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SEARCH FOR NEUTRINOLESS CONVERSION 
OF MUON INTO ELECTRON 

R. D. Sard, K. M. Crowe, and H. Kruger 

Lawrence Radiation Laboratory 
University of California 
Berkeley, California 

August 11, 1960 

ABSTRACT 

UCRL-9340 

A aearch bas been made for the hypothetical reaction in which a muon 

near a nucleue ie converted into an electron without procluctlon of neutrino&. 

Negative muons were stopped in a copper target. A magnetic spectrometer 

at right angles to the beam transmitted partielea of the momentum expect~d 

lor the electron (about 90 Mev/c on entry into the spectrometer). A long 

aeintUlation counter at the output of the apectrometer gave a pulse corres .. 
1 

pending to the emerging particle's energy loss. Selection by both momentum 

~· .;~,,·:·:.t-:;.~.".: ."and pulae height eliminated particles heavier than the electron and greatly 

reduced the accidental backgroUnd. In the main run, three events meeting 

.. 

tb.e eelectlon criteria were recorded, while the expected number of ac:cidentala 

1a O.Zl • 0.04. Val'ious alternative proc:eases that would produce accepted 

events are considered and found to give expectation values even smaller than 
. . ' 

that £or accldentals. Without further experimentation, we cannot decide 

whether the hypot~etical reaction does or does not occur, but we can set an 

+3 -6 upper Umit of ( 4 _ Z ) X 10 on the ratio, R, of the reaction rate to that 

of normal absorption . 

• •• 
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1. INTl\O.DUCTION 
. " 
.:· 

We·~~· carl'ied out an experiment deeigned to detect the hypothetical 

l'e&ctiori ln which a negative muon near a nucleus is conve.rted into an electron 

wi~ut production of neiat1'inoe. Several theoretical estimates of the rate of 
..... · . . . . ' . . . 1-5 . . 1 
··. thb reaction bave recently been made. Weinberg and Feinberg have 

emphaaizecl that if the reaction reeultli from etructw.oe in the \-if-ley inter

action •. dif.fel"ent torm factors a·re involved than tboee determining the 

'"" ...; e + l rate, ao that the observed rarity ol the latter reaction does not 

. . nuc;tei. aftd Hofstadter's 7 l"eaulta on the nuclear form factor, we !ina that 

their ex.preseion (1) for the branching ratio, R, of the coherent reaction in 

which the nucleus recoils rigidly to the' normal absorption reaction with emission 

o£ a neutrino. 

rate o£ p:- + (Z, A) - e • + (Z,;A) .. 
R .== rate Ol..,.· +(Z,XJ- (t ... i.Ar"+" 

. - . 

· This work was done under the auspices of the U.S. Atomic· Energy Commission. 

't0n leave of absence from Washington University, Saint Louie, Missouri • 
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. ' ~. . ·~.- th•· -.,.:l.e. 1:15 .. e: / 'f~'. fol' copper. Here i~ . an4 •: ar.e atjfebraic 

. . ... . ·. ~~~tio"• of the t11Je'Y ·l<>r~ factor• and the J-d.ecay coupif.llg conatanta. 

~ .:.. . . · . ~~~etrtiV8ty. The intermecUate vectol' bo•on hypothesis pret~icta ~~ I e: 
.:.:.; ··~. . ·. onothe. order ol.. 2.5 'X 10"'6 • lAe• th&ft ·oae-aeventh o( the reaction• are 
. . ~ .... ":..' ~- .. -" .·.t·'l;-~\~.~<f>;·~· .. ..f • • • > ••• ' • --

... ; . - '. • ·" . - f. . • . . . . . 

. . . . .. e~t)e_c~4 to 'be incohere11t, i.e. to excite the nucleua: In the coherent case. 
'. _, • J- • .... 

. · · .··."· · ·· '·.··the eleet.-em (e emitted with a uidq~ e~ersy of 103.6 Mev. In the ioeoherent 
; . . ' - . ~ 

.. ~~~actio.t, .the electron• are expeCttu! to have a spectrum •~me ZO Mev Wide., .~ ... 

c:eatetioe4·. at 98.5 Mev. 
•. ·• --_ •

1 rz·. · 
•'. 

