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. WEAK INTERACTIONS: v '
ON THE EXISTENCE OF NEUTRAL LEPTONIC. CURRENTS

Rolland P. Johnson
lawrence Radiation Laboratory -
University of California

Berkeley, California

March 20, 1970

ABSTRACT

New upper limits to the branching ratios for Kg N TR VIR
o0+ = 9 + ¥ : - ‘

KL +e e, and Ki -+ p e have been set. A two-ermed spectrometer
system for the simultaneous detection of these decay modes and the
‘ o+ - ' '
normalizing KE -+ 5 mode is described. No events of the pu, ee

. . + =
or pe type were cbserved. Twenty-three thousand_KE ~ x gw .events
with detection efficiéncy corrections then determine new branching

ratio upper limits relative to all Kg modes of 1.1 x 1071 (90% C.L.)

for all three leptonic modes.



-1- . ~ UCRI~19709

I. INTRODUCTION

This pdper describes a'Bévatron experimént to search‘for three
rare decay modes of the long?li§edzneutral K ﬁeson;: The third
chapter describes the double—spectfémetér éyétem géed in the experi-
ment in sdme detall and may be.bypassed by the feéder if the general

discussion in Chapter IT is found to be sufficient.

' o = ¥ 4
-A. Theoretical Interest in Ky ~py , pe , ee

It is known that the preéent—day picture of weak interactions
is wrong at least to the extent that it'iS'incompieté. For éxample,
<the.acceﬁtéd methods applied to neutrino-electron scattering imply
an impossibly large cross—section for neutrino energies above a few :
hundred GeV.l On the other hand many convinciné calculations can be
'ﬁade which show our knowledge of the low energy aspects of weak
interactidns to be considerable; especially when strong interactions
can bé eliminated. | |

'The_impossible results of the neutrino—electron éross—section
calculation indicate samething conceptual is miésiﬁg. Indeed, one
of the majér interests in very high energy acceieratbrs ié the
possibiiity of neutfind beams of high enough energy and intensity
to allow the.comparison of predicted and-aétual cross—sections. The
hope 1is that the differences wiil give:some hint to guide the theory
of weék interactions. In the experiment described here,krare decay
modes of the neutral K meson were exemined in the hope that very
precisé méasurements might give some hints for further theoretical

development.
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Neutfal K decays into palrs of charged leptons ha&e,nevef been
dbséfved.: Thére are.né compelling arguments»és to whethef such purely
weak decays should or should not exist.

The three following sectioﬁs describe invmore detail'some aspects
of theory to_which the leptonic, neutral kaon decays aré relevant.

1. Effective Lagrangian

In the contemporary picture of the wéak current—current interaction,
the currents are composed of a sum of terms each necessary to describe
known weak phenomena. The leptonic part has two terms.

B ; L= N
(lepton}C) u, Vg (L +7s5) uve a7 (1 75) uvp,

ja
where the u's are h—component free.particle solutiéns to the Diraé
equationézand the y's are the 4 x 4 Dirac matrices.

All'kn§wn weak ihteractions involving léptoﬁsvcah be calculated
using this current and its conjugate. Some not yet observed (such as
the previously mentioned néutrino—electron intefactioﬁ).can be calculated
with thisrexpréssion.

Notice that in the expressidn for the leptonic current the eiectron
and the eléctron neutrino are associated with eéch other as are the muon
and the muqﬁ néutrino. These pairs have a net non—zéré electric charge
and this defiﬁes the leptonic part as a charged current. The 2—lepton
decay modes of the Kg, if.they occur in first brdervin the weak inter—

action ILagranglan, are necessarily due to a neutral current.
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The existence of the particular decay modes searched for here might

imply the existence of neutral components of the'durrentisuch as

a + ooy + u o+ .
ug 7q (L ¥ yg) vy, w7y (M4 yg)u oru 7y (L4 yg)u,

These elements would have t§ be suppressed in the ékﬁression for the Weak

current if they'do e#ist, for they have_obv%ously not been detected on

a level cbmparable to the chargéd leptonic current. It 1s not imfossible,

however, to imagine the océurrence of a naturél suppression factor .

analogbus to éhe'débbibo angle3 which describeS'the‘rélétive strenéths

.of the strangeness—changing and non—strangeneés chenging weak interaétions.
In the framework of the vector—exialvector (V—A) form for the currénts

the-reiative rates'for Ki - Uy, pe, eelﬂé easily calculated tq be approximately

40 000: 20 000: 1. (See Appendix A.) If the VA form degenerates to

scalar—pseudoscalar'the'relative rates beCome'abouf equal.

2. Higher Order Weak Interactions

Another possibility 1s that the two leptonic deéay modes of the Ki
represent the occurrence of 2nd or higher order weak interactions. . One
way of getting the z lepton modes in 2nd order is with an intermediate

boson, i.e.

< Yy B -

In fact Toffe and Shabalin’ have calculated the brenching ratio for this
mode using current algebra and standard Feymmen techniques. The divergent

integral which one gets in integrating around the WWy loop gives an infinite
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answer uhless-one'invokes a‘cut—off. Ioffe and Shabélin argue that one
obtains a natural cut—off due to the mass of the bosqn..?Thus by measuring
the rate'éf Kz - pu or setting an upper limit to.the branching ratio one
can set an upper limit to the mess of the W. This end the W production
experimenté which have set lower limits to the mass may eventually prove

that the intermediate boson does not exist!

3. Eleétromagnetic Effects - -
One reason that the Kg - ££ is a good place to look for small weak .
~effects is that the electromagnetic effects are small and somewhat

amenable to calculation. The Kg - 2 photon branching ratio has been

measured?to be about 4.5 x 10““. Assuming the Kyy vertex to be the

same as the measured value and using standard quantim electrodynamics

on the diagram below gives a lower limit of about 4.5 x lO'_9 for the
o T

Ko -

+ :
L, B ou branching ratio.

7 <

The caﬁch and the physics 1in this précess is that the éhotons may
be virtual‘ﬁhotons in the Kg decay ahd thisvcan cause the branching
ratio to be somewhat enhanced. The Feynmen diagram can be evaluated
but the 7fp'lodp gives a logarithmic divergence Jjust as Ioffe and
Shabaliﬁ’s WWy loop did. And in the same way one has to invoke a cut—
off. Quigg_and Jackson7 have used a vector dominance model and integrated
~to the mass of the P to get an enhancement factor of ~ Ll.4. Other

calculations using similar techniques seem to glve. the same enhancement

' facfor.s'.
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It mightbbe.hoted that the same calculation'fbr né - pup has beeﬁ
made by Quigg:and Jéckson.7 | | _> |

The results of an experiment to measure this-modégseem to Indicate
the rate is higher than anticipated by a factor offh. ~ If the K - ug
rate is al$o éhomoloﬁsly‘lérgé by a similar factor it could be because
the divergenfiloop evaluation_(common to both predictions) is incorrect.

Electromagnetic-contributions to the KEA» u+ é;'rate are not |
expected'dﬁe;to the conservétion of lepton number in electromagnetic
interactions,< The Kg'» e+ e mode campared to tﬁe Kg - pfu_ mode is.
suppressed by.a factor of (me/mg)2 ~ 1/L40 000. ' This result of quantum

. electrodyhamics is the same as for a purely weak decay involving neutral

currents. (See Appendix A.)

B. Past Measurements Relevant to Thls Work

Table I on page 6 contains results of previous measurements of the
rare decay modes of the Kz. Only the most recent or most precCise are
included. Also in the table are results of Other_séarches for neutral

leptonic . currents.

Finéllyyspecific decays mentioned in the introduction are included.



Decay Mode

Ieptonic Modes of Kg

(o]

Other Neﬁtral

ILeptonic Currents

o + -
Kg > w o u

+ + 4+ -
K =»xn p

+ +. 4+ -
K = e e

+ T+ -
K »xn vwv

+ + o +
K - =«

+ +
p e

+ + - +

Other Measurements

e

K, =77

o]

noyy
o + -

(g~ »p p)
(o]

o(n ~9 7)

TABLE I

Branching Ratio to

All Modes

Ki *'u+.u_ :

(limits are 90% C.L.)

