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» Description of muon decay
» matrix elements, coupling constants, and parameters

» The muon beam and the TWZIST spectrometer

» Treatment of data and methods of analysis
» fitting procedures
» systematic uncertainties and corrections

> Results for decay parameters p, 4, and P £
» tests of extensions to Standard Model
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Muon decay matrix elements
vV, vV,
/e — ,“ /e
W%”L<I7 \,78
4GF

M = > 92, (& T (Ve)n) {(Zu)m [Ty p1,)

~=S,V,T
€,u= —R,L

> Assumes most general local, Lorentz-invariant, lepton-number conserving
interaction with 19 real parameters g.

» Scalar, vector, tensor (I',TV,I'T) interactions among left and right u, e

» Inthe SM, g;,=1, all others are zero.

Fetscher, Gerber, and Johnson, Phys. Lett. B173, 102 (1986) .
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Coupling constants

» Limits on coupling constants (before TWIST)
» Particle Data Group, S. Eidelman et al., Phys. Lett. B 592, 1 (2004)

9rrl < 0.066 gY%nl < 0.033 gZ.| =0
9irl < 0.125 grrl < 0.060 gT.| < 0.036
gl < 0.424 gty | < 0.110 g% | < 0.122
gzr| < 0.550 g¥,| > 0.960 g7, | =0

» Decay parameters are bilinear combinations of gZ,,.
» Probability for decay of n—handed muon to e~handed electron:

1
er, — Zlgfu 2 _|_ |g;;|2 + 3(1 T 5€M)|g;:ru ’

» RH coupling in i decay in terms of coupling constants:
Q% = Qrr+ QLr

1 1
= Z|9§R|2 + Z|9152R|2 + |9XR|2 + |9§R|2 + 3|QZR|2
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Decay parameters

» Muon decay parameters p, n, P&, ¢
» muon differential decay rate vs. energy and angle:
d*T 1

dx dcos 6 23 H T me

{'7:15(339 Ps 77) == Pu cos 6 - :FAS(waga 5)} + R.C.

» where 5
Fis(@,pyn) = (1l —a)+ _p(4a® — 3z — 27) + nao(1 — x)

Fas(x,£,0) = —£N/w2—w2 ll—w—l— 6{4:1:—34—(\/1—:22 1)}]

m2+m?2 E m
— MK e J— e —_— e —
and Wll,e — 2m“ 9 r = Wue 3 w() _ W“e . pe
L. Michel, Proc. Phys. Soc. A63, 514 (1950). % —
C. Bouchiat and L. Michel, Phys. Rev. 106, 170 (1957). : Pu

T. Kinoshita and A. Sirlin, Phys. Rev. 107, 593 (1957).
T. Kinoshita and A. Sirlin, Phys. Rev. 108, 844 (1957).
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Spectrum shape and radiative corrections

e without RC coso=+17
15 | — withRC
_:%:’ 1k coso=o.f s B
s —
05 - 189 T
L 16 . . ....................
L cosf=-1 1.4 ) e
° ¢ 02 04 06 08 129" 7 A .
X=Ee/Emax 10
Momentum distributions of e+ in p* 081 <A
decay, for different angles, 067 .4 1.0
showing the asymmetry and the 047 0.5
corrections necessary due to ' '
radiative effects. 08% 009
) 0.8 ¢)
’ 0.6 04 05 C
o . - ’ 0.2 -
» Full O(a) radiative corrections X=E/E 0.0-1.0
with exact electron mass X
dependence.