: • T}ae. hiP..otbeaia of d.ifferent muoa and electJ>onaeutriDol ab•olutely 
•. f" ·: ' • ' .. :,-!'" .... · : -~.:: ·. 

" .... ·.fozobift the lleutzobioleaa C01iV1t'l'8iOll of & muon into •n electron. a .. U 
! ~ "\ r • ' < f • . ' • " • . . . ' . ; . 

'., ,. · '· ~·< ~·~·. ;" ~:,,,.,_. ·!·The ·P;iorteer .C(a~mic:•.-ay experiment of Lagarrigue and PeyJ"ou_eJWWed 

~: :·· .. '{: , .. :.,~t~t ··: ·t• -~t moilt a teW' pe·~~eftt. 12 More recently, Steinberger &lld1~olfe 
I·.·· ~; .· .... f, ·.: -~~''J...~: ,;;~ . .._·.:"""'t)''.'.-.... I • • . &.•. -~:-·3, .... 

_·, · ~ " :>_:<: ::lit•' $~Uche4 for t·he reaction by coWU.ing par.tlolea wi~h ranae greater than 

:~.::~,< ... :. '·. :.i;~S. ~ ... ~,~.>~z po.J.~ethylene ~merging fJ~om a o.:n 7-cm copper target within 
' ... "" ... ";. ·~-~ . . . - . . . . . -. . .,~_-.· .. ~,.I,,·-~ -~"'l' 

-_,·-· · •. ·.·· 1 .. 0~.& ~:aec ·~.an inc~d~l'lt negative meaon. 13 ln a r\Ul t.n which tbey expected 
. ~ 

· ·· ·~: i.e.6 ·fic<ddental co~• &!ld ~.6lX 103 R real co1mt1, 14 no counts were recorded~ 

... ,. 

.· 

. ·-. - ' ' . 3 
Si~~·tbe .probability o1 obtainiug no real events ie exp (-2.62X 10 1\ ) • .It ie 

l',... .i"'. .· _.·; ·_ . ' ·3 
· : · . . li):tely th&t· :R does not exceed 1 e · . 

ln our f!Ucperiment a copper target waa pla<:ed at muon range i~ the 

~ · ne.aat .. ve-meson beam of the 184•in. aynchrocyclotron. A lSO·deg. n • 1/1. 

m·agn.&tic~epectrometer wae used. to select puticles with momentum in the 

neighborhood of 90 Mev/e. lS A 45.7.-cm•long pla.~tlc ecintillattcn counter 

receive.• parliclee emerging from the spectrometer; the pulse height i"a measured 

both with a gated twenty•cbar,nel pulse-height analyzer and by photographing 
' 

the a:mplified pulse on a cilthode•ray oacilloecope. S~lection of particles by 

both momentum and energy greatly reduces tbe spurious backgr9und and bas 

.. perO'litted a reduction of the smallest detec:table value of R by two powers of ten. 
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U. APPARATUS 

l"lgur• 1 is a perspective aketch of the essential features of the 

.arr6ngement. The 210-Mev/C: negative external beam ia filtered by 
""'. z . . . z 

45:5 .fJ•Ctll• graphite equivalent before striking the 5.61 I•Cm.. copper 

target placed at 45 cleg to the beam direction. Sctnttllation counter& w1 

and •z ln the .moderator respond to a.lmoet all of the beam partie lee, of 

which only some 10 to ZO*Yo are muons. The counter train tJ 1, 112 , ,s3, 134 

an,d. ~~> .•elec:ta particle a tlaat leave the. target horizontally at 90 deg to the 
. . . ·~ 

beam, tr&verae the epectrometer, and enter the long (47.9 a-em ) plastic 
.z -! 

scintillator. The l.OZ-a em · lithium and 4.00 g-em graphite alaba 

..JMtween the fi eou.nters •erve to rec:lw:e the accidental-coincidence rate •... ~.l·.;;~:~·~.~ 
~·Jo~. 

