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‘Muon Polarization and Energy Spectrum in X -+ b+ v

B TS

D. Cutts, T.,Elioff, and R._Stiening

PN

Lawrence Radiation Laboratory, Berkeley

o o ABSTRACT
The number of muons in the high energy region of the continuum in
f the reaction K —>ﬂ + p + v has been measured._ The portion of the
:spectrum explored extended from 107 l to 126 h Mev. We measured the long-
itudinal polarization of the muons 1n the same energy interval by observing
the spatial anisotropy of the e from muon decay. The rate of decay with a
muon in- this energy_interval was found‘to.bev0.05h'i 0;008 of the total K
-decay rate in’the mOdelK# —aﬂo + e+'+'v . The pblarization of the muons wa.s
”:found to be +0. 61 O 39 These results are'consistent with an analysis

made assuming constant form factors, pure vector coupling, and equal muon

and electron weak coupling strength.' A realsor imaginary vector form
: factor ratio, £ = §+ ’ is consistent with the data. If‘g is real, the most
j | o - probable_solution_is +0,2 < ¢ < +»l,¥. As a calibration experiment, we
: measured the polarization of mions from K —>p + Ve, We found it to be

-0.95 £ 0.21.

«

. *ork performed under the auspices of the U. S. Atomic Energy Commission
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. INTRODUCTION
The central idea of the present theory of weak interactions is

that the Hamiltonian denSity(can be written as the product of & current

= % A . |
TR N S,
The current Jk is thought of as being the sum of a number of contributions.
. Ld s,A8=0 ,As—-l e '
= + +
S VN In - o (2)

In this picture the various observed wesk processes arise from different

terms in the product L J*T.

- From nuclear beta decay, muon decay, and pion decay, the structure

of the leptonlc current term in the above sum has been establlshed.

¢ _ @ o , ‘
I, =ys LTy G 75)U >+ Ue'y}‘(l+75)Uv,~e I (3)

e et amtes g me g 1 s b

-coupling strength of electrons and muons which is implied by the form of Jz.

It is essentlal to the above theory that the form of Jx be that glven above

in all processes in vwhich J» appears. One test of this is the coupling of

A
Jz to the current of strongly interacting particles which changes strange-

N
ness, Ji;AS=l . - It'is known that'weak‘decays Which cheegerstrangeﬁess
are slower than those which do not change strangeness. The question then
arises whether the structure of the wesk coupllng is different in the pro-
cesses which change strangeness. |

‘ The process @hat has been chosen to study thisvcoupling is the

Kﬁ -»no “+ u+ + v decay., By measuring the energy spectrum as well as the
polerizetion of the muons, one can determine the structure of the muonic

part of the.weak current Jz . Furthermore, by comparing the process

N
. + Lo
with the K o+ e + v decay it is possible to test the equality of

A



EXPERIMENTAL ARRANGEMENT*
A. K+ Meson Beam
?hé K+ mesons were produced by degrading to restvtheﬂK% mesons iﬁ
and unseparated,bmomentum analyzed secondary particle beam pro@uced when
5.2 BeV érotonsAstruck a three inch thick urenium target. The magnét

system used for the momentum analysis of the secondary beam is shown in

A Fig. 1. Particles produced in a direction parallel to the incldent proton

beem were deflected through an angle of 35o by magnet Bl. A{quédrupolé_
doublet Ql,Qé wifh QL focussing in tﬁe»horizoﬁtal plaﬁe, focussed the beam
on the étopping region.. Magnet B2 defleéted the beam through another angle
of 350. The beam was collimated at the entrance and exit of fhe gquadrupole
doublet and in the behding magnet B2. ,In.order to  compensate for the
momentum dispersion of the beam at the stopping region; ﬁartAof the carbon
degradexr used to stop the K& mesons ?as wedge.shgped. We used_a counter
system to separate stopping'K% mesoﬁs from other pdrtiéies in the beam. It
consisted of three scintillation coﬁnters, 52,83, gnd‘Sh, in the beam
degfader, with discriminatoré set to.require pulses greater than those pro-
duced by minimum ionizing‘particles, and a_watef Cerenkov countér in anti-

coincidence to reject fast particles. There were two scintillation counters,

+ L ‘ '
S6 and S6B,in which the K mesons stopped, and & scintillation counter, S7,

in anticoihcidencé to reject particles'passing through the entire telescope.

A typical magnet tuning curve is shown in Fig. 2. .The rate at
. . o - .
which K mesons could be stopped was limited by the background in the spark

chambers caused by the interactions of ﬂf mesons In-the beam with the de-

o grader. The,momentum bf the beam was set to meximize the ratio of stopping

-+ o ' ' '
K mesons to m mesons passing through the degrader. . The momentum chosen

*Preliminary results of this experiment aré’given-in the Bull. Am. Phys.
Soc. 10, 91(1965) , .
. ' ' \
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as'optimum with regerd to this consideration was 470 MeV/c. ‘In the experi-
ment the stoppihg K" rate was about 800 particles/Bevatron pulse. Under
these condlitions, the ﬂ+ rate in the counter telescope was about

400,000/pulse. The average Bevatron pulse duration was 0.6 seconds. : @

B; Spark Chembers and Counters
Flg, 3 shows the apparatus used to detect K decays. An accept-f
able eventoccurraiWhen a K came to rest in either counter S6 or S6B and |
decayed, giving rise to a u lepton which passed through the T2, T3, Th _

counter telescope and came to rest before reaching enticoincidence counter

TI5. Between T2 and Th spark chambers with copper plates degraded the muons,

and permltted observation of their behavior during the degradlng process.
Between Th and 75, sperkgchambere; with plates made of 20% aluminum and’

