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Title: The MuCap Experiment
Speaker: Steven Clayton

Venue: 11t International Workshop on Neutrino Factories, Superbeams and Beta
Beams (NuFact09), July 20-25, 2009.

Abstract: Muon capture on the proton is sensitive to the weak pseudoscalar form
factor, g_P, one of the basic parameters characterizing the nucleon electroweak
charged-current interaction. There is a precise theoretical prediction for g_P based
on chiral symmetry of QCD, yet the results of past experiments are controversial:
they are dependent on a poorly-known, mu-molecular kinetic parameter, and there
is no point of mutual agreement between theory and all experiments. The goal of
the MuCap experiment is to clarify the situation by measuring the rate of muon
capture on the free proton to 1%, which determines g P to 7%, higher precision
than achieved in previous experiments and without ambiguities in the
interpretation. This talk will cover the motivation for and design of the MuCap
experiment, first physics results from the new measurement, and improvements
toward the final precision goal.
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Nucleon Form Factors
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Pseudoscalar Form Factor g,

gp determined by chiral symmetry of QCD: p—gg;L’n
k.9
4 anug.’r.\",\’(qz)l:fr 1 b W
gplq7)= mi—(lz = ggl,(())m#m_\:rj\ M-—‘—'——v’“
Op= (8.74 + 0.23) — (0.48 £ 0.02) = 8.26+0.23
PCAC pole term Adler, Dothan, Wolfenstein
ChPT leading order one loop two-loop <1%

N. Kaiser Phys. Rev. C67 (2003) 027002

« solid QCD prediction via ChPT (2-3% level)
* basic test of QCI? symmgtrips

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

Sensitivity of Ag to Form Factors
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Contributes 0.4% uncertainty to Ag(theory)

Uncertainty of extraction of g, from Ag is dominated by
uncertainty in g,.

1

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




w Stopping in Hydrogen

u is a heavy electron:
* 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—>vtetv, rate Ay~ 1/t,,  BR=0.999

» Occasionally, it nuclear captures on the proton:
wH+p—=v,+n rate Ag BR~103
w+p—=>vtnty BR~10%, E>60 MeV

Complications: molecular formation/transitions, transfer
to impurity atoms, ...

Muon Atomic/Molecular State in Experiment
must be known to connect with theory.
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Muon atomic transitions set stringent purity
requirements.

/o

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

ud Diffusion into Z > 1 Materials

ud scattering in H,
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* Ramsauer-Townsend minimum in the scattering cross section
— ud can diffuse ~10 cm before muon decay




Prev. expt: Ordinary muon capture in H,

Bardin et al., Nuclear Physics A352 (1981) 365-378
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Prev. expt.: Radiative muon capture in H,
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Previous Data on g,
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Experimental Challenges

1) Unambiguous interpretation requires low-density
hydrogen target to reduce pu-molecular formation.

M—

u stop .
distribution container wall
liquid (LH,)

2) H2 must be pure chemically (cq,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).

Experimental Challenges

1) Unambiguous interpretation requires low-density
hydrogen target to reduce u-molecular formation.
broad n stop distribution

pstop A

distribution container wall

gas (1% LH, density)

2) H2 must be pure chemically (cq,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).




Experimental Challenges

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

broad p stop distribution 2 5 1 frigterial.

ustop ~

distribution container wall

gas (1% LH, density)

2) H2 must be pure chemically (cq,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).

uCap Experimental Strategy

* Unambiguous interpretation
— capture mostly from F=0 up state at 1% LH, density
logicounts)
» Lifetime method
— 10" u"—evv decays
— measure t,_ to 10ppm

n-
- As=1h, -1k, to 1%

* .no capture
u-

time

Pt

» Clean u stop definition in active target (TPC)
to avoid puZ 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 ~cmi fulfill all requiremen}‘_s .simultaneously
unique uCap capabilities