» Leading and next-to-leading
logarithmic terms of O(a2£2) and K. Melnikov, J. High Energy Phys. (09):014 (2007)
O(a?L), L=In((m /m_)?) A. Arbuzov, J. High Energy Phys. (03):063 (2003)
> Leading lo arithumié terms of O A. Arbuzov et al., Phys. Rev. D66, 93003 (2002)
L) glog A. Arbuzov et al., Phys. Rev. D65, 113006 (2002)
» Ignores O(a?L%) (2007).
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Pre-TWIST decay parameters

» From the Review of Particle Physics (2004) (SM values)
> p= 0.7518 + 0.0026 (0.75)
>» S.E. Derenzo, Phys. Rev. 184, 1854 (1969) .
» 0= 0.7486 + 0.0026 £+ 0.0028 (0.75)
> B. Balke et al., Phys. Rev. D37, 587 (1988) 587.
> P.¢= 1.0027 £ 0.0079 £ 0.0030 (1.00)
> |. Beltrami et al., Phys. Lett. B194, 326 (1987).
> P, (¢lp) > 0.99682 (90%CL) (1.00)
>» A. Jodidio et al., Phys. Rev. D34, 1967 (1986), and erratum.
» 5= 0.01140.085 (0.00)

> H. Burkard et al., Phys. Lett. 160B, 343 (1985).

The goal of TWIST is to find any evidence for new physics
that may become apparent by improving the precision of

p, 6, and P &
by one order of magnitude compared to prior experimental results.

= measure yield vs. energy and angle, and understand depolarization,
to a few parts in 10
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The first proposal — E614

TAT NT OF PROPOSED AESEARCH Shee! of
DETAILED STATEME Appendix € pg. 8 2 59

» Report of the TRIUMF
Experimental Evaluation

Committee Meeting, July 1990, P L s mon s L]
for E614: B Haeo W1 hektbin A4 o ikl oclibols bl ket
il W b b e T
“In order to thoroughly understand the kg [ £ | f’_;j.‘,.#:—- T
problems that may be encountered, we | ~ "7 T T L L
recommend that the proponents start r el [ | i T
serious discussions with the authors of Tl pephic b AL bl
the LAMPF experiment who were less | ’ ‘ e 1 [yl :
ambitious by factors of two for p and ¢ | [ ' P ooy o (6
and by a factor of five for P, compared ’ signad, pisnes of #ois
to this proposal and nevertheless failed geipatiin it s A T ey T e e
Completely'” Figure C3. A sketch showing the geometry of proposed MTS spectrometer near the
st I o g e L
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Muon production and transport

muon targets:

TECs to characterize
o HP Al and Ag

muon beam: improve
efficiency, reliability

500 MeV
protons

£
production target

profon bear .
beam quadrupoles:

add steering to control
final beam position/angle

polarized muon
source: select u*
from different depths
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Surface muon beam and polarization

» selected TOF with pion lifetime for

pure surface muons (a TRIUMF 0.85

» Pions decay to muons with 50x106
P,"~100% polarization antiparallel to £ = S
muon momentum (P,j’rv -1) o 10 "cloud" surface ipions
(V] muons ! muons
h,=-1 h i 30
W —{ » -4 20 i \
\\\\ ————— ’/,/ 10\ :
» Control loss of polarization by 5.?,1_10& 1 . BN
» small solid angle GEJ g 1.05
» narrow momentum acceptance near € 4 rvote oo . o ods o
29.8 MeV/c 25 100 R T
» minimal intervening scattering o 0.95 .
material =  0.90 ® . .
[ i \\
& NN

h

130 140 150 160 170 180 190

advantage!) 120
» Rate (2-5)x103 ut/s, et/ut ~ 10 time rel. proton beam (ns) [arb offset]
> Muon range ~140 mg/cm?, or 1 mm J. Bueno et al., Phys. Rev. D 84, 032005 (2011)

carbon equivalent
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TECs for 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 (TECs).

“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, 563 (2006).
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Spectrometer and muon target

Beam pipe

Superconducting magnet and cryostat

TWIST Spectrometer

(cutaway view)

Support cradle
Prop. and drift chamber

Target

» Highly polarized
surface p* beam

» u* stop in a symmetric
detector

» e* tracked through
uniform, well-known
field.

» Decay parameters
found by comparison
to detailed GEANT3
simulation.

» Data taking completed
in 2007.
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Solenoid, yoke, and magnetic field

» 1983 vintage whole-body MRI
scanner superconducting
solenoid produces 2 T field.

» Steel yoke designed to

improve uniformity and control
stray fields.

