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- ABSTRACT
The po]akizatidn of the muon in the decay KE-»'n‘u+vu'(Ku3) was

2 .

measured as a funct1on of q°, the four momentum transferred to the 1epton

pair, by us1ng a precession po]ar1meter w1th a doub]e armed Spectrometer'
~at the Bevatron. A'§amp]e of 207,260 events co]]ected w1th a vert1ca1
:Dfe695510n fie]d:weS'used to_determine the K3 form factOf_E(qz);.assnm-
ing_lmg(qz) =0 If one parameterizes the qudependence of £ by |
£(q2) £(0) + Aq e/, then £(0) = 0'178+O'105 - 3.800 . A sample of
55,604 events co]]ected with a hor1zonta] prece551on f1e1d was used to

determine Img(q 2);_ If one assumes that Im&(q ) has no dependence on q2,

‘then Img(0 ) - 0:35#0. 30 + 0 21 Reg( ).



”determ1natlon of th1s form factor has a h1story of 1ncons1stency g(q

“I. INTRODUCTION -, -

fTWeadeecaysMOf the K}meson'haye'been~affrujtfu1harea Of;inyestigation

‘ assa means'of.testing a_nUmber of_predTCtions of current a]gebra and PCAC..

The semiTeptonic modes-K + v ( 23) are - part1cu1ar]y c0nven1ent s1nce
the reTat1veTy well understood ‘Teptonic current can be used to. probe the

structure ofyan“hadron1c current. . Phenomen]og1ca]1y,‘the_K£3_decay is

'_fuTTy'describabTe by-two_independent_funCtions‘of dz, the square ofhthe four-
L momentum tranSferred-to the Tepton bair The choice of" form factors w11]

vsbe 1nf1uenced by one's ‘interest in- the decay

One part1cu1ar ch01ce of fonn .actor thCh w11] be 1ntroduced more

'forma]Ty 1n Sectlon i1, is customar11y des1gnated g( 2);’ The: exper1menta]>

)

5:can be determuned from any of three propertnes of K 23 decays the Tepton S
7“ poTar1zat1on, the Da11tz pTot d1str1but1on, and’ the P( )/F( ) branch-
-v1ng rat1o The most recent, and most prec1se, Dalltz pTot study by Donald-
fson, et a] T 1s consistent with £(O) O;O.f The K. 13 Do]ar1zat1on exoer1-”-"
Tments?, however, have y1e1ded vaTues of 5(0) rang1ng genera]]y from -0.4
uto -1.5. The branch1ng rat1o exper1ments g1ve 1ntermed1ate results, aT-

- 'thouah the most recent resuTts seem to corroborate DonaTdson, t aTv

. This exper1ment is a determ1nat1on of»g( 2) from the ‘muon: s poTar1-'

~zation in. KoL > n u vu . The poTar1meter was - constructed w1th two 1ndepen-
dent current co1Ts 50 that the magnet precess1on f1e1d cou]d be made to point’

‘e1ther perpend1cu1ar or. parallel to the average n u decay pTane The pere.'




, '-/

'pend1cu1ar f1e]d was used to determ1ne E(q ) under the assumpt1on that

:‘Ima(q ) = 0 O The other or1entat1on was used to determ1ne Img( 2) -

The po]ar1meter and the rest of the apparatus, wh1ch are descrwbed in

~at1c error that ex1sted 1n prev1ous po]ar1zat1on exper1ments More spec1-.
' f1coxly, var1ous ear11er stud1es have re11ed ‘on. Monte Car]o s1mu1atlons
~ of acceptance and somet1mes of background, an estimate of - the po]ar1meter

_analyz1ng power or s1gn1f1cant background rorrect1ons : A]];of these

“ .
H ‘

have been avo1ded 1n th1s exper1ment

The method of ana]ys1s is 1nd1cated 1n Sect1on IV The resu]ts are

"'presented in Sect1on V, a]ong w1th a d1scuss1on of systemat1c effects

[ N

“scectTon III were deswgned to e11m1nate severa] potent1a1 sources of system-*“'



LBL-4802

DETERMINATION OF THE K° n'p+vu FORM FACTOR £(g?)

BY MUON POLARIZATION MEASUREMENTS*V

ok :
A.R. Clark, R.C. Field , W.R. Holley, Rolland P. Johnson+
L.T. Kerth, R.C. Sah, and G. Shen '

Lawrence Berkeley Laboratory'
University of California
Berkeley, California 97420

January 30, 1976

ABSTRACT

The po]arizatibn.of'the muon in the decay KE > n'u+vu (Ku3) was

measured as a fuhction of q2

s fhe four-momentum transferred to the Tepton
pair, by using a precession polarimeter with aAdoub]e-armed spectrometer
at the Bevatron. 'A-sample of 207,260.events collected with a vertical
precession field was used to détermine the Ku3 form factOf g(qz), assum-
ing Img(qz) = 0.0. If one parameterizes the q2 dependence of & byv

E(qz) = £(0) + qu/mi,_then £(0) = 0.178+0.105 - 3.80A ;V-A;samp1e of
55,604.eVents cb]Tected with a horizontal precession'field was used to

determine Img(qz). If one assumes that Img(qz) has no dependence on qz,-

then ImE(0) = 0.35:0.30 + 0.21 Re£(0).



I. INTRODUCTION

Weak decays of the K meson have been a fruitful areé of investigation
as a means of testing a number of predictions of current algebra and PCAC.
The semileptonic modes K + miv (KQB) are particuTar]ybcdnvenient'since
the relatively well understood leptonic current can be Qsed to probe tHe
structure of an haéronic current. - From a phenomenological point of view,
the KQB decay is'ful]y describable by two independent functions of ng the
square of the four-momentum transferred to the 1epfon pair. _The choice of
defining re]atibns'for these form factors will be influenced by one's
interestvin:the decay, but it is sufficient to choose from among a.1imited
number of conventional forms. |

One particular choice of’form factor, which will be introduced more
. formally in Section II, is customarily designated g(qz). The experimental
determination of this form factor has a history of inconSiétency. E(qz)
can be determined from any of three properties of K23 decays: the lepton's
| polarization, the Dalitz plot distribution, and the F(Ku3)/F(Ke3) branch-
ing ratio. Thevmost récent, and most precise, Dalitz nlotstudy by Donald-
son, et a].] is cbnsistent with £(0) = 0.0. The Ku3 polarization experi-
ments? hqwever,-have yielded values of £(0) ranging generally from_-074
to -1.5 . The branching ratio experiments give intermediate resuité, al-
though the mosf recent'resu1ts seem to corroborate Donaldson, et al.

This experiment is a determination of E(qz) from the muon35'p01afiza—
tion in KE > v—u+vu; The polarimeter was constructed With two indépéndent
current coils so that the magnetic precession field could be made to point

either perpendicular'or parallel to the avekage m-u decay plane. The per-



pendicular field was uséd to detérminé E(qz) under the assumption that
Img(qz) ='0.0. The other orientation was used to determine Img(qz);

The po]arimeter énd the rest of the apparatus, whiéﬁ is described in
Section III, was designed to eliminate severé] potential'sources of syétem-
atic error that existed in previous po]arizafion experiﬁents. Moke speci-
fica]]y, vafidus,éqf]ier studies have relied on Monte Caglo simulations
of acceptance.and sometimes of background, an estimaté of the'po1akimeter
ana]yzing power, or significant background corrections. All of thesé_
have_been.avoided here.

The méthod.of‘ana1ysis is indicated in Section IV. The results aré

presented in Section V, along with a discussion of systematic effect.



IT. THEORETICAL BACKGROUND

“A. The g(qz) Form Factor

In the current-current model of the weak interaétfohs,'the matrix

element for Ku3 decay 1is

G/ _-|HAD| .0 V= _ o,
M= 2 (3 |k >vuya(1 * ¥y,

Ve

if one fgnores po$s1b]¢ scalar and ténsor couplings which. have not been
exhibited ‘in any ‘previous eXperiment.3' One can represént this matrix ele-
ment by a diagram (Fig. 1) in which all of the structure at the hadronic
vertex is symbolizéd by .a blob. The diagram illustrates the statement that
the leptonic current acts as a probe of the hadronic vertex. The hadfbnic'
vertex is a function of three'four-Vectors,'on1y‘tWo_of Wﬁich are indepen--

dent by energyémomentum conservation. It is customary to choose Pk - Pﬁ

and PK + P1T as a pair of basis vectors. Apart from the kaon and pion rest
masses, there is only one independent scalar that can be formed from the
basis vectors. It is customary to choose q2 = (PK'j Pﬂ)z{

One might suppose that there is an additional 4-vector to consider
in_the ;pin of the exchanged particle. Howgvek, in the rest frame
of the exchangéd'partic]e, one finds that (1) the tehpord] cbmponent of the
spin vanishes, (2) the spin component along the K-m axjs vanishes since the
orbital angu]ar'momentum of the K-m system must be perpendicular to the mo-

menta, ‘and (3) the azimuthal orientation of the spin about the K-m axis has



no physical import.. So of the four spin componénts only one degree of
freedom remains, which can be taken to be J, the magnitude of the exchanged
spin. Consideratioh of the lepton vertex shows that J=0 or J=1.
: - JHAD | ON_ . - v
Since <(i‘|da |KL/,f1s a 4-vect0f représenting the hadronic vertex,
it must be expressible as a linear combination of the_basié vectors, with
coefficients that.at most can depend on q2 and J. The'tréditional expression
is R A _ |
- HAD 0\ | .2 ., 2., B :
(w9010 ) = £, (aD) P + )+ F(A)(R - P ) ()
where the J dependence is implicitly contained in thé‘fUnctiona1 forms of
the form factohs.. | | : |
There is nothing fundamental about the use of f+ and f_; any two in-.
dependent. functions related to f_and f_ will do as well. In particular,
a pair of form'factors can.be found that will separate the'depéhdence on

the two spin states. Let us first define

-m

o 2 R |
D) = ) D) . (1)
: C mK T . :

In the dilepton center-of-momentum (C.0.M.) frame, Equétion II1.1 becomes

' R m, " -m '
e . v/ qz

- R 2. - :
<:§’ BuaplCLy= ot o ana)



HAD transforms_like a scalar operator, and the f (q2) form factor

P

So Jo

must describe a J = 0+ transition Similarly f (q2) must describe a

JP =1 transition ~ The parity a551gnments are determined by the K-7
vertex. The prec151on Dalitz. Plot study by Dona]dson, et al. 1 suggests
that the 1° tran51tion is dominated by the K* (890), and the 0" transition,
to a less certain degree, is dominated by the enhancement in the « (1200-
1400) region. | Y

For polarization experiments, 1t is convenient to work w1th yet another

form factor, defined by
£(a?) = _(a?)/f,(a%).
From equation I1.2 we see that
SR 2: : ,-_ - 2f : 12; Lo
f{a%)/f,(q%) =1 +;—q——m2 v ela%)
KT
) E(qz) determines the relative amolitude'betWeen a0t anda 1” transition.
In the‘di]epton C.0.M. frame, the 0‘+ and 1~ transitions give opposite
helicities to the'muon of -1 and +1»resbective1y. Since ‘both of'these
transitions can occiir, the resu1ting‘boiariiation Veotor:is not parallei
to the muon's mOmentum. But because the two tran51tions interfere -
coherently ; the poiariaation remains a unit vector. -~ The modu]us ;
lfo/f+|'determinesfthepoiar angle of’the”p01arization from the.muon's'mo~v
mentum; and the complex phase offfo/fkdetermines.the azimuthal angle:
There is thus a one—to-One.relationship‘betWeen'the’muon's’poiari-
zation and the_comolexvquantity E(qz). Cabibbo and Maksymowicz4 have de-

termined this relationship to be 5 = §/|§|, where



B - by (£) [(314/1""11) - (3\)' isu/(Eu +m) ) Ev) +i} | : |
[

r by (8 {(Bym) B BUIE 4 m) - B+ Pl - (me) @
b, (;) = 4'"2p<_ + mzulb(qz)lz +2 {Re b(qz)} (q, - ay),
by (8) = -2 (a, - q) - [Re b(a®)] (o - n’ ),

b(q?) = %"[gfqz) -1 2

311 : (3K X 3TT)/(Eu + mu). P

-

d=E (ﬁy x_ﬁf) + Eu(3% x'ﬁK) + En(ﬁK X 3u) +

and where the momentum vectors are defined in the 1aboratory frame.
Time reversal invariance specifies that E(qz) is real, which in turn
implies that the polarization lies in the decay plane when viewed in the

kaon's rest frame (see reference 4).