Tb.e average ionization energy loss of a 100 -Mev electron between the 

.micicliA .of the· target and the mouth ol the spectrometer is ~.8 Mev. The 

reaol\ltlon f~tton of the epectrometer with tbia source and detector arrange• 

'tnent ta an ieoacelea triangle of ·full width at half maximum, 

· 9.8ft. During the main run. its center, Po , was set a.t 90 Mev/c. 
/• . .-~,., ··J 

The circuitry is shown schematically in Fig. z. with the ampliflera, 

disc.riminators, and scalers omitted (the outputs of all four coincidence 

d.rcwt~ are recorded). The coincidence-anticoincidenc.e circuits W3 and 

W4 are ·c:aacaded. W4 giving the output ,s1,irs3f:l4J5 i'1 i 2 corJ"eaponding to 

a particle not in prompt coinciclenee with a beam particle pa$eing through tbe 

apectri;nneter and. entering the lone counter. Th" r•eolving times are 

apprOXimately ·~x to•9 ee~_. A pulse from w1 makes W4 inoperati~e for 

14 X 10·9 eec; one from "z · makes W3·~pperatlve for llX 10•9 sec. The 

output .of W4 opene a gate about 40X 10·9 eee tong to the pulae-heiaht analyzer 

(PHA) and triggers .a. ZOX 10 • 9 sec/em oacilloacope sweep. A positive pulse 

,\ 
} 
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fiom the tenth 4yrt~e of the toUJ"teen-etaae photomultiplier tu.be looking at 

th• lona counter ie fed thrOUJh t~ gate circuit to the PHA and is a lao appUed 

to the vertieal·4efleetion eyetem of the oedllosco})(t. The circuits recording 

the W4 and PHA outputs are gated by a l.lXl0-3 aec pulse bracketing the 

.·i:yc.lotron beam. .Thie reduces the coa·mic-ray contribution to the data by , 
F . 

.'the taetor (l.03/64X 1.1) o 14. 

To calibrate tho }n~l•e-heiaht-au.lyeia · eyatem, we placed the long 

·'<.: counter in the meson beam with 3 in •. of graphite ln front of it. Most of 

~he partie lf)s entering it are then pions of about 81 Me, energy, which stop ' 
. ' 

in.thtt cot.mter. They should sive pulsea corresponding to 81 Mev plue the 

e11el'gy loss by the cha.rsed particles in the star; the total light ahou.ld 

co:tl"e8pond to about 110-Mev energy diasipation by .a fa.at particle. The kinetic 

energy of the anions enteriaa the counter is 101 Me"• They too stop ira the 

. counter. In most cases a decay electron is emitted eo long alter the muon 

stops that it cloes not contribute to the measured pulse. The electrons 

· pa•siug throqh the long counter lose 88 Mev by ionization; shower develop• 

. meat ia not neglipble, as the length af the counter is 1.1 rt.diation lengths. 

The pulee-hetght distribution. 0btained ia shown ln :Fig. 3a. It peaks in 

cbaanela 15~ 16, and 11. Pulee-hei1ht distributions wete also measured 

··.in \be .. Mijbra.tion runs (see below) with a carbon target, the apectromete~ .. , 

set at 43,3 Mev/e. and the long counter in its normal position. TJ.t.~•e 
.,.. 

correspond to the top of the 1.\- ...,. e • decay. spectrum in carbon. The 
. ' 

· d.rstdbuUon. summed over all the caUbratiou ruas during the main run, is 

.~hown in ~ig~e l"b. The electl'on euergy on. entry into the long counter 

centei's at about 35 Mev• net pulae•height distribution is seen to peak near 

· channel 7. Comparing the diatributiona, we see that channel number of the 
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·~'· . ,J.:·.41 '. 
· · peak cotreeponda rousbly to the energyloae, au4 that the PHA ayatem is 

adjuatecl propei'ly tor dettcting electron• lliCh •• thoae expe~Sed to l'elult 

f'om Jt'!U.On conve~alon. For 90 Mev/c momentum iu tu spectrometer. 

