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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

‘A search has been made for the hypothétical reaction in which a muon
near a nucleus is converted into an electron wighout production of neutrinos.
Negative muons were stopped in a c'oppér target. A magnetic spectroweter ‘

at rig’ht angles to the beam transmitted particles of the momentum expacted

for the electron (about 90 Mev/c on entry into the épectrometdr); A long

* scintillation counter at the output of the spectrometer gave a pulse co:resre

r‘pt‘mding to the emérging particle's energy loss. Selection by both momentum

o5 P Wit

and pulse height eliminated particles heavier than the electron and greatly
reduced the accidental background. In the main run, three events meeting

the selection criteria were recorded, while the expected number of accidentals

is 0.23%0.04. Vég-ions alternative pfbceuea that would produce accepted

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

that for accidentals. Without further experimentation, we cannot decide

" upper lh'_nitvof (4 tg ) X 10”

whether the _'hypoti;étiéal reaction does or does not 'oecur. but we can set an

6 on the ratio, R, of the reaction rate to that

of normal absorption.
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L

o | Lawrence Radiation Laboratory
R ' : ' University of California
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August 11, 1660
1. INTRODUCTION

| "We“"ﬁi;é_carrizd out an experiment designed to detect the hypothetical

rékctieﬁ in which a negative Touon near a nucleus is cqnva,inte'd into an electron

R | "ﬁwithout production of neutrinos. Beveral tﬁeoretiéal estimates of vt!u; rate of
.f_'-‘vthiu reactims have recenﬂy been made. 1.5 ‘Weinbarg and Feifxbergl have
: emphaaized that if the reactimx resnlta from structure in the ney inter-
- action. diiﬁazcnt form factcra are involved than those determining the |

pety rate. 8o that the obaerveﬂ rarity of the latter reaction does ndt

negegurily imply a low rate “for the one under censideration. Using

'Prim_akoﬁ'ué fit to the observed negative «muon absorption rates in complex

2

' _ '_;snctei.- aizd Hofstadter's ' results on the nuclear form factor, we find that

o l‘:h&i;’- Vexptesaiou (1) for the branching ratio, R, of the coherent r.éacti'ori in

O which the nucleus receils rigidly to the normal absorption reaction with emission

* of a neutrino,

.r-h'.m- . . )
This work was done under the auspices of the U. 5. Atomic Energy Commissgion.

*On 1save of absence from Washington University, Saint Louis, Missouri.
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. . lul the value 1. 25 Eo / &B for copper. Here f;o and ga are algabraic
, v imsceim;s of the way forr factors and the P-decay coupling constants,
B renpectiveiy. The interme&iato voctar boson hypothesis predicta 69 / Ep

on ﬁw otder e& Z 5 X 10 -6 . Lees than one-»uventh of the reaatiom are

I S

expected to ba Ancoherent, i l.e. to excue the nucleus. In the coherent case,

the electron is emitted with a uniqua anergy of 103.6 Mev. In the ineoherent
B roaction. the alectronn are expecste& to have a spectrum some 20 Mev wide

4 cen&erbd at 98.5 Mev.,

s ,‘ < T}m hypethesie of diﬂcrent muon and clectron neutrinos abuolutely

‘ fotbidc the neutrinoleu converaion of a ‘muon into an electwn. Bull

o . *"‘j ; ‘rhe pioneer coemic “yay esperiment of Lagarrignc and Peyrea ahawe&

thtt R’V_Qit at métt a fow peeeent. l-a

More recently, Staiuberger mdeol(e

-aearchad for tho reaction hy counting particles with range greater than .

2

24.5 g-cm palyethylene emarging irom a 0.3&7-cm copper target within o

Q-f 0.2 paec oi an incident negative meson. 13 "In a run in which they expected

l 86 accidenta.! counts and 2.62x 103 R real counts, 14, no cmmta were recorded,
TR Since tho probability of obtaining no real avents is exp (-z 62): 10 R) Itis
-"vjivf '( likely that R does not exceed 19 3 | ' ‘ o
) . In our experiment a copper target was placed at mucn range in the
- negatlve~memn beam of the 184-in. synchrocycletron, A 180-deg, n = 1/2
magndtiwspectrometer was used to select partieles with momentum in the
' nexghborhood at 90 Mav/e 5 A 45, 7~cm-10ng plastic scintillation counter -
recewm particlee emerging fra%m the spectrometer; the pulse height is rheasured
bath with a gated twenty-channel pulse-height analyzer and by photographing
the amplified pulae on a cathode-ray oscxltmcope. $election of particles by

both momentutn and energy greatly reducea the spurious background and has

' V; permitted a reducticn of the amauest detectable value of R by two powers of ten.
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II. APPARATUS