B. Kinematics

o
The K L

-+ ﬂ-u4-vu decay configuration has two degrees of freedom, aside
from those related to rotations and translations. These are commonly

]

chosen to be E*ﬂ and E*u the pion and muon total energies, respectively

in the kaon's rest frame. Phase space is uniform in these two variables.
The Dalitz plot is shown in Fig. 2a for Img = 0.0 and Reg = 0.0. The Dalitz

density is largest near the top and falls off roughiy linearly as one moves



downward. Unfortunately, the greatest sens1t1v1ty of the po]ar1zat1on
d1rect1on to var1at1ons in the £ form factor occurs near the bottom of the
Dalitz plot, for either Reg(q ) or Img( ) ; A measure of sens1t1v1ty is
the angular change in po]ar1zat1on d1rect1on for a f1xed change in £(q 2)'
In the case of Reg(q ), the relevant ang]e is measured in the decay plane
for a f1xed change in Reg(q ). For Img(q ), the re]evant ‘angle is the in-
c11nat1on of the polar1zat1on to: the decay p]ane for a f1xed change in
ImE(q ) For stat1st1ca] cons1derat1ons, it is des1rab]e to maximize the

quantity

pdlarization sensitivity x vpopulation density .

For both Ref and ImE , thﬁs quantityﬁis~maXimfzed'at apnrqximate1y the
same 1ocation in'the Da]itz plct, fndicated by an k in Fig. 2b. This
compares w1th the actual phase space acceptance of th1s experlment shown
in the same figure. _

In addition to thevabove considenations,one must a]se consider the
effects of the quadkattc amhiguity. Since the apparatus does not measure
the ]aboratory'momentum of the KE one can Qn]y determinenthat the.KOL momen-
tum is one of two nossible solutions to a'qUadratic-eguation.. A character-
istic of the data is that the two!so]utions are nsua]]y 1ocated near'each
other on the Dalitz plot. Roughly speaking, the twogconfigurations are
mirror images hef]ected through'a'plane'pehpendicu]ar to.the beam line
in the”KEvrest frame. This_heflection symmetry also app]tes to‘the muon's
polarization and ts sensitivity to é(gz):‘ If one does not heso]ve the

- ambiguity, the reSu]ting sensitivity becomes that of the ekgected polari-



~zation vector;‘which is the vector sum of the two possible polarization
vectors, weightedeby their probabilities of being the correct solution.
Since the two possible polerization vectors have mirrored sensitirities,
they tend to cancel each other's effectiveness. rortuoately this can-
cellation is not complete. Due to the particular KQL momentum
distribution of the events accepted 1nithis experiment.the solution cor-
_respond1ng to the Tower KL momentum is rough]y tw1ce as. probab]e as the
"~ other solution. Thus about two th1rds of the potent1a] information is

destroyed by the presence of the amb1gu1ty

C. fMuon DeCaleistrfbutionf

‘The muon ‘polarization is measured using the direction of the posi-
tron emitted in the decay u > e+vevu .
In the V- A theory of the weak 1nteract1ons, a muon ‘at rest with po-

larization 3 w111_em1t'a positron whose momentum p'has the distribution5

:—°= pE[(3 - 2x) + —B (1 - ZX):,

| m2+m?-*”- |
o - 1. e .
where o = |3|‘s E = '(pz + mi)? E oy _Eim;—_ Lo oand x= E/E_ .

In addition, the decay has a time distribution

N1t/
d T

Denoting the angle between 3 and B by esp’ the full poeitron distribution

can be written in the form



00w a5 U742

= . | _ n

_ d'N -t/T ’
~ =e f(x) + g(x)coso

 dp3dt [ o(x) sp] ,

for some funct1ons f and g of x.

If we imagine an 1nf1n1te51ma1 pos1tron detector located in the di-
_ rection p from the muon, then d N/d pdt wou]d be the probab111ty dens1ty
for a pos1tron h1tt1ng the detector with momentum p at t1me t. If the .
detector has a detect1on eff1c1ency n(p) ( ,Qp), the probab111ty den-

sity for actua11y. etect1ng avpos1tron is

R
r@.t) =[-$- @)
_ d pdt /

PR

If the muon 1s in a magnetlc field B, 1ts po]ar1zat1on vector w11]
precess about B qt the frequency w =

2m C
U

Meanwhile, since the detector is fixed in the 1aboratory,v3~is'timeAinde-
pendent. The prbbabi]ity density for detecting a positron of momentum .

P at time t then takes the form

r(B.t) = e T [f‘ () + g Boos(ut + o - %)]
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, o ' 5>
where g and ¢p are the initial azimuthal angles of 3 and B about B, and’

f” and g~ are some functions of E.

ITI. EXPERIMENTAL APPARATUS

A. Introduction

" The apparatus was a two-armed magnetic spectrometer (see Fig. 3)..
Kﬁ's traveling'dOWn the central axis decayed in a vachm_delay‘vo]ume.
The §pectrometef éfm-containing the polarimeter was reserved for the ac-

',ceptahce of the sécOndary u+, While the other arm was used for the sec-

0
L

daries was méagUred with a large aperture magnet bratketed”by two upstream

ohdary m  from K~ w'u+yu . The momentum of each of tﬁélcharged;secon_
'and_three downstkéém'Wire spark chambers. The muon stopped in the polari- |
heter and precessed about the magnetic field. The bo]arimeter provided:
informatidnron_the azimﬁtha1 angle of the initial (unprecessed) polari-
zation vector, i | |

Since the Variouﬁrkaon decay modes produce charged secondary parti-
cles of pions, mUons, and e]eétrons (or‘pbsitrons); eéch'épectrpmeter_
carm must 'identify,a secondary from among these possibi]ées.
To discriminate electrons frbm the slower pions and muons, each arm con-
tained a threého]d.Cherehkovitounter. vPions and muons were:distinguishéd
from each other by comparing their penetrations into the‘fange deviéé or
P01arimeter-with’their measured momenta. | |

Ah accepted_eYént satisfies the following requirements: (1) No sig-

nal present from either Cherenkov counter,_(Z) the muqn track segment
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downstream of the'magnet must be parallel to the beamline to within 45 milli-
radians, (3) the mdon mdst enter through the upstream end of the polari-
meter, but not exit through the rear, (4) the muon and pion tracks must
pass through the horizontal hodoscopes, and (5) the two particle tracks
must be in timeicoincidence by passing through the pair’of timing counters.
The event requirements -ensure that in fact'ggth_the pion and muon

tracks downstream of the magnets are roughly parallel td the kaon beam.
This feature means.that the spectrometer arms"were'appr0x5maté"transverse
momentum“se]ectors. " The magnets were set to select muons with an average
transverse‘momentnm of 0.176 GeV/c and pions with an_average'transverse
momentum of 0.088 GeV/c. The low pion setting was intended t0'enhance the
acceptance in the.iow bion energyfregion“bf‘the Da1jta'p]dt.-'

~To facilitate the description ot‘the apparatus,-’a:right-
handed coordinate frame is used (see Fig. 3): (1) the +y axis is "up";
(2) the +z axis lies along the beam center line, and (3) the +x axis is in

the direction y x Z.

The neutral beam,was produced from a 3.0 mm x 6.4 mmbxl]0].6bmm_copperd
target in the externa]’proton beam ot the Bevatron. .The prodnction angie ..'
was 3.7 degrees downward in the vert1ca1 p]ane |

From the target the beam first passed through a steer1ng magnet ‘
of the proton beam channel. Th1s magnet steered the prlmary beam away
from the co]]1mat1on system and swept charged secondar1es hor1zonta11y.

The remaining neutra1 beam then passed through a ser1estof collimators and
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venticailsweeping'magnets. The vertical aperture;of 2.4}degrees was de-
termined by a 30 cm ]bng uranium collimator. The horizontal aperture of
1.0 degree was determined by a 91 cm long uranium cqiiimatbr. The solid-
angle was thus 0.73 mi]]isteradians / | |

The beam then passed through a decay region con51st1ng of a vacuum
box 5 meters in 1ength The downstream exit windows- Wh1Ch 1nterfaced
the decay‘regidn with the spectrometer arms were made from 9 ounce Dacron
sailcloth covened with 127 um‘Myiar to make them vacuum tight; |

Since the decay region was more than 7.6 meters downs tream bf the
target, the brincibai’beam constituents were photbns, neutrons, and Kﬁ's
A quantity of 10]2'protons hitting the target generated roughly
- 700,000 Kﬁ's in{the_beam;.with several hundred times aslmany neutrons and
photons. The actua1 prbton rate ranged'fromv4'x 10]1 ber second to 1.8 x
10]2_per second.. | o | v | | |

After 1eaving:the decay regiom, the beam,passed through a heiibm-fi]]ed"
bag to a re- entrant beam dump downstream of the appanatus Downstream of
the magnets, the 51des of the beam channel were 1ined w1th 15 cm

of stee]. The range device was shielded by 10 cm of stee] ‘while the

"~ polarimeter was shielded by 10 cm of lead.

For.the analysis of the data, the only beam characteristics that are
significant are the.KE momentum spectrum (equivalent]y,.the'momentum of
the primary protons) and the presence or absence of high frequency time-

dependent 1nten51ty structure. The stability of the proton momentum is
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characteristic of the Bevatron and is much better than our.requirements.
The Bevatron RF system was turned off while the datavwere being collected.

There is no significant RF structure in the data.

C. Spectrometer Magnets iﬁ

The spectrometer magnets were p1cture frame magnets w1th usefu]
apertures approx1mate1y 66 cm h1gh, 102 cm wide, and 178 cm Tong. They.v
were skewed from the beam axis in the horizontal pTane py-G,degrees (see
Fig. 3)3 making the average trajectory more symmetric withurespect to the
magnet midplane; | | o | |

The magnet. currents were monitored_byltransductors read by a digitali
voltmeter (DVM); The DVMvvaTues'were recorded on’the data tapes}after
each Bevatron sp111 t | R "‘ .u

The muon spectrometer magnet was set to a 11ne 1ntegraT of 587 k110—v‘
gauss-cm, correspond1ng to a change 1n transverse momentum of 0.176 GeV/c.
‘The pion spectrometer arm was set to a 11ne 1ntegra1 of 293 k1logauss cm,

correspondlng to a change in transverse momen tum of 0 088 GeV/c

D. Spark Chambers

Each spectrometer arm contained two wire spark chambers' upstream of
the magnet, and three chambers on the downstream:side. An additional
chamber was placed between the carbonTQegrader;andfthe polarimeter to study
mb]tipTeﬁscattering of muons.

Each chamber provided spark coordinates in two orthogonal directions.
One coordinate axis pointed in the y (vertical) direction; while the

other lay in the horizontal plane. The exception was the middle downstream
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chamber, which was rbtated in the chamber plane by 10 degrees in order to
resolve mu]tiple'frack ambiguities. The two upstream chambers were ro-
tated about the y axis by 12 degrees to make them more nearly normal to
‘the average track (see Fig. 3).

The sensitive area of the upstream chambers was 84 cm high and 100
cm wide. The sensitive area of the downstream chambers was 98 cm high and
109 cm wide. |

A chamber'cdnsisted of two gaps, each made of two wire planes having
orthogonal orientations. The four magnetostrictive wands gave two hori-
zontal and twd vertical'positions for each trajectory through the chamber.
The 76 um (0.003 in) aluminum wires were spaced 1 millimeter apart giving a
resolution of *0.5 mm. The gap was 9.5 mm and was filled with a Qas mix -
ture of 90% neoﬁ and 10% helium, 10%vof which was bdbb]ed through ethyl alcohol
at room temperature. When thé chambers were triggered, a high voltage
pulse of about 6 kilovolts was applied across each gap for 100 nanoseconds.
This was followed by an 800 volt pulsed clearing field, in addition to a
constant 50 vo]t.clearing field. Further details oh the chamber construc-
tion and high-voltage supply are included in feferencé 6.

The spark.information was read out by magnetostrictive wires, with
one wand for each wire plane. The signal wires weré'bracketed by fidu-
cial wires near the_end of each wand. The peaks of the wand signal pulses
Qere located (in time) by differentiating the wand outputs and using
zerq-crossing discriminators. The discriminated outputs were fed into

Scientific Accessories Corporation (SAC) scalers for digitizing the pulse times.
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In'the two upstream chambers of the pioh spectrometer and'the»upstream
chamber in the muon spectrometer, each wand was a]]oﬂed six sca]ers in
the SAC units.. " The remaining spectrometer chambers Were a]]otted four
scalers per wand and the po]ar1meter chamber, two. ) “
Experfence,shows"'that the chambers could handle ouer 150 triggers'per
second. The actual trigger rate, however, was typically’around 40 per
second.  Extraneous tracks in,theaspark chambers and hodoscopes were
well within, manageabTe 1imits The multiplicity of a typ1ca1 chamber gap
was about 1.8 sparks per event, while each gap could accomodate at least

four sparks.

E. Cherehkov'Counters:.

" The Cherenkov Courters were used to discriminate eiectrons'froma
pions and muons. This was achieved by f11]1ng the counters with Freon 12
at atmospheric pressure. The Cherenkov 11ght was co]1ected by three 5-
inch RCA-4522 photomuitip11er tubes, assisted by 11ght-gather1ng cones7
and a large concave ref1ect0r (see Fig. 4).. fhdividda]*phototube signa1s"
were latched and recorded on the data tapes;zan OR'd sﬁgnaj Was used by
the trigéer 1ogic | o |

In actual operat1on the beam- s1de phototube in the muon spectrometer ‘

‘was disconnected because of excess1ve no1se This d1d not seem to degrade.

the'efficiency Moreover this Cherenkov counter was not cr1t1ca1 to
the final ana]ys1s ‘Since a pos1tron enter1ng the po]ar1meter does not pro-

duce a delayed s1gna].
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Both Cherenkov counters were determined to be better than 99.6%

efficient in a test beam®

. -The data from the present experi-
ment indicate that the product of the efficiencies of the two Cherenkov
counters was better than 95%. This is sufficient for our analysis, al-

though there is no reason to doubt the earlier calibration of the Cherenkov

counter in the pion spectrometer.

