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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
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'CHARGE ASYMMETRY IN THE MUONIC IECAY OF THE K,”

Michael Anthony Paciotti

Lawrence Radiation Laboratory =
University of California
Berkeley, California

Decembervl969

ABSTRACT
. o - - {:', .
o : F(Ki ->ﬂ{u/vu) :
The charge asymmetry R = S +\; .1is measured to be
| | P(E > m p7)

1.0098 - .0032.

Separation of muons from pions is achieved by passage through

230 grams/@m? of aluminum and 870 grams/cm2 of lead. Positive and

negative muons are spatially separated behind the pion filter by

applicationvof a magnetic field preceeding the aluminum and lead

absorber.
Data is taken with scintillation counters, and optical thiﬁ-
plate and thick-plate spark chambers are used for calibration of

systematic effects.
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I. INTRODUCTION .
"In 195k Gell—Mann_and:Paisl.proposed a'modei:bf the K°,. &° complexb
in wﬁich the'particle Kzo was an equal mixture of KO and R°. Tt was ten
years later, when Christenson, Crbnin, Fitch, and Turlay2 found that this

' i + - ’ )
same Kéo meson decayed into n n , before there was reason to believe that

'K,° might not be strictly K° + K> (or K°-K°). At that time one might

have given even odds as to whether the.apparent CP violation was due to

. an effect‘invthe decaying process‘or due to KQO itself being a mixture of

Ccp odd.and:eren states.

The discussions will remain within the comprehensive phenomenology
written dOwh by several authorsE’u’5’6’7. In this framework the parameter
€is the_ameunt'of the old Kl-of Gell-Mann and Pais mixed in ﬁith.the old
K, to make up the KLO we see in nature. In the summer of 1967, when this
ﬁroject was proposed at Stanford Linear Accelerator Center.(SLAC),an
ﬁpper limit for Re€8 based on existing experimental data was sﬁaller than
the measured limits on Ree9. This paper concerns megsurement of the'real

part of €. More precisely, we determine the charge ratio

. F(K20—9n—u+v)

B 'F(K20—5n+u-9)

The connection of‘R with T non-invariance (assuming CPT symmetry) was

indicated_even before'parity violation was.foundlo. | |
The experiment 1is basieally.a counter experiment with Sparkvchambers

used to make checks and study effects. The technique is to separate the

nuonic mode from the others with a thick lead wall that filters out pions,

electrons, ahd_y-rays while allowiné passage of muons. The sign of the

nuon is foﬁnd with a large magnet that separates spatially the positive

muons from negative muons.



' II. PHENOMENOLOGY

A. Relation of Charge Asymmetry to the K°, K Composition of KLS_ o

The relationship between the charge aeymmetry measured in this
¥
experlment ‘and the composition of KL into K and B° which was first , é
p01nted out by Lee, Oehme , and Yang in 1957 w1ll be developed J
The diScuSSion assumes the validity of CPT symmetry. In doing so,
the nuMbef ef equations 1s considerably reduced, and as long as the cp
daﬁa'ié consistent with the fheory with CPT wvalid nothing essential is lost.
The Geli-Mannvaqd Pais model builds the K° and K® out of states with '

definite CP. numbers. The states are

K>

| o

with the convention that CPT |KO> = +[KO> . Then

Flé‘ (|k% +|R°>) and

H

1 o) =0
= (> —‘IK, >)

lKO> = J%? (|K1>_+|K2>) and . R | k v%.
% = 2 (> - i) | - o

As writteﬁ the lK_> has even CP for a spin zero Kaon and is therefore
associated with the decays e n rand ﬁono.

The {K2> state is then predicted to have CP odd w1th decay modes such |
as Bﬂ . The Bn system is required to have an even spatial wave function : ?
under interchange of any tﬁo no's due to bose statistics. Hence the.
relative orbital angular ﬁomentum between tﬁo ﬁo7sfcbntain§enly even comporents
andzthe?ietal<Space‘parity is. even (SPINK:i.O). ‘Thevo#erall.parity‘;
is odd becaﬁse of the intrinsic parity of‘the pions. The C operation on
ﬁo’s is even, and.henee cP ¥(3x°) = 5w(3n0).

A basis for the apparent CP violation discovered in 196k is that

the state.IKLO> seeﬁ in nature decays readily into a strictly odd CP Eno
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state and alsb'decays into a strictly CP even an state. Perhaps the |KLO>
state in nature is not exactly }Ké>.as proposed by Gell-Mann and Pais but

some combiﬁation v
K> + ek >

Ik %> = vhere ¢ is emall.
KL d 1+ tel§

Maybe the ]K2> actually decays to ntn” and thereby violates CP symmetry,

-or perhaps both situations occur. The first p0331b111ty is 1nvest1gated

here.

. . e N =0
Substituting for |Kl>_and |K2>, |KLO> _(re) K> - (A=) [R™>
, _ : _ V"——“———_E—ﬂ
, - 2(1+| ¢ |?)
Let A = Amplitude (Ko—eﬁ_u+vu). CPT symmetry has alreédyvbeen assumed,
' - v : L%
and if the x u+ electromagnetic interaction is neglected, A = Amplitude
-0 + - '
(Ko—ncp D).
For now assume that the AS =-AQ amplitudes
' ' . T TR
Amplitude (K »n p v“) and
Amplitude (Ko—an+u_vu) are zero.
The‘empirical AS = NQ seléction rule says that in leptonic strangeness
non-conserVing decays of. hadrons the'change in strangeness of the hadronic
part is equal to the change in chargé of the hadronic part (maybe vacuum

in final state).

KL—->:|'[L1V)

| P(KL — u v“)

f |(;l+.e)A|2

average Dalitz area _
detected in experiment 1+e|2

J[\ |(1 G)A | . T 11l-e

In the apprdximations made the asymmetry R is the same in all regions of

= 1+L Ree

. the Dalitz plot. The real part of the parémeter € 1s measured in this'

experiment. The possibility of non-zero AS = -AQ amplitudés can be



o
included in the derivation of Ree from R. Let

)

n

Amplitude (x°- 1‘[—|J.+Vu)' =F AS

i

 Amplitude (Ko—;fu'vu) =F AS =0Q
. ‘
Amplitude (K°-n'p vu) =G NS =nQ-
Amplitude (Ko—aﬂ-u+vu) =G A8 =1NQ
F is the complete ampiitude for a kinematic arrangemént of npv. It contains
the strangeness changing vector current between K and n which has the form
£,(d) (By4a) + () (&-P,) -
o + %AQA RS Q% A _
Px is thevﬂ-mdmentum, Q, 1is the K moment@m, and ¢ = (QN—P?\)2 is the -
momentum transfer. The amplitude G contdins the form factors
.2 2
g, (a) (Pa) + 8_(d) (9,-P)) .
= * - *
CPT i1s assumed so that F = -F and G = -G .

The following definitions are usually mace:

x,(¢) = -g,(d) /5, ()
x () = & () /2 (d)

. For Ke3 decays where the minus form factor contributes‘very little

to the decay rate, o (1-]x (é?)l2) '
' "R =1+ L Ree i :

2-x, () |2

It is the charge ratio for any particular point on the Dalitz'piot. The

same formula results for K, if X+(q?) = X_(qe)-

The factor multiplying
Ree in,the:above equation ié measured in.Ké3 decays by Bennett, Nygfen,
Saal, Sunderland, and Steinbergerll to be .96.% .05, The result can be
thought of as an average over he Dalitz plot or simply the answér for

constantvform factors. The apparatus for the K”B experiment has equal

detection efficiency over the whole surface of the Dalitz plot. Also
(1-1%,(a®)]2) o

X (@) (2

the Variétion in the factor . due to the introduction of
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X (q?) for'Ku3 decays can only be small. The measured value of .96 % .05
for the. factor is included in the determination of Ree from the value of

the charge asymmetry R found in this experiment.

B. Bearing of Experiment on Theories Outside the Usual Phenomenology -
This experiment ﬁogether with the Ke5 asymmetry experiments done at
Brookhaven have bearing on two possible explanations of the apparent CP

violating effects. Neither of the theories require CP violation, and

both have'the characteristic that the charge asymmetry can depend on the

original’fraétion of Kq's.and g°'s produced at the target. They are
1) the introduction of additional neutral K mesons in an effort to fit

15

experimental data as mentioned in the literature in l965x% and recently
S L

re-asserted by Lipkin = and

2) the_suggestion by Laloviél5 that there might be troubles with the
quantum mechanics used in the usual formalism. To date the SLAC experiment
is the only one completed or in progress in which a large fraction of
Ko's is produced.

Figure 1 gives the relative yields of K" andtKiuasta. function of mmen-

16

fum at 5O'f£om a 18 GeV/c electron beam K+/K_ varies from about 1.5
at 2.0 BeV/c to about 2.5 at 10.0 BeV/ec. |

No one singie méchanism is résponsible Tfor Kaon-pfoducﬁiényz ‘The
Drell mechanism, picturéd below, predicts that the K+/K_ rétiq is about
1.518; the Koyﬁo production ratio is similar since it depends only on
the relative cross sections of %° and KO on beryllium. The Drell

mechanism does not dominate produétion, but when it does contribute

it produces R°'s in quantity comparable to K°.
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Producfionfof ¢'slg and their‘sﬁbsequent decay to Kaons implies that
K+/Kf and KO/ﬁo equal 1.45. K productionvis another possible mechanism
with decaf té Kaons. .K*‘s shouid be produced in'much the same ways as -
K;s with Similar ratios fbr»K*/K*; Kaon production by thé pions in the
target wﬂicﬁ'are assoclated withbthe‘Drell mechanism cogld well be a
big conffibutdf to the tptal_K flux.'fRoughly speaking,vpfoduction from
pions wouié give K+/K_ ~ 2 aﬁd KO/I-(O z_QEO; "
‘The'aééociated production two-body reactions imply thaf only K+ and

K° would be produced.

y + n -—>K+ + 5

y+p oK+ a0 ()

Yy +p —aKO.+_2+

7+ 10 5k + A% ()

*
y + N K +7%
I-—’-K

However the fact that there is a'largévnpmbef of Kf‘in‘the‘SLAC beam
ﬁeéns thaf fhése ébpve‘reactions certainly do not_domingte thé production
but could contribute to the large K+/K- ratioé at higher_momehtum. |
Associéﬁed production.proéesses dqminate Kaanﬁrbduction in the
proton acqelerators. Therefore KLO'sbin the Brookhannlneutral beam
originate.brimarily ﬁitthO_and not g°. One éan‘comparé the SLAC result

for K2O charge asymmetry with the results from Brookhévén.
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| ITI. EXPERIMENTAL TECHNIQUE
A. Method

_'The charge asymmetry data are taken with scintillation counters.
Spark_chambers are used only for checks and calibrations‘of.systematic
effects in.the,experiment;’ Figures é and 3 display the apparatus. A
neutral beam.of KLO's and neutrons 6-inches high and 9 inches wide enters
the apparatus at a distance of about’i250 feet from a Be target. A decay‘
volume is defined by an anti—counter at the upstream end and a bank of
counters calied ES-counters”‘at-the:downstream‘end._ The anti—counter is
a 20" x 20"_cOunter and shields- the decay_volume.fron charged particles,
most of whichAcomexfrom K decays in the 20vfoot free flignt path from the'
last sweeping magnet.

" The S-nank presents an area of 20 inches horizontally and l6'inches
vertically to the KL beam; there are 8 counters each:2 inches'high. .At
least 2 out of the 8 counters are required as part of an event.trigger.

" So the c01nc1dence (28) A, i.e. (S S, ) i, represents a charged Ki decay.
- The detectlon efflciency for decays in the volume, except for the muon
range cut—off 1mposed by the pion filter, is almost entirely ‘determined
by the acceptance of the S bank. For KuB decays where the muon has momentum
greater than 1.6 BeV/c the probability for the muon and plon to flre
separate S counters is about 50%. Decays are mlssed due to both particles
hitting the same S counter or to one of the particies (usually the pion)
missing the.S;bank entirely. |

From the S-bank on the pion frovaL-*ﬂuv events'is disregarded;'tne
lead wall’is intended to remove tnem while allowing the muons to pass.
The sign of the muon is determined in the following'manners Located 2
feet after the S-bank is the "ATLAS" H'magnet whose gap is 16.5 inch.

The field is horizontal,deflecting particles up and down. The field
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integral_is sufficient to produce a deflection which is greater than that
due to the maximum transversebmomentum of the'muon]in_the_K decay itself.
Positive.énd hegative muons frOm‘KtO*'nuv are angulafly separated by the
magnet. Spatial separation occurs at a point 10 feet behind the middle

of the magnef} depehdiﬁg on field direction muons gbove the beam center-

line are counted as positive (negative) and those below the centerline are

counted as negative (positive).

The-hodoscope-which detects the muohs and thereby establishes a‘sign

for each'evént,exposes an area of 4 feet by 7.3 feet tb the incidéﬁt muons .-

The magnet disperses the muons in the long dimension which is broken up

into 8 counter bins each ll-inches high._ The counters are called M's.

ML through. M4 catch all the muons above the beam centerline and'MS'through _

M8 catch éll the ones below the centerline. The region betﬁeen the magnet

and the M bahk contains pion absorbing material. The bulk of the absorber

is a BO-inéh lead wall; the remainder is composed of 3 aluminum spark

chambers each having 11 one inch plates for a total thickness of 33-inches

of ‘aluminum.

'B. Beam

The experiment was'carried_ouﬁ at "END STATION B"Y at.SLAC. Figure L
shows the taréetihg arrangement,'the shielding and #weepiné magnets Withinv
the end étation,‘and fhe experimehtal apparatﬁs loééted.jdst outside thel
building. | | |

A primary 15 BeV/b eiectron béam is directed onfo a cylindfical
beryllium £arge£ i foot long and l-l/@'ihches in diameter. The béam'
continugé on into a 20 KW water-cooled beam dump. The target is observed
at an angle of BO-from'the primary beam, and this secondary beam passes

through~a‘3 inch Square channel through the 12 foot steel wall that
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éeparategnthe'beam:dump area from‘the_end‘station. This wall éontains
most of the rédiatioﬁ»ﬁroduced in the dump. The rangé'of 15 BeV muons is
aboutv33,feét'of steel, and at iéést this'mgch steel was placea behind
the dump'area‘in the‘directibn of the apparatus. 'This dumping arrangement
-is sﬁfficiéntly clean tﬁat no.iﬂcrease is observed in any singles counting
rates above the cosmic ray le&él with the target out of the beamland 20 KW
ofbbeam bbwer into.the dump.‘_ |

Two sweéping magnéts are located inside the end statién;.they are
18" x 72" x 6" gap magnets run at 20 kilogauss. The first oné follows
a lead converfer 12" thick which caps the end of the beam hqle into thev
end station. - Thé electrons frqm the converted gamﬁa rays as well as the
dthervchérged’products in the.secondary.beam are swept into steél muon
shielding.

The segond sweeplng magnet sﬁeeps out charged decay products froﬁ
neutral K-decays’in the 140 foot distaﬁce from the first magnet. At this-
pointvthe size of the neutral Beam‘is defined, Vértically by the 6" pdle
tips*énd horiZohtally by lead blocks in the gap with a 9-inch separatioh.

The péimary electron beam time averége current for data rﬁns wa.s
normally 1.5ua when the accelerator was delivering all bf its 360 pulses
per second_into our channel. This rate corresponds to & iittle over
" 20 KW of beam powér.

C. Equigment
1. Counﬁers |

There are a total of 26 scintillation counters in the experiment.

