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» Systematic uncertainties for p and 0
» Systematic uncertainties for Pu¢

= Quality of data

= The final results

First announcement outside of TRIUMF

* Implications for the Standard Model
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TRIUMF Weak Interaction Symmetry Test

* Highly polarised p*
e e STOPPEM IN CeENtre of
et symmetric detector.

TWIST Spectrometer

(cutaway view)

» ¢* tracked in uniform
magnetic field.

* Measures muon decay
parameters by
comparison to a detailed
GEANT3 simulation.

* Final data acquired in
2006/2007.

Nucl. Instr. and Meth.

A548 (2005) 306-335 Jan 2010: Ana|ysis complete
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M13 beam line improvements

Nucl. Instr. and Meth. _
A566 (2006) 563-574 Stopping target
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M13 beam line improvements

Nucl. Instr. and Meth. ,
A566 (2006) 563-574 Stopping target

Improved
engineering of
TECs

Muons selected

from different | K

depths '\

Beamline upgraded:
“quadrupole steering”
added
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Spectrometer improvements
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Spectrometer improvements
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Final uncertainties for p and 6

. p o)
Uncertainties (104 | (1079
Positron interactions 1.9 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 04
Beam stability 0.2 0.0
Statistical uncertainty 0.9 1.6
Total in quadrature 3.0 3.3

iIncludes uncertainty due to radiative corrections
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Positron interactions

“Broken tracks”:

O-electrons: 2 x e+, 1 x e—
Bremsstrahlung: 2 x e+

O-electrons: data/sim agree < 1% Brem: data/sim differ by =2.4%

1000 ' | — MC 109 . — MC

800 [ ' : i
n i
T 600F
g i
® 400 -

200 102 — -

-10 0 10 20 30 40 —10I - 'OI - '1OI . '20' - I30I '40

p1-p2 = p5(MeV/c) p1-p2 (MeV/c)
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arb. units

2000 [yt

1500

1000

500

Momentum calibration

Spectrum endpoint provides a calibration

-0.896 < cos6 < -0.848

— data

— simulation

PR T R T
524 526 52.8

P B —
53.0 53.2
momentum (MeV/c)

53.4

Simulation and
data p,., differ by
=10 keV/c

Difference must be propagated to rest of spectrum
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Extremes are application as a shift and scale

x10°

Momentum calibration

Qo 30

momentum (MeV/c)

100
BOf
60;
40

\~k , 20

x10°

Scale

\

20 50 60 %0 30 a0

5"

60

momentum (MeV/c)

Difference between these choices gives
uncertainties of

1.0 x 104 for p, and 1.1 x 10 for &.
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Chamber response

N » Space-time relationship from
e GARFIELD is now refined to minimise

/ track fit residuals.
———— = Corrects for plane-to-plane
/§ construction differences, tracking bias.

0.2

cellz

celluv

1

:

uorv(cm)
o
(=]

-~ = =
1.85 mm 2.15 mm

(paper describing technique is submitted to [ . . .

Nucl. Instr. and Meth. A) - z (cm)
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Uncertainties for P &

Uncertainties P& (107%)
Muon beam and fringe field +15.8,-4.0
Depol. in stopping target 3.2
Depol. in production target 0.3
Background muons 1.0
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
Statistical uncertainty 3.5
Total in quadrature +16.9, - 7.2
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Uncertainties for P &

Uncertainties P& (107%)
Muon beam and fringe field +15.8,-4.0
Depol. in stopping target 3.2
Depol. in production target 0.3
Background muons 1.0
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
Statistical uncertainty 3.5
Total in quadrature +16.9, - 7.2
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Muon beam and fringe field

11
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Muon beam and fringe field 11

Pos:iti;on
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Muon beam and fringe field 12
Transverse magnetic field components

> —— nn_axis (x=y=ui

5
) A0 : -
Units
_1 5 ....................................... ................................... r— ﬂﬂ:-axis (K=y=1 Gm} .
« - . -50 0

n-:L 1 0000 E_ ......................... A .........................................................
0.9995 ;_ ........ t target

0.9990 ;_ ........ P O 9975 + ,?
09935;_ .............

