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Description of muon decay
® coupling constants, decay parameters

The experiment: how muon decay is measured
® beam and detectors

Data and analysis techniques
® simulation and blind analysis

Evaluation of systematic uncertainties
® general approach and specific examples

Presentation and interpretation of results

® new results, comparisons with previous results, validity check,
and consequences
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Description of Muon Decay

Muons (W, pu*):
® are leptons.
® are not affected by strong interactions (great for weak interaction tests!)

Mass:

- Quarks
® 105.658369(9) MeV/c? g | ——
® 200 x m,, 1/9 x m_ 8 [ w (U [cham]c) [ wop £
Lifetime: § '~ down d -strangefﬁ_ bottom D‘
® 2.197019(21) us o~ ' : '
é ] Le_ptons
Decay: Z, electronm muon r tau ‘
© E mx=52.8 MeV < neutnno : neutrmo ‘neutrmo
® 99% B — e, ; o _ p
® (1.44+0.4)% [ — eDelyy 5electron‘/__, “muon {  tau ]
© (3.4+£04)x 10° p — eeevr,, 4 | I 1111
_ Three Generations of Matter
Spin:
© %

® easily produced with high polarization.
©® a,=(g,—2)2=116592089(63) x 10-° (0.54 ppm)
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Muon decay made simple

Assume a four-fermion interaction that is:
® Lorentz invariant
@ local
©® lepton-number-conserving

Allows scalar, vector, or tensor;
left or right; or combinations.
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Matrix elements

Description of Fetscher and Gerber (see PDG Review):
4G R

= 5 2 9 (eIl (we)n) {(Z)m D] 1)

M—RL

Includes includes scalar, vector, and tensor (I’ I'V,I'T)
interactions among left- and right-handed p, e.

Probability for decay of u—handed muon to e-handed
electron is easily expressed:

1
Qs,u, — Zlgfﬂ 2 _I_ |g;; ? _I_ 3(1 o 56/1,)'9;1;1, °
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Coupling constants

® Coupling constants g, can be related to handedness,

e.g., total muon right- handed coupling:

Qs = Qrr-+ QLR

1
= Z|9§R|2 T Z|918%R|2 + |9¥R|2 T |9§R|2 T 3|ggR|2
Global analysis from PDG2004 for pre-TWZIST results

® in parentheses, Gagliardi et al., PRD 72, 073002 (2005)

g5 rl < 0.066(0.067)  |g¥| < 0.033(0.034) |g5.| =0

g7 nl < 0.125(0.088)  |g)R| < 0.060(0.036) |gi,.| < 0.036(0.025)
gnr| < 0.424(0.417) g%;| < 0.110(0.104) g% | < 0.122(0.104)
g?,| < 0.550(0.550)  |g¥,| > 0.960(0.960) |gT, | =0
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Muon decay parameters and

coupling constants

3 3
p=7- Z[Ig}él,l2 + lg¥el’ + 2|68 + 2 |oFal’
+Re (97951 + 91rILE)]

1 * 3 = * 3 *
n = §R€[9}£Rgff, + 9190k + 9L (Gin + 6978) + 9Lr(gr + 69%5)]

1 1
= L 92| = 5 lo2al” = 4|gke|* + 2ol = 2|okal
+2|o7:|" — 8|9k + 4Re(9froT s — 95L9R:)

3 3 3 3 3 3
& =7-3 955|" - = lg3=]" — = l9%e|” - T 9% | = 5 |97 x|”

3 2 2 3
5 |gre|” = 319La|” + TRe(97rgTh — 9ioni)
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Decay parameter description

Muon decay (“Michel”) parameters p, 1, Puﬁ, o

® muon differential decay rate vs. energy and angle:

d?*T 1
= -m,W! G2\ /z? — x2 -
dx dcos@ 4 P e F 0

{.’Ffs(aﬁ, P ‘T]) + 'Pp, cos @ - fAS(CE, 5, 5)} + R.C.

