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Muon decay

4 Purely leptonic decay at tree level.
d SM: V-A, parity violating, mediated by W boson.
Q M./M,y ~ 10° - effectively 4-point interaction.

d V-A empirically based postulate tested in present work.

d Assuming only a spacetime structure that is local,
Lorentz-invariant introduces 19 more parameters.
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Early @ Decay Measurements
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- An experiment has been carried out both at Chicago and on Mt. Evans, Colorado, to determine the
HE energy spectrum of the charged particles (com-  absorption of the electrons emitted in the decay of cosmic-ray mesons. Approximately 8000 counts
monly assumed to be electrons) emitted in the have been obtained, using & hydrocarbon as the absorbing material. These data are used to deducc
. . . some features of the energy spectrum of the decay electrons. The resolution of the apparatus is cal-
2.2-usec. meson decay is still unknown. Conversi and culated, taking the geometry, scattering, and radiation into account. The results indicate that the
Piccioni! in 1944 deduced from the relative numbers of  spectrum is either continuous, from 0 to about 55 Mev with an average energy ~32 Mev or consists
of three or more discrete energies. No variation of the lifetime with the thickness of the absorber is
observed. The experiment, therefore, offers some evidence in favor of the hypothesis that the y-meson
disintegrates into 3 light particles.
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2} that less than 0.03 count per hour can be due to radiation
from 25-Mev electrons in our arrangement. Consequently,
it mav be seen from Table I that at least a substantial
fraction of the electrons must have a range greater than
15 g/cm? of carbon. Therefore, we conclude that there are
decay electrons having energies preater than 25 Mev and
therefore that the 2-particle decay process (Eq. (1)), with
a unigue energy of about 25 Mev for the decay electron,
is incompatible with our results.
We observe, however, that a mazimum energy of about
50 Mev for the decay electrons would be consistent with
the data of Table L.
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. . F1g, 9, The decay electron specirum in this figure has been
Art 0Olin: CAP2010 TRIUMF Weak Interaction SY calculated to give as good a fit as possible with the data, at
the same time excluding encrgies greater than 55 Mev, The
limits of error of this spectrum are unknown, but large,




Measurements of p
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aMichel p parameter describes decay
spectrum shape

@Depends on Lorentz structure
@|nitial speculation p =0

eEarly test of V-A

aTextbook case for blind analysis
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Greiner et al., Gauge Theory
of Weak Interactions, Springer (1996).
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Muon Decay Parameters

Muon decay parameters p, n, 0, P“E: (Michel, Kinoshita and Sirlin)
Polarized muon differential decay rate vs. energy and angle:

d*T 1
T dooaf ZmnW4 GA\ /22 — a2 {Frs(x, p,n) + Pucos - Fas(w,&,8)} + R.C.

where

Frs(z,p,n) = z(1—z)+ P(%‘ — 3z — ;) + nzo(1l — )

Fas(x,§,0) = —5\/582—332 1—z+ 6{4$—3+(1/1—m2—1)}]

m? +m? E
”] — kT — L — M
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=

Measurement of positron polarization yields additional
important parameters
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Radiative corrections

Radiative corrections
2.0 T T T T
-———— cosBT= 0.

Arbuzov et al., Phys. Rev. D66 (2002) 93003.
buzov et al., Phys. Rev. D65 (2002) 113006.
15F -———--- cosf_=+1. /
LT . / Arbdzov et al., JHEP03:063(2003).
with corrections i
Anastadipu et al, JHEP0709:014, (2007).

