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Muon decay spectrum

Å The energy and angle distributions of positrons following polarized 

muon decay obey the Michel spectrum:

Å Pre-TWIST accepted values for the muon decay (Michel) parameters:

SM

r=  0.7518 ± 0.0026 3/4 

h=  -0.007 ± 0.013 0

Pmx= 1.0027 ± 0.0079 ± 0.0030 1

d=  0.7486 ± 0.0026 ± 0.0028 3/4

Pm(xd/r) >  0.99682 (90% c.l.) 1
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Muon decay matrix element

Å Most general Lorentz-invariant, local, lepton-number conserving 

muon decay matrix element:

Å The muon decay parameters are bi-linear combinations of the gɔŮɛ

Å In the Standard Model, gV
LL = 1, all others are zero

Å Pre-TWIST global fit results (all 90% c.l.):
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Goal of TWIST

Å Search for new physics that can be revealed by order-of-magnitude 

improvements in our knowledge of ɟ, ŭ, and Pɛɝ

Å Model-independent limit on muon handedness

Å Left-right symmetric model:   SU(2)L x SU(2)R x U(1)
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What is required?

Must:

ÅUnderstand sources of muon depolarization

-- Pɛand ɝcome as a product

ÅDetermine positron yield vs. momentum and angle

-- All three parameters

to within a few parts in 104
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Surface muon beam

TRIUMF
M13 beam line

+́ ɛ+ɜ

Ý

Ý

500 MeV 

proton beam

Time Expansion 

Chamber (TEC)
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TWIST spectrometer
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Detector array

Variable 

density gas 

degrader
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Event topologies

Å Many events are simple

ïA muon enters and stops

ïThe decay positron leaves

Å Other events arenôt simple

Å We must be able to handle all kinds
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2-d momentum-angle spectrum

Acceptance of the TWIST spectrometer

In angular 

fiducial

In momentum 

fiducial
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Fitting the data distributions

Å Fit data to sum of a MC 

base spectrum plus MC-

generated derivative 

distributions.

Å Decay distribution is linear 

in the muon decay 

parameters, so this is 

exact, no matter what 

values (ŬMC) are used in 

the MC base spectrum.

ŬMC hidden

Č blind analysis
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Physics data sets

Å Fall 2002

ïTest data-taking procedures and develop analysis techniques

ïFirst physics results ïɟand ŭ

ïGraphite-coated Mylar target not suitable for Pɛɝ

Å Fall 2004

ïAluminum target and Time Expansion Chamber enabled first Pɛɝ

measurement

ïImproved determinations of ɟand ŭ

Å 2006-07

ïBoth silver (2006) and aluminum (2007) targets

ïUltimate TWIST precision for ɟ, ŭ, and Pɛɝ

ïAlso measured negative muon decay-in-orbit when bound to Al
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Data distributions from 2002 and 2004

Angle-integrated spectrum

from the 2002 data

Asymmetry vs momentum

from the 2004 data
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TWIST results before now

A global analysis that combined 

the first TWIST ɟand ŭresults 

and a concurrent measurement 

from PSI of the e+ transverse 

polarization (PRL 94, 021802)

together with all pre-TWIST 

muon decay parameter 

measurements found:

ɖ= -0.0036 ± 0.0069
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How to do better?

Å TWIST is a systematics-dominated experiment

Å Must have:

ïImproved data-taking procedures

ïBetter understanding of the detector

ïImproved analysis techniques

Å Leading systematics in our previous Pɛɝmeasurement

ïMuon depolarization while entering the solenoid

ïTime-dependent muon depolarization in the stopping target

Å Leading systematics in our previous ɟandŭmeasurements

ïChamber response

ïMomentum calibration

ïPositron interactions
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At target,

Pɛ=0.9975

Entering the solenoid

Muons can be depolarized as they cross 

flux lines when entering the solenoid

TEC
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Validating the fringe field effects

Å The average muon beam trajectory inside the detector is sensitive to the 

muon transverse momentum

Å Identify changes in muon beam properties between TEC measurements

Å Comparisons between nominal and mis-steered beams

ïObserved muon beam trajectories within the detector

ïDifference in the decay asymmetry in data vs that predicted by the 

Monte Carlo

Nominal beam Mis-steered beam
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Ensuring muons stop in the metal target

Å Muons that stop in gas can depolarize through 

muonium formation

Å Use muon energy depositions near the 

stopping target to reject those that stop in gas

foil

PC5

wires

PC6 PC7

stops in gas

PC5 signal amplitude
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Subsidiary ɛ+SR study:

High purity (>99.999% purity) Al and Ag targets

no ñfast depolarisationò

down to 5 ns
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Equal-time contours

Å Direct determination of the effective distance vs time relation

Å Accounts for small plane-to-plane fabrication differences

Å Compensates for small (few keV) biases in the helix fitter

Å Improved momentum resolution (near the endpoint)

ïWas ~ 69 keV/sin(ɗ) in Monte Carlo and ~ 74 keV/sin(ɗ) in data

ïNow ~ 58 keV/sin(ɗ) in both

Improved drift chamber calibration

Chamber position resolution
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Momentum calibration