electrons reach tbe, long counter with about 82 ·Mev kinetic ener.cy. to give 

. a pt.llae•heiaht ciiabibutlon peaking ia cbalmel lZ. Muons woul4 enter the 

lot11 counter with only 17 Mev; ptona wo1ald not even reacb it • 

The pulaea photosraphed oa the oscilloacope acreen correlated ln 

he~ght with the number of the PHA ckaonel in which tbe event wae recorded; . 

the laraer the pulae. the bighel' the chaftael number • 

'• Ul. RESULTS 

For an event to he couutecl in the 4ata run, it wa.a required. that 
'.;· ~ . ,•., ~~ .,, ,· ~·) 

it.'be recorded in t~e sated acaler on the W4.~~ •ad in one of chauele 
.,, . 

· ·. Z throqh ZO of the gated PitA, and that a ·pulse of appropriate height be 

. ~hotographed on the oec:Uloacope screen . 

ln the main I'UDct which lasted 95 .Z br with tlie spectrometer eet 

at 9o Mev/c , three events eati.afyina these critel"ia were £ounct. One waa 

·. in channel 6 eel two were iu channel 10. · 

· In order to d.etel'mine the number of 1DUC'ltD eonveraiona to be expected 

·in thia time, tb.e rUD waa interspersed with short l'une in which the copper 

taraet wall replaced by a araphite tarset of the aa.me stopping power, and 

Ute spectrotDeter. setting was reclucec:l to 43.J Mev/t. Denotiftg by fS the 

, number olrecor4ed event•• we have 

! ., (1) 
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Here Sc ie the .number of muons stopping in the carbon target; fdec , 
' . 16 

tb.e fraction of .. atopped muons that decay, is 0.9Z; f>Zl. the lraction 
. . . -9 17 18 

of decays occur~ing after Zl X 10 sec, ia 0.99; • 0 ls the effective 

·solid angle of the spectrom.ter; , (43.3 Mev/c, C) is the normaUzed 
• "".'"\::·.::, ' ' 

:·~:*etpcmse of the spectrometer, when set at 43.3 Mev/c, to the spectrum of 

decay electron• fr!)m the carbon target~ and c is the eflicieney of the 

· cetinting systim. D~ normal run. on the other hand, we have 
. ' ~~(~:.~·~~ ·' ' ' . 

' . (~) . 

. . 

Here Scu ts.the number of muons stopping in the·copper target; fint , the 
. . 19 

lractiol'l of stopped muens that intera.c:t, is 0.93: f > 21 • the fraction of 

. . -9 . 11 19 . . I intte:rac:Uons taking place after Z lX 1.0 sec, is O.S86 ' and , (90 Mev e. 

is ·the ,normalized response of the epectrometei when set at 89.4 Mev/c to the 
' ~-;'tl+:~. ;~1:- : '..... - . ' ... 

· sP.et~um of conversion electrons produced in the copper.,, One can now 

determine fl X I. from the carbon data, obtaining 

(l) 

The spectrometer reapons• functi.onst '\ • were computed numerically. 

The ~dau distribution of iomzation losse8, Heitler's ra.diaticm straggling 

distribution. and the calculated trt.angul&r reaolution tun<:tion of the instrument 

were assumed~ ~O. For the coherent-conversion process (with a uaique initial 

electron energy ·o£ 10i.6 Mev), 'l (90 Mev/c. Cu) is O.Zl. For the decay 

· electl'ona from carbon, a caleulation'ba.eed. on the poaltlve mu.oa spectral 

8hape gives q (43.3 Mev/c, C)= 0.067 •. We use 3.5 for the ratio of the 
•' . ':·>t t 
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reepoue fUD·etton8.. 'I' or the ratio of the number a o£ etoppinga, Scu I Be , 

we ~,.l~!'"ratio of the tarset thiekneaeea in m11~~ ."!topping power. aa read 
. (, t, • 

from ranae-momentum CUl"Vea~ In the first part of the run, the carbOil 
. . . .z . 

caU.ltl'ation target (3. 76 g-em ) was somewhat thin, and the ratio i8 1.12. 
1 ~.( • . . . 