80% carbon (p - 1.76) was opereted so as to be sensitive to both the stop~ -
ping muon and to the positron from the muon decay provided that the decey
occured within 3.3 x 10-6 seconds after the muon stopped. We measured the

longitudinal polerization of the stopping muons by observing the spatial

. ' + S = ‘
distribution of the positrons in the pn -ae* + M + v decays. We measured

: +
the energy distribution of the muons from K decay by observing the range

distribution of the muon decay vertices, or the stopping points when a

decay positron was not visible, We determined fhe branchihg ratio for
. + . _

K -+ g+ v with muons in the above range interval by comparing the:

number .of stopping muons with the number of Te, T3, T4, T5 coincidences.

o+
These later events were almost entirely due to muons from K —auf + v ol

events.

The range intervel between T4 and TS5 in which the muons came to

- rest was selected to be beyond the range of n+ mesons from the decay



o #

’ ‘ ' + o+
K% —>ﬂ° +,n+ > but less than the range of muons from the decay X —p + Vv .

The muon kinetic energy corresponding to the chosen range interval extended
(o]

, ) + +
from 107 to 135 MeV. Because the rate of muwons from X - xn + u + v was

small compared to other backgrounds near ﬂhe high end of the range interval, .
only those muons with an initial kihetie energy of less than 126.4 MeV were
used in the data analysis. In addition to muons from K+ -+ p+ + v,
ofher K# decay processes can give riee t0 particles stopping in‘the above
described range interval. |

These are:

(1) Muons from K" sy o+ ; .

(2) Muons from‘the decey in flight of pions from KMo ® + ot .

(3) The decay in flight of muons frbm K% éypf +V .

(&) Muons and plons from the decay in flight of K" mesons in the region
of the S6, S6B stopping counters. ‘

+
(5) Positrons from Ko+ e+

(6) Particles from K. mesons which did not come to rest in the s6, S6B

stopping counter reglon.

_ The first three categories of background events could not e dlstlngulshed

from X —9ﬂ0 +. u + oy, events since n decay gamma rays were not detected.

We have accounted for the events in these two categorles by calculatlons

taking into account.the K decay branching‘retios and the geometry of the .
spark chambef assembly. These calculations ﬁill be described iater. ’
Background events in‘fhe remaining three categories were eiiminated by
meking use of the pulse height and time information from the.seintillation

.

counters, and by conditions set on the appearance of particle tracks in -

" the spark chembers;_

We utilized the pulse height and time information from the
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ecintillation counters in the following menner. A stopping K+ was
identified as a chncidence among counters 83; sk, 85, and S6 in anti-
coincidence with a‘water Cerenkov counter and counter S7. Pulses were
“accepted from S3, Sk, S5, and S6 only if the pulse height was consider~
- ably greater than that correspbnding to a minimum ionizing particle. The
pulse height condition on s6 was such that the minimum acceptable energy
loss was 6 MeV, or more than twice the energy loss of a minimum ionizing
.parulcle. When the K penetrated the S6B counter, the 1nformation was -
used to light a marker lamp which appeared on the spark chamber photo-
graph if a picture was taken. This was done so thet a range correction -
could be appliedvto the K+ decay products. These criteria on the stoppiné_ '
K& beam were sufficient to elimineﬁe most of the other particles in the ‘
unseparated beam. The background of events satisfying the above conditions
but not being due to stopping K mesons was less than 10% of the stopplng
K raue.

Whenever tne Kf beem counter telescope indicated tnat e K+ had
‘stopped, a gate was opened to accept a coilncidence in the T2, T3, T4 counter
telescope provided that i1t occurred after a certain time delay. This delsy
‘was chosen to nrovide.good rejection of,events.due to K+ decay in flight.
This is important beca,use.‘K+ decays in flight in the mode Kﬁ —§n+ + »
‘with the ﬂ+ going slightly forward in the.center of mass system, would
have been a considerable background. The minimum time delay between a K+
.stop and the observation of e decay product was set at 6 x 10-9 seconds.
To determine fhe rejection rate of prompt events that such a‘delay inmplies,
the X' telescope was set to accept x mesons; Charge exchange end scatters

ing in'S6 provided a convenient source of prompt events. The time dis-

tribution of these euents is showm in Fig. 4, The rejection rate of

@
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prompt’events at the minimum deiay time of 6 x 10_9 seconds was at least

+
200:1. This condition rendered negligible the background of K decay in

, ‘ - . +
flight in the stopping counters. The delay time interval in which K.

decays were accepted extended about 25 x.10—9 seconds beyond the minimum
acceptable delay time.

: +
In addition to the time delay condition set on the X decay muon,

- pulse height criteria were applied to the T2, T3, and Th scintillation

counters. Since the energy loss of positrons in these counters was

.considerably less than the energy loss of the stopping muons, it was

possible to reject positrons by using pulse height discrimination. In -

each of the counters, the minimum pulse height condition was set so that

. the efficiéncy for detecting‘positrons was rather low although the efficiency

for detecting muons from Kﬁe u++ v wés greater than:95%} The efficiency
for detecting‘étoﬁping muons was therefore also gréaﬁer than 95%. In
addition to fhese lower limits on the pulsﬁfheight, an upper limit was
set on counter T2 so that events would not be detected in which a
scattered K&‘meson Stoppea at an appreciabie depth in T2 and decaygd in
2 manner which simulated a decay originating from a K+ stop in S6 . or

0o

S6B. This condition had a negligible effect on the K%v—rn + u+ + Vv rate.

