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SEARCHFORp++e+-f

MartinD. moper

LosAlamosScientificLaboratory

Universityof California,LosAlamos,NewMexico 87545

Abstract

UsingtheStoppedMuon Channelat MMPF to producea surfacemuon

beam, 2.3x1012muonswere stoppedin a 50mg/cm2target. The solid

angle-efficiencyproductof the detectorfor theraredecayp +e+y~vas“+

1.2%. Hence,3x1010U+ decayswereexamined.Thereisno indicationof

any signal,thedatabeingconsistent

electronandgamnacoincidences.The

with a smallbackgroundof random

new upperlimiton thebranching

ratiois r(~+~+y)/r[~++e+veG;)< 2X10-10with 90% confidmcfi.,

Thedevelopmentof guagetheoriesof weakand electromagnetic

interactionshas renewedinterestin searchingforthe flavo?violating

decaysof themuon. + + 1,2)adIn particdar,new searchesforu +e T

*:3) havetakenplacein the lasttwoyears.p-z+e‘ The theoriespre-

dictthatif all themassesof theneutrinosarenot zero,thenthe

flavorswillnot necessarilybe eigenstatesof mws and t.hcphysical

particleswillhaveadmixturesof severalflavors.Throughthesead-

mixtures,muonnumberconservationwillbe violated.The upperlimit

one obtainsfromusingtheknownlimitson themassof themuonand

electronneutrinosis -10-24and is experimentallyuninteresting,

4, of theT tellsus thatthe spectrumof lepton‘M discovery

flavorsis richerthanpreviouslybelieved.Varioustheoriesinvolving



heavyneutralleptonspredictbranchingratiosas highas 10-8forthe

muonnumberviolatingdecays. The “standard’’modeluses theupperlimit

on theneutralT massof lessthan250MeV to predictbranchingratios

of lessthan10-11. Thislevelof sensitivityhasnotyet beenexperi-

mentallyreached.

Otherpossibilitiesarestillnot experimentallyruledout. For

example,therighthandt?delectronandmuoncouldbe coupledto heavy

5) Mixingofrighthandedneutrinosas suggestedby Chengand Li.

theseheavyneutralIeptonswouldpossiblyproducemuonnumberviolation

at higherlevels. Additionally,havingmorethanone setofHiggs dou-

6)woulddo the same.bletswhicharemixed Otherpossibilitiesexistto

producemuonnumberviolation.

Thesetheoriesall involveunlmownparticleswithunknownmixing

betweenparticles.Hence,muonnumberviolationmay be at a level

whichis experimentallyunobservable,ornaturemayhavemade it an exact

symmetryforreasonswedo notunderstand.Thus,if it is found,it is

a usefiiltestinggroundforguagetheories;ifnot, it onlyputsa weak

limiton theories.Thepresentpublishedupperlimitson muonnumber

violationaregivenin Table1.

‘Iheexperimentdescribedherewas performedat the ClintonP.

AndersonMesonPhysicsFacility(LIWIW)by a collaborationof scientists

fromJ.osAlamos,theUniversityof Chicago,andStanfordUniversity.

lheyare listedin Table2.

To searchfor thedecayp+-+e+ywitha sensitivityof 10-10,one

mustrelyon kinematicseparationfrommore favoredprocesses.Normal

muondecayproducesa positronspectrum,theMichelSpectrum,whichis

peakednearh~l$thern]~or.rn.ass,1,/2x 105,6MCV. Tn it~~lf,itCiiiuiG~ IM. ----



Table1. Presentpublishedupperlimiton muonnumberviolatingdecays.

Decay UpperLimit
(90%Confi&nce) Reference

V+*+’;

p-+z+e-+z

2xlo-10 Thiswork

1.1X10-9 2

(Sulfer) 4xlo-10 3

p-+z*++(z-2)[Sulfer) Ixlo-g 3

V+++yy 5X10-8 7
+++-
p+eee I.9X10-9 8
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P. A. Thompson
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Los Alarms
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StanfordUniversity

Universityof Chicago

Universityof Chicago,LosAlamos

StanfordUniversity

Los Ali31T10S

Los AhMOS

Los /%hMIOS

Los Alamos

Universityof Chicago



mistakenforp+’+e+ybecauseit doesnot decaywitha photonemission.

