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Abstract for (1,11 Invited P apf'[ 
for tl w AF'R on 1\ k ct i up; () E 

Thf' American Physical Society 

DisscFtation Award in Ntlcicar Physics 'falk: Data Analysis and P resent Status of the MuCap Experim ent 
STE VEN CLAYTON t University of Illinois 

The M uCap experiment meas ures the rate of muon cap ture on the proton from a known initial state: providing an unambiguous 
determination of the pseudoscala r co upling gp of the proton:s weak interaction, In 2007 the l\JuCa p collaborat ion relerlsed t.heir first 
physics results for gp with 20% precision: a stat ist ics limited: unam biguous measurement. of this cou pling constant surpassing al l previous 
efforts, Since that first data collection: several improvements to the experiment were made towards the linal precision goal of gp to 7%, 
In t his talk, the MuCap first phys ics meas urement will be discussed : and the status of the subsequent exp erimental and an alysis effort 
will be described, 

1 Present address: Los Alamos National La boratory 
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Experimental Challenges 
1) Unambiguous interpretation requires low-density hydrogen target to 
reduce ~-molecular formation. 

broad ~ stop distribution 

~ 

~~~~~ 
.'~1IIj ,',- ,,1 -..J.-.- - P II --.'~ -.I'-fll~ 

I , , II • L..J --, 
~ .. _. _ J I ; 0,..--:--:1 . I I ~ ._ 

0' ,I 4,1' -.I:. 
• ~ .,-_- _-.~ "I ,~, 
'~ .. , ,......- -.- •. - .. --: .... ...- '-~'I' 
~ - l ' • : ,- .," 

'. 0 -.J ~. I " • - ~ I 
t -: I' I • .. L-_-. 

- I • • - - I 
;..- ~-\_'I -!. •... .'4' ~~ II •• ~~_-;.I~ 
~~ ---- -- . -- ~~~ 

--~ ------ -=~-
~ stop 
distribution 
~ 

gas ~~itJ.~~nsity) 

~p diffusion into 
Z > 1 material. 

container wall 

2) H2 must be pure chemically (CO,cN < 10 ppb) and isotopically (Cd < 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). 
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,.,.,Cap Experimental Strategy 
• Unambiguous interpretation 

- capture mostly from F=O ~p state at 1 % LH2 density 
log( COUlltS) 

• Lifetime method 
- 1010 ,.,.,-~evv decays 
- measure 't",_ to 1 Oppm 

~ As = 1/-t'rl- - 1 /'t~+ to 1 0/0 

• Clean,.,., stop definition in active target (TPC) 
to avoid ,.,.,Z capture, 10 ppm level 

• Ultra-pure gas system and purity monitoring 
to avoid: ,.,.,p + Z ~ ,.,.,Z + p, -10 ppb impurities 

• Isotopically pure "protium" to avoid 
,.,.,p + d ~ ,.,.,d + p, -1 ppm deuterium 

diffusion range -em 

,.10 captllre 

time 

fulfill all requirements simultaneously 
unique ,."Cap capabilities 3 



f.,tCap Method: Lifetime Technique 
tlCap measures the lifetime of ~- in 10 bar Hydrogen. 

... , H2 
tl- I I I 7 . ' 

... , ... . ____ , __ 1 

Repeat 1010 times for a 10 ppm precision 
lifetime measurement. 

Compare to 11+ lifetime: 

Afl - ~ Afl + + AS 
=> As to 1 % precision 

~ 
s:: 
Q) 

> 
Q) 

Z 
C) 
o 

...J 

Data Acquisition 

~-------Lr T electron 
I 
I 
I 
I 

~-----i: - T
zero --U I 

~ ~ I 

&T I 

slope = ~- = 1"t~­
slope = AJl+:: 1h;~+ 