~ Pligure 1 is a perspective sketch of the essential features of the
arrangemant. The 210-Mev/c negative external beam is filtered by

45 5 g¥cm graphito equivalent belqre striking the 5.61 g-cm -2 copper.

: targot placed at 45 dég to the beam dii-ectiun. Scintillation counters w

and w, in the moderator respond to almost all of the beam particles, of

" which only some 10 to 20% are muons. The counter train By By By By

and 55 selects particles that leave the target horizontally at 90 deg to the

: beam. traverae the apectrometer. and enter the long (47 9 g-cm ) plastic

 scintillator. The 1.02-g cm ™ 2 lithium and 4.00 g-cm -2 graphite slabs

. _between the § counters serve to reduce the accidental-coincidence rate,_\‘;g%,-ﬁ:‘,&;

_Tha average fonization enargy loss of 2 100-Mev electron between the

B middte of the target and tho mouth ol the spectrometer is 8.8 Mev. The

» ruolution £um:tion of the spectrometer with this source and detector arrange-

| fment iu an isosceles triangle of full width at half maximum. A p/po » equal to

: 'é 9 8% During the main run, its center, Py » Was set at 90 Mev/c.
A

o

The circuitry is shown schematically in Fig. 2, with the amplifiera, '

: diécriminators, and scalere omitted (the outputs of all four coincidence

v "citcnit_q are recorded). The coincidence -anticoincidence circuits W3 and

W& are cascaded, W4 giving the oﬁtput plpgpsp 455 '1':'1 5'3 corresp@nding to

a particle not in prompt coincidence with a beam particle pageing through the

npectrometer and entering the long counter. The resolving times are

approximataly £ 4X 10 -9 sec. A pulse from 5 makes w4 inoperative for

14 X 10° -9 sec; one from wz; makes W3 iazpperative for 21x 10~ -9 sec. The

output of W4 opens a gate about 46>( 107 -9 sec long to the pulse-height analyzer'

(PHA) and trigzegs e 20x10° -9 sec/cm oacilloscope sweep. A positive pulse
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; fram the tenth dynode of the taprtéeb-stage photomultiplier tube looking at
tﬁg ‘.i-on'g ébﬁmter is fed through the gate circuit to the PHA and is also appued

to the vérticak;éeﬁection system of the o-ac‘iuoaaopa. The circuits recording
the w4 and PHA outpv.ts are gated by al.lx 10 sec pulse bracketing ,t&a
cyclo:ron beam. This reducu the ¢cosmic-ray contribution to the data by .
the factor (10 /64)(1 1) = 14. |

To calibrate the pulue-height-analyais ayatem. we placed the long

. counter h} the tmeson beam with 3 in.. of graphite in front of it. Meost of

' "" tﬁe particles ént-ering it are then pions of about 81 Mev energy. which stop’

in“thg countc.r} They éhould give pul‘se"s corresponding to 81 Mev plus the
energy loss By the charged particles in the star; the total light should
ébzéeupwa to about llo-Mev ehei‘gy d_i.tsipation by a fast particle, The kineatic

‘energy of the muons entering the counter is 101 Mev. They too étnp in the

.. counter. '!h‘mast cases a decay electron is emitted so long after the muon

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

' pauinglr_-'thmugh"the long.conntdr lose 88 Mev by ionization; shower develop- |

_ImIent is not ﬂegligible. as the length of the counter is 1.1 radiation lengths.