However,it providesthehighelectronratewhichcanbe in randomco-

incidencewith“photons”to simulateLI++e+y. A promptbackgroundcomes

fromtheradiativedecayor internalbremsstrahlunginwhicha V+ decays

intoe+fiv. Beinga bremsstrahlungprocess,thean.@ar correlationbe-

tweenthephotonandpositro.~is peakednearzerodegreesandvanishes

as one approachesthe~++e+ykinematicsof positronandphotonenergy

equalto S2.8MeV and f3~= 180°.

The experimental~’tool:,’lwhichhavebeenusedto distinguishbe-

tweensi~malandbackgroundare a gammarayresolutionof 7.5%,a posi-

tronenergyresolutionof 8.3%,a timingresolutionof 2.5nsec,andan

angularresolutionof 5°. Usingtheseresolutions,we candemonstrate

thattheprocessn++Z+[Z+l)+mO+e+e-yis rejectedat a levelof 10-17.

The radiativedecayis rejectedat a levelof 10-12. Randombackgrounds

-10areonlyrejectedat abouta levelof 10 andprovidethemajorback-

groundfor the experiment.

To discriminateagainstrandomcoincidences,onemustreducethe

sourceof “photons”to a minimum. Cosmicraysandacceleratorneutrons

doing(n,p)reactionsin thephotondetectorhavebeeneliminatedwith

shielding.The use of the surfacemuonbeam,to be describedbelow,

eliminatespositronannihilation-in-~.ightandexternalbremsstrahllrng

of positronsinteractingin the target. Photonsfromradiativedecay

are alwaysthereandmustbe defeatedwithgoodenergyresolution.

A criticalpartof theexperimentwas the surfacemuonbeam.

Thisbeamof 30 MeV/cmuonswasderiveclfromstoppedpiondecayinthelast

50mg/cm2of theprotonproductiontarget. The 800MeV beamof LAMPF

was passedthm!g??a 6 ~w!lcm
2 ~ ~~~rlet ~A~ ~~::~~~~g,?~~J~~~:;~~~~-.,



transportedt;miugha magneticchannelwherepionsdecayedaway. The

beamwasmomentumanalyzedand,then,purifiedby usingthedifferen-

tialenergylossof positronsandmuonsin a 40 mg/cm2CH2degrader.

Sucha beamhad the followingadvantagesfora p++e+yexperiment:

1) Positronandpioncontaminationsof 10%and<10-4respectively,

2) Contaminantpositronmomentumsubstantiallylessthan52.8MeV,

3) A rateof 2.5x106Hz, and 4) A residualrangeof 30mg/cm2. The

abilityto use a 50rng/cm2targeteliminatedthebackgroundsfromex-

ternalbremsstrahlungandpositronannihilation-in-flightas wellas

preservedthe collinearityof e+ andy fromp++e+ywhichmightother-

wisebe lostdue to multiplescatteringin thetarget.

The experimentalapparatusfordetectingp+-+e+yis shownin

Fig.1. The beamentersthe targetthroughan ironshieldto prevent

deflectionby themagneticfieldsof the spectrometers.The targetis

supportedby a coneshapedpieceof 50mg/cm2polyethyleneshielding.

Thisshieldingcatchesany straymuonsso thattheirdecaypositrons

cannotpassthrougha thickpieceof matteron theway towardthephoton

detector.Botharmsof the detectorare filledwithHe.

Thepositronarm consistsof a magneticspectrometerwhichbends

52.8

ured

ters

MeV/cparticles

in fo[lrsets (x

(MNPC).Behind

by 40°. The incidertandexiting anglesaremeas-

ancly coordinates)of multiwireproportionalcoun-

theMWPC’Sis a hodoscopeof scintillationcounters

whichareusedbothfor timingand thetrigger.

