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Introduction Theory

Muon Decay as a Probe for the Weak Interaction

General Lorentz invariant, derivative-free, interaction1

M =
4GF√

2

∑
γ=S,V ,T
ε,µ=R,L

gγεµ〈ēε|Γγ |(νe)n〉〈(ν̄µ)m|Γγ |µµ〉.

General Case

µ+ e+

νeν̄µ

⇒

Standard Model (V-A): gV
LL = 1

µ+

W +

e+

νeν̄µ

1W. Fetscher, H.J. Gerber, and K.F. Johnson, Phys. Lett. B173 (1986) 102
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Introduction Theory

Decay Spectrum Parametrization

Given in energy and angle as 2

∂2Γ

∂x∂ cos θ
=

mµ

4π3 W 4
eµG2

F (F (x)− |Pµ| cos θG(x)) + R.C., x =
Ee

Weµ

In the Standard Model

ρ = 0.75
η = 0
δ = 0.75
Pπ
µξ = 1

deviations represent
new physics Reduced Momentum
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2
9
ρ(4x2 − 3x − x2

0 ) + ηx0(1− x)

)
G(x) =

1
3
ξ(x2 − x2

0 )

(
1− x +

2
3
δ

(
4x − 3 +

(√
1− x2

0 − 1
)))

2K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010)
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TWIST Apparatus Muon Production
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TWIST Apparatus TWIST Detector

TWIST Spectrometer

Dimensions known to parts in 105.
2 T Magnetic Field known to 0.5 G.

Ag or Al target

µ+
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Analysis

TWIST Analysis Overview

e+ Track Analysis e+ Track Analysis

DATA - MC Fit

∆ρ, ∆δ, ∆ξ

ρ0, δ0, ξ0Data

Simulation
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Analysis

TWIST Analysis Overview

e+ Track Analysis e+ Track Analysis

DATA - MC Fit

∆ρ, ∆δ, ∆ξ

ρ0, δ0, ξ0Data

Simulation

ρf , δf , ξf
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Systematics

Systematics Summary

)4 10× Systematic Uncertainties (
-10 -5 0 5 10 15 20

 

TOTAL

Weighted total statistical

Weighted total systematic

 decays in beamlineπ

Depolarization, muon target

Depolarization, fringe field

Al Statistical

Al Thickness/stop position

Al Bremsstrahlung rate

Ag Statistical

Ag Thickness/stop position

Ag Bremsstrahlung rate

Others

Positron Interactions

Resolution

ηRadiative Corrections 

Chamber Response

Momentum Calibration ρ

δ
ξC

om
m

on
A

g
tg

t
A

lt
gt

µ
+

Po
l.

Systematics categorized as
Common
Silver target only
Aluminium target only
Pπ
µ specific

Measured Results

Units of ×10−4

Ave. Diff. Stat. Sys
ρ 95.1 ±1.2 ±2.3
δ 51.3 ±2.1 ±2.7
ξ 80.3 ±2.9 +16.5

−6.3
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Physics Results Final Analysis Results

Decay Parameters

0.745 0.75 0.755
Bayes, et al., 2011

MacDonald, et al., 2008

Musser, et al., 2005

Derenzo, et al., 1969

Total Error

Statistical Error

ρ

0.745 0.75 0.755
Bayes, et al., 2011

MacDonald, et al., 2008

Gaponenko, et al., 2005

Balke, et al., 1988

Total Error

Statistical Error

δ

0.99 1 1.01

Bayes, et al., 2011

Jamieson, 2006

Beltrami, 1987

Total Error

Statistical Error

ξ
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Physics Results Final Analysis Results

Revision Due to Pπ
µξδ/ρ

Endpoint Anisotropy

Pπ
µξδ/ρ = 1.00179+0.00156

−0.00063
> 0.99909 (90% C.L.)