·· ·•_ln the latter pa~ of the run, another carbon .target was used, for which the 
~ ', .. , ,!.',f..,' ··~:-~\~~-~~-:•..:;" r' • 

· · ratio fa· 1.00.: Tb.e fJ (4J.3 Mev/e, C) rate in the first part waa 31.1•0.4 · 

. ~in ... 1 ; in the second ~iot, 39.3 • 0.6 min -l ~ The correeponcling runnbsg 

· ''~time•~·~~·:9Q,·Mev/c with the copper target were 3.36X 10; mift;~ an8il!:~Z5l.Xll03 min. 
- • • ~ • .ll;. J·~--·"·f'• ' ; ', . . . "'·"'"'':tr ··. ·'<~"' . 

,«~'·' · · 
1

:(8.1\l~j:q;..,~l) becomes 
t f~\:~, :'1; .. .:. ,. 
~ •!··~ ,r .. ·. . 5 

~ &' (89.4 Mev/ c., Cu) • 6.sx 10 R. (4) · .. 
.. Tbi•fia' the expected number of zoecor4e4 event• in the 9S.2•hr r\lft, to be 

. . .. compared with the tllree that were founcl • 

· Meaauremenb of the val'loua · countina rate a show that the accidental 

colncidencee are due overwhelmingly to overlappina of real (-1 t&z ) events 

~th real " 3 f$4 Js ) evente. The pulae-heisht &atribution obtained when 

t~ PHA,la aatecl by (,S3 fl4 p5 i 2 it ) la shown in Fig. 3c. lt ie a talllng one, · 
~'. ·. 

with 41/14) = (1.9•4)~ of the pulaee occurl'ing in cbnnele 6 through 1.0 and 

18/143 • (l:S :tS)S of the pulaea in channels 10 through ZO. The effective-

.· duty-cyc:le•resolYing-tlme factor wae determlced periodically by comparing 
. ... ~ 

·. t~·''i IS) '• iz ) J'l.te'.With the, product of the (f)z i 2 ) arul (Jt3 ,s4 i 2 ) ratee:. 

the ~uotient wae found to be easentially constant at 37-Xlo·lO mln. The 

U'z ~t~·.,-~Z ) rate monitor•d during the run was found to correlate elotely 

'. ··with th~ product "l l'z ) X c,s3 ,s4 J's) , •o that ite average value over the 
. . ·.":~.. ' 

.. ' 
·• whole tl',.ah .c.,A4 b• ¥Sect to determine the ef£ective average accidental rate. 

Tbe l'eault la (1.4 •0.15) X 10-4 min -l • 01" a total of 0.80 &0.09 eventa, in 

chanaeta 2 through 20. ·From the pul••·~laht dietribution of i'tg. lc, it 
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follow• that O.Z31i=().4 accid.entaleventa are e1tpected in channels 6 through 

:ZO• and 0.10 * 0.03·ifc:haun6la 10 tuouah zo. 
ltvide.n<:e ha.a recently been obtainti4

1 9• z l indicating that the d.eca y 

rat6 of negitive muons stopped in iron is some 10 to l.O% greater than that 

f~r copP.r·~ The experimental effect is an increase in the yield of delayed 

electtoons o1energy greater than some 10 to 20 Mev. TQ teet the very 

re~ote po.s4~~,lity that the eifect is due to a high rate of neutrino less 
. t- ~.~:. 