Thephotonarmconsistsof a photondetectoranda sweepingmag-

net whichpreventschargedparticlesfromhittingthephotoncounter.

Thephotop.detectoris a multi-cellulararrayof NaI(Tl)madeup of 45

hexagonalelements.A frontviewof theseis shownin Fig.2. Each
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Figure1. The experimentalapparatus.
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NaI - ARRAY OF HEXAGONS
Ficure2. The front faceof theNaI (I(*IIIcIoT.Tineshadedrenionis the

fiducialareaandthe inn(”l-lvv..[an:lerepresentstfieboundary
of regionshadowcclby th~’.I-it.l(lclamp.



crystal is 7.68 cmon a sideand 20 radiationlengthsdeep. Iheedge

crystalsare shadowedby the sweepingmagnetand itsfieldclamp. ‘hey

sewe to containshowerswhichimpingeon the fiducialcrystals,which

arecrosshatchedin the figure. ‘IIRsweepingmagnet

ratein

charged

‘l”he

theNaI

eachcrystalquitenxxlest.The stackis also

keepsthe singles

frontedby a

particlevetocounter.

datafroma typicaltriggerconsistsof

andpositronscintillators,sparksfrom

timing infonnationfrom

theMWC’s, andpulse

heightinformationfromtheNaI array. ‘Iheidentificationof U++e+y

candidatesis dependenton ftidingtimecoincidencebetweenthearmsand

a positronandphoton,eachof whichhas

trontrackis thenreconstructedto give

mentunat the target. The spreadof the

NaI is usedto givean interactionpoint

an energy~ 30MeV. Theposi-

its initialpositronandm-

electromagncticshowerin the

for thephotonin theNaI.

Assming the

ea?ityangle

sameariginforboththephotonandpositron,the acollin-

is calculated.

Withthisdescriptionof A)owtheapparatusis designedto work,it

is now possibleto understandthedetailsof the experiment.‘Theele-

mentsof a goodP++e+yexperimentare examimng enoughP decaysand

havingenoughbackgroundsuppressionto observean effectat the level

of thenumberof observedp decays. In thisexperiment,bothof these

limitationsoccurarounda levelof 10-10.

the

the

The nmber of u decavsin the experimentweremeasuredin tw ways.

firstwas to calculatethenmber of singlepositronsoLsemed in

spectrometer.For

numberof p decays

an experimentdominatedby randomcoincidences,

obsemed is just



fcNM . NW (~b~~rved ~ e+ ~~) ~

T
wheref comects NV (obsemed)forthe energyacceptanceof the spec-

(1)

tromter,G is the solidangleoverlapof thearms, is
%

singles,andT is theresolwingtimeof thetrigger.lhe

therateofy

secondmeas-

urementwas takenfromthenunberof decaysintoa calihra~edcounter

timestheacceptanceof the spectrometer,whichis calculatedbylbnte

Carlotechniques.Thetwotechniquesagreeto bettert-ban10%. For

the sampleof datareportedin thistalk,thenmber of u stopswas

2.3x1012and thenmberof~ decayswhichwereexaminedwas 3X 101O.

Thislatternumberis thedenominatorof the

In orderto lumwthe levelof backgrmmd

essaryto calibrate

The fourquantities

betweenthe armst,

the acollinearity

thedetectorandmeasure

branchingratiocalculation.

suppression,it isnec-

theresolutionfunctions.

forwhichthismustbe donearetherelativetime

thepositronenergyEe, they-rayenergyEy,and

anglee,.
-Y‘

To accomplishthesemeasurements,an auxiliarycalibrationaperi-

mentwas performed.The channelwas resetto stopm- in a liquid

hydngentarget,wherethereactionn-pron producedtwohighenergy

y-raysfra no decay. Oney-raywas convertedby pair

positronforobservationin the

of theno decayis dominatedby

ew is restrictedto be greater

y-rayshavean energyof 55 and

positronspectrometer.