<2.1x 1070
(<2.1x 10‘8)

< 1.6 x 10’6

<_8 X lO_'6

<9 x_ZI_O—6
< 1.5 x 1077

< 1.8 x 107

< 7.3 x 1of
<3 x 10

% i.i x 10
(< 7.7 x 10‘7)
<8 x 10
< 2.2 x 10

<1.8 x 1077

k.68

i+

+

.381 + .023

5.9 + 2.2 x 1677
<2 x 1077

0.6 x 10
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II. EXPERIMENTAL METHOD

A. Overall Description of Techhi@ﬁe]

" he 2 lepton decay modes of the K° are distinguished from the
more commbn modes by having higher center of ﬁass moments, (p*). See p.49,
Table_II.; Cne qan_exploiﬁ this characteristic by accepting those
“events decéying so that the momeﬁtum trapsvefsé to a Kg beam is -above
a minimum>value. Ignoring complications of beaﬁ divergence and
cénﬁér of‘méss sbiidvahglevfor the moment, a SParkvchambef trigger
scheme‘can’ﬁe easilyvdescribed.' | |

The'relationship between momentum p and rédius‘of'curvature P
for a;éhargéd pérticle moving in a magneﬁicxfield is
D (MeV/c) = 30 B,P (kilogauss-Meters) 3 | (1)

Magnets of the type used in this experiment can generally be

characterized by a constant effective léngth,

L =p 2 sin g ~ 0 sind : (2)

where p:is thé same as above and 6 is the bending angle. See Flg. 1.
Consider a‘Kg passing by a region of field‘deécribed vy (2).

Let it:decay such that the secondary'is emitted_ﬁearly perpendicular

to the_kaon'é direction in the kaon's center of mass (i.e., cos6’ m O.

See Fig. 2.)

' Combining (1) and (2)

p siné = 30 BLz

where §L£ is a constant, the line integral of the magnet. But p siné = p
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is not Effected by & Lorentz transformatien and the secondary will be
bent parallel to the beam line independent of the prlmary momentum.
With a magnet of constant line integral chosen to be equal to p /30

' eny secondary with transverse momentum p* will be bent parallel to the
direction of the primary particle. |

Decay modes other then the dileptonile generally have smaller
transverse momenta and are deflected more tewara the beam line.

In this experiment scintillation counters erranged behind the
magnets sensed particles with trajectories apprdximately parallel to
the beanm iine, and triggered spark chambers to record the event for
later kinemetic analysis. PFlgure 3 shows the spatial relationships’
of the beam, magnets, and scintillation counters.

Shown elso in Fig. 3 are the Cherenkov counters and renge
determination.system. Electrons were detected in the threshold
Cherenkov ceunters filled with Freon 12 and pions were distinguished
from muone by having shorter range in the carbnn; iron and scintillator

range detectors.

B. Critical Points of the Experimental Method

The identification of the double leptonic decay nodes to the
exclusion of background enents can be made certainvif the consfraints
are strong encugh. The mamentum and position have to be measured
- extremely well for each secondary particle and tne identit& of the
particle has to be known with certainty.

Knoﬁing the monenta and directions of the tnblsecondaries before
the magnets, one can test for a common intersecnion point, a Ver£ex,

and trace the primary particle's path back to the target. Requiring
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the origiﬁ of the event to be the target is thensgmé-as.requiring the
decay to be coplanar and consistent Viﬁh'momenfum,balance, both necessary
conditions for 2—body decays. To identify the decay'as a K decay one

can then use .the Cherenkov counter'sighals'andvrangeAmeasurements'to
identify the particles and thus the masses of the seéondaries. The
invariant masé of the two'particle'system can be easily computed and
compared with the total initlal energy, the mass of the kaon:

2 2 2 ' .
= ] + -~ 7 )e
m, =m +m 2 (El E, = Py P, coselz)

There are several decay modes of the Kz which can be mistaken for
the 2 lepton modes if errors are made in the reconstruction of the
’ N - O . o , . . B -
event. K£3 decays, KL = nuy and KL nev, can look like 2. lepton modes
if the neutrino has little energy and the plon is either misidentified
- or decays into a muon. Fortunately, the probabiliﬁy that the neutrino

in the X, decays will have a low center of mass energy is relatively

23
small. Figure 4 shows the neutrino energy spectrum as calculated using
standard V—A weak interactlon theory. By making the trigger scintillators
narrow enough, requiring decay products to be nearly parallel to the

beam after the magnets, events with neutrino energies greatef than

K23
a few MeV were not detected by the trigger system.

The plon from K, events can decay in the magnet spark chamber

£3
system and cause the bending angle to'éhange,and the momentum to be
mismeasuréd. Scattering can also cause the same mismeasurement with
any of the particles involved.

To reduce the possibility of a scattering error, the decay volume

and spectrometer system were filled with helium. Also, the spark
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chambers were . constructed .of 3 mil diameter alumiﬁﬁm wire .and the
interfaces'_b¢£Ween the spark chambers and heliuxﬁ containers were
special memﬁranes of 1 rdil mylar coated .w.ith 1500 X éluminum. Most
important, trhre entire scintillation trigger system was placed down—
stream of the spark chambers.

Finall_y, to measure the numbér of Kg decays 6ccurring in the
decay volume the relatively rare, but Well—measwr'éd‘,‘ :-CP-—violating
two pion mode was monitored. With the line integral of the magnets
ad justed Fo' _the KHIJ tra.ns.verse momentum, the detection efficiency
for the Kmt mode was approximately 70% of the efficiency for detecting
ﬁqdes. | |

each of thg three K,Z,Z
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III. EXPERIMENTAL APPARATUS

A.  Trigger Elements

l; Hodoscopes

Fach sécondary was required to be approximatelj parallel to the -
beam centeriine after passing through the magnef. This was accomplished
on each side of the apparatus ﬁithvtwo scintillaﬁibn counter hodoscopes
»placed'98”_apart'immediately after the last spark phamber. Figure 3
shows'£he spatial orientation of the four hodoscopes with respect to
the neutral kaon beam. Each front hodoscope héd 28 — 1.5" wide by
Lt high.veftical scintillation cdunterévor stavéé and each fear
hodoscope had 30 — 1.512" wide by 52" high staves. The slightly larger
width of the rear counters was to compenéate fdr the + 1° horizontal
diverggnée of the kaon beam. The fromt staves were 1/4" thick (in the
beam direction) Pilot Y scintillator and the rear staves were 1/2"
thick Piiot Y. RCA 6810 photomultipliers weré used on the front and
RCA 6655 tubes on the rear hodoscopes.‘ No light pipes were used;
each stave was equipped with one tube which made contact at the end
of the scintillator. | |

The stave numbering system, important in undérstanding the
coincidence requirement, was simply 1 to 28 or 30, for front:or rear
respectively, with ﬁuﬁbers'increaéing outward from ﬁhe neutral beam.
The hodoséopes were alignéd so that countef 1 in front and 1 in the

rear'defined a trajectory parallel to the neutral beam centerline.
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Excépt for counters at the edges of the hodoScopes'the signal
from each front stave was put into coincidence with.the signals from
6 rear étaves. Rach of these 6 coincidence possibilities corresponded
to a horizontal angular interval of about 15 milliradians for the
secondary downstream of‘the magnet. .In actual practice it was possible
to add the signals from coincidences from all 28 front staves and ﬁheir
respective rear staveé‘suéh thaﬁ there were qnl&'6'6utput signals.
These 6 siénals, called column outputs, corresponded.directly to a
‘trajectory's horizontal divergence aftef the magnet independent of
which ffént_stave it passed through.

Computér calculafions which considered the K_béam momentum,
angular divergence, and decay distributions indicated that equal
triggering efficiency for the Kﬁu’ Kée’ and er modes was poééible
with only about 30% loss of efficiency'for the normalizing K . mode.
That is, if.the magnets were set to'the'p* of the.KMl mode (225 MeV),
for each front vértical stave the six rear staves in the coincidence

had sensitivities as shown in Fig. 5.