~ocverslon in iron. we took clat& for a abort time with the copper target 

·replaced by an iron one of the same thickileru. ln. 46.0 minutes of running 

. ~ime with the spectrometer set at 90 Mev/e, no event& were observed. The 

expected number, iD tfjrme of ttJ'e .. is 5.5 )(103 a,.~ . To account for a 

· 10._, increaee bt the yield of.fast electrons, ~.would need to have the value 

10""1 , which givee an expedld number of recorded events of 55. Evidently, 

neutdnole·se conversion il ruled out ae an explanation of the increaaed 

electron yield tram iron. The conversion rate i'n iron does not exceed th'S.t' .. ,; 

in copper by several powers of ten. 

lV. DISCUSSION 

It :ia evident lrom Eq. (4) that R doea not exc:eed. 10·5 in ordel' W 

magnitude· -otlun·wi$e ma~y more evente would. have been recorded. , ~. 

Siaee three events were recorded in channels 6 through 10, as 

· ¢Omp&red With O.Zl1f:0.04 expected ac:eidentala, it is very ·pnlibty'tha.t all 
J~ •• 

tlu'tte of t~m are &.$cidental. The ease for reaUty of the two events in c~\i~Ul 

10 ie evea stronger. ae the tn&pec:ted number of acddentals in channel 10 

tbJ.ough 20 is only 0!10:0.03. 
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.... -
To ciraw a.more definite conclueion from the experiment, we muat 

t . . ·. . . . . .· . 

aaa:eea tlle U.l\ielill.oocl of the V&l'ious alter.natlve physical meebardama that . '~ . ·-· . ·. l . . . 

~ A natiu-.ltimit to tbe 1easitivity of the experiment ia provided by 
·' ' ' .,f,-<Jf-; ~ I • • . 

- the b.iah ... nergy taU of the ~ ·- e"' +" + v apectrum, which. result& lrom 

the .orbital motion of the U'U10D at the moment of decay. Measurements of 

the tate• with the copper target in position and the apec:trometer set at 

..... ' ,, 
··. ·:·i~.3 Mev/c were interapersed in the run: tbe result was "(43.3 Mev/c, Cu) = 

.. j6 d:S hr -l • The observed ~U90 Mev/c, Cu) = 0.03la0.018 hr "" 1 iJ down . ~ :. ' ·, . 
. .j . 

; ...... · . ··."""··'"-bf•·'<hlly a factoJ" of (Z.4zl.4) X 103 • while tb.e tail o! the muon decay 
;' .. '·-"'~ : .. ; . . 6 

1 ··· · ;~pec;trum mak41• a contribution t~t ia down by a factor of at least 3X 10 • 
t "_:.~o;_r..c:.:t: 

h'i~~- . · >' We 'ba~e conaid~red;th~- possibility of scattering of a 100-Mev electron 
;·~<::·. ~ 
r· .. · .... 