.“v F. Scintillation Counters and Hodoscobes

Each Cherenkov counter was sandwiched, fore and aft, between two
hodoscopes thaf:consisted of vertical staves of scinfi]]ator. Each upstream
hodoscope cohtaihed 28 staves 3.8 cm wide, 6.4vmm thick, and 97 cm high.
Each downstream hodoscope contained 30 staves 3.96 ¢m.wide, 1.27 cm thick,
and 118 cm high. The photomultiplier tubes alternated between the top and
the bottom of adjacent staves. These pairs of hodoscopes gave prompt
-angular information for use in the trigger. |

A'hodOSCope conﬁisfing of six horizontal scintillator staves was
immediétely in.front of each upstream verticaT hodoscope. The four center
staves were 15 cm x 120 cm while the two outermost staves wére 17.3 cm x
120 cm. The horizontal hbdoscope~was useful in reétricting the area for
each spark chamber that was searched by the track.re;onstruction program.

Just behind the downstream vertical hodoscopes was.a set of two 122
cm x 122 cm tfmihg counters (labeled T in Fig. 3) which gave a coincident
output to the trigger if the two Secondaries penetrétéd the couhters on

their separate sides within about 10 nanoseconds of'each other (see refer-

ence 6).
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G. Range Dev1ce

The pion spectrometer was term1nated by a range-measur1ng ‘device
(Fig. 4). Th1s device exp]o1ted the d1fferent penetrat1ng ab111t1es of
pions- and muons “in order to d1scr1m1nate between them |

The front sect1on of the range dev1ce was a one meter Tong graph1te
block wh1ch sTowed muons and pions by energy Toss, and attenuated p1ons
, by nucTear 1nteract1ons Two 19 mm-th1ck Tead sheets, one upstream of
the graph1te and the other in the m1dd]e converted eTectrons 1nto
showers wh1ch were absorbed by the graph]te | , 1 _', o |

The rear sect1on was a multllayered sandw ch of stee] pTates and
19 mm th1ck sc1nt111ators Transverse d1mens1ons were 122 cm x 122 cm.
The thickneSs of steeT'separat1ng consecut1ve sc1nt11]ators ranged from
2 54 cm 1n the front to 10 cm in the rear. Th1s unequa] d1str1but1on
of stee] corresponded roughTy to a 7 percent increase in momentum for each
.add1t1onaT sc1nt111ator The momenta of muons stopp1ng 1n the device

range from 500 Mev/c to over 1600 MeV/c

H. “Polarimeter |
The poTarimeterT (Fig. 5) had two important tunctions ﬁ It pro-
vided 1nformat10n reTat1ng to the d1rect1on of the pos1tron from the muon
decay. At the same t1me, it was a range measur1ng dev1ce o
As a range dev1ce, it was preceded by a graph1te and lead degrader
identical to the one descr1bed in the preced1ng sect1on;  The |
polarimeter was a multilayered sandwich of 3.18 cm thick aTuminum pTates

and 1.27 cm thick scintillator (1.91 cm for the two end counters) with



- 18 -

' transverse dimensions of 122 cm x 122 cm. There Were fhirty-one scin-
tillation counters in all. The momenta of muons stopping in the polari-
meter range from 600 MeV/c to 1070 MeV/c. | |

The sandwich was wrapped in two rectangular solenoids, each design-
ed to produce a uniform magnetic field of 100 gauss. The polarimeter
was entire]y;ehcased'in a steel box with walls at least 4.6 cm thick to
return the flux. (The top was slotted along the x direction to allow
the 1ight pipes through). Depending on which so]ehoid was active, the
magnetic field could be oriented along the x or y axes. The currents
were periodica]fy reyerséd:to'éliminate some systematic effects -- the
uncertainty in the time origin in particular. The solenoid was made of
hollow copperfcdnductors, and water-cooled. Instead of a sloping pitch,
each turn was wdund in a plane except for a dogleg fn one corner to en-
able the éurrent{to pass frqm one turn to the next. The return pdth for
the current included a straight section that ran a1ong the vertical joint
where the ddgiegs were. The vertical current components in the doglegs
were thus canéeTTed by the current in the return path. The uniformity of
the fields were measured to be within +0.5% over the usefq] volume.

In Qrder to obtain information on the muon'§ po]érization, the parity
violating property of muon decay that the higher momentum positrons aré
preferentially emitted in the direction of the muon polarization is used
(see Section II-C). The average polarization will 1ie approximately in
the horizontal.]@boratory plane since it is constrained to lie in the

" decay plane if Img = 0.0.
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Because of the sandwich-structure of the po]ariméter; one can only -
determine if tHe positron was emitted in either the upstream (z <.0) or
downstream:(z-> 0 ) hemisphere. With the'magnetic field perpendicular to
the z axis, the polarization ofa huon stopped .in the polarimeter rotates .
through an or{entation approximately normal. to the polarimeter plates.
This occurrence is marked by an extremum in the upstream-downstream posi-
tron~decay_asymmefry: By knowing the_time'it takes to achieve this ori-
_entation, one can determine the azimutha]‘direction_abqut the magnetic .
field of the original (unprecessed) polarization. Of course, an extremum
in the decay'asymmetry is a meaningless concept for é single event:
Ultimately, hOwéver, we will be dealing with large-samples of events
where this idedvbecomés sensible. This will be discussed in more detail
in Section IV.

Limits on'fhe accuracy of the phase determination due to construction
imperfections:wére nég]igible in relation to the achieved statistical
precision. :The polarimeter plates were within 2 mréd of . being normal
to the laboratory z axis. The magnetic fields had deviations of < +-5 mrad
from the x or y axes,’which is acceptable since the resulting effect
on the phase measuremeﬁts has a cosine dépendence. |

The'primé considekation in the polarimeter design is~the'précision'
in determining the angle of the muon's-polarization. This:precision.
‘increases with the decay asymmetry and the square root of the number of
detected decays. Thicker plates result in fewer detected decays but an
“increased average asymmetry (see reference 5). This means that a com-
promise must be made in the amount of material thét the positron is

required to penetrate before it is registered in the data sample.
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The amount of mater1a1 thus determ1ned is dlstr1buted into one and a half
a]um1num p]ates and 1.27 cm of scintillator, since a typical muon stops
in the center'of:one p]ate and emits a positron that.reaches the second
scintillator from the muon's Stopping'point. Requiringia.coineidence from
two scintf]]aters-keduces the random background. o |

Thin sc1nt11]ators are desirable to minimize the‘fract1on of muons
stopping in them, 1nstead of in the aluminum p]ates Muons stopping in
scintillator are qu1ck1y depolarized. '_v'

With 1.27 cm scinti]lafors;'3.18 cm aluminum p1atee,’and'the‘fe~ L
quirement of‘a fwd-scihti]]ator coincidence,  the po]animeter.had a measUred
analyzing power ef O;32, and an average positron detection efficiency
calculated to be aboutzlo percent. | The. fraction of muone stopping in “
sc1nt1]1ator was ca]culated to be 16 3 percent, which was cons1stent with
the data. 9 -0f the two- sc1nt111ator co1nc1dences, 23. percent came from
;muons stopping in sc1nt111ators, 59 percent came from muons stopp1ng in
aluminum, and 18 percent arose from random backgrounds. |

The nonferromagnetic property of the aluminum plates rembves the -pos-
sibility of 1oca1 fie]d distortions. 1t also leaves.the strength of the
external field essentially unchanged (the magnetic sueeeptibiTity is
10

16.5 x 10'6), although this is not important for theféha]ysié. Since

‘aluminum is a conductor, the polarization of a muon at rest in aluminum
will behave as_thdugh it were in a vacuum 11’12; The semiclassical
explanation for this phenomenon is that the muon is constantly ex-

changing e]ectronslwith‘the_eonduction band, with the'average
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~electron's dweTT time being_much shorter than the»reiexetiohhtime of the
muon's po]arizetion in free muonium;l3:‘51nce‘this re1axetion time is
3.6 x 10711 seeond,14 and since there.is no eyidencetof depolari-
zation after seyehaT muon'lifetimes, the'fréctton efbtime that en electren
is bound to the muon must be a few parts per million at most. |

In a typicei'event, a mudn'ehters the po]arimeter‘ahd comes to rest
~in. one of. the aiuminumvplates. The prompt»scihti]]ation counter signals
1nd1cate in Nh1ch plate the muon has stopped. At the same time, the event.
trigger opens a gate that a]]ows thirty sca]ers to count pu]ses from a
50 Megahertz crysta1'osc111ator. _ The clock never varied;by more
than 20 HertZVQVer the course of the experimente Eaéhhsealer“isfassoraf;
eiated with a different pairvofmadjecent countehs If -a coincidence
~occurs in two adJacent counters after the prompt. s1gna1 the=assocﬁated;=
scaler is stopped. Ideally, the pair of counters 1nvo1ved is either
ihmediately upstream‘or downstream of the a]um1num‘p]ateuthat contained .-
the stopped muon, 'In that case,'the de]ayed coincidehce<is aSsumed to- be
due to the emitted pos1tron passing through the two counters. The scaler
va]ue g1ves ~ the muon s lifetime, and the locat1on of the counter pair .
relative to the muon' s. stopping point determ1nes if the’ pos1tron was em1t-
. ted 1nto the upstream orvdownstream_hem1sphere Other counter pairs 3
‘away.fhom the muon stopping.point can be examjned-to_stUdy'backgrounds.

Figure'6 indicates the various delayed-signal configuretions re]atfve
to the muon stoppihg»point and their;interphetations; Note that muohse»
stoppjng in seintillator,and decaying downstream-are distﬁnguished; and_

are thus eliminated from the data sample.  Muons stopping in scintillator
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and decaying upstream'are indistinguishable from upstream decays from
muons stopping‘in the next aluminum plate. Such muons are_]arge]y de-
polarized, sovtheir observed effect is to reduce the analyzing power for

upstream decays to 0.28. 'As shown in Section IV below, this does not

.bias the ana]ysis;v

I. Trigger

The event trigger maxfmized the acceptance'of K 3vevents with the
- muon stopp1ng in the polarimeter and a]so accepted other kaon decay modes,
~as the tr1gger rate permwtted, in order to exam1ne severa] systematic ef-
fects of the apparatus. The trigger was generated by the co1nc1dence of
signals'from the'pair of timing counters, the hor1zonta1-hodoscopes, the
pair of vert1ca1 hodoscopes in the muon spectrometer, and the first two
po]ar1meter counters, prov1ded there were no s1gnals from ‘the Cherenkov
counter in the muon spectrometer or from the next-to-the-last~po1ar1meter
counter.’ The'moon must stop at least two counters tromheither end due to
the two-scinti]Tator requirement on the muon decay.:jfhe‘timingbof the
trigger pulse was,determined by the signal trom the polarimeter's‘upstream
counters | |

The pair of.vert1ca1 hodoscopes in the muon spectrometer provided
an approx1mate,,but prompt, measure of the hor1zonta1 track angle. Each,
of the twenty-eight staves in the upstream hodoscope was tied by a coin-
cidence matrix»to‘the six downstream staves most direct}y‘behind it. The
matrix.output was parteof the event trigger. An output from the matrix
indicateo'that a track was within 45 milliradians ofvbeing parallel to

the beamline_-— ﬁndependent of its transverse position.t The apparatus



thus'seTected'muons within a restricted range of transverse momernita.
Thejcoincidence ot the first two upstream poTarimeter-counters en-
' sured that the muon candidate had penetrated at Teast two’counters“into
vthe'poTarimeterl The veto provision from the next to- the Tast polarimeter
counter ensured that the muon cand1date d1d not ex1t through the downstream
end of the poTar1meter | o | |
The Cherenkov counter veto on the muon spectrometer ‘arm suppressed
tr1ggers from K°L+ i e+v decays ) - ‘ N
The various s1gnaTs that made up the event tr1gger were t1med to .
arr1ve s1muTtaneousTy at the main co1nc1dence The Tead1ng edge of the ﬁ
puTse from the upstream poTar1meter counters was adJusted to arrive
at the ma1n co1nc1dence after aTT other Tead1ng edges but before any
‘tra1T1ng edge The t1m1ng of the tr1gger puTse was thus determ1ned by
the upstream poTar1meter counters This 1s reTevant s1nce the muon's
T1fet1me is taken to be the t1me Tapse between the event tr1gger and a
later two- counter co1nc1dence from the poTarlmeter w1th a constant cor-
rection for poss1bTe differences in the amount of deTay encountered by
| the two s1gnaTs (This constant correct1on can be handTed by periodically
.revers1ng the d1rect1on of precession, as seen in Part E of Section IV).
The delay resuthng from the light propagating through'the 120 cm h1gh
scintillator plates:of the polarimeter WiTT vary from event to‘event. "This
is nonnegligible since the muon's_poTarjzation precesses’at a rate of

8.3 milliradians per nanosecond. However, since
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the trigger pulse timing is determined by the first two'polarimeter counters,
approximately -the same variable delay is encountered by the trigger sig-

nal -- 1eaving'the time lapse unaffected.

