kﬂ:2 events can nevertheless be

mistaken for K, cvents. A x' may end up with less than 108 MeV if

it interacts with the material in the range'Chamber. We can find'ou£
how often this happens by simply counting the numbér of KﬂereVénfS

- among our K . events before we apply the cut on Sém. The ratio of

155)

the number of_Kjr events to Ku evenﬁs ié‘0.57/0}45. Scﬁ may be less

2 3

than -0.85 because the event was improperly reconstructed or bécause.,
the n+ scatters in the K stopper. We now look at the data we took with
the degrader in the u* telescope set to accept 108 MeV pions. We find

that 3% of these events havé Sém < -0.85. 1.1% is expected from K“

3
decay. The other 1.9% is from Kﬂ2 évents{ Kﬂg's can then contaminate
our K“5 sample via a two step process. In the first step BCm is changed

to some value less than -0.85; in the.second step fhe n+ energy iév

‘reduced to allow the T o stop in the range chamber.' The”probability

for this pfocess is the product of the probabilities (0.57/0.43)(1.9%) =
2.5% derived above. v

2 3 as the result of a single: inter-

action. The n+ can emit a y ray while it is broduced during the decay

A K . may also look like g Ku

of the K. Only events with soft photons will occur with sufficient
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frequency'to.contribute to the background; Such'soft photons are not
detected by our apparatus. They carry'off'enough energy to violate'
both Kﬁg constraints. We haye performed a Monte Carlo;calculation
and find that our Ffinal sample of events should contain 1.6% events of
the type'K+ - ﬁ+noy. The ' can also scatter inelastically on a nucleus
in the ﬂ stopper. .In‘this case Sci can be substantially-different from
-1 becauSe the changes its direction before we have & chance to mea-
sure it. The x also stops in our chamber if.an”appropriate amount of

energy is 1ost'during the scatter. To estimate the amount of background
from this source we Monte Carlo generatedAK'é events and let the nf_

scatter inside the degrader.‘ We assumed that clgéiéstlc = 100 wb and
that dc/dE +dcose is a constant These assumptions roughly correspond
- to experimental data.-l2 More compllcated forms for dc/dE dcos6 do not
substantiallypalter our analys1s. The background from n+,scatter1ng
_ turns outbto be about 1%. -
A final way in which K 's can contrlbute to the background is
‘through decays in‘flight. To get a u from n decay Whlch stops in the
range chamber, the angle,between the u and ﬁ has to be about 11°.
Hence we mismeasure the n+ direction anywhere’between 0° and llo depend-
ing on where the ﬂ+ decays. Only very rarely will such a mismeasure-
ment produce an event with 6 -0.85. Cons1der1ng that the = 'can
decay at any point between the- tracklng chambers we flnd an upper 11m1t
on the background from decay in fllght of 0. 4%

A further possible source of background is the’ decay

0+

Lt
K =»ne V (KeB)' To reject electrons we have a Cerenkov counter in the

muon telescope. This counter has been measured to be 99.8% efficient.
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a

| Furthermore, it is unlikely that an electron passes through the dégrader
without substantially altering its direction. Since thi$ écattering »
angle ﬁas an upper limit -for acceptablé events,‘eleCtroﬂs which do not 
triggér the Cerenkov counter will inlmany'casés be elimiﬁaﬁed byﬁthe

cut on the scattéring angle. Hence background from Ke

3

‘decays 1is
negligible. B

| Finally We have to consider events where one of the photdns‘comé§
from g souice other than the K+ decay which friggeréd-burfapparatus; " We
have recorded. many events for which only'dné y-ray converts iﬁ:the'spark
chambers;.'lf for such an event a shower appears during the resolving )

time of the chambers,  the event will look like a KH event.  However;';

in this case cos

1 (ﬁltﬁg) éah be anywhere between 0° and 180°. TFor .

events where both showers originate from?no decay cos-l-(ﬁl-ﬁg) must :'
be greater than 60°. Hence we look forvbaCkground in the region

10° < cos™t (ﬁl-ﬁe) < 60° and extrapolate onto the K 5 Dalitz plot.

)
We have scanned 50% of our data and found 22 acceptable events With.
cos'l_(ﬁl-ﬁg) between 10° and 60°. A1l our data should then contain
22/b.5=75 events. We now perform é Monte Carlo calculation ahd find

the ratio:

NUMEER OF ACCEPTARLE K . EVENTS : o
R= $5) . s = = 0.38
NUMBER OF EVENTS IN THE INTERVAL 10° < cos™ (P -B,) < 60

The Monte Carlo events are generated by taking our one.shower:events
and attaching to them a photon randomly distributed in the fiducial
“volume. The amount of background we get then is:

73X R =28 events ~ or 1.hk%
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In Section IV F we will consider how the various types of back-

ground discussed above will affect our<§inglvresuit.



T

Table IT. Summary of background calculations.

Event type o L | Percent Backgrouhd*v
x5 ﬂ+ﬁoﬂo' - S i '.A 5  r_<_0.h% :

xt ?‘ﬂ+ﬁo short range ﬂ4 | 'Mv -v>“ ,.‘:.‘,'-,‘ R 2,5%':

kT - ﬁ+ﬂo, n+ interaction in'stopper | - _ 1.0%

K" > x'x° decay in flight o | < 0.4

K" > ' xy o _ o - 1.6%

K - nde+v L _ ‘ v | very small

Kf -1 4+ fandom ¥ | - : _ >_. 1.4

+ 0 o
- UL Ve + random ¥

Percent background means the percentage'of events in our final sample

. -+ :
of 2041 events that do not originate from the decay K - Lutv, -
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E. Selection of Events

Cf duf 99229vpictures'WE have léft 5468 events after scanning.
“In Section IV-A we explaih how'these events were selectedQ With ﬂhe
_information obtained in the previous sections we can now proceed with
the final selection of eVents relevant fo our analysis. Téble 11T
shows how various cuts apﬁlied to -our data redUce the nﬁmber of events
used for analysis ﬁo about 2000. _ ' v

quing tﬁe manual scan we looked gt all eventsbﬁith Bém > 0.98.
However this cut fails‘to eliminate'many K#Q'éVents'as was explained:
_in the section on background. We r‘ejécfced all events with scrﬁ < -0.85.
A further attemp£ to eliminate background and incorrectly measured -
~ events was made by applying a cut to the'quantity ?p(ﬁ& illustratea
in thé:foiiowing dréwing: | i |

Range ° » - .~ .- Tracking
Chamber o - Chamber

o>

T

_ _ Degrader

All evenfs with ?u‘ﬁ&_lessvthan 0.92 were éliminated.