0.9980 i_ .............

0.9975: ............... . ............... .. ....... .| S .| _______ -
-200 -150 -100 -50 0

James Bueno, WNPPC 2010, Banff, Alberta



Muon beam and fringe field
How accurately do we know the beam

polarisation at target entry?

Beam / field alignment

Field components
Multiple scattering
TEC electronics noise

TEC efficiency

Total

20 -15 -10 -5 0 5 10
Polarisation uncertainty (units 10~4)
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Muon beam / field alignment 14

old

Alighment

Beam steered onto
symmetry axis.

Pu now less sensitive to
alignment uncertainties.

uncertainties Position Angle
Muon beam +0.2cm + 3 mrad
Magnetic field | 0.1 cm + 1 mrad

Pu uncertain at
level of

+ 1.2
- 6.4

X 1074
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Magnetic field components 15

Indirect validation: polarisation of real beam lowered. How well does
the simulation reproduce the changes?

Example: angle 6, ~
28 mrad introduced

Polarisation decrease
yVvs.z | of (105 £ 9) x 104

200 -150 -100 __ -50
z (cm)

Comparison ll: position off axis by ~1 cm,
angle 6x ~ 10 mrad introduced.

Comparison lll: TECs-in through entire set, increasing multiple
scattering upstream of fringe field.

Small transverse field components need increasing
by 10% to improve data and simulation agreement.
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Selecting muons in metal target 16

foil wires
1L 1L

| Muon last hit must be In
PC6, with no signal in PC7.

|

J\

PC5 PC6 PC7

(PC = proportional chamber)
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Selecting muons in metal target 16

foil wires
L 1

350

. primarily metal H 53 >
: ~50" 100 150 200 250 300 350 400
: PC5 signal amplitude

—— Cut placed so that < 0.5%
PC5 PC6 of the gas distribution
(PC = proportional chamber) contaminates “zone 1.
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Measuring depolarisation in target 17
Targets are high purity (>99.999% purity) Al and Ag.

o - .
1.000 | | : | : : P,(t) = Pu(O) exp(-it)
0.995 TE 1 S .......... ........... Fr=coooos: oo Soeeree
0.990 - i __1 ---------- -----------
0.8 |-+ e evree e e e e,

0 1 2 3 4 5 6 7 8 9 10
t (us)
‘IC\ 2.0
Subsidiary p*SR & 15 { } ;
experiment: < 10
no “fast depolarisation” ?
down to 5 ns 0.5 - AI A
0.0 | | g

Previous  uSR New USR New
TWIST (E1111)  TWIST (E1111)  TWIST
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Outline

= Quality of data

= The final results

First announcement outside of TRIUMF

* Implications for the Standard Model
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units 104

Set-to-set consistency: pand & 18
(difference between data and hidden values)

o Ag °p =5 Al

110

0 15 & 5 5 8 g8 8 g b
80 ¢
70

AN R L
40 |1 I Lle I

30 -

20
All sets are used
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units 104

Set-to-set consistency: pand & 18
(difference between data and hidden values)

. Ag ep =5 Al

110 e —

100 - $ o & $ @
o | @ @ 5 ¢l z

80 - {

70 -

0§ ¥ %

40 -
30 -
20 \ \ \ \

68 70 71 72 Nominal sets 91 92 93

set number
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Set-to-set consistency: pand & 18
(difference between data and hidden values)

. 120 Ag *p =0 Al
© 110 |
% 188 181 s & & 5 bl & 5 @ ; ¢
S5 80 ¢
70 | P ; *
60 |
o b1 _ !
Stopping distribution S —
changed 75 76 83 84 86 87 91 92 93

set number
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units 104

120
110
100
90
80
70
60
50
40

Set-to-set consistency: pand & 18
(difference between data and hidden values)
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Magnetic field
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set number
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units 104