J. Event'Readout

Events were read out by a standard Lawrence Berkeiey Laboratory (LBL)

NIDBUS'®

system into a PDP-9 minicomputer. A memory buffer stored infor-
mation from\seVen events, each packed into 240'eighteen—bit mords.' When
"~ the buffer was filled, it was rolled cUt to a disk,caliowing the PDP-9
to continua co]lecting data. Between'Beyatron spillsy the buffers stored
.on the disk were then wr1tten onto magnetic tape. -
The information storedon tape included 1atches for a]] sc1nt1l]at1on
counters 1nc1ud1ng those in the polarimeter and range»dev1ce, Tatches
for both Cherenkov;c0unters,spark chamber information‘ from the SAC units,
and the contentézof the polarimeter scalers. Other information eaved on tape,
recorded at the end of each beam spill, included the current read1ngs for

the two spectrometer magnets and the polarimeter magnet, “and the values from

several diagnostic scalers.
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IV. METHOD OF ANALYSIS

A. Introduction

Part H of Section III outlined how the polarimeter measured the polari-
zation direction projected on the 1aboratory'p1ane'perpenoicu1dr to the pre-
cessing field. In muon decay, tne‘higher momentum pogitrons are preferen-
tially emitted in the direction of the polarization. " As the polarization
vector precesses about the'po]arimeter's magnetic field, the probability
that the positron will be emitted into either thefupstream or downstream
hemisphere will rise and fall with it. The resulting positron time distri-

bution for either hemisphere will be shown to satisfy the parametric form

R(t) = Net/T [1 + acos (wt + ¢)]

The initial phase ¢ of the time distribution corresponds to the angle be-
tween the z a*fs ond‘the,projection of the origina]_poTeriiation‘yector
in the p]ane perpendicular to. the magnet1c field.
Since the data actually consist of a co]]ect1on of muons w1th various
po]ar1zat1ons}stopp1ng in different regions of the'polar1meter3 o'w111,equa1
the projectedvanoje of the vector sun of the poiarizations over the_eub-
set of events displaying a muon decay in the po]arimefér.
The qUadratio.ambiQUity mentioned in Part B of'Section I adds one
f1na1 comp11cat1on, even if E( ) were known perfect1y, the polarization
of any given event cannot be un1que1y pred1cted Two poss1b1e so]ut1ons

exist in general. However, since it is poss1b1e to ca]cu]ate the prob-
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ability that the correct solution is one or the other (see Apbéndix C),
the expected pd]arization can be computed by adding the two solutions,
each weighted by its probability. So "po]arizationﬂ'is rep1aced"by_.
."expected polarization" in the preceding interpretatioﬁJof b

To determfne'i(qz), the approach is to make éeVeralvguesses at the
-value of E(qzj énd; using the Cabibbo-MakSymowicz forﬁUTa;vcomputé the
Correspondfng eXpectéd po]arizations for each event;'.Of'course, the guesses of
E(qz) are'sygtematica1ly chosen to a]16w interpo]ating_bétWéén guesses. |
The vector sums of these expected bo]arizétionS-oyehythé data sample will
be the expectéd polarization of the data sample as a'fﬁhctidn of»g(qZ).
Simu]tanebusly, the Ddsitron time distribufions for'the'ﬁpstream'and down;
stream hemispheres.are accumulated. This results in é prédictéd'va1ue of
¢ for each guess 6f g(q?) plus a measured value of ¢ﬁfrom the time distri-
bufions. The predicted ¢ that matches the measured ¢ wi]},éorreépond to
:the correct Valﬁé of i(qzj, For the vertica]fiejd'data,'the choices of g(qz)
cofrespond to different values of Reg(qz),with Imé(qZ);=.0.0; _For the
horizonta1-fie}d'data,.lmg(qz) was varied While Reg(qz) was fixed. }’

The data aké>61so separated fnto bands of expected qz. The‘q2
dependence of g(qZ) is weak enough that E(qz) can be'cthidered constant
over a single band. The data from each band can theh be'treated in a

separate analysis.

B. Event Reconstruction

The raw-data tapes from the PDP-9 were analyzed 9ff41ine at the
Control Data Corporation 7600 computer facility at Lawrence Berkeley Ldb-

oratory.
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"Since the-apparatus cannot detect toe neutrino or measure the kaon's
momentum, theﬁeVeot configuration is kinematically unconstrained. There-
fore in the reconstruction'program, an‘eYent is characterized simply
by two‘tracks; ohe in each spectrometer arm;» that-meet’at a vertex
in the decay reg1on and show cont1nu1ty through the spectrometer magnets.
At this stage,vthe 1nformat1on from the Cherenkov counters, range device,
and po]ar1meter was not used. Loose cuts were applied for purposes
of programm1ng eff1c1ency, the t1ghter cuts that determ1ne the K 03 event .
sample were app11ed by a subsequent program, wh1ch w111 be d1scussed in
the next section.

In theHioitfaT steps of the»reconstruction process; the spark cham- |
ber sca]ers from the SAC un1ts were converted into 1aboratory coordinates
using a cont]nuously updated tab]e of fiducial values (approx1mate1y the
average fiducia1.Va1ues from_thevprevious ten events)_and_the spatial"
coordinates of'the fiducials as determined by a combination of direct
measurement and an,ana1ysis of tracks from data takeh'uith-the magnets
turned off. If any chamber (excluding the,polarimeter chamber) had no
.Sparks, the event was rejected. | |

" The horizontal hodoscopes'were examined, and the event rejected if
either of'them_suowed no counter hit. If more than one counter on a-
side was hit, the,program.considered each of them invturn.- |

The spark-sorting process’was performed on each'arm independent1y.
In the chambers downstream of the magnets, all possible Tinear trajectories
» were traced in the x-z plane, with a cut imposed on thercomputed X2 to :

“retain only reasonable possibilites. The y-z plane corridors specified by
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hits in the horizontal counter hodoscope and the middle §park chamber were then
used to help se]éct.trajectorieS'in this view. Thevbgst straight-line
" fits in both views Were matched and projettéd to the midb]ane of the
magnets. | v

A11 possible rays in the front two chambers'were'sfmi1ar1y p}ojected
to the magnet midp]ane.'.A match between front and~ba¢k'within 5 cm hofi_
zontally and 2.5 ch vertically specified a trajectory. |

Up to three good x? tracks were retained from each‘side for vertex -
reéonstruction.'"Pkojecting' a 'traék from each side back'into fhe decay
vo]ume,:the‘distanbek of closest appfoach was calculated. The closest
pair within the liberal fiducial volume was assumed to come.from the de-

cay, provided thé:tracks passed within 5 cm of each 6ther. :

| c. K EVent Selections
u3

Assume that, for some event, the reconstruction progrém determines
that there is one unambiguous.track in each spectrometef arm; To insure
that the event is KbL > ﬂ'u+vu- it is sufficient to show that (1) the two
tracks originafe from the same decay, (2) the track invthé_pion'Spectro-
meter was a pion, and (3) the track in the-muoﬁ spectrometer was a muon.

Satisfying the first requiremenf is straightforward. The-timing
counters ensure that‘fhe two trécks occurred within about'jO ndnoseconds‘
of each other. The ﬁracks,extrapo]ated upstream, wére fequired to
have a neérest approach of less than 5 cm. _The»separétion at nearest
approach has a fU]T Width at half maximum of 13 mm, indicating

that this cut is quite loose. The point of nearest approach,



or vertex, was required to be 7.6 m to 12.7 m from;the production target,
placing itifh.the vacuum decay volume. In addition; each track was |
required to exit the vacuum region ria its thin Dacronrwindows._>As the
tracké passed,through the spectrometer magnets, théy were required to
miss the maghef_wa]]s. | | o H v‘

| The remaihjng two requirements require a khow]edge of the momenta
of the secohdarfes;‘ This was done with an effeetive length approximation
for the épectrometer magnets, | |

Pt

P= :
s1n8out - s1nBin

Where Bou; and Bih are the secondary's exit and entraht angles in the
horizontal p]ane;as measured from the axis of the spectrometer magnet.
,Pt is the trahsverse mbmehtum change indicated in Section III-C, -obtained
from a table és a funcion of position in the magnet aberture. As an
indication of the momentum resolution, the full width of thekaon peak in the
m distribution was ‘6 MeV. |
*  To identify the pion, the Cherenkov counter and the' range device

are used. Ih.the pion épecfrometer, a pion signature will be the

absenee of a Cherenkov signal plus a measured”range thaf is too short

for a muon of the measured momentum by at least 2.5 counters (the pion
momentum must be greater than 0.56 GeV/c so that_the expected mudn

range is beyond the first counter in the range device). Any inefficiency

in these two devices is of concern since it could cause_non—Ku3 events
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to be accepted, Either an electron missed by the Cherenkov counter or
a muon that fe]i_shOrt of its expected range produces a pion signature.
The Tatter condition can occur if the muon scatteré out through the sides
of the range deyice. To reduce this probability the track is projected
downstream to the z coordinate corresponding to 4 cobnters past the observéd
range. This ppint of the track must be at 1east.5f1 cm away from the sides
of the range device. The rms projected scatter at the rear is approximately
9 Cm. The 1odseness of this cut allows some'contamihation into the
Ku3 samp]e, but if is- shown in the next section that its effect is minor.

To identify the muons, the Cherenkov counter éhd the range measured
in the po]ariméter are used. A muon signature is the absence of a Cherenkov
signal plus a'fahgeveXpected of a muon with the measured-momentum. If D is
the difference between the expected range and the observed range for a

muon, then the réquirement for a muon signature may_be stated as

|D| <P, /(0.3 GeV/c)

So, for example, a 750 MeV/c muon must stop within 2.5 counters of its
expected range. Figure 7 shows the distribution of D for particles
~ entering thé'poJarimeter before and after the other Ku3 cuts are applied.

An additional requirement is that
0.66 GeV/c <P <1.04 GeV/c, |

corresponding to the momentum acceptance of the polarimeter. The track

projected downstream to the expected muon range was also required to be
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at 1éast 2.54 cm away form the sides of the~po]arimeter. This compares
withvthé'projected rms scatter of about 17 cm at fhé rear of the polarimeter.
Inefficiencies are not a problem in the muon identification; A
true muon thét is misinferpreted will cause the event to be thrown out
of the’analysfs. This will affect the. statistical precision, but does
v.not bias the énswer. A true pion or positron that is incorrectly
identified as'a muon will not ordinafi]y produce a'dé1ayed-signa1'in the
polarimeter and hence will not be included-in-the anélysis..
B The~addifiona1 requirement -that a:delayed signaleéfdefected in
the polarimetér makes the muon :identification quite tight. This in turn
makes it quité Tikely that the secondary on the opposite side was indeed
a pion. The effécts'of background channe]s on the'experimental results are
con§ideredxin Section V-B. PO B
As a chéék, the transverse cuts in the po]arimeték and range device
were tfghtened §ne at a time. The results for‘g(qz) were unéhanged

within theystatisticé] precision.

D. Foundations of the Pplarization Measurement

In Part C of Section II it was indicated that the probability den-
sity for detecting a decay positron with momentum 3 at time t, from av

muon whose polarization is presessing at a frequency W » has the form

r(pt) = e-t/r'[f'(g) + g’ (p)eos (gt + o —'¢p5] ;
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where ¢s éﬁd ¢p are the initial azimuthal angles of 3 and 3 about E, and
f'and g'are some functions of p. In the vertical field data, B points
along the y éxis and ¢ is measured in the x-z plane with ¢= 0.0 corres-
ponding to the positive z axis. The analysis ié identical (except for
coordinate labels) for the horizontal field data so we will bypass its

treatments'

The poTérimeter detects positrons in either the downstream (PZ > Q)
or.upstream_-(PZ < O).hemispheres. This is equivalent to integrating
over infinitessimal detectors éovering a ha]fspaée. For example, the
probabi]ity'density for detecting a bositron at fime t in the forward

hemisphere is_

r(t) f ¢° r(3,t) fmax dpf de f dg, r(p,t),

P, >0 N -m/2

Assume for a moment that the detection efficiency of the polari-

meter is left-right symmetric. Specifically, this means that

g (p,ep,¢p) = g"(p,ep.-cbp).'

R S

Then

'_°+(t) = N+e-t/'l'l:1 + a+cos(w,_t + ¢S):])
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where
+
vz f e
l Py >0
‘and
5L 3,
No = f d°p g'(p)cose,,
P, >0 '

where a+ is the asymmetry parameter. In Appendix A it is shown -that

e _At cosés, where the ana1yzing power At is ‘independent of S. Thus

r (t) + -t/t [1 + _A+;(t')-;]f
where
s(t)-; = coses-cos(th + ¢S)

An identicé] argument for the p, < 0 hemisphere gives
r (t) = N' 't/T [} A s(t) {]

Up to now a localized region of the polarimeter around a particular
stopped muon has been considered. Now_consider a sample of data with

a d1str1but1on of muons.

