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MulLan: Muon Lifetime Analysis
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Muon Lifetime

 Fundamental electro-weak couplings
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TOP QUARK MASS FROM THE MUON LIFETIME®

o
Gr
Implicit to all EW precision physics

Ge o
V3 S

(1 4+ Ar(m¢, m, .. .))

Uniquely defined by muon decay

2.5
R
T+ 19273

QED




The Standard Model Fermi extraction is no longer theory

limited.
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3 exp. efforts: MuLan, FAST, RIKEN-RAL



uSR rotation results in an oscillation of the
measurement probability for a given detector.

_counts arb.
-

o
N

102 E

10° E

10* E

el

2n%c

w=g,
g, =2

7

B
X —E

N(t) = NoeXp(— t /1:[1 + aPcos(a)t + ¢)

B=34G

1 1 | 11 1 l 1 1 1 I 11 1 [ 1 1 1 l 1 1 1
10 12 14 16 18 20
time [us]

This oscillation is easily detected
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This oscillation is not easily detected

and systematic errors may arise 7



The experimental concept in one animation ...
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Create a time—structured “surface’” muon beam with flux
of roughly 107 u* Hz @ 28 Mev/c, ("4 MeV.).
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2004 Physics Results:

~10 ppm statistical uncertainty

Lifetime Histogram

The 7-parameter fit function includes:
. The muon lifetime,
. . A flat background, and
. An independently validated

- electronics oscillation (with low
correlation to the lifetime)
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The fit residuals show no structure...
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More fit consistency
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Systematics

“Early-to-late” changes

— Instrumental shifts
Gain or threshold
Time response

Source

Size (ppm)

Kicker and accidentals

— Effective acceptance

Residual polarization or precession
target: Arnokrome Il (AK-3) internal ~4000 G

symmetric detector

stray muons studied

— Pileup leads to missed events

10°k
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Normal Time
Distribution

10000 15000 20000
time [ns]

Extinction stability 3.5
Errant muon stops 2.0
Dead time correction 2.0
Gain stability 1.8
MTDC response 1.0
Repeated events (41 ppm shift) 1.0
Multiple hit timing shifts 0.8
Queuing loss 0.7
Total 5.2
®» 500 MHz WFD
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MuLan result from the 2004 Data is in excellent agreement
with the world average

) -
= -
£ 21970 - Previous World Average
B 21975 2197.034 ns + 18.1ppm
B 2.1974 3 New World Average
= Duclos 2197.035 ns + 8.1ppm
21973 =
2.1972 f— *
- Balandin .
21971 ‘ ‘Bardln FAST / Chitwood MulLan
a97 |
21975 ] + Chitwood MuLan\ Goa
2.1969 - Giovanetti Goal
d .0 v e b e b e b b b b
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Gr =1.166 371(5) x 10~ GeV-2 (4.1 ppm)

MuLan result: T, =2197.013(21)(11) ns (11.0 ppm)
MulLan goal: 1 ppm uncertainty on t, (0.5 ppm on Gg)

http://arxiv.org/abs/0704.1981
Chitwood et al., Phys. Rev. Lett. 99, 032001 (2007)



First physics from MuCap

M+p—>n+\/pt

capture rate Ag —_— ::rotop’stpseudoscalar
orm factor g,

nucleon level =tSs




Nucleon Form Factors
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Axialvector Form Factor g,

Neutron Decay Experiments

Axial radius

f Asymmetry Lifetime
I e pm——— s0ol T — v+N scattering
v -1.181 ki
' 899 : M4 = (1.026 + 0.021) GeV
a -1.201- | ggol ™ T + L
t - @ . "
S ; 85 S——— V<73 > = (0.666 +£0.014) fm
;% -1.24f m} _ 880 ! -
03:_1.26:_ AH{{{{{{{EEEI o] 875 . q .
i Fifzs 670 l | consistent with & electroproduction
560 1970 1980 1990 2000 2010 "% Suessuremen © - © | |(with ChPT correction)
PDG 2006 Severijns et al. (2006) RMP Bernard et al. (2002)