Whenever the pulse height in the T4 counter was high enough to indicate

- that a muon had étopped in the counter, the information was displayedvon

)

the spark chamber photograph in the form of a merker lamp. Since muons

stopping in plastic scintillator afe deﬁolarizedl,'it was necessary to

vreject such events. This was done by rejecting all events in which the

muon décay vertex appeared in the region of the T4 counter. The marker'_

lemp information indicated that the rejection had been made correctly.

lR.<Swansdn, Phys. Rev. 112, 580(1958)

0



Because the T4 counter was only 1/16 in thick; the‘number'of events re-
jected was not large;
Itvwas necessary that the T5 anticoinéidence coupter bé very

efficient. For.évery muon'that.stopped between T4 and T5 from |
K o oo+ Vv, sbout 250 muons from K —pr + v passed through the
_stopping region and the anticoincidence cdﬁnter. Any event not rejected
by the anticoincidenc¢ counter would be identified as a forward'
K —>e+ + Vv + v deca&.'»In order to‘insure that the anticoincidence counter
weas efficient, it was DC coupled to the coincidence circuit. To detef-
mine that the countei-was effective, w; took a sample of photographs éf.'
the spark chambers in which the chambers normally revealing the maon
vdecay Wére pulsed'without the usual 3.3 2-10‘6 seCOnd‘time delay;, In
this case thé delay time was 0.34 x lb-6vsecond. ‘The number of muon
decays.Visible‘in %he forwgrd direction through ﬁhe T5 counter decreased
in accordance with the expectation based on the muon lifetimé. A certaih -
number of stopping muons decayed in the forﬁard direction within_lo-
: Secqnds after stopping. ‘These were also rejected by the T5 counter. A
smallvcorrection was made to the datalto account for this loss. .The loss
of events caused by the T5 anticoincidence counter detecting the showers
from the n?'decay gamma, rays was computgd by a Monte_Cérlo technique. The
. loss was less than 1% of the events.

"Throughout the experiment, a scaler recorded the events occurring
suerct,to the same conditions as the K& -0+ u+ + ¥ events except-thax
the TS counter was-iﬁ coincidence‘rathervthén anticoincidence. By

scannihg a samplevof pictures which were taken with the sPark‘chaMbers-

triggered by this scaler signel, it was established that 0.992 of these
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events were caused by muons from K+-e u+ + V.

The éﬁark chamﬁers were not all operated under the same con-
ditions. The - chanbers numbered 1 to 6 in Fig. 3 were sepérated by 0.25
inch thick copper plates and were pulsed 340 x 1077 seconds after the
passage of a paiticlevthrough the T2, T3, Th counter teleécope. Thére
was a 40 volt clearing potential applied to these chambers to kee? the
resolving time short. The spark chambers numbered from 7 to 22 were
o@erated with a 4 volt clearing potential and were pulsed 3.3vx 10-6
seconds after the éassage of a partic%g through the counter telescope.
Although the quality of the tracks in this section of spark chambers was
not good because of the difference in idnization ﬁetween the stopping
muons and the decéy'positrons,.and theldifference in tine ﬁetween the
péssagé of the particles, tracks weré always visible. AFrequentiy some‘of

the sparks were, however, very weak. Both sets of spark chambers were

filled with a 90% neon, 10% helium mixture, and were photogrephed with a.

 lens opening of £ 5.6 using Tri~X film.

The chance background rate in the'spark chambers due to pions

: . +
in the unseparated beam interacting in the K degrader was such that there

were frequently background tracks in thé spark chambers in which the muon
decays were observed. In these cases, the track in the short‘resolving

time region of the spark chambers tagged the K#ldecay event. . The num-

_ber of events that were lost because bagkground tracks overloaded the

muon decay spark chambers was negligible.
In scamning the photographs, we accepted only those events in
which the appearance of the particle track in the short resolving time

regilon of the spark'chaMbefs was satisfactory, i.e. we required that
there be no sparks missing in the track, and that there be no other»sparks'
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within 1 cm..of £he track. Furthérmore, events'ﬁhich showed a single

scatter of more than 20°_were rejected. These conditions were used to
reject positfans; The scamning losé of muon events was determined by

épplying the abové conditions to a sample of muons from K+ —)u& * V I -
which wére known ﬁo be uncontaminated with positrons. The scanning

efficiency measﬁied with these events was 0.92 £ 0.0L. A correction for .

this loss of mwon events was ﬁade in the data'analysis. In.the sample‘

of otherwise accepﬁable K" - qr° TR ‘events, 12% of the events

violated one of the.above scahning cbnditions; Sinée we_expected a losé

of 8% because of the spark chamber inefficiency as measﬁréd with the

Kﬁ'—>u+ + v e&enté, we assumed that the remaiﬁing L% are positrons,ﬁhich

did not violate the pulse height cdﬁditiéns set on the cbunters. This

assumption is gupported by the bbservatioﬂ that tﬁe rejected'events'did

not show as many decay vertices as would have been expected from muon

décays.

~ C. Muon Range Determination Procedure

The energy of a stopping muon wéé.determined froﬁ itsvrange.

In the range‘measurement we took into acéquht the'depth'in the S6, S6B

‘ stopping reglon at which the K+ldecay took place, and the angle of

incidgnce:of the muon on the spark chamber plates. The analysis procedure.
is es follows. The fange of the muon was assigned a bin number equal to
the number of the last spark chember in which the muon was visidle. If »
the S6B’marker'lamp indicated that the K= hed stopped in S6B, the bin

number was increased by one in.order to account for the energy loss of



i

. plons from the decay K%_—9ﬂ+ + 7

. s

the muon in crossing counter S6. The counter thickness was chosen to be .

equivelent to one spark chamber plate. The angle between the normal to

 the sperk chamber plates and the path of the muon as it crossed the first

1 ,_+, .
two spark chambers after leaving the K stopper was measured in each event.