» Field uniformity:
=4 x 107

» Field mapéorecision:
= 5x10

FENAL, July 2012
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Cradle with detector array

4.8. Time Projection Chambers 67

Figure 4.16: Drift chambers can be used to track charged particles. In this picture a scientist checks
part of the TWIST apparatus,(®) which used 44 drift chamber planes to do precision measurements

of muon decay. The drift chambers are circular planes whose edges can be seen in the photograph.
[Courtesy Bob Tribble.|

From E.M. Henley and A. Garcia, Subatomic Physics, 3" Ed.
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Detector array and features

select dE/dx HP Al, Ag
for p* stopping MUON targets as PC6
variable in target TARGET and PC7 cathode
density PC1-4 PC5-6 | PC7-8 FLY-12 positron
gas degrader DC1-8 DC9-22 \u/ DC23-36 DC37-44 scintillators
I I ) X R _ to monitor
— — chamber timing

» T

““  downstream
material to
trigger scintillator test backscatter

R. Henderson et al., Nucl. Instr. and Meth. A548, 306 (2005).
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Detector precision

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

= 3 x 103

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

=8 x10"

Low mass

= 2 x 0.1 g/lcm?

Slow control and monitor
(e.g., dipole fields,
temperature, atmospheric
pressure

FENAL, July 2012
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Data and analysis - history

» Fall 2002 - test data taking procedures and develop analysis
> graphite-coated Mylar target not suitable for P £

» first physics results for p and §

» J.R. Musser et al., Physical Review Letters 94, 101805 (2005)

» A. Gaponenko et al., Physical Review D 71, 071101(R) (2005)

» Fall 2004 - high purity aluminum target and TEC
> first TWIST P& and improved p, §

» B. Jamieson et al., Phys. Rev. D 74, 072007 (2006)
» R. P. MacDonald et al., Phys. Rev. D 78, 032010 (2008)

FENAL, July 2012

Published uncertainties Improvement
(x104) factor
Statistical Systematic ve
y pre-TWIST
p 1.7 4.4 x5
0 3.0 6.7 x5
| P& 6.0 38 X2

18
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Final 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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Sample events

» Single thin scintillator records
incoming muon (low et efficiency)

» Chamber hits recorded in interval o o a1l
[-6,+10] us with respect to muon

» Pattern recognition in position (DC)
and time (PC) sorts hits into tracks
for fitting

» Must identify extra hits from other
particles, e.g., beam positrons,
delta and bremsstrahlung
secondaries, backscattering
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Treatment of data

» Event reconstruction in two stages:
» pattern recognition; hits approximate a helix
» high-precision helix fit using drift times
» with energy loss and scattering constraints

» 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

» Fitting of distributions in (p,cosf) to detailed simulation
» verification of simulation processes and predictions is crucial
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Fitting data to simulation

Hidden parameter |
tolerances 0.01

Data from experiment “Data” from simulation

| Reconstruction software |
\4
| Spectrum fit; Ap, Aé, AP, |
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Fitting data to simulation

| Hidden parameters; pyc. 0300 P "E e |

Hidden parameter |
tolerances 0.01

Data from experiment “Data” from simulation

| Reconstruction software
\4

| Spectrum fit; Ap, Ad, Apff
A4

| Add to hidden parameters; p, §, P,"¢
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Two-dimensional spectrum fit

dry,.(A) - dlyc(iyge) > 2;[ rT(?lrj\lt:ti’z;)nnormaI|zed GEANT3

| > use linearity in P&, P £0, p, m

» measure differences from
hidden parameters A, .

dl"Arl
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Spectrum fit quality

Normalised residuals for nominal set (s87)

Residuals in fiducial only (all sets)

4000—— : : :
- Prob 0.613
35001 Constant 2720+17.9 |-
- Mean -0.002604 + 0.005424
3000 Sigma 1.002+ 0.004 |-
3 < e P iy sl S W 500F AN
om LR o R L A sl T - j' \q
Cen R N R A A 2000
e i S L L e TR C N
o N - _f \
3 e 1500 v! k
1000 L
— )
5001
momentum (MeVIc) EI L1l Ll L1 | | | | 1111 | | | [ Ll L1l
054 3 2 4 0 1 2 3 4 5
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(data-simulation)/c