‘The pulse-helght distribution obtained is shown in Fig. 3a. It peaks in

Ava,

channe'lb 15" 16, and 1.‘7 Pulse-height distributions were also measured
“in thﬂa ﬁ&l&bratsm runs {see below) with a carbon targat. the spectrometer
set at 43 3 Mev/c. and the long counter in its normal position. These

;arreapmd to the tup of the ™ —=e" decay spectrum in carbon. Th_e

- di‘afribut&an. summed over all the calibration runs during the main yun, is
8hown in _Figuée';’ab‘ The electron euorgy on entry into the long counter .
~ centers at about 35 Mev. The fpulseohe,ight distribution is seen toc peak near |

- channel 7. Comparing the distributions, we see that channel number of the
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. peak correcpondn ronghly to tho energy lou, and that the PHA system is

adjmted properly for detocting etacttom mch as thoae oxpocsud to result
. from muon co:war-ion. For 99 Mev/c momentum in the spectrometer,
o }alectrons reach the long cmmter with about 82 -Mev kinetic energy, to give
"»»}a yulse-helght diatribmion paaking n ¢channel 12. Muons would enter the
long counter with cnly 1T Mev; pimn would not even reach it,
‘l AR S '_ : 'rhe pulses phetographea on the oscillolcope screen eartelated in
L height with- the number of the PHA channel in which the event was ucordedt
3 the larger the p\;lu. the higher the chmmel number.

e I RESULTS
L For an event to be connted in the date run, it was required that

g e '-it be rocordod in the gated ncaler on the W4 M;ﬂ; and in one of chatmels
e through 20 of the gated PHA, and that a pnlse of appropriate mgh: be -

-'i;“v‘ N ', phetngraphed on thg oscilloscope screen

| ;’ R In the main run, which lasted 95.2 hr with the spectrometor set
;f _ | ’ at 90 Mev/c three eveuu oatist‘ying thosa crituia were found, One wat
2

in chnnnel 6 and two were in channel 10.
_ " In order to determine the numbor of muon eonvaruona to be expected
| 'in this time, the run was interspersed with ohort runs in which the copper
'-targct was replaced by a gtaphite target of the same atopping power, and |
; - | | the apeetrometer setting was reducad to 43,3 Mav/c - Dencting by ﬁ the

number of rocordod eventa. we have

YL et

a (3.3 Mev/c. c) = 8§, X ‘Aec z,’u X 63/ 4% n(43.3-mv/'c._¢; Xe.

()
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 Here S, is the number of muons stopping in the carbon target; f dec *

fhe_-.fractiongf-. stopped muons that decay. is 0.9?.;16 f>u » the _iractimi
-9 sec, is 0, 99:”' 189 s the effective

aolid angle of the spectrometar. ‘n (43.3 Mev/e, C) is the normalired

E _fi?:i-&'etgmse of the opectrometer. when set at 43.3 Mev/c, to the spectrum aﬁ

 decay electronu from the carbon target; and ¢ is the ,_eificiemcy of the

~ counting systém. During ‘-nbniaal run, on the other hand, we have

g (%0 Mev/c, Cu) = 8o X £ )( RXf, ., x ﬂ/49>< n (99 Mev/c, Cu) X €
(2)

L H_a_re 8¢u isv.‘the number of muons stoppfng_ in the'copper target; fint , the

l9f

fractioa of stopped muons that interact, is 0.93; >21 ° the fraction of

interactiens taking place after 21>( 107 -9 sac, is 0.88; 17,19 and n {90 Mev/c, Cub_)%

SR the norma!ized response of the apectrometer when set at 89.4 Mev/c to the
: :...,‘ﬁd» et - R

: npectrum of conversion electrons produced in the cOpper Cme can now

determine @ Xe¢ from the carbon data, obtaining

‘ 53(90 Mev/c,Cn) = Rx@(ﬂ 3 Mev/c.G) g-—- %X 0.90X W) g |
(3)

The spectrometer response functions, 7n, were computed numerically.
The Landau diatribuﬁon of ioniaation lossea. Heitler 8 r&diataon straggling

distributiam and the caleulated triangular res alution £mmtion of the instrument

| were 'auumed. 20

For the coherent-co_nversion process {with a unique initial
electron energy of 103.6 Mev), n (90 Mev/c, Cu) is 0.23, For the decay -
"éhetrcna irbfm carbon, a calculationbased on the positive muon spectral

shape gwes n (43 3 Mev/c, C) = 0. 067 We use 3.5 for the ratio of the

U
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response functions. For the ratio of the numbers of stoppings, 8¢./ 8¢ o
we takethowratic of the target thicknesses in muon etopping power, as read

‘i'x‘om ranga—mome'ntum ciu-wu. In the first part of tho run, the carbon

c&libration target (3 76 g-cm ) was somewhat thin, and the ratio is 1.12.

ln ehe latter mﬂ of the run. another carbon target was used, for which the

1.00 The § (43.3 Mev/c, C) rate in the first part was 31 1£0.4

~ win 1 ; in tha ucond fhrt. 39.340.6 min -1 . The correcponding running
ﬁmerai;’% Mev/c with the copper target were 3.36X 10 mima dmzs;xeaal-o’min.