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acking in the Time Projection Chambe 
1 ) !-! entrance, Bragg peak at stop. 

2) ionization electrons drift to MWPC. 

f.,l-
.... 
",. ~ .... 

3) projection onto zx 
plane from anodes 
and strips. 

e" p 
••• n ••••• 

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

y 

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

x 

z 
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3D tracking wlo material in fiducial volume 

Time Projection Chamber (TPC) 

Side View 

y 
fJ Beam 

....... 
JIll""" 

------- ----------.. --------------. 

z 

10 bar ultra-pure hydrogen, 1 % LH2 
2.0 kV/cm drift field 
>5 kV on 3.5 mm anode half gap 
bakable glass/ceramic materials 

fJ Stop 
Beam View 

• 

x 
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3D tracking w/o material in fiducial volume 

Time Projection Chamber (TPC) 

!-!-

• 

10 bar ultra-pure hydrogen, 1 % LH2 
2.0 kV/cm drift field 
>5 kV on 3.5 mm anode half gap 
bakable glass/ceramic materials 

Observed muon stopping distribution 
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JlCap Method: Clean Jl Stop Definition 
Each muon is tracked in a time projection chamber. 

Data Acquisition 

,u Telectro ' 

J,.t- I I - I " .' 

Only muons stopped well-away from non­
hydrogen are accepted. 

til 
C. .-I.. ... 
til 

til 
CD 

"'C "--+-I ---_~ '-----_ _ __ __+_ o 
s::: 
ctS l 1 -~ .. 

Tzero 

, LJ: 
• 
• 

, , 
... .' 

AT ' 
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f.,tCap Detailed Diagram 

~ Tracking of Muon to Stop Position in Ultrapure H2 Gas 
~ Tracking of Decay Electron 
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Gas impurities (Z > 1) are removed by a continuous 
H2 ultra-purification system (CHUPS). 

I 
I 

H4' '''EII ' H"E ' 

I Compressol "- - - - - - -1- __ _ 

! 
<= 
~ 

CL 

F7 
---- ----, 

FB 

----- -~~--~---- - - -' 

E.tha U!l l Descri bed in 
pump 

NIM A578 (2007) 485-497. 

Commissioned 2004 -------., 

LNTI 

CN2, CO2 < 0.01 ppm 
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Isotopically Pure "Protium" Target 

1) Generate H2 from deuterium-depleted water (Cd -1 ppm) 

2) On-site isotopic purifier 2006 (PNPI, CRDF) 

CHU PS 

~ L-L-
~xr-; 

t> lFC 

\ ',IL' \11 1111 l inc 

--IX}---

2 
1 . I ~lli d nitrOf!l'l l 

, ~'~= '~ . ~ U 
\ :11 \ I..~ fll !' m t rn l.: t: ~ 

lh! \ L.'un L' (.' t i l~n \ krnhnlllL 

Vacuum pump,"!,! I" lln /, 



Analysis of MuCap data collected in 2004 

• Led to first physics result published July 2007 

• Based on 1.6 109 observed muon decay events 

• Conditions: 

-- Full muon tracking 

-- Full electron tracking 

-- CHUPS running (cz - 10 ppb) 

-- DC muon beam -20 kHz 

-- No isotopic purification column (Cd - 1 ppm) 
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i nterpo I ated 
e-track 

aluminum 
pressure vessel 

Impact Parameter Cuts 
(also known as ~-e vertex cuts) 

!l stop 
position 

(electron view) 

.... .--- ... .... ...... 
-'.... ... 

,', pOint'Gf closest , ... 
I"'... approach " " }- \ " \ 

JA.-e Vertex Cut ", b ~ 
I " : , 1t I 