G1ven that the 1th muon in the samp]e has stopped in the po]ar1-

n meter, 1et~
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ri(t) f t/T[} + A s (t)°{]
be the probabi1ity density for detecting a positron in the forward or

backward hemisphere at time t. Note that

[- -}

~fr;t‘(t)<1,

0

since not all-muon decays are detected.

The positron time distribution accumulated over the entire sample

; EJ N A1s1(t):l f
t/T

is

If R (t) is fitted with the parametric form
RE(t) = Nt H/T [} + o cos(wt +'¢t{])
the initial phase ¢i will equal the azimuthal angle. of the vector
ot niats
lV :?115(0)

Note that the parameters in the parametric form resemble, but are not
the same as previous]y defined variables. This is meant to be suggest-
ive of the'é]ose relationship between corresponding variables and para-

meters.
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The assumption that the po]ar1meter is un1form and symmetric
imp11es V =V and ¢ = ¢ . Indeed one can think of the two sets
of data as two separate experiments measuring the ‘same physical
quantity, ¢. In practice, R+(t) and R™(t) are fitted simultaneously,
o COnstraining 6 =¢ =¢ . Inthis case, ¢ is expected to equal the
az1mutha1 ang]e of the vector V V + V . |

‘Thus'far‘the possibiTity of a Poisson-distributed background as
we11 as ‘the éonsequences of the electronic "1dgic“ of the polarimeter
'.have heen neglected. For each pair of adJacent po]ar1meter counters,
he f1rst de]ayed co1nc1dence, real or spur1ous w111 stop the corres-
ponding scaler. In the off-1ine ana]ys1s,.the sCa]ers of‘the ‘counter
) pairs imnediately upstream and downstream of the mﬁen's stopping point
are examinedf.’It delayed signa]smare indicated in both, but at'different
tines,_the scaler with the earliest time is assumed to be real, while
the other scaler is 1gnored |

In Append1x B we show how these complications modify the para-

meterized time distribution into the form

Rt = e tﬁ« 0 s o costat + 0] + r} v

Slnce R and R are f1tted s1mu1taneous]y, w1th ¢ = ¢+ = ¢ s there are 11

parameters Af, Af, N, N, T, a+, o ; w, ¢, T +, and T, The 1nter-
pretation of these parameters is that T is the muon 11fet1me ot the
asymmetry parameter, w the muon precess1on frequency, ¢ the 1n1t1a1
azimuthal phase of the muon polarization, N“'the norma11zat1on for the

real muon signals, Ti the background level and Ai the
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backgrbund'frequency. The interpretation of ¢ iSIUnchanged by the
random background since the background is uncorrelated with the event
configuration.. |

Other sfmp]ified or more comp]icéted pakametefizations are possible.
However, the phase evaluation is relatively insensitive to different
barameterii?tiOns.(which is not the case with the asymmetry parameter).
Tests usin@ other parameterizations showed that the phase was stab]g to
within 10 mi]]fradians. Moreover, these phase variations are generally
indifferent to the polarimeter polarity and so wduld be eliminated by
reversing the polarity periodically.

For a‘given data sample, ¢ is a function of the Ku3 form factors.

2, then ¢ is a

If the data sémp]e‘is,reStricted to a narrow range’of q
function of only one number, E(qz). This functional relationship:
can be uncqvéredvby taking several a priori values of £ and computing
the correspondfng V. The azimuthal ang]e of V ié'the expected value of &
for the assumed form factor. | |

One difficulty fn computing V is thét N:Zand A? are not
| known'exaCt]y.for an individual event. " The analyzing power Af
}s expécted to be quite unfform th;dughout the po]érimeter, since it
"only depends on the thickness ahd,homogeneity of the'aluminum and scinQ
tillator plates. The normalization N:, however, depends on the local

efficiency of the scintillation counters. N

But while the prescription
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Vs N S 0)
i B i MRS R
:fTooks impracttca], it is shown in Appendir C that the sum of the polari-
zation vectors from events with a detected pos1tron decay is suffici-
-ﬁently para]]e] to V The restr1ct1on to events with detected,decays

‘1s suggested by the presence of Ni in the weight.of g (0). Two argu-
"'ments are presented in Append1x C, each perhaps suff1c1ent in 1tse1f
but more ‘so when compounded. Both arguments/usefthe idea that, whi]e
detection-related biases may exist in a singie event, suchfbiases'wif1
effectively cancel themselves out in a large data samp]e.

The first argument is based on the property of the polarimeter
that "one man"s ceiling is another man's floor". A forward'decay
from a muon in the tenth aluminum plate and a backward decay from a
muon in the twe]fth plate with the same x-y coord1nates involve the
same sc1nt11]at1on counters and alum1num p]ates. N and A . for the
first muon shou]d equa] N~ and A 5 respect1ve1y, for the second muon.
Th1s is tantamount to say1ng that N Ni and Ai = A; in V.

The second argument says that if Ni and Ai areIUncorrelated with
S (0), then V is expected to be para]lel to Z S (0); whether or not
the sum is over events with' detected pos1trons The assumption is
va11d if the muon'* s stopping point 1s 1ndependent of its:spin. .This

turns out to be a good assumption, emp1r1ca]]y To first -order, the
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muon homehtum spectrum.reflects the kaon mdmentumvspectrum. (The lack

of corre]atien between the spin direction and the transverse stopping posi-
tien justifies the earlier assumption of left-right syhmetry in the detection
efficiency. Rather than thinking in terms of a single stopped mion decaying to
the left or r1ght, one can 1mag1ne a single s1te in the polarimeter

with muons stopp1ng to its left or right).’
The f1na1 comp11cat1on in comput1ng V is the quadratic ambiguity.

The ith muon has two p0551b1e po]ar1zat1ons call them S Avand SiB
In appendix D’we show that it is possible to determine the probabi]ities'
for each vector, call them P;, and P.,. The expected polarization
of the ith muon is then |
+ ] ~
€52 = Pipdia * PigSip:
Also, since

(xS

1

L) = E(S.)
i j i)

the sum of <S > over a sample of events is the expected value of 251.
j

~

The statistical error for ¢ from using §'<Si> as anrest1mator of
?gi can be eompdted with the algorithm deve]oped in Appendix E.
‘E. Procedure
The flow diagram in figure 8 summarizes the analysis scheme.
The raw datevate filtered by cuts to yield a date éamp]e of presumed
Ku3 events. Tbe Ku3 sample is further restricted to include only
events that indicate a muon decay in the polarimeter; These can then be

distributed into bins of q’.
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From.this point in the analysis, each event is;handled along two
separate Tines. - | | | |

Us1ng the po]ar1meter 1nformat1on, the event 1s b1nned in the ap-
. propriate t1me d1str1but1on When the data process1ng 1s comp]eted
the time d1str1but1ons are f1tted w1th an 11 parameter funct1on to yield

~

. ¢exp the exper1menta1]y measured va]ue oftheaz1mutha1 phasezng]e of %S].
Us1ng the spectrometer 1nformat1on, the expected po]ar1zat1on
_vector is computed with six different va]ues of Reg or Im{ -0. 5 -0.3,
-0.1, 0. 1' 0.3, 0.5. To compute the po]ar1zat1on of the muon in the
po1ar1meter, the Cab1bbo Maksymow1cz formu]a is used which g1ves the
polarization as seen in the muon's rest frame but expressed in labor-
atory coordinates. Because the Lande factor.is.g = 2 for the muon
(the small deviation iS~negligib1e),;the'Cabibbo-Maksymowicz.result
must be rotated by'the same angle as the muon momentum uector-jn pass-
ing through the spectrometer magnet. Ray tracihg programs show that
depolarization caused by magnetic tietd’components parallel to the mo-
‘ mentum”vector:isunegligible. Muons also do not depolarize in the process
of slowihg.down.]6> | _
The six vectors are accumulated with the correSponding vectors
from other events in the sample; hheh the data processing is completed,

(g-)

(1 = 1,.,.,6), ‘the pred1cted a21mutha1 phase ang]e of . %( 1ASjA 1BS1B)

the Six accumulated vectors yie]d six va]ues of ¢pred

N

:for six a priori choices of {(q )
) _ PR o
) had been used in: comput1ng ¢pred(g)

~ If the true value of £(q

then ¢pred(£true = ¢exp’ In pract1ce the process is reversed. From
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) is obtained. Then

the curve.¢pred(£) the 1ﬁverted function €(¢pred
gtrue N gV(¢ex_p)‘
The determination of ¢___. presumes that the time origin is known.

_ exp _
However, there is some delay from the time the muon comes to rest before

the scaler gates are opened. One way around this is to reverse
the polarimeter field periodically and analyze the data from the two
po]arities.Separate1y in the manner outlined above. This results in

two exper1menta1 phases ¢ * and ¢_¥ The results are combined to get
exp exp” v _

¥ '
(¢exp - ¢exp)

©
[
N =

exp

Any phase sh1ft caused by an incorrect zero-time now cancels out
1eav1ng ¢exp unaffected. In fact, the zero-time phase shift can be
derived by |

1 4 +
84 = 5 (bgxp * Pexp)
The zero-time phase shift was also measured directly by the polarimeter

electronics, with excellent agreement to the fitted phase results.

A F. Statistics
The most important contribution to the statistical error of ¢
is, of coursé, the error.in meaéuring ¢ from the time distributions.
In fitting for ¢ with the parahetrit form given by (IV.1), it turns

out that ¢ is highly correlated with w; but essentially uncorrelated
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with all other parameters. (This is also true in the expanded parametric
form which provides for a Poisson backgr0und-and’the simultaneous fit-
ting of the upstream and downstream distributions.)
t _
If there are Mz [ 2 R(t)dt detected positrons in the data sample
. t g n
(where the. scaler-gate is open from t, to‘té)“and‘if‘m is known precisely
then the expected error in ¢ is
o = N2
o, =
.¢ avM

But, if w is another‘parameter, the expected error.in ¢ becomes .

o, - '2 bol" 1 =
b avm V1-97

where o is the correlation coefficient between ¢ and w. With p zylﬁf?
the error in ¢ 1ncreases by 41%.
It 1s unnecessary to 1ndependent1y measure w 51nce the error in

f1tt1ng the comb1ned data A{al q2

bands lumped together) for w is com-
parab]e to the reproduc1b111ty!of a convent1ona] fljp co11~of about 0.2%.
bMoreover; there are var{ations with position of the.polarimeter fie]d
strength of as much as +0 5%, wh1ch would necessitate a cumbersome f1e1d
map as we]l as open the door to systemat1c uncerta1nt1es. ’

| Nhen the data are d1v1ded accord1ng to q2, however, some of the
bands may conta1n only a small fract1on of the events In this case, it

w111 pay to fix the frequency at the va]ue obta1ned from the 1umped data
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sample, with its correspondingly smaller error. For each band of q2,

the expected error in ¢ will then be given by
22

2 - 2
g, = 9 + p 02

¢
where oy is tﬁe error in ¢ if w were known exact]y.and 9, is the errof
in ¢ in tﬁe Tumped data samp]e._v |
An additional, reiative]y minor, contribution:to the statistical
error in £ comes from the uncertainty in the prediéted phase caused by
the quadratic ambiguify.l This error is added in quadrature to the pre- '
ceding coﬁtributions. The situation here is analogous to coin tossing.

Just as each pérmutation of heads and tails among’the N coin tosses has

a calculable probability, each permutatioh of "slow KOL" and "fast KOL”

po]érizations in the N vector sum has a ca]cu]ab]e‘probabi]ity. The
algorithm for computing this binomial-like error-is detailed in Appendix
. | v _

For the #hase analysis of this experiment, the data were in the
form of two time distributions. The time dimension was quantizéd into
20 nanosecond bins by the 50 Megahertz clock. For convenience the data
were further consolidated -into 80 nanosecond time bins. A Monte Carlo
study of thé statistical precisidn of the phase as a function of the
time binning showed (see Figure 9) that there ié yirtua]]yrn]osszof precision
from this éon;o]idation. (Note that 80 nanqseconds is 0.036'ru and cor-
responds to an:anguiar-rotatidn by the po]arizatidn of 39 degrees). To-
gether, the tWo distributions contained 148 time bins which were used

to fit the 11 parameter function of equation IV.1..
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V. RESULTS

i  A.  Résults of the.Anélyéiékbrdcedure '

, Rgg(qz)vis determfned using.the,Qata thh_the;prepessing field
pointing_in the'vertical direction. A total qf!]g mi]]iqn friggers
were recorded-in this:cpnfiguration; In apoutxzs percent of .the trig-
- gers, there was a retdﬁ§tructed:track in bdth sbeCtrometer arms, After
imposfng the“verfex requﬁfémeﬁts; ébout:63.pércent df the triggers
remained as reconstructed events. In about 35 percent of these events,
the two secpndary tracks were identified as a u+ and a . After épply—
ing further.K113 cuts (mainly that théisecohdarfes’terminate in the range
device or po]akimeter), and requiring an apparent muon decay in the po-
1arimeter,‘about 350,000 events rémé%h; répfesenting 1.8 percent of the
'“trigjers.' Further cuts, mainly the limits on the $econdaries' momenta,
reduce the sample to the final total of 207, 260; 110,648 events with
the polarimeter magnetfc'fiefd pointihg in the -y direction, and 96,612
events wifh the field in the +y direction.