The anti-countér is a 20-inch gy 20-inch byvl/h inch thickvpiece of pilot
B scintillating.material with a twisted light pipe. It uses a 5-inch
diameter ﬁﬁotomultiplief. The anti was 110 inﬁhesbfrom the S-counter

bank. This 110 inch decay region was filled with a He bag whose width
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and height.are very much_greater than the laferal'dimensions of the
neﬁtral beam.»' ‘ |

The 8 S-counters are each é—inch by 20-inch‘pilot B scintillator 1/k
inch thick Wifh 56 AVP phbto tubes. No change in gain of the tubes was
detected whéﬁ-the field:ﬁas reversed; hoﬁever tw0'studies are.made to
determine that the sign of the muon is almost entirely uncorrelated with
the efficiency of any S-counter; One is experimentél and the other uses
the Monte Carlo; these checks are in Section IV-B.

Another counter (called "T") was inserted to reduce the accidental
event rate. It is located behind the exit aperture of the Atlas magnet.
Data was takeﬁ at three field integrals, 392 kilogausé—inches, 468 kilogaﬁss-
inches, and 540 kiiogauss—inohes. The data will be labeled by its field |
integral.. The higher the field the larger the T counter must be in the'.
vertical direction in which the magnet_is dispersing the various momentum
muons. So for 392 and 468 Kg-in. runs avT counter 30 iﬁches in the vertical
direction by 32 inches wide was used. It is l/@ iﬁch PILOT B scintillator
" with eight 56 AVP tubes, 4 on the top and 4 on the bottom. Thé'puiseé
were added before the "T" discriminator. . At 540 Kg-in. where half of the
data was faken a larger T countef was used. It's vertical height is AO
inches, éndvthe extra height insured that at the higher field nearly all .
of the ﬁuons would be intercepted by T.

The inseftion of the T counter into the circuit reduces the;accidentai
rate by about a factor of 3 and was essential to maintain'é reasonable
data taking rate. The predominént accidéntal triggers are due to a real
K" decay which fires the 28T coincidence in time with an M count due to
a neutron or K° induéedrsecondary which penetrates the lead. The point
is that the real 25 rate.is three times the real 2857 rate.‘

The M counter bank-is a hodoécope of 8 double counters. For example
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a count in Ml is really'a Coincidence between MlA‘and MlB; ‘The two members
of an M.pair:are separatgd 5y the 1l-inch plywood board on whiCﬁlfhey'are
mounted. This arrangement wﬁs.necesédr& becauée-(EST) (M accidental) rate
is broportional to the siﬁgles countihg ra£e in the M bankf That Singlés
rate is_subétantially réduced by requiring a double_in each M.» Multitudes
of soft %—fays can fire é single cdunter but not é déuﬁle separated by an
inch of wad; The 16 individuval counters in the M bénk éré iI' wide, L8'
long and 1/@ "thick PILOT B scintillating material with a 56 AVP on one

end. In the ﬁair setup the tubes were placed on oﬁposite ends so thét the -

‘broader coincidence of the two tubes more accurately reflects an average

time for the muon. The very tight colncidence obtained by tubes>on'the
same end of the scintillator did not reduce accidentals any more than the

opposite end arrangement and was more difficult to time with the (2ST)

signalss_'

Each of the M—countefs was checked with a pulse height_analyser'to see
that the téil of the spectrum for muons was well above the diécriminator
threshold and that the position of the pesk did not change with field. It

was concluded that the efficiency for straight through muons was virtually 100%.

2. Spark Chambers

 The chambers are'pictﬁred iﬁ'Figs. 2 and 3. The‘chaqbers before and
after thé magnet are thin-plate.constrﬁétion. :The.one near the S-bank is
30 inches'high, 26 incheévwiae, énd 11 inches thick, The one behind the
magnet is iarger to catch particles diverging frbm the decay pointj; it is
54 inéhes high, 36 inches wide, and also 11 inches thick. Except for thé
lateral dimensions these thinvplétes have the same consfruction. They
each have ;7 gaps which are 3/8-inch. The plates are cénstructed by gluiné

and'vacuum pressing 2 mil hard aluminum onto prepared polyﬁrethane foam

l/ﬁ-inch’thick. The result is 1.5 grams/ cm2 in the beam line for each
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chamber. The frént chamber could easily'hoid 5 and 6 tracks. This
characteristic is neceséary to be able tosee a K° orn interaction in the
S counter bank in the ﬁresence of other tracks fromia K deéay.v
The 3 thick plate chambefs,’all.of the optics in this experiment,
‘énd the camerahsystem weas used in an eariier exp‘elbri.meritg-l . The largé
chambers ha&e an active area 91" x 91". They are each built out of il
one inch aluminum plates. All of the chambers are viewed through their

front face by a 300 stereo cémera system.

3., Electronics

The event trigger is (28) (&) (T) (M). In addition to forming "event'

/

signals, the circultry also recorded various accidental evenf signals}in"
each of the M-channels. When the spark chambers were running the system
set a latch for each countér that fired; the latch was then used to turn

:on the counter light visible in the picture}

The schematic diagram is shown in Fig. 5. Every counter enters through

a LeCroy 121 Discriminator. The output widths of the S-counter discriminators

are set at 7 ns, énd all 8 signals are fhen fed into an 8-channel mixer.
A éS coincidence is then detected by é variable thréshold discriminator
set to.go on double puiée height.. The antijcounﬁer signﬁl.is alsb put
into the ES discriminator; it is 35 ns wide and covers the very nérroﬁ

: ES coincidénéé.

| AsvdiSCussed earlier, the function of the T-counter is to fedgcé
accildental tfiggers. Bﬁt it is importént that the T requirement.does not
offer restriction for real events. The T is a large counﬁef, and its
input intoithe (28) (T) coincidence is set accofdingly at a liberal 12 ns.
The (28) (T) output pulse is fanned out to each of the M coincidence
éircuits and is 10 ns wide. The M coincidence must be broad because tubes

are on opposite ends of an M pair. (2s) (T), M;A, and M;B go into a

" -
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LeCroy 122 éoincidénée unit, and the 6veréll width of this 4 fold coin-
cidence is abbut 22 ns..-A very tight MiA, MiB coincidencé could be made
with the.tﬁbes on the same end, but a large jitter is present with respect
to the (28) (T) pulse, and hofhiﬁé is gained.by a tighter M.A, M.B |

coincidence.

The 2 dominant sources of accidentals were monitored. 'Events"
induced by accidental coincidences of charged‘KIo decays in the front of

the apparatus with unrelated particleé in the M-counters comprise ébdut

15% of the event triggers at the beam rate used. ‘This in fact was the
- limit on the beam poWér used. The random M-triggers are caused by the

. absorber. allowing prodiucts fron newtrons and K's to penetrate. A delayed

(28) (T) signal was fanned out to eight 1é2 units wired identically to.
the real M;coincidence units. .These accidentals werevscaied concurrently
with data throughout the entire experiment. : ’.5
A-second kind of accidental was mbni£0red by the séheme pictured in. o _ §
the diagram. Itvarises by accidental coin;idence'éf_a muon from KHB v .‘
traversing the entire apparatus with a charged trackufrom.a separate.decay
firing anqthér S-counter. About 55% of the K,, events with a suffiéiently

M3

energeticvmuon to pass through the lead fall to register as events because

the pion either hits the same S-counter as the muon or misses the S-bank

entirely; this group of muons comprises the candidates.for (S) (S

i
_ i accidental) :
(T) (M) triggers. Single S-counts from the S-mixer are fed from a dis-
criminator into a 122 unit by two cables. The nonfdelayed'one has the
same timing as a normal 2S signal, and because (2S) (Saccidental) is. . ’ : :
unwanted, an anti cable called W eliminates (25) counts. The rest of the R
system is similar to the circuitry for real events, giving (S)‘(SA) (T) (M) i

" accidentals for each of the 8 M-channels. It should be ndted;the time

resolutions of the accidental channels were carefully,checked;to match the

"regl'" channels.

-
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IV. DATA -

The épmplete data are given in Table I. -The "up" runs ére shown
separately from the "down" runs. During the experiment the magnetic field
was reversed every 6 or 8 thousand events. With this procedure any geometric
or deteétion'differences‘between the down and up halves of the apparatus .
cancel out in the asymmetry when the average of the up and the down run is
made. The only effects not cancelled out are counter éfficiéncy changes
with field or real behaviorial differences between p+ and u - or n+ and T .

The ratio of u+/h" for the raw triggers is.

£ _ Up(ui-Mi) + Down(M5>M5)

Moo Up(M5 >M6) + Down(ML ~M4)

i

1.0089 * .oo21
The éorresponding asymetry iﬁ the.(QST) (M accidental) data is.l.OOh T .0066
and in fhé_(STM) (8 accidental) data it is 1.001 f .0Llk..

Thevindividual M counter asymmetrieé'after accidental éubtraction ére
found by normalizing the Up and Down runs té thé»same humbervof total events.
For the Up fuﬁs, ML througthh‘confain u+, and M5 through M8 contain no.

For bown ruﬂs Ml through M4 contain p~, and M5 through M3 contain u+. The
individﬁal M counter asymmetriés along with the accidenfal asymmetrieskin -
each M are given in Table II. Correction for measured wrong decisioné, the -
only effeCf vhose counter dependence 1s known, is also shdwn;. Again, these
numbers depend on the.féversing of the magnetic field so that u+'ahd”u_

are coﬁnted in each counter under idenfial conditions. Geometfic solid
angle.or.detection efficiency of each counter cancels out.in the asymmetry.
And again,‘field dependent.efficiehcies or different behaviorifor u+ and

o ér ﬂ+ and = do not cancel out, and a large difference would be evident

in the deviation of any counter from the average asymmetry éftef accidental
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Table T

Atlas bends p+ up

STM with -

- Raw M '(éST) with | Accidentals
Counts Mpccidental Spccidental Subtracted

M1 22718 7236 982 14500 -
w2 45122 2190 791 421kl o
M3 - 806ke 4888 1566 74188
Mk 78987 10700 2285 65902 -
M5 79820 13656 2458 63706 ,
M6 80779 5016 1545 7h218 . .
M7 L5266 1464 666 43136
M8 14867 857 199 13811

Totals 48201 46007 10592 - 391602

Atlas bends u~ down
ML epehre 7369 978 1125 °
M2 k1o 2071 758 41881 -ﬁf
M3 8071h4 4776 1638 74300 -

ML 79086 10497 2372 66217
M5 80597 13502 21496 64599 o
M6 : 82608 5115 1639 75854
M7 46035 1450 , 646 43939
M8 14975 . 807 21k 13954

Totals

451197

45587

10741

394869




Table IT.

Asymmetry

Asymmetry in

F'Percentage of

v, o B B
Cu /T after correction -

Asymmetry
“in (STM) in (28T) data after wrong decisions =~ - for wrong decisions
SAccidental MAccidental accldentals subtracted o ' :

"ML 1.018 *.045 973 +.017 1.0351 * .0Ll7k4 0 1.0351 * 0.017k
M2 1.058 iwoso 1.048 +,031 1.0146 £ .0074 0 1.0146 = 0.007k
M3 .96% +.035 1.014 *.020 1.0068 + ,0056 0.6+ 0.2 '1,0069 + 0.0056 -
ML . 1.019 +.029 1.010 *.01k 1.003%6 * .0065 7.8+0.7 1.0041 + 0.0070
M5 1.001 *.028 .998 +.012 1.0056 £ .0068 8.8+0.6 . 1.0065 = 0,007h4
M6 1;045,1-055' 1.029 +,020 1.01% * .0056 0.6+0.2 - 1.0137 # o.oos65
M7 .956 *.055 1.000 *.037 1.0102 * .0071 0 l.Qioe + 0.0071
M8 1.060 +.098 .950 *.050 1.0020 + .0129 0 1.0020 + 0.0129

'-Tar
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subtraction of 1.0094 * .0026. The numbers in the last column of Table

IT should_fluctuate around the average asymmetry, and each‘one alone is

a = Imeasure of the charge asymmetry. Only 7 of the 8_numbers are independent

since the total counts are.constrained to be equel_for Up and Down ruas.
'However,:we wili hot do an error analysis for-each of.the 7 measuie-
ments. Each counter division would have to be treated in the way that
the wrong deeision line between M4 and M5 is_handled, See Section VI-B .
and k. The’vagreement of the individual counter asymmetfies indicates
that momentum dependent effects do not exist to the eccurec& of the
indi&idual‘asymmetries. Forvexample the M counters towérd.the top and
botfom handle much lower momentumbmupns oﬁ the average than the M couﬁters
nearexr the_center. Hence momentﬁﬁ dependent scattering differences
between u+ and u~ would show up non-uniformly over the M surface. Many
more stopping muons are at the top and bpttombedges so that a raﬁge
difference‘wOuld appear faster in the outside counters. There is some

K-momentum dependence on M counter, but the correlation is not large.
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V. RECONSTRUCTION OF A SAMPIE OF EVENTS -

A. Measuremeht and CalCQlatioﬁ df Parameters ffbm Spérk‘Chambéf Film‘
A:total ofblh57 eveﬁté récofdéd on_spafk chamber_filmvare_meééured
and completély reconstructed;‘ The u directioﬁ and pcsitidn in the S, T, .
and last M.chamber are recorded. .The Tt directibn and position;in the S
éhamber and T éhamber'whenever it appeéred is aisé_recbrded. Angles are .

measured with a mechanical protractor with respect to the vertical fiducials

at the large chambers. The coordinates are tdken with a graph paper template.

Méasufements are recorded for both views of a Boojstereo_paif. S A1l
measuremenfsvare referenced to a set of fiducials on the fronf of the thick
plate chamberét The recbnstruéted coordinates a:e_foﬁnd'invréal spacevWifh
resﬁect t6 the fiducials and then‘transforméd.to a,rectangulaf systém with.
origin at the beam axis. The origin is fixed in the'vertical:direcﬁion at
the heighﬁ of the electron beam. The second sweepiﬁg magnet which acts as
the 6" vertical collimator is accurately pOsitionedvat e’ béam.height. The
‘horizontal origin transverse to the beam is set on the 50 beam liné; as 1is
_the horizontal collimafbr inside the éecond sweeping magnét.

Correction for optiéal distortion is necessary at the S-chamber.v'It
is found ﬁhat 90O angles at the S-position are mapped into‘899 angles on »
the scan table. vThé scan machine itself accounts for only .08° or thé 1°.
rotatidn."Thef.O8o was constant during the entirevmeasurement periodr The
rotation is most accurately made using the charge asymmetry data;' Thé
centfoid of,fhe combined K and x S¥angle distribution caﬁ bevlocated éhd-‘
centered about zero degrees from the beam axis to better than 0.050. The>
available horizontal reference af the S-chamber caﬁ be measured with the
prqtractor té_only +.2°, A1l information agrees with the 1° rotétion’foﬁnd
from the S-data. - Accordingly the vertical slopes at the S-position are all

reduced by 1°. (Positive slope is defined upward moving downstream.) The

)
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horizontaivsldpe resolution is broader than the vertical due to the stereo
angle. But the average horizontsl angle is only 1.4° or half the average
vertical aﬁglé and has corfespondingiy less chtribution to transverse
momentum. CCentering the horizontal distribution takes a uniform reduction

of .6° in hofiZontal angle. (Positive angles are defined to be toward

camera in Fig. 3). There is no reason known why the vertical angles could °

be skewed. The slight offset of the S-bank (see Section VIII-A) is not
visible in the S-angle distribution in the program} Hbrizontally the

apparatus'is completely symmetric.

Twenty percent of the events were remeasured to establish resolutions.