® where Louis Michel

2
Fis(z,p,n) = x(1l—x)+ 510(4372 — 3T — wﬁ) + nxo(1 — x)

FAS(ms‘Esé) = %5‘\/5’32_"”3 1_33—'—;6{433_3_'_(\/1_3%_1)}]

4
2 2
_ my+mg _ Ee . M pl‘l’
and Wpe — 2m, £r — Woe Lo — We '
0 -
> PIJ'
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Relative rate

Decay spectrum shape, graphically

2.0 T T T .
K
- pOgh= 0, //
15  —— cosf=—1. / i
--- cosf=+1.
— with RC
1.0 - e el
05 =]
0.0 | | | |
0.0 0.2 0.4 0.6 0.8 1.0
X = EE/WFC

*Full O(a) radiative corrections with
exact electron mass dependence.
*Leading and next-to-leading
logarithmic terms of O(a?L?) and
O(e2L), L=In((m /m¢)?)

sLeading logarithmic terms of
O(o3L3).

sIgnores O(a2L°) (2007).
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K. Melnikov, J. High Energy Phys. (09):014 (2007)

A. Arbuzov, J. High Energy Phys. 2003(03):063 (2003)
A. Arbuzov et al., Phys. Rev. D66, 93003 (2002)

A. Arbuzov et al., Phys. Rev. D65, 113006 (2002)
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Pre-TWILST decay parameters

@ From the Review of Particle Physics (SM values)

® p = 0.7518 + 0.0026 (Derenzo, 1969) (0.75)
® & = 0.7486 + 0.0026 + 0.0028 (Balke et al., 1988) (0.75)
® P& = 1.0027 + 0.0079 + 0.0030 (Beltrami et al., 1987) (1.00)
® P,(Edlp) > 0.99682 (90%CL) (Jodidio et al., 1986) (1.00)
® n = -0.007 + 0.013 (Burkard et al., 1985) (0.00)

The goal of TWZIST is to find any new physics which may become
apparent by improving the precision of each of

p,d,and P&
by one order of magnitude compared to prior experimental results.
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Early history of u decay

'SICAL REVIEW

The Absorption of Charged Particles from the
2.2-ysec. Meson Decay

E. P, Hincks awp B. PoNTECORVO

Nateonal Researchk Cowncil of Canada, Chalk Riser Laboralory,
Chalk River, Ontario, Canada

July 26, 1948

HE energy spectrum of the charged particles (com-
monly assumed to be electrons) emitted in the
2.2-usec. meson decay is still unknown. Conversi and
Piccioni! in 1944 deduced from the relative numbers of

Arnsns: alantssnme rcsnainm fasnns jana mlatos M E ace camd B s

2} that less than 0.03 count per hour can be due to radiation
from 25-Mev electrons in our arrangement. Consequently,
it may be seen from Table I that at least a substantial
fraction of the electrons must have a range greater than
15 g/em? of carbon. Therefore, we conclude that there are
decay electrons having energies greater than 25 Mev and
therefore that the 2-particle decay process (Eq. (1)), with
a untque energy of about 25 Mev for the decay electron,
is incompatible with our results.

We observe, however, that a maxémum energy of about
50 Mev for the decay electrons would be consistent with
the data of Table 1.

U. de Montréal, April 12, 2010

VOLUME 75, NUMBER B8 APRIL

On the Range of the Electrons in Meson Decay

J. STEINBERGER™
The Histitute for Nuclear Study, University of Chicage, Chicago, Ilinois
{Received January 10, 1949)

An experiment has been carried out both at Chicago and on Mt. Evans, Colorado, to determine the
absorption of the electrons emitted in the decay of cosmic-ray mesons. Approximately 8000 counts
hawe been obtained, using a hydrocarbon as the absorbing material. These data are used o deduce
some features of the energy spectrum of the decay electrons. The resclution of the apparatus is cal-
culated, taking the geometry, scattering, and radiation into account. The results indicate that the
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 gu-meson
disintegrates into 3 light particles.