Å The endpoint at 52.83 MeV/c provides a calibration point

Å Improvements in the endpoint fitter reduced previous small biases

Å Find a ~10 keV/c difference in the absolute calibration of the data 

vs Monte Carlo

Å Propagate this through the entire spectrum twice

ïShift by a constant

ïRescale the momentum axis
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Bremsstrahlung

Å Leading systematic for ɟand ŭ

Å Two separate measurements

ïñUpstream stopsò

ïñBrokenò decay tracks

Å Consistent results validate bremsstrahlung simulation in our GEANT3 

Monte Carlo at the 2.5% level

Normal muon 

stopping target
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Overall quality of data vs Monte Carlo match

Å Monte Carlo reproduces the data very well, even very far outside the 

fiducial region
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Reproducibility of the results

Å 14 separate measurements under various experimental conditions

Å All 14 data sets are used for ɟand ŭ, ɢ2 = 14.0 and 17.7

Å 9 of the data sets are used for Pɛɝ, ɢ
2 = 9.6
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Total uncertainty budget ïɟand ŭ

Uncertainties ɟ(x 10-4) ŭ(x 10-4)

Positron interactions 1.8 1.6

External uncertainties 1.3 0.6

Momentum calibration 1.2 1.2

Chamber response 1.0 1.8

Resolution 0.6 0.7

Spectrometer alignment 0.2 0.3

Beam stability 0.2 0.0

Systematics added in 

quadrature
2.8 2.9

Statistical uncertainty 0.9 1.6

Total uncertainty 3.0 3.3

Similar magnitude

Comparison to 2004 

leading systematics

Down factor of ~3

Down factor of ~3

Down factor of ~2
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Total uncertainty budget ïPɛɝ

Down factor of ~4

Comparison to 2004 

leading systematics

Down factor of ~3

Uncertainties Pɛɝ(x 10-4)

Depolarization in fringe field +15.8, -4.0

Depolarization in stopping material 3.2

Background muons 1.0

Depolarization in production target 0.3

Chamber response 2.3

Resolution 1.5

Momentum calibration 1.5

External uncertainties 1.2

Positron interactions 0.7

Beam stability 0.3

Spectrometer alignment 0.2

Systematics added in quadrature +16.5, -6.2

Statistical uncertainty 3.5

Total uncertainty +16.9, -7.2 Down factor of ~3
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Final TWIST results

Åɟ=    0.74991 Ñ0.00009 (stat) Ñ0.00028 (syst)

Åŭ=    0.75072 Ñ0.00016 (stat) Ñ0.00029 (syst)

ÅPɛɝ= 1.00084 Ñ0.00035 (stat)                  (syst)

Å Correlations:

ïCorr(ɟ,ŭ)    =  +0.69

ïCorr(ɟ,Pɛɝ) =  -0.06 (for Pɛɝhigh) and -0.14 (for Pɛɝlow) 

ïCorr(ŭ,Pɛɝ) =  -0.18 (for Pɛɝhigh) and -0.43 (for Pɛɝlow)

Å Can combine the above to find Pɛɝŭ/ɟ= 1.00192

ïThis is asymmetry at endpoint Ÿ must be Ò1

ïThis 2.9ůsurprise is currently under investigation

+ 0.00165
- 0.00063

+ 0.00167
- 0.00066
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Implications for the muon decay matrix element

Å The final TWIST results have been included in a new muon decay 

global analysis together with all previous muon decay parameter 

measurements

Å Find significantly tighter 90% c.l. upper limits on the coupling of right-

handed muons to right- or left-handed electrons:

ï| gS
RR| < 0.031

ï| gV
RR| < 0.015

ï| gS
LR| < 0.041

ï| gV
LR| < 0.018

ï| gT
LR| < 0.012

Å New limit on right-handed muon couplings:  QɛR < 5.8 x 10-4 (90% c.l.)

ïFactor of ~9 smaller than pre-TWIST value

Å Uncertainty for ɖreduced by 1/3 compared to 2005 global analysis

ïɖ= -0.0033 Ñ0.0046

ïImportant for the determination of GF

Factor of ~2 smaller than pre-TWIST values

Factor of ~3 smaller than pre-TWIST values
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Implications for left-right symmetric models

Å Significantly improved limits on both WR mass and L-R mixing angle ɕ

Å Many other limits also apply if Vud
R is near 1; for example:

ïDirect production at the Tevatron finds M(WR) > 1 TeV

ï0+Ÿ 0+ nuclear beta decay finds |ɕ| < 0.0005

Å TWIST limits in the general case make no assumption about Vud
R
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Conclusions
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Coupling constants and Michel parameters

Å The Michel parameters are bilinear combinations of the coupling 

constants:
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Precision detector construction

Å Very low mass (~10-4 X0 per U-V pair), high precision chambers

Å Longitudinal alignment by engineering

Å Transverse alignment using particle tracks

Å >5000 wires, efficiency >99.8%

To a few parts in 105


