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Abstract.
TheTRIUMF WeakInteractionSymmetryTest(TWIST) hasnow completedits datacollection

period.Thesedatarepresentthe world's mostprecisemeasurementof the muondecayspectrum.
The experimentexpectsto meetits ambitiousgoalsof an orderof magnitudeimprovementover
pre-TWISTresultsfor themuondecayparametersr , d andPp

mx .
Ourmostrecentpublishedresultsarepresented.Themeasuresthathavebeentakento reducethe

systematicuncertaintiesfor theupcoming�nal resultaredescribed.
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INTR ODUCTION

Muon decayis a purely leptonic process.The matrix elementfor the most general
Lorentz-invariant,derivative-free,lepton-number-conservingmatrix elementM canbe
written in termsof helicity-preservingamplitudesas[1]
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ȳ ei

�
�Gk �

�y ne

�
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wheregk
i j arethecomplex weakcouplingconstantsandGk arethepossibleinteractions

(scalar, vector, tensor).In thisnotation,theStandardModel(SM) postulatesthatgV
LL = 1,

andgk
i j = 0 otherwise.If thepolarizationof thedecaypositronis undetected,thenthe

differentialdecayratecanbeexpressedas

d2G
dxdcosq

µ FIS(x) + Pmcosq FAS(x); (2)

wherex = Ee=Emax., q is the anglebetweenthe muon polarizationand the positron
momentum,Pm = j~Pmj (thedegreeof muonpolarization),and
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TheR.C.termsareradiativecorrections,whichbecomemoresigni�cant asx approaches
one.The muon decayparametersr , d, Pmx and h are bilinear combinationsof the



FIGURE 1. TheTWIST spectrometer.

weakcouplingconstants.The TWIST experimentmeasuresr , d andPp
mx to partsin

104, wherePp
m is the polarizationof the muonfrom pion decay. The SM predictsthat

r = d = 3=4, Pp
m = x = 1, andh = 0; deviationsfrom thesepredictionswould indicate

new physics.

EXPERIMENT

Highly polarizedpositive muonswere stoppedin a thin metal foil at the centerof a
symmetricarrayof planardrift chambers(seeFig. 1), within theboreof a solenoidthat
producedauniform2:0T magnetic�eld. Thedecaypositronhelicesweretrackedby the
drift chambers,andtheir trajectorieswerelaterreconstructedto determinethepositron's
initial energy andangle.Furtherdetailon theapparatuscanbefoundelsewhere[2].

Themuonbeam's positionandemittanceweremeasuredbeforethe2:0T �eld using
a pair of low masstime expansionchambers(TECs) [3]. Thesewere removed while
accumulatingnominaldatasincetheirmultiplescatteringdepolarizedthemuonssignif-
icantly. Themeasuredbeamfrom theTECswasusedto initiate themuonsin aGEANT3
simulationthat transportedthe muonsto the metal target in order to determinetheir
decaypolarization.

Themuondecayparametersweremeasuredby comparingthepositronspectrumfrom
the datato a GEANT3simulationthat wassubjectedto the sameanalysis.In this way



TABLE 1. Con�dence limits (90%) on the weak coupling
constants,from a globalanalysisof muondata.

Pre-TWIST Gagliardi et al. MacDonald etal.

jgS
LRj < 0.125 < 0.088 < 0.074

jgV
LRj < 0.060 < 0.036 < 0.025

jgT
LRj < 0.036 < 0.025 < 0.021

the inef�ciencies andreconstructionbiaseswereaccountedfor within the simulation.
Hiddenvaluesof r , d andx wereusedin thesimulation,andthesewerenot revealed
until correctionsandsystematicuncertaintieshadbeenevaluatedon the differencein
decayparametersbetweenthedataandsimulationspectra;this techniqueexploitedthe
spectrum's linearity in r , Pp

mx andPp
mxd (seeEqs.(3),(4)).

Specialdatavalidatedthe positronphysicsin the simulation:muonswere stopped
closeto theentranceof thedetector, andthedecaypositronswereindependentlyrecon-
structedin eachhalf of thedetector. Thedifferencesin energy andanglebetweenthese
two trajectorieswerein excellentagreementfor dataandsimulation[4].

RESULTS

Ourmostpreciseresultsfor themuondecayparametersare[4, 5]

r = 0:75014� 0:00017(stat.) � 0:00046(syst.) � 0:00011(h ); (5)
d = 0:75068� 0:00030(stat.) � 0:00067(syst.); (6)

Pp
mx = 1:0003� 0:0006(stat.) � 0:0038(syst.): (7)

The parameterh is �x ed to the world averagevalue,which introducesan additional
uncertaintythrough its correlationwith r . The resultsare consistentwith the SM,
and representmore than a factor of � ve improvementover the pre-TWIST r and d
measurements[6, 7], and are a factor of two more precisethan the previous direct
Pp

mx result [8]. The r andd resultswere limited in precisionby uncertaintiesin the
drift chamberresponse,andthePp

m resultwaslimited by theaccuracy of simulatingthe
depolarization.

A globalanalysisof muondecaydatathat includedthe latestTWIST results[9] has
improvedthelimits on theweakcouplingconstants(gk

i j in Eq. (1)). Thethreecoupling
constantsthataremostsensitive to TWIST resultsareshown in Table1. Thecoupling
constantscanbe usedto establisha limit on the probability for the decayof a right-
handedmuoninto a left- or right-handedpositron.Prior to TWIST thiswas1:4% (90%
C.L.), andour latestresultsreducethelimit to 0:23%.

In left-right symmetricmodels,an additionalheavy right-handedW-boson(WR) is
introducedto restoreparity conservation at high energies [10]. The TWIST result for
r , combinedwith a previousmeasurementof Pmxd=r [11], allows model-independent
limits on thethemixing angle(z ) betweentheWL andWR. Thepre-TWISTlimit from
muondecaywasjz j < 0:066,andthis is now reducedto jz j < 0:022.



IMPR OVEMENTS FOR THE FINAL MEASUREMENT

Final datawere acquiredin 2006 and 2007,with a higherquality muon beamanda
threefoldincreasein statistics.Theanalysisof thisdatais nearingcompletion.

Thespace-timerelationships(STRs)in thedrift cellshavebeenimproved,by correct-
ing themso that the �tting residualsareminimized.Eachdrift chamberwascorrected
independently;thisaccountedfor smalldifferencesin constructionandresponse.

Thebeamline wasupgradedto correctanundesirablemuonbeamverticalde�ection
of � 1:0cm. The beamwas steeredonto the symmetryaxis of the solenoid,which
reducedtheuncertaintyin simulatingthedepolarization.Beammeasurementsusingthe
TECswere carriedout more frequently, and the long term stability of the beamwas
monitoredusingits averagepositionwithin thedetector.

Muonswerestoppedin bothanAl andAg foil (previously only anAl foil wasused).
Thestatisticaluncertaintyof thepolarization's relaxationratewasreducedby a factor
of three.A subsidiarym+ SR experimentmeasuredrelaxationin the samefoils, and
provided con�rmation that a single exponentialform was appropriateand suf�cient
for the depolarizationdown to 10ns. The target foil was also the cathodefoil for a
proportionalchamber;for the �nal measurement,the pulsewidth in this chamberwas
usedto removemuonsthatstoppedanddepolarizedin thechambergas.

CONCLUSIONS

The experimentis on courseto achieve an orderof magnitudeimprovementover the
pre-TWISTresultsfor r , d andPp

mx . Thedominantsystematicuncertaintieshave been
reduced,andthe�nal resultsareexpectedin early2010.
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