TS ‘qgamwmm(s) becomes

PB4 Mov/c, Cu) = 6.5)(105 R. | 4)

-

" This' is the expeeted number af recorded events in the 95.2-hr run, to be

compared with the three that were found.

Menurements of the various counting rates shaw that the accidental

»cdineidencea are due overwhelmingly to overlayping of ua! (5 1 B2 ) ovents

with real (ﬂs 94 35 ) events. The puue-height dmtribution obtained when
the PHA is gated by (53 54 By wz ”l ) is shown in Fig 3¢c. lt ia a falﬁng one,

f B with 41/ 143 = (29354)% of the pulnen occur:ing in channels 6 through 20 and
Sl 18143 = (1 343)% of the pulses in chennels 10 through 20, The effective~

'duty?a-éyc!a' ~resolving~t!me factor was determined periodically by'co}mpaﬂng

‘ the (pa 53 54 3 ) rate with the product of the (pz wz) and (93 54 wz ) rater

" the quotient was found to be euentially constant at 37x m min. “The

(pz 93“5 4 '2 ) rate momtored during the run was found to correlate closely

2o i

with the product (pl p,_ ) % (ﬂs 94 ﬁs) s 8o that ite averaga value over the

| ..f whalo ﬂm cb;ﬁﬁ be wed to determine the effective average accidental rate.

-4 -1

Thg rgtult is (1.4 d:-o.iS))( 107" min~ ", or a total of 0.8040.09 events, in

~ channels 2 through 20,  From the pulse-height distribution of Fig. 3c, it
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S ) follows that 0.23 £0.4 accidental events are expected in channels 6 through
AT 2y and 0.1020. a3 ia channélis 10 through 20.

2l indieating that the decay

Evidence has recently been obtamdd 1%
rate of neg"a‘tive mucna stopped in iron is some 10 to 20% greater than that

| for ccbfa'ﬁoi-; The experimental effect is an increase in the yield of delayed

| v_alfactté‘nfs of energy gréater_thmi some 10 to 20 Mev. To test the very

rcmotep'oﬁéf{@giuty that the effect is due to a high rate of neutrincless
éaﬁfvar’s‘ién in ﬁ?x'un; we took data for a short time with the ‘cﬁéppm? target . |
'-rcpla’ced by an iron one of the same thickness. In 46.0 minutes of running |

. time with the spectrometer set at 90 Mev/c, no events were observed. The
’ 3

: ﬂ.axpected number. in tézims o! Rg. , 18 5.5%10 Rpe - ‘To account for a -

s 19% increa-e in the yietd of fast electrons, R‘F would u*eed to have the value
-2

e
167°, which gives an expedsd number of recorded events of §5, Evidently.
neutrinoleu converaxan is ruled out as an explannnon of the increased
; - 'etemron yiem from iron. The conversion rate in iron does not exceed that””

e in copper by several powers of ten.

1V. DISCUSSION

-5

It is evident from Eq. (4) that R does not exceed 10 ~ in order bf

ﬁaﬁgnuﬁ&'bnotherwim many more events would have been recorded.