, S-chamber T-chamber - Laét M-chamber
angles (degrees) .16 =51 .23 '
coordinates (inches) .10 .08 oW1k

Measurement resolutions based on 300 rescanned events

B. Monte Carlo

A computer simulation of Kuj events has been made for comparison with
the samplé of measured decays. The coordinates of these Monte Carlo events
are converted.to film‘coordinates.where the gaussian méasﬁremént errOfé of
the previous section are introduced. The events are then analysed with fhe
samé reconstruction program"as used_fof the measured data.

KHB decays are generated in the center of mass uéing formulas fpund-ip
Okungg. From the function dP (Eu), Eu, the total mubn}energy, is picked.
’I'he"'n;jEﬂ. _is picked from the probability 4GP (Eﬁ,Eu). From ﬂhe en’ergies and
the K mass, the angles are calculated. Then the T, uvplane is ﬁicked o
uniformly from O to 2x around the neutrino axis. The neutrino direction in
space is the radius vector to a point picked randomly over the surface of a
sphere. Then the 5 and p momenta are Lorentz transformed to the lab with

a K momentum picked from the K+ shape shown in Fig. 1.

Yoo




6

energy table of Barkas and Berger “-
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on page 6.. The K momentum is weighted by the probability of decay in the
110 inch'dééay“region 230 feet from the target.

Pions and muons are tracked in-the hdrizontalvcomponent of the fringe

field until'reaching the S bank. Veftical‘focusingvof the magnet is not .

considered'and its effects are discussed in Section VI-C. Two separate S
counters aré réquired to fire; if nofbthe event is términétéd. Particles
are trackedjuntil the T counter is reached. Many.bf the x's curl in the
field or hif £he pole tips and are lbst.' Eithér the =« br'u-can triggér,tﬁe
T counter; 99% of the time it is the p. |

The fiela was mapped with a coil on a zip track énd the integral
recorded onwan xy recorder. The curve on the median*plahe is fit with a (

polynomial, and the integral .of the pOlynomial normalized to a long coil

" .measurement of the field integral.

Oncé.in the absorber the muon is stepped through in uniform‘sfeps
along thé beam axis. The diagonal path length is found for a step and
energy 1is loét accdrding to calculation from a polynomial fit td the range-

. - _ :
The energy is gaussién straggied around the éompﬁted,valué with a
formula in R9Ssi?u, page 31.
c§'= 2c M ¢° E'm 319212- X
. B
X is thé pathlength in thevmateriél.
p = v/b'is tﬁe velocity.
Cis a cbnstant dépending on material,
E‘m is the ﬁaximum‘delta ray energy for muons of momentum P.

2 22
(2 MelectronC ) (P c )

ctafcte M PPl /2
V3 electron muon-

E‘m =

electron
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A multiple scattering angle from the actual direction is picked for

each step: from the gaussian-distributioniwith width

P is momentum in MeV/c.
V is particle velocity.
X is the pathlength.

Xrad is.radiation length of the material.

The large angle séattering>isvunderestimated by the gaussiaﬁ'distriﬁution,
but the largé angles are so infrequent that their effect on the total séatter-
ing distribution for a thicklabsorber is minimal. See.Secfion VI—E‘er
complete treatment of large scattering. Figure‘6 compares_the ﬁeaéured '

séattering angle distribution through the absorber with the progfam.

'C. Comparison of Measured Data and Monte Carlo

1. Transverse momentum plots

Since thé'Kaon momentum is not known. for each event‘the transverse
momentum of'the particles 1s a good check that the events are'conéisten£
»w\ri’ch.Ku5 décays. The original decay vectors arehfdundAby tracking
the =« and'ﬁ S—tracks backvthrough the fringe field until a véftexkié‘madé.
Sincthhe tafgét is 200 feet from the collimator it is assumed that the.
beam is parallel. |

Figure.7 and 8 comparé muon -and pion transverse momentum with fhe

program. There are more events for muons than pions due to the n's lost

in the magnef. The ratiovn/h in data is‘68% compared to 54% in the program, .

due to complete absorbtion of n's in the pfogram.wheﬁ thggpole,fip isrhit. -

The transverse momentum of the neutrino is a sensitive thing to

look at.
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= . .
Frsind, |F sing |
ThEaiTi

K momentum is perpendicular
to the page.

P sine |
v v
Looking along the axis of.thevKO beam, conservation of momentum in the

transverse directions gives[?v sinevl- The qﬁantities[?v sin@vland

> > : . : .
([PﬂsinQJ+1Pusin9u +§Vsin9V|) depend on the 3 dimension reconstruction -

of evenﬁs, However a different variable is plotted as it gives a better

insight into the reconstruction.

. > |
"p " .—.J|P sin@ 2+M 2+J|i5 5iné |2+M 2 +{-§ sin6_ | -
tran 7 7 b1 M T ¥ v vl
'is analagous to a "transverse four momentum". If all three particles in

the center of mass of the K left exactly transversely to the beam axis,’

- '"P " would equal MK. Whatever "P " is called, it is an invariant
tran ~ Ttran 7

and has physical limits.

- T s L Coe
Mﬂ + Mu QJPtran <MK

Figure 9 displays the distribution of "P ". The data shows a greater

tran

fraction above MK than the prbgram. It is possible to have the center of

~mass energy of wuv greater than with "P " gtill within limits. That
o tran .

situation occurs when x and p have very different actual momenta so that

no Torentz system can be found where both n and p are slow enough to fall

> > :
within a K mass in energy and Pﬂ and Pu are comparatively colinear with

thé beam axis. The tail Qf Fig. 9 gives the mass résolution of K° although =
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underestimated due to the above effect.  The fraction of events with

" " . ) 3 ’ . . N 3 . ’
Piran > Mg in data is 26% and in program is 22%. Zero constraint fits

to the events find 37% "nonphysical" in data and 34% "nonphysical® in

program. "Nonphysical" is defined in the next section.

2. Xinematic fit of events

By measuring Pn and fL a zero constraint fit to the K energy in the

lab is possible, assuming the beam is parallel. Two solutions for K energy
arise due to the uncertainty as to whether the neutrino went forward or

backward in the center of mass. : » . ; _ ;

——— —— —— — O— ———— ———— T T _——r) ————— ——— VYD ———

P (backward in : -,,_———‘$=r
% v( 2 in cm) " " P (forward in cm)

—— — o — — — A — —— — — ——— e

Side View o End View

When the neutrino comes oﬁt almost laterally in the C.M. the two solutions

are nearly'equal. Thé two solutionsare found by solution of a quadrafic;

"nonphysical”.situatiﬁns occur when the radical gées negative. In this'

case the Sqﬁaré of thé total four momentum of Uy is gregter than MK?'V
Figuré 10 and 11 are two dimensional arrays of‘ﬁhé.two solutions

for %%Vfrom,data and Monte Carlo. The "nonphysical' solutions for daia

amount of 37 percent (34 percent for Monte Carlo) of the events available

for study, i.e. where PIr is known. The "nonphysical" ones cannot be

‘plotted, but Monte Carlo events that went "nonphysical' after measurement
errors were added nearly all had the two solutions equal to within 150
MeV/b, that is the "nonphysical" ones have a small radical. To display -

the effect the K mass is increased for "nonphysical" solutions until the,
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radical goes positive. That plot is shown in Fig. 12. The data has more

events in the tail; however some of them are deserved. Twenty-five

. percent of the Ku3 data are ‘nonphysical”. 1.6% of the n's decay-in the

decay Volume and in the magnet. Roughly 3% of the n's interact in material
up to and.includihg the first thin plate chamber. | In addition

many pions glancing off of the poie tips will give an incorrect momentum

“ in the reconstruction. These effects account for some but not all of the data

events in the tail of Fig. 12.°

5. Distribution of decay vertices

' The distribution of decay vertices shows that the events originated

inside the helium decay region. - ' v/,.——~_spark chamber
S Bank 1 :
, | TN ot
[ P
Anti-counter A_____—————*""——{’ '
—
o ™~
‘ \‘\‘\ -
l ~ U'

Vertex reconstruction by tracking through fringe field

The program predicts that field trackingvcan find the vertex to £ 8" for

about 80% of the cases. The other 20% are the type indicated in the sketch

where the particles are bonverging far firom the 3-bank. For those case

the resolution is T 20 inches. The rescunned events verify the conclusions

from the prograﬁ.

Figuré 15 shows the distribution of décay vertices along the beam
direction for data andvprogram. Thé hori.zontal and vertical beam distribu-
tions found from data aré given in Figs. 14 and 15. Recall that the beam
was collimated to.a 6" height and'9" width. The 1/2 inch shift in the

vertical distribution is due to optical distortion rather than beam
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misalignment.

L. Other Distributions

The Snly counter distribufions available for compéfison with Monte
Cafld are the M-counter distribuﬁion, Fig. 16 and the S-counter distribution,
Fig.'l?."fhings which éontribute to the extra width of the S—distributiqn
are n decays in the decay volume and délta ray effects which‘ére discusséd

in Section VIII-C.
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VI. ANALYSIS OF CUTS IN THE TRIGGER

A. Introduction

The'eqﬁipﬁent is'designed so.thaf there are ho cuts made in the data
after the_S—bank other than the muon momentum cut-off imposed by‘the
absorber. :Since the magnetie'field is only 7 Kg-in. in the decay
fegien, the cut made with ihe S-counter bank 1s charge independent.' The
S-counters Ana the lead almost entirely determine the detection efficiency
of the system-because to a high percentage, for allvof the events triggefing
the S-bank fhe muons with sufficient energy will ceunt in the T and M
counters; Hence to the order that will be discussed belqw the trigger is
charge independent in detectionAof KNBvevents. There are ﬁany small effects
which might modify this charge independent trigger. They are as folloﬁs:

1) Leakage ef muons from sides and top of M-counters and spaces between
counters-—Thersource of asymmetry in this group of ieaking muons comes
from a difference in multiple scattering between u+ and 4 or S-counter
efficieﬁcy change with field reversal.'

2) Wrong'sign decisions-fh-percent of the events in the data have the
wrong sign determination due to unfavorable decay configurat.ion or large
multiple scattering or a combihatioh of the two. The only effect is to

. _ _ e
wash out the asymmetry if u+ and u scatter identically and the S-counters

do not change efficiency with field.

3) Differential absorbtion of p+ and u~ by the lead and eluminum
absorber--A one percent difference in dE/ﬁx would produce a .8% esymmetry
in the resuit. A difference in multiplevscattering between u+ and u~
would produce a rénge difference and asymmetry.

L) Some.ofkthe ﬁuons with large angles and small momentum get around

the T counter but multiple scatter and hit the M counters. Then the
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associated pions can differentially trigger the T-counter affer héving
scatferedffrom-the pole tip. The size of the effect is found from the

. T ' '
program and'estimates of n ,n differences are made.

B. Calculation of Effect of S-counter Efficiency on the Various Leakages

Figure 18 illustrates in an éxaggerated manner what happens to muons
which go ﬁhrough a parﬁiéular S-counter.. Sl is picked because it has the

most pronounced effect on thé . leakages. All the muons through Sl are

heading upward as well as being 8 inches above the axis of the decay volume.

The effects which do not allow collection of all of the muons whlch pass
through Sl are llsted.v

1) For Atlas up u 's leak out the top.of Ml while no u 's leak out of
the bottoﬁ Qf M8.-‘A For the inside S-counters there_are some u 's leaking
out the bottom.of M8. Muons also leak outlthe sides of the M counters,
but it'ié the same for u+Aand p_.because the verticai focusing of the
magnet averages out between uf énd no.

2) Muons leak through the spadés between the M éounter pairs.  There
is very little asymmetry in this leakage. A cut is important if it is
located at point with a steep gradient in the disfribution. So the.ioss
iﬁ any one space fluctuates,.but considering all the spaces_together the

effect washes out..

IV_VIIVDA' B s

Lost.events

Large angle muons which hit the lelSlon between two M pairs are lost
because a 001nc1dence is required between the A and B part.
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.:.5)' The lead absorber wili'stop.mOre p* than u~ if éhe u+% enter the
lead at a:steeper angle. All fhe Sl.muons_are initiailyrhéading}upwérd
so the axié-@f the_p+.cone head§ int6 thevléad at a sharper angle than
the u~ cone. 1In order to caiculafe this correlation with the Monte Carlo
all events above 1400 MeV/c aré.éllowed fo go throﬁgh the enérgy loss
subroufine; HThus_ail muons which could conceivably stop.are included.
4) The as&mmetfy in the ﬁrong deéisioné for muons which go fhrough S1
is élmost ;OO%. That is no u+ hitting S1 can ever get into the lbwer M
bank for Aflas bends u+ up. The other S-counters have less asymmetry for
wrong deCiéions. | | | |
Table IITI has thevMonte Carlo numbers for the losses and fhe asymmetry
in the losses!for 1 Oor W hitting each S. All asyﬁmetfiés reverse and | |
cancei out.with the magnetic fiéld if the S-efficiency does not change
with the field. .A-small inefficiencyvfor one sign of the field allows .a
re;idual‘asymmefry fd remain. A major point is that the pion is comple-
mentary to the muon. This term.means that at leaét half the fime the =
hits S1 1nstead of the muon, while the muon usually goes "to a down S-counter.
Not shown on the table are the losses out of the sides of the M
bénk andvthe spaces, They show no variation in asymmetry as a function

_of S countér,”_So for all the S counters together‘v‘

1+

1.0

1 (3.6%)
96t L1 (3.8%)

540 Kg-in ~ Side Loss u /u” =1.16 ¥ .16 (2.29) =

‘540 Kg-in  Spaces p+/u7'

468 Kg-in  Spaces u+/u—

468 Kg-in  Side Loss ' /u” = .9L'F .12 (2.3%) .
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Table ITI. Percent loss and asymmetry in lost or stopped muons,

+
E:_EQEE_ when 5 or Y hits a particular S-counter.
L lost : - '
Amount of loss is relative to good events. -

+

Top ahd,botto$ of Mts Stopped in Pb or Al Wrong Deciiions
. S+

4 Loss.  E- _ % Loss B © % Loss E_
o B 1ost : M 08t ' M 10st

540 Kg-in. Data

s1 25% 2.4 z.7 1.6% 1.10+ .09 .13% A7+ 1k
se A% 0 1.7 o+ Lb 3.3% 1.02 + .09 .18% .36 £ .20
S3 5% 1.7 .4 5.3% 1.04+ .06 7% .87+ Lo
sk .33% 1.2 .2 7.3% 1.03+ .06  .15% .88z .o
‘ _ 468 Kg-in. Data
s1 .15% 2.4'+1.0 1.5% 1.13% .13 229, L5+ .1k
s2 239 1.9 +.6 3.1% .94+ .09 .38% b1+ .10
8% .3 1.3 +.3 . 5.1¢ 1.02% .06 5% .80+ .17
sy 3% 1.2 £.3 6.9% 97+ .06 g .80 .18

The numbersin the Table are used to find the correction to the result

7

if the counter was turned off for one polarity of field. If S1 is turned
off for Atlas up and turned on for Atlas down, the correction to the data
is ~(amount lost, from table) x(asymmetry from table). A factor 1/2 is needed
for stopslpr misses because the asymmetry is present only half the time.

The losses are lumped together for the 4 counters S1 to Shk. The
wfong decisions_are handled separately since they are not strictly a loss;
moreover the wrong decisions have opposite and double cofrection from stops
and misses. S1 to S4 is considered a single éounter with an efficiency
change with the magnet reversal. Assume S1 fash 95% efficient with Atlas
up and lOO% efficiént with Atlas doﬁh. These cérrections need to be N

applied to data.