120
110
100
90
80
70
60
50
40
30
20

Set-to-set consistency: pand & 18
(difference between data and hidden values)

Ag ep =90

Al

¢t 5 ¥ 51 %e 8],

. T
I i“ii*

Muon beam

68 70 71 72 74 Steered off-axis g¢ g2 93

set number
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units 104

120
110
100
90
80
70
60
50
40
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20

Set-to-set consistency: pand & 18
(difference between data and hidden values)

Ag ep =9 Al
iiiiiikﬁﬁ {f
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I S T T N A [ 1
! : s !I.'+l
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Set-to-set consistency: P ¢ 19
(difference between data and hidden values)

Ag Al
120

110 - TECs-in

100

units 104

o 4t fl
7o{ - {{ }

{

60 | Magnetic

50 | field Vuon 4

40 | changed { beam

30 steered

20 \ \ \ \ \ \ \ \

68 70 71 72 74 75 76 83 84 86 87 91 92 93
(indicated sets were not

included for P ¢) set number
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0.8 "l_--,

e —
i b :

.rrl ' 2

4000

0

Spectrum fit quality

Normalised residuals for nominal set (s87)
1.0p=

20

1 Residuals in fiducial only (all sets)

Prnb
3500— | Constant

2 Mean

0.613
2720+ 17.9
-0.002604 + 0.005424

L, n
10 20 30 40 50 ‘ 00
momentum (MeV/c)

Excellent fit 1900

kinematic fiducial

4 -3 -2

-1
(data-simulation)/c

_1.002+ 0.004

0 1 2 3 4
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Before unblinding

Collaboration agreed on:
» Data sets to include.

» Systematic uncertainties and corrections.

» L evel of required consistency with previous results.

* Do we combine new results with intermediate
TWIST measurements? (new results supersede)

= Course of action if results are inconsistent with the
Standard Model. (we publish!)

21
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Results revealed (29 Jan 2010)
p

Peoples 1966
TWIST 2005
TWIST 2008

TWIST 2010

Balke 1988
TWIST 2005

TWIST 2008
TWIST 2010

0.745 0.750 0.755
5 = 0.75072 + 0.00016 (stat) + 0.00029 (syst)

22
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Results revealed (29 Jan 2010) 23

Beltrami 1987 P.C
TWIST 2006
TWIST 2010
0985 1000  1.015

P,¢ = 1.00084 £ 0.00035 (stat) + 0.00165 (syst)
— 0.00063 (syst)

Pre-TWIST: 0.9975 < Pyd/p (90% C.L.)
P,Colp

TWIST final 2010 i

..... |
0.99 1.00

2.9 o from SM, under

P, 0/p=1.00192 + 0.00167
— 0.00066

Investigation
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Left-right symmetric models 24

Phys. Rev. D 34, 3449 - 3456 (1986)

* Models add a right-handed current (V+A) to the weak

Interaction.
» Right-handed W-boson introduced at higher energies.

» Mass of Wy > Mass of W

Weak interaction eigenstates (W , Wg) in terms of mass
eigenstates (W,,W,) and mixing angle ({):

W =W, cos(+W,sin(
W, =e® (-W, sin{+ W, cos ()

Muon polarisation and decay parameters ¢ and p are

sensitive to m, (the new boson’s mass)
and ¢ (the mixing angle).
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Mixing angle (

Left-right symmetric models 25

Phys. Rev. D 34, 3449 - 3456 (1986)
90% C L. exclusion

90% C.L. exclusmn

0.1
0.08
0.06

Manlfest LRS

\\\ \\\ Lo e

o AW/
: o 0.04 _
o : S :
A % S e 0.02F 2\
-0.06 \ \ Lt

—— Boltrami 1987 P, - (MLRS)
=0.08f —— .Jodidio 1933P§5!p(MLR5}\\\\ 220NN

e TWIST 2010 p, 5, P E_,{MLRB}

0.1

Mixing angle

-0.08f — Joddn1933P§bfp{LRs].<\\'f"" R

Generallsed LRS

—— Bolirami 1987 F g{LRsp

—— TWIST 2010,5, P g (LRS)