————— cosGT=—1.
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Included in TWIST simulation
Full O(a) radiative corrections with exact
electron mass dependence.
Leading and next-to-leading large log
terms of O(a?).
Corrections for soft pairs, virtual pairs,
and an ad-hoc exponentiation.
Uncertainty is non-log O(a?) term

recently calculated. 6
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Published results

0.762 0.762 1.012

0.758 P 0.758 o 1.008 PME

0.754 |1 0.754 1.004

0.750 — 4+ —L——— 0750 —p +—-+— | 1.000

0.746 0.746 0.996

0.742 0.742 0.992

0.738 ‘ 0.738 ‘ ‘ 0.988 ‘
e g SRS e

2005 2008 2005 2008 2006

p =0.75014 = 0.00017(stat) £ 0.00046(syst) = 0.00011(n)
6 = 0.75068 = 0.00030(stat) + 0.00067(syst)
Pu = 1.0003 = 0.0006(stat) = 0.0038(syst)

Also PHE 6 /p> 0.99682 (90%CL)from Jodidio et al, 1986

n = -0.002 £ 0.007 from PT1(Danneberg et al., , 2005)
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p =0.75014 =+ 0.00017(stat) £ 0.00046(syst) £ 0.00011(n)
6 = 0.75068 = 0.00030(stat) + 0.00067(syst)
Pu = 1.0003 = 0.0006(stat) = 0.0038(syst)

Also PHE 6 /p> 0.99682 (90%CL)from Jodidio et al, 1986

n = -0.002 £ 0.007 from PT1(Danneberg et al., , 2005) .
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The TWIST Experiment

TRIUMF Weak Interaction
., cymmetry Test

Art 0lin: CAP2010 TRIUMF Weak Interi



Muon production and transport

‘production target region
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Positron tracking

Variable MUON
. TARGET

density gas
degrader PC1-4 PC5-6|| PC7-8 PC9-12
J DC1-8 DC9-22 r DC23-36 DC37-44 l
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Positron tracking
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Muon Decay Spectrum

coso

10 20 30
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Spectrum Fitter

Decay spectrum linear in p, PHE, PHES.

N(Data) =

14
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Spectrum Fitter

Decay spectrum linear in p, PHE, PHES.

N(Daa) = NmC) + Na,
N —

Simulation is blinded by introducing
random offsets to p, 6, and ¢.

g 19 20y

Spectrum edge 1is fit in angle slices
to the simulation and the Michel parameter
fit 1s 1terated.

15
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p and b uncertainties

Uncertainties P (x104) | 6 (x104)

Positron interactions

External uncertainties

Momentum calibration

Chamber response

Resolution

Spectrometer alignment

Beam stability
Systematics in quadrature

Statistical uncertainty

Wlo|N]JOoO|O|O|RFR|IRF|R]|KE
QIOIOININ]JOO|JOIN]W]|O
WiR|N]JO|O|O]|R|R|O]| R
Wl |V Oo|WIN]JOO|IN]|O|O®

Total uncertainty
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Spectrum fit quality

Residuals in fiducial only (all sets)

Normalised residuals for nominal set (s87)

4000 : : : :
- Prob 0.613
3500— Constant 2720+ 179 |-
u Mean -0.002604 = 0.005424
3000 Sigma 1.002+ 0.004 |-

238 f jf'\b‘q
2000f b‘
N/
1500
: ‘\\J N
1000 gt 4 Pf‘ \
500E .
; 11 L 111 1111 L 111 L 111 11

-4 -3 -2 -1 0 1 2 3 4 5
(data-simulation)/c

0 A1l data sets: 11x10° events, 0.55x10° in (p,cosf)
fiducial

[l Simulation sets: 2.7 times data statistics
17
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Positron interactions

events

1000 ' 5 —MC 10° . — MC
800 - E — data 1001 T e
600 :electrons £ Bremgstrahlung
B ) > B !
400 - : ©103} :
200 :_ 1 : 102 E | | : | |
10 0 10 20 30 40 -1o. 0o 10 20 30
p1-p2 = p5(MeV/c) p1-p2 (MeV/c)
Art 0lin:  CAP2010 TRIUMF Weak Interaction Symmetry Test ‘@TRIUMF



Positron interactions

¥ \C/E-aEI,iACI\ITesCiImuIation must be

,ali for e* energy loss and BT Y v g
multiple scattering. PRI . § S

@ Stop muons at one end of detector “" """ SRNIT """

f Normalized Yi

@ Measur% et trackdon each side of .| e
target, before and after passage 3
through it.