2 Matrices
. o 11
The actual coincidence matrix was constructed from MECL II
logic units. Two identical units were used, one for each side of the
apparatus. Front and rear counter éignals were fed into the matrix
unit discriminators and the shaped'outﬁut pulses were put out onto the

matrix lines such that a coincidence chip was located at every desired

intersection. See Fig. 6.
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The 6ﬁtputé frdm the coincidence chips Weré.arranged in six
columns,’ ééch of which corresponded to an anéular”interval for the
particle trajector& after the magnet. Eéch timékcounter i in the
front and-i.+ 2 in the rear were in'coincidence;vfor example, a
signal ﬁould be sent down column 6. This particulaf éolumn would

correspond to a transverse momentum consisteént with Kee decay mode.

3. Qther Scintillators in-the Trigger

Six horizontal staves about 6" wide placed.to.cover the active
area df'the vertical éounters were moﬁnted on eaéh front hodoscope
freme. These Were alsd made of l/h".fhick Pilot 'Y scintillatorrand
were équi?ped'with:special-bént strip light pipés wﬁich allowed each
of’them'to‘bé viewed by a éingle RCA 6810 photomﬁltiplier. Theif
purpose wasvmainly to provide protectibnbagainét éccidental triggers
due to noise in tﬁé front vertical staveé. These counters élso aided
the-event'reconstruction. |

One ﬁérficular problem with the K beam used in this ekperiment
was a neutron flux almost three orders of magnitudé larger than the
Kg flux. Many unwanted tfiggers.came frbm neutron—helium interéctions.
Often a»proton from such an interaction and an éssociated pion satisfied
the:angular-ﬁrigger requirement. However.thé slower protons could be
discriminated by & time—of—flight measurement. Unfortunately, the
MECL II.logic used in the matrix units.had a résolution of about 45
ns, an& an additional pair of counters had to be_added to do fast
left—fighﬁ coincidernces on the two arms of the spectrometer. These

counters and their associsted eléctronics were called chronotrons
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although they did not measure time as a chronotfoh usually does, but
were designed to produce an output pulse insensifive in time to the
position of the trajectory on the face of the counter.

Each fast counter was constructed from a 4' x 4' x 3/@* sheet
of Pllot F scintillator with light pipes attached as shown in Flg. 7.
The signals from the two top photomultipliers were added, as were the
signalé from the two bottom tubes. These.added signals were each
discriminated and shaped (to a width of about 3 ns) and fed into the
opposite ends of a special coaxial cable. At intervals of 6" the
center‘coaxial conductor was connected to diddes biased such that
they conducted only wheﬁ the pulse amplitude éorréspondedlfo the sum
of the signals from the top'and bottom of the countér. In this way,
the output timing of the chronotrbn,was independent of the altitude
of the incident particle's trajectory. Thié system was tested with
aAmovable'teleSCOPe and the output‘from the chronotron was found to
varyvat most by about 1 ns for particles anywﬁere on the face of the
scintilliator.

The outputs from the right énd left chronotrons were again
discriminated and shaped (to a width of ~ 5 ns), put into coincidence
and added to the trigger requirement. The timing and reliability of
these counters were periédically checked by runniﬁg with the chronotron
requirements out of the trigger and comparing the number of Knn avents
reconstructed to those in similar runs with the chronotron coincidence

required.
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.Thebaétﬁal spark chamber trigéervcoiﬁcidenéé:reduired five signals.
One éigﬁél from each of thé two matrix ﬁnité was;required as was a
signal frbm éachvof the two sets of six horizonté; staves. The fifth
fequireméht was the signal from the fast left—right‘chfoﬁotron |
coincidence. The five foldlcoincidence dutput simuitanequsly fifed the
spark chambérs,'sent oﬁt strobes to the iﬁdividuai_phqtcmultiplier
‘flip—flops, and started the mﬁsterlread—out cqntroi.

In order to tell which counters were involved.in an event, all
photomuipipliérs with the exception of the independent target and
neutron monitors were equipped.with lOO'ns delay cards after the |
discriminétors. The discriminator outputs'were‘diQidedvand signals
were sent to the delay cards and iogic unifs at thé same time. Thus
if a spark chamber coincidence occurred, the strébe signal could be
used with the delayed cbunter signal to sét a flip»flop.b'The state of
these flip—flops was recorded by the readout system and so all of the ™

. counters which were involved in each. event was known.

B. Momentum Analysis

1. Maggets

»Two.magnets were specially constructed for this expefiment to

' satisfy thg sfringent requireﬁent of the trigéer system that the line
integral be constant over the total aﬁerture.: The coils were borrowed
from a sténdard low power H magnet, and the coils and new iron were so
arranged a5 to make what 1s known as a picture frame magnet. 'By.shimming
the iron and working the coil packages as close toéether as possible an |

aperture 25" high and 36" across was obtained. The line integral was
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cbnstant t§ better than one percent for 95% of tﬁé expected orbits in
the experiment. Figure 8 shows a line drawing of one of these magnets.
Bothvmagnets were tilted 6O.Qith respect to the neutral beam
centerline to increase the solid angle for the expected Z-~body K decays.
The detection efficiency also increased with magnet aperture proximity
to the neutral beam. For this reason notches were made in the beam
side yokés.of each magnet and lead wedges ﬁere éttached to the éides
of the magﬁets. The magnets were then placed as hear to the neutral
beam as poésible and tﬁe.lead wedges acted as absorbefs for the fringes
of the neutral beam.
The line intégral uniformity was a'great help in the event’

reconstruction. In fact, one look—up table of mamentum vs. bending

angle with 60 entries pafameterized both magnets.well enough to measure

thevinvariant mass of the two secondaries to £ l/3%.»

~ The absolute normalization of the magnetic field was done using
the Kﬁﬁ evgnté, because the field measurements had been made before
the iron spark chamber support frame was installéd. Flux—robbing by
the support frame reduced the averagé line integral by about 1.4%
althouéh.the overall shape of the field apparently remained the same
as in.the initial field maps Jjudging by the succéés of the momentum
parameterization. |

Magnetic shieids were necessary because the fields at the spark
chambers nearest the magnets were too large for practical usage of
magnetostrictive readout. Iron plates 1" thick were fitted to both

slides of each magnet with rectangular holes cut in them just large

-
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enéugh to let the.secondaryvparticles through. Four inch irom-
channel was welded onto the perimeter of the hole to further reduce

the magnetic field beyond the iron plate.

2. Spafk Chambers

Because of the ﬁomentﬁm resoiution réqﬁirements ofvthe experiment,
the spark éﬂambefs-had to be constructed With aé few radiation lengths
of material as possible; Each épark chambef had four pianes of 3 mil
diameter aluminum wires spaced 1 mm épért. Magnetostricﬁive readout12
was used and each chamber géve two x and two y measureménts for each
particle passing through. | | |

Each.spark chamber's planeé of wires made up two gaps of 3/8" with
the two inside planes of wires, separaﬁed by only 2 mils of mylar,
sharing the high voltage pﬁlse. Figure 9 s}:’xows" the 6rientation of the
wire pianes and their relationship to the magnetostricfive pick—up wires.
The piék;up wires'weremeunted on aluminum fars with thé sensing coil
and preamplifier ét one end. Thesé bars or-wands'fitted into slots
milléd in the NEMA G10 fiberglass'frames and were héld tightly against
the épaik chamber wires with teflon coated'springs.

There were %wo chamber sizes; the active areas were 40.5" horizoﬁtal
by 29".v¢rtical in the front 4 chambers éhd k2.5" x 37.5" in the last
six chambers. The next—to—last chambers were rotated 10 degrees in
fhe plane of the chamber to ﬁelp resolve ambiguities in case of multiple
trajectories.

All chambers were éupporfed and held in place b&va steel flatform
vhich was one structural unit extending from the front spark chambers,
below the magnets, to the rear spark chambers.> The spark_chambers slid

in and out on steel bars held by the support platform; The steel bars



- 18 — UCRir197O9

were aligned and shimmed to lie in a plane before the final magnet
and spark chamber support assembly was made. Fipal spérk chamber
alignment Qas done with straight tracks from periodic runs with the
magnets off. The rms deviation for sparks on fitted tracks varied
from 20 to 40 mils depending on ﬁhe chamber operating cohditions.