3D tracking w/o material in fiducial volume

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

u Stop
/

Side View Beam View

p Beam

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

Observed muon stopping distribution




uCap Detailed Diagram

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

(Target Pressure
| Vessel, Pulled Back




Lifetime Spectra

=
) - Electron Definition:
7] Scintillator Hodoscope
S a7 R
= 10 Full e-Detector
t 12 cm Impact Par. Cut
= Ir 1
Q
0 406
£ 10" E
@ -
>
w
10° S
Fit of 12 cm Cut Spectrum
toy=0.040NLe '+B
2indt 576.6/504
10* N 1.600+08 + 4.10+04
= "
= ! 0.455 = 1.2¢-05 un
= B 2.150403 = 5.7e+00
7J_J_u_.J_L 11 1 LI 1 1 1 1 Lok - J ARt i J 1 T O 7
-5 0 5 10 15 20
eTime - muTime [us]
= -
,L 1 [ ] I | -
I . . ] 1 i | || l
ik B lllllh.‘,l |,;“1
| A .: b

Normalized it LTS
residuals (“pull”) T |

Lifetime vs. Non-Overlapping
Fiducial Volume Shell

outer » inner
\

: |
outside the standard {
fiducial cut

y
o ! Example TPC fiducial volume shells (red area
2 45851 p0 = 455429.8
~ 458 ¥*/NDF = 40.05/35

Included in standard fiducial cut

B3

»
o
e
(3]
"SALE ‘ALK RALAN URARNLRRRY LRARN RRLNLRLIES
—+

- * inner
Fiducial Volume Shell




Internal corrections to KM‘

Source Correction (s71) | Uncertainty (s=!)
Z > 1 impurities (AAz) -17.4 4.6
Deuterium (AM\g) -12.1 1.8
pp Diffusion (AAg) -3.1 0.1
Unseen p + p scatters (Alg) 0.0 3.0
i stop definition (AMgr) 0.0 2.0
i pileup veto inefficiency (AAx) 0.0 3.0
Analysis methods (AAana) 0.0 5.0

| Total | —32.6 | +8.4

(statistical uncertainty of A2 12 s7)

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

|:§; LC)?W Described in

) NIM A578 (2007) 485-497.
: :|—(Ijj\)

_____________

Commissioned 2004

Abbrevtatons

MFC - mass fow contrelier
e vaivy

Cna2s Coz2 < 0.01 ppm




In situ detection of Z > 1 captures
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The final Z > 1 correction A\ is based
on impurity-doped calibration data.

Production Data

Calibration Data
}\ (oxygen added to
production gas)

Extrapolated
Result

- H-"'

0 Observed capture yield Y,

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).




Residual deuterium content is accounted for
by a zero-extrapolation procedure.

Production Data
(d-depleted Hydrogen)

Calibration Data

(Natural Hydrogen)

A from fits to data

)

(f = NAe™ + B)

Extrapolated
Result

d Concentration (Ed)

-

This must be determined.

c4 Determination: Data Analysis Approach
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nd can diffuse out of
acceptance region:
» signal proportional
to number of pd, and
therefore to c,.

_ Fits to Lifetime Spectra

natural hydrogen (¢, ~ 120 pprmi)‘
d-doped target (c, = 17 ppm)
_ production target (c; ~ 2 ppm)

| diffusion “signal” for 40-mm cut |
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¢p Monitoring: External Measurement

Measurements with New ETH Ziirich Tandem Accelerator:
» 2004 Production Gas,
cp=1.44%2013 ppmD
» 2005 Production Gas,
cp=1.45£0.14 ppm D

The “Data Analysis Approach” gives a consistent resulit:
» 2004 Production Gas,
cp = (0.0125 £ 0.0010) x (122 ppm D)
=1.53%20.12 ppm

MuCap Ag from the y- lifetime A -
)\; = Mo + Ag + A)\pﬂp

'\ molecular formation
+
N +[BN

u* decay rate| |bound-state effect

Uncertainty (s~1) |
Value (s~1) | Stat. Syst.
‘MuCap A, 455849.1 | 12.4 8.4
Molecular Formation (Apr) Correction 17.3 4.7
Molecular Transitions (Aop) Correction 5.7 3.4
Bound State Correction TA)\Q) _ 12.3
World Average )\u' 455162.2 | 4.4
! MuCap Ag® 722.2 J 13.6 10.6