Figures 10a through 10d show the time diStributﬁth'fof the upstream
and downstream decays for two polarities of the polarimeter field. The
results of the ‘parameterized fits are pfeSehtéd in-Table I. The a-
symmetry is about 0.32, in -agreement with our déSiéﬁ.caiculation.',tij

The result of separating the data iﬁto”bandé-df q2 and fixiﬁg‘thé‘
| preéeSsioh“fféquency‘is presented in Table If}‘:ThebqurveS 6f'¢pred v'”.

versus £ for the variods q2 bands are shown in figure 1.
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Th%s‘gives; fina]]y,'the fesu]ts for g(qz) (where q2 is
the averége ffor the eQents in each band); which:afe presented in
Table IIi‘and‘figure>12. Figure 13 shows the.data.fe-expressed in terms
of f /T4 The feSu]ts of Donaldson, et'ali, are indicated by the solid
line in the §ame figdre.

If one parameterizes the q2 dependence of £ by

£(q%) = £(0) + qu/mﬁ o

then

£(0) = 0.51 £ 0.55,

A=-0.09+0.14,

with a correlation of -0.981. The regression line for £(0) is given by

4

£(0) = 0.178 + 0.105 - 3.80 A .

To compare this ré§u1t with those from other-po]arizatibh experiments,
one takes A=0'(See»pége 49 of Reference 2), giVing‘ £(0)=0.178 + 0.105.
To determine img(qz), the data with the precessing field pointing
in the horizontal direction (along the x axis) are used. In this config-
uration, a total of 5.7 million triggers were collected. Since the |
spectrometer and Kﬂ3 cut§ are unchanged_drom the vertical field config-
uration, the eveﬁt attrition rates are the same. The final sample con-
tained 25,682 evenfs with the polarimeter fie]d in the -x direction and
29,922 events with the field in the +x direction.

Figures 14a through 14d show the time distributioﬁs for these data.



The results of the parameterized fits for the horizontal field data are

, 2
pred 353 function of Im&(q™)

pre;en;gd in Tables IV and V. The curves of ¢
are sHown in Figure 15, .The resulting vﬁ]ues'for‘lmg(qz),vwith ReE(qz)
fixed at:O.OVaré presented‘in‘fabie VI.. Thébéensftiviﬁy 6f the determin-
‘ation of Imé(qz) to the assumed va]dé df Réi(dz) wés ﬁeaﬁufed;by'reana-
Tyzing the déta with ReE(qz) = -0.5. The reﬁulfs of'tﬁig reéha]ysis

. are bresénted}in Table VII. 1If ImE(qz) ha§ 1itt1é or no q2 depé;dence

'then Img = 0,352 + 0.297‘4 0.206 Reg (x? = 4,02 for 4‘degrees of freedom).

t

- B. Systematics

The results presented in Section A depend on'cofrect values for
several paréméfers that are assumed in the analysis. To see their
effects dn:RéE each of these.parameters has'been.varied in turh, and the
analysis repeated.

The resu]ts of this procedure are summarized in Table VIII, The

-statistical errors from Section A are shown for comparison.. All ef-
fects are Tesg than 10% or so of the statistical error. All of the para-
meter. shifts-indicated-are- larger:.than theyfare.éxpécted to he. The
magnets were calibrated to better than 0.1% by usingtthe KOL -+ ﬁ+ﬂ'
events in the data With the constraints imposed by-the target position
and the wm invariant mass. The K°L momentum spectrdm, used in computing
the relative weights of the two ambiguous solutions, was obtained by
examining a sample of 120,000 K°L > events frpm a previous run with
the same spectrometer. A skewing error in the momentum spectrum (one

that enhances. one side of the spectrum at the expense of the other) will

bias one solution over the other. Two independently written Monte Caf]o
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programs produced the idenfica1.specfrum. A skewing error of as mhch as
1.0% per GeV/e'can be ruled out. | |

| Radiative corrections are also negligible. -GinSberg and Smith]7
have ea]cdlated that the percentage change in the trensverse component
of the polarization is 1ess-than 0.25% in the region of the Dalitz plot
examined in thfé exberiment. Also, the quadratichambiguity reduces any
sensitivity to,the radiative corrections by fough]y a factor of 1/3 for
the same reason that it reduces the sen51t1v1ty to £.  This redhces the
ma x imum expected angu1ar sh1ft to less than 1. m1111rad1an which is neg]1-
gible.

Fina]]y, the_possibi]ity.of centaminetiOn of the Ku3 sample by other
event types is considered. Only contaiminations with real muons entering
the pojarimeter will inf]ﬁence the results and then only if the muons
are po}arized; This is possible if a n+ decays in flight on the polari-
meter side. Celeulatiehs indicate that approximate]y-Z%»of the positive
pions from thevvarious detected kaon decay modes will decay in flight and

will be misidentified as a muon. We discuss below the various backgrounds

involving pionvdecay in flight with the daughter muon.stopping in the po-

larimeter.
1 -K—SL >

The number of KOL.*‘N+Wf decays seen is about 1% of the number
of K % events. The fraction of K°L > n+ﬂ- decays that decay in
flight and pass’ the muon range cut is calculated to be less than ]0%

Hence any effect will be be]ow the 1 milliradian level.



2. ESL > i n° |
The K°L > n 1 modeis suppressed by the relatively high trans-

verse momentum requirement,Of the muon spectrometer. The maximum trans-

- verse momentum in a K°L > im0 decay is 0.133 GeV/c. With a subse-
.quentn+ decay,vthié reaches 0.163 GeV/c. - Figurei16 shows the (p'o)2
distribution from this experiment. The variablep 0 is the K°L momen-

‘tum in the cehter-of-momentum_frame of the two charged secondaries,

o]

under the assumption that the event is K°L > n+nfn . 'The presence of

K°L > n+n'ﬁ° events in the data would appear as a narrow structure with
(p 0)2 > 0.0, apart from resolution effects, taiTing off exponentially
on the'positive side. No such structure is detectable.

3. with Reversed Charges

K3 ith Re
In this case, the muon must be mistaken for a pion by the range

device, most 1ike1y és a result of scattering out through the sides.

If the rangé device were totally efficient, these events would appear

to have mubns in both spectrometer arms. Cbmbinihg'aTi events which are
interpreted as having muons in both arms with the s¢1ected K“3 sample
augments the reversed charge'contamination; This corresponds to the
range deviée always misidentifying a muon as a pion. The analysis is
repeated‘to observe any shift in £ (see Table IX)Q_ Thfs gives a second
point on the cufve of £ as a function of range device efficiency. Whiie
1héactua1 efficfency is not known exactly, it is ébnServativé]y estimated
to be better than 90%. The. value of £ for a totél]y efficient range
device (which exc]udes»Ku3 events with reversed charges) is then expected

to differ from the observed £ by <10% of the shifts in Table IX,
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e3‘

In this case, the electron is missed.by thé Cherenkov counter. Fol-
lowing the lead of the pfevious paragraph, cbnsidérbevents interpreted
as having a.muon in the polarimeter with an electron on the other side.
These events.are combined with the Ku3 sample to,obéerve any shift in €.
The Cherenkov counter is shown to be at least 95%  efficient by examin-
ing eventsNWith a well defined pion in the polarimeter and no muon in
the range deVicé. ‘Five'peréent of thisvshift is taken as an upper limit.

The résu]ts'of the procedure outlined in Suhsectinns 3 and 4 ahove are

shown in Table IX. The implied corrections to & are small compared to the

statistical error.

C. ‘Concluding Remarks

In this expefimént no Monte Carlo simulation is required except to get
the K°L momentum spéctrum from the two body KoL > decays. The resu]t§ do
not depend on the‘{(u3 cuts since the important consideration is that the
time distributions and the predicted phases are derived from the same data
sample. The results are not Sensftive to dead spots 6% counter inefficiencies
in the polarimefer since the stopping point of a muon is largely uncorrelated
with its spin;' (If a positron emitted upstream were mistaken for a down-
stream emission.because of countér inefficiencies, the asymmetry would be
degraded but no bias in the phase would résu]t).i Thevpo1arimeter does not
need to have a very uniform magnetic field. Thé ana]ysfs allows the fre-
quency to vary és a parameter, and the resulting va]ue'represents the average
frequency over thaf particu1ar data sample. When events with a higher-

than-average frequéncy are combined with those having a lower-than-average
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frequency,‘the'reéu]tant véctor precesses at the mean fréquency with its
initial phase undisturbed. _Since'the'fie1d was uniform to 0.5%, the apparent

depolarization was less than 1% in the worst case.
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APPENDIX A

The Asymmetry Parameter of a Precessing Muon

This Appendix shows that the asymmetry parameter for a muon pre-
cessing in the polarimeter is proportional to the length of the spin pro-
jection on the precession plane. |

In a right-handed coordfnate system xyz, let the y axis represent
the polar axis as well as the axis of precession, and let the azimuthal
angle be meésured from thé z axis. In the polarimeter, the z axis is
perpendicu]ah to the aluminum p]ates° eu and ¢u are the instantaneous
polar and azimuthal angles, respective]y, of the polarization vector.
Since the mgOn precesses, ¢U =wt + ¢0, where ¢0 is the initial muop
azimuthal phase.

- Imagine that there is an infinitessimal positron detector in a di-
rection @ = (6, ¢) from‘the muon position, covering a solid angle d
Furthermoré, let it be sensitive only to positrons of momentum x within
a momentum bite of dx,where the momentum x is in'units_of the maximum
bositron momentum., The detection efficiency is n (9, ¢; X).

Given.a decaying muon, then, the probability that the positron will

be detected is (see Reference 5)

a3n

1 2 . ‘ .
2 X [:(3— 2x) - (1 - 2x)coseud:]n(e,¢,x)dxdﬂ

[f(x) . g(x)coseud:] n(8,6.x)dxda |

where epd is the angle between the polarization vector and the direction

of the detector; and f(x) and g(x) are defined by the above equation.
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But

= "+ singsi [}' i + + ' +
coseud cosecoseu s1nes1neu singsin(wt _¢o) cos¢cqs(wt ¢0)]

so that
d3N o ' i | | R o
. = nv[} + g cos6cosH ] + ng sin6sing._ singsin(wt + ¢O)
dxdQ J W U v

+ ng sinesineucos¢cos(wt + ¢0).

In the polarimeter, the time dependence of positrons in either the
upstream or,downstréam hemisphere rather than along some specified di-
rection is observed. This'is,equivalent‘to integrating the density function

over a hemisphere, which is taken fo be -n/2 < ¢ < 7w/2,0<x <1,

1 - 2 '3
R(t) = S dx i; do j/ do -9 N)
) R dxd®

0 =m

0 <86 <m. This gives

Assume that n (6, ¢, x) only depends on x and edip’ the dip angle

into the aluminum plate. Since 0 < 84ip < T/2 and cosy; ) = sin® cosé,

P

n = n(cosé x) = h(sinbcoss,x).

dip’

Since n is even in ¢ while sin¢ is odd in ¢,

/2
‘j" dp sing n=20
m/2
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so the term in d3N/dde2 containing the factor sin (ut + ¢O) has a
vanishing integral.

Also, since n(8) = n (m - 8),
m
n(6) coseds = 0,
0 :

so the term in d3N/dxd§2 containing the factor cos© has a vanishing

integral. Thus

R(t) = J nf + sineucos(wt + ¢0)'I ng sinbcos¢ .

If R(t) is to have the form

R(t) = ¢ [} + o cos(wt + ¢0):],

then
sindcosd ng

,. [

If n (6,-¢, x) has a fixedv%unctiohal form, then the integrals in «

o |
a S neu

wi]]ijust be constants, This is not the case, since the form of n
clearly depends on the depth into the aluminum plate that the muon has

penetrated. If this depth is s, then

a = sineu F(s)

for some function F.
For any particular event s is unknown. But for a large collection

of events, F(s) can be replaced by its average value.



6 0

L
S
SN
<
“
Ca
A

- 53 -

_ APPENDIX B
Polarimeter Time Distribution Including Poisson Background

The po]arimeter time'distribution is'complfcated by the presence
of Poisson4distributed background and by the reqhirements demanded by
Itherlogic for a positron signal. The latter condition means that the
time distributions of upstream or downstream emitted positrons must be
considered together since, for example, an upstream decay signal ocur-
ring after a downstream decay signal will be ignored.

In thé.fo]]owing dis¢ussioh, the time distfibhtions will be
understoéd to be probability distributions for detecting a positron
signal at time t, given that a muon has stopped in the polarimeter.

