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DISCLAIMER
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Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '
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ERRATA

TO: All receipients of UCRL-18845
FROM: Technical Information Division

SUBJECT: UCRL 18845 "A Measurement of the Branching Ratio
0~ 2n0/k; 0+ 340, R. J. Cence, B. D. Jones, V. Z.
PLterson, V J. Stenger, J. Wilson, D. Cheng, R. D. Eandi,
- R. W. Kenney, I. Linscott, W. P. Oliver, S. Parker, and
C. Rey, April 14, 1969.

Please make the following correction to subject report, page 9.
Last paragraph should read: '

We express our deep appreciation to J. Nelson and R. Chaffee
for their help in data taking, to L. Shiraishi for his contributions
to the .data -analysis, to-D. 0. Caldwell who was influential in
early decisions and planning, and to B. J. Moyer and A. C.
Helmholz for their valuable involvement, interest and support.
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A MEASUREMENT OF THE BRANCHING RATIO KL -~¢2ﬁ /KL e 3ﬁ .
R. J. Cence, 'B. D. Jones, V Z. Peterson, v. J. Stenger, and J. Wilson "
Department-of Physics and Astronomy
University of Hawaii, Honolulu
. -D. Chenng R. D. Eand1:¢ R. W. Kenﬁeyv ,
I. Llnscott, W. P. Oliver, S. Parker, .and C. Rey’

- Lawrence Radiation Laboratory
University of Callfornla :
Berkeley, California

Aprililk, 1969
_ The rate for the;CP-violatiné decéy'KLé f{Zno has been measured
relarive to thet for KLo-a 3n°§using e moﬁoenergetie K'Beam and a
nearly Hﬂ'selid-angle detecterfsyStem empioying:lead plate sperk
" chambers and shower counters. FThe.measured’brarrehing ratie
1.31% + 0.18% (stat.) £ 0.25% (sys.)”lea&s to a value for CP-

T ' 2 ,. o o __, o o
v1olat19n parameter ’Pool (= KL - 27 rate/KS - 21 rate) of

(14.1£3.4) % 1076,
‘ ' o o . 0,, 0 0 .

We report a measurement of the branching ratio KL - 27 /KL - 3t~ which
is then uséd to determine the CP-violation parameter lnoolg; A number of

measurements of this”iﬁportant paraﬁeter have been published; but their

disagreement, and the unusual experimentalvdifficulties of the measurement,

encourage.further efforts.” Previously published values for Inoo[2 are:l-6

1 6 - |
(18710) % 1078, (2hes) x 1076, (-227) x 1076, (5.37L: 2) x 107, (4.8+1.8)
10-6, and (13th) x_10_6._ Other results lying bétween these dlsparate values

héve emerged in topicel eonferences'and in preliminarybreports, but have not
yet reached publlcatlon. |

ThlS experiment ‘was de31gsed to Fetect all KL —>3n as well as KL - 2x°
decays, and to provide internal checks on pos31b1e systematlc errors Impor-
tanttfeatures included (a) a monochromatie" KL beam, (b) a counter trigger

which strongly rejected neutron-induced ‘events, while accepting 3n°'aﬁd ox®



decays with nearly equal efficiency,‘(c)‘a thick 1¢ad‘plate spark-chamber
detector which subtended nearly 4x solid angle.for KLo - 21° decays, (d)
ndrmalization to KLO~+ 3no decays, which were ?fserved mainlyvas 5-shower and
6-shower events. Photon energies were measute& byhspark counting.

.KLO mesons were produced from the reaction:ﬁ-b‘a KQAo,sjust below KOZO
threéhold; their’decay was obseryed:invphe photon-converting chambers nearly
§Urrounding a one m3, air-filled,¢cubica1 volume céntered six m from the
hydrogen target. Those entering the decay vdlume.had a momentum of 53050
MeV/é (FWHM). Thé momentum distribution‘was calculated from the measured m_
spectfum:at the H2 target and agrees with meaéufeneﬁts of KLO moméntﬁm from
ﬂ+nfn° decays in which>both»spowers are observed. To convert andbfeject
photons from the hydrogen‘férget, a:filéer, consisting;of 1ayefs of lead and
scintillitor, waé_placed betﬁeen the fa?get and the chamber sys;eﬁ.'The lead :
thickness (10 cm) %as'optiﬁized to remove photéﬁs gnd retain KLo's.»