NO. OF ELECTRONS PER UNIT EMERGY

|
5] 20 30 -0 =
ENERGY OF ELECTROMN N MEV

80

F1G. 9. The decay electron spectrum in this figure has been
calculated to give as good a fit as possible with the data, at
the same time excliding energies greater than 355 Mev, The
limits of error of this spectrum are unknown, but large,

12

15,

1949



The TRIUMF Weak Interaction

Symmetry Test

Uses highly polarized

ut beam from M13. TWIST Spectrometer
StOpS l~l+ in a very (cutaway view)

symmetric detector.
Tracks e* through

uniform, well-known
field.

Completed data taking
in 2007.

Extracts decay
parameters by
comparison to detailed
GEANTS3 simulation.

Beam pipe
Superconducting magnet and cryostat

Support cradle
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Muon production and transport

Improved
engineering

ot

selected from M | 3
different
depths

U. de Montréal, April 12, 2010 14

| eam line upgraded:
“quadrupole steering”
added




Surface muon beam

Pions decaying at rest
produce muon beams
with P, > 99%.

Depolarization must be
controlled using small
beams near kinematic
edge, 29.8 MeV/c.

Use ~4x103% pu* s,

Muon total range at
density ~1 only about
1.5 mm!

U. de Montréal, April 12, 2010
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TEC beam characterization

Need to know X, y, 6,, 6,, and
correlations, for incident muon
beam.

Measure in two modules of low
pressure (80 mbar) time
expansion chambers (TEC).

“Correct” for multiple scattering
(~ 20 mrad rms).

Simulate by sampling corrected
distributions.

Decay parameters measured
with TEC removed; multiple
scattering reduces polarization.

J. Hu et al., NIM A566 (2006) 563-574
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24 Channel Preamp Card HV Block
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Detector array

Variable
density
gas
degrader

PC

Voltage
changed

MUON |

TARGET

Al and Ag
targets

. |

DC1-8

| PC7-8
| r_jcg-z;a\+ PCZME:,CTM l

PC9-12

Temporary Permanent
downstream downstream
beam package trigger

Three settings of

central field

R. Henderson et al., Nucl. Instr. and Meth. A548 (2005) 306-335

U. de Montréal, April 12, 2010
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Detector precision

Longitudinal precision of
wire planes: 30 um over 1
m detector length

= 3 x 107

Transverse precision of
wire spacing: 3.3 um rms
for 4 mm cell size

> 8 x 10™

Low mass

Field uniformity:

> 4 x 10°

Field map grecision:

=2 5x 10

Slow control
monitor/control (e.g.,

dipole fields, temperature,
atmospheric pressure)

@ ©

©)

@

U. de Montréal, April 12, 2010

~—— Bridge and Gas Manifolds

Preamps and —

Tension Rod
Cables

Solenoid Bore

oSt

Gas Hose Tray

Cable Tray

K +Rot
ty
+Uu +v
_ N T /
Cradle — +x =—3 D4z

L-B
eam 3 ©®

(Looking Downstream)

Lower Cover Plate

Magnet Rail " Foot and Rail

X 50 40 30 20 10 0 -10 -20 -30 -40 -50cm
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Cradle with detector array

.

e

#

o,

P

B, R

L
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Data and Analysis

Data obtained in 2006 (Ag target) and 2007 (Al target)
©® total events: 11x10°
©® after quality checks, cuts, and selections: 0.55x10°
® roughly divided between Ag and Al
Simulation: ~ x2.7 compared to data statistics
® custom GEANT3 contains detailed physical processes
® produces “data” exactly as experiment does, plus MC “truth”
Other systematic test data and many simulation
systematics tests

© different beam situations, stopping distributions, physics
processes in simulation
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Treatment of data

Event reconstruction

® event identification by event topology
o primarily using PC information (time resolution)