Each éhamber had one spark gap attached to the top corner
opposite the XK beam. fhe trigéef electrode was an easily—replaéed
Champion épark plug which was puléedvby'a master sfark gap developed
by the LRL pIG3 group. The Sprague 4000 ﬁf capacitors on each
chamber spark gap were charged to about 12 KV wifh a speciallchafging
system developed for this experiment. This system featured a one
ms delay before rechdrging began and a 0.2 ns reéharging time. The
high voltage on the central spark chamber planes was about 4 Kv with
a‘rise:time éf-about 60 ns (10% to 90% amplitude) and pulse length
of about 120 nsr(FWHM); V

The chambers were operated with the usual 90% neon — 10% helium
mixture and doped with ethyl alcohol at 10% of ﬁotél vapor saturation
concentration. The amount of alcchol in the chambers changed theirv
performance drastically. For example, no sparks would form at normal
operatiﬁg voltages without alcohol. If the alcohol concentration
became larger than about 15% the chambers tended to spark in places
not associated with the particle trajectories.

The céncentration of alcohol was held constant by bubbling 10%
by flow rate of the neon-helium through a bottle of ethyl alcohol
held at 19° * 2° Centigrade. After the gas passed through the

chambers the alcohol and other impurities were removed with liquid
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nitrogeh‘ﬁrap'and the gas was récirculatedfthrdughfthe alcohol and
chamber syétém. All chamﬁefs were fed in'paraliel énd the flow rates
were such ﬁhat the gas was.exchangéd in something less than an hour.

Diodes.on the chamber spark gaps allowéd'a.dgc..clegring field
to be appliéd across the chamber; for the 10% alcohol miXturéva value
of 70 volts was generaily used. Also a pulsed clearing field pf about
1 XV was applied for one ms a few ms after each firipg to help clear.
the gas of sbark remnants. -

3.  Readout

The magnetostrictive readéut system was of conventional design in
most respécts. Eéch wand picked up.two signals from fiducial wires
mounte@ én the chambers at the ends of the wand. These signals
bracketea the signal from the spark.‘ The waﬁd pick—up wire was
polariZediwith a permanent magnet and currents passing thréugh the
nearby.fiducial or spark plane wires caused a sonic pﬁlsg to propagate
down to the end of the wand. vapical speeds were éOO pé/meter. At
the end of the wand‘the sonlc pulse was piéked up by a'coil and pre—
amplifler. The ratio of the time between the first fiducial signal
and the spark and the time.between the first aﬁd last fiducilals
measured the position of the spark relative to the physical distance
between the two fiducials.

The times between successive sonic signals were measured Qith
Scientific Accessories Corporation (SAC)‘digitizers. These devices
consisted of a set of scalers for each wand and a 20 MHz élock. The
pulse from:the first fiducial turned on all the écalers in a set which

then counted the 20 MHz clock. Successive wand signals turned off
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the rest of the scalers in order. These.scaler feadings were written
on magnétic tape for later analysis.

The chambers upstream of the magnets were more expdsed to secondaries
from neutron and y interactions than those downstréam. For this reason
the frontﬁéhambers used 6 scalers per wand and.cbuld then measure a
maximum'éf_é sparks while the rear chambers had only 4 scaléers per
wand. Although the SAC boxes were equipped with.tﬁéir own discriminators,
the range Qf amplitudes of preamp pulses was large enough to require the
use of zero—crossing discriminators to get the best possible resolution.

The wand signals were_continuously monitored with an oscilloscope
as there weie problems'with the pickrup wire becoming depolarized and
therefore less sensitive to the épark-signal. TheIObservéd depolarizafion
seemed to be due to Stray magnetic field fram thelmagnets and the steel
spark chambef support frame. When the picture frame magnets' polarity

was reverséd many of the wands near the magnets had to be repolarized.

P

4.  Helium System

The helium system extended from the upstredm end of'the last
sweeplng magnet to the last spark chamber. FEach interface between the
spark chambers and helium containers was made with 1 mil thick mylar
coated with 1500 X of'aluminum. This special material was originally
ordered as a means for putting a clearing field between the ground
planes of the spark chambers aﬁd the necn helium container wall. The
cleariﬁg field was found not to be needed but the aluminum'coated mylar
had 1/10th the helium diffusion rate of the uncosted material. While

the diffusion rate would have meant a considerable loss of helium the
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real probiem was that the helium would diffuée into the spark chamber

gas and change the neon—helium ratio.

The thin membfanes were susceptible to damage from errors in
pressuré_regulatioh‘but“the problems were not réally too great. The
pressuré-ﬁas easily regulated to i 0.05 inches of water. Relief valves
were also used. The.upper spark chamberlsuppbftg"were made of 6 inch
diameter-pipe which served as a helium manifold ﬁo feed all of the
boxes in parallel. The helium was récirculated’fhrough a .liquid
nitrogen trap in a system similar to that usedifOr the neon to insure

the purity of the gas.

C. Particle Identification

The sighals from both the Cherenkov counterS'and range counters
were not used in the triggef. All photdmultiplier'signaISvfrom these

identification devices were recorded with each event.

1. . Cherenkov Counters

Electrons were detected with twé Freon 12'Cherenkov counters
placed between the hodoscopes. The small angular:divefgence of the
segondafy particles (¢ 45 mr) implied that these counters could be

constructed with fairly simple focal properties. A spherical lucite

mirror in each counter reflected the Cherenkov light back to three

v

RCA 4522 photomultipliers on the top of the counter. See Fig. 10.
The focal length of the mirror was 100". Light collection efficiency
at the photomultipliers was increased by using paréboloidal light

cones.
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These counters were tested in a parasitic‘beém‘at the Bevatron
and found to be better than '99.5% efficient over moét of the area
defined.by the trigger system.

Analysis of events taken from normal running conditions of Ke3
events has shown that about two percent of the piéns counted in the
Cherenkov counters. This pion "breakthrough' may have been caused

by delta rays produced by the pions, accidental coincidences from

other particles, or scintillation in the Freon 1Z.

2. Range Boxes

A schematic of one of the range determination systems is shown
in Fig;-lO. EFach system consisted of a carbon block followed by a
‘box bontaiﬁing layers of iron and séintillator. In the analysis,
strongly iﬁteracting pions were distinguished from muons bj typicaliy
havingbless penetration into the carbon and steel of the range box.
Muons,bintéracting only electromagnetically, had ranges well defined
by their meaSured momenta. Although the rénges of pions and muons
of the samé momentum are different because cof ionization energy loss,
in this experiment the less subtle differences due to nuclear attenuation
were used to distinguish the two types of particles in the events of
interest.

Carbon was used instead of iron in the first stage because it
has higher nuclear absorption for a given range of material. Considering
the expécted pion mamenta, the carbon was expected to stop 89% of the

incident pions while an equilvalent range of iron was expected to stop 82%.
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Behind-the,carbou bleck were 17 scintillators with 4 x_h' x 1"
plates efusteel arranged to'give the bestbposeiblelresolution to the
 device. The scintillator—ireu pattern:is shown iu.Fig. 10.

Sheets of 3/4" thlck 4' x 4! pilot F sc1ntlllator were used in-
the flrst eight positions and sheets of Nuclear Enterprises 102 .
scintillator of the same size were used in the last 9 p051tlons. The
Pilot F scintillator worked very well with only one Amperex 56 DVP tube
placed in a corner as shown in the detail of Fig. 10. Because of
greater light attenuation in the plastic the NE 102 scintillator
required'twe tubes each placed on a top corner. Tests on g1l
scintillators'in a Bevatron test beam indicatedlthat the Pilot F
could be‘expected to be at least 99.99%'efficient even at the least
efficient spot on the face of the scintillator. Tﬁe NE 102 was
slightly,less efficlent even though equipped with an extra tube.

Actual tests of the characteristics of the.range boxes were
made uslng samples of Ku3 events. In the analysis the measured range
of a particle was taken to be defined by the last two adjacent counters
which.fifed. Thls was necessary because of occasional.accidentals in

the downstream scintillators.

D. Datea Acquisition and Storage

~ The standard LRLrNIDBUSlh,system interfaced with a Digital
Equipment‘Corporation PDR9O computer was used to read and store events,
each time the spark chambers fired. The trigger loglc box was the

starting point for the information system.. If the usual requirements
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of beam'spill, camputer ready and H.V: ready Were‘ﬁét it could respond
to the fulfilled trigger requirements by sending;out three signals.
One wasvthe éounter strobe, another the méster spark.chémber trigger
which fired the spark gaps on the individual chambers. The last was
to the NIDBUS Master Control.