(~,~:· ·::.· ·into the spectl'ometer. Moat of the scatte~ing-is elastic, with a erose 
··"' . '. . . . . -31 l 7 . . ·. 
~~~:. :- ,· _ aectlo~ of about 4.SX 10 em per Cu atom; the probab~lity of scattering 
'i .• ,,. 

f~..:.:.' ~- into tne 1.8 X 10 ·Z sr • oli4 angle .. o! the apectromete r is then 6.1 :.t: 10 ·l 0 per 

~:·--J;};:~ .. : ... I''-''~ . electroa. The proportion ol electrons in the b•am has been m•sured on 
-~. ~-

~; ~ ~ ' ~ 
'/'.J.''' 
?~/ -·~· 
·~.·;~ .. 

t:_ ,·'·: 

. -·. . -~ 
, ::· ~:~tber oeeaaion.a. anci the nuJ;'l'lber ~~electrons reaching the copper target 

'. ·, 

:. · -~ .. · ia certainly te•• ~~the number o! ,muons atopping there. The latter 

_;·_·,tisuf.:ela eati~e.tecl £atom the cal'bon target, •U.3 Mev/tt., data to be 1.3X 109_ 
}~ .... ~: · ... ' : .. 
:'·· in the· 95.3-J.uo running period. Lese ~n S% of the .electrons a_re .in a lO·M~v 
·~~~4~· ~-., ',.~ :-~·-~ ~ J 

_.-.:"'~~at 100 Mev~f An upper limit on the expeete4 number of .scattered 
': . .. ~(;: - ...... 

.. ·~~ . 

et.ctrona is therefore 0.04. This cloee not take into account the reduction in 

I" f 

detected ele~tron ecattel'ing due to the anticoinci4ent 'II' counters. lt is very 

unlikely that _el~t;t~Oil- sc.derin& &!=countl fer any o£ the three recorded events. 

.. 
I 

' ' 
. 
' 

. 
'· 

I 

Another possibility ie that the events might be due to a contami!l&tion .,_ 

by negative ptona. This wae suaaeste4 by tbe. obsel"vation that ·with 10.6 g-em ... z 

C removed from the moderator so as to place the target at pion r'ange, a 

considerably larger rate - 2.6 tb 0.9 hr ·l in channels 2 through ZO and 
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· -~ji;0.8 hr"' 1 in che.zmela 6 throU$h ~0-waa obtained at the 90 Mev/c setting. This 

~ould. be clue to oecaaional (a few percent) emla•ion. of a high-energy gamma ray 
. az . · 

on: p~o~ ... ~~ptue, the gamma ray then materialielna to produce a 100-Mev electron • 

. To iflveatlgato thia poaslbUlty, we exposed llford a .. s nuclear plates in-front of 

;the t•i-get with the moderator at its normal thickness. An area ec&Jl..--ehowed 
: ~- ' 

.,32 aeJ'O•p1'ong meson en&nga, 18 one-pJ'ong endings, and two.i.f,Wo~wong~el'J.dmgsG 
( 

~\ec~J'OQ tracks were not recorded. Tbia proo.a d.iatributlon agrees with tha.t 
. . 13 

i'epQI'tecl by Morinaga and Fry for a similar type of expos\ll'e, ancl .is markedly 
., - ' 

, . different from that observed for negative-pion endings, 49'1o of which ha'le at 

. ·:· .least two.pronga. 14 Moreover, the two-prong stare had the short prongs 
I 

: characte:Jolstlc of muon stars. Thus a conservative upper limit on the fraction 

· of pion• stopping to. tlwt copper target a.t muon range is 0.4%. If about six tlmea 

.. aa many pions stop at w range as muons at..,. range, the upper limit on the ,pion 

effect at ..,. ra1l1e ia 

1 .. ) T X 4 X 10 X (Z dt0.8) X 95.Z c 0.13 ::t0.05 

ev•nte in channels 6 through 20. lt is very 'Wlli.kely that pion C(mtamt'i:l~tion 

accounts for the obeervecl effect •. 
"'",t·:·,. 

l.ara.e cosmic-ray atr showers capable of being detected. through the -:n ~~~~ 
. . ' . ..z 
139 a-em iron shield above '3' -·· ana '5· out missing the '*1 and •z counters 

would produce real coincidences satisfying the aelectlon criteria. The number 

of these expected in our aenaitive time is < < 1. ZS 

No likely interpretation of the three recorded events is known to ua. They 

represent either a combination of fluctuations of accidental and real backgroW'ld 

or the neutl'inoless conversion of muons into electrons. Further experimentation 

is needed to decide between these alternativee. 
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V. CONCLUSIONS 

WAlle we cannot dl'aw a defls»te conclueioa aa to whether or not the 

hypothetical neutrino\eae muon-electl'oft. conversion pl"oceae baa been detected, 

w• can set an upper Umit on the branching ratio, R, of,this proceaa relative to 

normal a~sorptlon. This ia fo\lf.Ld by eatimating R on th.e assumption that the 