Smce three events were recorded in channels 6 through 20, as
--’cemp&rad with 0.23%0.04 expected accidentals, it is very halikely that all
| three eﬁ them are agcidantal. The case for reality of the two events in cha‘iihel

< 10 is even stronger. a6 the expected number of accidentals in channel 10

through 20 is enly 0,1020.03.
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» - A ‘1'0 draw 2 more definite ccmc.lusion from the experiment, we must
aseeaa the likelihood of the various alternativa physical mechanisma tha.t _
"?‘f";"w»utd produce real coincidences.
_ o - A namr(l:l limit to the oeasitiviey of the experiment is provided by
| : the high»energy tail of the p~ ~ e" +v+ v lpe::trum. which results from
the orbital motion of the muon at the moment of decay. Meaaurements of

At!’{é' rates with the copper target in position and the apectrometer set at

."33 3 Mev/e were interspersed in the run; the result was $(43.3 ‘Mev/e, Gu)

76 zb5 h l . The observed B(90 Mev/c, Cu) = 0.032+£0.018 hr™ -1 is down

- ;,"L. e, be only a factor of (2. 4&1 4) X 163 . while the tail of the muon decay

- apecerum makes & contribntion that is down hy a factor of at least 3% 106

‘Wa hnve cennldercd tho poaaabﬂity of scattering of a 100-Mev electron

’ 'l inta the spectromater. Most of the scattering is elastic, with & croas

,aectim} of abc_mt 4.5%10" -31 cmz per Cu tmtcm'::.'_7 the préba.bimy of scattering

-2 ‘sr solid angle of ‘the ‘spectrometer ig then 6, uxo"m er

into the 1,8X10"
- . .é‘uétréa. The proportion of electrona in the beam has been measured on

) | ii:‘.:"'ether oco:aaions. aad the number of electrom reaching the copper target

e ia certainly: lean ﬁhan the number of muons stopping there. The latter v
P .__ﬁgnra is estimated from the carbon target, 43.3 Mev/e, data to be 1.3 109

Hin the 95 z-hr running period. Less ehan 5% of the elactrona m-e ina 10~Mev
r&x& 1 § S
i ?;_,',_d at 160 &&evzf An upper limit on thc eéxpected number of scattered

| electrona is therewre 0. 04 This does not take into acceunt the reducaiéu in
L o »deta'ctod clectrcm scattering due to the anticoincident c,ouutera. It is very
‘ | e - ;unlikely that electrmx :c&ﬁ&ring accounts ior any of the three recorded events.
| i Another poasibiuty is that the evauts might be due to @ contamination .
| by negative ptcnl. This was suggested by tha observation that with 10 6 g-cﬁ -&
e - C removed from the moderator so as to place the target at pion range, a

-1

; 'conaideribly larger rate - 2.6+ 0,9 hr ~ in channels 2 through 20 and



|

'2#0.8 hr”" in channels 6 through 20~was obtained at the 90 Mev/c setting. Thia

could be due to occasional (a few percent) emission of a high-energy gamma ray

g 5

(BT

on p;iﬁon ca;;pt\ire. 22 the gammi ray then materializing to produce a 100-Mev electron.
. To investigate this possibility, we exposed Iiford G-5 nuclear plates in front of
the target with the mod;arator at its normal thickness. - An area scan-showed
‘932 gero-prong me;oﬁ endings, ISA one-prong ‘endings, and twoamo:p;angié;‘;&ings,
_ igtqggxon»tracka were not recorded._ This prong distribution agrees with that
R i‘béo‘rﬁed by Morinaga and Fryzs for a similar type of exposure, and is markedly
_v"’-’dm'o"mnt from that ocbserved for negative-pion endings, 49% of which have at
‘ieaﬂst two_prbngu.“ Moreover, the two-prong stars had the short proﬁgs B
' __eharac'teii"iatié of muon stars. Thus a conservative upper limit on the fraétion

o of pi‘o‘hi ntoéping in the copper target at muon range is 0.4%. If about six times

o . &s many pions stop at w range a9 muons at j range, the upper limit on the pion

S effect at ra!'ijg'e is

Z X 4x 107X (2£0.8) X 95.2 = 0.1320.05

__.avat;fs in channels 6 through 20, It is very unlikely that plon cqntamii;&tioﬁ _

accounts for the observed effect. o - |

o “: » Latge’ cvosmic«-my air showers capable:oi being detected through the 7 RS

239 .§.¢m°2. iron shield above Bss Py and pg but missing. the #; and w, counters

would produce real coincviden:cesv satiafiing the a‘électioﬁ critaria; The number

of these expected in our sensitive time is < < 1, 25
Neo Ukely interpretation of the thteé recorded events is known to us. _'.i’hoy |

represent either = eamﬁination of fluctuations of accidental and real backgimmd

" or the neutrinoless conversion of muons into electronas. Further experimentation