The Master Control zerced and enabled the SAC‘boxes, paused to
let them digitize the wand signals, theﬂ read ahd'sent the information
from all of the scintillators and wand scalers to the PDR9. This
information;went via the déta éhannel rather than through the accumulator
so the computer could continue to check previous events.during the data
transfer.

The opérating program made various checks on the data, notified
the experimenﬁer if anything was abnormal, and wrote the events
accumulated in the event buffer on magne?ic taﬁe if the buffer were full.

The event checking ineluded comparing each set of wand scalers
for consistency. Besidés checking for monotonically increasing scaler
readings and zero readings, the program also lgoked for a scaler
reading cofresponding to the distance between the two fiducial wires
on the chamber. This was the most important data check the computer
dld; by comparing the scalers to a table of fiducial numbers, it found
such things as bits stuck in the SAC box scalers, bipolar wand pulses
caused by stray magnetic fields, and early starts in the scalers due
to errofs'in gating or noise on the input lines.

Histograms of hodoscope counters invelved in spark chamber triggers

were kept and could be displayed by setting sense switches on the
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camputer., By ldoking for contiﬁﬁityiin these ﬁistograms one could
continuously monitor fhe relative_efficiency of:the coﬁnteré.

Because each chémber géve two x and twb ¥y measurements it was
easy to check for efficiency by looking for pairs of sparks with the
same coordinate. The pércentage of thése.doubleg wéé.a good indication
of the whole system‘é effectiveness. Some of the problems discovered
with doubles percentages 1nciuded gas line constrictions, wénd
depolarizaticn, clearing.field dlode failures, and SAC box scaler
failures.v | |

.Sensevswitches also allowed th¢ display éf one event per Bevatron
pulse on a CRT screen. AllIHO'wand.signals and all hodoscope counters
were arranged to represent the event topologically; .Range box and
Cherenkov counter signals were also dlsplayed. Figure 11 shows the
provérbiai typical event. This display was useful for finding chamber
_breakdoWns and monitoring the percentage of kinématicélly.recbnstructable
events under the various running conditions. One could.alSO choosé
~which of the events of the Bevatron spill to be displayed. This was
in case the beam conditions changed during the spill; and to see if the
chambers were not recovering fast enough between firings.

It should be emphasized that all errors discovered by the computer
were immediatély made known to the experimenter. In fact, the prompt
discoveries made by the'PDP—9 of faults in the apparatus were essential
tq the efficient operation of the experiment.

Under normal operating éonditions_a data tape wastfiiled in 2 to

L hours. These tapes were then taken to the CDC 6600 computer where
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they were suﬁjected to a more detailed error analysis. The 6600

programs, ih addition to doing the same kinds of scaler checks as

the PDR-9, checked for spark chamber movement, proviaed more permanent

histograms-and provided decay vertex plots for background monitoring.
The final data tapes were also copled onto the LRI, Photodigital

15

Mass Storage System for permsnent storage and easy retrieval.

E. Neutral Beam

The pr9duction target was located at the Channel I 3rd focus of the
external proton beam (EPB) of the Bevatron. Most of the running
- described in this paéer was done with one of two targets; one
copper ;2" &ide x 1" high x 5" in the EPB direétidn, the other
platinum .2" x .1" x 2". The proton beam had between 1 and 5 x lOll
protons pef pulse for most of:the running and a kineticvenergy of
L.8 Gev.

A diagram‘of the neutral beam collimation system is shown in Figs.12a
and. 12b. The neutral beam was taken from the production target at
3.7‘O doﬁnward. Thié angle was chosen to be safely away from the large
proton charge—exchange diffraction peak. Also it had the safety
feature that if the EPB backstop magﬁet failed, the proton beam was
stopped by the shielding and could nof come directly into the experi—
' mentai area. |

Althéugh the downward angle did lead to loss of leg roam at the
downstream end of the spectrometer (see Fig. lO), it did provide

left—-rig_ht symmetry for the total beam—spectrometer system.
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The h§rizon£al uranium collimaﬁbr:near the begihning of the beam
line was remotely adjustable and was very ﬁsefﬁl fér initial besam
studies.  if was also used to comﬁensaté for éhanges in intensity or
focusing of the EPB. The Jjaws of.this collimatof detérmined the width
of the'beam; with the ad justable collimator wide open the beam was
19.5" vide and 24" high at a point 50' from the target, exactly between
the twdipicture frame magnets.

'In.actual practicevthe background in the front spark chambers
from neutron—helium intefactionsblimited the déta‘rate._ The nofmal
operating conditions were with the adjustable collimsator about.5/9
open ahd‘l_or 2 x lOll protons ﬁer pulse on théutarget.. In:this
configurétion about 3 x thIK; per pulse passed.through the decay
volume. This caused trigger rates of 10 to 20 per pulse.

The'mbst effective sweepiﬁg magnet was.éhe EPB backstop'magnet
XIM7. The next magnet Ml swept verti;ally:and further reduced the
charged particlé counting ratesvin the hodoscopes by 30%. Thé last
sweepingﬁmagnet made little difference in scintillator rateé but
did séem to reduce the average number of sparks per event in the
front sperk chambers by 10 to 20%.

‘The 1.2 millisteradian beam vas the largest neutral beam ever
used at the Bevatron. Neutron fluxes of nearly_lO9/sec with 5 x lOll
protons per second on fhe target caused largevbackgrounds in
scintillators even when air was the only material the neutrons passed
through, |

The decay volume helium box helped reduce neutron interactions

- which caused charged secondaries to go through the picture frame
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magnets; Adaing helium containers downstream of the picture frame
magnets did not help very much, but 6" steel plateé.placed on both
sides of the beam there helped reduce backgrbund iﬁ the'counters.
These plates extended from the shields of the picture frame magnets
to the range boxes. To reduce accidental counts coming from the beam
stop a ?e—entrant cavity 15' deep was formed frqm concrete blocks to
stop the beam. | |
| The EPB intensity was monitored with a secondary emission monitor
(SEM) placed upstream of the target. The few mils of aluminum in
this monitor was large enough that interactions with the halo of the
EPB caqsed neutrons which escaped the primar& collimation system to
interact at the top of the last sweeping magnet. Charged particles
from these interactions caused spuricus sparks in the front chambers
and neéeésitated moving the SEM several feet upstream of fhe
target;V Even with the SEM moved 10 feet upstream of the target, of f—
axis neutrons were still produced 1In the target area by the halo of
the protén beam. A foot—long, wertical uranium collimatpr, the mini—
collimator, was placed behind the EPB backstop magnet to.help stép
- these neutrons. This reduced the beam solid angle by about 25% But
because of the limited vertical apertures of the picture frame magnets
it reduced the useful kaon flux ornly slightly for éoplanar decays.
The amount of beam hitting the target was monitored with é 3~
counter telescope (IM) which looked directly at the target. Also
two.neutron counters (see Fig. 3) sat directly in the neutral beam
at the.entrance to the backstop cavity. These monitors were not used
for normalizatlion but rather for checks on the stability of bean

conditions.
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IV. DATA ANALYSIS

"A. Event Reéonstruction

The iaboratory coordinétes of the fidﬁciél wires in‘éach spark
chamber Wefe originélly determined with standaid sur?eying techhiques.
Consistency was.chegked an@ fine adjustments were made with events
taken wifh the magnets turned off.. Glven ihe fiducial‘coordinafes the
real.spaéé inﬁerpretatibﬁ_of the wand signals folléwed‘ﬁifh simple
ihterpdlation. o |

Iﬁvthe'fpllowing discussion x and Yy meaSure@ents ¢orrespon& tb
horizbntal.and'vertical displaceﬁenfs,.réspectively."Sihce no‘diagonal
wires were used in the chambers thé_x and y wand signals wefe independent.
For example; 6 sparks would give 6 horizontal wand signals and 6
'Vértical'wand signals which implied 36 ﬁossiblé.spark positions.
Although.more than 4 sparks in a chamber was rare it was cleér that
permuting coordinates for 40 wands would be vefy fime consaming.

Thé‘associationiof the Wand signal coordinatés into lines
consistenf Qith poésible trajectories was simplified by fequiring
that there be at least oné X and one y coordinate from eéch chamber
aloﬁg a trajectory. Use of the hodoécope_information also simpiified
the recénstruction.