If this angle was between 14%.5° and 20.5° the bin mumber was increased

by one. If the angle was between 20.5O aﬁa 24.50 the bin number Waé

increased by two. Events with a total correction of more then two bins

were rejected.
To determine the aferage initial kinetic energy corresponding

to the various bins after making the cor:ections described'above, a small

amount of degrader weas removed from the spark chambers in order that

o

would stop in the carbon plate reglon.

The bin distribution of thesé events is shown in Fig. 5. The range

~ energy tables of Sternheimerg.wére used to derive from this observed pion

range the‘énergy of a muon with the same range, and to account for the
small amount of additioﬁal degrader used in the muon experiment. A

similar procedure was applied to compute the bin energy from the distri-

: ' + + iy :
bution of stopping muons from K .- u + v . The energy scales computed

by  these two different procedﬁres differed by 1.7 MeV. An average of
: . ~

the two has been chosen. An absolute error in energy scale of one bin
or £ 2.75 M¢V has been assumed in the data anélysis. The energy resolution
function shown in Fig. 5 caused a negligible distortion of the muon

\ + o +
spectrum in K = +pu +vV .

2D. Ritsdn, Technigues of High Energy Physics, Appendix!V by R. M.

 Sternheimer, Interscience, New York 1961.
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.DATA ANAEYSIS
A. Decay Rat; Measurement
Tﬁq ef?icienéy for detecting particles was a funCtion of the

fange.--This vaiiation in efficlency was caused by two factors: (l).Ihe
varying anglé of incidence of the muons Qﬁ the spark chamber piates, and
‘(2) the varyiﬁg depth in thé K+ stopping counters at which the muons
- originated; The first range interval in which the muons could stop and

" be detected (Nb,.ll) coﬁtained 6nly those events in whichxthe K+ stoppéd
in 86 and the deviationvqf the muon from hormél incidence on the spark
chamber plates was less thaﬁ lﬁ.So. On the Qﬁher ﬁand, in range interval
No. 15, the events could come from Kf stops in 86 or SéB,lénd from a
variety of incidence angles. Sincé%the 3caler counting muoﬁs from
K+ —>u+ + V~wa$ sgnsitive td ali.K+;decays because the T5 counter was
much larger than the solid engle subtended by the:T3,'T3, Th teiescope,
it was»necessary to determiné the efficiency for detecéing'sﬁopping mupns.'
To detérmine the efficiency S(J) for detecting particles stopping in
range intervel j after the various corrections, additional degrader was
added to the spark chambers in order that muoné from K+5—>u+ + vV stopped
in the center of the carbon plate region. The number of events in each '
range correction category was measured. The value of{S(ll) for example
was equal’tp the total number of evenﬁs in wﬁich the K% decay occurred
in 6 end in which'thé mion deviated from normel incidence on the spark
chembers by less than 14.5° divided b& the total muber of K —)u& + v
events observed. - In Table I, S(j) has been divided by 0.964. This con-

stant factor has been éombined with other correction factgrs such as the



- spark chamber scanning efficilency.

We calculated the background from the decay in flight of =
mesons from K& - C n+ in the following mammer. We followed a number

(" - + 1)
I‘(K+ - p+ + V)

of pions equal to times the nmumber of scaler counted

- K+-e p+ + Y events until.they stopped in the degrader‘region of the spark

chember assembly. We assumed that the attenuation_cpefficienf by nuclea?

 interactions in copper is 1/105 cm2/gram; Since the change in the

' + + -
laboratory trajectory of the charged particle in those  —»p + v decays

~ in which the muon reached the carbon plates in the. stopping region was

too small to be dbserved, the background consmsted of all such decays.

The total rate of decay per centimeter of path length is where T

Bycr
is the pion mean life (25.5_x 10~7 seconds). The average component of
the polarization in the direction of the pion line of flight of the muons

coming to rest at a particular range in the carbon Ylates is equal to

~cos O where 8 is the angle in the center of mass system between the line

- of flight of the pion and fhe direction of the muon. The events from

plon decay in flight are assuned to be subject to thelsame scanning

, + : . ‘
losses and corrections as the K -+ p+ + ¥ events. There is consider-
able disagreementAamong the various experimenfél determinations of the ratio

of the K -+ n decay raie to the K —au Y] decay rate that have been
r(xt —>ﬁ° +ox )

_I'(K ->p. +y)

has been assumed to be 0.37 = 0.06. The assumed error is wide enough to

published. In making the above.calculation{ the value of

~ overlap most of the‘experimental results.¥

*Mis s1tuatlon has been clarified. in the recently published work o
F. Shaklee, C. Jensen, B. Roe, and D. Sincleir, Phys. Rev.'136, 31423 (1961+)
These authors find the best value for the KT —» © + a* / Kt » pt + v decay
rate ratio to be 0.356 * 0.0L5. '
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3N. Cabibbo, Muovo Cimento 11, 827(1959) .
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~ We have calculated the background from the radia.tive decay

K - p +. v + 7 from the matrix element der:.ved by Cabi’bbo.3 ‘This . ma.trlx

\

element, in wh:Lch uhe 50 ca.lled structure dependent effects have been

neglected, is:

L

M o= - & i e .kU(¢}€+2p -e)(:wxs)U L ()

2 L eRy

M'K and. M are the K a.nd H masses, p is the muon four momentum, a.nd

€, k are the photon polarizat:.on and four momentum The form fa,ctor f

| - is deflned _by Mc-; the metrix element for K - p. + v s

(¢}

We computed from these matrix elements the energy distribution and the =

longitudina.l polarlzatlon of the mions . We e.ssumed that the :7 ray ha.s

not been detected. ‘The results are as f‘o]_.lgws. :

Muon Polarn.‘zat:.on.