" We found that a clgss of.evenfs.identified during the computer
~scan had unreliable_épark'cbunt infﬁrmafion, Whatvhéppened during
thé scanning was thét fhe_cbmpuﬁef could not decide whether it was
looking at two showers Qr two parts of the saﬁe 5hoWer. . We ascertained
that this could happen with about equal,probability.fbr‘photons of ail
energies. All such events were rejected.

The largeét block of events was thrown out whén we applied a cut

to our‘fiducial volume. The active volume of the cduntef chambers is



as illustrated:

Fo’Va FOV.

8-

F'V.

) F.‘V.

F.V.

To? View:

F.V. = Fiducial Volume

Direct View

The reason for eliminating events close to the edge of the chamber is:

that the information in the spark count becomes Very'minimal.> Ifa .-

shower leaves the chamber after firing 10 gaps we simply cannot tell -

whether‘it-Was 50 MeV or 220 MeV. 0Of course there is a second shower

which allows us to find the correct solutibn for'Eno. However, our »

errors are simply too large to rely on a single shower to give us the

information we need. The spark count analysis discussed in Section

IV-B was done with events restricted to the above fiducial volume.
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Finally we‘rejected_events for which X2 as caléulated from
Eq. IV-1 was tod large. Such eventé cduld either be from background
or from large staﬁistical fluctuations in the épark count. - After
- this final cut we are left with 2041 events to be used in our éﬁbse—

gquent analysis.
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Table ITI. Number of events pasSingVSuccéssive tests.

Number of pictures taken

u3

8,y > -0.98, & <1 cm, B, >0.998

K candidates left after computef séan

Acceptable K . events left after manual scan-

9%}

Bvents left after rejection'of events for
which spark count uncertain

Events left after rejection because B < -0.85

N

Events left after rejection because ﬁu . P& < 0.92

Events left after cut on fiducial Voiume

Number of events which fit K -, kinematics

w3

Events for whlch predicted shower _energy matches actual
shower energy X2 < 10 -

Final sample

99229
12381

' '5468

LT3k

v5660

3535
2131

2088

, 20k

2041
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F. Calculation of Parameters
The purpose of this experiment is to extract information about
Ku5 decay from the_no energy spectrum. In particular we want. to find
the form factors f+(q2) and f_(qe) describing the hadronic NS =1 ‘

. current. Of courée we cannot find»f+ and £ in all generality. We
parametrize f+fand f_ as shown in Eq; I-6. There are then the three
parametersrgzé),-%+, A to be'ealculated} Since we‘ao not calculate an
absolute rafe, we cannot find'f_(O) and”f%(o) sepafetelj_but only the

ratio g(o);=.f_(o)/f+(o).

We hafe applied a likelihood‘methoditovcompere fheefy.with
experiment. We divide the 7 spectrum into ten bins in,the variable
'EEKO - Eﬂb(MiN)]/[Eﬂo(MAX) - E#O(MIN)]. The reason for'choosing_this
variable is,that-its range from O to 1 is independent of the muon.
energy. Each bin cohtains Ni”events. Since.ﬁheenumbers Ni are Poisson

- distributed, the likelihood function is:

;C = ——-———rN : IV'9
. i” o o
i=1

The numbers Ni are the'number of events expected ueing the.decay rate

' given in Appehdix I and the efficiency funetion derived in Section IV-C.
Ni are then numbers-thaf depend on the paremeters a=¢t, A+4v%_; Since
. we ere intefested'enly in the variatioﬁ of the'Dalifz plot %ith Eﬁo, ﬁi

is normalized in such a way that the variation with muon energy'corres?'

’ ponds to the one actually Observed:



ot

E . ) §
21 :
N JF _ar(@) EFF(E o,E .)G(E .)AE
J=1 Jf dINY)__ wrp(E o,E . )G(E .)AE o
EKO(MIN) dE dEuj FF\ S TH R Th 7°

Eli and E,, define the limits of the ith energy bin. EFF(E O,E ) is

" the efficiency for detectlng a ﬂ ; G(E ) is the efflciency for detectlng
a u+. The sum j is over all events selected for analysis. If we take :

the logarithm of IV-9 and use IV-10 we get:

E .
21 :
ﬁ N \/ﬂ QEKQQ——— EFF(E 0,E )dE o SR
11 _ ﬂod.E 5. A S | 7 . .
logt = ) N, log - — + C  IV-11
i jto(M'AX) B - - :
i=1 J=1 Jﬁ Q) peee B )aE o
E,o(MIN) dE °dF 707 g’ n®

"~ Note G(Euj) canéels OUtf The.constanté C cqnﬁain-ail téfms'which aré 
"indeﬁendent of a. Our subsequent anaiysis‘is‘carried out:witﬁ thé helﬁ
Qf IV-li. Our analysisiessentiélly éonsisfs Of'maximiziﬁgnlog £ by |
Qarying tﬁe parameters & = £(0), X
In principie-fhe no spectrum contains‘enough_informatiéﬁ to pin f

doﬁn all three pérameters. However, we are limitéd by statistics..
vThe error in each one parameter would be very large 1f we varled all-
‘three of them simultaneously. We solve then several special cases w;th

one or more of the parameters fixed at an assumed value. -

| The simplest analysis we can éarry buﬁ is to assume that f apd -

f are independent of q2. We maximize log &£ as a funétion of £(0) with

' %+ =A_=0. As explained'in the introduction this cofreSponds to find-

ing the slope of the 7 energy speétrum. The result we obtain is:
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£ =-0.3%0.3 ‘ 'X2(8D.F.)'= 12.2

The errors’cofreépoﬁd td the decredse in the likelihdqd function by a
factor z'l/é. ‘We can make a similar analysis by taking A, =0.023, a
value defived from theoretical argumenﬁs as well as‘expériment.3 We
get;,' E = -0.9 0.3 B X2(8D.F.) = 12.8

. For a two paraﬁeter analysis we have drawn contours of constant
likelihood. We have‘have used the variables £(0), %4; A-£(0), with
any one variable fixed for a two parameter fit. The reason for uéing'
A= rather than A is that ); appears in the decay rate onlyvin ﬁhe
combination.%_g. This means thét near §=O ﬁe are completely iﬁSensi-
tivg fo A_- Figure 17 gives the result for,g;vk+vvariable énd %_E;O.;
Ffoﬁ the fact that the error ellipsé does hdt have ité axes parallel
-fo the éoordinate axes; w¢ see that & and %+ are cqrrélated. Hence
' we'cannot assign errorsAindependently to ¢ and K+._ ¢ and A\ £ are even
"mére)strongly caxrelated-ﬁhan:gvénd X+, Hoﬁever,_we'gan défine two

"numbers which do have independent errors:

[

coso £(0) + sing A =y, * Ay

-5ing £(0) + cosd A 7, t Oy,
| A=N or ‘A_g B |
,Q,ié thé»ahglevbetﬁeen the axeé'0f>the ellipse and the axes'-df thé
coordiﬁates'g-and.A. In Fig. 18 we pidt‘contgurs of éoﬁstant likéli-*
hood with 7, and 7, as axes and A = A £. It is evident from the graph
that 71 ﬁnd'}é are not correlafed,._In Table IV we give the results for

various possible two parsmeter fits.