Each arm of the spectrdmeter was treated independently before
the decay vertex was tested. The techniqué was to use the staves in
the'trigger to define acceptable areas inbthe reaxr spark chambers.
Then if a trajectory were found in the last three'chémbérs, it was
extended forward through the magnets to help define acéeptabie aresas

in the two front chambers.
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For each side, the vertical staves in the trigéer'defined an
acceptancé'cqrfidor in the three chambérs behind tﬁé magnets. All x—
coordinates in the corridor Werevpermﬁted_to find.poésible fits to a -
straigﬁt line. The real space x coordinate in the rotéted'middle chamber
depended onsboth the x and y wand coordinates. The best éqmbination of
the x and y wand signals in the rotated chamber for the three chamber
straight line fit was used. This then determined the feal sPace'position
of the sparks in the rotated chamber. | | |

Thé horizontal s£avé in the trigger and thé‘ieal space y coordinate
in the rotated chamber defined accepténcé areas for all y-measurements
in the othgf rear éﬁamberé. A1l accepfed'rear y meaéﬁremeﬂts iﬁ these
other chémberé were then.permufed for straight line fits. The straight
line f}ts were requiredvto héve a xz per degree éf'freedom‘of f.3bfor
the 6 spark traéks.. The rms deviation was_assuméd to be 50 mils which
was slightiy largef than the wors£ case observéd. |

Thé intersection of downstream trajectories and the midplane of
the magneﬁvdefined a spot whiéh was then used to form possible traéks |
in the fronf chambers. Thé y projecticn of the t?ajectory behind the
magnet with a small correction fqr vertical focusing of the magnet
served tb define the yvcoordinate acceptance corridor.in the front
chamberé.. The spot on the midplane and the deéay volume limits were
used to define an acceptance corridor for the front x—coordinate meaSuré—
ments.

All possible spark interpretations in the front corridors which

gave trajectories within 1" of the magnet midplane spot were analyzed.
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The ffont trajectories on the two'sideé of the apparatﬁs were then
tesﬁed for an acceptablé vértex in the decay volume. The intersection
of the right aﬁd left front trajéctories iﬁ the Xez ﬁlane-(z ié the
beam directibn) defined the decay point. The two y valueé, YD1 and.
YDz, were calculated for the trajectoriéS'af the decay point.’ The
average of YDl‘and YDZ was used to testvif thé eveﬁt'ﬁook place in the
decay volume;b The differencg, YDL—YD2; was used tq.chéck the validity
of the event. | » | “ |

Figuré 13 shows the distribution of distances betwéen the
trajectories_at the.decay point for all acéepted Kﬁn events. The:actual'
cuts on the events varied from 0.5" to 0.8" depending linearly on
whether the decay was at the downstream or upstream end of the decay
volume. o

.Eveﬁﬁs vere eliminsted if a trajectory came to within about i/z"

of the wall of the helium box which lined the magnet.

B. Reduction to 2—Body Final States

‘ Events with at least one camplete trajectory.in each arm of the
spectrometer and an'acceptable vertex were considered 2-body candidates.
If there were more than one tfajectory on a side each was tried for the

-best two-body fit. |

The meésured momenta and positions of:the secondaries and the
decay vertex were used to project the parent.particle's'path back to the.
target. The distance of closest approach of the parent trajectory to
the target was then used to further eliminate spurious events. All .
Z—body candidates with parents having an‘apparent origin within.z,h" df‘

“the target and having an invariant mass within 20 MeV of the mass of the
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kaon were stored in raw form. Both pion and muon-identities'fbr.the
secondaries were tried in forming the invariant mass.unleés Cherenkov
signals defined the particles as electrons.

The q@hdensation reduced the data sample frcm about i.3,millioﬁ
events to about 40 thousend and took 10 hoﬁfs on the CDC 6600 computer.
The target limits and the invariant mass limits were chosen to eliminate

spurious two body events caused by K, decays and yet not allow any

43

possible 2 body events to be lost.
Flgure lha shows the distance.of closeét approach to the target

for all reconstructed events in the condensed sample. All events

originating within 2" of the target vere used in the final analysis

of the next section.

C. Normalization Sample

The number of K events monitored directly the number of kaons
which deéayed~in”the'decay volume. - Figure 1l5a shoﬁé the invariant -
mass of all events without Chereniov signals in thé condensed data
sample which gave an invariant mass withiﬁ 20 MeV of the kaon mass

when interpreﬁed as K__ .

1. Resblution'

Considering the momentum- distribution of the secondaries from the
sample above; any pion fram the Kﬂﬂ events had about a 13% éhance of
decaying before leaving the momentum anslysis sjstem. .A more accurate
measurement of the invariant mass reéolution for the two lepton decay

mode was.possible 1f plon decays—in—flight were eliminated from the Kﬂﬁ
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sample. Figure 15b shows the invariant mass plot fof those Kﬂﬂ candidates
which had neithér secondary penetrating through the carbon degréder.

These events, althoﬁgh they have a lower kaon momentuﬁ and thus worse
resolution due tb multiplé scattering, were less likely to have decays

in flight. These events also have less contamination due to K

u3

events
and the shape of the peak is more easily seen.

Figufe le then represents the invariant mass resolution for the
two—lepton decay modes, which also should suffer no loss of resolution
due to'decdys in flight. The rms deviation is about 1.5 MeV. The
distance of closest approach to the target of the parents of the events

in Figure 15b 1s plotted in Fig. 1hb.

2 Backgfound Subtraction

Both X
M3

identified secondaries in the three body decays could léad to an invariant

and Ke3 events could be mistaken f‘c_xr'_K_mt events. Tncorrectly

mass near the K mass. However, Monte—Carlo investigations showed that
events of this type would cohtribute'a fairly smooth background. Figures
16a and 16b show the straight—line,_eyeball»fits to the backgrounds for
data fakeh at the Kpu and K%ﬁ magnet settings, respectively. More elaborate
fits did not seem appropria?e as approximately 5% of the Kﬁﬂ events were
expected to be completely lost due to decays in flight before this stage

in the analysis.

3. Detection Efficiency

All data used in this analysis were taken at two magnet settings;
one at the transverse momentum of the K.Hu mode and the other at that of
the K mode.

b6 ‘

The efficiency of the detection system for a particular two body
decay mode with the magnets set at a certain transverse momentum was

easlly measured. Using the independent target monitor for normalization
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and taking runs at different magnet settihgs; the number of L events
found could be compared to the numbér ékpected. The numbef eXﬁected was
based on the K&%vrate with the magnets tuned to the K#ﬂ settihg;' By_
taking 28 runs with'ﬁoth Kﬂn.and Kuu magnet settings intermixed to
eliminate any systematic errors the efficiency for detecting Kﬂﬂ events
at the Kﬁ“ magnet setting was measuréd to be 69% i 5%. |

That is, at the K setting there were about 960 K__ events while
the numbef of.KﬁﬁJt events‘at the K&ﬂ magnet setting renormalized with
the'independent monitor indiecated that 1395 sﬁould have occurred. The
missing events Were!from low mamentum kaons which had'éecondaries
deflected"ipwérd due to the.higher magnetic field at the Kuu sett;ng.

Thisfméthodfof measuring the relative detectiqn efficiencies of
the apparétus'for different magnet settings and for different decay
modes is only good to ;’few percent due to the slightly different
average opening angles for the different two bddy decay modes.

The same téchnique_was used to measure the detection efficiency
for Kée events taken with the magnets set at thevﬁranévefse momentum.
of the K;Utmode. In this case, the magnets ﬁere-Set to p* = 171 MeV/c
to allow the K%ﬂ events to simulate Kee events decaying with the
magngts at the Kmt setting. The result of this mgaéﬁrement was that
85%‘1.15% of the'Kée events would be seen with the magnets at the L
setting. Although this number was not measured very accurately, only
about one—tenth of the data‘was taken at the Kmt magnet setting and
the final results were correspondingly insensitive to the preciée

value.
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The-nUmber‘of KM events at the K&ﬂ magnet settiné was 2450 and 4
‘at the Kﬁ“ magnet setting the number was 20600. TheSe numbers are
taken from figures l6a.and-l6b. Correeting for detection éfficiency
for'Kﬁﬂ at-theKWt magnet setting these pgmbe?s cambine to give an' 

effective total of 32250 K _ events.