» 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,cos0) fiducial

» Simulation sets: 2.7 times data statistics
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Fitting for systematic estimation

Simulation Modified simulation

| Reconstruction software |
v

| MCHit spectrum fit; Ap, Aj, AP £ |
¥

| Scale; d(p, §, P,¢)/d(modification) |

FNAL, July 2012 26 G.M. Marshall, Muon Decay Parameters andTWIST



List of systematic uncertainties

Positron interactions » Chamber response

» bremsstrahlung » DC and PC efficiencies

» delta ray » space-time relations

» multiple scattering » HV variations

» material in detector » dead zone from muon ionization

» outside material » temperature and pressure
Resolution » cathode foil position

> energy » US-DS efficiency asymmetry

» angle » cross talk
Momentum calibration > 1, variations

» model scaling uncertainty > Beam Stability

» energy dependence » muon beam intensity

> field map precision > stopping location

» PC pulse height stopping cut » Dbeam line magnet stability
Spectrometer alignment » External Uncertainties

» U/V width scale » radiative corrections

» Zlength scale » uncertainty in eta

» translations » Polarization

> rotations » production target depolarization

» field alignment to detector axis » fringe field depolarization

» stopping target depolarization
» background muons
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List of systematic uncertainties

» Positron interact

» Resolution

>
>

» Momentum calib

>
>
>
>

bremsstrahlu
delta ray

multiple scatt
material in de
outside matel

energy
angle

model scaling
energy deper
field map pre:
PC pulse hei

» Spectrometer ali

>

>
>
>
>

U/V width sce
Z length scale
translations
rotations
field alignmer

FENAL, July 2012

|
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pans
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g  LCAL
arization
n
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Positron interactions systematic

» “Broken tracks” analysis:
» 2 et, 1 e = § -electron
» 2 et = Bremsstrahlung
» Agreement of data and sim:
» J -electrons < 1%
» Bremsstrahlung differs by 2.4%

1000+ — MC
800 - — data
%) r
Tt 600
d>.) L
® 400
200 -

10 0 10 20 30 40
p1-p2 = p5(MeV/c) p1-p2 (MeV/c)
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Systematics estimation example

0.01

» Bremsstrahlung
» “exaggerate”: adjust (with
care!) the rate in the
simulation to a value

unrealistically large, but
significant

» compare simulated runs,
exaggerated vs. normal, to
find change or sensitivity of
decay parameters

» compare normal simulation
with data to assess actual
mismatch in bremsstrahlung

» scale factor =
(exaggeration)/(mismatch)

» systematic uncertainty =
(sensitivity/scale factor)

FENAL, July 2012

0.005

—-0.005

-0.01

A decay parameters

-0.015

-0.02 |

-0.025

30

/
/

N

B ——

o ——

PE ——

0 0.5 1 1.5 2 2.5 3 3.5 4
Bremsstrahlung rate (exaggerated/nominal)

Ap =-0.015/83 ~ 2x10*
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Momentum calibration

» Use kinematic edge at .0.896 < coso < -0 848
52.8 MeV/c: energy loss -
and planar geometry
lead to coséf [
dependence. 1500}

» Difference of ~10 keV/c
prior to calibration. 1000:

» No experimental
guidance on how to
propagate the difference o

to lower momenta in the 07524 526 528 530 532 53.4
spectrum momentum (MeV/c)

20000 — data

arb. units

— simulation

500
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Fringe field depolarization

3; 800
2f 700
1 oo y | ot
g : 500 | I
L 0 400
> 4: 300
1F
: 200
et 100 ” . "
-3; A
; S | Ch | S | R | | T
~ 5T
AN
7

Thi
v
oy
i
PILTES

0.107 n A X . 72200 — (. . — 1 A///, s L s | 1 !‘&,‘. % ¥ oy o
[ 2000 ~ ©
: 1800
0.05 600
) ! 1400
£ [ j 1200
- 0.00[ L
© : 3 800
7 600
-0.05: o0
L 200
01055553 °
y (cm)
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Asymmetric depolarization systematic

mT

-10 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ = On-axis (x=y=0)