XBL 694-378
Fig. 17. Contours of constant likelihood. A_ is taken equal zero. -

S(6)=-0.5x08

X, =0-009£0026 "
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Table IV. Results for two parameter_fits;

7, £ & 7, £ O, 6 Parameters Parameter with X2(7D.F.).
' _ fitted assumed value :

-0.50.8 -0.006£0.015 -1.65° £(0), A, AE =0 - 12.0

0.5 fi'g -0.0k 0,05 -8.1° £(0), A_g(0) A, =0 12

12.8

-0.9 fg:g -0.12 #0.06 .57.90 g(o),'x_g(Q) A

1
O.
N

W

The meaning>of'the linear,combinations defined above becomes
somewhat more trahsparent if we rewrite them in a different fdfm}' The
éz'dependence'bf f can be written as g(qg):='g(O)(l+X_q2/ﬁﬁ25;-;Let |
us now evaluate § at two different points: '

E(mi' tanf) = sech .

(41
: vg(-malcoté) =- 7y, cscO
tlemy s N

Substituﬁing numbers from TableAIV’wé find:

£(-0.14 mi)'=.o.5 fi:; R 'g(7.1'mi) - -0.3 0.k
S0 7, a,ridbj'2 are the YalueSIOf g(qg).at two pbih£520n.the.q2 axis.

A1l solutiéns presented above have a correspbnding Seéond solu%
tion. As.explained in_the‘introduction, this experiment measures the. .
slope of the no spectrum. There are two value? of §'which giVe thé:¥
same slope. The particular solution'wefqﬁbte is the oné-selééted byJ
either branching ratio or polarizationtexperiments..v | |

So far all errors quofed are statiétical. Now we will consid¢¥
how béckground affects our final reéult. When we calculated the nuniber

of background events we also found how they were distributed as a

: o _
function of x energy. Suppose T is the fraction of events in the
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lower half of the n° Spectrum. r is;ﬁhén.a'cénvenient measure of E.
We also know rf which is the fraction of events in the lower half of
the ﬂo spectrum for some particular typé of;background. If we have

several kinds of background each of which contibutes avfractionixi to

the KH5 speétrum; then the change in f due to background is:
r + r? X
A’p—_:r'--r: - 7T

1v-13

The sum i is.over all types of background.. The error in ¢ is Ae=Ardt/ar.

Putting in numbers from Monte Carlo calculations and Table IT we get:

random y x, = 0.01k o ors = 0.323
K - sy x, = 0,006 rgB = 0.034
K-x X, = 0.035 | rBB = 0.101

A - Ar/%;lg: = -0.00346/0.028 = -0.12

So thé systématic error in A& is soméwhat sméller than the statistical

error.
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V. SUMMARY AND CONCLUSIONS

We have made a measurement of the parameters describingvtheb
strangeness changing hadren current.. The method we employed‘is an
analysis of the 7° spectrum resulting&from the'decay'K+ - ﬁop+v,. To’ 
a first approximation this spectrum can be:deseribed bj a’straigh£>;f
line. The slope of the spectrum is a direCt measuievef thelratio
¢ = f_(O)/f+(O),'Whereif; and f_‘are the form factqre of the
strangenese changing hadron cﬁrrenﬁ.v A.besf fiﬁ,to our'deta gives"‘
£ =-0.3 * 0.3, | | |

‘In the caserthaf form fecﬁors(Aepend'oh the.momehtum transfer
to the leﬁton"pair we can eiﬁand f+ and f_ as in equation I-6. We .-
have made a two parameter analysis With‘g(O) and %+ as variables'
and A =0. In Fig. 17 we plot the edntours'of eonstant likeliheod .
for ¢ and A,. The best fit eceurs when £(0) = -0.50; A, ='o;009.'(3ig;n%,
This result is in reasonable agreement with the pblarizatien result
£(0) = -0.95 % 0.3, a valﬁe which is relatively independent of x;; " 

‘There are two other’types of.expe:iments which limit the velues:

of ¢ and A, .. From Ké decay we get'x+.= 0.023 + 0.08 5 and P(KuB)/ .

>

n(x 0.6 £ 0.027 To see how well these results agree with our

e5) - _
analysis. we have displayed them_graphically in Fig. 20. in the

' middle graph we plot ﬁhe contours for € aﬁd X+ with g%; = O; Itvis.v
evidenf_from the figure that ell four different fypes of experimentsé;
are in feasonable agreement. A value for g(o) between -0.5 and -0.9
is well within the erfors of all experiments. Note that we have usede

the value of Eichten et al. for F(KHB)/T(Ke5). The reason for using

this value is that it égrees with other typeshof experiments. Whether
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' ' | ~ XBL 694-379

Fig. 19. The hiétogram giveé‘thé experimental no energy spectrum;
' The smooth curve is the»product'of the theoretical spec-
trum for £(0) = -0.5, A, = 0.009 and the efficiency for

'detecting K+ *bnou+v.in our'apparatus.
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0.0S

-0.0S
0 IOS
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o

-0.0sl
- 0.0s

-0.0S

£(0)

XBL 694-376

Fig. 20. One standard deviation boundaries for various experiments:

] = + 0. ' 3. = 0.60+*0.

1. A, =0.023 * 0.08 5 P(Kué)/P(KeB) 0.60%0.02

2. D. Cutts polarization L, This experiment
experiment

Top zraph is for EA_ = 0.1; the middle graph is for EA. = O;
the bottom graph is for gA: = -0.1.

i
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to use instead the wor;d average of F(KpB)/T(Kef) = 0.68 * 0.02 is open
to speculafion;‘ If this latter value of 0.68 is correct then ah agree-
ment of éll experiments’becomés'highly unlikely, and one would have to

revise the present théofétical formulae for Ku debay. .As pbinted out

3
in the'intrbduction:this could be done by abandoning up-e universality.