9a(¢%) = 9a(0)(1 + §(r2)g*)
94(0) = 1.2695 £ 0.0029
9a(—0.88m7) = 1.247 £ 0.004

Introduces 0.45% uncertainty to Ag (theory)
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Pseudoscalar Form Factor g,

NN n
g, determined by chiral symmetry of QCD: P o —
’
P n,l-;T_qZ u VM

gp=  (8.74 = 0.23)
PCAC pole term
ChPT leading order

« solid QCD prediction via ChPT (2-3% level)

« basic test of QCD symmetries

Recent reviews:
T. Gorringe, H. Fearing, Rev. Mod. Physics 76 (2004) 31
V. Bernard et al., Nucl. Part. Phys. 28 (2002), R1

19



Phenomenological Calculation

Gives an expression in terms of form factors gy, 9y, 9a, Jp-
W f.s are solutions to the Dirac equation.
u in bound state:

e Pty (T) =

Non-relativisitic expansion to order v

1
3

mag

e=iFutg, () ( >8t ), (T =

/C:

nucleon

effective Hamiltonian in terms of “Primikoff factors” and Pauli matrices.
particle states in terms of 2-spinors ().

results in an explicit expression for the transition rate W:

w= G E,

2r°ag 1 + B, //m2 + E2

5 (5’ O 4)E
G5 (143 1 = —
v ( Tl) 1+ 3n

total up spin dependence

= Wpr—o = 690.0 g1

]

up(t) singlet

e—r/ao

Ar= Wp—1 =11.3 g1

up(1 1) triplet
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Sensitivity

of Ag to Form Factors

A u v m a
s _|90Vud 1 .466%% 4 0.151%9™ 4 1.567°%|— 0.179%%

As Vud gv gm Ga gp

Contributes 0.45% uncertainty to Ag(theory)
vs. A

OAs oy 99p Lo 9 S

As 9p 1: slope = -0.065 s
Examples: 9o . (w/rad. corr.)

2.4% <+«—» 13.6%
1.0% <> 6.1%
0.5% > 3.8%

650 675 700 725 750 775 800
1
Ag (s)

SR8 24X from Govaerts,

Lucio-Martinez, Nucl. Phys. A 678 (2000) 110-146 21



u Stopping in Hydrogen

Quickly forms a up atom, transitions to ground state,
transitions to singlet hyperfine state.

Bohr radius a = a; m,/m, = a,/200

Most of the time, the u decays:
w—=v,te tv, rate Ay ~1/t,, BR=0.999

Occasionally, it nuclear captures on the proton:

- ~10-3
w+p-—=v+n BR~10

w+p-— VM+ n+y BR~10-3, E>60 MeV

The goal of uCap is A, to 1% precision:
As=r-1k,,
Complications: molecular formation/transitions, transfer

to impurity atoms, ... ”



Muon Atomic/Molecular State in Experiment
must be known to connect with theory.

IAS = 700 s IAom =% A ‘Apm = Va A
up(F=0)
7“pp ,d)
H, density
¢ =1 (Liquid) ¢ = 0.01 (~10 bar gas)

c 1 ' 1 ;
.-lg 0.8 /\\ .5 \\
‘_U : ,.t_u. 0.8 -—\
g- 0.6 \\\ E 0.6 \
) < &
O o« // o ¢
3 . _ 3 . I

0 t (u5) © o e /——“fﬂf t (us)

Time after up Formation Time after up Formation
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Previous Data on g,
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Muon atomic transitions set stringent purity
requirements.

/
!