Ibppler;hiftfromthe

productionto a

The kinematics

ng motion. Here

than1S7C’.F-r~’~q”decays,the tWO

82M/.

helpswiththemeasurementof t, Ey, and

The timingcalibration~u madewith

setsforeachof the45 NaI crystalsand

e
w“
theITOdecays. Relativeoff-

10 horoscopeswerefoundso



thatthecoincidencepeaklayat the zeroof time. The timingresolu-

tionobtainedfromhydrogenwas 2.2nsec(FWHM).By relaxingthecon-

ditionson collinearity,acoincidencepeakwas observablein thedata

due to internalbremsstrahlung.The resolutionof thepeakwas

2.5nsec(FliHM)and is shownin Fig.3. Thisresolutionrepresentsthe

coincidencerequirementfortherejectionof randomssinceit is ob-

serredduringtheactualdatataking.

‘Iheca’.ibrationof the electronspectrometerwas accomplishedby

an opticalsurveyof thepositionof theWC’S, a map of themagnetic

fieldalongthe entiretyof thepositron’spth, andan analysisof

fieldoff datato demonstratethat,withinthe limitsof multiplescat-

tering,thepositronstracedout straightlines. Then,regular

datawas analyzedto measuretheMichelspectrum,shownin Fig.4.

Foldinga bremsstrahlungcorrectedllichelspectmmwith a Gaussian,a

resolutionof 8.3% (FWHM)and cn offsetof 0.3MeVwas obtained.

The energiesandpsition algorithmsfor theNaI detectorrelyon

the informationfromthecrystalwith thehighestpulseheightand its

sixadjacentneighbrs as shown

talsto includeis a compromise

preventingpileup.

energydepositedin

Thesefunctionsare

The energy

in Fig. so fi~ choiceofw~,ichc~s-

betweenobtaininggoodresolutionand

algorithmmnsists of determiningthe

eachcrystal.asafunctionof thepulseamplitude.

ideallylinear,butmay containnOnlfiearit~Le~ due

to thephototubesandanalog-to-digitalconverters.Oncethecrystal

withthemaximunenergyis determined,eventsoutsidethe feducial

regionarerejected.For the remainingevents,the energyis the sun

overthe sevencrystals.

Sincethemdular natureof

is dividedovera largedynamic

thedetectrrimpliesthatthe energy

range,an elaboratecalibrat.imwas



800C

#

u)
k
z..
Id
>’
w

L

o 4000
a
u

E
z

200C

1I I I I I

o=--- p+eyv~

e ~=2.5 ns

o
r

.,
83

RANDOMS o.

. .

~~

-7.5 -2.5 2.5 7.5 125

TIME DIFFERENCE (ns)

●

✎

Figure3. Ch linetinespcctrutn;ithrel~xcdcutson
collinearltyD.‘ .



!.

6000

..

5000

40C0

3000

2000

1000

i ‘-—~-~—
MICHEL SPECTRUM IN

Q POSITRON SPECTROMETER
o ,.

c1

—,

.,

\

)

Ee (MeV)

Figure4. Mic.helspectrumin positronspectrometer.
,.



.

.
.

PLANE OFJTO
WHICH EVENTS
ARE PROJEC?ED “

PQLYETPYLEFJE SLOT iN .Pb WALL
?igure5. The frontfaceof theNaIdetector.‘@tlincdin heavyinkis a

typic:~lsumof sevencrystalsusedin the cncr~~andposition
~~g~l”it]]ms. The slotshowsthelocationof thepolyethyleneslot
in a % wallusedto test-thePositionalgorithm.On therightis
a sketchof thepojectionof thepositiofidata.

.