The statisfical accuracy'bf_our experiment does not warrant é
three parameter fit for'g(O); A, and A_. Also £ and EN_ are.strongly
cofrelated; ‘This simpiy means that we can.fit.our data to a wide range
of gx_ valﬁes if we make é corfesponding.change in é. In Fig. 20 we
héve'plotted'COntours of.g and %; for two'nonzerbvyaiues of gx_. The
point to bé.made here is that unless all experiments are done'ﬁo’much
.'greéter'preéisioh even a_éombinatibnnbf all experiments cannot put a
gobd iimitjén'gk;.‘ Agreement amOng'different experiments does not
kimprOVe as EN_ changes by an amount &A= #0.1. On the other hand,

: agreément dées not get sufficiéntiy Wérse'to limit,fhe value of EA_-
Values for g%; much largef than'O.lvare not justified since then ﬁhe
linear expansions fér f+ and f+.no lonéer hold.

In conclusion we can say that at preéent there is no indication that
the theory.describing strangeness changing weak decays is incorrect.
The ratib T(KHB)/T(KGB) cannot be used to point to an‘inconéistency'

" before the'disagreément among differeht measurements is straightenédv
out. _Certainly our spectrum_analysié'agrées well with'polérization.

experiments.-
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APPENDICES
I. DECAY RATE K= — n u'v
. . + o+ . §
The differential decay rate K -» n g v is given by:
2

L

Gm 2

mf;} - 5“2 EXC 22 LEE&
!

Ty
- D%, D ‘ 1 2 2 1
+Re £ ()T () () - 5By + |2 (a)] T E

The variables are defined by:

El =m - Eﬁ -_EH

mk2+m 2p 2
F ==X H* 5
2. 2mk 1 o
o 2 ' N : | : _
¢ =m o+ mk(mk-EEn) : ‘ S
E_ = 7° . TOTAT, ENERGY
E, = ut TOTAL ENERGY

G 1is the weak interaction coupling constant.
f+(q2), f_(q?) are the form factors of the hadronic current as

discussed in the Introduction.
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IT. KINEMATICS FOR K - x°n'v
In our experlment we have measured the muon energy and the unit
vectors deflnlng the dlrectlons of the p (p ) and the y-rays (p ). USlng

these quantities we can calculate two possible solutions for the ﬂ energy:

.  X+T X-T
Solution (1): P, == Py =5 B =Dpths
X-T - X+T

~ Solution (2): Pl = P, =7F E_ =D,

X;'T, A, B are given by:-

fos ]
1
=g
%%‘
1
b
+
3
e}
o

3 .
s

If T is nearly zero, then measurement errors can result in T2 < 0.
As long as |T2| is small enough we find E by settlng T=0. Eventsvwith”
[T | much larger than can be explalned by measurement errors cannot be

interpreted as K d ﬂ U v.
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ITI. KINEMATICS FORK' - st'm

The energies of'thé'y-rays resulting.from 7 decay are:

2
. n o
P, = '
1 i A ~
' 2(Eﬂ:o"’P-n,opj,l:.g.’pl) :
n 2
. = 70
2 A A
- 2(Eﬂo+PﬁoPJT+ PE)

The energy (Eﬁo) and momentum (pﬁo) of the n° is:

2, 2, 2
_ O TVt L o
Eo = 2‘1‘:1: T = 2U5.6 MeV
> o
Ppo VB Mo = 205.2 Mev/c .

If we make a Lorentz“transfofmation to the center of mass of the ﬁ? with

b O E o : . .
B = EEE" 7y = EEU ; we can find the center of mass angle between the two
y-rays:
cos(6 ) =D =B B. + A\/(1-B 2)(1-]3 2)
c = 2 : 1 2 /.

M. 1
where A, Bi are defined by:

)\ . ~ A ~

A = A A A A

D+ X Bl D4 x B,

-C §ﬂ+ . 3, VP
B =
i A N 2 ~ ~ o

_\ﬁ-(pﬂ+ ;)% + (¢ B 4By +V 0251.) |
S 2 o
T +t0o - M4

c

'2mn° The

For the decay mode k't - 7'1° cos (Gc m ) should be -1.
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I. INTRCDUCTION

The decay'K+ - n+ﬁ07 is the radiative counﬁer part of the easily:
observable decay”K+ +Vﬂ+no. The existence of the radiative decay can.
be predicted on the basis of éome very elemeﬁtary considerations. We
know for example that an'aécelerated electron can emit a photon.
Similarly,'anyiéharged particle can emit a photon>as it is accelerated
- outward from its point of production in a decay. We can put this idea
in terms of the following Feymman diagram:

+
T

Thé K+ decays.into.a real.ﬁo and a virtual n+; the virtual ﬂ+vthen
radiates with.the'emissibn of a‘real pion and a photon. Assuming now
that the coﬁpling.consténtiaf fhe Knnt vertex ‘is the séme aé the one
derived from the decay K+ nd x+no,jwé can calcﬁlaté én absolute deéay.
rate for the radimtive mode. | |

' The aboVe process is commoﬁly referred to as inner bremsstrahlung.
However, there is another way we can obtain a radiative decay. The.
_photon'cah bé emitted directly by the Knﬂ veftéx;v This -type of rédié-
.tion_is‘usually calléd direct radiation. In terms of a Feynman diaéraé-

we have: -
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By this diagram we simply mean that any number of intermediaté partiéles‘
can emit a photon. Of course we do ﬁot know how to calculate the contri-
bution from such diagrams, . We consider only the lowest.order of direet
radiation which in our case are electric and magnetic dipole-trénsitiohs,
If they are the dominant contributions to the matrix element fof‘the;

+ + O .
decay K =« n y, we can write:

ar 1(81-80)1 12 | |y 12 12 |
T dcoss |Xgg + X5 £7717°0°0]" 4 %" n -1

Xgs Xg» X are constants déscribing'the contributions of inner brems-

strahlung, electric dipole radiation, and magnetic dipole radiation

‘respectively. g and h are functions of Tn;'and cosf. cosé = a8,

60 are £=0,1 nx phase shifts. A édmplete formula giving the funptioné
g and h is written out in AppendinI. | -

It is the purpose.of this experiment to lobk for direct r&diation.
To see how we propose to 1ook for'direét radiatiohuconsidef hbw.the‘;
pafameters affect the decay distribution in the variable'§+'§. Figufé 1
sﬁows the contributions to the spectrum of direct radiation, inner |
bremsstfahlung, and the interfefence between electric dipole radiatibn
and inner bremsstrahlung. Without direct»radi@tion few events would.'
appear in the region §+-§ < -0.5. On the other hand, many events ih: 
this region could be evidence for direct radiation.’ B