Averaged with UCB result givés
AP = 725.0 & 13.75tat & 10.7gyst 5




A, and gp Results 07

* MuCap Result 07
PRL 99, 032001 (2007)

with t,+ from PDG and MuLan

» Theory 07

Average of HBChPT calculations of Ag:
(687.45 ' +69557")/2=691.25""
Apply new rad. correction (2.8%):

(1+0.028)691.2s™" = 7106 s~ further sub percent theory required

Czarnecki, Marciano,Sirlin , PRL 99 (2007)

» Pseudoscalar coupling from MuCap 07

A and gp Results 07

« MuCap Result 07 with 1+ from PDG and MuLan

PRL 99, 032001 (2007)

» Theory 07

Average of HBChPT ¢ & [ mproved Measurement of the Positive-Muon Lifetime and Determination of the Fermi
(687.4 57! + 69557 Constant

D. B. Chitwood et al. (MuLan Collaboration)

Apply new rad. correc Published 16 July 2007

(14 0.028)691.2 s 032001 Abstract Full Text: [ POF (241kB) GZipped PS Buy Artidle ]

Czarnecki, Marciano, Sirlif [ Measurement of the Muon Capture Rate in Hydrogen Gas and Determination of the Proton’s
Pseudoscalar Coupling gp
V. A. Andreev et a/. (MuCap Collaboration)

* Pseudosa Published 16 July 2007
032002 Abstract Full Text: [ PDF (270 kB) GZipped PS Buy Artide ]

[ Electroweak Radiative Corrections to Muon Capture

Andrze| Czamecki, Wilham ). Maraano, and Alberto Sirlin

Published 16 July 2007

032003 Abstract Full Text: [ PDF (101 kB) GZipped PS Buy Artice ]




Updated gp vs. A,
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Several upgrades should lead to a 3-fold
improved precision in 2006-2007 runs

Source 2007 Uncertainty Projected Final Uncertainty

(s™) (s

Statistical 13.7 3.7
Z > 1 impurities 5.0 2

pd diffusion 1.6 0.5

pp diffusion 0.5 0.5
H + p scattering 3 1
M pileup veto eff. 3 1
Analysis Methods 5 2
Muon kinetics 5.8 2

Systematic 10.7

R |
Tota

.

AR o %

Muon-On-Demand

pile-up)

» limits accepted u rate to ~ 7 kHz,
» while PS| beam can provide ~ 70 kHz

* Single muon requirement (to prevent systematics from

* Muon-On-Demand concept
Kicker Plates

0

W detector

TPC

[ T +12.5 kv

-12.5 kV

50 ns switching time

w accumulated statistics (pileup protected, TPC fiducial cut, ¢PC16PC2"08C)

2-Dec-2005

dc

kicked

¢« Beamline

-
>




Several upgrades should lead to a 3-fold
improved precision in 2006-2007 runs

Source 2007 Uncertainty Projected Final Uncertainty
(s) (s™)
Statistical 13.7 3.7
Z > 1 impurities 5.0 2
pd diffusion 1.6 0.5
pp diffusion 0.5 0.5
M + p scattering 3 1
p pileup veto eff. 3 1
Analysis Methods 5 2
Muon kinetics 5.8 2
Systematic 10.7 3.8

Z>1 Impurities Redced and Measured
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Several upgrades should lead to a 3-fold
improved precision in 2006-2007 runs

Source 2007 Uncertainty Projected Final Uncertainty

(s) (s)

Statistical 13.7 3.7
Z > 1 impurities 5.0 2

Vuddmhﬂun 1.6 0.5
pp diffusion 0.5 0.5
M + p scattering 3 1
p pileup veto eff. 3 1
Analysis Methods 5 2
Muon kinetics 58 2
Systematic 10.7 3.8

Record Isotopic Purity Achieved

. CHUPS




80 100 120 140
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— First 2p with non-controversial interpretation

— Agrees with xPT expectation

— Factor 2.5 additional improvement on the way
» kicker - >10'0 good events on tape

* higher purity target + more impurity-doped calibration runs -
smaller Z>1 correction

 deuterium removal - negligible deuterium correction

“Calibrating the Sun” via
Muon Capture on the Deuteron

w+d—=n+n+v
NEW
PROJECT

.
= - . !
n ‘

|
Yl

|
| ! 2
i pp-fusioﬁ .

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






