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Muon Lifetime

Fundamental electro-weak couplings

Ge
9 ppm — 0.6 ppm 0.37 ppb 23 ppm

MuLan Collaboration

PRL 106, 041803 (2011)

Implicit to all EW precision physics
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V2 8M,

Uniquely defined by muon decay

g
= —— (14 Ar(m¢,mu,...))
W

o M,

Extraction of G from ,, :
Recent two-loop calc.

1 GF2mz 1+ q reduced error from
—_— = + 15 to ~0.2 ppm
T 1920 o 1 PP

QED
MuLan Final Results
in - 1974
Giovanetti - 1984
Bardin - 1984
Chitwood - 2007
—_— Barczyk - 2008
MuLan - R06
MuLan - RO7
379705 319710 379715

t(Combined) =2 196 980.3 £ 2.2 ps (1.0 ppm)

Lifetime (us)

17(R06) =2 196 979.9 £ 2.5+ 0.9 ps
1(R07) =2196 981.2 £ 3.7 £ 0.9 ps

At(RO7 — R06) = 1.3 ps

The most precise particle or nuclear or atomic lifetime ever measured

New G;

Gg(MuLan) = 1.166 378 8(7) x 10" GeV-2 (0.6 ppm)
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MuSun

Outline

Strength of Weak Interaction

Gr

Basic QCD Symmetries

Agp (10° 57)

Muon Capture on the Proton

» Historical: V-A and p-e Universality

w+p—=v,+n

» Today: EW current key probe for
® Understanding hadrons from

fundamental QCD

= Symmetries of Standard Model
= Basic astrophysics reactions

charged current

Chiral Effective Theories
Lattice Calculations
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Capture Rate Ag and Form Factors

» Muon Capture

M'+p—>vu+n

rate AS at ¢>=-0.88 m,?

M = %ﬂ(l’r/ho(l — y5)u(p)u(ps)T— [V — A% u(p;)
> Form factors
- 2 i gulq?)
Ve = gr(q7) Ya + f"(ﬁ{{ Top q* + second class
currents
Lorentz, T invariance 2P suppressed by

Ao = ga(@) Yavs + S0 quys

isospin symm.

All form factors precisely known
from SM symmetries and data.

apart from g, = 8.3 + 50% |

* gy, 9y from CVC, e scattering

* g, from neutron beta decay

A
s _ 90Vua | 446699 1 015129 + 156729 _ 0.179%%
As Viid gv 9m Ja 9p
0.45 % 9 % pre MuCap
Axial Vector g,
PDG 2008 cont usedpt,:.(,lre orthe‘physcs g, Or unitarity

ga(0)=-1.2695+0.0029

PDG 2012
ga(0)=—-1.2701 £0.0025

Future ? (Marciano PDG12)
ga(0)=—-1.275

Axial Mass

Ga(g®) = ga/(1 — ¢*/A%)?

A= 1 GeV vp, n electro production

1.35 nuclear targets

sssss

4. Nico, 2007 av = GrVaaf(0) ERKEO N30

2012 Picture: Lifetime and Correlations in better shape, but
lifetime and Asymmetry still in tension
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Pseudoscalar Form Factor g,

Histo I'y AXIAL VECTOR CURRENT CONSERVATION IN WEAK INTERACTIONS*

- PC AC Yoichiro Nambu

Enrico Fermi Institute for Nuclear Studies and Department of Physics
University of Chicago, Chicago, Illinois

] Spontaneous broken (Received February 23, 1960)
symmetries in subatomic Foundations for
physics, Nambu. Nobel 2008 mass generation
State-of-the-art chiral perturbation theory of QCD
® Precision prediction of ChPT
vV
2m g (g F, 1 "
607 = BN e O w
w*
Op = (8.74x0.23) — (0.48=0.02) = 8.26 = 0.23 F. T
leading order  oneloop  two-loop <1% g%
P NN
n

Kammel & Kubodera, Annu. Rev. Nucl. Part. Sci.
2010.60:327

Gorringe, Fearing, Rev. Mod. Physics 76 (2004) 31
Bernard et al., Nucl. Part. Phys. 28 (2002), R1

45 years of effort to determine g,
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“ Radiative muon capture in hydrogen was carried out only recently with the result
that the derived g, was almost 50% too high. If this result is correct, it would be
a sign of new physics... "’

— Lincoln Wolfenstein (Ann.ReNucl.Part.Sci. 2003)




“Rich” Muon Atomic Physics
Makes Interpretation Difficult

Ay =125
¥ Aorino=506 5" =200 57
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Ag=7105
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Strong sensitivity to hydrogen density ¢ (rel. to LH,)
In LH, fast ppu formation, but Kop largely unknown

Precise Theory vs. Controversial Experiments
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MuCap Strategy
* Precision technique
* Clear Interpretation
* Clean stops in H,
* Impurities < 10 ppb
* Protium D/H < 10 ppb
* Muon-On-Request