We have found 27 events of the_type Kt - nfnoy. There is no _::
evidence for direct radiation. We have‘fitted the sPectrum,in the

variable §+'9 to the decay rate as given in I-1. The fit was made

with two sets of parameters:
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| Fig. 1. Relative decay rate for x* 4Vﬂfﬂ°7.  Curves
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ference between electric dipblerradiation'

and inner bremsstrahlung.



case 1 AXE variable Tm XE =0 XM =0 5, - 8, =0

1 0
case 2 X variable . Xp =0 8, - 85.=0

The answers are given in terms of maximum likelihood plots (Figs. 8,9).
We can use the best values for XE or XM to calculate the contrlbutlon

- of direct radiation to the total delay rate. We flnd (rates are 95% conf.):

B 1.2 , -5 -k
case 1 Xp = 0. 8_O 9 -k.2-107 < RD(El) < 3.2.10
case 2 Xy = 2.1%1.5 RD(Ml)»S 1.7-10'”
Weldefine RD by expanding eQuation I-1:
Jﬁjp ar +
‘ dTK+dcose (K - ﬂ n 7) _ .
CI-2
P(K —- ALL)

glffg e, XJ? rileroo) 2 ffgh+ lel“ff
lXMl2 1)

bk [ 2

e x, %" 471(17%0) 1ffgh+ IXE!E lff

R,(n1) - lXM!2 lff

= RD(El) + RD(Ml)

| RD(El)

The integral extends over all phase space. If only bremsstrah;ung;. 
contributes to the decay we have RB > 0, RD = 0., If direct radiation

is preseht then RD(El) will be greater than zero in the case of

Lh
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constructive interference and less than zero in the case of destructive

* interference. RD(Ml) is always greater than zero.
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IT. THEORY
Several models have been constructed to estimate the contribution

of direct radiation to the decay rate K& - i

nof{ Fof'example; Pepper
and Uéda2 have studied a model which can be deécribed by the following

diagram: v

The vertices are determined by the fblléwing types of intefaétions:..
A strong‘intgraction. o | | v
B. eléctromagnetic interactioh-contribuiing‘a factor Q.= 1/157
C vstfangeness changing, lAm]'=»l/2 weak interaction | |
Note that in contrast to the non#radiativé decay kKt > n+ﬁq, this decay
is not'suppressed by the IATI = 1/? selection fule.' Considering £h¢i ‘
uncertainty in cdupling constants, Pepper and Teda find:’

, -10’4 k

<RJ< 10”
Rﬁ is defined as in equation I-2 of the pre#ious séctioh except that for
,’Rﬁ the integration is restricted tb the inferval 55 MeV < Tﬂ+ < 80 MEV.
Recall that RD is calculated such that the total branching ratio

B the branching ratio in the absence

+ 4+ 0 . R
, K -»=x 3 ¥ is RB + RDA> O with R
of direct radiation.
Pepper and Ueda have also conéideréd a boson pdle model with

.diagrams of the type:



The weak coupling at the Kx vertex is estimated ﬁsing a model for the

K, K, wass difference. This way they find a relation of the form:
. . ) . : :

Kt N constant

fm =1

the above diagram contributes to the ML decay rate:

R} (ML) = 2.k - :Lo'»)+

A diagram similar to the abbve,~but replacing the =' with a p &

The contribution to the decay rate is:

5

Ry = 2.9 10™7  constructive interfefen;é

Bﬁ = =2,3 °* 1055 destructive interference o
Oneda, Xim, and Korff5 also use a boson pole model. They neglect the
last mentipnéd diagraﬁ_but include K intermediate states as well as
w-® mixing. The Mlldecay rate they get is:

Ry(ML) = 1.2 - 1070

" Several authorsu have étudied how information about CP invarianée
can be extracted from the decay rates K - = ﬁqu If CP invariance is

-to be valid then we must have Im XE = 0. An experimental number
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proportional to Im XE can be found by considering.the rate given in -

I-1 plus & similar one for K - x x y:

(K-> 7 1y) ¥ 15, =B ), (2 > 2 '
I aeoss " x5 & + %X, £ 1770 h.l +[x, |7 n° I3

Subtracting I-3 from I-1:

—a
dco
de‘f+ C sO

rK" - a'ny) - DK™ > 2 7°7) I-b
=-4 g h Im Xg 31n(61-80)

The smaller sin (61~SO) the more.difficult it becomes to measure Im_XE.

If the difference between I'(K& - ﬂ+ﬂ07) - T~ - % x"y) is significant

a lower limit on Im can be found by simply setting sin(s.-5.) = 1.
: X p _ 1% _
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III. SCANNING AND SELECTION OF EVENTS
The events for this analysis were obtained by searching through

our K , film for decays with three converted y-rays. We examined all

u3

‘those events which the SPASS sutomatic scanning system considered 3-°

shower candidates. Before'rescanning'these events we’applied cuts’

similar to those applled to our K., events:

u3

a) &, <1ecm 8 >0. 998 (see Sectlon IV A of previous experlment)

b) To eliminate Kn2 events all three possible pairs of 7-rays

2

explained in Appendix IIT of the previous experiment. We required

were fitted tO«Kﬂ2 Kinematics. The K .. constraint is Scm = -1 as

that for each-peir of y-rays Sémr> -Of97.
I ¢) There is no charged perticie”e#cept‘ﬁ+ associated with X'
dechy. |
» d)'}Thefrecohstrﬁcted‘K-stop1position'@ust,be:within the stoppiﬁg.
material. o ; - | |

' e) The showers have to convert in the thlrd gap or later in the

lead spark chambers

The remaining 1115 events were rescanned manually by the author. At

this point we rejected all those tracks in the lead chambers which
obviously were not showers. The majority of the events fell into ohe

. of three categories. 'First;-one of the showers was identified as being

part of another.large ehower; Secohd, one of the ehowers was & straight
track maklng a large angle with respect to the dlrectlon from the stopper;
Thlrd, several large sparks from a breskdown in the chamber looked to

the computervllke a shower. _After rejecting all these types of events .

we were left with 100 events.
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To reduce the amount of background in oﬁr sample we aﬁpliéd
further cuts:

a) .During the rescan all shower coordinates wére remeasured.
We again calculated_Scm and dropped all events with Scm-< -0.977 There
were 8 such events all with 8, < -0.99. |

b) We required that the n+ éﬁﬁing out of the stopper connect
with the ﬂ+ in the range chamber. (See Fig. 4 of the previous experi-
meht) The two tracks have to come within 5 cm of each other inside the
. degirader.
c) During our manual rescan we measﬁred the angle between the

y-ray and the shower appearing in the lead chambers:

Shower .
/
: //_//,
s
. R
77 e
. A ///
- 2 p
K-stop Conversion
‘ point

The angle of the shower is measured by estimatiné the average direcﬁién

of the first three or four sparks of thé shower. Nb‘events with |

.6 2»500 were accepted. - This eliminated most showers not originating

in the K-stopper. |
d) All events with two charged particles entering fhe range

~ chamber are not accepﬁed. The reason is that the tWO‘particles'could

have come from two differént kaons each of which produced two 7-rays;
e) An acceptable shower has to have at least four spérks.

f) No shower can conVertvin the first two gaps facing the
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s£0ppihg material.