'The rear (down-beam) spark chamber-presented about eight radiation lengths,

and the four side-wall chambers about seven, to photons entering with ndrmal

incidence. For each chamber the first four-gapimodule had Al plates for identi-

fication of entering charged particles.' In front of each side chaﬁber, and

following the Al module in the rear:chamber, weré planes of plastic‘scintillaf
‘ tof‘alsd,detectingﬁéharged particlésféﬁﬁ?pfoviaiﬁg an éhticoincidence signal
when desired. Trigger couéter ﬁﬁifé;'éaéh cdmpaéed of scintillator and Ceren-
kov radiator (Lucite), werewérrayed in two Banks after the first and second
ra&iation lengths of lead ﬁééules in the rear cﬁamber (see Fig. 1).

\Loss of ‘photons throughlthe open face of the cube was largely reduced by

L the tunnel-shaped gamma ray shower counter shown in Fig. 1. The walls of this

structure, consisting of lead sheets with scintillation and Cerenkov counters,

presented six to eight radiation lengths for photon detection, thus contribu-



ting to the recognition_of'correct photon multiplicity in events not deliver-v
ing all their*photons'into'the snark chanbers.“ k

The trigger'condition for pulsing the spark chambers‘was: ”(1).a signal
from'theaﬂf beam counter‘systemﬁ.indicating‘a*pion entered the hydrogen target
and did notjremainfin the beam beyond it, (2) no. response from the gamma filter
counters, (3) -no response from the scrntlllators 1n front of the lead chambers,
and .(4) coincident'response of at least two of‘the trigger units embedded in
the-rear chamber, separated by two or more intérmediate units. This chamber

design and trlggerlng system alloWed the recognltlon of about 95% of the KL -

:3n background 31mp1y by the observation of flve or more shOWers. The appli-

cation of k1nemat1ca1 relationships, alded by the known 1nterva1 of KL momen-

. . v ©
tum and by spark countlng, provided the identlflcatlon of the'KL - 21° events.

Various modes”of operation contributed to -the understanding and calibra-

‘tion of the system. 1In addition to ‘the principal triggering condition described

above, associated with neutral final states yielding two or more showers, we

, L . N s . o
also changed conditions so as to trigger on charged final states of KL_ decay
by requiring two or more nonad jacent S counters and two or more R counters in

coincidence (see Fig. 1). Data with C and Be regenerator were taken in both

neutral and charged final-state modes. Brief periods of running with empty H2

target, and runs with random chamber triggering during Bevatron beam pulses,
rndicated a negligiblevnnnber of nonétarget-associated events and a low
probablllty (~ h%) for accxdental tracks in the chamber system. .

A total of h6h OOO neutral free decay and 170 000 charged free decay
pictures were taken. The neutral decayvplctures show 20.000 K decays in the
f1duc1a1 volume with the rest mostly blank or w1th gammas clearly from chamber

or lead fllter interactions. Of these, ~1000 (prlmarlly h shower, but. 1nc1ud-

" ing some 5 shower events ) were selected for measurement. The charged decay



pictures, 2/3 of which have been analyzed, show.SOOO leptonic and 1000 nfn-no
decays in the fiducial volume.