400 5001000 1200 0.4

m, (GeVIc ) ﬂ

DO direct search
Phys. Rev. Lett. 100, 031804 (2008)

I400 600 800 1000 1200

(gI_IgR)m2 (GeVic?)
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Global analysis of muon decay data 26

Method described in Phys. Rev. D, 72:073002 (2005)

- General 4-fermion interaction:

Y
Gr N _
i M:4E > €| |ve >< Uyl |y >

M 4 \ 1%
' = < ~=8,V, T

-- e,u=R,L
\e+ Standard Model (‘V-A"): gV =1
(all others zero)
Global analysis determines weak coupling constants using:
= TWIST results: p, 6, Puc¢
» Polarisation of e* (longitudinal and transverse)

» Radiative muon decay
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Global analysis of muon decay data 27
= New limit on right-handed muon couplings:

Pre-TWIST: Q{r <5.1x103  (90% C.L.)
New result: QF; <5.8x10% (90% C.L.)

» Uncertainty for n reduced:

2005 global analysis: n=-0.0036 + 0.0069
New result: n=-0.0033 *0.0046

* Improved uncertainties for other coupling constants:

o Coupling Pre-TWIST New

Q 9°grl < 0.066 <0.031
C

= g'rRl < 0.033 < 0.015
é g% R <0.125 < 0.041
o 9"r < 0.060 <0.018
O g'r < 0.036 <0.012

James Bueno, WNPPC 2010, Banff, Alberta



Summary

» 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, ® and Puc respectively,
roughly achieving the goals of the experiment.

= Differences with Standard Model predictions are
respectively =0.3 o, +2.2 o0, and +1.2 ©.

» \We cannot yet explain the more significant deviation
of Pu¢ &/p above the limit of 1.0.

28
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Backup slides
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difference in P (0) between nominal

and steered beam (x 10-4)

160
150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

Magnetic field components

Comparison | [

llllF[IIIIIIIIIIIIIIlIIIIIIIII

= Nominal field
F

1.0
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Magnetic field components 14

Comparison | N R

160
150
140
130
120
110
100
90_ .............................................................. ®. ...
80_ ............................................................................................
70_ ......................................... @ ol
GOE= | O IRIERTE KERTIN [ESTIRY SEFPHL RTINS RPSHRPR
50 i

||IH_III|I|II|||I||||II|||I|I|

and steered beam (x 10-4)

Scaling applied to B,

difference in P (0) between nominal

and B, components of
field map

% | | | | ] | | | ] I | | | | | | I | I I I | I I |

0.8 0.9 1.0 1.1 1.2 1.3
f, scale factor applied to B and B,
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data minus simulation (number of &)

I I
Ohsdbhlooanmwasao

I-I Ll |- L1l L I.I L | .I..I..i.-.l..l.l ] | I T Ll L1 L
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 15

f, scale factor applied to B, and B,

e S S
O aN WA NOWO JNWEROO®O
L L LN LAY AL LI L L L LN L AL N

07 08 09 ‘1.0' BT B B Ry

f, scale factor applied to B and B,

Magnetic field components

Small transverse
magnetic field
components are
scaled.

Data and simulation
agree best when
components are
increased by 10%.
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Coupling constants and decay parameters

The muon decay parameters are bilinear
combinations of the coupling constants:

3 3 2 9 9 2
p = 7~ llorel +|orrl” +2[oke|” + 2[oLk]
+[Re (Q’J%LQEE T QERQEEN
|
n = SRe 9RRITL T 910988 + 9rr(9ik + 6918) + 91r{get + 6951

1 1
¢ = 1 5lotal’ ~ 5 lofnl ~ 4okl + 2okl ~2[oknl

2 2
+2|gFR|” — 8 |05 |* + 4Re(g5 ol s — gEr 05
33

3 3 3 3
66 = 7 —gloral” =5 loial" = 5 lokal — J lokel — 5 loZel

3 2 2
-5 ‘QEL‘ — 3 ‘Q’ER‘ — EIR&(Q’EREEE ~ GRLIRL)
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Summary of improvements