P = -B(E, )/A(E) ' . | A .v(6a)_

Muon Energy Distributn.on:.

dI‘(K -)p. +v+7)

= PA(E)

M o : . . 2"(Pmax

. In the above expression, ,-'I'o i-s"approximately eq_ue.'!, ) £0 the. ohserved rate"ef

M= - ENE, T, B (lWSf)UV;HV R o .~_(5)

(6v)

. &
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K - W+ v . The two functions A(E“) and. B(Eu) are:

: LLEuP:ma;x : EE -
A(Ep) = (Emax—Ep)log £+ -E;:x—-—; (log g - E. ) (N
ae ) - B - H)(MKE Nz)log : 4z (B B - Mi)log g
K ‘ MKP“ a Pu(Emax-Ep) -
‘ , (8)
2 y
) 25, * B a&fl)
(Emax'Ep)

Thevfunctions f and g in the above equations aré‘defined as féllows:

M (B, +P)-M%
TR

£ = —— 5 !
| Mk(EH - P“) - M“
E + P
g = i
5
L2 .2
_'.Mk,.-M
max - 2 Mk
2w f
Emax = é Mk

_In these expressions E“ and PH are the total'energy.and momentum of the

muon. The units have been chosen such thqt 'ee 5,1/137 and ¢ =1. The.'

results of the sbove celculation are shown in Figé. 6'andr7.,‘A
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Thé.background from the decay in flight of muons frbm
Kﬁ'—apf + v was computed taking into account the muon lifetime, the
»effect of the T5 aﬁticdﬁncidence countér, and. the annihilatibn in flight_*r
~of the decay positrons. |

The obsexved rate for K - 1 + u+ + v after the ebove des~
cr;bed backgrqunds heve been subtracted is glven in the last coiumn of
Table 1. In order to ,make comparisons with various theoretical.prediqtions,
it is of interest to~detérmine the rgte relative to the total rete for the.
?rocess K% —>ﬁ° + e+_+ v . The total number of these events corresponding

to the data of Table I has been obtalned by multiplying the dbserved
r(K" —9e+ + 5+ v)
. I'(K -—)p + y)

has been dbtalned from a number of e}cpe:r':t.men‘l:s.)Jr This factor 1s taken

which

number of K - u + ¥ events by the factor

(

ito be 0. 076 .007. The results of the rate measuremenz may be sumar-

ized by the following expression:

1264 ,
dP(K& - ° + g+ +y)
S(E ) aE
07.L dEU ' H M
’ S _ — = 0.0445 £ 0.007T
MK »x +e -+ v) _

The error takes into account the statistical uncertainties, and the error
in determining the muon energy scale. The S(EH) factor is the same as
that given in Teble I. If the data are corrected for the efficiency

function, the results may be expressed as follows:

hRosenfeld, Barbaro—Galtlerl, Barkas, Bastlen, and Kirz, Rev. Mod.

Phys. 36, 977 (196k4)
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(K - +u +v)

+ 0]

dE .G’Ep.

07.1 'l - = 0.054 * 0.008
K —»a° + e +V) : o

The sbove expression has not been used in the data analysis.

B. Muon Longitudinal Polarization Measurement

'Wé‘measured the polarization of the muons by observing the
spatial asymmetry of the decay positroﬁs. The angular. distribution of

positrons from the decay of polerized muons is:

1

W)= k@ rEcose) - (9

ol

N

6 is the angle between the muon pola&ization P and the direction of_
the decay poéitron. This formula is éorreét only if the decay poSitrons
are detected with aniefficiency'which does not depend on their energy.
Since the apparatus used in this éxperiment was fully sensitive to
positrons with an energy greafer than 10 MeV, fhe correction due to the

detéctioh efficiency of the apparatus is negligible. In the analysis

. described here, 6 was taken as the angle:beﬁween the direction of the

muon incident on the éopper degrader and the direction of the decay

~ positron. This choice reduced the effect of multiple scattering of the

muon in the degrader. The multiple scattering’of the muon (15o average )
- - ' ' . R

was such that even if the spin remained parallel to the momentum, the '

apparent attenuétion of the polarization would be negligible. Likewise;

the uncertainty'(lso average)‘in the measurément of the'decay positron
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direction had a neéligible effect.

The presénce'of megnetic fields aé émall.as a few gauss
appreclably modifiés the angular distribufion of positronsbfrom the decay
" of polarized mubns. In order to reduce.thé effect of the stray magnetic
_ field of the Bevatfoﬂ, the apparatﬁs'qu placed so that the direction of
motion of the muons was parallel to the stray field. At thelpeak of the
magnet cuiieﬁt cyéle when - the Bevétroﬁ beam spili océurred, the total

magnetic field including that of the Earth was less than phree gauss, and
was within 30o of beiﬁg parallel to the direction of motibn of the muons.
. The sample of muon décays we used include&ﬁfhose'from the time of stopping
to 3.3 x 10_6 seconds thereafter. The reduction of the longitudinal
polériéatibn of such a sample ﬁnder our conditions is less than 2%.