The efficiency of the chamber system was obtéined by a Monte Carlo program

: )
using a libfary Af case histories of showers of known energies obtained from
observatioh of KLO A decays. Until the regeneratqr data and all of the
i x° decays are procesSed{ the library is being supplemented at the low
(<25 MeV) and high (> 220 MeV) energy ends by synthetic events whose shower
structure, spark counts, and angularverrors are deduced by extrapolation from
the éxisting library.. These extrapolations were checked, and limits on their
uncertainty were set, by comparing the resulfing Mbnte Carlo'predictiéns with
the‘neutral decay data. Preliminary measurements of regénerated Kso.—;Eno
decajE give an estimate of detéction efficiency consistent with these methods.
~ The low soft phoLon background permitted use of a two-spark minimum for shower
idgntification, aifhough regenerator studies indicated that 25° events seldom
gave shOWeré with”le;s than four or five sparks;

A verfex, or aecay point, was determined for each L-shower event, thus
establishing the direqtion of the KLO from the sztarget and tHe directions of
thé four photons. The first apprbximation to the vertek was obtained by extra-
polating backward into the decay volume along lines determined by the initial °
portions of the showers to locate an optimum intersection. This point was then
varied by a'search procedure so as to minimize a fitting parameter related to
the lateral displacements of the initial sparks of each shower from étraight
lines dfawn from.the variable decay point through the first spark of each shower.

4vao different méfhods of analysis were used. They gave mutually consistent
values for the number of 2ﬂ0-four-shower events in the data.

Method A. We;utilized'knowledgegof the KLo.momentum'vectOr'to trahsform

the photon directions into the K rest iframe. From momentumvaﬁd energy conser-

¢
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they came from an intermediate state of two 'xn

o el nanne

vation and the K mass we calculated the photon energies. The photons were then

paired in the available combinations! ag if each pair came from a n , and, using

these calculated eﬁergies tovre301vetthé quédratic ambigﬁity; a uniqne direction
for eééh nOFWaé determiﬁed.va Weighting'faétOr_W(Gl, 62)’was caiculéted for
each bairihg'case, based upon ;he‘probability fhét_the.observéd_OPeﬁing angles,
61; Gggvbetwegn phofons of égch péif.should afiéé:f?om'ﬁQ's'oflthe reqqisite»
moméntuﬁ. Thé‘caSe with'théﬁiafgest.vaIUe of ﬁ”was sélecfed'as,;he preféfred
pairing. The relative directio#s4of the?two nO;élwere thén‘fduna by célculat-
ing“cos Qﬂﬂ, Whichbshould be -1 for:h.zﬁo_dééay~pbs;rvgd with éorregt'pairingk,

and .no experimental error. A distribution of the values.of cos 6mt was col--

‘lected from all fouf-shower events, and cuts were made by assigning a minimum

value to the weight, W, and then a maximum value to cos 6 .t The results from
analysis-by Method A are shown in Fig. 2.
Method B. Here we made no initial assumption about the momentum or mass

of the primary particle from wﬁigh the four'phétons derived, but required that
1s; aiéo, we used spark count

information. ~The photon momenta - were calculated from four kinematic relation-

ships, two from conservation of transverse momentum, and two of the form

(mﬂo)2 = 2pipj(1 - ﬁi . ﬁj). A1l péirings giving physica11y ppssib1e photon

“energies were kept at this Stage._'A momentum P.and mass M for the primary

particle was then calculated for each set of photon momenta. -
At this point we introduced a verteX'searchvoperation that varied the
vertex position by small amounts from'its initial location until a minimum was

found for the fitting parameter |
‘ o

‘ *2= 12:1 [6'.117% lESi/EKi}]  +. [Aei/(A_é(Esi}ﬂ




where ES¥V=.energy of ith shower inferred ffom'spark count, EK. = energy gf
this‘sho;ef\obtained by kinematic calculatioq ﬁéing the Vertexlposition in
question, Aei = angular‘aeviation oé initigl‘directioﬁ of ith shower from
photon direction line drawn from the vertex, andvza (ES,) = rms value of AH
observed for showers of this'energy: The pairing with.thé smallest %© is then
chosen. (2ﬁ0 events are correctly gaired'90% of the time.) We next required
that the momentum fall within the i@terval 530ilbO MeV/c, as allowed for K
‘mesons in our experiment. The soluéions surviving this cut were plotted in a
frequency distribution as a functidn of mass (seé Fig. 3). ‘A clear 2rc° peak
near the K mass can be seen superimposed upon a background of solutions arising
from‘3ﬂ° final states yielding only four visiﬁ}e showers. This 3n° distri-
bution peaks in the rané; 300 to 350 MeV. Moﬁte Carlo Calculationé show a
raﬁid and uniform fall above 350 MeV. in addition the distribution for alclass
_‘of_f;ve shqwer events that were analyzed as four shower.events, because Brems-
strahlung might have been the source of the fifth shower,shows just this shape.