}“pdcd

A

Ay~ AGZ*

-
\

H, must be pure isotopically and chemically: ¢, <1 ppm, c; <10 ppb

25



ud Diffusion into Z > 1 Materials
displacement (from w- stop

ud scattering in H, position) at time of decay
E , 10" E Monte Carlo
s 107 L Adamczak and Gronowski
- | \ 02l Eur. Phys. J. D (2006)
= 10 } du+p :
2 [ 31 e, Ca=10°
8 1 F 10 ] wuhmw"'\’“"w 3
v: E 5 ’ £ [ I Aty g
é 1l du+H, (transport) ~, -+ .7 ] 4l e "
5 10 F % ' : 10 F s ;
Q 3 \ kg : : Lo L R PR s
! ' ' ) [ . - 4
2t “,I ! 5 (d = 10 "
lo % J-‘; ul-" ‘-] ] . 10 NPEPE PIPE PUNPIPE AP Ul PP PUUPIPY AP OPl PIT P e
0 102 02 107 1 10 102 0 10 20 30 40 50 60 70 80 90 100
du energy (eV) diffusion radius (mm)

« Ramsauer-Townsend minimum in the scattering cross section

 ud can diffuse ~10 cm before muon decay, possibly into walls

26



Experimental Challenges

1) Unambiguous interpretation requires low-density
hydrogen target to reduce u-molecular formation.
up diffusion into

broad u stop distribution Z > 1 material.

u stop

distribution container wall

gas (idaid K, Hdgnsity)
2) H2 must be pure chemically (cy,cy < 10 ppb) and
isotopically (cy < 1 ppm).

3) All neutral final state of muon capture
is difficult to detect (would require absolute calibration of
neutron detectors, accurate subtraction of backgrounds).

27



uCap Method: Lifetime Technique

uCap measures the lifetime of u-in 10 bar Hydrogen.

\ // Data Acquisition

N / A Sy A L Tetectron
s — i : i
'<Ji 1 —
" >
AT !

Repeat 107° times for a 10 ppm
precision lifetime measurement.

g slope=A =1t -

Compare to u* lifetime: =’ pl " 2+ :“,” s
> slope =A =1/,
—

7\'M_ ~ 7\,M+ + AS
= Ag to 1% precision AT 2




3D tracking w/o material in fiducial volume

Time Projection Chamber (TPC)

10 bar ultra-pure hydrogen, 1% LH,
2.0 kV/cm drift field

>5 kV on 3.5 mm anode half gap
bakable glass/ceramic materials

gl ol il "‘,

B
i
¥
B

;f
/,
4 X
__Ae
r

u Stop

Side View / Beam View

u Beam ty / y

>\ 4
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3D tracking w/o material in fiducial volume

Time Projection Chamber (TPC)

10 bar ultra-pure hydrogen, 1% LH,
2.0 kV/cm drift field

>5 kV on 3.5 mm anode half gap
bakable glass/ceramic materials

P Ll '-'

Observed muon stopping distribution

N 777N 74




uCap Method: Clean u Stop Definition

Each muon is tracked in a time projection chamber.

Data Acquisition

f e =

T

strips

]
,‘_
11
]
|
|
7T
L
anodes

Only muons stopped well-away | U

Zero

electro

from non-hydrogen are accepted. —
:<E.>!
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uCap Detailed Diagram

» Tracking of Muon to Stop Position in Ultrapure H, Gas
» Tracking of Decay Electron

32



Commissioning and First Physics Data in 2004

(Target Pressure

Vessel, Pulled Back) S
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Gas impurities (Z > 1) are removed by a continuous
H, ultra-purification system (CHUPS).

O

MFCH
MFC2
MFC3

Exhaust
pum

p

Described In

NIM A578 (2007) 485-497.