%



donewithsufficientfrequencyto preventdrifts. In Table3, eachof

the calibrationpointsare listed,alongwiththeirfittedenergy,

resolutionandfrequency.As an example,theMichelspectrwnobtained

withthebeamintensity~educedand sweepiugmagnetoff is shownin

Fig.6. The fitwitha Michelspectrumfoldedwitha GaussianRivesa

700~ (HN re~ol~tio~~oAs a check,theNaI spectrumfromthenormal

datawas fitwitha combinationof sourcesincludinginternaland ex-

ternalbremsstrahlung,positronannihilationin flight and a constant

backgroundfromacceleratorneutronsand cosmicrays. The resultsare

shownin Fig.7, wherethe fitregionis above45 MeV and thedeviation

at lowerenergiesismost likelydue to thicktargetbremsstrahlung

fromthe sweepingmagnet?spolefaces. In thefitregion,the X2/Fis

1.1,the resolutionis cc.is~stent withthecalibrations(7.2%FWHM),

and thenormalizationis consistentwiththe stoprateto 10%.

The angularcorrelationmeasurementdependson boththepositron

andphotonam. Althoughit is expectedthattheMWPC’Swillgive

accuratereconstructionof thepositrons,multiplescatteringwill in-

troduceanon-negligibleuncertainty.The resolutionof theMVPCtS

was measuredby lookingat decaysof mons whichwerestoppedin hori-

zontalandverticallinetargets(1cm wide). The reconstructedtar-

getsare shornin Fig.8, and thesespectraleaclto a resolutionOF

betterthan1 cm. Sincethe linetargetsw~resurveyed,the locations

are a checkon the absolutepositionof thechambers.

The algorithmforthe entrancepointof they-raysintotheNaI

crystalsdependsveryheavilyon a MonteCarlosimulationof the I

electromagneticshowerwhichleadsto thepulses. ‘Abealgorithm

usedwas a weightingof the crystalcoordinatesby the observedenergy



Table3. NaI calibrationpoints. ●

Source Energy Fitted Resolution Frequency
Energy (%) of Measurement

Pwc%+ldzc+y 4.43 4.33 10.0 l/day

p+1g~20Ne+160+@y 6.13 S.90 8.0 l/week

p+7Li+8Be+y 17.64 17.26 6.7 l/week

P++e+v:(endpoint) 52.83 52.83 7.0 I/day

‘l+~Y (collinearl~~’~ ““0’ 7“’
twice

. 82.43 6.S twice

r“+p+n+y 129.36 128.30 S*S twice
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deposition

i=l i=l

whereS is determimdby thematchiugof meanlateralshowerspread

to the sizeof theNaImodules.MonteCarlocalculationssuggest

s a 0.4and thatthemeaninteractiondepthis 4 radiationlengths

intothe crystals.

In orderto finetunethealgorithmempiricallyfor ~~MeV y-rays,

the faceof theNaIwas coveredwitha 5 cm thickwallof Fo. In the

walla 2.5cm highslotof CH2was leftforcoincidentphotonsfromTo

decayto pass. The setupis illustratedin Fig 5. For a substantial

fractionof theevents,no showerleakageintoneighboringcrystals

occurs. The bestestimatorfortheseeventsis a crystalcenter,and

thisproducesa peakin theprojectedpositionspectrum.The spectrum,

whenprojectedto theright,is givenin Fig.9. The bestk!onteCarlo

predictionforthedata [s= 0.36) is alsoshown. ‘heMonteCarlois

thenusedto calculatethepositronresolution,and theprojectedre-

solutionis 7 cm FWHM.

With tbe

may proceed.

Table4, and

resolutionsandcalibrationsin hand,thedataanalysis

The operatingconditions

theresultsreportedhere

of theexperimentare listedin

representan analysisof about

halfthedata. A firsteditingof thatpartof thedatahas yielded

8518eventsforusewiththemostrefinedalgorithmsand likelihood

malysis.
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Table4. Typicaloperatingcharacteristicsof the apparatus.