Statistical | Systematic Improvement
uncertainty | uncertainty
(x 107 (x 1079 over pre-TWIST
0 + 0.9 +2.8 factor 8.7
0 + 1.6 + 2.9 factor 11.6
+ 16.5
Puc + 3.5 6.3 factor 7.0

James Bueno, WNPPC 2010, Banff, Alberta




Decay spectrum

When e polarization not detected, spectrum is described by
four muon decay parameters (bilinear combinations of gZu‘s)

d*T

1
— Zm“W‘i G2 \/502

dx dcos 8
{Fi1s(zypyn) + PucosO - Fpag(x,£,90)}
dxdcos0O _
/{ N 1.0 -
P‘; . 1.0
Cogg s

1.0 0.2 X = EJEmax
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Blind analysis
» Data compared to GEANT3 simulation with hidden

decay parameters.

dr,.. (A - dr c :
" onal) _ e = Spectrum is linear in

P, P80, p, N
= Differences from hidden

parameters are measured.

dr
A
.dn n

0 0
Cb"a NI oo‘%v 9

) b
-1 o ¢ p@\e\” % 4

» Hidden parameters are revealed after systematic
uncertainties evaluated.

o meq 1)
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Hidden value tolerances

data minus simulation

-0.01 0 0.01

h hidden value in simulation
0.74 0.75 0.76

P + result (data)
0.74 0.75 0.76
H
-0.01 0 0.01 -0.01 0 0.01
L] H

0.74 0.75 0.76 0.99 1 1.01

Oresult © Pu¢ result ®
0.74 0.75 0.76 0.99 1 1.01
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Polarisation

Unmatched

statistics

Corrections
(applied to data minus simulation, units 1074)

Production target

multiple scattering

+ 0.3 at 29.60 MeV/c
+ 1.6 at 28.85 MeV/c

+ 1.9 at 28.75 MeV/c

Final relaxation rate

+ 2.7 for silver

+ 3.3 for aluminium

o o Pug

Spectrum fitter

-0.2 -0.1 -0.5

Energy calibration

(set dependent)

-1.3 -03 +1.3

to to to

-1.7 -0.5 +24
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Parameter correlations

0.6

corr(p,d) = +0.69 -
corr(p,Pu¢) = -0.06 (+), -0.14 (-)
corr(5,Pu€) = -0.18 (+), -0.43 (<) = ..

—p
— § at cos0=-0.75

Relative Yield
o

Fit derivatives

_0 v b s b v b s b v b b v b v b v b
€04 02 03 04 05 06 07 08 09 1
X
0.6 0.6
0.5F|— 8 at cosf=-1 0.40 P
0_4f_—§atcose=-1 . . . % ozi—ﬁatcose—+0.75
= Fit derivatives & F
> S of
> = -
2 0.4 Fit derivatives
o Lo b b b v b b Lo b Lo v
0601 02 03 04 05 06 07 08 09 1
X

-0 T T T T T TR T SO T T
20 010203040506 0.7 0809 1
X
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p

Improvement in systematic
uncertainties
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Improvement in systematic
uncertainties: 0
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Limits on LRS parameters: PDGO08

Observable | m, (GeV/c,) | €| é @
m(K_0)-
m(K<o) >700 reach (PIMLRS
Direct Wg | =>1000 (DO) . (PIMLRS
clear signal
searches >788 (CDF) decay model
Electro- <0.013 fit (PMLRS
weak fit '
both P)MLRS
B decay >310 <0.040 ° (F)
parameters light v
u decay®, >473 <0.021 model iaht
TWIST (>530) (<0.016) | independence 9nt vr

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

TRIUMF, Feb 11, 2010 57 G.M. Marshall, Final results from JHZS7



Reconstruction inefficiency

cosO

0 10 20 30 40 50
momentum (MeV/c)
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