We tested the performance éf the appératus as & polarization:
}analyzer using~muohs from K+-—9pf + Q which weré brought té rest in
. the carbon plates. In Fig. 8a we Show.the observed anguiar distribﬁtion 
of the decay fositrons. The sélid line is a éldt of the distribution |
expected For 100% negetive polerization, i.e. W(8) = g(l -‘%cose)
vwhere N 1s thevtotal number of events in the_samplel‘ In thié sample,
the miﬁiﬁum signature of & positron from muon décay wes & single spark.
The K -0 + u+ + v'experimenf'was carried out under conditions of a
‘somewhat higher beam raﬁe and occassionaly % single, unrelated spark |
would have beéﬁ spuriously identified as a positfon from a ﬁuon decay.

- In order to eliminaté fhis possibility avminimum'éf three sparks along the
positron track.was required. The distribution of the‘K% —>uf + ¥ events

with the three spark requirement is shown in Fig. 8b. Evidently the

‘efficigncy for detecting muon decays with the positron-moving»parallel



to the spark chamber plates was greatly reduced by this condition. There-»

fore, in making the polaiizetion analysis, only those evente.With 8 < 600
and 6 > 1209 were used. Thevthree‘spark condition had only a small
effect on the efficiency_for observing tnese.events. The polarization
computed from these evenfs did not depend on the value chosen for the
cut-off angle.

We determined the polarization by a meximum 1ikelihood anel&sig,f

The likelihood,
' P - S
L« I(L+= cosd,) : (10)
S 3 3 : .

has been computed as a functlon of the assumed polarlzatlon P, In this

exbression 0, is the angle between the direction of the positron and the

J

direction of the incident muon for each event. We accepted for analysis

" only those events,with Gj < 60°  or Gj > 1200. Fig. 9 shows the likeli-
hood L for the polarization of the K -y + v events. The distri-

: p ‘
bution has a mean of -0.94 and a standard deviation of 0.21. This result

is consistent with the result of Coombes et al, 2. who found P 20.93 £ 0.12,
A.muon polarlzatlon of 1. O is expected if the K has zero spin and

{the neutrino is emitted in a state of complete negative longitudinal

.polarization;

The angular distribution of the muon decay positrons in the

Kﬁ —»ﬁ? + pf + v and background events is shown in Fig. 8c. ' The maximum

ikelihood analysis of this data is shown in Figl‘lO., The observed polar-

~ization is-0.0 with a standerd’deviatiqn of 0.22.. The observed polarization :

5Coombes, Cork, Gelbraith, Lembertson, and Wenzel Phys. Rev. 108,

. 1348<1957>

!
..
1
)
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must be corrected to account fof the large background which is negatively '

polarized.: In the total of 86l events, there was a calculated contami-
nation of 195.6 ﬂ+ décay in flight events, with an average polarization
of =0.69. There were 174.9 K+ —>pf +'v + 7 events with an average polar-
ization 6f —O.§8, and 4.3 u+ decay in flight events with an average
simulated.polarization'of 0.0. In order to account for the fact thaf the
T5 anficoinéidence counter rejeéted forward'muon decays within 10'8 seconds
éfte; the muon came to rest, a single event in the forward direction has 

been added to the above sample. After these corrections, the polerization

, : + +
of the muons from K = =«

|

1260)'4‘ ) o ) .
b{\ . dP(K+ - TCO +4;.,L+ -

v) ' :
S(E )P AE = .

: - = +0.61 * 0.39
3 o

aP(K# -0 u+ + v) ;

- S(Eu)dE“

v LOTL T

-

TN

+ ' . :
+ U + Vv was determined to be +0.61 % 0.39, i.e.:

<&
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DISCUSSION OF RESULTS

In order to interpret these results, & number of assumptions
are necessary. Wé,shall assume that the neutrino emitted in the

K& - 7 +'p+ + v decay 1s in a state of complete negative longitudinal

 polarization. The most general local, Lorentz invariant matrix element

not involving derivatives of the fields cah be than w;itten as

follows: 65 T 8 9, 10

(11)
if, '

e & (o -P.Q >°ab 1(1+ 75)U )

In this expression, P is the four momentum of the K meson, and Q is the:” .

.,

four momentum of the 1° meson. Each of the form factors (i.e. £, £,

and f ) may be functlons of the square of the four momentum transfer to
the muon—neutrlno pair, s = (P—Q) It will e convenlent for the follow-

£ (s)
ing discussion 4o meke the definition £(s) = §:—(57.ufor the vector form
'3 ’ e + .

 ©J. D. Jackson, ELEMENTARY PARTICLES AND FIELD THEORY, 1962 BRANDELS

LECTURES, Vol. 1, Benjamin, New York 1963
Ts. Werle, Nuclear Physics 6, 1 (1958)

"P. Dennery and H. Primekoff, Phys. Rev. 131, 133& (1963)

oy, Brene, L. Egardt, and B. Qvist, Nuclear Physics 22, 553.(1961).'

L. Okun, Muclear Physics 5, 455 (1958)
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.factorlraﬁie.
 The term in the matrix element proportional to f_'can be:

_:reeast:in thevferm‘of e scaiar interaction witﬁ an effective coupling
constant equal to -Mpf_ . Forvfhis reason, there are actually only
~ three ihdependent quentities to be determined. The true scalar infer-r’
action differs, however, from the scelar interaction generated by the
£ term in the vector interaction in thaﬁ the factor Mz (z = 1epton).i$
not present. These two scalar terms thus behave differently.under the
interchange of muon and electron.. In the K# >0+ e+ + v decay, the
- contribution of a f_ term is much émallervthan In the”Kf.—anp +‘u+ + v
Adecay. It ié therefore possible in principle fo eeparate the two types
of scaler interaction by comparlng the two different decay modes glven
above. . |
In the present experiment; the‘ﬁo'was rot observed. In order‘l:
to meke predictions using the mabrix element M it is therefore necessary
to knew the momentuﬁ transfer dependence of the form factoré. For the |
remainder of thisvdiscussion, we shall aséuﬁe that they are independent
of momentum transfer. 'Arguments based on a dispersion relatioh treat; '
~ ment of the form factors inalcate that they vaxy ' only a small emount over
the reglon of momentum transfer p0551ble in the K —>ﬂi-u + v decay.