.Of‘the original 100" events 57 survived the above cuts. The effect
of the above cuts is illustrated by the fact thét of the 100 events 36
satisfy the kinematic constraints explained below while 64 do not. OF
the reduced sample of 57‘events 30 fit the kinematic constraints while
27'do.not. | v

A typical spark chamber photograph is shown in Fig. 2. Aishower
éppears in each one of the three conversion chambers. The sparks near
the centér of the photograph labelled.n+ are from the tracking chamber;

The left most track labelled ﬂ+ is the n+ stopping in the range chamber.
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Fig. 2.

Spark chamber picture of a 3 shower event from the decay.
K+ - ﬁ+n07. Dashed lines are outlines of direct view of

spark chambers. Refer to Fig. b of Part I for comparison.
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o . ) L+
Table I. Selection of events K - ﬁ+n07..

Total number of pictures taken

Candidates for 3 shower events
selected by computer scan. Cuts
on SD, SA’ Scm are applied.
Number of 3 shower events found
during manual rescan of 1115
events.

Events passed on to be recon-
structed kinematically. Cuts
on quantities measured during
manual scan are made.

. Number of events ¥hgch fit Kine-
matics for K = xt =t 7 (X2<vh).

Events for which shower energy predicted
matches actual shower energy (X2 < 6).,

Final sample

Ii

h'

99500

1115

100
57
- %0.

27
27

i
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IV. ANALYSIS

A. Kinematical Reconstruction

There are two constraints which help us select the event type'
K = 7 ny from our sample of 3 shower events. To see how this comes

- -

about let §%+, ?i, P2, P5 be the momenta of the n+ and y-rays respec-

-

tively. We measure PJI+ aﬁd fﬁe‘directiOns of the_y-ra&s. This leavee us -
with three undetermined quaﬁtities,'namely the energies of the'ﬁhree -
raysﬂ 'However, we have five equations;'h e@ﬁétionsifrdm energy and
mdmentum conservation, aﬂd avfifth_equation from the fect that two of
the y-rays come from a x°. 4Henee we have -five eqeations with three
unknowns . | | _ ‘

A simple way to exprese theee constreints is shown in Appendix-iI.
Here energy and momentum conserﬁation_;s used to calculate Pﬂ;} Pl’ Pg’
PB;_ The measured value of Bn+.is not.used as an ihput, Also all three
Y=-rays entervthe‘celéulation;of Pno2,'where Pﬁo'is the pion four
momentum. This means that even if 2 y-rays come from a ﬁo,-with the'
third y e baekgrouhd shower, Pﬂo2 is“not necessaril& equaibmﬂoe. The

two constraints are then:

A A A B . .
A, =T Tﬁ(_Pl,Pe,PB) - Tﬂ_,_(MEASURED) = 0 V-1

& o = m;to —\E Pipj'(l-ﬁi . f>j) =0 V-2
i,j=1,2 or 2,5 or 1,3

- We do not know which of the three possible pairs of 7—rays comes from:
ﬂo decay. So constraint IV-2 has to be caleﬁlated’for threercases. If
there were no measurement errors, only one combinatien of 7—rays'would
vsatisfy IV-2 exactly. This would tell us rhich 7-reys come from the

noo Figure 3 1s a plot illustrating the second constraint. We plot
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Fig. 3. Histogram of the constraint given in Eq. IV-2 of the

text. For good“events Asmﬂo =.0.
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the mumber Of events versus Am o with|AT i|< 8 MeV. All three cases of
constraint IV-2 are plotted. Each event of the type K+ - n+ﬂ07 should
have one point near zero corresponding to the correct pair of 74fays
assigned to the no. Other points cbme ffom backgroﬁnd events, or the
incorrect assignment of y-rays to the n°. |

One problem of analyzing our eVenﬁs'with the above methéd is that .
small measurement errors can cause large violations of the constraints:
So we have choéen a Xe method to make a fit.of our e#ents to K 9.ﬂ+ﬂ9?
kinematics. Sincé X2»depends only on measufement errors; this-mefhod
allows us to select good events without biaé against cerfain geometribal
configurations. - I

Our X2 éalculafion is set up by construéting_an evént which
resembles ourzactual event, but:satisfies the;consfraints of K - mwy ‘_

kinematics exactly. The conéﬁructed event is described by vectors

1 1

B N

Pl B Pé.( P5 s Pﬂ+ Which satisfy ?he eguatlons:
' ;\1 t At t
TJT+ (Pl) P2} PB) - Tﬂ'l' =0

v-3
; ot K Al : o ST
m o -\fP; P.(L-P, - P.) =0 i,j =12 or 2,5 or 1,3

The X2 is then

: 2

| S 18612 1B B2 (T4 -T)