® two-stage track reconstruction
0 pattern recognition; hits approximate a helix
o high-precision helix fit using drift times
Event selection
@® trigger information (muon TOF)
©® event topology selection (event type cut)
® muon stop selection (last plane hit, radius, PC5/6 energy)
® track selection: charge, direction, vertex at target, decay time
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Analysis: fit to simulation (MCfit)

di . (A) = dlye(Age) fit data to normalized GEANT3

- . simulation distribution is linear
inP & PEo, p,m

Use n measured by other
means, rather than fit it

(3 parameters in fit)

dr + AL,

1)

P pme‘l

G.M. Marshall, Results from 7MZS7
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Blind analysis

| Hidden parameters; p,c, 30 P Emc
L 4

Hidden parameter |
tolerances 0.01

Data from experiment “Data” from simulation

| Reconstruction software
v

| MCfit spectrum fit; Ap, Aé, AP &
¥

| Add to hidden parameters; p, 9, P &
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Systematic estimation

Simulation Modified simulation
| Reconstruction software |
v
| MCfit spectrum fit; Ap, Ad, AP £ |
¥

| Scale; d(p, ¢, P £)/d(modification) |
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Systematic uncertainties

Where we Published Improvement
were before (x10%) factor
this analysis | satistical | Systematic pre-7V;VIS7’
P 1.7 4.4 x5
0 3.0 6.7 x5
PL| 60 38 x2

Intermediate TWIST results have been published based on 2004 data:

B. Jamieson et al., Phys. Rev. D 74 (2006) 072007
R.P. MacDonald et al., Phys. Rev. D 78 (2008) 032010
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Improved p and ¢ uncertainties
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Positron interactions

events

1000}

800
600
400
200

= — MC
5 — data
10 0 10 20 30 40
p1-p2 = p5(MeV/c)
U. de Montréal, April 12, 2010
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“Broken tracks” analysis:
2e*, 1 e = d-electron
2 et = Bremsstrahlung

Agreement of data and sim:
d-electrons < 1%

Bremsstrahlung differs by 2.4%

MC
data

T T [I'IIHI

TII]IIT] T ITTTIIII

p1-p2 (MeV/c)
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Systematics via exaggeration

0.003
Bremsstrahlung example . oo || 8 —
® exaggerate: adjust (with £ ool Py§ ——
care!) the rate in the g
simulation a0
® compare simulated runs, E —0.001
exaggerated vs. normal, to < —0002
assess effects of increase

on decay parameters 0 05 1 15 2 25 3 35 4
® compare normal Bremsstrahlung rate (exaggerated/nominal)

simulation with data to
assess difference in brem

® evaluate difference in
terms of decay parameter
uncertainties
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Momentum calibration

-0.896 < cosb < -0.848

2000 — data

arb. units

1500}
1000}
500[

M R PR
524 526 52.8 53.0

U. de Montréal, April 12, 2010

— simulation

53.2
momentum (MeVi/c)

53.4

29

- Use kinematic edge at 52.8
MeV/c: energy loss and
planar geometry lead to cosé
dependence.

- Difference of ~10 keV/c
prior to calibration.

- Calibration at edge
provides no guidance on
how to propagate the
difference to lower momenta
In the spectrum.

G.M. Marshall, Results from 7MZS7



events

Momentum calibration

100- 100

X

—

o
w

n
O
D
D

80
60

40

20 \\ 20
Qo 30 40 50 60 %
momentum (MeV/c)

30 40 50 60
momentum (MeV/c)

lllustration of shift vs. scale:
Difference leads to uncertainties of
d(p) =1.0x104 and §(d) = 1.1x104.
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Chamber response

Space-time relations (STRs) are calibrated with
data for data analysis, or simulation for MC
A analysis, to include common biases.

celluv

Isochrones from calibrated STRs can account for
detector plane geometry differences in data and
biases in helix fitting.