\ J..t Stop Position " 
, I 

, I 

, ' ... ' ... ' ... , ... , 
........... --' ... _----

The impact parameter b is the distance of 
closest approach of the e-track to the !l stop 
position . 
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s::: .-
.0 
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s::: 

0 107 
-.::t 
~ 
(1) 
Q. 

~ 106 

s::: 
(1) 

> 
W 

105 

1 04 I=L----.Jt 

-5 

Normalized 
residuals ("pu II") 

o 

ifetime Spectra 

Fit of 12 em Cut Spectrum 

to y '" () .040 N A e O'" + B 

rind' 576.615 

N 1.60e+OSl:: 4.1e~04 

0.455 = 1.2e-05 us" 

B 2.15e+03:: 5.7e+00 

5 10 

.. 

Electron Definition: 
Scintillator Hodoscope 

• ,-,-0 

15 20 
eTime - muTime [j.lS] 
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Internal corrections to A~-
Source Correction (s -1 ) Uncertainty (8 - 1) 

II Z > 1 impurities (~AZ) -17.4 4.6 
Deuterium (.6.Ad) -12.1 1.8 
J.Lp Diffusion (~Ak) -3.1 0.1 
Unseen f.L + p scatters (~Asc) 0.0 3.0 
J.L stop definition (.6.Atr) 0.0 2.0 
J.L pileup veto inefficiency (.6. AK ) 0.0 3.0 
Analysis methods (~AAna) 0.0 5.0 

I Total -- - -- - - - - - 32.6 _.±8.4 - - ~ 

(statistical uncertainty of A
ll

- : 12 S-1) 
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~Beam 
....... 
l1li""'" 

-E 50 h.-
Q. 

.eo 40~ • ~ 30 • • > - • Q) 

20 ~ 

::::s ... 

In situ detection of-Z-> captures 
r----------- - --- - - ----

.. 

TPC (side view) ~.....,. 

Capture Time 

Z>1 Capture 
(recoil nucleus) 

~Stop 

c 
in 103 

. 40 ... . . ".a . . .... ,. . ... . . . ... . . ." 

. .. ; " i· . '!" 'f' .' .... •••• "" 

0- 10 ctI 
0 

~L' • .•.. ~ .. ~, Ii , 
_ -L 12.5 f~~~~-'--'~~.L...~-.l~~=:~:::!~L~ tI .. · .. , ... . 

A; . . . . ................. ~ ..... 

_~' 10 10000 20000 30000 
Im~uJi~ Ca~ure Time (ns) 

~ 2 
u::: 1.5 [lWot ... 

~ 1 
::l 
::I: 
U 

A . 

100 200 

• " £ "" "' " • •• .. ... . & 

300 400 500 600 700 
Hours After CHUPS Connection 
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The final Z > 1 correction AAz is based 
on impurity-doped calibration data. 

Production Data 

... ... 
......... ... 

... 

Calibration Data 
(oxygen added to 
production gas) 

Extra polated I • 

Result 

o Observed capture yield Y z 

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

Some adjustments were made because calibration data 
with the main contaminant, oxygen (H20), were taken in a 
later running period (2006). 
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Internal corrections to A~-
-

Source Correction (8-1) Uncertainty (8- 1) 
Z > 1 imnurities (~"\7.) -17.4 4.6 
Deuterium (~Ad) - 12.1 1.8 
J-iP Diffusion (~Ak) - 3.1 0.1 
Unseen J-l + P scatters (~Asc) 0.0 3.0 
J.L stop definition (~Atr) 0.0 2.0 
J.L pileup veto inefficiency (~AK,) 0.0 3.0 
Analysis methods (LlAAna) 0.0 5.0 

I Total -32.6 ±8.4 

(statistical uncertainty of A!!-: 12 S-1) 
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J-td Diffusion into Z > 1 Materials 

~d scattering in Hz 

... ... .. .. 

dJ.l+p 

'" '" 
'" '" , , 

'" ... 
.. , 

d).l+H., (transport) " - , 
'" \ 

10 

10 

10 

10 

10 