04f-

Differen
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change in muon decay parameters : vk b, N -
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Positron interactions

)

2 EIANT simulation must . be C

MC

dpcosth_fid_

m ul Entries 1616581
Mean 0.1153

- RMS 0.5599 [ *

a StO .m-z E_ E*
= z
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tarc 1of g
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P £ uncertainties

Uncertainties PE (x10-4)

Depolarization in fringe field

W

NITWININITUJTUVTWIWIOIN

Depolarization in stopping material

Background muons

Depolarization in production target

Chamber response

Resolution

Momentum calibration

External uncertainties

Positron interactions

oleo|r|r|r|N]eo]| -

Beam stability

o

Spectrometer alignment
Systematics in quadrature +16.5, -6.2

Statistical uncertainty 3.5
Total uncertainty +16.9, -7.2
AFPZ010 R1LUNM W d lnme
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Fringe field, solenoid entrance
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Fringe field depolarization

3 r 2200
r 800 0.10 | 2000
20 700 r 4800
i 600 0.05; 1600
—~ 1 E=) r 1400
€ 0 ® I 1200
L 0 w0 = 0.00f 1000
> _1: a0 P I 800
: 200 -0.05} -
2 : K.
T2 A0 12 010354 0 1 2 3 °
x (cm) y (cm)
0.10" My 3500 . . . .
; w.~ TEC modules measure distributions 1in
0.05 X, ¥, 0,, 0, and correlations.
T [ ; . .
£ o008 2. After correction for TEC scattering,
2 : "“they are used to generate beam in simulation.
- 1000 . . .
-0.05; . - Comparisons are used to test fringe field
040memiiiii . 1, depolarization systematics.
Ci83 2 1 0 1 2 3
x (cm)
- - R TRIUMF B
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Fringe field depolarization
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Measured average muon positions
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Each point represents the
average muon beam position
at a detector plane.

Simulated data can be
analyzed in the same way.

Fit both to “shrinking helix”.

Comparison of fits of data and
simulation is a powerful way to
verify the simulation, e.qg. ,
influence of fringe field on
muon beam, detector-field
alignment.

Use “internal beam” to test
fringe field depolarization
limitations.
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Depolarization in target material

0 1.000F

0.995

0.990

0.985— -

P.(1) = P (0) exp(-\1) |

- Estimate of relaxation is
included in simulation;small

correction is made to
polarization parameter.

- uSR experiment establishes
no fast relaxation.

- Statistical uncertainty in
A 1s included in decay
parameter systematic
uncertainty.
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Consistency o
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Key:

68 - z.,, shifted
70 — B =1.96T
71 - B =2.04T

72 — TEC in
74 — Nominal
75 — Nominal

76 — Mis-steered
83 — External

material

84 — Nominal

86 — Mis-steered
87 — Nominal

91 — Low momentum
92 — Low momentum
93 — Low momentum

+ 14 data sets for p and 6, X2 of 14.0 and 17.7 respectively
+ 9 data sets used for P§, x 2 = 9.7

+ statistical uncertainties only, after corrections
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Blind Analysis Results

(vs. SM)

p = 0.74991 * 0.00009 (stat) + 0.00028 (syst) (-0.30)
0 = 0.75072 *+ 0.00016 (stat) = 0.00029 (syst) (+2.20)

P,¢ = 1.00084 + 0.00035 (stat) * 8-99165 (gyst) (+1.20)

correlations:
corr(p,0)=+0.69, corr(p,P £)=-0.06/-0.14, corr(s,P,£)=-0.18/-0.43

Combine: P£5/p = 1.00192  %3’0c0ce (+2.90)

* investigating possible instrumental sources of error
Positive decay rate at downstream endpoint »P £/p > 1.0

4
+ Significant statistical difference in P £i/p between Al and Ag
¢ Candidate effect identified - to early to confirm.
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Comparisons with previous results

Peoples 1966
TWIST 2005
TWIST 2008
TWIST 2010

0.744

Balke 1988
TWIST 2005
TWIST 2008

TWIST 2010

0.744

Beltrami 1987

TWIST 2006

TWIST 2010

|
0.988

d New results are consistent

with previous results.