Transverse field

_1 5 _ ....................................... ................................... m off-axis (x=y=1cm) |

200 150 100 50 0

=. 1 .0000 __ .............
0.9995 ;_ ............... At target’ +0.0004 |

0.9990 5 N P,=0.9975 40016 |
0.9985 _ i
e e e T
0.007BE o ——
-200 -150 -100 -50 0

z (cm)
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Fringe field and mis-steered beam

E g_Com parison | Move beam away from optimum
- 2 position and/or angle to observe
1 change in polarization:
og - Comparison I: steer in ¢, by 28 mrad.
i > AP, = -105+9 x10%
_35_ yVvs. Zz - Comparison IlI: steer in x by 10 mm and
= - ' ' ' - ' - in 6, by 10 mrad.
200 -150 100 =0, (cm) S AP, =-62+8 x10%
= 4r - Comparison lll: leave TEC in to
S 3§C0mparison 1 introduce scattering.
> ﬁ‘ > AP, =-18+9 x 10
0 . .
1 Compare these differences with
-2 simulation to check fringe field
=35 XVS. Z systematic.
200 -150 100 _ -50

z (cm)

FNAL, July 2012 34 G.M. Marshall, Muon Decay Parameters andTWIST



Selecting muons in metal target

> Place cut on 2-d distribution so foil ~ wires

that <0.5% of “stops in gas”

contaminate “stops in target” ;
region (zone 1). :
,,,,,, ! t? StOpS IN gas :
Q 4001 5 .
O F 10 .
._g 3505— : .
3.300:_ ZOTH ] ,.: =5 10° :
- |primarily meta 7y yok °
& 250 o
(O - 10° °
— 200 .
(qe) - .
C 150 10° .
S :
o 100
@ E % ’ e 10 \ v A J
o N PC5  PC6
% 50 100 150 200 250 300 350 400 !
PC5 signal amplitude
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Set-to-set statistical consistency

110 '
| Key:
100 I Fig 3 I ;g > Ag target sets
T oo Tt ¢ i - i 1T > 68- u stop slightly US
< 80 I > 70- B=1.96T
< I ] > 71-B=2.04T
01" Mean=93.7+0.9, 1?=16.513 | > 72-TECs in
| » 74- production
70 I | » 75- production
60 | { » 76- u beam mis-steered
T ) } { ; 1| ) 1 } 1 ] » Al target sets .
— - i 1 I I I } 1 I T 1 » 83- DS extra material
< 40_- } I ‘ » 84- production
30l- _ 2 | » 86- u beam mis-steered
L Mean=47.7+1.6, (“=14.8/13 | » 87- production
1001 } > 91- low beam momentum
90 _1 I > 92- low beam momentum
‘g 80- 1 I | I 1 . 1 » 93-low beam momentum
= i | L | 1
52 70 - : { - ‘ Differences (A) are with
< 601~ Mean=80.2+2.6, (2=8.718 I respect to blind parameters.
50§58 70 71 72 74 715 76 : 83 84 86 87 91 92 93 Set-dependent corrections are
Set number applied; error bars and
Ag sets Al sets weights for the means are

statistical only.
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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,cos#) 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
» unless mistakes are subsequently encountered!
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Blind vs. revised analysis

» The blind analysis results showed evidence of possible mistakes:
> set-to-set statistical consistency satisfactory for p, §, P,
> but P,"¢d/p different for Al and Ag targets by 3.9¢.
> P Edlp averaged over all sets was 2.90 greater than 1.0, after unblinding.
» unlikely in four-fermion formulation with massless neutrinos.
» Search for mistakes identified two corrections and two procedural
changes:
» radiative decay: small correction for Ag only.

» mean stopping position differences (data vs. simulation): corrected set-by-
set, based on better analysis of stop position.

» separate systematic uncertainties for Ag and Al targets for bremsstrahlung,
target thickness, and mean stopping position.