displacement (from J.l- stop 
position) at time of decay 

- I 

(Monte Carlo) 

-2 

-3 

-4 

-5 

JO 10 .3 10 -2 10 .1 1 10 10 2 

dJl energy (eV) 

0 o 50 60 70 80 90 100 

diffusion radius (nun) 

• Ramsauer-Townsend minimum in the scattering cross section 
• ~d can diffuse -10 cm before muon decay, possibly into walls. 
• MuCap uses deuterium-depleted hydrogen (Cd = 1.5 ppm). 
• Residual effects are accounted for by a zero-extrapolation. 

20 



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 • A 
(f = N'Ae-At + B) 

Extrapolated I • 

Result 

~ 
... ... ... 

...... ...... 
... ... ... 

o d Concentration (Cd) 
I • 

This must be determined. 

21 



Cd Determination: Data Analysis Approach 
J-td can diffuse out of 
acceptance region: 

(electron view) ~ signal proportional 
, ...... --- - -_, to number of J-td, and , ... 

;(... therefore to Cd. 
/ , 

/ , 
" " Fits to Lifetime Spectra 

I , , 
J,l-e Vertex Cut " natural hydrogen (Cd ~ 120 ppm) 

~ J ::-' 468 - d-doped target (Cd ~ 17 ppm) 

\ Il Stop tosition ,/ ~ 466 ~ production target (Cd - 2 ppm) 

" " C<464 ~ 
, ' 2 I " ;/ 0 f ............... 
"---- - - -// 460 ~ diffusion "signal'~for 40-mm cut] 

cd(Production) = 0.0125 ± 0.0010 
cd(Natural H2) 

*after accounting for ~p diffusion 

.....--..... 

.-
I---oa--I .....--..... 

20 40 60 80 100 120 140 
Impact Parameter Cut bcut [mm] 
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Co Monitoring: External Measurement 

Measurements with New ETH Zurich Tandem Accelerator: 

• 2004 Production Gas, 

CD = 1.44 ± 0.13 ppm D 

• 2005 Production Gas, 

CD = 1.45 ± 0.14 ppm D 

• 2006 Production Gas (isotope separation column), 

CD < 0.06 ppm D 

The "Data Analysis Approach" gives a consistent result: 

• 2004 Production Gas, 

Co = (0.0125 ± 0.0010) )( (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 

24 



Lifetime vs eSC segment 

.­
or-

x103 

~ 455.55 =45543·1. 
x2/NDF = 15.07/15 -~ 

455.5 

455.45 

455.4 

455.35~-

455.3 u 
o 

Sum over all 
segments 

1-' 

2 4 6 8 10 12 14 16 
eSC Segment 

eSC 

16 1 

ITPC I 

9 - 8 

Beam view 
of MuCap 
detector 

4 

5 
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Lifetime vs. Non-Overlapping 
Fiducial Volume Shell 

outer • inner 
~ r-z 

outside the standard 
fiducial cut I...... 

..... 

-r 
~ 458.5 -;: 
c-< 458 

457.5 

457 

456.5 

456 

455.5 

y 

x103 
Example TPC fiducial volume shells (red areas) 

+ ...... "'Included in"standard 'fiducial cut .. ·· .. · .... . ...... .. . 

+.... c-Ht,::tt: . .. t+ttt. .&ii:a:t i 1t1U:; r +a:::PtH"I ' S '~' , ' 1: ~ T;::aiifttw;;t;t!1 .'11 
T iii I 

455 H-I ..... ··· .. . 1 .• _.u ..... ···s .' .. .. ..... .. , .. ,.. , ,,,wJ ...... - ! , . . . . '''_ ....... ,' .... .... • . . • • , .. , w ... .. , • • .. • 1 'I 
. -&&4£= .• • • AlE $, dSiCI!i§¥_ g. , .ICMS. g§ .39 .• _, '- ·2· . 

::::::=========-----------------------~~~-+. inner outer Fiducial Volume Shell 



Fit Start Time Scan 
.-. 
~ • rn ---

x103 

455.5 

~455.48 
~ 

455.46 

455.44 

455.42 

455.4 

)J "" ~R 

0 1 .06 
o 
N"-1 .04 
~ 

1.02 