All requirements
simultaneously

MuCap Strategy

* Precision technique = up—nv rare, only 0.16% of u—evv
® neutron detection not precise enough

Lifetime method

log(counts)
u*t \no capture

u

> time

All requirements As=1hk, -1k,

simultaneously measure T, to 10ppm
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MuCap Technique

MuCap Strategy

* Precision technique At 1% LH, density mostly pu atoms
during muon lifetime

* Clear Interpretation

* Clean stops in H,

* Impurities <10 ppb

* Protium D/H < 10 ppb 103

104
0 2 4 6 8 101214 0 2 4 6 8 10 12 14

All requirements
Time (ps)

simultaneously




MuCap Strategy

Clean stops in H,

All requirements
simultaneously

Muons Stop in Active TPC Target

to prevent muon stops in walls
(Capture rate scales with ~Z4)

10 bar ultra-pure hydrogen, 1.12% LH,
2.0 kV/cm drift field

~5.4 kV on 3.5 mm anode half gap
bakeable glass/ceramic materials

B Tl

Observed muon stopping distribution

3D tracking w/o material in
fiducial volume

8/9/12



MuCap Strategy

. ®= CHUPS purifies the
gas continuously

= TPC monitors
impurities

® Impurity doping
calibrates effect

anodes

Impurities <10 ppb

S T 2.

“

CHUPS Flow (slpm) Capture Yield (ppm)

I.N B B N, S B, B, B
% 100 200 300 400 500 600 700
Hours After CHUPS Connection

All requirements
simultaneously

2004: Cy < 7 ppb, cp0~20 ppb
2006 /2007: ¢y <7 ppb, Cypo~9-4ppb?

Experiment at PSI

nE3 beamline [
Muon On Request

MuCap detector | *®

20
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Year

MuCap Data

Statistics

[10'° muon decays]

Comment

2004 0.16 0.05 published *
2006 0.55 0.16 This talk
2007 0.50 0.40 This talk
Total ~1.21 ~0.61 ~60TB raw
data

*V.A. Andreev et al., Phys. Rev. Lett. 99, 03202 (2007)

A" known to 1 ppm from MulLan

21

Muon defined by TPC

Signals digitized into pixels with three thresholds (green, blue, red)

TPC side view

Front face view

vertical direction

Fiducial volume

TPC active volume

Fiducial volume

’ vertical direction [

TPC active volume

muon beam direction

transverse direction
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Electron defined by Independent e-Tracker

= Small, but significant
interference with u track

= simple, robust track
reconstruction and
its verification
essential

Side View of TPC
ubeam
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Time Distributions are Consistent

N(@t)=Ny-w-X-e 4+ B

a T T
S —— a. No u-e impact clﬂ

T 107 —— b. 120 mm y-e impact cut
E— N\~ © 50 mm e impact cut
E 10° N

fitted A\ is constant

22/ ndf 5.10064 /7
X0 Prob 0.647683
4566/~ pO 456532 + 7.35084

15654 ;— l I l I I ‘[ |

[ L L L L L L 1
1 2 3 4 5 6 7 8
Data sets

A [Hz), with secret offset

Run groups

No azimuth
dependence J +

Lifetime Valuss for sach gond over nContEH: 2.0.6.06  1df
s pron
w4‘ s

457.14]
as7.12F
457"

457.08

457 06*‘ '
457.04[
457.021

4570

456.980
0

*2/ ndf = 96.84 / 117

Count
I~
S

T

Constant 112419

Mean 0.002146+0.013550

Sigma

09949+ 00102

Run by run standard deviations from A

Data run number (~3 minutes per run) 24
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Start and stop-time-scans consistency

¥2/NDF ., vs. Fit Start Time

| A, vs. Fit Start Time H |
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MuCap Results
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rates with secret offset, stat. errors only

26
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Disappearance rate A

A [s™] unblinded

3
4575510
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457 :_ ¥ 2007
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Error budget

Systematic errors

Run 2006

Run 2007

High-Z impurities -7.8 1.87 -454 093
up scatter -124 322 -720 125
up diffusion -3.1 0.1 -3.0 0.1
Fiducial volume cut 3.0 3.0
Enfrance counter inefficiencies 0.5 0.5
Choice of electron detector 1.8 1.8
def.
Total -23.3 5.1 -14.7 3.9
Ay (ROB) = 455857.3 = 77400 & 5.14yst
M- (RO7) = 455853.1 & 8.34101 £ 3.95yst