We have computed the longltudinal polarizatlon of the muons
- as a function of muon energy for pure scalar, vector (¢ = O), and tensor

couplings.. The results ‘are shown in Flg. 11. The-polarlzatlon we

observe is not consistent with a pure scalaxr or a pure tensor coupling.

M. Bernstein and S. Weinberg, Phys. Rev. Letters 5, 481 (1960)
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Furthermore, additional calculations?fhave shown that there is only

one combination of scalar and tensor coupling that has a‘polarization

consistent with the experimentel result. This combination (ft/fs =5

aest = 1800), however, requires a negative polarization of the muons

2

_ . 5
below a kinetic energy of 95 MeV. There have been two recent expermmentsl

in which the muon' polarization was observed at kinetic energies in the

70 MeV region.. In each experiment the observed polarization was positive.

For this reason it is possible to exclude the scalar tensor mixture as

a possible solution. It_is thérefore.mecessary that the vector inter-

action be at least partly responsible for the decay X —?ﬂo +u V.

For the remainder of the.discugsion wé shall assume that the

Assuming this, the matrix element for the decay is:

~ Interaction is of a pure fector type and that the form factors sre constant.

M = .C“[, ﬁu((PfQj + g'(_P'Q))'V(l“?s)Uv,u]

(12)

In the &bove expression-C“ is a constant. The &bove matrix_element leads

TWe have used the expression derived by Okunlo

" Por this analysis after

maklng the following changes: (1) We assume the_expression applies to

'decay rather than K~ decay, (2) A, B, C, and. D are replaced by

A/Mi B/Mi s C/MK , and D/MK ,. and (3) “the 1nterference terms £

and fvt have been multlplled by 2.

sv’

12y, Smirnitski and A. Weissenberg, Phys. Rev. Letters 12, 233 (1964)

*361aa1, Powell, March, and Natali, Phys. Rev. Letters-13, 95 (196%)

hig

st?
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to a component of muon polarization out of the plane of the decay pro-
protional to the imaginary part of &. Hence, the assumption of time reversal

invariance would require that & be real. Recent experimental results on

. o 1k
Kg decay have indicated that time reversal invariance may be violated. _ v

For this reason, we shall not assume § is real in the present discussion.

For comparison with the experimental polarization measurement,

 the following function has been -computed from the above matrix element:

\‘ ~
| 1064 ~~ o
+ 0 +
~ ggK‘*“ t o+ V) o(p )p(E ) 4B .
“uwav
126 .4 + +
dF(K -)ﬂo + u o+ ‘V) S(E ) aE
aB M ®
7.1 i :

In the above expression, S(Eg)vis the energy dependent detection efficiency
given in Table I, and P(E“) is the muon longitudinal polarization. The

above expression depends- only on £ being independent of the constant

factoxr C“; The result of this caleculation is shown in Fig. 12, If §
is real, the experimentel result requires that -4.0 < § <+ 1.7. We

. have used the expressions derived by Dennery and.Primakoff8 and by Brene,

Egardt, and Qvist9-in the above analysis. .

In order to calculate the absoclute rate of K& —>n° + u+ + Y

decay, it 1s necessary to know the value of the constant Cu as well es

the value of ¢ . By making the assumption that the weak coupling strength:

Christenson, Cronin, Fitch, and Turlay, Phys. Rev. Letters 13, 138 (1964)

!

!
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of muons is the same as that of electrons, it is possible tb'determine

C“ from the obge:ved rate of K& -+ e+ + v decay. .This assumption is'
equivelent to the statement that the matrix-element ﬁsed for the computa-
tion of the K& —;ﬂo + e+'¥ v decayvis the same as that used for the comp-
utation of the.K+ - O+ u+ + Vv decay except thatime is substituted for

m, wherever the leptoh masS'éppears.' Making-this asSﬁmption,'we have

o)

wmmthrmmofﬁem%atmmhmmsﬁm K—m +p+¥y?

o)

: +
. stopped in our apparatus t0 the uOual rate of K = + e + V- decay.

126 o s

Jora B, e (1)

Rate =

/'\Ema.x' dF(K+ o v et v) ..
. dE ) dEe
bo; ' € . .
This_functioﬁ dependé only on §. The resﬁlt of tﬁis calcu}ation is ‘shown
in Fig. 12. If £ is real, the observed decay rate implies that
+02<g<+11+or-1+8<g<~35

In Flg. 12 we have comblned the results and the theoretlcal
predictions for the muon polarization and decay rate. The solution with
+0.2 < g < +L.4  is evidently the most prqbable provided that ¢ dis real.
Solutions with £ imaginary, as suggested by CébiBbOIE, are also possible.
In thet case, the results imply that 0.8 < [&{‘<:2(6 . It'is important
to nofe that the experimental point in Fig. 12 is consisteﬁt with at‘

least one value of § . If the muon weak coupling -strength Cp were

N, cabibvo , Physics Letters 12, 137 (1964)
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eppreciably different from the electron weak coupling strength Ce , the |
experimen‘bal resudlt would not be cc_)nsis‘cent with any value of g . In .
order that the experimental result be consistent with at least one value .