I-- . 
l-
I--
I--
f----
I-

I 

1 

0.98 

0.96 

0.94 

0.92 ~ -j 
t... 0.9 t:, 1 

1 

. . 

1 1 I II 1 

I II j 
I I I 1 

2 345 
Fit Start Time (J...ls) 
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x103 Fit Stop Time Scan -... . 
~455.48 

r<.~ A55.46 

455.44 

455.42 

55.4 

55.38 

455.36 

455.346 

'01.15 
c 
~ 1.1 

1.05 

1 

0.95 

0.9 

8 10 12 14 16 18 20 22 
Fit Stop Time (J.1.s) 

0.85 ~ J I I • I , , , I , , , I o 8 ! ! ! ! ! ! ! ! , ' 6 ' 1 18 20 22 
. 6 8 10 12 14 1 Fit Stop Time (~s) 28 



Lifetime vs. Chronological Subdivisions 

..-.. 
"r"" 

I 

455.5 

55.4 

455.3 

455.2 

55.1 

Oct. 9, 2004 

1 

1 0 20 30 40 50 60 70 80 90 

1- _~_ ~I Nov. 4, 2004 
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MuCap AS from the ""'- lifetime A~-
>"'p, = >"'0 + As + ~>"'pp,p 

\ molecular formation 

A+ 
J-L + ~>"'p,p 

l-t + decay rate bound-state effect 

Uncertainty (8- 1) 
Value (s-l) Stat. Syst. 

MuCap AJ.L 455849.1 12.4 8.4 
Molecular Formation (AOF) Correction 17.3 4.7 
Molecular Transitions (ADP) Correction 5.7 3.4 
Bound State Correction (~AU'D) 12.3 
World Average A: 455162.2 4.4 

I MuCap Asa - 722.-2---,- 13.6 10.6 

Averaged with UCB result gives 

A~uCap = 725.0 ± 13.7stat ± 10.7syst 8 - 1 
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As Calculations and MuCap (2007) Result 

750 

740 

~ 730 
• 

'" -CI) 720 
< 

710 

700 

690 

680 

e-
~ 
f- • Theory 
e-

Theory with 2.8% rad COIT. f- l. 
l-
e- • MuCap 2007 ~ .... 
i--
f-
~ 4 e-
e-
'--
r-
r-
f- • e-
f--

f- • • --
r 
'---e-- • -
c-- • • c-
-
- HBChPT HBChPT -
-
r 1 
Govaerts 2000 Bernard 2001 Ando 2000 MuCap 2007 

MuCap agrees within -10 with As theory 

rad. corrections 

• Czarnecki 
arciano 

Sir/in (2006) 
AR = 2.8% 
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-N :::::l.. 

16 

14 

~ 12 
co . 

Updated gp vs. Aop 

o ~ 
• 10 . =" >Ei ~~5»>SSS II ~"'*ffiX .. mIR~ c- 1S$$«S'8SSS:&~SS§, 

- 0.. 8 

ChPT 

0) 

6 

4 

2 A Ex1 ATh 
I oP. I l OP. 

00 20 40 60 I 80 100 120 140 

Ao (103 
5-1) 

(contributes 3% uncertainty to gpMuCap) 

• MuCap 2007 result (with gp to 15%
) is consistent with theory. 

• This is the first precise, unambiguous experimental determination of gp 
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Muon-On-Demand 
• Single muon requirement (to prevent systematics from 

pile-up) 
• limits accepted ~ rate to - 7 kHz, 
• while PSI beam can provide - 70 kHz 

• Muon-On-Demand concept 

Kicker Plates 
J.L detector r::;:;;;::l 

~~~~IV~ - ·1 .. 

--. :JOCJr +12.5 kV 
....... _··U-··U··-U-- -12.5 kV 

50 ns switching time 

,It ~. accumulated statistics (pileup protected. we fiducial w i, ePC1'ePC2"eSC) 

350 . 
r 2-Dec-2005 

kicked 31)(1 -, 
r-

2:50 t""" 

200 ;:- de / 
'50 ~ ' /r.J"" § ~ ,----......:..---

-ow; times 
higher rate 

100 ~..,-
jJ- ~ 

oh~fi 0" ' lah M _M\' M kth .\? I. 

• Beamline 



Summary 

- First gp with non-controversial interpretation 

- Agrees with XPT expectation 

- Factor 2.5 additional improvement on the way 
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