0.2

— refined STRs

cellz

1

u orv (cm)

<
l 1.85 mm 2.15 mm

A. Grossheim et al., submitted to NIM

z (cm)
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Improved P £ uncertainties

Uncertainties P.E (x 109
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 in quadrature +16.5, -6.2
Statistical uncertainty 3.5
Total uncertainty +16.9, -7.2

U. de Montréal, April 12, 2010

32

G.M. Marshall, Results from 7MZS7



Fringe field, solenoid entrance

- Position..
-1 -
E |
= E |
B2 T 2 s
x (cm)

0, (rad)

y (cm)
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Transverse field and depolarization

EO .......................... ........................... ...................
e X S e —

_1 0 .......................................................................... .......................... — ON-axis (x=y=u)

- 5_ ....................................... ................................... m—off-axis (x=y=1 cm) |

200 150  -100 50 0

n-:L 1.0000 E_ .................................. Attarget .............
0.9995 ST T —— ,
- _ ’?
0_9990 ;_ ............ Pu 09975 + E_
09935;_ .............
0.9980 ;_ i S——

099755_|| ....... o |. ....... e .|. ....... o .| —— .| _______ -
-200 -150 -100 -50 0

Transverse field
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Fringe field systematics summary

Beam / field alignment

Field components

Multiple scattering

TEC electronics noise

TEC efficiency

Total

-20 15 10 -5 O 5 10

Polarization uncertainty in simulation (units 104)
(note sign is opposite to uncertainty in result)
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Fringe field and mis-steered beam

X (cm)

4F
s:=Comparison |
2F
1=
o-
-1
=3 Y VS. Z
-200 150  -100 __ -50
z (cm)
4F
3 '
£ Comparison |l
1
of
1
-2F
_3;—
-200 150 100 _50
z (cm)
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Move beam away from optimum
position and/or angle to observe
change in polarization:

- Comparison |: steer in 6, by 28 mrad.
2> AP, =-105+9 x10*

- Comparison II: steer in x by 10 mm and

in 6, by 10 mrad.
> AP, =-62+8 x 10
- Comparison lll: leave TEC in to

introduce scattering.
> AP, =-18+9 x 10

Compare these differences with
simulation to check fringe field
systematic.

G.M. Marshall, Results from 7MZS7



Estimating field component effects

omesrisont | Estimate of error

®
il | comparison |l |-
A

comparisonlll """""""""" """""" """"""

data minus simulation (number of )

.................

’ Operaﬁeld .......... ........... ...........
‘I“/I‘ -I“I“I“I“iul"I“I‘“I“]I“I“I";"I“I[“I“;‘.I“I“i“;"I“I"I“]I‘“I“I“I“I‘“i“I“I“I“‘I"I“I“I“;"I“"‘I‘
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

f, scale factor applied to B_ and B,
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Depolarization in target material

CuwmE o Tpmer -
o gt [RO=ROert)|
' T ST g o 5 5 5 : 5
0.990 + ‘ | |

0.985 -

- Estimate of relaxation is 2.0 -
included in simulation: small { }

correction is made to 1.5
polarization parameter. 10 -

- uSR experiment establishes { §
no fast relaxation. 05 - Aluminum Silver

- Statistical uncertainty in A
is included in decay 0.0

parameter statistical Previous  pSR New SR New
uncertainty. TWIST (E1111) TWIST (E1111) TWIST
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Selecting muons in metal target

foil wires

)
S 400E 10°
L l 3 3502—
° O 300 zon : 10°
o E E_ prlmarll{rml E
‘ S 250E .
. C_U 2002— -'
: %150;— =Rl
: ) 100?—
: © b *
: 8 OE ..I....I\.\.I....I".’. | | | L 1
° 0 50 100 150 200 250 300 350 400
: PC5 signal
; amplitude
——A—— Place cut on 2-d distribution so that
PC5 PC6 <0.5% of “stops in gas” contaminate

“stops in target” region (zone 1).