Correction to data for Sl Sk 59
efficiency loss: for one sign. of field

All losses except
wrohg decisions

540 Kg-in. .0k £ .02%

468 Kg-in. - 0%t .24
Wrong decisions

5L0 Kg-in. +.016% * .00L%

468 Kg-in. +.028% * ook

All of these numbers could be doubled if the same contribution is
added'fromithe down S-counters S5+ 38, However the field would have to
have the opposite correlation, that is, inefficient for Atlas down and

efficient’for Atlas up. Considering that the S-counters were run at least.

150 volts above the knee of the plateau curve which does not change position

with AtlaS-reversal it is reasonable to not put any'correcﬁion in at all
for Sfcouhter efficiency. |

.  An‘empirical.check of S-effiéiency“correlation was méde by recording
during a phase of the actual running the two S-counters which fired. Record
.of S counts for ﬁuons'in up M bank was kept separafelyvfrom muons in the
down M bank. It was done by strobing a éet Qf S-coﬁnter scalers with fhé
up evenflsignél; anothér set of 8 scalers was strobed with the downveVent
pulse. This procedure allows determination of the asymmetry measured’ when
either the n or the p hits a particular S éounterf Thé samé thing is abhe
in the Mbﬁte Carlo except that it looks at the lost'events instead of the
good evenfsAsince the sensitivity is so‘much greater. Figure 19 shows the
asymmetfy fqund for p or n in each S-counter minus the combined asymmetry
for other'7'S-counters. The test is not és sensitive as the calculation

but it is a check that contribution to the final result is uniformly
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R
distributed over the S bank.

C. ¢ Misses T Counter Fires M

The 468 Kg-in. Data, which s taken with a T counter 30" in the beam
bending direction, is‘qonéidered. A number of muons GQuai to 3.6% bflfhe‘
event rate miss the tOp.or bottom of the T counter due to large bend by
the magnet‘coubled with extreme initial angle; these muons then go on to
fire thé'M due to large multiple scattering. Of thé 3.6%; 60% bf.thém
count as gobd'events because the pion hits the T counier directly aﬁd
completes the>triggef. These pions have a very sﬁall asymmetry due to
passagé throﬁgh the S-counter bank and the two thin plaﬁe éhambers. The
_problem.is not with thegse triggers, bﬁt in the triggers caused by thé«bthérv
40% pions which have such wide angles that they miss the T. This group of
pions can potentially trigger Lo% x 3.6% or 1.4% of the real event rate.‘"l
Roughly 5/4'of these pions will either hit the pole tip or the coils of
the magnét, and some fraction of these different for n% and x , séatﬁer
and trigger:Té

Siﬁce the entering aﬁgles are symmefrical, as many particles of one
sigﬁ are focused as are defocused by the veftical focusing Qf the magnet.
But since there are more pions in the middle of the magnet gap, the net
effect isvto:push more towafd the'pole tips. Ignorihg that complicétion;
 assume thaf 1% of the muon misses have the associated pion strike the
magnet and .4% of the mu misses go into the aluminum thick platg chapper'
surrounding the edges of the T counter. The fraction of the 540 Kg-in.
Data where the muon misses T and fires M is only 0.3% due to a 41 inch
high T counter intercepting wide muons. So only half of the data has

this problem, and the 1% becomes .5% of the triggers involved.




g

The momentum of pole tip hits is below.

Number Momentum of n's hitting the magnet
of when the p missed T but fired M.
pions ‘

o . 1000 2000 MeV/c

With irbn having nearly equal neutrons and protons, the chief asymmetry
in T triggers is dvue to loss from the neutral final state of'n-p charge
exchange as opposed to n+n charge exchange. The charge exchange'cross
section avérages 15% of the total np cross section over the momentum
region ab0ve;_'glf,,,—”"f__—_———:D

~ *,_————~‘-:> v " Top view of magnet
'<:,f,—/""”’ n Anti T Counter

A ﬂ
o O

“=:T”‘?—j§;,ﬂ———”'f ‘\‘-.\ﬁ‘~ Protoﬁ/fires T
- _ : P : ; '

+

1 sails over top
'<:-_-’—"’f,,.—f’””'f—-‘ d of T but fires M
(j___f,,;»*””"———__——j:) T Counter

Thevprobébility that a charge exchange trigger the T counter is certainly
~less than 20%, |
Correction to resultb< (.B%Ipion pole tip hifs)

x (15% charge eXchange'probability)

x (20% chance for T trigger)

< + .015%
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Photomultiplier tube

Lucite light pipes B o

N[N

e

- T-counter used for
" 468 Kg-in. Data

The lucite light pipes on this T counter intercept l/?;of the trouble- .

Y|

some muons whose pions differentially trigger the T. Chrehkov light in
the lucite should have enough intensity to trigger the discriminator since

‘the voltages were well above plateau on all the tubes. Hence any correction

caléulated'Caﬁ be knocked down by another factor of 2.

-D. Examination of T Efficiency on Final Result

The sign of p 1is 90% correlated wi“h incidence on the upper half of
the T-counter. At thé S position, turnihg off a counter removes as many

B plus as u minus as candidates for events. At the T counter, reducing

efficiéncy can directly affect one sign particles only.
- For 70%. of the events the m also strikes the T-counter, almost
doubling the pulse height and assuring detection. Allowing a uniform,

constant with field, 1% inefficiéncy in the T counter is like adding .3%

to the fraction of events where the muon misses the T but fires M. Addition

of,.5% to the miss rate does not change the conclusion of the previous

L
[P G O

section.
An inefficiency occufring on the top or bottom of the counter for one
sign of the field is possible. In order to find the correlation of this : |

effect with the final result, first assume the'pigns_have lost their
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strong interaéfion. The point is to find out about the muons whose
assoqiated'éiéns geométrically miss the T cbunter; The real situation
will éive o ‘smaller asymetry correlation with field. .

Assumévthat the top half of the T is 1%, inefficient for Atlas bending.
pius up bu£ lOO% efficient for Atias re&ersed.- Tﬁe fraction of u+;lostﬂ

is

1/2 2_50% x 1% - .15%
The mﬁonsfin’question are fairly uniformly_distributed over the upper part’
of the T COuﬁ#er; For a mare reasonaﬁle model, the upper 1/4 of the T
counter lost 1% efficiency for Atlas up; the correction to the data would
be-+.08%;i  |

This'éorrelation with T éffiCiency deals only with muons in the upper
half of the T counter. The effect would double if the bottom part of the
T also had a 1% inefficiency but with the opposite field correlation.
The T cduhtef,used for the SMC Kg-in. Data had one 5"phototibe looking at
the entire cqﬁnter through a twist light pipe. A muon striking near the
joint_be#wéén scintillator and the twist pipe would have its iight |
-~ preferentially travel down one or two of the twist éections. But the
majority of events away from the edge use all of the sections for transmitting‘
light and therefore use all of the photocathode surface. Therefore it is
impossibleAfo have a nonuniformity over the surface away from the light
pipe joint,’éésuming no defects in the counter. In féct thefmaximum
variationviﬁ the singles réte of é'Sr9O source over the entire surface

of the 540 Kg-in. T counter is less than 20%.



K\ : - - : . efficient . ﬁypotnetlcal,
///27:2’_ - — » - inefficiency
P ——_—_f-_——_"“‘-;~\;§\h~» : with Atlas

, T ‘ ' , S Up

" Photocathode : B . 5.
o inefficient. ' '

— - . ." |Hypothetical
\\'EE ' A inefficiency

. : Down .

It is eaSy to see how the affected portion of the counter pictured

v

Would‘be amall in the event of an-efficiency shift. For the 468 Kg-in.
Data the T- counter had elght 2-inch phototubes, 4 on the upper edge and.
4 on the lower edge. ThlS arrangement mlnlmlzes any non unlformlty in
the upland,down, beam.bending direction. | |
Accidentals in the T counter are no problem so_that'both T counters
meresruntat_least lSOvvolts over the knee in the.plateau curves. The.

conclusion is that the T counters eauSe no bias.

E. u+u7'Scatteringeandwﬁange Differences
“If u+3.for example, scatter more in the lead absorberithan T
negative asymmetry results due to more u
| 1) stopplng in the absorber,‘
2) being lost out the top and sides of M bank,
3) and making wrong decisions by falling into the u-.side.

Both experimental and theoretical work has been done on u+ and p-
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vscattering»differences. Gold emberg, Pine, and Yount25 haﬁe measured the

quantity - o
IR O (6) - O+ (6)

R =

T 5 (8) * o x (8)

for elastic scattering of electrons at 300 MeV on bismuth and cobalt.

o

Herman,-Ciark, and Ravenha1126 have made pertial-wave Calcdlations ofbthe
same pafamefer R for 300 MeV electrons on bismuth and cobalt. The eXperiﬁent
and theofy’are in good agreement, and some of the calcﬁleted parameters

are used ﬁere. Various charge distributioné are used in the calculations,
but none ef fhe detailed reéults in the paper are necessary here.

The ‘qualitative appearance of the asymmetry R is shown below.

+/o?+ |
Ny
3»-/07*
3 |9
I-};_zwn
DO)O
Eo T 1< B Bismuth
n '3d2r 300 Mev
" | .
- 10° 20° 30° 4P 50°
I SR R PR .
i Elastlc scatterlng angle o
| —
26 /o% 205

: Momentum transfer (MeV/c)
The Monte Carlo 1s used to see how the scattering differences reflect

into the measured charge asymmetry. A rather crude technlque is used;

however, the effect is swall, and no correction is necessar&. The procedure
. ‘ . ,

is to put; for example, 104 MeV/c momenfum tranfer scattering into the

program fo: u+'and see what asymmetry resulfs. A manyfold amplificatioﬁ

Qf‘the real differential cross—section‘is needea to observe a finite

asymmetry. The large angle scattering is folded in with the gaussian

multiple scattering at each step through the lead. For the muon momentum



Sk
P at each step the scaétering.angleje is found.
2 o) - R ' _ .
+q" = -(th MeV/e) =,-2P.(lfcos9) (cm -and lab. frames almost same) .
It is somethlng of a problem.to know how to scale the 300 MeV data

to another ‘momentum. Drell- and Pratt7 gwe an approx1mate scallng formula

for high energy.
: o 2, 2 76°G( o)
do = doy, .o [F(Q7)| (1+——-—P-1—)

. do . -do_+ ) ZeeG(_qe)
do _ +do + P
e e

The other tefm in do is a second Born contribution. For purposesUhere it
is only necessary to knowlthat G is only a function of q?, and the only

‘other explicit P dependence is in do The diffefential cross section

Mott®

2 ;
at 300 MeV for Vg = =10k MeV/c is scaled by the factor (4o=) which is the

355)

P dependence in ch tf assuming that the_energy transfer to the lead

nueleus is small The approximate inverse P depehdence of R is also put
1nto the scatterlng probablllty as (300/?) ‘The scattering probability
for 104 MeV/b at each step through the lead is obtalned from the cross
section .
T e(15o_Mev/c)
X 2x[/sin6 48
6(80 MeV/c)

. 300 do(q, )l

do ﬁ_A X b'd
2 P da |5oo MeV et

500
" e'uniVersality is assumed.

The angular internal‘is taken as 20° t 50 to cover the:entire region

- + . :
of the (9—-—'——8—:)— dip at 10k -MeV/c. (5% % 3° at 26 MeV/c and 40° * 5© at

e + e

207 MeV/c are used as approximate angular intervals.) A is the ampllflcatlon

factor used to make the asymmetry visible. The steps through the lead are
fine enough so that the scattering probability is always small in a glven
step. In_this way A is a true amplification of scettering probability and

should represent a reasonably accurate amplification of induced asymmetry.

e et o L Ll L
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The theoretical paper also gives differential cross-sections on

bismuth at 300 MeV for a Fermi shaped charge distribution.

6 » %% 300 MeV e+ on bismuth

0 ' R v
10 437 x 107 mb/sr
20° \ U6 x 107 mb /sr ¥ from paper
40° 666 x lO-lmb/%r

o L '

5 » 5 x 10" mb/sr (extrapolated

from above data)

For the parameters of the charge distribution, the reader is

referred to the paper.

Angle at Momentum Induced asymmetry A Total Amplification
300 MeV transfer p+/h'(gauss§an scatt- =A x 100%/R(6)
to pt ering for u ,(Re=—lOO%))
5© 26 MeV/c 1.12 £ .ok 50 1000
20° 104 MeV/c .92 £ .03 450 2250
Lo° 207 MeV/c .96 T .02 3000 7500

The total amplification factor is an increase over A due to the ratio

-+
R = %i_—;—g—:q_- at 300 MeV. At 5° R = +5%, at 20° R = -20%, and at 40°

=
Ii

-40%, reducing the asymmetry by factors of 20, 5, and 2.5.

The 26'MeV/b scattering is mostly washed out by the multiple'
scattering; and for even lower q? where the cross sections soar, the
scattering is gaussian multiple scattering.. Also, the phase space factor
is so small that such an enormous cross sectionA(ESOO b/sr) is needed to
see any effect on charge asymmetry. At the larger W;é7= -207 MeV/b the
real differential cross section is so small that too few muons are involved
to causebtrouble. The R ocillations continue at larger angles, but the

cross section falls exponentially and even 100% differences between u+
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and p~ could cause no effect on the measured asymmetry.

No correction to the asymmetry is indicated by the above numbers.

Even using the differential cross section at 15° which is ten times higher -

than at QOo‘léaves'a substantial'reduction‘factor;

w -8% t 3

B _g"—g———ﬁ;--.ou%f .02%
u >

Also nbtiéevthat the 26 and 104 MeV points go in the opposite direction
and tehdvto cancel out.

Aboutﬂé/B of the induced asymmetry‘is'duevto'stops_in-the absorber,

and 1/3 is due to wrong decisions. The'experimental data_ovaoldemberg,

Pine and Yount -indicate with largeverrors-that the asymmeﬁries R inlthe.
inéléstic'électron scattering on cobalt and bismutﬁ are>mgch smalléf than
for fhe él@stic data. |
The measured charge asymmetry 1is very sensitive to uf, ui
range différences. A 1% less average iE/ax for p+ cféates a positive
asymmetry. 7%45 g .v A 1% more averagé dE/dx for u+ ‘creates .a negétive
asymmefry:;.B%@’t ;ﬁ%i. ' | | | '.
Beilamy‘et al.?8, have measured dE/ax (in a .24s5" thick NaI(Tl)

crystal) for muons from .5 GeV/c to 10.5 GeV/c, with an accuracy of t1%.

u+’and u” data points occur together at 3 GeV/c and 5 GeV/c. The difference

between p+ éhd 1L is known to better than the absolgte,l% because most of
the corrections are independent of sign. Assuminglfhat systematics

between uf gnd.u_ observations are small, the data shéws‘fhat gf each of
the points §,GeV/b and 5 GeV/c,dE/dx for u+ and ik~ is the saﬁe with £.5%
error or beﬁier. The data however was not analysed as é Q+u- éomparison
and oﬁe should be a little cautious. Crispin and Hayman29 fiﬁd that ihe
energy loss in plastic scintillator for u+ and p  is the same-withiﬁ l%.;

The momentqm range of the muons is 0.4 GeV/c to 100 GeV/b.

e g |
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The effects of u capture af end ofvrange are small. The number of
muons stopplng within 25g/cm from the last M counter is 5% of the real
event rate. The u decay electrons (max1mum of 53 MeV/c) can travel up
to 25g/cm2. Only 1% decay in the 22 ns resolution of the (2ST) (M)
.coincidence.. The decay e+,ef trigger differently due to positron

annihilation.

r——--__;__w "“‘-____~f’—__—__f—““ﬂ _ f"“‘T . Eihv

;y;' T 7\ —_—-“““-———‘"'—u-—f4::::
*_//zrr‘ M deco1s

eec2r

/&C' | A i

=TT | d T — -
ooy Vs —> e

T Trhe— P

A Captuve \.td

n : n " 0

1"Al— =" A MIA | ! Plywood -2 M'&\
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" The W capture times are 880 ms in aluminum and 2040 ms in carbon” .
So only 2.5% of the u capture in the 22 ns gate. The p~ decay time is
also suppceesed in a bound state, but the effect is small for low Z
materials. In aluminum the u decay time is within 90% of the u+ timejl.
The correcticn is |

(5% of event rate) x (1% decay) x (solid angle) x (energy spectrum)

x (asymetry = » ali effects = 20% max).