> p and ¢ correlations from all sets applied to P,"¢.
> After the revisions, the Ag-Al P 7£d/p difference became <1o.
» We do not claim the revised results are based on a blind method.
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Uncertainties in p and ¢

COMMON
Momentum calibration (+1.2) (+1.2)
Chamber response (+1.0) (+1.8)
Radiative corrections, n (+1.3) (+0.6)
Resolution (+0.6) (+0.7)
Positron interactions (+0.5) (+0.2)
Others (+0.3) (+0.3)

Ag TARGET
Bremsstrahlung rate (+1.8) (+1.6)
Ag thickness/stop position (+3.8) (+6.4)
Statistical (+1.2) (+2.1)

Al TARGET
Bremsstrahlung rate (+0.7) (+0.7)
Al thickness/stop position (+0.2) (+0.8)
Statistical (+1.4) (+2.4)

Weighted total systematic (+2.3) (+2.7) :
Weighted total statistical (+1.2) r (+2.1)
TOTAL (+2.6) e =~ | | (134) p— ) |

0 2 4 6 8 0 2 4 6 8
Uncertainty in p (x10) Uncertainty in 5 (x10™)
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Uncertainties in P, "¢

COMMON

Momentum calibration (+1.5)
Chamber response (+2.3)

Radiative corrections, 1 (£1.2)
Resolution (£1.5)

Positron interactions (+0.4)

Others (£0.4)

Depolarization, fringe field (+15.8,-4.0)
Depolarization, muon target (+3.2)

n decays in beamline (1.0)

Ag TARGET

Bremsstrahlung rate (+0.5)

Ag thickness/stop position (+0.6)
Statistical (+4.2)

Al TARGET

Bremsstrahlung rate (+0.3)

Al thickness/stop position (+0.8)
Statistical (+3.9)

Weighted total systematic (+16.5,-6.3)
Weighted total statistical (+2.9)

TOTAL (+16.8,-6.9)

» Uncertainties for all three
parameters are from the
revised analysis

» Differences to blind
results are small:
» o(p) changed by
-0.3x10-4
» o(9) changed by
+0.1x104
> o(P,"¢,,,) changed by
-0.2x104
> Difference of P, £d/p for
Ag and Al is reduced to
<10 in the revised
analysis.

-10 0 10 20
Uncertainty in P[¢ (x10%)
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Decay parameter results

Derenzo 1969
m:g: 2005 p=0.74977 £ 0.00012 (stat) £ 0.00023 (syst)
blind 2010 (<10 from SM, -1.4x10 from blind)
revised2010| , |, |, | | I lp
0.744 0.750 0.756
Balke 1988
Im:l 233: 0= 0.75049 * 0.00021 (stat) * 0.00027 (syst)
blind 2010 o 5 (+1.40 from SM, -2.3x10-* from blind)
revised2010f , | |=m |
0.742 0.750 0.756
+0.00165
Beltrami 1987 P,€=1.00084 + 0.00029 (stat) g ggo63 (SYst)
TWIST 2006 .
blind 2010 - . (+1.20 from SM, same as blind)
revised 2010 T
0.988 1.000 1.012
+0.00156
blind 2010 = o P, €dlp =1.00179 4 o071
ul
revised 2":)0988 e e T P,"€6lp > 0.99909 (90%CL) (global analysis)

R. Bayes et al.,, Phys. Rev. Lett. 106, 041804 (2011).
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Aside: electron spectrum from p Al

events/MeV

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

20000 |

+

TWIST ™
—— Watanabe et al.
— TWIST u*

10f

1
0.1

55 60 65 70 75 80

20

30 40 50
E [MeV]

(0]
(@]

rel. difference

One week of data with p~ beam
Precise measure of muonic aluminum
(u-Al) decay in orbit (DIO)

» changes phase space, initial KE

» competes with nuclear muon capture

comparison with calculation

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

» mismatch near peak and excess
events at lower energies

» O(«a) corrections explain shape

0.2}

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

20 30 40 50 60
E [MeV]