O & is consistent with SM

within 2.20.

d PME is consistent with SM

values at the level of 1.20.
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Limits on p>e X°

O Include a peak with the
shape of the response
function in the fit.

d Isotropic, positive and
negative anisotropic angular
distributions

O Sensitivity to massless X°
limited by ability to match
data and sim edge.

40
35
30
25
20
15
10

90% Upper and Lower CL
For negative anisotropy

90% limit x 10°

wn

0 0 80, .90
mass of X (MeV/c?)

Edge 3.3x10°

Anisotropy Edge 6.7x107

Anisotropy Edge 8.5x10°
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Left-Right Symmetric Models

O Weak eigenstates in terms of mass eigenstates and mixing
angle:

Wi =WicosC+ Wssin(, Wgr = eiw(—Wl sin ¢ + W5 cos ()

d Assume possible differences in left and right couplings
and CKM character.

Use notation: gim7 Vi 5 % .o
b="5—5: te=tp G ="5¢
grms |Vl gL
d Then, for muon decay, the Michel parameters are modified:
3
p=2(1-22), &=1-2(2C)

— 2 2 2
P& =1—2ty —2¢, — 4tgC, cos(a + w)
= “manifest” LRS assumes g; = g,, VR =Vt , w =0 (no CP violation).
= “pseudo-manifest” LRS allows CP violation, but V* = (Vt )* and g; = g,.
" LRS “non-manifest” or generalized LRS makes no such assumptions.

d Many experiments must make assumptions aboqégéqﬁaﬁgﬁﬁ;s!
Art 0lin:  CAP2010 TRIUMF Weak Interaction Symmetry Test

31



LRS parameters from muon decay

e
o
o
Y

\ B z
s Belframi 1987 P_: (MLRS)
<0.08[ e Jodidio 1988 PHEEIp (HLRE}A RRRRRNR
——— TWIST2010p,5,P & (MLRS) "

Mixing angl

m, (GeV/c?)
m, > 684 GeV/c?

-0.019 < (< +0.010
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General LRS

-0.08f —— Jodidio 1988 Pua_,&rp{LRS}\\\\' g

B “’-#’éﬂoto‘#‘ 3
= Beltrami 1987 P, (LRS)

e TWIST 2010p,5, P & (LRS) |
...............
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IIIiIII
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Summary and Outlook

» TWIST has significantly improved the
measurements of p, 6, and P“HE. These results

are in agreement with the Standard Model.
» The value of P"HEG/p >1 disagrees even with

the general weak interaction. We are
reexamining our data for a possible
explanation.

33
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Outline

@ A little historical background
@ Muon decay description
@ Summary of measurements
@ Standard Model tests
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TWIST Analysis
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Chamber response

O Improvements benefit all three 20 data refined
parameters, p,d, and PHE.

o
8

uorv(cm)
e
—
5]

o
-
o

O Detector position response:

O Use drift chamber Space Time
Relationships as determined from data
tracks for data analysis, as well as from
simulated tracks for simulation analysis
(common biases).

el b b b s b by g by o 1y
-0.15 -0.10 -0.05 -0.00 0.05 0.10 0.15 0.20

O accounts for geometry variations, drift z (cm)

model dependence, tracking biases Drift time isochrones for data,

GARFIELD, before and after correction
from track residual analysis.