The positron enhihilation is opposite the other effects and of same ordefw 
p- capture effects where a neutron is emitted are not important because 7
: captere would have to occur in the first M or the wood which is only
k4 grams/cmgf The carbon capture time is longer and recoil proton

probability in last M is small. In the few percent cases where charged

particle§ﬂccme out they have very short range. It is concluded that decay
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effects are unimportant.

Barkas, Osborne, Simbn, ahd_SmithBQ observe a range difference ‘ , .

<Rn- - R +> = 3.10 Y 1.124 out of a range <R > = 95.7u in Ilford K-5

emulsion. The x's are in an energy region around 1.6 MeV or initial B

-about 0.15.. The effect is also believed to account for a 1% n+n__méss

‘difference observed by range difference for initial B of .2755. The - ° - T

effect also eiplains an unaccounted:for.rénge difference between ¥ and ?
| 5 at iﬁitiél velocity B = O.lhih. 5 looses less energy than 5 at the

same Veidgit&. Heékman and Lindstrom55 étddiéd the efféct-by'measuring.

dE/ax fof K+ énd T in emulsion as a function of veibcity ih the.region ?
.051'<v/b.<.l78. Most of the range difference comes atvthe_loﬁest
velociﬁies.  It was also concluded that beyond v/b’: b dE/ax difference
~ between x" and n_iwas less than 1%. ' ' R B

The efféét can be explained at low momeﬁtum transfer where the

electron déesvnot sense the charge distribution of nor 3. Classically

it 1is just - - : ;
o : e with m - |

—pe . - _ IR &
‘ e  with x. - '
There is greater momentum transfer to the electron from ﬂ+ than n—; It ‘
is a 2 or moré photon exchange and the difference is neglected in the usual
first Born approximation dE/ﬁx calculations. A less likely explanation - b
for the observed range differencé is the following. When the velocity e
of the muons becomes comparable to the inner electron orbits possible sign

differences could arise. At the low velocities the inner shells are

ionized by only large momentum transfers and are ineffective for stopping
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- ) +
the muons. If the u saw more K shell electrons than u due to Coulomb

scatteringithe 1~ would lose energy more slowly.

u- little ionization

slow muons

+ .. .
{4 more ionization

Both explanations predict indentical behavior for muons. For u+,p'
and e  some initial rise in o, - +, over o, - -\ is expected. Using the
(e™n’) (e’p’) P : &
v + -
n data, the asymmetry (up /u°) is only .1% for the last 4.3 MeV of distance.

The correction equals (.2% of real rate/gram/bmg) x (;@_&E%Ei range) x

cm
(.1% asymmetry),and is minute. The important thing is that the effect
is 3% of the range at B = .15 and falls to .1% of range at B = .27.
836" 37 s 58 .

Several guthor have calculated radiative corrections to p
e scattering. Two photon exchange and photon emissions must be considered
to obtain differences between u+ and u . Photon emissions_must be

considered due to interference between emission from the muon and emission

from the electron. The calculations however cannot be used directly to’
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find‘dE/ﬁ% differences between‘u- and:p-; for this‘purpose the calculations
are incomplete in two respects. ‘Firétlyvthe momentum transfers_in the
régions 4numériéaily évaluatedrin the ﬁapers are higher than thé'lbw
momentum ffansférs in the regions where the bulk of thevionizations

38

occur.. One:paper gives radiative corrections for scattering from'BOO
to 180° in ‘the center of mass. Secondly only the relatively soft photon
radiations which lie within the resolution of an elastic scattering

experiment are calculated.

F. Anti-Counter Efficiency

The'pufpose of the anti—countér is to éhield the a?ﬁaratus from
~triggers céming from vertices inside the End Station of from the sides
of the hole leading out of the End Station. Even thoﬁgh the nominal
vbeam size is much smaller than the hple, the halé éréated by the collimatof
in the lasfvmagnét could hit the End Station wall. However, most of the
single couﬁté in the anti-counter are charged producfsvfrom.KLQ decay,v
and’ most bfvfhe veftiées which might trigge# the apparatus are KgE
decays. v. |

The‘poﬁential background that the anti-counter shields out'was
studied by'ﬁiacing the counter in coincidence instead of anti-coincidence.
The friggef"rate for the system was 45% of the normal trigger rate monitored
wifh any singles rate, and the asymmetry in those triggers before the
anti Wasvl;OE ¥ .02. The program finds a 50% frigger rate for KHB deéays

i
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occurring in'the‘region‘two decay lengths long upstream from the anti-
counter position. The indication is that "events" originating before the

anti are good K,, decays.

)
The efficiency of ihe.anfi-counter was measured to be at least 96%

with the voltage unintentionally set 300 volts lower than the normal

running voltage. Assuming the 4% inefficiency, a correction of -.055%

t .035% would be needed. However, it is believed that the anti was very.

nearly 100% efficient throughout the run, and no significant correction

will be made for anti-counter efficiency.

G. DPion Absorbtion

A fraction of the negative pions from Ku5 decayé'are selectively
absorbed-byvéharge exéhange before firing the S-counter.  The effect
decreases the measured charge asymmetry u+/h—. Reécting with free hydrogen
atoms in the plastic end of helium bag, tape, or scintillator

%~ + P>x°n
are removed cleanly from the beam. The reaction would have to occur in
the first l/h or less of the S counter thickness; otherwise the n~
ionization would trigger the‘discriminator.

The total material involved is

025 g/bm? average length of He bag (no free protons) .

.05 g/bm? polyethylene (CH2) end of He bag, light shield
into hut, tape on one side of S-counter.

.16 g/bm? 1/4 thickness of scintillator (CH) (number
. variable depending on high volts on tube).

Another possible reaction is
ﬁ'+'6‘*012+ B 40+ o©

>

where the incoming n~ has reacted with and removed one proton. The boron

is stable, and in cases where it stays together the g— is-effectively
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eliminatedveveﬁ in scintillator.’ An absolute upper limit is obtained
when all of the prbtohs.are cdnsideréd free.

Ka.llen59 has total charge-exchange Cross sectidﬁs. Figure 20 gives
the momentum spectrum of pions for all gdod triggers. Véry.féw plons ére
in the ldﬁ energy>region where O exchange is big. 'Avgood avefage overv

the pion spectrum would be 8 mb with at most 25% error.

Nox

il

(34 x 10°° EO—%—QLBin plastic) (8 mb) (.2em plastic)
cIm -

.05%

The protons in the He raise this the number less than 10%. The lower

limit considering only free»hydrogen is .Ol%..:The value .QS% is too large:

bécause the other six neutrons in the carbon are a shield for the prqfons;

not allowing them to present their full 3 mb to the n . Also breakup'of

the 5311 in_ﬁhe scintillator wiil make & large pulsé and easily cognt,

_vwhereas_ih'the other plastic, frégments might not reach the scintillatof.
ﬂ+ and nf should be equally effective in producing multibddy neutral

final statesvso that the iuch larger (2@-30) mb,inelaétic cross section

is no wérry. |
The conclusion is that a +.03% t .02% correétion be applied to the

Ll+ n” aéymmetry;.to cover the iﬁcomplété‘knoWlédge of the problem an

error is included. . -

H. Conclusion on Wrong Decisions

The asymmetry in wrong decisions is due to S-efficiency change and
u+p- scattering differences.. Both of these effects éfe found to produce
negligibie bias in the final result through asymmetry in wrong decisions.
Accordingly fhe asymmetry in the wrong decisions is taken to be'anti-asymmetry,
that is minus the measured asymmetry. From Table IT page 21 wroné decisions

are 3.0% t .16% of the trigger rate after accidentals subtracted.

L
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VII. ~BACKGROUND

A. Pion'Decey,in Flight

The effect of pion decays in flight is primarily a washing outtof'
' . o, 0 ' L, 0, + -0
the charge asymmetry. The modes KL > UV, KL *xev, and KL‘f+ﬂ T 1
contribute by P decays 6.6% of the event rate.
The mabrlx elements and phase qxxelmwezalarge effect on the detectlon

efficiency of the S-bank for the different modes.

Percent of:all Percent of all - Detection efficiency

Mode - decays which miss decays which " of.S-bank
'S bank fire same o
S counter
| Kus 30.1 ' 6.3 51.6%
_ Ke3 ) 47.3 " 10.9 - 41.89
Ky . 13.3 , 25.4 o 6L.3%

The table is from Monte Carlo,' The large transverse momentum gvailable
in Ke5 makes_many of the events miss.the S bank entirely; although the
transverse-momentum Separates the two particles, and bofh hitvthe same S
less frequentiy. The_K"TI5 on the other hand with smaller Q. value:rarely
misses the S bank but the n and u frequently hit the seme Secounter.'
After the S-bank it is the pion or its decey'muon which proceeds onb
to the M benk to complete the trigger. The first step is to compute the
trigger ﬁrobability assuming all of the pions decay. As a simplification
it is assumed that the small momentum in x *uv of only 29.8 MeV/c does
not measurably change the trajectory of the‘muon.from that of the parent
pion. For the minimum transmission momentum of the absorber at 1600 NbV/c,
29.8 MeV/c aﬁplied transversely amounts to less than 2° change in direction.
A temporary assumption is that the pions all decay forward or that the
momentum is not changed in the decay. Another ﬁay is to say thaf the n

‘simply lost its strong interaction. The system has a detection efficiency
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for such nctriggering "events". This efficiency is th¢ number of such
triggers aé a_pefcent Qf the total number of KLO decays generatedvand is
listed in second column of Table IV. |

Even though Ke has the lowst detection at the S bank, its pion has a
higher average momentum, and mofe pions (Or_forwafd decay muons) have
enough energy to penetrate the lead. The Kﬁ3 gets through the S bank
easily but the x does not have enough momentum fo penetrate‘thé lead as
often. Hence it turns out that the detection efficiency for each mode
for lOO%‘forward 7 decay'is about équal as indicated in the Table.

Then for each of the "events" the probability that the pion actually

decays i1s found. It is Jjust
travel distance x (mﬁ)
, 307 (inches) x P

IP‘: l-ex-p

This probability P must be reduced due to the fact that decay muons have
less momentum than the parent pion and sometimes have too little momentgm'

to get through the lead.

These are -\ K(”*--Dlstr1¥utlon of muon momenta
rom it decay

los? /ijg; . lab.

P P K

min max - v

1600 MeV/c (or minimum transmission momentum at
a given depth in the absorber)

The P'srare'éummed up for all of the "events" and gives the percent of
lOO% forwardvn triggers which are real pion‘decays, column 3, Table IV.
Account is made for absorption by all materials in the system and the |
travel distance is taken all the way into the absdrber until the pion
is absorbed by strong interactions.

To gét the decay rates relative to real K events multiply column 3

M3
in Table IV by the following factor

(Detection probability 100% forward x decay)(Branching ratio)

Factor = - — - - .
(Detection probability of real KMB)(Branchlng ratio K“3)



- Table IV. Study of pion decay in flight and correction for‘ﬂ+ﬁ- cross section differences.

Mode Branching Detection Total decay +(n-/% ) with  Decay probability Correction for Comment
Ratio efficiency probgbility =x cross section in percent of 20% xtx” cross '
assuming all as a fraction in Pb smaller by muon triggers section difference
- pi £ "x triggers" 20 in 1 -

pl%%iwgg%gy of "n triggers % ~ in lead
KLO-;nuv 28.1% 1 19.0% . ' . _ - Real events
K >y 28.14 25.5% 1.86 1.01 . 2.k -.025% . g triggers
K Conev  37.7%  21.3% | 1.6% 1.01 | 2.0 - -.025% 7 triggers
K O n® 12.7% 19.84 3.94 ~1.01 , 1.8¢ RE=r Detection |

efficiency for

one pion but .

probabilities
doubled for

+ -
. and n™

Total decay probability and correction : o ” 6.64 o7
. () . = . (]

for 20% smaller %" cross-section in lead

;997','
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For Kth the prdbability that the n+band the n will both decay is

very small. However the logic is set up in a way that both will be

" recorded. That is, the event trigger signal requires (2ST) plus at least

one M firing. If more than one M fires, each will:be scaled independently.
The same effect occurs for K“5 wheré a 1w .decay has a substantial chance of
being accompanied by an energetic muon. This chance gives rise to a certain

fraction of "doubles" or both pion and muon penetrating events. These

~

events afevobserVed in the sample pictures. As far as the data is concerned,

the logié logs them Jjust as if they were independenf decays. In the
program K54ﬁuw where thé " triggers’' is handled as an independent mode
from K->ﬁgv where M triggers.

Theré is asymmetry in the groﬁp'of decéying'pions due to differential
absorption bf ﬁ+ and w . After differentiél absorption more n+'s than
1 's might be present to decay. There is.some pion absorption in the S
counter bank and the thin plate chambers and‘with a considerable flight
path before reaching fhe thick aluminum chambers, but” the major effect
is in the lead where the concentration of pions or their secondaries at a
given depth can be different. Little differential absorbtion takes place
inrthe aluminum chambers due to the arguments in the Appendix. |

A rbughrestimate of asymmetry in the pion decay background can.be
made. The attenuatioﬁ-of.pioné is computed using fhe collisidn lengths
found in Rosenfeld tablego . The correlation between cross section and
pion deéay probability is bbtained by changing the collision length by
20% and'ﬁatching the change:in the nuﬁber of pion decays.. The result for
n+/%_ in column 4 is obtained by putting in 20% less cross section for 0
in lead; Léss cross section means less atfenuation and as a result more

pion decays. A 1% asymmetry in pion decays is the result.
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This l%'asymmetry gets scaled down by the ratie of measured;ﬂ+ﬂ-
cross section differences to the 20% difference used in the calculation.

Abashian et al. , find absorbtion cross section differences in lead.

- Pion kinetic - - o(n”) - o<n+)
energy lab (MeV) o(x™)
700 .050 T .011

1100 .ol7 T .o1e

1100 MeV'or'higher is an appropriate energy for pions entering the lead
which also have a substantial chance of decay. Hence the asymmetry in
x decays becomes

+| +

: : T

“# n decay
in flight

= .09% T .069
This is'the_aeymmetry in'K#B. The Ku3 wili have anti-asymmetry, equal
and oppoéite te the actual charge asymmetry. 'KeB Qill also h§vé anti;.
asymmetry'eiThe Kﬁ3 cdntributéé exactly as many x as 1 . |

In conclusion,

vPieﬁ.decay'in flight-KHB = é.h% f'b.}%' Aeymmetry -.89% t .319
| | Kes = 2.4% * 0.5% -.89% * .39
Keg = 186 T 029 097t .06%

- B. Pion Penefration of Absorber

The Appendix contains all that is known about x penetretionufrdﬁ_fhis
experimeﬁt. It is concluded that =« penet;ations leads to a backgrouhd
which is (2.8 T .5%) of the real Ku5 rate. 'The'num?er is not'directly
measured and coﬂtains some.assumptions'about momehtum dependence of n -
penetratien probability. | '

No useful conclusion is reached on the charge bias for‘the penetratiens.
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The n+ﬁ-»bias is a combination of differential penetration probability

and asymmefry'in m wrong decisions. It 1s exactly the same situation as

for the muons and the muon wrong decisions. The final result includes

only antl asymmetry for the x /& charge bias. ‘The arguments substantiating

this assumptlon are presented in . the Appendix, page 100 . |
The:only’readiiy‘calculable penetration mechanism is K+ associated

production with X,, decay, suggested to me by Robert Budnitz. The effect

H2
was calculated assuming K" production from the initial xt. A fair fraction
of the K+ are forward,:and when the u+ is also forward it can have enough !
energy to penetrate the remainder of the lead. The bias is small because

most of the‘K.+ interact before haviug a chance to decay. The effect comes

to .02% of the real K, rate and is 100% asymmetrical.