The 25° peak is one bin (20 MeV) 1low. Anélysis shows that a slight
departure from linearity in the relationship befWeen spark count and shower
energy can account for this, the departure being in the direction of spark
count deficiency at high energy. |

Special feétures of the Monte Carlo program deserve mention. Representa-
tions of the results of decays bf the KLO int0‘3ﬁ° and 2K0‘final states in our
chamber system were génerated from a library of measured case_histbries of
. .gamma rays of known energy arising from Kﬁo-a ﬂ+ﬁ-ﬁo - two visible éhowers.
The two charged-pion tracks determined the decéy vertex, and thus the true
photon and KLO directions. Kinematic analysis then gave the énergy of each

phofon with an unceftainty small compared with that in neutral decayé. By use

of the same measuring techniques employéd for neutral decay, the shower

{»
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direction deviation, the spark.éOunt,landﬁthe shower geometric structure were
obtained for each photon. Thé mean shower direction deyiation_waé 11 deg for
100?MeV gammas, 7.dég for EOO.MeV, and 5;deg fof 300 MeV. These errors increase
the x° —927 openlng angle dlstrlbutlon w1dth in the K rest system by 10 deg.

The ratlo of energy from: spark count to energy from klnematlcs was between 3/k

and 4/3 for 50%, 2/3 and 3/2 for 69%5 and 1/2 and 2 for 90% of the showers.

%

The spark—count ca11brat10n constant found in thls way (5 0 MeV/spark for tracks
at normal 1nc1dence).pred1cted-correctly_the total number of sparks observad
fnr éix anwar'evants nhere'the fuil anergy of the‘k'is visible.

The Monte Carlo program used~rhase case-nistoriea'(via a random tablé
lookanp).to provide shower directions and spark counts with realistic errors
and norrect energy dependenceé. 'In:additipn; the representation qufhe events
was overlaid upon the real strnqturé of‘the snark nhamber.array; tnus allowing

for efficiency losses due to structural features or to a shortening or loss of

‘a shower in the scintillation and Cerenkov counters. This also determined

whether or nnt such’ an event nnuld regisrer in the apprppriaté coﬁbination of
scintillator and Cerenknv cgnntérs to generate a_chamber triggér pnlseb

:Thé Monte Carlo program cqrrectly-prédicted the observed gamma penetration
depths, showernangular deviations, shower mulriplicities, spark counts, and
absnlute trigger efficiencyvfor.3ﬁ° evenrs.‘ SHOWer.multiplicity percentages
obsgrved for events without tunnel counter signals.(BO% of all’events) nere:
7: h%, 6: 59%, 5: 30%, L: 6%,.3:_1%. The seven showervparcentage was slightly
1arger‘than tnat'expgctedyfrom_accidentalvshowér ratesobserved during the random'
pulsing runs. -Using the 7—t0j6 ratio to correct the above percentagea for
accideﬁFals; we get‘éﬁ 60%, 5?'32%,vh:-7%, 3: 1%. - The 3x° Monte Carln
predictions are 6: 59%;05: 33%, h:,7%’.3: 1%.