‘i needed to decide between these alternatives.
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v. coxsxc_Lus:ons

W‘Mie we cannot draw a definite conclueion as to whether or not the
hypcthetical neutrinoleas wuon-electron conversion process has been detected,

we can set an upper limit on the branching ratio, R, 0£ this process reiative to

” normal absorption, This is found by estimating R on the assumption that the
| events detected are sampled from reals plus accidentals in expected number

h 0.23£0.04. Denoting the estimate of R by R*. we have

(32 /) - (0.2340.04) = 6.5% 10° R"

g

BT e (4a3)x 1070,

To express in quantitative terms the result of an experiment yielding

no or, at bast, a handful of events requires some convention about the statistical

“confidence level” used. The result is best presented in the form of a curve

. ahowing the likelihood of the observed result as a function of the true value of
o tha rgg.rameter being utimated. The absgolute value of the likelihooﬂ is of no
pign&ficauce for eatimating the parameter. but fractional changes are indicative

| of the relativa likelihoode of the corresponding values of the parameter. To

facilitate such comparison, we normalizc the likelihood function to maximum

' valqe u:;ity. ln Fig. 4: curve A is plotted the Poisson expression for the

‘likelihood of obtaining three events when the expected number is 0.23+6.5% 105 R.

-6

It has its maximum at R = 4,3%10 and is reduced by a factor of exp (-~ 1/2)

-6 , in agreement with the elelmate of the preceding paragraph,
For comparison with the reault e_f 'reigtence 13, we reproduce (curve B)

the 1ikélihood curve given tharev, as well as the corresponding function {curve C),
calculated on the assumption that the conversion process is coherent rather

than incoherent, aovthat the expected number of events ig 1,86 +3,56X 103 R

3

instead of 1.86 +2.62X10° R. Evidently the present experiment reduces the



~-14- | UCR1.-9340
~ upper limit on R by a factor of between 20 and 100, depending on the
"confidence level" used.

- =
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' 'FIGURE LEGENDS
‘Schematic driwiﬁa of the gféé;iv‘;étrical arié‘nge‘m anf The iné"mn beam o

from the cyclotron ia horinontat. Particlos leaving the targe!: horizon-

tally at right angkeﬁ to the beam enter the apectrmater. After baiug

.....

; used £or euergy diacrimination. ‘ :T;.‘} Do . .

Schematic diagram of the é&ectronic circuita. Ampuﬂere. diacrimina- :
tors. scalers, and recorders are omitted The catcaded £nat eoiucidence- '
anticoincidence circuits W, and W, 4 ive an gutput -correnpund_if_zg to

ﬂ, F"z By By By ™ "2. This output 6peﬁs thé géte to a zaacha'nnal‘

i pulae-height a.aalyzer and triggero the awoey of an oacmoacope on

which the pulse io photegraphed. thus prov&ng two indopcndent measures |
of the pulse: height § in P - | ' | S .
‘Pulse-height distributions from the long counter. (a) :Go{mter in

the negativa -muon beam. behind 13 g-cm~ graphité. "fhe‘ paitielea
entering the countor are moatly pions of 80-Mev kinetic energy. '

- (b) Counter in normal poattion. spectrometer set at 43.3 ‘N;pv/c. carbon
tuget. Theputuec are due-to decay ele&ipns from .mu;o',us atnppe& in
the.targat.- {e) Gountei in hormal position, -apactrbmetér set at

90 Mev/c, coﬁp-et t-a:"get The PHA {s gated by (ps By B "z 'l ) coincidencea.
In this case, the pulse-height dintribution il that chazacteristic of
accidental events.

Likelihood of the experimental remlt as a fum:tion of the true vaiua

of‘thg branching ratio R,  "The cnrvat are normalized to a maximum

value of unity. (a) Curve for the present experiment. It is the
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o probabilitf of detecting three events wheh 0.23 +6.5 % 105 R are

. expectéd. (b) Curvefm‘ fe_xperi‘tbem' of rgfe)ren’;ce'_ 13, (c) Curve
for experiment of reference 33, recalculated on the aagumptian'-tl\mt\

the conversion process is coherent rather than incoherent.
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