C. Interactions of Beam Particles

l. S-Counter Bank

Bean particles interacﬁing in the S-counter bank can trigger the
apparatus in the following way. One-of the secondary particles can fire
an adjacent‘S—counter; and another secondary can ge on fo trigger the M
byveither_strong interaction‘penetration of the lead or decay to a muon.
The average decay probability iu the decay volume for'a KLO produced
at. the target and surv1v1ng the 12 inch lead y converter is about l%
The detectlon efflclency of the apparatus is 20% requlrlng 500 Ki/event
or 1000 K-zeros transmltted by “the 12" lead converter. U51ng the SLAC
Users Handbook for relative,K+ te rratou}yields, neutral K's and neutrons
productien are aboui'eéual averaged over the neutral beam momentum spectrum.

-

-The numbers are’ crude con81der1ng that the beam goes through 12 inches of

lead. So roughly 1500 K's and neutrons hit the apparatus for every event.
(30% of the K  's decayed but this amount is smaller than the accuracy

of these estimates.):
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Substantial asymmetry ié possible in these interactions due to K+
production} Reactions like

“n.+ N

> T *y
ucleon K1 + (n,2,Y )Af N

ucleon.
n+ C > K"+ (A,5,Y ) + A final state of 12 Nucleons
: arbon _ _ T _ :
have no corrésponding K~ reactions without production of additional baryons.
o ' + V - ' ‘
Kaon charge exchange produces K more often than K due to the extra proton
in CH. The K has various inelastic channels not open to K+; hence K

attenuates faster resulting in more-u+ than p~ from K,, decays. It is

K2

very unlikely that secondary n+ and n cause much asymmetry either in
decays or differential penetration. See Section VII-A.

S-interacfioﬁs were sfudied by increasing the interaction probability
with additionai scintillatér pléced just upstream from.the S-bank. Two
inches ofvséintillator raised the tfigger rate by 149 and three inches
of scintillator raised ﬁhe trigger rate 249, CSnSidering that some of
the.pions froﬁ gOOd events are lost by interactionsin thé scintillatdr,
it is esfimaféd that the'interactions-of‘be;m partiéles are:contributing
19% and‘BQ% to the trigger for the two runs. 'Thelbverail asymmetries;
are 1.04 i'.-.'O.l6 and i.07 T 025 fof 2" and 3" runs. Combining the data
gives 1;23vf .07 for the ésymmetry in the interactions occurring in
scintillator with bothv2” and 3" runs together.* fhe seléctive charge
exchange_absorbtion of n~ from good evénts is considered in the cémbination.

'See Section VII-G.

| _ The-ffgction of the Ku5 triggefs caused bva—interactions cannot be
found froﬁifhese twovexperiments because the solid angle for 2S tfiggers
is much.different for vertices originating in fraﬁ;qf the S-baﬁk than

for vertices inside an S-counter.
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/—\./
- Added
scintillator

The rate used to make the S-interaction correction is taken from the sample
picture analysis which finds 51 positive triggers and 47 negative triggers

out of the 14 000 pictures or 0.7% pa .07% of the Ku rate. The interactions

5
are characterized by a vertex Just downstream of thé chamber with at least
one wide angle particle. Most of the interactions are easy to distinguish

from Ku decays. It is harder when there are extra décay tracks in the

3
S-chamber, and one has to establish that the "muon" is connected with
the interaction (found by projection through the magnet) and not with
the good decay.

2. Interactions in the Decay Region _

The decay region is 110" long'filled with helium. ©Neutron or Kaon
interactions can occur in the He and produce possible bias. Interactions
are possible in the last fraction of the anti-counter where the pulse is
too small to fire the discriminator and also possible in the associated
counter wrapping.

o 2 : 2

The helium is .055 g/bm s l/h thickness of anti-counter is .17 g/bm s
and one side counter wrapping plus the anti—éounter end of the helium

bag is .04k g/me. The end of the He bag at the S counter position was
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included inrfhe previous éection,” .

The éfféct éf interactions in thesé'matefialsvwés studied by placing
three tWé-iﬁch slabs bf cérboﬁ'at.distanCeé of BOvinches, 48 inches and
6h’incheé;fr§ﬁ the S-cbunter_baﬁk; 'This‘érrangemént produced an.overall
asymmetry_of u+/p_ = 1.029 + .OSC._ The tfigger rate did not changé ffbm
- the normai data taking fate,vmeasured with the anti-counter as a ﬁonitof.'
However, thé 25'grams/bm2 of carbon represents attenﬁation of roughly 35%
of th¢ g.ood.'-Ku5 trigger rate dﬁe to interaction of K's or the pion from
Ku5'decayéf Therefore, interéétions in the carbon are contributing:theh
lost 35% ﬁq the trigger rate.

The éarbon represents an effective increase of material in the décay
volume by.a:factor of 80.. But the anti-counter materialvis much less
effectiVéxiﬂ producing {riggers due to its gfeat distance from S. The
éarbon produces half as maﬁy'triggers per gram Qf materiél as the exfra
scintillétbf placed at the S-position. The effect_ié a loss of_solid .

angle of the S-bank. The reduction factor is estimated as 200, giving

Eéa-x'55%f= (.18 f'.lE)'percent of the trigger rate as interactions with

allowahgé for error in that reduction factor. The asymmetry in the carbon
. : + o _ .

interactions calculates to be E:— =1.07 ¥ ,10.

_“ carbon interactions
D. Deita Rays
'It is pOSsible for a single muon to trigger the S-bank by producing
a delta;ra&'which curls around in the magnet fringe field to strike énoiher

S-counter.
m
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The effect is observed in the first thin plate chamber which records
the circular path of the delta. The effect is also seen in the S-counter
scalers diséussed in Section VI-B. On the averagé 2,05 S-counters fire
per event.trigger, giving than 2.5% probability forvthe’single particle -
process sihce thé'n and the K both cqntribute'to the .QS increase.

The brobability is actually larger:because 439, éf the time the n and

i are in adjacent S-counters.

1)
..”

So 20% of the particles make redundent d-ray counts assuming most of the

¢::—5—' This d-ray is not scaled
>— 1t

d-rays go into the adjacent countef. The &-ray probability rises to-3.2%
for a single particle-to make a d-ray which counts in another counter. In
the 14 000 sample pictures,v12h B-ray candidates ére found. They are
singlé muon tracks with 2VS-lights. About half have adjacent S';lights
and another 20% have fhe other light one counter.awéy from the muon light.
These ®-rays are not visible in the chambers becausevthe chamber is 2.5
inches away from the counters. The remainder of the d-ray candidates
with lafger counter separation are not all d-rays because many of them

do not show the & in'the chamber. They coﬁld be accidentals'with a slow
neutron or gamma. ‘The &-ray CQnaidates, ;89%,found by piétures over-
estimétes &'s in the above sense but also misses events which have a
delta ray triggering the 28 requiremgnt but also have an unrelated track
within thé long time resolution of the chambers.‘-ThiS»extra track must
roughly Qerticize and have a.rough»sbatial coincidence with the o-light

triggered by the &-ray. The scanners could miss some of these.



1

-71‘#_. v
The‘asymmétry Qf“siﬁgle»muohs was measured by’fequiriﬁg Qniy 13
counf. it-waglu+/h;f= 1;009 t .Oi&; .It.is expe¢ted that nearly all of
these muon; aré.froﬁK“3 décays.3‘So the aétual number of BFfays is
unimportant for this correction since the muons haQe overall asymmetr§
very near the final answer. 0.89% 6Fray.triggers_i$.uséd for the first &
'correction{.v' _ ' S u

5-rays can cause another effect,

~e Upper
o set
> I S L
>2 I \_H\
For every uf ‘S3| ' PN o wt
Apm——————— Atlas bends V] up
trajectory beforel' _ +
the field there SH] e e —= Atlas bends u down
is an 1dent1calssl , . ) -
- } Co L
W one. 3
| so ) | | 7
-4 S H
57 Lower
set

For AtlaS’Up_bﬁiy/%hé*ﬁﬁper'Séfﬁbf’p+;u+”é0uht‘since the.e_'fires Sk * The

u+ being in‘an ubpefvs—counter has a large chance: of missing the'vaank
or better chance of étbpping than the u~. The pf has a strong chance for
a wrong décision. For Atlas‘Down_only tﬁe lower . set triggers, and again
'the..u+ is lost more often, andkthe ui.again_makesbthe wrong decision. Thé
result isﬁa background which will ha&e a net eXcess.of u- for this effect.

An additional class of potential &-ray triggers must be included for

1 e

this effect. - S
v' st —+ ﬁ—.
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Delta fays.can complete the trigger for casés where the n and p hit the
same S-counter. Also the delta ray probability is about doubled. The
double sy hits occur twice as often as the single o configufation where
‘5t misses the S bank éntirely. These additional triggers are potentially

' 50% of the real Ku rate if éll had 3-rays looping into anOther‘counter.

3
The anélysis of this d-ray unique sign effeét is parallel to Section
VI-B, conéidering_a greater than 100% efficiency in S1 and 52 which goes
away with field reversed but appears in S7 and 88. The bnly difference
is that thg asymmetries for muons through a- particular S-counter are
smaller than for the o-ray effect because there is no pion complementation.
The fi;m.data showed thaf only S1, S2, and perhaps a few of the sinéle
pts in SS are operative in'the ﬁnique sign mechanism. That is almost no
delta rayé could fly over the top of S1 from the Sk pqsition. - Half of the
mon potentials in S2 and 20% of the potentials in S3 are used as well as |
all the pofentials in 81. As with the S4reatment it is oﬁly necessary to

look at the portion of the background which has asymmetry. Most of the

d-ray triggers produce as many u+ counts as p  counts and with real‘Ku5

asymmetry.

Asymmetrical back- Amount of background  Asymmetry in
~ground due to: as percent of real background-
KH5 rate :

1) losses of background
~ muons by missing top .95% - -100%
or bottom of M bank o '

2) background muons making

+
wrong decisions. -5% . 100%

-

3) background muons stopping 7% ‘ ' _7%
in absorber - :

These are losses in percent of all real triggers for the potential d-ray

events in the combination of S counters indicated above. The numbers
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includes contribution of 86, S7, and 88. The gddition of the contributions
of the three asymmetrical backgrounds>comes to a total .95% of all K“5'
events witthOO%‘asymmetry; i.e., only p~ triggering. This would be the

correction if all ofvthe .95% muons or.the accompanying pion made delta
rays which triggered another S;aounter.v That 6—ray probabiiity was 3.3%. _ .
The a-ray probability must be weighﬁed higher now since most‘of_fhe |
potentials (63%) are double S hits; it goes from 3.3% to 5.4%;

A faafar of 2 can be taken out of.this probability. The 8's which
sail over_the tdp Simply do not trigger in this analysis S0 faf; whéreas
the 5.4% probability is mainly centrai particles which send &'s up or
down intolnéighboring counters. So .95% x éé#%-v;..026% of the Ku5 | | |

1 :
1

trigger rate is background u , and —=| - appears smaller by i o
: . E observed o :

i

The +.05% correction to the measured charge asymmetry is an upper

.05%. -
limit bééause many of the deltas that go.over theitop (and bottom) make j

. .o ' v . : :
a complete 360 and can still trigger another S-counter. A 1.2 MeV
delta has the following trajectory ih air.

i
I

i

i
t
-
i

i
N
i

i
B
i
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Just clears chambér

S1
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T+ 4L 40 39

Distance from center of
magnet in inches

The more common lower momentum delta rays are more circular in shape

but can still fire $2 after being produced in S1l.

b Mev
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Higher momentum ones get attenuated rathér quickly in the thin plate
chamber particularly due to the very steep angles through the plates:

The inclusioh of the:circulér tfiggers increases the total-number of delta

ray triggers but reduces the asymmetry very quickly so that the correction

becomes smallér. If all'of the delta rays whiéh sall over the top cireled

around and triggeréd in the back the correction ﬁoﬁld.be zero. .
The"céﬁplete calculation ié difficuit to carry out; all that is‘_

learnéd sb'far is thaf an estimated corréction'of'+0.025% * 0.025% is

necessarily added to the measured charge asymmetry.

1..,“.;1-;-__-‘:‘
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VIII. RESULT

A. Instrumental Asymmetry
The experiment has'instrumeﬁtal asymmefries'between opposing M pairs
for one sign of field Wﬁicﬁ can be explained by displeceﬁent of the S-bank.
That is, in Table I consider for either sign of the field the ratios of
counts ML/MS, M2 A7, M3/M6, and Mi/M5. The 468 Kg-in. Data by itself
has even larger instrumental asymmetries and will be used for illustration.

Table V is obtained for eech polarity by taking the ratios of counts

M3

apparatus is stable with field reversal. These large variations over the

with the K charge asymmetry subtracted out. One observation is that the
M bank caﬂ be reasonably explained withqut'resorting to porosity

in the lead of M inefficiencies. The section on S~coﬁnter efficiency.
describes how the M distribution is radically changed by the physical
position of the muons at the S-bank. The conclusion of that section is
that even though the distribution of counts in tep and bottom.M-banks may
be significantly different, very liftle asymmetry with~all the M's together
1s generated for one sign of field.

The evidence for an S-counter effect producing.the instrumental
asymmetries‘is good. The 540 Kg-in. Data shows different apperatus
asymmetry, indicating for example that there are no holes in front of Mh.
(MM/M%;E&Q-Kgrinlkma is slightly negetive). To have a nearly 8% difference
between adjacent eeunters as in 468 Kg-in. Data means a hole would have to
occur very'near Mh,_in which case the 540 Kg-in. Data would have the same
correlation.. The overall Up and Down symmetry of the M bank is demenstrated
by the number

¥ Ml-> M4 (both polarities) _ 393, 254
. M5-M8 (both polarities) 393, 217
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Table V. U468 Kg-in. Data, instrumental asymmetries between
o opposing pairs. K“5 charge asymmetry subtracted out.

_ Pair Atlas Up ~ Atlas Down
- MLAB 1.008 T 020 1 1.008 * .020"
M2 /M7 .950 T .01l 943 £ 011 _ o
M3M6 916t 009 975t .009 o |
Mh M5 1.054.F 009 1.059 £ .009 .
:
Teble VI. 468 Kg-in. Monte Carlo, apparatus asymmetry ‘ _ L
: between opposing pairs. . . : §
Pair - Asymmetry Systematic error ) o j
+/u in (L-pt/uT) e : C
- : . : |
- g
ML /M8 1.0%2 + 013 t 504 o o
AT .973 + .005 tsog S O
- M3 /M6 .991 t .003 T 509 -
M4 M5 1.026 t ,005 t 509 . . B
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The S-bank was measured to be displaced in the upward direction by

one inch with respect to the beam vertical height projected from the

-accelerator by transit. The M bank was centered on that line to 1/h inch.