X = }: = 2 PRI Al s 2'ﬂ+ Iv-b
. 00, ’
i=1 i

2
29,5 o,

M is the angular measurement error in ﬁi or §ﬂ+. In our case A9=0.02
‘radians. The measurement error of the n+ energy is 4 MeV. The P's and
T! are adjusted subject to Eq. IV-3 until X2 attains a minimum value. For

veach event there are three possible values for X2 depending on the assign-

ment of y-rays to the 7°. In Fig. 4 we_plot the smallest of
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58vevents are plotted.
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the three X2 values. We throw away ali'éV¢nts with X2f>'4; Since the
X2 ié‘calculated for two degrees of freedoﬁ, this cut should reduce
the number of good events by about lh%.v On the dthér hand, most of the
backgroﬂnd events Should not pass thisvﬁut. “Thirty of bur 57 evénté ‘
satisfy X° < . |
| To find information about thé decay K+ - n&ﬁo7 we are'interésted_
in the variable ' 9. ? is the one of ﬁhe three vectors ﬁi which is
not la.ssign,ed to the decay n° — 2y. So it is essential thét the solu-
tion picked by the smallest X2 is indéed'the’COrrect one. For some in
our events the smallest X2'ié'ﬁot very different.from the next larger -
one. Té find how often we find the incorréét value for ;Hyiwe haﬁe_
_genéraﬁed events by a Mbnté Carlo téchhiqué”and'washed them but with_'
- our méaéurement errors. We then subjectéd them to the Samé anainislﬁ
as our real events. Out of 107 Monte_Carld géneratéd events 16 SOlu§3“
tions were incorréctly assighéd; So our final sample of'27.évents
contains about 16/107 . 27=k events.with-§+ . ; incorrect; |
We have another constraint we caniapply to our events. from the
SPark count of our showers we have an approximate idea 6f the energies
v'ofvthe 7-rays. we_apply the same technique as expldined in Section IVB
Qf the previous experiment. Sinée we have_thfee y-rays, we'cén calcﬁf 
late aAX2 fiﬁ tojthe energiés with three degreesvéf freedom. We éuf ;; -
2 at 6 and this way reduce our 30 events to 27. This is our fimal
sample used for further analysis. Figure 5 shows how these 27 eventéf v

are distributed in the variable 7' - ?.
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Distribution in the variable §+-? for our final sample
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.B. Background

A potential source of background events are K+ decays of.the
type KT > 10n°x (t1). Our x' energy range is adjuStéd to exclude
these events unless the wt dééays in flight. If this happens aﬁd
three of the four y-rays frbm'ﬂo:deCay convert in oﬁr lead chambefs}_.
the event’lqué like K+ - ﬁ+ﬁ07. ‘To find out whether thére is any
evidence for ' evenfs in our data we hatve genérated 17' decays by a
Monte Carlo’méthOd; e feqﬁire fhﬁt thfeé;?-rayéchnvertlin'thé lead:
chambers accdrding to our deteéfion efficiency. - We”then'fit them tov 
the kinematic constraints of K& - ﬁ+ﬁ97 With X2‘< 4, and ﬁlot them as
a function- of ﬁ* . 7..'Figure 6>giVes thé«result; If we.now compare
Fig. 6 with our data in Fig. v5 , we can show that our data contains at
most one or two ! events. Half of the T' events should fall in the
interval -1 < %+ . 9 §~O.9."Since’oﬁr data éontainS'oni& ohe event in -
this intervél; there is no ihdicafibn of ' decéys in our Sample;

A second source of background éoﬁéé‘from”eithéfiK+ ﬂ-ﬁ+ﬂ0’+‘:v
_backgroﬁnd shower or K —» Wav + baékgr@hnd'shower.v Some'dfwthe
background y-rays were eliminated by applying the cuts described in
Section III. Any baékground event which.invdlves K+ - n+ﬂo'i8'rejected
by the éutVS;ﬁ < -0.97. This leaves us with baCkgfound events contri-
buted by the decéy K - pv. To estimate the amownt of bac_kgréund-
in our samplé from this source we'took good events fromiﬁheAprevibus ;
experiment and attached to them a y-ray randqmly distributed in our':? v
.fiducial vélume. We analyzed them as if they were K+ - ﬁ+ﬁ07 and

found the ratio of the number with X2 <k to thoée with X2 > U, This

ratio was found to be r=6/179.. We now assume that all'BO events rejected
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wFig, 6.  Events of the type'K+ > ﬁ+ﬂéﬁo are reconstructed as

Kkt - ﬂ+ﬂoy. X2 fit is cut at‘h.
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solely on the basis of kinematic constraints are of the above type.

The amount. of background should then be 30-6/179 = 1 event.
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C. Calculation of Parameters

We have made a Monte Carlo calculétion'to find the efficienéy for
deteqfing K" 5 n+ﬂo? events. Events are géneraféd with the variable
§+ . ? randoﬁly distributed.' Tﬂ+ is -fixed at seVerél eneréies between
70 MeV and.90 MeV. All_threely-rays are required to convert within -
thevfidﬁcialvalumé of dur'iead spark chambers. They'are assigned'a
weight accofding to their conversibn pfobability. "All events for whiéh
ch < 40.97 are fejected.. Figurei? shows & plot for ﬁhe relativé'
detection efficiency as a function of %' 7 with T + = 80 MeV. This
energy is in the middle of ‘our enefgy:range. The efficiency drops off

rapidly to zero as the y-ray becomes more collinéar with the positive

pion. The reason for this is that the leadrchambéfs.do not cover the

regioﬁ facing the pion range éhamberﬁn In any_casé events in this
region'are pfiméfily from'innerlbremsétrahluhg with soft 7-Tays. The
detection efficiency is'reasonably.éonstantbo§er’a-region which»iﬁClﬁdes
events from direct radiation as well as inner bremsstrahlung.

With this information the histogram in Figure 5 is'easily_explain;
able. The lack of events in the region T > 0.6 is due to our detec-
tion efficiency. Comparing the histrogram with Fig. 1 in_ﬁhe region
%f . ? < O.6vwe éee that its shabe essentially follows thatvof inner
brémsstrahlung.;'fhere is no‘increésé in the nﬁmber_of events toward
§+ -5 ¥:el as would be expected if direct radiéfioh were present.

To staﬁe the above»mére precisely we have'uéed a‘maxi@um likeii—
hood method.: The likelihood function is defined by a product of
px:-ébabilities: | _— | |

£ = T]; f(cosei, En.+i)- o IV-5
l=__ : .
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The product is over all events in our sample. En+i andcosei =x 7
are the kinematical variables of the ith event. f(cos@, Eﬂ+) is the
probability of getting an event at the point (En+’ cosf). « is the

parameter we are trying to measure. For ﬁhe deéay K+ d ﬁ+ﬁ07 we have:

ar(cosf, Ept+, )

f(cos@, Eﬁ+) = s i »EFF(cosQ, Eﬁ+) G(E,+)  IV-6

kjpEFF(cose, Eﬂ+)dcosO =1

ar : o : | L
EEEEErEE;+ is the decay rate given in Appendix If EFF(cos®, Eﬂ+) is

the efficiency for detecticg,a #o as a_function‘of,cose end E“+. G(Eﬁ*)
is the efficiencyvfor detecting a_j+ és a functign of the energy Eﬂ+'
Since!in ouivexperiment the energybraﬁge:of the n+”is ratﬁer emell and
the dependence of f on Eﬁ+ is alﬁost eXclue%Yely_determined;by G{ we
_have normalized‘f in such a'way as to mekefa knoﬁledge och unnecessary:

ar/(acoso dE#+)EFF(cose, E_+)G(E )