A Grossheim et al, submitted to NIM
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Energy Resolution

Normalized Counts

Energy calibration procedure matches

0.025 + MC Edge the position of data and simulation
- edges
- v Data Edge
0.02
- Ag
0.0151- Data Resolution 59.5%0.2 keV/c
- MC Resolution 59.5%0.2 keV/c
0.01- Response func diff 1.2 keV/c
o.oosf— $ Al
- Data Resolution 58.5%0.2 keV/c
o e MC Resolution  58.4%0.2 keV/c
522 524 526 528 53 532 834 Response func diff 2.0 keV/c

2004 analysis
Data Resolution 65 keV/c
MC resolution 60 keV/c
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Reconstruction Inefficiency

_ «10°
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(a) Difference between inefficiencies from data and Monte Carlo averaged with
respect to angles over the fidueial region
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" =
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]
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(b} Difference between inefficiencies from data and Monte Carlo averaged with
respect to momenta over the fiducial region
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BSM Physics

d Right-Left Symmetric Models
= Spontaneous breaking of parity
" Herczeg, Phys Rev. D34,3449 (1986).

d R-Parity Violating Supersymmetric Models
= Profumo et al, Phys. Rev. D75, 075017 (2007).

O Lepton Flavour Violating 2-body decays p= e X°

= Strong limits exist when X° or it's products are
detectable

= u decay limits interesting when X° is not detectable.
= Hirsch et al, Phys Rev D 79,055023 (2009)
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Estimating field component effects

data minus simulation (number of )
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Selecting muons in metal target

foi wires

E 400 T guo 10°
- — ¢ L II
zone : = 10*
g _3 primarily :netal L, ;
ﬁ’zig ;'.{{ S =10
w5 .
150D = 102
S E B :
[l 10&; , ' 10
sof -
o v b b by | |
% 50 100 150 200 250 . IPC 350h( 4())0 1
ola 5 wi ns
PC5 signal
amplltude
N —A — _ ) Place cut on 2-d distribution so that
PC5 PC6 <0.5% of “stops in gas” contaminate
“stops in target” region (zone 1).
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Limits on LRS parameters

Observabl

- m, (GeV/c,) | | T | + -
m(K, — K;) >1600 reach (P)MLRS
Direct >1000 (DO) clear (P)MLRS
Wq >652 (CDF) signal decay model
rches P)MLRS
(ﬁﬁf , <103 sensitivity (P)
unitarity heavy v,
both (P)MLRS
b decay >310 <0.040 parameters light v,
u decay model .
( TWIST >420 <0.022 independenc light v,
e

)
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Selecting muons in metal target

11 wlres - '
foil wires .. \Vjstops in

L l 2 400 gas o
] ] I - -y
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g _3 primarily :netal L, ;
gl’zii o 1o
n e
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S E i 2
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S BN A S BN B SN A B S A | |
% 50 100 150 200 250 . IPC 350h( 4())0 1
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PC5 signal
amplltude
——A Place cut on 2-d distribution so that
PC5 PC6 <0.5% of ‘“stops in gas” contaminate
“stops in target” region (zone 1).
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Electron spectrum from p-Al

20ne week of data with y- beam 1.6x10°
@Precise measure of muonic T twera
aluminum (u-Al) decay in orbit (DIO) FEATE  otonobe et ol IR
@ changes phase space, initial KE coxios b TWIST w7
@ competes with nuclear muon I
capture . 105 L
acomparison with calculation :
@ consistency above 53 MeV, but g L S
limited to p<75 MeV 3 o
. _ 60000 | & ,
¥(below e conversion signal) (5% oo}
@ mismatch near peak and excess 40000 F -
events at lower energies I
@ higher order corrections required? 20000 - i
OV L 1'1 5i51601 1651 7|01751 1801 L
20 30 40 50 60

E [MeV]
A. Grossheim et al.

Phys. Rev. D 8 052012 (2009)
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