The program produceS the large M pair asymmetries with such a displaced
S bank. Table VI shows the result. The uncertainty in the program is
that the'small number .of counts in Sl ié not réprésented-Well by the
program, énd the amount has to be scaled from the 540 Kg-in. Data whefe
the S distribution was m@asured. The S explanation is reasonablé,_and
perhaps more importantly S counter effects or any other beam misalignment
will produce very little net asymmetry for either sign of the field. Net
asymmetry means that all of the Up counters Ml.—xMh are added together
and all bf the Down counters M5 — M8 are added together as one counter.
If the magnetic field is not reversed, two answers are produced.by

this experiment.

Atlas Up Atlas Down
e, . MloMb . M5-M8
A= EEaE 1095 RSy 1009

The field reversed answer is the average of these.

+
E_ ~1.0094 t .0026
o

This 1s the answer after accidental substraction only.

B. Corrections Applied to Déta

The several backgrounds contributing to the signal.in the experiment
have been found as a fraction of the raw data or the real data depending
on whether they are found from experiment or from the Monte Carlo program.
They have all been convefted to.a fraction of the real data, .that is after
all backgrounds have been subtracted. The measured or calculated asymmetfy

is also listed in Table VII. The correcfion to the charge asymmetry is
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Table VII

Amount of back- Aéymmetry in

' bBéékground ‘ground as percent background in
- of real rate percent

M Accidentals 13.06 * .04 B0t .66
S Accidentals 3.0h + .02 1.00 % 1.k0
Pi Decays K 2.2 ¥ .30 -89t 31
Pi Decays Kes _2.56 T .30 -.80 f .31
Pi DécayS_KﬂB .1;82 t 20 .09 .06
Anti Efficiency 64 138 2,00 * 2.00
Delta‘Rays, Single Muon Events 1}05 t .09 . .90 T 1.40
Decay Volume Interactions C 23t .15 7.00 ¥10.00
S Interactions .90 T .09 23.00 £ 7.00
Pi Penetrations 2.80 * .50 .39t .12

Background

Correction to u'/u”

M Accidental
S Accidentaiv
1Pi Décdys K“5
Pi Decays Ke5
Pi Decays K“5-
‘Anti Efficiency

Delta Rays (includes bias for
unique sign effect)

‘Decay Volume Interactions

S Interactions

Pi Penetrations (includes K+—>g+).

+.00056
-.00002
~.000k1
.00042
.00016
-.00006
.00026

-.00013

-.00176 1

.00016

(LS L

1+

1+ 1+

t
+
pa

.00127
.00069
.00055
.00056
.00050 .
.00033
-00049

.00030
.00078
.00070

Other Biases

Correction to u+/u'

%~ Absorbtion

"Wrong Decisions

.00030

- .00066

-+

.00020
.00115




-83-

shown for eaCH background.
For éngéffect suchvas‘n decay or penetration which includes anti-
.asymmetryifof the n-triggers, fhe.error on that included anti-asymmetry
does not include the error on the effect itself. |
When a backgroundvig subtractéd account is made for the'fact that
- the real daté sample is reduced. Corrections are made_oﬁe ét é time,
in each caée reducing thé.data sample appropriatély fof theinext'
correctioﬁ. Hence-the order of applicatioﬁ has a slight effect on the
individuél_corrections but not on the complete result. Wrong decisions
are handled last by a éeparate formula since they have a doubling property,
one wrong decision increases |u* - u”| by two.

The raw asymmetry

+
E_ - 1.0089 * .o021
U
is corrected to
+ .
K~ 1.0098 t .00%2 .
" :

C. Conclusions

‘The parameter Ree, the amount K,> mixed with |K2> to form the long
lived [KLO>, has been measured to be

Ree = (2.6 1.8) x 1072 .

| » - | » 2 ,
The number represents further analysis of an earlier paper “. The

~difference from zero indicates the probability that CP is not a conserved

symmetry, that is [KLO> is not an eigenstate of CP. The correction for
o 11

the AS =-AQ amplitudes is included in Ree .

Other interpretations of the chérgé asymmetry measurement are possible;
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the results at SLAC and Brookhaven bear on theories where additional
Kaons are introduced or where the usual - quantum meéhanical,interpretation

of the Kofﬁo system 1s modified. The Brookhaven. number for Ree obtained

43 By

from Ke3 dgcays by Bennett, Nygren, Saal,;énd Steinbéfgér Aaﬁd Saal
(Ph.D. ’che_sis) is Ree =(1;16 T 0.30) x 10'3- (quoted. fi'om-Sé.al thesis) .
The humbér iﬁcludes a previous correctionvfor OS = ;AQ‘aﬁblitudes, aﬁd.
the fevised correction féctorlylraises Ree by 10%3 :

The'extent-to which the two values of Ree aré‘iﬁ agreement is an
indication that. the charge asymmetry is uhcorrelated‘with iﬁitiél beam
compositiqn:{.u eiuniversality ig assﬁmed in compéripg KuB'and Ké5 gharge
asymmetry.lc | -

" The result for u+/h' has. left open the u+,u; range Question to a
time whep fﬁrther experimental or theoretical work.is doné. The raﬁgeé
arevprobabiy'equal to a high precision, but any variation found in the -
future ééﬁ easily be applied to‘this resﬁlt._ | | | |

The résult is given without any correction due to charge bias in
pion peﬁgfrations.f This assumption is based on rather firm argumenté.
involving;small (nf;p)‘and (" ,p) abéorbtion cross séction'differences
in aluminum above 1500 MeV. When additional expefimegtal.evidenge is

available on pion penetration a more positive statement can be made.
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Appendix. SECONDARY EXPERIMENT WITH PION PENETRATION

The penetration of positive and negativé pions'has been checked with
5 chargéd particle beam which was introduced into the apparatus by inserting

a third 18" X 72" magnet into the system shown on Fig. L.

= B — \\\\\\\ : ap APPARATUS
7 =

A beam was defined in the vertical direction by a pair of 2-inch counters

séparated by a distance of 1k feet. The momentum bite was defined by a
pair of 65inch wide counters separated by 10 feet.v_Thus a é” by 6" charged
particle beam is determined by a four?fold coincidence termed "x'incident".
The‘moménfum spectrum acceptéd by the "wg-incident'" telescope was measufed
by firing the Spark chambers on "n—incident".tfiggerﬂ The momentﬁm of é
beam particle is obtained by measuring the angle of bend in the Atlas magnet
which was set at 540 Kg-inches. Figure 21, page5¥3sh§ws a broad spectrum
peaked at ﬁ,S BéV/b with a AP/P of tIO% and a long low momentum tail. The
positively énd negatively charged Spectra are lumped together.but do not
differ within the large statistical errors.

The muon.component whiéh is about 20% of the incident beamvis identified
with thevfollowing arrangement; The upper set of'M—éounters, Mi, M, Mﬁ,,
M4, Were.used as muon-anti céunteré and were placed behind an additionalv
18 inches of steel Just in back of the lower set of M's. The range cutoff
for muons isvnow increased from 1.55 BeV/c to about 2.4 BqV/b for straight

through tracks. A "penetration” is a "g-incident" which made it through
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the absorber, fired an M-counter but failed topenetrate the steel. A lafge

bend in the magnet plus a net downward multiple scattering can- cause a.

conslderable number of muons in the low momentum tail of the input momentum .

spectrum to be stopped before reaching the muon anti and thus be counted

1]

as plon penetrations. Some events of this type can be seen in the piétures;

So it is important that the composition of the beam does not change from
plus to minus particles. That the overall cdmposition is constant can be

seen from the following numbers taken from the counter data.

u+/"ﬂ+—incident"

It

0.1931 * .0016

w™/"x7 -incident" = 0.1948 t .0016

Penetrations due to ﬁion decay in flight within the lead are not
meagsured in this supplementary experiment, and the effect is calculated

in Section VII-A. Correc#ing the number of "w-incident" for the 20% muon

component the pion penetration is as follows:

+

y 7 penetrations/"ﬂ+—inciden "= .01616 t .000L5

il

Y

i

7~ .penetrations/"s -incident"= .01614 T .00045

The thick plate spark chambers aré used to find p contamination in
the n penetrations. The chémbérs were triggered on "w penetration" gvents;
535 unambignoué events of both sign particles a?e avaiiable for study.
Oout of thié group'lhg eventsvshow clear strong interactions in one of the
three fhiék'plate spark chambers. Tnese events now.servé as a Calibration
since‘the incident particleé are definitely pions. 58 out of the 143 pions
have pne_or more extra sparks in one of the two chambers not Containing the
visible strong interaction. Hence there is a probability of 61% * 11%
for seeing extra sparks due to strong intefactions in any one of the three
chambers. (61%,2 58/143 x 3/2).

The extra spark technique is a strong handle in identifying incident
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pions. To .see this fact the delta ray probability‘must be found. A'
-sample of knbﬁn muons is available from the scanned and measured decays. .
l’In this group 23% ¥ 2.5% have one or more exfra sparks in the last chamber.
This éituaﬁidd gives a rgpreséntéti?e prébability for productian of delta
rays in the chambers. ~So the probability ié 25%'i 2.5%.for.extfa sparks
due to a délta in any one of the 3 éhambers. It shéuld be‘noted that the
61% t 119 érobability for incident pions contains the 23% delta ray
probability aﬁd thét the diffefence of these numbérs is the strong interaction
‘effect. | |
The analysis of the film data follows:
535 Totalvpiétures with an unambiguous single entrace t:ack, triggeréd on
" penetration”.
17 Clear accidentals béﬁween the initial track and the M cbunter ﬁhich
fired -- | |
143 Definiﬁe incident pibns identified by a strong interaction in one of
thé thrée chaﬁbers --
.20 Possible-incidentvpions as seen by a possible veftéx or . strong interaction——
58 Out of the 143 pions, 58 contain one or more extra sparks along the
tfack'in one of the other tﬁo chambers.
2 The 58 is uncertain by +2 due to questiénable sparks.
171 Out of the complement ofvthé 143 pions, 171 éhow one or more extra
sparkslin one of the three chambers. The number includes the 20
possible pions.

11 Show questionable extra sparks.

Define ' }
N, = 143 * 12 "2 55 number of definite incident pions.

R -0
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+ll +0

+
a7t st 50

=
ll

is the number ofvpictures, not ‘considered definite
incident pions, with extra sparks. The 20 possible pions go into

NR or,NX.

143 12

w1ll make an appearance somewhere in the chambers

£ =(§§_&m>x5/g (61 + 11 +5)% is the prcbability that a pion

h
i

(23 t 2 5)% is the probablllty that a muon w1ll make an appearance

in the chambers.
These quantities are all independent except for the uncertain 20 possible
pions. The identity of 143 of the 518 incident‘particles is established.

The remainder are pions (Nﬂ) and muons (Nu),

=
1

=
i

N +N
E i

fN +fN
X ‘nx Tt

=
Il

Total pions, P = N_ + N.. P = 366 t 65 fgg, or the fraction of pions in

triggef.is F ='(70.7 t 12 fg:g)%. No correction is made for the B%V"
accidentals in the film data since the accidentals have already been
subtrected'out in fhe counter data. The reason that ihe accidental rate
in.the pictures ié low is that pictures were seiected to have only one
entrance track.

So the x penetration number which is of interest is

_ + 44 +5.5 . ni-penetrations
p= (70.7 212 )% Picture (excluding accidentals)

' (.016) Triggers or pictures (excluding accidentals)

[ 11
inc

>< .

11 n

1.
inc

(.806) ~Actual pions in beam

]

: + +.0010
B'= .01k = L0025 1" 000
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A similar number & is the fraction of the mions in the beam which does not
fire the muon anti-counter after the 18" of steel because of inefficiency,

spaces in counters, or scattered and stoppedvin steel.

-.005 i "Penetrations"

- + :
o = .024 T 0.010 +.006 actual muons in beam

To substantiate this analysis further arguments are madé based on
the momentﬁm spectrums for the>pictures analysed. Figureé 21 through 25
are the spectrums'underlconéideration. Figure 23vshows the spectrum of all
of the pictures, that is particles which have fired the “n.penetration”
requirement; The hypbtheéis is that the right hand peak i1s made of incident
pions with strong interéction penetrations and the left hand peak is
composed of incident muons which have triggered ”nlpenetratioh”. The leftv
hand peak penétrated with a high probability. It's momentum region which
contains foﬁghly 5% of the incident beam has 23%,0f the penetrations.
Besides, the low momentum tail is nearly all decay muons from pions decay-
ing in the 30 feet ﬁath from the last sweeping magnet; the size of the tail
and its momentum interval is about fight. The lowest momenta in the tail
are muons which decayed backward in the center df'mass of the bion. Muons
in thelmpmentum region from 1550 MeV/c up to 2300 MeV/b nearly all étop
in the last 18" of steel. Due to multiple scattering muons éxtending up
to about 2550 MeV/b havé subétantial chance of stopping in the steel. More-~
over the low momentum muons can leak out the bottom‘of the steél and not
hit the muon anti. | |

So most of the muon peak can be accounted for by pion decays before
the apparatus. Another effect is pion decays in the magnet and inside
the aluminuﬁ chambér’before‘interaéfing. This pfocessbwas'calculated
using the same pion.decay programs described in Section VII-A. It acgounts

for only 20 of the 518 pictures because decay muQns are antied'out éxcept
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when backwérd in cm.

The right hand peak in Fig. 23 could also contain some muon events
due to spaces between the antis where high energy.muons.could pass without
detection. A check on this possibility can be made. The film data predict |
the /(). ratio for the samples in each of the Figs. 23, 2L, and 25.
Under the hypothesis that muons and pions are separated on the momentum

plots a comparison is made.

‘Distribution Film Data n/(n+u) Momentum Plots s/(sc+p)
, N 4N
All pictures analysed — = = 0.7F.13 Fig. 23: 0.77
. N +N_+N .
7 R TH
- : f N
Pictures with one or — X _0.8t.1 Fig. 2k: 0.79
f N+f N .
.more extra sparks 1O ST
S (l—fﬁ)Nn' .
Pictures with no = 0.4t .2 Fig. 25: 0.6
extra sparks (1-f )N +(1-f )N
. R TEa"!

The notation on page 90is used to show the gquantity which determines the
pion to muon ratio for each distribution.‘ These ratios are the oniy
independeht informations not dlready used in the calculations. The
comparison ié consistent, but leaves open the possibility of reducing the
overall pion penetration by suPpoSing spaces in the ﬁuon antis. However
under the hyﬁothesis a better upper limit is found for pions/(pions + muons)ﬂl
There is no reason to expect pions at low momeﬁtum iﬂ the’left peak of

Fig; 23. Figure 23 gives pions O.77 T .02 as fraction of pions in the

total sample of 518 pictures giving a upper limit for ﬁ,equals.OlS t .OOOE).

If it is not cleaf, the reason there are two such’distinct peaks in

a momentum spectrum is restated. The idea is that the low momentum side



B —96—

is backwafd.ﬁﬁbn decays making l§w energy muons.wﬁicﬁ can‘either stop'in
the steel or scatter 80 much that they leak out the sides of the steel
The low edge of the peak cuts off because the lowest momentum plons in
the primary beam which are respon31bie for those low muons are cuttlng
off. The'high edge of the muon peak cuts off becauselfhey are geftingA‘ oA

antied.out. The high.energy muons in the beam, whatever their origin,

are another story. They can only be accepted in the trigger by spaces

in the muon anti's. Spaées can lead to a substantial rate, but were
unfortunately not recorded.
"Thé moﬁentum sbécﬁrum of the 143 identified pions is shown‘invFig.
' 22. The event at 2100 NbV/b is of concern; It made a vertex in the second
aluminum thick plate chamber before entering the lead;vtherefore it-isv | _ o

conceivable that one of the secondary pions décayed to a muon before

traversing the lead. If the vertex occurred in the last chamber after
the lead it would be very hérd to make a case for ﬁ»penetrafion dropping
off at low momentum. |

A penetration B+ for positivé pions andla'ﬁ' for negative pions is

‘defined; the asymmetry f /B will be found. B is thévaverage of B+ and

B~ since p051t1ve and negatlve muons are taken together in the 535 plctures_

analysed. ,Assume that u' and W have the same "penetration’ factor.

