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Abstract. The TRIUMF Weak Interaction Symmetry Test (TWIST) collaboration hasnearly
completed the world's most precise measuremen of the energy-angle spectrum of positrons
from the decay of highly polarized muons. A simultaneous measuremen of the muon decay
parameters , , and P tests the Standard Model (SM) in a purely leptonic processand
provides improved limits for relevant extensionsto the SM. Sincethe completion of data taking
in 2007,the analysis hasfocusedon reducing systematic uncertainties, estimating residual biases,
and evaluating consistency chedks. The analysis was blind with respect to the certral values
of the parameters, sothe results were unknown until the values of the hidden parameters were
revealed. The total uncertainties for the parameters are dominated by systematic uncertainties.
While there are still some subtle systematic e ects that preclude nal values of the decay
parameters, the goal of an order-of-magnitude improvemert on pre-TWIST precisions appears
to have beenachieved.

1. Intro duction

Muon decy is an excellert laboratory for testing the electroveak Standard Model (SM). It is a
purely leptonic processwith the positive muon decging into a positron and two neutrinos. The
matrix elemern for the most generalLorentz invariant, derivative free expression[1] is described
by 10 complex model-independert couplings g,

M = —p? glj €e e m o (1)

whereL and R are left and right handed leptons, and S, V, and T are scalar, vector, and tensor
iteractions. In the SM g\l_’l_ = 1 and g§, = O otherwise. Experimertally only the positron is
measuredand the deca spectrum is usually written in terms of four parameters[2 3, 4]: the
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Michel parameter , , P ,and . The dierential deca rate is then
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The neutrino massis neglected. Radiative corrections are not explicitly shown, but are
signi cant and must be evaluated within the SM to a precision compatible with the experimert.
The isotropic term F,s(x) dependson the deca parameters and , while the asymmetric
part Fas(x) dependson and . The asymmetric part is multiplied by the polarization of the
muon at the time of decg, P , which may ewlve over the 2:2 s mean lifetime of the muon
from the polarization P at the time of the muon's birth, e.g., in pion deca at rest. The
decay parameters can be written as bilinear combinations of the g,,. The SM predictions are

= =34,P = =1 and = 0. Precision measuremeits of these parameters will test
the SM predictions and are sensitive to extensionsto the SM. The TRIUMF Weak Interaction
Symmetry Test (TWIST) experiment has made new measuremets of three of theseparameters
resulting in improved constraints on extensionsto the SM.

Prior to the TWIST experiment, the three decegy parameterswereknown with uncertainties in
the rangeof 3.5-8.5parts per thousand. Intermediate TWIST results have already reducedthose
uncertainties to 0.7-3.8 parts per thousand.[5, 6] The deca/ parameters measuredby TWIST
cortribute to a larger set derived from other obsenablesthat can be analyzedin terms of the
generalizedmatrix elemen in Eq. 1. A global analysis[5 8] reveals consistencywith the SM,
where the vector coupling for muons and electrons of left-handed chirality is the only non-zero
term. The results from TWIST restrict the upper limits of other terms, especially those for
left-handed electrons and right-handed muons. For example, the probability for right-handed
muon couplings in muon decay was reduced by a factor of two to lessthan 2.4 10 3 (90%
con dence).

2. Exp erimen tal details

The TWIST experiment useda 500 MeV proton beamincident on a graphite production target.
The highly polarized positive muons from pions that deca/ed on the surface of the target were
transported by the M13 surfacemuon channel to the detector, which waslocated in the bore of
a2 T solenoidalmagnet. The muonswere guidedinto the superconducting solenoidal eld along
its symmetry axis to enter a high-precision,low-massstadk of proportional and drift chambers.[9
The TWIST spectrometer is showvn in Fig. 1. The muons were ranged to stop predominartly
in a high-purity metal foil at the certer of the symmetric stadk. Data setswere taken with two
foil stopping targets, silver (thickness30.9 m) and aluminum (thickness71.6 m). Tracks from
decey positrons were sampledby the low-massdrift chambersin a helium gasernvironment. The
data-taking phaseof the experiment was completedin 2007. Analysis provides two-dimensional
distributions of positron angle and momertum (or energy) whose shape dependson the deca
parameters. With a muon rate of order 2{5 10° s !, data setsof 10° everts could be obtained
in a few days. Much care is taken to test for and avoid the introduction of any bias. The
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Figure 1. The TWIST spectrometer. Figure 2. The TWIST TECs.

ducial cuts are symmetric for upstream and downstream decgss, and are selectedto maximize
sensitivity to the decay parameterswhile reducing systematic uncertainties.