U. de Montréal, April 12, 2010 39 G.M. Marshall, Results from 7M/ZS7



Corrections to fitted data

Depolarization from scattering in production target
® +0.9x 104 for full momentum sets, +5.6x 10 for reduced
momentum sets, for P £ only.
Simulations generated with incorrect polarization
relaxation rates
® +2.9x 104 for Ag sets, +2.4x 104 for Al sets

Statistical biases
® 2 fitting of Poisson statistics with 1/N weight is biased

@ in fitting data to simulation, weight includes 1/N from both
o for unequal statistics, this is biased
® MCit biases of order 0.5x 104

©® Energy calibration fit bias of typically (-1.1,-0.4,+1.9)x 104 for p,
J, P&, applied set-by-set
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Consistency of data sets

110 Ag < > Al
o 100 1 5 @& ¢ ¢ 3 3 $ | Key:
S Ap 9 NI ¢ 68 — ,;,, Shifted
- 80 - b 70-B=196T
E g 0 71-B=204T
£ 7 72 - TEC in
S G 74 — Nominal
= 60 -
§ o Ad| 50 ; b ; b {rTi : i { i 75 — Nominal
o c 38 | { 76 — Mis-steered
8 % 20 83 — External material
S = 120 84 — Nominal
o E 100 : 86 — Mis-steered
T .
) 80 - { ¢ 3 3 87 — Nominal
é APug 60 t { { { 91 — Low momentum
2 40 \ \ \ \ \ \ \ \ \ \ \ \ 92 — Low momentum
e
68 70 71 72 74 75 76 83 84 86 87 91 92 93 | 93 — Low momentum

14 data sets for p and §, x? 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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Spectrum fit quality

Normalised residuals for nominal set (s87)

©
=
c
[=]
=
=
>
E
7]
[
1]
it
]
]
S

'35 40 45 50 55
momentum (MeV/c)

abh VM oN B
[T [TTT[TT T[T TT [T TT T
N
=
of
m_
w
=1

o= LA o e i e T

L e R b T R,

SR e i
| _:_ e ‘:E-_.._..-_- . .'-'-.1%:_
-_'::I-*:-."-.' l:‘l . = :'.'I'!.-.-'.‘..::.' "
I A e T f s T
-I_-I--.-_. g ey 5 e .____._
= e I =, --..: | E:'_ X 'I:E--' -...:.. |

_Q C

= 47
oy s 4 .
= = - N -
. E; -I % 220 %..-...-. ..a. ... .. 5, o4 ..
-.r;r .. ‘g -, E " :

I 4

1 '

1
ke
ot
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Fiducial region: p < 52.0 MeV/c, 0.54 < cosf < 0.96,

10.0 MeV/c < p;< 38.0 MeV/c, |p,| > 14.0 MeV/c
All data sets: 11x10° events, 0.55x10° in (p,cos) fiducial
Simulation sets: 2.7 times data statistics
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Spectrum fit quality

Normalised residuals for nominal set (s87) Residuals in fiducial Only (a" SetS)
4000 — —
C Prob 0.613
3500 Constant 2720+17.9 |-
C Mean -0.002604 + 0.005424
3000 Sigma 1.002+ 0.004 |-
e e _ :i.:' el It
am L e i
B et i { LA, o Rl YRR 2000\\ j b‘qh‘
1500F \\\ ij \lq
aTala : *’J \
500 8
momentum (MeV/c) -
0 L1 ] Ll 11 [ Lol L1I1 L1l 11 Ll L1 1|

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

Excellent fit quality over (p,cosf) fiducial
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Results and interpretations

Before revealing hidden parameters, check
® consistency of data sets
® spectrum fit quality
Blind analysis protocol:
©® identify data sets to include
© all event selection criteria and cuts , e.g., (p,cos0) fiducial
©® systematic uncertainties and corrections
©® level of required consistency with previous results
® new measurement supersedes previous TWIST measurements
® publish even if inconsistent with Standard Model
Including hidden parameters, we get
©® results
® comparisons with previous results
® consequences for fundamental interactions
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“The box”
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Comparisons with previous results