D.' Two lepton Candidates
_ Both Kﬁg and.Ké“ Eandidétés vere aéceptéd from'fhe tWo bod&.sample

only if the mﬁons stopped within 3 ceils of their expectedvrange in
the range boi. The expected range was détermined'from standard rénéé
tables andvtééted using recoﬁéﬁructed Kﬁ3 events. 7

Figuré 17 shows the invariant.mass'diétribution of the fihal 2
lepton candidates after the 3 cell cut was madé. There were no Koo
candiaates within 20 MeV and né Kue candidates withih 11 MeV of the
mass of therkaon. R ‘ |

The two KPM candidates~with én invariant mass‘above L85 MeV were

examined to see ifvthey were K _ events in thch the pion had decayed

n3
in flight; Ordinarily suéh a decay could not produce such a large
increase in thé inﬁariant mass. However if the pion decayed in or
near the magnet the bendihg'angle could be mismeasured. The simple
magnetvparameterization waé insufficient to test for these decays in
'flightvand'Orbits_had to be traced throughvthe magnets using the
measured fields. | | |

o test the validity of the ¢rbits:, secoﬁdaries from the K -

s&mple which stopped before the range box were used. From this

restricted K semple, secondaries were chosen which had the same
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orbit characteristics as the Kﬁ# candidates. All Suéﬁ Kﬂn trajectoriés
within 3" of the magnet midplane spot, within 20 mr of'the'dip angle,.
and within 20 mr of the bending angle of the incidenﬁ Kﬁ# candidate
trajectory in question were traced through the maghets.

Both of the Kﬁp candidates had one trajectory yith a range shorter
than the expected muon range by 1 cell of the range box. These
tréjectories and the associated K&ﬂ_trajectories.weié éompared for the
two Kpu candidates. Figure 18 shows the difference beﬁween thé
predicted and actual x value ‘of the midpiane'spot for the rear
trajectory for all orbits. The dark squares répreéent the Kp“_candi—‘
dates. The pfediétéd value was deﬁermined by starting_from the
prajectory.in:front of the magnet aﬁd integrating thrdugh the field.
When.the frajéctory héd passed through thg field a neﬁ midplahe spot
was predigted by tracing a straight line back from the orbit to the
magnet midplane, R

Both'xpu candidates were cdnsistent with Ku3 Qegays with the pion
dedaying in or near the magnet. The one candidate with an invariant
mass near the Keon mass, for example, héd a 2—1/2_standardvdeviation
magnet midplané spot discrepancy and stopped 1 cell short of ifs

expected muon range.

E. Results:
If one event of each of the leptonic modes had been found; the

branching ratios relative to the K mode would be

o} +
P(x -2 2)
32200

r (KE - )
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Using the measured value for the K; - n n branching ratio the total

branching ratios. based on one event would be

r(xg-»zf* ) ‘8

r (K; ~ all)

= k.9 # 1

The probability of'finding n events when x events aredéxpected is given

by a Polsson distribution.

e—'X Xn
P(n) = —T
The. probability of seeing O events when 1 is expected i1s éfl = V37T

Thus the probabllity that the above branching ratios are smaller than
the actual.values ié 37%. Alternatively, these bfénéhing ratios
represent upper limits at a 63% confidence level.

The’customary confidence_levél is 90%. To héve'lo% probabllity
of seeiné 0 events, the expected number must be X = £ne 10 = 2.303.

Thus the 90% confidence levels are 2.3 times those above or

| P(KIO‘—*E+£_)
- I‘(KE-»all)

< 1.12 x 1077 (90% C.L.)
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V. CONCLUSION

A. Second Order Weak Interactions

Thevnew upperbbound set by this'experiment on the Kpg rate puts
a new limit to the weak interaction cut—off, A. This parameter
appears &as the enérgy limit of the divergent loop integralvof the
diagram oﬁvéage 3. Ioffe‘and Shabalin6_calculateA o v |

o) + - 2
T T = o) 3 G
(K -»p v) (4x)

= 5
m
P

The 90% confidence level value for'the Kﬁ“vbrgnchiﬁg ratio limit
implies A S 52 GeV (42 GeV for 63% C.L.). One interpretation of this
result is that weak iﬁteraétions involving energies'near 50 GeV muét
exhibit new characteristics. This conclusion is somewhat"analoéoué
to the 25OVGeV limit impdsed by the electron-neutrino cross—séction
calculation mentioned in the introduction. The difference is that in
the cross—section célculation the limit on A is the result of a con—
tradiction betwéen the energy dependence of the cross—section and the
limits imposed by unitarity. In the Kh“ case a value for.A appears
as a contradiction between & calculated second order process and a
physiéal.measurement.

If the‘cut—off is due to'electromagnetic interactlons, as Ipffe
and Shabalin suggest in their model of twovcharged intermediate,bosons,:
the mass of the intermediate boson should be approximately.one twelfﬁh R
of A, 1l.e.,

m S 4.5 gev for 90% C.L.

m, S 3.6 GeV for 63% C.L.
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B, Neutral Ieptonic Currents

Thét evidenée for the existence of neutrai-lepﬁbnié currents will
be seen in:the Khu decay modé is doubtful. fhe uppef limit for.ﬁhevv
Kﬁ“ branching ratic set by this experiment‘is very close to the
predicted eléctfomagnetic.Kuu rate. | |

The electromagnetic Kpu branching ratio relative #o all modes is
probably greater than 5 x lO—gsandkmay be'larger.thén_10—8.v If_the
experiment of Hyems, et al., which heasured the né = up rate, méy bé
interpreﬁed‘as indicating that the.}l<177 form factor ié'anamolouslyb
large; the'electromagneticéliy in@uced-Kﬁu‘branchiﬁg ratio may be
between 2 and 4 x 10_8. The ﬁubliéhed results ovadeth ét al. combined
with £he resﬁlts of this experiﬁent imbly that the Kpg brahching ratio.
is no larger than 3.6 x'lO—8 (63% C.L.).

There is the péssibility that the'effeéts of neutral currents are
the same magnitude as the electromagnetié effects in the K“M>decay mode.
Perhaps the high no - p+ W rate is due to a neutral-léptonic current.
'Such a conspiracy of nature would be particularly pérplexing'és‘the
present uncertainties in the electromagnetic calculations preclude the
required precision to separate the effects.

The K, end Kée'modes, on the other hand, areinot affected by
uncertainties in the electromagnetié calculations. However the
existence of the Khe mode would'indicaﬁe a vidlation qf the rule of
separate lepton number conservation. And even if there were‘neutral
currents this rule could still be Valid.

The Kée mode 1s still a likely place to observe neutral currents.

However to have some hope of detecting this mode at the present level



- %0 — R UCRI~19709

of experimental sophistication, the vector—axial vector leptonic coupling
must become scalar—pseudoscalar. That is, the new KMH limit and the
relative rates calculated in Appendix A using V--A coupling set an upper

limit for the K_, brenching ratio, i.e.,

g et ) Lz,
< 2.7 x 10 (90% C.L.).
(K - all) | -

This iesult not only depends on the V-A coupling but the form of
the neutral currents used in the calculation. In the added neutral
leptonic current in the Appendix A calculation the symmetry between
the electron and ﬁuon current was assumed. If the Keé rate is méésured
to be larger than the above upper limit and can be shown to be V-4, it
would_be_a viclation of electron—muon universality. |

Ags a final comment, it must be noted thatbthis experiment is’
being coﬁtinued° The data represented by this analyéis were taken
before the Bevatron éhut—down which started_NovemEer-Zu, 1969°v Data
taking With'é glightly different trigger scheme started agaiq in
February 1970. Hopefully, enough data will be collected eventually

9

to allow'branching ratio measurements near 2 x 10 ° for all three

e}

dileptonic KL

decay modes.,
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- APPENDIX A

As an‘éxémple of the teéhn;ques used in calculéting weak processes,
the relativé rates for-thé threé possible neutral current elements of. -
page 3 are‘calculated for Kz“deéay. . | |

| Ignoring the formal aspects of the theory (and the language of
field thebry: Lagraﬁgian density, creation and destruction operators,‘

etc.) a weak interaction matrix element can be written

G ..
M = ——-JJT
| - Nz
~ 1070 + S
where G = —5 and J and J include only the parts relevant to the
‘m ,
P

particul&f matrix element in question.
A complete phenomenological form for j, consistent with all

observations, is

- H ) |
J = cos8y Jas—o Ins-1 b dngm1

where GC is the Cabbibo angle, is the ordinary charged'leptonic

£
Ing=1
current as on page 2, and JgS=O and Jiszl are the currents due to

particles which also interact strongly. The S refers to strangeness,
and the j and J are kfcomponent vectors.
If a neutral leptonic part is added with an angular suppression

factor, j can be written

. . ' . . 2
= -+ o d s .
J coseC J§S=O sineC J§S=l + cosv + sin® JAQ=O

)
JAQ=1
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KE - lepton—antllepton the matrix element is-

& sin6 sin® JH ;o

M 4z C L YAs=1 JAQ?