Rates

Instantaneous~+ stops 3.3x107/sec

Averagep+ stops 2.0x106/sec

Electroncontamination 10%

Instantaneous

Instantaneous

Triggers

SolidAngle

Efficiencyfor

e+ triggers 1.4x106/sec

y triggers/NaIcrystal 103/sec

10/sec

2%

reconstruction X 60%

1.2%

.L

U“ stopsin samplereported 2.3X1012

P+ examinedin samplereported 3xlo10

Eventson tape 6X106

400Tapesproductiondata

250Tapescalibrationdata

HardwareCuts Ey>35MeV

-10nsec< t<10 nsec
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If

1.5u,

events

onewere to make sharpcutson all the kinematicvariablesat

thenone finds8 eventsfallin thewindow. A backgroundof 9

are expectedandthisyieldsa net forP++e+yof -ltm events.

Thebranchingratioupperlimitat 90% confidenceis thengivenas 1.5

timesthenmber of ~++e+yeventsdividedby the cutefficiencyand the

numberof p decaysexamined.Thiswouldyieldr(v++e+y)/I’(P++alll

-lo<2.9X1O ●

Theproperway to setthe limitis to do a maximumlikelihood

analysis.The experimentis sensitiveto threeprocesses:p++e+y,

V++e+yv;,andrandomcoincidences.Hence,thelikelihoodfunctionmay

be written

~ ~ [ap(xi)+SQ(xi)+(N-~-B)R(~i)] >L(a,@= —
i=l

(3)

whereN is the totalnumberof events(8518),a is thenumberof P++e$y

events,6 is thenumberof internalbremsstrahlmgevents,andxi are

themeasuredpropertiesof the ithevent(Ee,Ey, Oey’ ‘)” P(x),Q(x),

and R(x)areprobabilitydensityfunctionsforv+ey,intermal

strahlung,andrandomevents,respectively.P(x) is takenas

brems-

a pro-

‘ductof themeasuredresolutionfunctions;Q(x) is takenfromQ.E.D.

calculationsof internalbremsstrahlungsmearedwith themeasured

resolutionfunctions;R(x)is takenas theproductof the shapesof

the spectraof the individualparameters.L(a,6)can thanbe inter-

pretedat the jointprobabilitydensityfora and @.

Figure10 showsthelikelihoodcontoursfora and @. The amount

of internalbremsstrahlungobservedis consistentwiththe geometry



. .
..

203

,

I

b

EXPECTED
FOR p+_

I

●

\.

IN THIS GEOMEr~

.

Id

●

lcJ2

I I
o 5“ 10

NUME3ER OF p+~e+y
Figure10. A tt(odimensionalcontour p Iot of Ih iildihood
f~ct.ion’sdcPcnd~~~~o~ ~~,t]]I’3:L-..-hr (] f ~:+-’e+”f, a]ld ~, ~l;p

numb- of P++e+yvv.

. ..

.



forobservingti.~tdecay. The factthatthecontoursare symmetric

abouthorizontalandv~;ticalaxisshowsthat.u and f3are linearly

independent;i.e.$thesignaturefor internalbremsstrahlungis dis-

tinctfromthatfoxU++e+y.

Fibmre11 showstheprojectionof Fig. 10 whir;displaysthe

dependenceon a, and is labeledt=O. The curvelabeledt=5nsecis

a likelihoodfunctionforpurelyrandomeventsand is consistentwith

the t=O curvein accordancewith the statisticsof smallnumbers. The

90%confidencelimitis thepointwheretheareaunderthecurveis 90%

of thetotalarea. Thisoccursat a=6 events. Hence,afterdividing

by thenumberof examineddecays,theupperlimitforp++e+yis

r(~++e+y)/r(p++all)<2.0x10-10with90%confidence.

Thephysicistswho haveperformedthisexperimentwouldliketo

acknowledgetheencouragementand supportof hr.LouisRosenandthe

LAMPFadministrationaswell as themanypeoplewho providedinvalu-

abletechnicalsupportthroughoutthe experiment.Thisprojectwas

carriedoutunderthe auspicesof theU.S.Lkpartmentof Energy,the

NationalSc~.enceFoundation(GrantsllPHY77-206i0and HPHY76-10287)and

theU.S.NationalAeronauticsand SpaceAdministrticion(GrantNGR452).
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