'The‘Monte Carlo affects the resultmdireétlyuonly through the ratio



t3/t232 = (probability for a 37° decay to trigger)/(probability for a 2x° dec;y
to trigger and give four showers). This ratio is quite insensitive to changes
in the Monte Carlo--both to refinements added during its devglopment and to
variations deliberately introduced to test its sensitivity t§ experimental
errors. We find t3/t282 = o.é19/(.156 X .715) = 1.9620.1. |

.- The number of 2r® decays was calcuiated witﬁ a maximum-iikélihood program
by fitting the experimental data with a supefpoSition of 2ﬁ°,b3no, and éir-
regenerator Monte Carlo distpibutiong in the reievant variables (MethodvA:
W(Gl,ég),cos Qﬂ&; Method B: P, M, ng. The regenerated contribgtion was held
fixed at the amount expected for a total diffracéion regeneration cross
section of 21 mb per "air nucleus." ;Methbd A gives for n,, the number of
25°- four-shower decays in the entire‘sample, 130+24, with 96 and 51 having
cos eﬁn < -0.92 in Fig. 2a and 2b, respectively. Method B gives n, = 10614
with 75 and 45 having M > 430 MeV in Fig. 3a and'3b, respectively. The likeli-
hood function is fbund to be Gaussian about its maximum; the quoted error is
taken at the e-o'5 points. The agreemenf between the two methods furthér
confirms the'beam momentum value (used in Method A but not in B) and the spark
‘count calibration (used in B but not in A).

Two systematic corrections must now be made to this_total, éne of
l.QSi0.0l for loss of events due to a_fiftﬁ accidental shower or an accidental
tunnel count, and one ofvl/(0.93i0.07) for four shower selection efficiency
'which‘was found to be less than unity for part of the déta. A partial triple
scan haé shown -that the scanning efficiency for‘K's is essentially unity. A
further éyStematic error of * 19 events is also assigned to n, cOmpodnded
qﬁadratiéally from the (primarily nonstatistical) difference between methods

A and B (* 16 events), the variations within éach method with changes in cuts

used to select the samble’for'maXimum-likelihoodvanalysis (£ 7 evenfs), and

u
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the experimental uncertainty in the spark-count calibration and size of angular

errors (£ 8 events). Finally we obtain n. = 133i18 statistical) + 2k (system—
; v ny = 1

: - o . o -
atic) as the number of 2n , four-shower events in our data.

From this number, the 21°/3x° branching ratio R is found from R = (t3/t s, )
X (n2/n3), when n3.is fhe total qumber‘of 3ﬁ°udeca§s bbéérved,‘including those
with tunnel counts. The.ratio does'not directly depend on thé efficiency as-
sumed for the tunnél counters sihcé, (1)jthe t#nnélrcoﬁpter'is not.uééd in the
trigger‘eleétroﬁics,f(e) all 2x° events witﬁvfbgr‘shOWers in the chambers by
definitién can have no gammas detécted in the tunﬁel “and (3) essentlally all
3ﬂ events show three ‘or more showers in the chambers, maklng their detectlon
efficiency independent of the tunnel efficiency. The final result for the
branching ratio is R = 1.96 (133/19967) = 0.0131£0.0018 (stat:) t 0.0025 (sys. ).
This vaipe leads to an Inoolz'of
R X (P(KLO‘A 3ﬂ°)/P(KL°~§ éll))'x iF(KSO-a a‘_lll)/I‘(KS'o —>2n°))x (TS/TL) =
{lh.lil.9 (statistical) # 2.8r(systematic)}.x 10_6,vwhére an additional
syst;matic error of * 6% has been included réflecting the uncertainty in the
' 7

lifetimes and branching ratios used in this calculation.
|

‘We express ouf1deep appreciation to J. Nelson and R. Chaffee for their
help in data taking, to L. Shiraishi for his contributions to the data analysis,
and to B. J. Moyer and A. C. Helmholz for their valuable involvement, interest,

and. support.
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: FIGURE CAPTIONS

Fig.-l. Vertical section through detecting system. Vertices of all four-
shower events having no tunnel counts are projécted on this plane. 2ﬂo
‘éQeﬁts have a similar distribution. The fiducial volume boundaries are
5 em f}om the chambers.

%ig. 2. Distribution in cos Gnﬁ.fbr all eventé, for gvents passing the
opening angle éut, and fof events with 3n° background;subtracted; Solid
lines show Monte Carlo predictioné. |

Fig. 3. Mass distributions fot (a)_Jll events with 430 MeV/c.jiP < 630 MeV/c,

and (b) for events :also having X2}< 10.
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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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