The muon stops at timé t = 0 and the electronics gate opens at t = to.
The subscripts b and f will label quantities related to the backward
(upstream) or forward (dqwnstream) positron signals. The time distri-
bution for the backwards signals is calculated, while the forward dist-
ribution is obtained by reversing f and b everywhere.

Let Rﬁ(t) = hbe't/T [+ & - €0s (wt + ¢)] be the distribution of
real backward-emitted positfons, with a similar expression for forward
decéys. ‘Alsg']et Ab and'>\f be the rate of spurious backward and forward
positron signals. The resulting observed time distribution for back-

ward positron signals is then

“A(t -t -A(t —>t ) O
Splt) = e bt ™ fo) Tett o Rp(t) * 2p |1 - Lt Rp(t) - [t Re(t)
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- The exponentials are the probabilities that no spurious signals are

. detected Before time t in either direction, forward or backwérd. At t,
the observed signal could be real or falise. If it is false, it cannot
be preceded by an earlier real signal. This is providéd for by the time

integrals of R.

So, plugging and chugging,

| (A, + A )(t - t) _ |
5,(t) = e b f *nge ™t [} " % cos(ut + ¢{],

———

ot ' t /e
+ Ab 1 - (nb + nf) J e @t - (nbab + nqu)’[ e cos(wt + ¢)dt

t, t,

—t/T

But

o -t/r[:- 1
t _ e sin(wt + ¢) - = cos(uwt + :'
I et/ cos(wt + ¢)dt = i i T O (w ¢

to : \ (wz + ]/TZ)
-to/T v
e . ' 1
- ._____—————-[;swn(wt +¢) - = cos{wt_ + ¢):L
5 A 0 T 0
(0™ +1/7%) :
(A + A0t _' |
sp(t) =e ° Fay ot/T [ﬁ +C cos(wt + ¢) + D sin(ut + ¢):]‘,
where .
(A, + 2.)t -t /1
b .
A=e T 1=y + )t e

+ (ﬂbdb + T]f(!f) . -t /T

0 . 1
(w2}+ 1/12) e »<ws1n(mto +¢) - ;—cos(mt0 + ¢))
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(A, + A )t —
p=e 0 F O |y Ap(np + nelt :],

. (A + Ap)t, (' A (npey * ngag)
L t (0 + 1/7%)

and
. (A/f+ At .
-e b Apwlnpay + nfafz/sz + 1/

(=4
1]

‘In the analysis the data are parametérized with the somewhat simp-

ler form -

s(t) = e'xtt Ne"t/T [} + o cos(wt +_¢i]_ +T

which does not include a sine term. This introduces a small phase shift

of Y to ¢.. Let E be defined by

Eléos(wt +¢ +y) =C cos(wt + ¢) + D sin(wt + ¢)

~

Then v = tany = -/C or

y272
] 1..'. weT .
Y= (Abr)(wt) g + AT |,
ahnb

1+

For this experiment, U = Qs Mg = Ny WT = 18.8 and Abt 2 0.006.
“Then, using At < 0.01 to be conservative, y < 0.001.

Besides_being small, y is always positive and so acts like an
error in zero-time. Hence by periodically reversing the precessing

field, its effect on the determination of o will cancel out.
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APPENDIX C

 Estimated Phase Error Due to
Polarimeter Inefficiency and Nonuniformity

“The ith muon stopping in the polarimeter has a downstream (+) or
upstream (-) time distribution
b

+ + -t/t|. 40 V.3
r;(t) = Nje / [} + Aisi(t) %J

where N is the overall normalization, A is the asymmetry parameter,
g(f) is the muon's po]akization, ; is the axis fn the precession plane
which acts éé the origin for the azimuthal angle, and T is the'hUOn’s
lifetime. The positron time distributions RE(t) = : r].i(t) accumulated
over the data sample, will have an initial phase ¢ that is equal to the

azimuthal angle of the vector
> + .+ -y
V=2 (N.A. + NTAS .
i (N1A1 N1A1) Si(o)
In this experiment a vector U is computed which is the sum of gi for
events with an observed muon decay. U is nearly parallel to V as the

following shows.

The probability that the ith muon's decay will be seen is
E i, -
vi = | [rw e gw] e,
where the electronics gate is open from to to t], Thén

o= ~
U= Z S5 = Zw.s
iel i

where 1 is the set of events with observed muon.decays.



* Integrating, with §{(t) .z

W, = -te

sinei cos (wt + ¢i)’

(N;.L + N;), 1- [msin(w,t_] .+'¢1-) ’

'Sine

: -t /T
+ Te 0 (N*

{ + N; ), [?1S1n(wt )

'sine

(1 + mzrz

The terms involving 6, and ¢, are unattractive since they imply

that the weighting factor w; depends on gi’

negligibly small as shown by the\fo]]owing ané]ysis.

+,.+ -- .
= ¥, - 22
N1 N1 (] + wT

But wr = 18.85 , |sing;| <1, A7 =

"~ and

| leSin(wt] + ¢i) - COS(wt] + ¢i)l<

0.32,

However, these terms are

Let

[?Tsin(wt] + ¢i) - cos(wt] + ¢i):]'

1 + wZTZ
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SO

|x| < 0.017 (

The mu1tf1ayered design of the polarimeter insures that the two asym-

‘metry terms above will tend to vanish when summed over a large sample
of events. The stopping positibn of a muon in the z direction is more
a function of the KOL momentum than Of,ﬁh?vKu3 configuration. The relative-
ly high muon transverse momentum required by the event trigger restricts
the range of the muon's C.0.M. energy and longitudinal momentum, Hence
for every muon that stops in the mth aluminum plate and detays downstream,
one other muon with the same polarization and transverse coordinates

stops in the (m+2)§b_p1ate and decays upstream. For these paired decays,

N and A ére identical.
| More explicitly, suppose the event label is changed to include
which p]atevthe muon stopped in., For example, r;j(t) is the time distri-

bution for the jth muon that stopped in the mth plate. Then

ij = f:l [r (t) + o (t):, dt

0



and

> TZ 1 + 1 .-
0. 0

But now m is a dummy variable, so

t

. [- t ~ oty
21 E LN O NP LWL
Comj mLJ t m-1,J | m+1,J 'ty »J

The statement that the polarization distribution is approximately z-
independent, especially over the short distance of two plates, means

~ N

it is p0551b1e’to order the events such that Sm=1,3 - Sm+1,i°

"ﬁ £Zs b
= s A . -
mj mt1,j Lo [rm_m(t) + rm+1?\](t):l dt ,

which looks 1ike the previous expression for U except that now .

+ - N
. Nm_l’j Nm+1,j
and + .
A = Am+1 ,j °

m"]- :j

except near the front or rear of the polarimeter, of if the longitudinal
distribution of the stopped muons is not uniform.
The polarimeter has thirty aluminum plates, but only muons stop-
. . : . - - +
| ping jn plates 2 through 29 are counted. Therefore, N 257 N 35 N 285"
and N+29j are not exactly balanced. This represents 4/28 of the data.

At worst, if
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+ - + -
Nagj M3y | Mooy " Moy |
¥ - + -

Nags * N3j = Nagy * Npj

(and ignoring any asymmetry in the A's, which is eXpected to be very

small), then

|x| =0.017 x (4/28) = 0.0024,

which is already down to the level of 2 or 3 mi11iradians, which is
sufficiently small to be negligible.

The same conclusion holds in the case of a non-uniform longitudinal
plate distribution if the difference in the number of mubns stopping in
any fwo p]ates separated by one other plate, divided by the sum, is less
than 0.14. 1In fact, it is sufficient that the average of this quantity
over all such plate pairs in the polarimeter be less than 0.14,  The
plate distribution of the stopped muons, shown in figure 17 clearly
shows thét'tﬁisvcondition is satisfied. In fact, the average is 0.018.

So ignoring the angle-dependent terms, |

, 'Wi N T(e-to/’l' ) e-tl/'r)(N:: . N;) )

so that U is parallel to '3 (N: + N;)gi ~2 3% N.s. . But
: ' : . 11 .
. T 7 ‘ 1

V=2 (NAY + NDAT)s =22NAAV
I ii_s_if 3 7954



N T _
so U is parallel to V if Ai is constant over the polarimeter.

->
Alternatively, over the data sample, the expected values of U and

-
V are
o A S e O S W A
'\U> “\? (_N-i + Ni)si > - ?\(Ni + N,i) > <,S'i ) °:<S1 >
if 8, is uncorrelated with Nii' , and

() - (N i) (50 = (500

if §i_is:uncorre1ated \-.'1"tthN1.i and A: .

o >
‘Hence. < U> « <V > .



- 62 -

APPENDIX D

Probabilities of the Two Possible Event Configurations

For eéch Ku3 event, nine laboratory quantities are measured: Eﬂ
and Eu (the‘momenta of the two charged secondaries),and FD’ the
position of the decay vertex relative to the production target. It is
convenient to use the variables zZy and 3K in place of ?D’ where

N _
> . . o e . . :
= |rD] and Q s the kaon momentum direction.

%p
This set of variables is not sufficient to reconstruct the event

completely, leading instead to a two-fold ambiguity. One of the features
of this ambiguity is the two distinct values t_hat‘pK can assume. Re-
solving the ambiauity is equivalent to determihing Py - |

For notational purposes, starred quantities are measured in the KoL
rest frame, while unstarred'quantititeé are either invariant or measured
in the laboratory. BKA an‘d‘b*KB are the two kaon momenta consistent
with L, where L is the configuration of the observed variables. Pr(BK)
is the pfobability of generating a kaon at the production target with
momentum Bngand Pr(X|Y) is the conditionél probability for X occurring,
given that Y has occurred.

Now, applying Fermi's Golden Rule,the probability for a decay to

occur in a differential volume of phase space in the kaon rest frame is

30 a3t bt

' p p _t% *

0« M2 =T 2 e Tat" Yoy - a, - q, - ),
EE
U v

where {MIZ is the squared matrix element, T is the kaon lifetime, and

the q's are 4-momenta.



Given Ek’ it'is possible to transform the kabn frame decay distri-
bution:§'ihto the appropriate laboratory distribution Pr(LIBK)f; Opéra_
'tiohally,_a'function ot kaon frame variables becomes transformed into a
| function @f”fhe corresponding laboratory variables.f Note that’

(1) d3p/E is-an invariéntvform so, for example, -

3* 3
d“p ) d“p.

*

E E

and (2)

| t = t/y = zp/Bey = mezp/oy
so that dt* = (mk/pk) dzD '(Rebai]vthéf'bK is not a variable but a

specified parameter). Hence
: m, 2
- od% d% . P .
. _
Pr(LIpK) = IMIZ E - E . E ~ e ‘ (ﬁﬁ)dzD,é,(qK B qu B qv)'
S T |

‘The prebability of prodqqing,d kaon. with momentum BK is

L |
Pr(p,) = N(py)dpydy

where N(pK) is the beam momentum spectrum at the'production target. The
angular débendenceﬁOf N is ignored, since the spectru@.of Pk is suffi-
ciently constant over the small solid angle subtended by the beam.

The probability of finding‘both an event in a particular 1abo}atory

configuration L and the kaon with momentum BK is:

- >
Pr(LlpK)Pr(pK)
B B ;?&%l a_ a3 &p 40y
2 K {5 T TERAIS
IM|© NipyJe - (PK> e T, ddepKdan(Q)_.,

vPr(L-Pk)_

R
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Next one integrates over the unobserved variables Fv and Py to elimin-
ate the delta function constraint. Using the 3-momentum part of the
delta function, the integral over d3pv is e1imiﬁated straightaway. The
remaining delta function can be used to eliminate_the integral over

' pg through the re]ation

. F(p,) ,
- K
f F(pK)G(g(pK))de YTy
o | - lsbK, g(p,) = 0
with g(py) = E - E - E -E . Then K
‘5&1.='35£. A S
oPy apK_ E?K ) FK,, rapK

To eva]uate,aEvﬁigg;g one cannot yet assume energy conservation.

From 3-momentum conservétion, Bv = EK -'3% - EU . Then

&> > > >

: 2 > - . _ .
‘_pi - Ei-='°§ + pi +Py = 2Py * PRy T P py) -
Therefore '
> > -+ :
a_E\.’_= P, - pK‘(p‘n+ pi‘l .
Py K P \ v
and ' | > >
ag | Pk(Er*ED) Belog + ) c
using Ev = Ey 2;E“ - Eu as now specified by g(pK) = 0.
Hence
"k%p
. Pt .
2 K 3 3
[M] N(pK)e d°p_d pudQKdZD

+
PY‘(L'P ) « = > > .
K . 2
E“Eul L Pu) - P(E + Eu)/EK'

Given a laboratory configuration L, there are two and

only two mutudle exclusive possible va]ues‘for'the kaon momentum, EKA
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- and BKB App1y1ng Bayes Theorem , the probabi}ity Fhat the kaon mo-

mentum is. pKA’ given L, 1s

. .-
RN

Pr(LlpKA)Pr(pKA) |
Pr(L[pKA)Pr(pKA) + Pr(Llp pKB)a .