Abbreviations

MFC - mass flow controller

SV - aelectro-pneumatic valvg
CV- checkvale

PT - pressure transmitter
TT - temperature transmittary
MT - moisture tran smitter
H- heater

F - filtar

A- adsorber

C- comprassor column
LNT - liquid nitrogen tank

RV - resarve volume

fm——m—mm e e e e e e e == = =

PT4

MFC4

Commissioned 2004

Cn2s Coz < 0.01 ppm
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Isotopically Pure “Protium” Target

1) Generate H, from deuterium-depleted water (c, ~1 ppm)

2) On-site isotopic purifier 2006 npi, crOF)




Analysis of MuCap data collected in 2004

* Led to first physics result published July 2007
« Based on 1.6 10° observed muon decay events
« Conditions:

-- Full muon tracking

-- Full electron tracking

-- CHUPS running (c, ~ 10 ppb)

-- DC muon beam ~20 kHz

-- No isotopic purification column (cy ~ 1 ppm)

36



Impact Parameter Cuts

(also known as u-e vertex cuts)

e .
interpolated (electron view)

e-track LeTTTTS

\\ M Stop /, . a.pproac\:l‘\
position ,
‘ u-e Vertex Cut ‘. /b |
- »
|\ 4 e I'
\ u Stop Position ;

aluminum N - -

pressure vessel The impact parameter b is the
distance of closest approach of

the e-track to the u stop position.
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Lifetime Spectra
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Internal corrections to ?\M'

Source Correction (s™* ' -1
Z > 1 impurities (A7) —17.4 .
Deuterium (A)\g) —12.1 1.8

pp Diffusion (A)g) —3.1 0.1
Unseen u + p scatters (Alge) 0.0 3.0

1 stop definition (AM;) 0.0 2.0

1 pileup veto inefficiency (A\g) 0.0 3.0
Analysis methods (AXana) 0.0 5.0

Total —32.6 +8.4

(statistical uncertainty of A 12 s7)
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u Beam

I
I
I
I I
' Capture Time ;| |
I
I
I

CHUPS Flow (slpm) Capture Yield (ppm)

In situ detection of Z > 1 captures

TPC-(side view)

Z>1 Capture
’gt recoil nucleus)

|

O 100 200 300 400 500 600 700

Hours After CHUPS Connection

\1 M"ﬂl‘ 1l

0 10000 20000 30000
Impurity Capture Time (ns)
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The final Z > 1 correction A\, is based
on impurity-doped calibration data.

Production Data

Calibration Data
M (oxygen added to

_|_/ production gas)

0 Observed capture yield Y,

Extrapolated

Result — i

Lifetime deviation is linear with the Z>1 capture yield.

Some adjustments were made because
calibration data with the main contaminant,
oxygen (H,O), were taken in a later running
period (2006).



Internal corrections to ?\M'

Source Correction (s™1) | Uncertainty (s™!)
Z > 1 impurities (AAz) —17.4 4.6
Deuterium (A)g) —12.1 1.8

pp Diffusion (A)g) —3.1 0.1
Unseen u + p scatters (Algc) 0.0 3.0

1 stop definition (AM;) 0.0 2.0

1 pileup veto inefficiency (A\g) 0.0 3.0
Analysis methods (AXana) 0.0 5.0

Total —32.6 +8.4

(statistical uncertainty of A 12 s7)
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Residual deuterium content is accounted for
by a zero-extrapolation procedure.

Production Data
(d-depleted Hydrogen)

A from fits to data
(f = NAe*t + B)

Calibration Data
(Natural Hydrogen)

— A

Extrapolated
Result

>
0 d Concentration (c)

:

This must be determined.

43



cy Determination: Data

(electron view) u Decay Position

— O —
- =~
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ud Diffusion Path
\

Analysis Approach

ud can diffuse out of
acceptance region:
» signal proportional
to number of ud, and

therefore to c,.