Pπ
µξδ/ρ > 1 by 2.9σ

Pπ
µξδ/ρ changed in Ag and Al

targets by 3.9 σ

Prompted review of systematics after black box opening

Changes in the Revised
analysis

Motivated categorization of
systematics
Corrected parameter
weighting
Identified systematics from
mean stopping position

Change between blind and
revised results

Units of ×104

Value σtotal
ρ -1.4 -0.3
δ -2.3 +0.1

Pµξ 0 -0.2
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Physics Results Final Analysis Results

Left - Right Symmetric Models

Mixing V − A and V + A currentsa

WL = cos ζW1 + sin ζW2

WR = eiω(− sin ζW1 + cos ζW2)

aP. Herczeg, PRD 34,3449,(1986)

WR(L) mediate
V + A(V − A) currents
ζ is the mixing angle
between W1 and W2

ω CP violating phase

Decay Parameters in This Model

ρ ' 3
4

(
1− 2

(
gR

gL

)2

ζ2

)
, δ ≡ 3

4
, ξ ' 1− 2

((
gRm1

gLm2

)4

+

(
gR

gL

)2

ζ2

)

Pπ
µξδ

ρ
' 2

g4
Rm4

1

g4
Lm4

2

(
1 +

cos2 θR
1

cos2 θL
1

)
+ 2

g2
R

g2
L
ζ2 + 4

g3
Rm2

1 cos θR
1

g3
Lm2

2 cos θL
1
ζ cos(α + ω)
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Physics Results Final Analysis Results

Left-Right Symmetric Models

90% Confidence limits

|gR
gL
ζ| < 0.02

|gR
gL
|m2 > 578 GeV/c

Set using a combination of
90% limits on ρ, and Pµξδ/ρ

Generalized approach to model
No assumption of model
parameters
W2 Direct searches assume
gR = gL,ω = 0

TWIST  2D exclusion plot and LRS limits 

!  Previous muon decay LRS parameter limits used 
individual limits for !, Pµ

"#, or Pµ
"#$/!. 

!  TWIST  has simultaneous measurements of three 
parameters; correlations contribute to the confidence 
interval. 

LLWI2011, Feb 20!26 2011 G.M. Marshall, Muon Decay Parameters fromTWIST   28 

! 

P
µ
"
#$

/!
 

no solution for %g = f(Pµ
"#$/!) 

allowed at 90% CL 
in correlated analysis 

excluded 

Left-Right Symmetric limit comparison 

!  Other W’ direct search mass limits 
!  ATLAS: >1.49 TeV/c2, 95%CL (LLWI11) 
!  CMS: >1.58 TeV/c2, 95%CL (LLWI11) 
!  CMS: >1.36 TeV/c2, 95%CL (2011) 

!  CDF: >1.12 TeV/c2, 95%CL (2011) 

!  D0: >1.0 TeV/c2, 95%CL (2008) 

!  Other limits on mixing angle ! 
!  Hardy and Towner: <0.0005 (MLRS), 

<0.04 (generalized) 
!  K decay: <0.004 (MLRS) 

LLWI20  11, Feb 20!26 2011 G.M. Marshall, Muon Decay Parameters fromTWIST   29 

m2 > 592 GeV/c2 
-0.020 < ! < +0.017 

(gL/gR)m2 > 578 GeV/c2 
 -0.020 < (gR/gL)! < +0.020 

“manifest” LRS, 90%CL generalized or non-manifest LRS, 90%CL 
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Conclusions

Conclusions

Order of magnitude improvement in precision of decay parameters
has been completed by the TWIST experiment

ρ = 0.74997±0.00012±0.00023
δ = 0.75049±0.00021±0.00027

Pµξ = 1.00084±0.00029+0.00165
−0.00063

Pµξδ/ρ = 1.00179+0.00156
−0.00071

> 0.99909 (90% C.L.)

Pµξδ/ρ > 1 has been investigated; no problem with analysis has
been identified
Left-Right mixing angle |gR

gL
ζ| < 0.02

R. Bayes (University of Glasgow) TWIST Measurement April 6, 2011 12 / 17



Conclusions
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Conclusions

Drift Chambers

Walter - 17. Nov. 1999 - E614_lamel - TRI241

Chamber plane for E 614
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Conclusions

Spectrum Fits

Sum of simulated spectra used as fitting function

=

+∆ξ +∆ξδ

+∆ρ

Parameters minimized using a χ2 statistic.
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Conclusions

Systematics Improvement

Chamber space time
relationships corrected to
minimize e+ track fit time
residuals
Corrects for plane to plane
construction differences
Procedure repeated for
data and Monte Carlo
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Conclusions

Systematic Effect

Exaggerated - Standard STR
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Exaggerated time
residuals between data
and MC
Factor of 10 effect

∆ρ -0.31 ± 0.17
∆δ -1.03 ± 0.29
∆ξ 0.88 ± 0.36
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