£(coso, Eﬂ;) = IV-7

k/hdF/(dcose dEﬂ+)EFF(cos6, Eﬂ+)G(Eﬂ+)dcose |

ar/(acose AE_4)EFF(cost, E_4)

\/hdr/(dcose dE_;)EFF(cos6, E,_+)dcos6

Substituting IV-T into IV-5 and taking the logarithm of the. result we

get v : . e ‘
N : .
. ~ dT(cosb, ,E_,.,a)fdcose GE_,) EFF(cosb,, E ,.)
log £ =§;1 log S T —t T4
) i . /ﬂdﬂ/(dcose dEn+i)EFF(cos9, Eﬂ+i)dcos9

Iv-8
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We have considered two ctses in calculating IV-8. Figure 8 shows a
" plot of log § with o = XE ahd Xy = 0. The maximum occurs at X, = O.8fé:g.
The errors are found by.reading of XE at those points where £ has’
aécreased by a facfor of z'l/é,. Therelis a second_makimum af XE =v-2.
However at this point the likelihood function was décreased by a factor

of B_B making this a very unlikely solution. A similar analysis for

Q= XM’ XE = 0 yields the result XM =2,1 % 1.5,

[ %
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Fig. 8.
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X is the form factor for electric dipole radiation.
XM is set equal zero. A positive value for XE indicates
constructive interference; a negative value indicates

destructive interference.
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~ Fig. 9. Xy is the form factor for magnetic dipoie'radidtion.

The electric dipole form factor is taken to be zero. .
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émall amount of destructive interference.
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V. SUMMARY AND CONCLUSIONS
To the limit of accuracy dictatéd by our experiment we have not
been able to observe direct radilation in the process Kf »vﬂ+noy. The
spectrum of gamma rays we observe égrees well with what would be

expected from inner bremsstrahlung alone. We can place a sufficiently

low limit on the direct-decay rate to question.the model of Pepper and

. Ueda. Our experimental numbers chresponding to their result are:

i

Their Result : ' OuriRe;ult (95%,Conf,)
M1 Ry' = 2.k . 107" - Ry' < 6'.5__- 1072
m _ JLo",LL <Ry < ,10'1* 1.6 - :L,o'5 <Ry’ < 1.2 . lQ'L‘

To make this comparison we have recalculated our brahching-ratio for the

interval 55 MeV. < 80 MeV. The branching ratio of Kim and Korff on the

voﬁher hand is much lower than our upper limit.

Thére are several experiments which also have looked for the

| decay K" - ﬂ+ﬂo7.5‘ Wolff and Auberéihave observed 14 events with three

converted y-rays in a bubble chamber. They quote the contribution of

electric dipole radiation as 7y = 0.5 tg'g5. ¥ is related to our’XE:

L
g™ |”
=2 2 = 10.1
gﬁ . g(lﬁﬁ': 4 7

In terms of y our result is y = 0.0B-fg'ég. Cline et al.5 haVe studied
the n+ spectrum for the decay_K+ -> ﬁ+ﬂoy. - However they did hot-observe_

any y-rays. They give the result y.= -0.6 fg'i5. So they observe a
We can also compare our result.with the decay rate of Kg - n+ﬂ-7

if we assume the AT=1/2 selection rule. In this case we have:
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T - n+n07, ML) = IKKE - ﬂ+ﬂ-7,‘Ml)

From the experiment of Thatcher6 we findvRD(Ml) <9 -310_5. vThis upper
limit combares With our limit Rb(Ml);<’1;7.1o'4'(95%'cohftj;'e |
Their experiment is different from Ourstin that the rate from inner
bremsstrahlung'ie an order.of magnitude lower than'their‘upper limit.
So their ﬁpper limit corresponds to obserVing no radiative decays at
‘all. |

The possibility of observing CP v1olat1ng effects 1n K - ﬁ+ﬂ Y
will be severely limited by the fact that the amount of direct radia-
tion is significantly lower than the contribution from inner brems-“
strahlung. At first it was thought that dlrect radlatlon domlnates
1nner bremsstrahlung since dlrect radlatlon 1s not suppressed by the -

AI=1/2 selection rule. As this is not the case the decays K - n*ﬂ 7

do not look very promising as a source of information about CP violation.
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APPENDICES
I. Decay Rate K - n v4

The decay rate for K" - ﬁfﬂ 7 is:

—ar__ (x* > «'x 7) K" - xt°)
.dEn"'dEﬁo . ' .
p-1/2
n o4 o
<212 - L _4(
Jlx o 2
Key Py

2R >;Ezi<61'-8¢>>§ lﬂ(kﬁ; . 13-’:7) (@-m-«z-m)

M

eVl 2 2 | 21
g (XE + Xy )'((PW)Q-(Q-?)P) y:
The variables are defined by: 7

K h-momentum of K"

P lemomentum of x

" o)
L-momentum of =x

O

h-momentum y-ray
cbupling constant for electric dipole
- coupling constant for magnetic dipole
1 ,
137

Q gﬁ‘t£< <

=
1

- arbitrary mass to make XE’ XM dimensibnleSs. -
We have chosen M =

' : o + - h
| 2-16,96.10. ' 2r(K+ +° ’

ai, 8, are the £=0,1 n-u'phase shifts.
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II. KINEMATICS K - o 2y
| : . '
Using the unit vectors along the direction of the x+(§ﬂ+) and along . . !

the directions of the three y-rays (ﬁi) we can solve for the momentum of‘

the %" and the energies of the y-rays (p,).
nd ¢} , N 1/2

5 s 5
.. X mk-[mk,+(x -l)mﬁ+ ]
b=
" (& - 1)
| p; =_Aipﬁ+ | i=1,2,3"
X and Ai—are:- N N N
P+ . (PZXPB)

o = - -

Py + (PP 4

b+ (B,-55)
X.= Al + A2'+ A5 .
Note that ﬁe'have an uéed the facﬁ that twd of the y-rays are on no maés
shell. To see which of the two &-rays come from the;_decay_of‘the ﬁo—we
writé: - | |

: 5 R

: ~ ‘.v.__’
wiy=2p; Pyl -3 ¢ Py 1,§ =1,2 or 2,3 or 3,1

If we do not have any measurement errors, then we get for ohly one combina-

tion 1i,J:
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