28
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Determination of Ag

Ao = o+ As AN,

1 molecular formation

MuCap: precision measurement

)\: + A)‘ﬂp Appu = (1.937 £0.06) x 10° s7*

MuLan bound state effect

As (MuCap prelim) =714.9 £ 5.4, + 5.0, s™

711.4 Pheno CMS

Ag (th =711.5+4.6 s
s (theory) ° 7066  HBChPT BHM

Czarnecki, Marciano, Sirlin, RC=2.8% 7145 HBChPT AMK

29

Op: Precise and unambiguous MuCap
result solves long-standing puzzle

2

gP(q2 =-0.88m

Ll :
100 120 140
Aop (10° s7)

gp(theory) = 8.26 + 0.23 "




Outline
Laura Marcucci, Tuesday
s u+rd—=n+n+v Weak few nucleon reactions
u+3He =t+v and astrophysics
MuSun Lia dR ] e

Motivation

measure rate Ay in ud(1|) atom to <1.5%

simplest nuclear weak interaction process with precise th. & exp.

nucleon FF (gp) from MuCap pion less EFT ¢ Ly
rigorous QCD calculations with -

ChPT a?
close relation to neutrino/astrophysics

solar fusion reaction pp — det*v
vd scattering in SNO exp.

model independent connection to pd
by single Low Energy Constant (LEC)

T determines this LEC in clean
2 N system

8/9/12
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Precise Experiment Needed

MuSun proposed 0=1.2%
Cargnelli 1989

Bardin 1986

Bertin 1973

Wang 1965

Adam 2012, full EFT
Marcucci 2012, full EFT
Marcucci 2011, hEFT
Ricci 2009, SNPA, hEFT
Chen 2005, pionless EFT
Ando 2002, hEFT

Adam 1990, SNPA

Doi 1990, SNPA

Tatara 1990, SNPA

N TP R B S B B
380 400 420 440 460 480 500
-1
A4 (s?)

complex, can one extract
EW parameters ?
|

Clear Interpretation

5% LD,, T=30K e
—— conditions

Muon-Catalyzed Fusion )
Breunlich, Kammel, Cohen, Leon Time (ps)
Ann. Rev. Nucl. Part. Science, 39: 311-356 (1989)
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Precise Experiment Possible?

Active muon target

liquid Neon cooling at 34K
HV Cathode 80 kV =

. drift field 11 kV/em
Clean stops in D,

vertical drift 72 mm
grid 3.5 kV

cont. circulation &
cleaning of the D,
gas at 5 bar

48 anode pads density ¢ =6% of
90x120 mm?2 liquid hydrogen

TPC |g| iz&r
Electoni 4

/

|

18



Fusions in TPC ~ rreot.preim

US C MuSun TPC

w

r robust muon tracking algorithm
PR P S BE TN T BT N N P Sl .
84.144 41453414534153415254154341568415834166%::3:‘;)4 at 105 Ievel requ"-ed |

MuSun TPC

Energy Deposition of Charged Particles
&

T T
Muon stopping pad
-

LRLLL BRI

[ P I N IR I 1
9282 20284 20286 20286 2029 20202
Time (ns)
2us

Status and Plans

Analysis

analysis run 2011 data
4.8 x 10° good u- stop
4 x 108 u+ stop events

first physics publication
study detector upgrades

Upgrades
detector upgrades 2012
Cryo preamp
TPC optimization
New beam line at PSI

Commissioning run 2012

Final runs 2013-14

8/9/12
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Summary: Evolution of Precision

~
=8.04 + 0.56 (up) L dR
gP =8.2 £0.7 (uHe exp+MKRSV theo) 1A,
In progress
25 r T 480
e . comp lete ; a0l Theory Experimeht
8 20 ; o
S r ; ~ ok
n C w40
a8 15 = E
= F < a2f
o E % C %
10 - a00f+ * t
C i o 4
I ChPT : C } 1 §
5 : 3801~
C : 360
0 L1 Il Il L L L L L Ll L L L L L L L L L L L 1
H”deb, ””"eb, s"’fo/,,” ’es,,r ,,;"be,:,””"sls’ ”"’taku, lin 7&« 9nt 198:% ;’ "cﬂp 2015 "'ara‘,’% 5m f o600 2a,,°°’%’”~cc, a;’cu \,’,;'2,:,\, Yang g’;,”'" 1950 7 ’V're/:,",ﬂ'g;r%
999
future
g 219715 E COmpIete
Gr o
F % 219710
5 E
S 219705 [
8 £
H £
2.19700 |~ \
E Exp World Average :
2.19695 -
| | | . | |

8 Gio 8ar, hi 8, e e
" e et 5 g gy g "

39

Collaborations

MuLan

Boston University, USA
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Regis University, Denver, USA
University of Washington, Seattle, USA

MuCap/MuSun

Petersburg Nuclear Physics Institute (PNPI), Gatchina, Russia
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University of California, Berkeley (UCB and LBNL), USA
University of Hlinois at Urbana-Champaign, Urbana, USA
University of Washington, Seattle, USA
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