To determine the incoming muon beam characteristics (size, position, divergence, and
correlations), a beam monitor detector was inserted to measurethe beam beforeit entered the
solenoid (seeFig. 2). This detector is a pair of time expansionchambers (TECs) recording the
position and angleof ead incident muon.[1( Becausethey causedmultiple scattering and hence
muon depolarization, the TECs weretypically removed for precisedecey measuremets, but the
beam characteristics measuredbetween data sets formed an essetial input to the simulation
and analysis of decey data.

3. Analysis pro cedures

The important principle of TWIST analysisis the comparisonof energy-angletwo-dimensional
distributions of data to similar onesderived from a GEANT3 simulation. Both are subjected
to essetially the sameanalysis, allowing bias and ine ciencies to be included in an equivalent
way to reduce the dependenceof the result on the specic analysis procedure. This places
great importance on the accuracyand detail of the simulation, which includesnot only standard
physics processeshut also a detailed description of the beam, magnetic eld, geometry and
detector response. Decay parametersare obtained by a \blind" t of the two-dimensionaldata
distribution to that of a base distribution of simulated everts, generatedwith hidden muon
decay parameters, plus distributions corresponding to the two-dimensional spectrum shape of
rst derivatives of the spectrum with respect to decay parameters (or conbinations) , , and

, alsoderived from simulated everts.

4. Systematic uncertain ties
The procedureof tting the di erence of two spectra in terms of derivativesalsoplays a key role
in evaluation of systematic uncertainties, by nding the e ect on the decay parameterswhen an
identi ed sourceof systematic uncertainty is changed (often by an exaggeratedamourt) in one
of the spectra. This is most commonly achieved with two simulated spectra. The systematic
cortributions as determined prior to revealing the hidden parameters of the blind analysis are
listed, along with statistical uncertainties, in Table 1.

Four sourcesdominate for and : positron interactions, momertum calibration, chamber
response,and external uncertainties due to radiativ e correctionsand the assumedvalueof . The
rst three were improved substartially comparedto our intermediate results.[5 The positron
interactions systematic relatesthe possibleinaccuracyin our simulation of reproducing positron
energy loss in the stopping target and detector elemers, due primarily to bremsstrahlung,



Table 1. Systematic and statistical uncertainties for , , and P prior to revealing hidden
parameters.

Uncertainties (10% (109 P ( 109
Positron interactions 1.8 1.6 0.7
Momentum calibration 1.2 1.2 15
Chamber response 1.0 1.8 2.3
External uncertainties 13 0.6 1.2
Resolution 0.6 0.7 15
Spectrometer alignment 0.2 0.3 0.2
Beam stability 0.2 0.0 0.3
Depolarization in fringe eld +15.8, -4.0
Depolarization in stopping material 3.2
Background muons 1.0
Depolarization in production target 0.3
Total systematicsin quadmture 2.8 2.9 +16.5, -6.3
Statistical uncertainty 0.9 1.6 3.5
Total uncertainty 3.0 3.3 +16.9, -7.2

delta-ray production, and ionization. It was better constrained by comparisonsof identi ed

interactions obsened in the data and in the simulation. Chamber response refers to the
corversion of drift chamber time information to spatial information usedin helix tting and
evaluation of the momertum and angleof ead track. It wasimproved by more precisemonitoring
and cortrol of atmosphericin uences that could change chamber cell geometry In addition, a
method was dewveloped[1]] by which the detector space-timerelations (STRs) were modi ed for
ead plane to minimize positron deca track t residuals. The tracking bias was reduced by
applying the procedurealsoto simulations. Changesto the spatial isochrone shapesvaried from
zeroto 40 min drift cellsof4 4 mm?2. The maximum positron energyprovides a calibration
feature that is usedto reduce the energy scale systematic. Since energy loss depends on the
track angle primarily with a dependenceon 1{cos ) dueto the planar geometry of the detector,
the energyregion near the kinematic endpoint of 52.8 MeV/c is matched for data and simulation
for small bins of cos . The data-simulation relative energy calibration procedurehasundergone
improvemerts to becomemore robust to tting conditions.