everita detected are sampled from reale plus acciclentale in expected number 

• • 
0.~3 • 0.04. Denoting the eati'mate of R by B. , we .1\ave 

. 5 • 
(l :t= ./3) ~ (O.Z3 :t 0.04) = 6.5X 10 R 

. ·~ 

a• •· <• • 3) x 1o·
6 

To expreaa ln quantitative terms the reault of an experiment yielding 

no or. at best, a handful of events requires some convention about the etatiatlcal 
. I ·. 

"confS.denee level., ueed. The result iB beet presented in the form of a curve 

aho~ng.tbe UkeUhoocS of the observed result as a function of the true value of 

tb6.~1UJ.J~.ameter being estimated. The absolute value of the Ukelihood hi of no 
~ ~- . ' 

. . 

atg!dflcance l.or estimating the parameter. but fractional ch&ngea ar_e indicative 

of the relative likelihoods of the corresponding valuea of the parameter. To 
• • ~ .J • ., 

facilitate suck comparison, we normalise the Ukelihood function to ~:Puimum 

val~e unity. · ln Fig. 4. curve A is plotted the Poisson expression for the 
. .. . 

likelihood. of obtaining three events when the expected number is O.Z3 tt:6.5X.l05 R. 

It ba8 ita maximum at 1\ = 4.3x 10·6 and is reduced by,.a ta.ctor of exp (-1/Z) 

a.t a Cl 7.3)( 10•6 
1 it\ agreement with the eetlmate Of the preceding paragraph. 

For comparison with the result of reference 13, we reproduce (curve B) 

the llkelihoocl curve given there, as well a.e the corresponding function (curve C), 

calculated on the aaeumption that the conversion process ia cohezoent rather 

tban incoherent, so that the eltpected number of evente is 1.86 + 3.S6 X 103 R 

inatead of 1.86 + Z.6Z X 103 R. Evidently the present experiment reduces the 
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r 
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~· :. 

upper limit on it by a fact'r of between. ZO and 100, depending on the 

"confidence level" used. 
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. .FIGURE LEG~N.DS 

J'lg. 1. 
• 

from the cyclotron is horizontal. Particles leaving the targee horizon-

tally at right ansleia to the b_eam enter th~ apectrometel"o 'After being 

·~ ;, ~ent 180 deg they emerge horizontally into a long plaati.e scintillator 
,· • • • > • ' • 

,. 
;,, , used for energy discrimination. 

Fig. z. ~hematic diagram of the ;~~ct;ronic circ~u. AQ!lplifiers, dis crimina- · · 
. . -~1t- \i 

· .. 

tors, acaleJ:a, and recorder a are omitted.- The: caacaded faet .coincidence .. 
• • c.; '. 

anth:oincidence circuits W 3 and W 4 give .,;o; output eorrespondlt:ta to 

- · -1 ISz p3 1'4 lis i'lwl • _ Thia output ope.:U. tlW aate to a lOo.cb-.nnel 

· ·· · '"' )ntlse •height analyzer and trtgaere the aweep of an oecilloe~ope on 

_.which the pulse ia photographed, thus proving two indepenclent meuures 

of the pulse-height ~n 's . 
Fig. · 3. Pulee-height clietributlona from the l()DJ counter. (a) Counter in 

the negati~;,.meaon beam, 'behind 13 g·cm -l graphite. The particles 

enter ina the counter are moaUy pions ot 80-Mev Jd,nettc energy. 

(b) Couriter in normal poaltion, •pectrometer ••t at 43.3 Mev/c. carbon 

target. Tb.e pulee• are clue to decay electrons from muons stopped in 

the target.- (c) Counter in nozmal poeition, spectrometer set at 

90 Mev/c, copper target. The PHA ls gated by (tls "• lis iz i 1 ). coincidencee. 

·tn t~a caae, the pulee·hei_ght clietrlbution l• that cbaracteriitic of 

_,.,,_accidental event•. 

Fig. 4. ;LikelihoOd of the experimental reeult aa a function of the true vatue 

of the brar.lcbing ratio R •. -The curve• are normalized to .a maximum 

value of :unity. (a) Curve for the pre•ent experiment. It ia ~ 



. ·. . ·.. . . . 5 
. probabiUty of detecting. thr."e evente when 0.23 + 6.5 X 10 1\ are 

. t 

expected •. (b) Cur.vo:for experlm.ent· of referen¢e 13. (c) Curve 
. _..,, '· . ~ . . 

., 

for experiment :of refer.euce 1t3• rec:alculatecl on the aeeumptton that 

the convereion procesa is coherent rather tha,. lrv;.o:oh.er~nt •. 
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