A. Grossheim et al., Phys. Rev. D 80, 052012 (2009)
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Left-right symmetric model analysis

» Heavy W that mixes with W to restore parity at high energy
Wi =Wicos(+ Wasin{, Wgr= e":""(—Wl sin { + W5 cos ()
> P. Herczeg, PRD 34, 3499 (1986) uses general parameters:

2 2
gzmi V.5 cos Or 2 _ 9Rr 2
b= gim3 to = Ut = toose,, Sg = 426

» g;, grand V, L, V, .k permit differences in left and right sectors, with

u

possible CP violating phases w and «, and for muon decay:

p3(1—2C2), 5=2, £x1—2(8+C2),

P~ 1— 2t — 2¢7 — 4te(, cos(a + w)

» allowing restrictions to be put on LRS mass m, and mixing ¢, e.g.,

1 — p€5 ~ 2t2(1 + < cos HR) 4+ ZCZ 4+ 4CgtC°S‘9R cos(a + w)
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Limits on LRS parameters: PDG 2012

Observable | m, (GeVic,) | |t & $
Electro-
>715 <0.013 fit MLRS
weak fit (W) !
Direct d del
rect W’ >2150 clear signal ecdy r_no ©
searches couplings
m(K,0)-m(Kg0) >2500 reach MLRS
CKM unitarity <0.0005 precision MLRS
both P)MLRS
8 decay >310 <0.040 © P)
parameters light vg
u decay” model ,
>578 <0.022 independence light vg

* in generalized LRS model; to be interpreted as m,(g,/gg), ((9r/9,)-
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Left-Right Symmetric limit comparison

“manifest” LRS, 90%CL generalized or non-manifest LRS, 90%CL
0'10; ----- Beltrami 1987 0'10; -:-- Beltrami 1987
L --- Jodidio 1988 \\\ = + --- Jodidio 1988 %
ol 0-05 ! NS N X E’ O 05 ! \\’W‘//nm 7l e e e
S \ A 2 : \% -
o 0-00 \\\\: - allowed - S 0.00f & allowed -
E \v;f D) A SN g \% A\
E - [ ) O 22 R TN, E % 1 )
0.05} %77 % -0.05 %
ool mWIsTZOM oqpbwIsTZOM
"0 200 400 600 800 1000 1200 "0 200 400 600 800 1000 1200
m, (GeV/c?) (9 /g )m, (GeVIc?)
m, > 592 GeV/c? (9,/ggr)m, > 578 GeV/c?
-0.020 < ( < +0.017 -0.020 < (gr/g,)¢ < +0.020

J.F. Bueno et al., Phys. Rev. D 84, 032005 (2011)
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Global analysis result

» Include new results with other muon decay observables to restrict
coupling constants
» summary of all terms (pre-7TWZIST in parentheses)

95| < 0.035 (0.066) |g).| < 0.017 (0.033) |gL,| =0
1957 5| < 0.050 (0.125) gy | < 0.023 (0.060) |gT,| < 0.015 (0.036)
g5, | < 0.420 (0.424) |g¥,| < 0.105 (0.110) |gZ,| < 0.105 (0.122)
g%, ] < 0.550 (0.550) gV, | > 0.960 (0.960) |g¥,|=0

» influences mostly right-handed muon terms

1 1
Qlfg = Z|QER|2 + Zlg}nglz + IQXRlz + |Q§R|2 + 3|QZR|2

B 1[1+ 1£ 1655]
2 3 9
< 8.2x107* (90%C.L.)

A. Hillairet et al., Phys. Rev. D 85, 092013 (2012)
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» Systematic uncertainties in muon decay parameter measurements
were substantially reduced in TWIST .

» Total uncertainties were reduced by factors of 10, 11, and 7 for p, 4,
and P, "¢ respectively, roughly achieving the goals of the experiment.

» Differences with Standard Model predictions are respectively -0.9¢,
+1.40, and +1.2¢, after post-blind revisions.

> P Edlp deviates by +2.30 from the expected upper limit of 1.0.
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Off the mal'k .com by Mark Parisi

Many thanks!
Merci bien!
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