Peoples 1966 p =0.74991 + 0.00009 (stat) +£ 0.00028 (syst)

TWIST 2005
TWIST 2008

TWIST 2010
0.744 0.750 0.756

Balke 1988

0 = 0.75072 £ 0.00016 (stat) = 0.00029 (syst)
(+2.20)

TWIST 2005
TWIST 2008

TWIST 2010 . 6

0.744 0.750 0.756

Beltrami 1987 _ + 0.00165
P& =1.00084 +0.00035 (stat) _ 5'gooe3 (SYSt)

TWIST 2006 (+1.20)

TWIST 2010 . P },Lg

| 1 | | | | | | |
0.988 1.000 1.012
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Are these results final?

Combine: P £6/p = 1.00192 +0.00167

- 0.00066
TWIST final 2010 B P,Colp
T ST T R R R S
0.99 1.00 1.01

® resultis 2.9 ¢ above “physical” limit of 1.0 from matrix
element constraints, using correlations for three parameters

© P Lilp greater for Ag target than Al target
® many possible sources of error were checked and rejected

® precision of muon stopping location in data vs. simulation
appears to be leading candidate; affects mostly p and ¢

® physics interpretations should be considered preliminary
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SM extension: Left-Right Symmetric

Weak eigenstates in terms of mass eigenstates and mixing angle:

Wi =Wicos(+ Wsysin{, Wpgr= e""”(—Wl sin { + W cos ()

Assume possible differences in left and right couplings and CKM
character (P. Herczeg, 1986)

Use notation: ; — 9z™1 b — tIVJZI 2 _ g% 2
gim3’ 6 Vi’ Cg Q%C

Then, for muon decay, the muon decay parameters are modified:

p=231-2¢), 6=2, £=1-2(t2+¢2),

P =1—2t5 — 2¢2 — 4te(g4 cos(a + w)

© “manifest” LRS assumes g, = g;, VE = VE, a,0 = 0 (no CP violation).
© “pseudo-manifest” LRS allows CP violation, but V& = (VI)* and g, = g;.
® LRS “non-manifest” or generalized LRS makes no such assumptions.
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LRS parameters from muon decay

Mixing angle {

Restricted (“manifest”) LRS General LRS

*TPreliminary (P.golp) |
0.08 .................. ....................... \ ...................... ...................... ............ N RN,

\ "‘1“1".,’,0’00 : ;
m— Beltrami 1987 P £ (LRS) : -
=0.08F —— Jodidio 1988 Puﬁﬁ.’p{LRS}i\\ ;

TWIST 2010p,5, P £ (LRS) S

— Belirami 1987 P, (MLRS)
-0.08f —— Jodidio 1988 P, £5/p (MLRS) TINRIIII RN
e TWIST 2010 p, 5, P £ (MLRS) ™

.......... NPT B B R T IR B
0.0 200 400 600 800 1000 1200 0.0 200 400 600 800 1000 1200
m, (GeV/c?)  Dodirectsearch (g /9_)m_(GeV/c?)
lower limit LR 2
2 Phys. Rev. Lett. 100, 2
m, > 684 GeV/c 031804 (2006) (9./ggr)m, > 684 GeV/c
-0.019 < ( < +0.010 -0.020 < (gr/g,)¢ < +0.020
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Systematic uncertainties in muon decay parameter
measurements were substantially reduced in TWIST .

Total uncertainties were reduced by factors of 8.7, 11.6,
and 7.0 for p, 9, and P £ respectively, roughly achieving
the goals of the experiment.

Differences with Standard Model predictions are
respectively -0.30, +2.20, and +1.20.