1

Pr(pK'A‘IL)

Pr(L-pKA)
) Pr(L"pKA)f Pr‘_(L_'PKB) .

with a simi1dr expression for Pr(BKBIL). Note that

-> . -
ZfPr(pkA|L) + Pr(pKBlL) =1

Fina]ly,fdbserve that the proportiona]ityiconstant in the exﬁkes-
sion for Pr(L-EK) is irrelevant. Also, while the differential volume
d3p"d3pudS?KdZD is of arbitrary size, it is equal for the two solutions,
. and soujt'can be absarbed into the proportionality'constant. '

So, - ; . ' -mKZ’D"

2
11 Npgle 2

Prllepygy) Sy
' lpKA'(pfrr+ pu) ~ Pya (En+ Eu)/EKAI

| . s
| and similarly fcr Pks*
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APPENDIX E

Statistical Uncertainty of the Predicted Phase

For the ith event in a sample, let aAi and.égi be the_two possible
unit po]akization vectors resulting from the quadratic ambiguity, with
corresponding probébi]ities PAi and PBi' Also, denote 31 as the random
'variable‘forAthe polarization vector. (So, for example, the probability
is Pai that Ei = 8Ai')

The'resﬁ1tant polarization vector for the_ehtire sample is given

by v = 2_31.. If <x> denotes the expected value of any x, then
i . '

-> > \ ~ A
(+) - f<ei /=2 (Ppjep; * Pgiegy)
Now define AFE ;‘) - <—F> and A—é = —é - <—éi> . Then

W=z, ad  (aF2) = (za?)
1. b

At this point, it is necessary to prove that <A3i . A3j> =0 for i #3].

~

eni " (PAieAi + PBieBi) }w1th probability PAi,

ep; - (PAieAi + PBieBi) with probability PBi’

so, Since PAi + PBi =1,

Pas(ens - o)
s B]( Ai 81) with probability P,.,

P,.fe.. - .
A'l( Bi A1) " with probability P

>

Bi-
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Therefore,.if_i and j -are two separate events, 1 S
> _ . : . A.‘ = ~ 5 ~ - N 4
(83,68 ) = PpyPag [}Bi(eAi eBi) PBj(eAj ij)j]
* PAiPBj:_?Bi(eAi - eg1) *Pas(®a; - o

* PB1PAJ PAi(eBi T )

* ?ngaji pAi<eBif"eAi)‘PAj(ij N

With this result, it follows thét L

_(lf 2,1%) =J1f3 <|Aé%|2)-;_

Now

- <|Ae |2>

"

2 2 ~ 2y
Pai (PBileAi - eg;l )
PB1( A1|eB1 - eAil )'—-
_ ~ ~ 2
= PaiPaileai - egil

Hence

2 A a2
<|Ar' > T E PA1PB1 °Ai il -

Define or2 55<|A?|2>
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One can repeat the procedure for the components of For example,

Ze -x. S0 <r > = I < - X and
; X i
And f1na11y

with the x component, re = X

—) ~
Ar_ = r_ - <r > =% . X.
X X X '-

_<(M) )_E;P [81 o) ]2
4Py, [m " el :l
. PA?PBi ,:( - _EB")°’A‘]”

2 » 2 2. 2. 2
)>. Note that O = 0y + oy +-°z .

2 .2
Define o, = <(Arx

Similarly, one can show that
| ..<,ArxArz _=? Ai 81[:( ] |: ]

Now for precession about the y axis, the phase ¢ of the polarization
vector is_defined'by tan¢ = rx/r?. Differentiation gives

Sec2¢ do = (rzdrx - derz) / r,

But sec2 =1+ tan2¢ =1+ rxz/rZZ; S0

S
dé = (rzdrx"'rxdrz) [ (r + o, )J_

and finally,

2 2 2 2
. ; ro, * ro, - ZrXrZ <ArxArZ > .
¢ 2 2,2
: (rx ¥ rz)
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TABLE 1. PARAMETERIZED FIT TO VERTICAL FIELD DATA
WITH ALL g2 BANDS COMBINED

Parameter units- - - Po].iggéia Up' S PoT.“FTer_Dowﬁ‘“
N S 1909 £.57 L 2079+92.
ot S 1454 £ 37 C ie9sa
o« S 0268 1 0.015 0293+ 0.022
ot - _-_* - - 0.315+ 0:016 0.322 +0°018"
¢  rvadians - -0.719.+.0.033 .- 0.705 +:0:029
w 10° rad/sec  8.304 + 0.015  8.387 : 0.014
T | 100 sec. 2.26 +0.14 U 231+ 0012
N | ”5: » ~ 193 £ 60 L. 323:093¢
N | ii o 132 + 39 - s
A" S0 S e %0 - 107 + 38
. ST 22 +'38 R 54 + 33
X2/ DOF o 12009937 o 190.0/1372
Pos | o -0.787 I ’  0.776

The purpose of this first fit'(with all q2 bands lumped together?) . is"only to
determine w. The poor X2 here is caused by-aﬁfevaathOIOgic§1~bins at“;ery
early times, whith‘apparently do not affectuthé frequency--determination. By
starting the fit f?om a later time bin, a frequency ofv(8.382 + 0.023) x 106

2

rad/sec was obtained with a X“ of 107.5 for 109 degrees of freedom.
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- TABLE I1. PHASE ANGLES FROM VERTICAL FIELD

. FIT O INDIVIDUAL o2 BANDS (w FIXED)

2 2

POlarimeter‘Fiéfh - .q2/m X o Polarization Phase a
(138 'DOF) .
Down  . Co4as 1290 0.9283 +0.0868
Down 345 186.0 0.7807 *0-015¢
Down - 2.45 '148,1- 0.6923 Jhshiore
‘Down | A.'  0.88 b 127.5 - 0.5204 e
v f s 1413 .,‘0;9944 *0.0910
U _ '?' 3.85 143.8 -0.8583 0. 0508
wo 2.45 145.6 -0.7389 10-0%71
w14 | 143.9 -0.6921 9350
W os® s 060z *0:0838

aPha_ses’-nbt_ corrected for possible zero-time error. See Section
IV, Part E. |
bNot used in final analysis (Table 4) because of large phase error

and virtuél1y no sensitivity to £.
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* TABLE TI1  DETERMINATION OF £(q°)

2, 2 ' ’ :

q/m Polarization Phase . ‘g‘(qz)‘

1.439 0.6489 *0-0267 | 0.5 1031
= | _+0.0310 ey

2.452 1 0.7156 _g 0309 o 0.204 *9:233
| s0.0385 4071
.48 0.8195 10 030> o 0.265 Z5 g
. e ol oseo e
4.485 . 0.9614 {o'0gsa 0104 [gygg
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TABLE IV  PARAMETERIZED FIT TO

HORIZONTAL FIELD DATA WITH ALL q° BANDS COMBINED

Par‘ametef B ~ +x Field - =X Field
" ¢-w Correlation . -0.776 L -0.759

Phase Error _(mrads) o : '171.73. ' ' - +73.73
Frequency w (10° rad/sec) ~ 8.267:.035. - 8.265¢.040

OEmoF 1520137 11917137




‘TABLE V. PHASE ANGLES FROM HORIZONTAL FIELD
- FIT TO INDIVIDUAL q2 BANDS (w FIXED)

polarimeter Field - oY’ x (139 00F)  POparizetion Phase’

x a4 w22 L 3.4370.3

- 3.5 M55 440110
x 245 106.7 -223.3+ 93.3
X e 125.4 -138.8¢ 75.2
x| 0.8 1278 -130.6:141.7
X a4 1358 -290.9:295.6
o 345 1286 47.4:116.2
+x 2.45 126.5 36.8¢ 85.7

+x 1.4 1271 2.3+ 64.4
o 0.84 116.2 -85.3141.3

a . - ) .
Phases not corrected for possible zero-time error.
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" TABLE VI DETERMINATION OF Im£(g)

q2/m2 I " Polarization Phase ImE(qz)
T . (milliradians) ‘ |
4.44 475+ 20007 -0.209 + 0.559
3.45 -  1.65+ 89.55 = 0.197 + 0.428
245 130.05 + 74.63 1.236 + 0.646
1.44 _  ' | 70.55 + 63.31 2.183 + 1.868
0.84 o - 22.65 +107.

107.56 -2.342 +13.821
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TABLE VII SENSITIVITY OF Im£(q%) TO Re(q%)

qz/hzﬂ‘ Shift in Img(qué_
4.4 - 042
 3.45 - | - -0.106
2.45 - o -0.040
.44 -0.119

0.84 | i 0.432 -

“Img for Ref = -0.5 minus Img for Rek = 0.0.
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- TABLE VIIT SENSITIVITY OF Re (q?) T0

POTENTIAL SYSTEMATIC ERRORS -

Bin df q2

Zm’. .44 2.45 3.45 4.45 All
Statistical Error of £(q°)  0.92 0.30 0.18 0.14 0.105
p, raised 1% 1-0.012 #0.007 -0.002 -0.014 -0.005
p_ Towered 1% -0.035 -0.003 -0.002 +0.006 +0.001 -
p, raised 1% ©+0.084 +0.016 +0.019 -0.015 +0.006
p, Towered 1% -0.135 -0.029 -0.004 +0.003 -0.008
A, set at 0.01 -0.018 +0.001 +0.020 +0.007 +0.011
A, set at 0.02 -0.010 +0.001 +0.010 +0.003 +0.005
+5%/Gev ramp in p, " +0.067 +0.043 +0.b40'+0.031 +0.038

p in 082 -0.044 -0.047 -0.035 -0.042

-5%/Gev’ramb in p ' -0,
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TABLE IX UPPER LIMIT CORRECTIONS TO Ret(q?)
~ FROM CONTAMINATION OF THE K3 SAMPLE

of/m’ - ReE(q’) AL -for 90% efficient  Af for 95% effi-
- range device cient Cherenkov
» T - - counter
1.44 . 0.45.%0.92 S -0.031 . -0.021
2.45 . 0.20 £0.30, -0.008  -0.012
3.45 0.26£0.18 -0.002  -0.009
445 . . . 0.0%0.04  -0.011 - . -0.010,
AN .. 0.178:0.105. . -0.007 .. -0.010




Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

10

- 80 -

FIGURE CAPTIONS

Diagram'offKoL - n_u+vu N

(a) Contours indicating the relative phase space population
of the Ku3 Dalitz plots for Img = 0 and Reg = 0.

(b) Contours indicating the relative acceptance of the apparatus
over the Dalitz plot. The x indicates fhe'optimum point fdr
Pofarization'measurements, as defined in the text. |

Plan yiew of the apparatus. T are the timing counters, H are

the horizontal hodoscopes, F & R are the front and rear vertical

hodoscopes.' | '

The range deVice_and Cherenkov counter in the pion spectrometer.

Schematic'view'of a section of(fhe polarimeter interior, showing

several scintillation counters and aluminum plates.

Delayed signal interpretation in the po]ariﬁeter; The vertical

. lines represent scintillation counters. If one imagines time

flowing doanards, then the x's indicate which counters produced
a.signal at various times. The muon enters from the left.
Difference (D) between expected and actué] ranges for particles
stopping in the po]arfmeter, divided by tﬁe measured momentum.
Tﬁe arrows indicate the location of the cut fbr_this distribution.

The upper distribution occurs before, and the lower after, the

. other K , cuts.
u3 -

Flow diagram of the analysis procedure.

Monte Carlo result indicating the statistical phase error expected

from the pérameterized fit as a function of the time resolution.

Frequency versus time for decays in the po}arimeter with the vert-
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jcal magnetic field. The top half is a linear scale for comparing
the goodness of fft at earTy times, while theyTower half is a
logarithmic scale forbcomparison at later times. (a) Polarimeter
field pointing down,‘positron emitted in the upstream hemisphere.
(b) Fié]d‘down; downstream decay. (c) Field up; upstream decay.
(d) Field up; dowhstfeam decay. |

Fig. 11 Predfcted bojarizatioh phase as a function of £ for various bands

» of qz.-

Fig. 12" The form factor £(q°).

‘Fig. 13‘-The resuTt of this experiment expressed as f0(93)7f;(0). For com-

parisen;.thefso1id line shows the pesuTt~bng§haldon, et al. (Ref-

erence 1).

S R A

Fig. 14 Frequehcy versué ;ime qumeeee;;;ﬁn'the po]g%fﬁeter with the hori-
zontal magnetic field. The top half is a linear plot, while the
lower haif is a logarithmic plot: (a) Polarimefer‘field pointing

~in the -x direction, positron emittedin the upStreémfhemisphere;
| (b)!fg’field,dowhstream decay. (c) +x field, upstféeﬁﬁdecay;

| (d):+x fie]d, downstream decay. o

Fig. 15 Predicted po]arjzation phase as a function of Im& for various
baﬁ&é bf q2. a

Fig. 16 Event frequency versus (pb')z.

Fig. 17 Event frequency (for events with the polarimeter field pointing
down) as a function o% polarimeter range. The yertjca] distance
marked 6ff in the center indicates the variation reduired between
two dffferent ranges for the difference.divided by the sum of the
events_toebe'equa1 to 0.14. The depletion atithe end is due to.momentum

cuts.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.




3

. =2 —

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