3 Fits to Lifetime Spectra

x10
= natural hydrogen (c, ~ 120 ppm)
—— d-doped target (c, = 17 ppm)
___ production target (c, ~ 2 ppm)

diffusion “signal” for 40-mm cut

II]IIIIIIIIIIIIIIIIII
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*after accounting for up diffusion
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cp Monitoring: External Measurement

Measurements with New ETH Zurich Tandem Accelerator:
« 2004 Production Gas,
cp =144 2013 ppmD
« 2005 Production Gas,
Cp =1.45120.14 ppmD
« 2006 Production Gas (isotope separation column),
Cp <0.06 ppmD

The “Data Analysis Approach” gives a consistent result:
« 2004 Production Gas,
cp = (0.0125 £ 0.0010) x (122 ppm D)
=1.53*0.12 ppm
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Consistency Checks

* lifetime vs. variations in parameters not
expected to change the results
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Lifetime vs eSC segment

. x1 0*
w 455550 pO _______ 45543_1____4 _______________________________________________________
s ;
4555__ .....................................................................................................................................
45545; .....................
4
455-4:__ .....................
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455_3;_I.....; ..... ,, ..... ,l ..... HII ..... ,, ..... - , ..... ,| ..... , ..... H ..... II ,,,,, - II ,,,,, l ,,,,, ll ..... Il .... I .... ll ..... Efel\a/lr: (;/; epW
0 2 4 6 8 10 12 14 16
T eSC Segment detector

Sum over all
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Lifetime vs. Non-Overlapping
Fiducial Volume Shell

outer » inner

A —
Z
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fiducial cut _
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Fit Start Time Scan
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‘T"\ 455.5__ ..............................................................................................
L
E 455-48 S ——
= L
455.46__. ................................................................................ —

455.44

) 'Ip II! Il |
455.42] .ii*'"l"IIImWM

455. 4_ .............................................................................. / 7. i [Tl

ABE QA

51.06

24.04
=<

1_025«...mfff.?ff.ffffaf__________________

0.9 1 1 1 1 [ 1 1 1 1 ] 1 1 1 1 1 1 1 1

Fit Start Time (us)

49






Lifetime vs. Chronological Subdivisions
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MuCap Ag from the - lifetime A -

/\; = Ao+ Ag + A/\pﬂp

\ molecular formation

A AN,

u* decay rate| |bound-state effect

Value

Uncertainty (s™!)
(s71) | Stat. Syst.

MuCap A, 455849.1 | 12.4 8.4

Molecular Formation (Apor) Correction
Molecular Transitions (App) Correction

Bound State Correction SA)‘EEEZ 12.3
World Average A} 455162.2 | 4.4

17.3 4.7
5.7 3.4

MuCap Ag?

722.2 | 13.6 10.6

Averaged with UCB result gives

AP = 725.0 4 13.7ggat =

_ 10-7syst S_1
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Ag Calculations and MuCap (2007) Result

750
740

- 730
n 720
710
700
690

680

Theory

Theory with 2.8% rad. corr.

MuCap 2007

IIIIII|IlIllllllllllllllII]IIII[IIII

HBChPT HBChPT
| |

Govaerts 2000 Bernard 2001

Ando 2000

MuCap 2007

rad. corrections

» Czarnecki
Marciano
Sirlin (2006)

AR =2.8%

MuCap agrees within ~10 with Ag theory
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Updated gp vs. A,

)
Ihll I O[

II|III|III|III

IIIIIIIII

llllllllllll

00 120
hop (10° 571)
i i MuC
(contributes 3% uncertainty to g,"u“ap)

140

* MuCap 2007 result (with g, to 15%) is consistent with theory.
* This is the first precise, unambiguous experimental

determination of gp 54



Summary

MuLan:

- First G, update in>23 "7 avous orl dverae
yearS - NO SU rprlse _'2_1974;_ New World Average
. - Duclos 2197.035 ns £ 8.1ppm
— Factor 10 additional 2T
improvement on the way [sauandm fsarcin FasT,
(more events; WFDs) i o
2_1969;_ Giovanetti| Chitwood Mé"g:,"

I R R v b by b b
1970 1975 1980 1985 1990 1995 2000 2005 2010

MuCap:

16 T T T T T
— First g, with non- 2 :
controversial interpretation S ol
— Agrees with yPT E of
expectation 6
— Factor 2.5 additional *
improvement on the way L e e :
(more events; systematics Y e

studies) 55



“Calibrating the Sun” via
Muon Capture on the Deuteron

NEW
PROJECT

pp-fusion

Motivation for the MuSun Experiment:

* First precise measurement of basic Electroweak reaction in 2N system,
 Impact on fundamental astrophysics reactions (v’ s in SNO, pp fusion)

« Comparison to modern high-precision calculations
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Muon-On-Demand

* Single muon requirement (to prevent systematics from
pile-up)
» limits accepted u rate to ~ 7 kHz,

« while PSI beam can provide ~ 70 kHz

 Muon-On-Demand concept | |+ Beamline

&

Kicker Plates

u detector
[ +12.5 kV
12.5kv [€
50 ns switching time ’
A W accumulated statistics (pileup protected, TPC fiducial cut, ePC1*ePC2*eSC) uLan kiCker
== 2.Dec-2005 | TRIUMF rf design
we COETETER O Kicked P
250 ; | :
200 i— dc
150 ; : i ; i
Wb | | | | ~3 times
01:—i12h 'o1—i13“h ' 'oz—i(mh ' 'oz—&h ' 'oz—iu hlgher rate




uCap Experimental Strategy

« Unambiguous interpretation
— capture mostly from F=0 up state at 1% LH, density

log(counts)
1 M ,no capture

-

* Lifetime method
— 100 u~—evv decays
— measure t,_ to 10ppm
—Ng=1r, -1, t01%

> time
 Clean u stop definition in active target (TPC)
to avoid uZ capture, 10 ppm level

« Ultra-pure gas system and purity monitoring
to avoid: up + Z — uZ + p, ~10 ppb impurities

- Isotopically pure “protium” to avoid
up +d — ud + p, ~1 ppm deuterium

|— diffusion range ~cm

fulfill all requirements simultaneously
unique uCap capabilities 59



MuCap Collaboration

V.A. Andreev, T.l. Banks, B. Besymjannykh, L. Bonnet, R.M. Carey, T.A. Case, D.
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Sensitivity

of Ag to Form Factors

A u v m a
s _|90Vud 1 .466%% 4 0.151%9™ 4 1.567°%|— 0.179%%

As Vud gv gm Ga gp

Contributes 0.45% uncertainty to Ag(theory)
vs. A

OAs oy 99p Lo 9 S

As 9p 1: slope = -0.065 s
Examples: 9o . (w/rad. corr.)

2.4% <+«—» 13.6%
1.0% <> 6.1%
0.5% > 3.8%

650 675 700 725 750 775 800
1
Ag (s)

SR8 24X from Govaerts,

Lucio-Martinez, Nucl. Phys. A 678 (2000) 110-146 61



g, from AGMUCar = 7250 £ 17.4 57

MuCap __ _theory dgp MuCap __ ptheory
gp — Jp T aAS (AS AS )

Average HBChPT calculations of Ag:
(687.45 1 +695s1)/2 =691.2 s~

Apply new rad. correction (2.8%):
(1+0.028)691.2 s~ = 710.6 s *

—> A = 17106 57

gMuCap = 8 26 + (—0.065 s) ((725.0 £ 17.4 s71) — (710.6 s71))

7.3+ 1.1 (MuCap 2007, Final)

Note: uncertainty in theory (~0.5%) not propagated.
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up Diffusion Effect

(electron view)

up Diffusion Path u Decay Position

— O —
- =~

/ N
u-e Vertex Cut *
(bcut)

u Stop Position

Impact Parameter Distribution F(b)

early decays
later decays

0.025

0.02

]b (obs.) o.01s bcut

0.01

0.005

v\

b (ideal) % 20 a0 60 80 100 120 140

b (mm)

Later decays are less
likely than early
decays to pass the

Impact parameter cut.