The significant deviation of P £6/p above the limit of 1.0
IS assumed to be due to an additional systematic
uncertainty, to be resolve prior to publication.
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off the mark com  ©y mark paris

Many Thanks!
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events/MeV

Aside: electron spectrum from Al

1.6x10°
1.4x10° |
1.2x10° |
10° |
80000 |
60000
40000

10

20000 1
B 0.1

+  TWIST p~
—— Watanabe et al.
— TWIST ut

55 60 65 70 75 80

1 M| 1

1 1 1 1 1 | 1 1 L

difference

20

A. Grossheim et al., Phys. Rev. D 80, 052012 (2009)
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30

40 50
E [MeV]

60

One week of data with - beam
Precise measure of muonic aluminum

(wAl) decay in orbit (DIO)
® changes phase space, initial KE
® competes with nuclear muon capture

comparison with calculation

0.2

rel.

52

® consistency above 53 MeV, but limited
to p<75 MeV (below ue conversion
signal)

® mismatch near peak and excess
events at lower energies

® O(«a) corrections explain shape

+ IST—Watanabe I
— 0O(a) R.C. (Kinoshita, Sirlin) ]

20 30 40 518 60
E [MeV]
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Parameter correlations

0.6
04| °
corr(p,0) =+0.69 [ [—— 8atcose=0.75
o 0.2
corr(p,P,€) = -0.06 (+), -0.14(-) T o
corr(9,P,£) =-0.18 (+), -0.43(-) g -
04F Fit derivatives
085703 03 04 05 06 07 08 08 1
X
0.6¢ 0.6
0_52— — § at cos6=-1 oal|—"
4F|— € at cosb=-1 _ o "L | — 8 at cos0=+0.75
s 045 Fit derivatives g -
2 - = n
® 0ok g o
2 = & N
5 04" g 02
2 04F Fit derivatives
_ 085703 03 04 05 06 07 08 08 1
c X

. T T E T EET T PR N N TR P
0. 010203040506 0.7 0809 1
X
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Relative Yield

Relative rate

p and o systematic correlations

0.6
0.4 P
- | 3 at cos6=-0.75
0.2
O e
0.2
0.4
oo v v b v b v b b e b v b b b
06051 02 03 04 05 06 07 08 09 1
X
L [—» | /
2.5 T | T T ;
- — cosET= 0. 4
e
————— cosf =—1. .
15F -——-- ¢059T=+1. 7 i
with corrections

Derivatives at cos(0) = £0.75

The p and 6 involve the momentum-
dependence of the yield and
asymmetry

They have:
® same upstream shapes
® opposite downstream shapes

Effects that

® distort the momentum, and
® couple to the yield

distort p and o similarly

Example: bremsstrahlung
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Why are 6 and P £ anti-correlated?

Fit derivatives for P &8 and P g

-0.1
-0.

0.6
0.5 |— 8 at cosf=-1 In TWIST, the fit parameters are
. 0_4;_ — ¢ at cos6=-1 Ppg and Ppga
[T =
[~ 0.3
202 P50
5 o1 =
- Pﬂf

0102 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X
Anti-correlation between statistical uncertainties for 6 and P &
Three types of systematics influence the asymmetry measurements
© Distort P ; only impact P &
© Distort contribution of P &5 derivative; only impact 6
®© Distort contribution of P g derivative; impact BOTH P & and 6
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Testing the Standard Model

Model independent muon handedness:

Qr — %[H%E_%Eé] (SM value is 0)

Left-right symmetric models (simplified!):
Wi = Wicos( + Wasin (, Wr=—W;sin( + Wscos(

—p=35¢  1-PE=4{C+d+¢03

o

® more on this later...
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Limits on LRS parameters: PDGO8

Observable | m, (GeVi/c,) 1| & @
m(K_9)-
m(K<o) >700 reach (P)MLRS
Direct W | >1000 (DO) , (P)MLRS
clear signal
searches >788 (CDF) decay model
Electro-
<0.01 fi P)MLR
weak fit 0.013 : (F) S
both P)MLRS
8 decay >310 <0.040 ° (P)
parameters light vy
u decay*, >475 <0.021 model _
. light vy
TWIST (>530) (<0.016) | independence

*in generalized LRS model; to be interpreted as m,(g,/gg), {(9r/9,).
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