4of £ , it is necessary ‘chat077<l “ul < ll+8
%

: ‘ o+ +

The ratio of the differen‘gial muon spectrum in K - :to N VO Y
: 4+ o + ' , ‘
to the total rate of K — n  + e -+ v has been computed for & = +0.84.
The computation and the experimental resu;l.’cs corrected for the detection

efficiency are shown in Fig. 13.

The K+.-—> ° o+ p+ + v decay' has been investigated in a number

of experiments. The results of the present experiment are consistent

with the resulis of the experiments of Gidal et él.,13 Smirnitskl and

Weisserfr)erg,'l2 Jensen et al.,l.6 and Brown et all7 “Our results are not

18

in agreement with' various aspects of the experiments of Dobbs et al.,

and Boyarski et al.l9

10 ensen, Sheklee, Roe, and Sinclair, Phys. Rev. 136, BI430 (1564)

17Brown, Kaay;: ‘Trilling, a.nd Va.n de Wa.'.Lle, Phys. Rev. Letters 8 450 (1962) -

l8Dobbs B Lande , Mann, Reibel, Sciulli, U‘to, Wh:.'be, a.nd Young, Phys. Rev.

Letters 8, 295 (1962)

9Boyarsk1, Loh, I\T:.emela, Ritson, We:.ns«,en.n, and Oza.k:e., Phys. Rev. 128,
2393 (1962)
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SUMMARY

Ag analysis assuming a pure vector interaction with constant

~ form factors and equal ﬁuon and electron weak coupling strength has been
" ghown to be consistent with the experimentel. observations. The vector

" form factor ratio £ can be real oY imaginary. The probable solutlons

for & are shown in Fig. 12. There is no evidence on the basis of the

present experiment that the form of the leptonic weak interaction current

' Ji in the coupling to the current of the strongly interacting particles

which changes strangéness N

is different from the form of Jy

‘in the coupling to the currents which do not change strangeness;
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TARLE I c .
' Calculated Backgrounds

ange Average S | . K+—+u.+ +V + ¥ S ,K+—nr°+ :rt+ d.i.f.

(;Events)m

_ Kopte v a.i.e.
3in Energy " Events. S Events Polarization Events Polarization Events (Background)
1 108.5 114 0.h8h 9.5  -0.97 - 22,6  -0.56 0.6 81.3
2 111.25 108 0.888 19.00 =097 - 3h2 - -0.59 0.5 5h.3
3 1140 164 1,000 23.5 . -0.98 33.0  -0.64 0.7 - 106.8
4 116.75 %2 1.000 ¢ 25.9 -0.98 - 29.7 -0.68 0.7 85,7
5 119.5 128 - 1.000 -~ 28.7 -0.98 - 29.6 -0.76"' . 0.6 69.1
6 122.25 . 108 1.000 32,0  -0.99. ... 218  -0.80 0.6 50,5
7 125.0 200 - 1.000  %6.2  -0.99 Co1.7 -0.86 0.6 41.5
8 127.75 70 1.000 ‘M.  -0.99  17.2  -0.89 0.k 11,2
9 130.5 33 . 0.498° 24,5 -0.99 TS5 0.9 0.2 0.8

lumber of o -—>p. s events = 166 ,169 '
stopping muon detection efflciency other than S(J) = O 876_ "
l.i.f. = decay in flight :

_82_
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FIGURE CAPTIONS

Magnet system of 470 MeV/c unseparated X' beam.
Stopping K+ rate as function of second bending magnet current.

3ide view of spark chamber assembly. The unseparated beam passes

through the counter telescope at the tdp of the assembly. K& mesons

sﬁop in the counters mumbered S6 and S6B.

- Time distribution of prompt coincldences between beam telescope and

muon telescope with beam telescope set to accept plons and positrons.

Additional degrader has been added in the beam teleécope to stop

K mesons before S6.

Range distribution of %" mesons from K —a° + x' . Part of the

- degrader in the spark chamber assembly has been removed to permit

this measurement.

FEnergy distrivution of u+ in the decay K+—> u+ +v+y . It is

assumed that the gemma ray 1s not detected.

Longitudinal polarization of pf in the decay K = p' + v +9 . Tt
is assumed that the gamma ray is not detected.

'Angular distribution of positrons from u+ decay. (é) Muons from

¥ » u" 4 v with a minimm positron signature of 1 spark. (b) Muons

from X+ - bt + v with a minimun positron signature of 3 sparks. (c) Muons

; + 0 + . . .
from background events and K —~= + u + v with a minimum positron

- slgnature of 3 sparks.
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Likelihood plot for longitudinal polarization of muons in K& - u+ + Vv .

Likelihood p ot for longitudinal polarizstion of maons 1n

K - x + u + v and background events.

R - N S
Longitudinal pédlarization of muons in K -~ = + p '+ v fLor pure

scalar, vector ( £ =0 ), and tensor couplings. The polarization

for vector coupling with ¢ = w .1s identical to that for scalar

coupling. The experimental point is not consistent with pure scalar

-or tensor coupling.

Muon longitudinal polarization and energy spectrum assuming pure
vector coupling, constant form factors, and equal muon and electron
coupling . strengths. The curve is the locus of points with varying

vector form factor ratio §

. . . : . + ) + . J
Energy distribution of muon in XK' — x~ + 4 + V. - The experimental

points have been corrected to account for backgrounds and the varyihg

~detectlon efficiency.
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This report was prepared as an account of Government °
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