The asymmetry parameter is also subject to uncertainties from these sources,but they
are overshadaved by other unique uncertainties related to depolarization, as shown in Table 1.
Depolarization in the fringe eld andin the muon stopping target resultin P < P , comprising
the largest cortributions to systematic uncertainties for P . They were also considerably
improved for this analysis compared to the intermediate result.[6] Fringe eld depolarization
systematics depend on the accuracy with which the muon spin ewlution can be simulated as
the beam passesthrough signi cant radial eld componerts at the solenoid entrance. The
simulation in turn dependson two ingredients: an accurate eld map, and precise knowledge
of the position and direction of the muons in the beam. Depolarization in the stopping target
from muon spin relaxation as the spins interact with the target material is assessedrom the
measuredtime dependenceof the asymmetry.

5. Results
Fourteen data sets were usedto extract decay parameters and , sewen with ead of the Ag
and Al targets. Only nine setswere usedfor P ; the other v e were deemedto have poorly
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Figure 3. Comparison of data with a t to simulation in terms of normalized residualsfor one
data set. The left plot is the ertire range in momertum and cos , while the right plot shaws
projections of data within the ducial (indicated by the solid line) onto the two axes.

cortrolled polarization systematic uncertainties. The fringe eld was not well measuredfor the
setsat 1.96 T and 2.04 T eld, there was added multiple scattering and thus increasedfringe
eld depolarization for the set with the TECs in place, while two other setswere intentionally
mis-steeredto evaluate depolarization systematicsin the fringe eld. Fits to constart means
for the dierence values give reduced 2 valuesof 14.0/13 ( ), 17.7/13 (), and 9.7/8 (P )
respectively.

A visualization of the t of one data set (set 87) in terms of residualsis shown in Fig. 3.
It alsoshaws an outline of the range of (p;cos ) usedto determine the decay parameters. The
limits of this ducial range in momertum (total, transverse,and longitudinal) and angle are
those within which the systematic biasesand uncertainties are consideredto be well cortrolled.
For all fourteen data sets, there were 11 10° everts, of which 0:55 10° passedevert selection
criteria and were within this ducial range. Simulation data setswere about 2.7 times larger on
average.

After revealing the hidden parameters, the results for the three decgy parameterswere:

0:74991 0:00009(sta) 0:00028(sys})
0:75072 0:00016(sta) 0:00029(sys})
1:00084 0:00035(sta *%;3525(syst)

P

These values are consistet with the SM predictions of 0.75, 0.75, and 1.0. The results
are compared graphically to prior published results in Fig. 4. Also plotted is the product
P = = 1:00192*%53%L (with correlations taken into accourt). This product de nes the
asymmetry betweencos = 1 at the maximum deca positron energy which is 1.0 in the SM.
While the generalizedmatrix elemen treatment of Fetsder et al.[1] doesnot constrain the sign
of deviations from the SM valuesfor , , and , the product is constrainedto be not greaterthan
1.0. This apparert contradiction hasinitiated an ongoingreconsiderationof potential systematic
e ects that might have beenoverlooked in the blind analysis. While no credible causehas yet
beenidenti ed, we beliewe the resolution will bein terms of systematic e ects. Thus we prefer
not to considerthe results of the blind analysisasour nal physicsresults, pendingthe outcome
of a more complete re-assessmenof potential sourcesof sud e ects.
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Figure 4. Summary of previously published valueswith uncertainties addedin quadrature for
three muon decay parameters, including those prior to TWIST, along with the results of this

blind analysis. The combination P = is also shown.
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Figure 5. Allowed region of mixing angle and heavy W massfor the generalLRS model

Left-right symmetric models extend the SM with a right-handed W.[12] In the generaized
model no assumptionsare made about the ratio of left-handed to right-handed couplings. The
TWIST result for provides the best constraint on the mixing angle between the light and
heary masseigenstates:W; and W». The current limit is| gj < 0:020(90% C.L.), comparedto
the pre-TWIST limit of j 4j < 0:066. The lower limit on the massof W, (m;) comesfrom the
value of P and has beenincreasedfrom 400GeV=c to 684GeV=c. Coupled constraints on
the massfor (g. =gr)m> and the mixing angle are shown in Fig. 5.



6. Summary

We have adhieved a substartial improvemert for the nal results of TWIST, compared to
intermediate results and to prior experiments. Final cheds of consistencyand cortinuing re-
evaluation of systematic uncertainties are underway, with the goal of understanding an apparert
inconsistencyin the product P = .
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