. .
H npenetrating” = ** Beam
+ B B+ +
T "penetrating" ~ T Beam R
T "penetrating" P Beam

v . _ s |
. L4 _ v .
The counters measured y :.and y , the fraction of the total beam which : i

X
t
B

triggers the n penetrate signal.

+ + | +
v o= (“pen ]pen)/(Ll Beam Beam)

Y

(“pEn+ If_;pen)/(“-BeamJ’ Tt—-Bea.m)

e
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The composition of the beam was measured and called 6+,6—. ‘It is the
fraction of muons in the beam.

+ o+ + -
5 =4 Beam/(u Beamf T Beam)

5 =4 Beam/(g ‘Beam+'It Beam)

Putting these things together,

?: _ ')’+ .—vOt5+ l - 6-
- UV S | I T

The last factor is just the correction for the beam composition before it

hits the lead. The -a® correction is the triggers from the u beam; @ is
the fraction of the W beam which triggers, and & accounts for the 20% w

composition of the beam. Putting in the measured values,

et
= =1.003 T .05
e N
With the penetration probability B = .01hk ¥ .OOQM_f'ggié

(.015 * .0005 upper limit)

the story is complete for the spectrum in Fig. 21 centered at M.S'BeV/b.v

' Figure 26 repeats Fig. 21 (now called curve A) plotted with the
momentum spectrum (called curve B) for the_pions that must be deglt with
in the asymmetry experiment. Curve B is a composite of the three decay

modes K , and represented in thelr proper branching ratios.. It
5 3 ,

B3’
shows the spectrum of events that would occur via pions tfiggering the M
bank, assuming thelr strong interagtion is turned off. This graph'then~
represents the potential n penetration guys in the actual aéymmefry

experiment from all of the decay modes yielding pions. It hés 3.7 times

more events than the corresponding spectrum for good Kuj events. At

M.S BeV/b'n penetration is the following fraction of rggl Kuavevents
: ' ' +.00k ¢ S

-.005

(.056 t .002 upper limit) .

3.7 xB = .O52 + .009
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A Soﬁewhat arbitrary procedure is uséd to fina the a?efage penetration
over the compiete pion spectrum (curve B). On Fig. 26 upper (gurye c)
and lower (curve D) limits'afe estimatédeith the boupdary‘conditiéns‘that,
the benetratién goes to zero.ét the ionization limit,‘that the“uﬁpér'limit
hits the value 5.6% and at 4.5 Bév/c the lower hits. u.o% at 4.5 BeV/c, and
thaﬁ the penétration does not rise indefinitely at higher energy. There
is no more{justification for the last éondifion other than the idea that -
the_multiplicity of secondary pions increases thereby dividing up the
energy. Whénjthis estimated penetration pfbbabilitj is integrated over
. the pioh specﬁrum (curve B) the average fraction‘of penetfation in the
data equéls é.87 T . 59. |

At ﬁhisvpointvinformation,from the 14 000 sample pictufes is introduced.
. 176 pion pénefrationé were found. _Tﬁése penetrations come from events with
ba good vefte# in the S-chamber when a clear strbng interaction oqcurféd 
along the.pion track somewhere in the thipk plate chambers. These easily
yisible pioﬂs correspond to the positively identified pions in the secondéry
pion éxperiment.’ On page 90, the certain pions were 143 out of a total of
566 certain plus inferred pions, or 40%. L0% of (2.89 * ;5%) is roughly
the Same fraction which is bbserved in the sample pilctures. =

The inte:actions produce large momentum transfer compared to multiple
scattering, and naturally mess up the sign determination (or anti;sign
determinatioﬁ in this case). From the limited numbers the wrong deciéion
rate in the.bbservable plon cases is 30% ¥ 5% with 30% error on zero
asymmétry in those wroné decisions. It is néw clear that the purely
measured correction for = penétration is inéoncluéive. The asymmétfy for

| , . ,

% penetrations goes from .3%  5.6% to .3% t 18% due to the 30% erf6§fon
b wrong'decisions. For 2.8% penetraﬁion, the correction to the final

answer would be O ¥ .5%.
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- The (2.8 * .5) percent x penetration'béckgrdund is used in éalculating
the finalichérge asymmetry. However the‘asymmetry in fhe penetratiohé ié‘v
assumed zéfovon the following grounds: .

1) Any asymmetry in_pénetration probabilify or iﬁ wfong decisiohs mﬁst
be generated'in the first few interaction lengths of absorber before thé.
initial sign of the pion is forgoften. The'first ﬁwo interaction.lengths
of the absorber are traversed iﬁ aluﬁinum. Judging from ab§orbtioﬁ Cross
differences in leadv (see pagevGS under decays), it is certain that
ﬂ+ﬂ- differences in aluminum with nearly equal protons aﬁd neutrons is
less than a percent averaged over all the pion momentaf-

The point ishfhat |

| 5 (xp) # 0 (x'p)
implies o (x'n) # 0 (xn)

o (ﬁ+n)

but o (n"p)
- charge symmetry

o (x'p) = o (x'n)
So the extra neutfons have different'ﬂ+,n- reactions. It is the relative
density at thé sufface‘which produces transmission differences because:the
core absorbs hearly all the w's. The strongest evidence fér'zero asymmetry
is the fact that the (" p), (x"p) differences get smaller ag the energy
‘ goes up, and the largest differences have already subsided at the.minimum
transmission mpmentum‘of the absorber.

2) ﬁ+ﬁ; can differ in the frequency‘of‘scatter, but the.momentuﬁ
transfer'tO'the incident pion or to a secondary is relatively independent
of sign. The spatial distribution of secondaries, which determines aSymmeﬁry
in T Wrong decisiohs, should therefore have the same.shape for n+ inciéenf
as for n incdident. Additional absorbtion scatters for one sign pionv ™

(or its secondaries as long as the sign 1is remembered) changes the

transmission probability to first order but changes the final spatial
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distribﬁtion'to second order. It is fortunaﬁé that the asymmetry in
wrong decisiohs is less correlated with x sign fhan tﬁe overall transﬁission
because the_aSymmetry in wrongs is very senéitive to changes in‘spatial
distribﬁtién."The large grédienf at the sign deciSibﬁ line times a large
- value of the distribution there can.produce big -fluctuations. |

- It is chosen fo presént the data without = asymmetry with
the pfovision that if;any significant pion penetration bias is_fqund
duringvsu5Sequent'Ku5.asymmetry experi@eﬁts, this resﬁlt can easily be
re-evaluated. ‘The identical approach‘is taken for the muon range question

where the data is also insufficient to make a conclusion.



10.

11.

. J. 5. Bell, J. Steinberger, Weak Interactions of Kaons, in Proceedings ,ﬁ

~102-
REFERENCES

M. Gell-Mann and A Pals, Behav1or of Neutral Partlcles under Charge

Congugatlon, Phys. Rev. 97, 1587 (1955)

J. H Chrlstenson J. W. Cronin, V L. Fltch and R. Turlay, Ev1dence

for the 2x Decay of the K2 Meson, Phys. Rev. Letters 13, 7158 (1964). : ~

T. T. Wu and C. N. Yang,‘Phenomenological Analysis of Violation of CP

Tnvariance in Decay of K° and K°, Phys. Rev. Letters 13, 380 (196k4).

of the International Conference on Elementary Particles, Oxford 1965,

p. 195

T. D. Lee and C. S. Wu, Chapter 9: Decays of NeutraL K Mesons, in.

Annual Review of Nuclear 501ence2 Palo Alto, 1966, Vol 16, p. 51L. !

H. A Tolhoek, Status of Fundamental Symmetries and Weak Interactions,

in Proceedings of the 1966 CERN School of Physics, Geneva, 1967,

Vol. III, p. 1.

‘L. Caneschi and L. Van Hove, Selected Topics on Violatioh of CP v

Invariaﬁce, (Extended Version of Lectu:es er the Academic Training
Programme‘May-June 1967, Geneva, 1967), Sept. 22, 1967.

See reference 4, p. 198. | 7

L. J. Verhey, B. M. K. Nefkens, A. Abashian, R. J. Abrams, D. W.L_' .
Carpenter, R. E. Mlschke J. H. Smith, R. C. Thatcher, and A. Wattenberg, i
Experlmental Investigation of CP Violation - in K85 Decays, Phys. Rev. | 'g
Letters 17, 669 (1966). _ .f
T. D. Lee, R. Oehme, and C. N. Yang, Remarks on Possible Noninvariance :
under Time Reversal and Cﬁarge Conjugation, Phys. Rev. 106, EMOv(l957). b
S.'Beﬁnett, D. Nygren, H. Saal, J. Steinberger, and J. Sunderland,

KS-KL Regeneration Amplitude in Copper at 2.5 GeV/b and Phéseof”n+_,

Phys. Letters 29B, 317 (1969).




12.
13.
l&.
15.

16.

i7.

18.

19.

20.

21.

-lO}-v

.H. J. Lipkin and A. Abashian, A Possible Explanation for K - 2x

~ Decays Without CP Violation, Phys. Letters 14, 151 (1965).

J. L.-UretSky, A Speculation Concerning the Apparent CP Violation

in Ko—bécay, Phys. Letters 1k, 154 (1965).

H.'Jf Lipkin, Additional Expérimenfal P;oof of.CP-Nanconservation?
Who Needs Tt?, Phys. Rev. Letters 22, 213 (1969). . |

D. I. Lalovié; Is CP Invériancé Violated?, Phys; Rev. Letters‘glj
1662 (1968). |

A. M. ﬁoyarski, F. Bulos, W. Busza, R. Diebold, S. D. Ecklund, G. E.
Fischer, J. R. ﬁees, and B. Richter, Yields of Secondary Particles
from 18-GeV Electrons, SLAC Users Handbook, Stanford University,
Stanford,,California,'(unpublished). |

See SLAC Users Handbook, Sectioh'D.B,’Estimatgs of Secondary—Beam
Yields at SLAC, p. D.3-19, Stanford University, Stanford, California.
See:ieferenCe 17, p. D.3-36. |

A. D. Brody, W. B. Johnson, D. W. G. S. Leith, G. Loew, J. S. Loos,
G. Luste, R. Miller, K. Moriyasu, B. C. Shen, W. M. Smart, and

R. Yamartino, Production‘of K2O Mesons and Neutrons by 10—GeV and
16-GeV Electrons on Beryllium, Phys. Rev. Letters 22, 966 (1969).
M. Schwartz, The Stfong Interaction of StrangéxParticles (Experimeﬁtal);

in Proceedings'of the Annugl International Conference on High Energy

Physics, Rochester, 1960, p. 685.

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N. Mistry,

M. Schwartz, and J. Steinberger, Observation of High-Energy Neutrino
Reactions and the Existence bf two Kinds of Neutrinos, Phys. Rev.

Letters 9, 36 (1962).



22.

23.

2k,

25,

26.

27.

28.

29.

30.

31.
32,

33.

-10k-

L. Okur, in'Annnél Review of Nuclear ScienceliPalo Alto, 1959, Vol.

9, p. 897

,W‘ H.'Barkas and M. J. Berger, Tables of Energy Lossesvand Ranges of

Heavy Charged Particles, NASA SP-3013 (1964). -

Brune Rossi, High-Energy Particles (Prentiee:Hail Inc.; Nen'Jereey,f
1952), p. 1. |
J. Goldemberg, J. Pine, and D. Yount Scattering of 300 MeV Positrons
from Cobalt and Bismuth, Phys. Rev. 132, hO6 (1963).

R. Herman, B. C. Clark and D. G. Ravenhall Scattering of Electrons

- and Positrons by Cobalt and Bismuth: Calculations, Phys. Rev. 132,

L1h (1963).

5. D. Drell and R. H. Pratt Extrapolation to Cuts and the Scatterlng
of Electrons and Positrons, Phys. Rev. 125, 1594 (1962)

E. H. Bellamy, R. Hofstadter, W. Lakin, J. Cox, M. Perl, w.“Tone:,
and T. F. Zipf, Energy Loss and Straggling of High Energy Muons in
NaI(T1), Phys. Rev. 164, 417 (1967). |

A: Crispin and P. J. Hayman, Ionization Loss of Muons in a Plastic

' Scintillator, Proc. Phys. Soc. 83, 1051 (196L).

"A. 0. Weissenberg, Muons (North-Holland Publishing Co., Amsterdam,

1967), Chap. III, p.vl60. ’

See reference 30, Chapter 11T, p. 17k, o o ;-

w. H. Barkas, W. Z. Osborne, W. G Simon, and F. M. Smith, Range
leference Between Positive and Negatlve Pions in Emu181on, UCRL 11518,
June 1964 | »

W. H. Barkas, W. Birnbaum, and F. M. Smith, Mass-Ratio Method Appliea

to the Measurement of L-Meson Masses and the Energy Balance in Pion

Decay, Phys. Rev. 101, 778 (1956).

[




&

30,
35.
36.
37 .
38,

39.

Lo.

b1,

43,

Lk,

-105-

W. H. Barkas, J. N. Dyer, and H. H. Heckman, Resolution of the 5 ;"
Mass Ahpmaly, Phys. Rev. Letters 11, 26‘(1965). |

H. H. Héckman and.P; J. Lindstrom, Stopping-Power Differences Between
Positive.and Negative'Pions at LoW'Vélocitiés, Phys. Rev. Letters

22, 871 (1969).

K. E}.Eriksson, Radiative Corrections to Muoﬁ-Electrén Scattering,
Nuovo Cimento 19, 1029 (1961). |

A. I. Nikishov, Radiative Correctioné to the Scatteriné of W Mesons
on Electrons, Soviet Physics JEPT 12, 529 (1961).

K. E. Eriksson, B. Larsson, and G. A. Rinander; Radiative Corrections
to MuoﬁéElectron Scattering, Nuovo Cimehto 30, 5992 (1963).

Gunnar K411én, Elementary Particle Physics (Addison-Wesley Publishing.
Co., Inc;, Massachusetts, 196M) D. 7h; | |

N. Barash-Schmidt, G. Conforto, A. Barbaro-Galtieri, L. R. Price,

M. Roos, A. H. Rosenfeld, P. S6ding, and C. G. Wohl, ReView of

Particles Properties, UCRL-8030, January 1969. : .

A. Abashian, R. Coolyand J. W. Cronin, Neutron and Proton Distributions

in Pb, Phys. Rev. 10k, 855 (1956).

D. Dorfan, J. Enstrom, D. Raymond, M. Schwartz, S. Wojcicki,

D. H. Miller, and M. Paclotti, Charge Asymmetry in the'Muonié-Decay
. 5 _ _ :

of the'K2 , Phys. Rev. Letters 19, 987 (1967).

S..Bennett, D. Nygren, H. Saai, J. Steihberger; and J. Squerland,
Measurement of the Charge Asymmetry in thevDécay KLoemnf+e;+v; Phys.
Rev._Letters 12; 993 (19675._ | o

H. J. Saal, Charge Asymmetry in Ké5 Decay, (Ph.b.’thesié), Né&ié-169,

Aprilvl969.



1

>

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.




TECHNICAL INFORMATI ON DIVISION
LAWRENCE RADIATION LABORATORY
- UNIVERSITY OF CALIFORNIA-
BERKELEY, CALIFORNIA 94720

6}!