The hedronic part of J is rélatively unknown aué fo the masking
effects of‘strong iﬁteractioﬁs and the_besf tﬁat can be doﬁe is to
assume a phenemenologieal approach to Jiszl..‘If the neutfal leptonic
current were an ordinary current»in the sense that it is a Lorentz
four—vector, then J§S=l must have four components to make M a Lorentz

invariant. - The only vector associated with the kaon is its four—-"

momentum. © Thus

H ;
Ipgep = T ) Py

where f 1is a form factor, ¥ the kaon wave function and PK the four-
momentum of the kaon.

The‘complete.matrix element for Kz — lepton-antilepton is
Vu

M;‘IG—fsinec_sincp] TP, ou Y (1L+7 o

)
2 Ko 1 @ 2

where 1 and 2 refer to the antilepton-and lepton. - The notation is Such that
the Dirac equation is (P-m)u'= O or u(? m) = 0 and the p051t1ve energy
projectibn eperator is uu =P + m, Momentun coaservatlon and the Dirac

equation can be used to simplify M, i,e° 

wor, (1w T5) U,

A =P
- Ky 1 |
= WP T, (1 + YS.) u,
e
- ul(p + 1‘)2) Ya-(l + TS) u, ‘

(contd)
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(contd) - ' o

fo =
I
<

=, (B v By) (L4 vg) u,

El. [ml (1 + ’75) + (1 - 75) mg] ‘u2 o | (Al)

Uy [(’”1 tomy) + (my - m) Y5] %

Case 1) For the pp and ee modes this becomes
A =2 mﬁ‘ul U,

Case 2) For the pe final state, the mass of the electron is negligible
compared with that of the muon and

A = mP Ei (1 + YS) u,

The conjugaﬁe equation 1is
1.

A :‘._rnp.u2 (1L -7

u

5) 1

For Case 1), m, =m

1 52 the squared matrix element is

IM 12 . .[:[;‘sme sin:pf dr ﬂr;‘ (emﬂ)2 [(El,'uz\) _(E'l‘ug)f]

_Implicitly summing over final spin states‘by using only the posi=- .

tive energy projection operators, the second term in brackets is

!
o
=
i

(v u5) (uy uy) = u; U, 44
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The last step follows from the kinematic relationship

2Ppn By = (P +P) -P - P
2 2 2
e G T~
= ng"' 2 ’n/‘2 .

And thus the final squared matrix element for a_Kg decay into two

leptons of the same mass is.

2 ,
M 2 == ane sin® 8 m 2 m 2
] P

Jg K
For Case 2), the pe mode ,

W; [JE smé smcpf mp?[(al(; *75) up) (3 <1‘- 19} ul)}

Summing over final leptonvspins,”by using the same proceedure as in
the equal mass case,'the second factor in brackets is
[u, (1 +7.) uilgz trace | (B, +m.) (L+7.) (B, +n,) (2 —‘Y 51
1 5 2 1 1 57 2 .72 57

8 Pl- P,

1]

2

F (ng- & )

Thus for the pe mode,
o .
2 ; 2 2 2
M|° = [-—~ sinf, sin%]- Lom (mK -m )
Vo K B
Ignoring the common factor in brackets and using the phase space
factor'p,vthe K centér of mass lepton momentum, the relative decay

rates are

o | 2 2 - 2
Mo F Mo Moo 11 2 My (225) 1 (L95h) (238) 1 2 (249)

+: 41400 : 20800 : 1
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The férm factor f has also been considered constan§°

If thé V—A (vector-axialvector) form for the leptonic currént
becomes S—P (scalar-pseudoscalar), the kaon four-momentum is replaced
by a constant and 'Ya(l + Y5) by (1 + Y5)_in the eipression for
M. The Diraclequation used in Egquation Al is not néeded and the cal-
culations are the same as above except for the faétors of the lepton
mass. Thé'transition probabilities are theﬁ simply proportional to

phase space.

W T W : W t: 0.90 : 0.96 : 1.00
uu  ue ee
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FIGURE CAPTIONS

Schematic of angular trigger requirement. A secondary

*
trajectory with transverse momentum p 1s bent parallel

"to the parent independent of the parent momentum.

pK is & unit vector in the direction of
the kaon's laboratory momentum. ' ‘

Schematic of the double—armed spectrometer system. - The
chronotrons were fast counter systems used to improve time,

resolution.

Ku3 neutrino energy spectrum. Only events with the

‘neutrino energy less than a few Merwere accepted by the

“trigger.,

Detection efficiency of the six rear hodoscope in colncidence

with one of the.front hodoscope staves fbr the two—body decay

modes. The column output numbers'correspond to the'six

. staves im coincidence. This is for the magnet line integral

set for the transverse mcmentum of the Kup mode.

Sohematic of the matrix unit coincildence wiring. The hodoscope
counters were humbered outward from the beam. The front and
rear hodoscopes on one side of the spectrometer were fed into
the left and right sides of the matrix unit. If two signals
met at a coincidence chip, here represented by a dot, a pulse

would be sent down the output column.

Chronotron scintillator system. Pulses from the top or bottom

of the scintillator meet at the same time, although at a
different place on the diode wheel, independent of the elevation
the trajectory through the scintillator. '
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11

12a

12b

13

ks,

14b

15a
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Line drawing of one of the picture fréme magnets. -

Schematic showihg orientation of wandsband wires in a spark
chamber. The two inner planes of wires were separated by

2 mils of mylar and the high voltage pulse‘was'applied

._where the buses overlap. The ground wire planes were

. separated 3/8" from the H.V. planes.

Schematic of the particlevidentification'devices showing

their orientation with respect to the spark chamber trigger
scintillator. The detail shows the method used to attach

the (Amperex 56. DVP) photcmﬁltipliers-fo the range box

- scintillators.
- On—line PDP—9 display of an event.

'Plan view of the collimation system. -

Elevation view of the collimation system.

Distance between left and right trajectories at their
intersection in the x—z”plane for all two-body candidates.

Distance of clbsest-approach to target for projected parent

~ particles. All two-body candidates are included.

Distance of closest approach to target for projected parent
particle. Only events with both secondaries stopping before

the range box are included.

Invariant mass of all events with parentsyappearing to come

from less than 2" away from the target and having an invariant

mass within 20 MeV of the kaon mass when interpreted as Kﬁﬂ.

The background 1s mostly from K“3 events.
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' Same as 15a but restricted to those events with both

secondaries stopping before the range boxes.

Invariant mass of Knxr candidates taken with the magnets set
for the transverse momentum of the Kun mode. The dashed line

represents the eyeball background subtraction which was made.

' Seme as 168 but with all Kxx candidates from runs with

magnets set for the transverse momentum of the Ksx mode.

‘Final two—lepton . candidates after requiring that muons

penetrate the range box to within 3 cells of their expected

range. There were no Kee candidates.

Orbit characteristics for the two Kup candidates with

invariant mass greater than 486 MeV. Orbits for trajectories

from the Kxn sample with simllar characteristics are compared

. with the Kup candidate trajectories with short range. The

abscissa is the difference between the actual magnet mid—

‘plane spot measured with the rear spark chambers and the

predicted spot based on orbiting the incident trajectory

through the measured magnetic field.
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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.




. I

TE CHNICAL INFORMATION DIVISION

LAWRENCE RADIATION LABORATORY

UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