The effect is calculated based on:
1) the observed F(b),
2) a thermal diffusion model,
3) the requirement of consistency
of the c4 ratio vs. b (prev. slide).
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Lifetime vs. e-definition

m — % L m i % 1 %.._1_ % | | % || m | % || %

2 < g <|O||S||< _Cc) < ||O| (treatment of
S|BSSOl S||S||X|=]||0O]| detector planes)
Cllw|| S| © Ol|w|| S| ©
Ol1S||9]O|D O||O|S|| D

b<12cm| no b-cut |b<12cm| no b-cut [ (impactpar. cut)

All e accepted One e gated (e-multiplicity) 64




Lifetime deviations A\, due to Z > 1
impurities can be calculated.

Based on full kinetics solution: y_(t)

Fit y(t) to a single exponential or calculate first moment.

Log Nevents

Fit Function:

Jo ye(t)dt

>
Muon decay time t

f(t) = A exp(-A t) . I tye(t)dt
— “Mst —

ANz = Mst(cz = 0) — Aige(cz)
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Impurity correction scales with Z > 1
capture yield.

(s

AN

1
N

5000

3000

2000

1000

Y]

4000

B, (s"/ppm)

246

0.8

0.785[

0.78;

0.795(

0.79|

0246 8101214161820

c, (ppm)

8 1012 14 16 18 20
c, (ppm)

B> = AN /Y is similar for C, N, and O.

We can correct for impurities based on the observed Z > 1

capture yield, if we know the detection efficiency «..
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uCap Method: Clean u Stop Definition

Each muon is tracked in a time projection chamber.

f Data Acquisition
e

\ /\</_ I|_| Telectro1
4 .
: =
A=t n, s |
h i S ——— . ¥ =
W 1 L i
e i S :
S — 9 a2
; :
AT
' >
: AT,
3 AT .
Only muons stopped well-away ¢ T2 >
AT, !

from non-hydrogen are accepted.
0<AT.<22pus
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Tracking in the Time Projection Chamber

1) u entrance, Bragg peak at stop.

2) ionization electrons drift to MWPC.

A

\M» —

7 X
s 4
7 >

e L Z

p 4

Y4

4
4
74
74
74

s

y4

Z Z

/
"4

74

3) projection
onto zx plane
from anodes
and strips.

4) projection
onto zy plane
from anodes and
drift time.

74

5) projection
onto zy plane
from strips and
drift time.
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Muon Definition

28w I oo
% = e "t g/5 9|
O Z =
¥ (a) (b)
60~ 60/ Zmax
. EH
T e 2D clustermg I
50 . . . 50 511‘1111
» stop identification EH
o B 40 « fiducial vol. cut 20
° 2 >
S B
ZZ % 30
20 20
10" /5 10-
> |
8 10 12 14 8 10 12 14
time of signal arrival at MWPC (us) time of signal arrival at MWPC (us)
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Electron Definition

* timing from scintillator (eSC)

 temporal and spatial
coincidences with wire
chamber planes:

= full 3D tracking

eSC /e'
PC2 - e | Te—
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Gas impurities (Z > 1) are removed by a continuous H,
ultra-purification system (CHUPS).

CHUPS

>

@w Commissioned 2004

W=

4
NS EN Y=
= .|:’ =)
V- 18]
V3l
— a1 27

Y

4 tw | T

e O] n[
LT

LT | L7

Compressor block
Purifikation block

[ T T | ue [ s o] ua | | ]

X
1
[H

Control panel

TP |

Cn2s Coz < 0.01 ppm
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Axialvector Form Factor g,

Exp. History Lattice QCD Axial radius
=116 prrerrrrrrprrrrrr v+N scattering
> -LI8F 3 | o
i _ My = (1.026 + 0.021) Gel
Y -1.20_— - T
f gA().b-— —-
E -1.221 E% — ost : LHPOMILC - \/ < 7‘3 > = (0.666 + 0.014) fm
> _1.24L ] 04} M S .
0 4+ QCDSF/UKQCD
X L }H {{ } { [ ] “"_ e Experiment ]
S0 126[ f SEEE: ] ] : : :
: Fifzs | e consistent with & electroproduction
0601570 " To80 1590 3000 Soto (with ChPT correction)
PDG 2006 Edwards et al. LHPC Coll Bernard et al. (2002)

(2006)

9a(q*) = ga(0)(1+ § <15 > &)

g4(0) = —1.2695 + 0.0029

ga(—0.88m?) = —1.245 + 0.003

introduces 0.4% uncertainty to Ag (theory)
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Muon decay gives us unique access to the
electroweak scale

Uy The V-A theory factorizes into a pure
weak contribution,

, and non-weak corrections,
+ W= essentially uncontaminated by
hadronic uncertainties.

1 Gr*m
et — =
Tyt

5
L
19273

The muon decays only via
the weak interaction

D. Hertzog



The Fermi constant is an implicit input to all
precision electroweak studies

Gr g?
75 = gz 1+ Arlmema, )
W
Contains all weak interaction
loop corrections. 7,
) 5 ,m,;‘ 144 GeV
WZI: S ¢ —g.g%s;xo.oooas .
a 4 N e
M+ s Ve o, ] A
(P A
A 1- :
0 1 Excludfed | :.'""-'4; Prelilminary-

30 100 300
D. Hertzog C+ my, [GeV]



980

Vus & Vud i

theory ?

975 |

Vud

970

965

1.255

G,/G,l

New O+ E \

_ info ? 3
=
<
Z

| € PNPI 97 —> S

[ oo [[IL-TPC ﬂ 02

| |’I¢I I | | | | | IW | | | | I | | | | |
1.260 1.265 1.270 1.275 1.280
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T =

dW o (g% + 3¢2)F(E.)[1 Ha~

neutron (J. Nico, CIPANP 006)

EeEV

2 (Ape +BL

E,

_l_Dpe Xpl/

L8, )

Jackson, Treiman, Wyld, Nucl. Phys. 4, 206 (1957)

Lifetime

1

K/ln2

f(1+6r) 1+ AR) (9% +393)

— (885.7 +0.8) s

Electron-antineutrino asymmetry

A=

a =

1— AP
11372

— (—0.103 £ 0.004)

Spin-electron asymmetry

-2

Al + [Alcosé

1132

— (—0.1173 £ 0.0013)

A=

Coupling ratio

|gA| it — (

Igvl

1.2695 + 0.0029)

Spin-antineutrino asymmetry

B =2

D=

AI2 = [Aleosg

2

1132

1+ 3[\]2

— (0.983 & 0.004)

Triple correlation

|A|sing

= (—4+6) x 107

PDG, 2005 update
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neutron

-14.45 —
PDG -
PERKEO -
Serebrov et al. B
New V i

-14.50 —

CKM Unitarity

g A(GeV'z)
=
N
o
|

Neutron lifetime
. (Serebrov et al.)

(PERKE

|
|
|
Electro I
|

6
-14.75x10 T T T T I T T T T T T |
11.40 11.45 11.50 11.55 11.60x10°




Lifetime [us]

Ap

2.1976 f—
21975 Previous World Average
21974 2197.034 ns = 18.1ppm
- _Duclos
21973 New World Average
21972 2197.035 ns £ 8.1ppm
> 1671 f— iBalandm Bardin 'EAST
2197 1 Giovanetti i !
- + Chitwood MuC.
2.1969 / |
;IIIIIIlllIIlIIIIIIlIIlllIlllIIIllIIllII
1970 1975 1985 1990 1995 00 2005 2010

Unpublished analysis of MuCap u* data taken in 2004
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