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MuSun	  Goal	  

Measure	  the	  rate	  Λd	  	  for	  muon	  capture	  on	  the	  deuteron	  to	  beLer	  than	  
1.5%	  precision.	  
	  
	  
	  
	  	  	  	  	  	  	  	  
	  
	  
	  
Note:	  Λd	  denotes	  the	  capture	  rate	  from	  the	  doublet	  hyperfine	  
state	  of	  the	  muonic	  deuterium	  atom	  in	  its	  1S	  ground	  state.	  
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Physics	  Mo7va7on	  

✔  Simplest	   process	   on	   a	   compound	  
nucleus	   that	   can	   both	   be	   calculated	  
and	   measured	   to	   a	   high	   degree	   of	  
precision.	  

	  
✔  The	   discrepancy	   between	   theoreDcal	  

and	   experimental	   results	   requires	  
beLer	  precision	  measurement.	  (2.9σ)	  

	  
✔  Clean	   and	   accurate	   channel	   to	  

determine	   the	   Low	   Energy	   Constant	  
(LEC)	  in	  EffecDve	  field	  theory.	  

	  
✔  Astrophysical	   &	   neutrino	   interests:	  

processes	  such	  as	  pp	  fusion	  and	  neutrino	  
deuterium	   scaLering	   are	   closely	   related	  
to	  mud	  capture.	  	   	  	  	  	  	  	  
	   	  	  	  	  	  	  	  	   	  	  

μ-‐	  +	  d	  -‐>	  νμ+	  n	  +n	  
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ChPT	  Lagrangian	  	  
Leff = L(1)
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From	  ChPT	  to	  μ-‐d	  capture	  

Λμ-‐d	  Latest	  result:	  ∧d	  =	  399	  ±	  3	  s-‐1	  
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Experimental	  method:	  life7me	  technique	  
Focus	  on	  sources	  of	  the	  muon	  disappearance:	  

Muon	  decay:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Muon	  capture:	  
	  
	  
	  

	  

µ� ! ⌫µ + e� + ⌫̄e µ� + d ! ⌫µ + n+ n

te	  –	  tμ-‐	  	  

Λμ-‐	  	  	  =	  Λcap	  +	  Λdec	  
	  

Λμ+	  	  =	  Λdec	  	  	  ~	  	  	  455kHz	  	  	  
	  

Λcap=	  Λμ-‐	  -‐	  	  Λμ+	  ~	  400Hz	  ±	  6Hz	  	  
	  
	  

Ø  Determine	  	  Λcap	  to	  1.5%	  level.	  
	  

Ø Measure	  Λμ-‐	  to	  10ppm.	  
	  

Ø  Require	  1010	  events.	  

μ+,	  no	  capture	  

μ-‐	  
Lo
g	  
(c
ou

nt
s)
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Experimental	  design	  

v Intense	  low	  energy	  muon	  beam.	  

8/15/14	   7	  



Experimental	  setup	  
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Magnets 

Magnets 

Kicker 
Muon on request 

Separator MuSCA 

 MuSC    

MuPC 

TPC 

e- detector 

Beamline	   Entrance	  
counter	  

Detector	  

Z	  

Experimental	  setup	  
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Entrance	  counter	  
Goal: Identify good muon entrances and avoid pile-up. Set t=0 for the experiment! 

µSC 
µ entrance time 
t = 0 for MuSun 

µPC 

Position 

!µSCA 

VETO 

Kicker 

Pile-up 

Raw µPC µPC && µSC 

Good	  µ	  Entrance	  

48mm 

48mm 
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Muon	  and	  Electron	  detector	  

MuSC	  (muon	  entrance	  7me	  tμ)	  

MuPC(muon	  entrance	  posi7on)	  

ePC1	  
(posi7on	  1)	  

ePC2	  
(posi7on	  2)	  

eSC	  
(7me	  te)	  

z	  
•  ePC1	  &	  ePC2:	  Wire	  chambers	  to	  get	  (r,	  Φ,	  Z),	  

extrapolate	  decay	  e-‐	  track.	  	  	  
	  

•  eSC:	   16	   ScinDllators	   segments,	   to	   determine	  
the	  electron	  Dme.	  

	  

•  LifeDme	   technique:	   get	   te-‐tμ	   ,	   select	   “good”	  
data	  to	  fill	  in	  lifeDme	  histogram.	  	  

μ+,	  no	  capture	  

μ-‐	  Lo
g	  
(e
-‐	  c
ou

nt
s)
	  

te	  –	  tμ-‐	  	  
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Electron	  detector	  
Goal: Identify electron tracks from muon decay 

eSC 
e time 

ePC1 
Position 

ePC2 
Position 

Good	  e	  track	  
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Cryo	  TPC-‐	  target	  &	  cut	  box	  
Ø  Ultrapure	  Deuterium	  target	  to	  stop	  the	  muons	  
Ø  Ioniza7on	  chamber:	  drig	  electrons	  0.4cm/μs.	  
Ø  Reconstruct	  3D	  muon	  track,	  make	  cuts	  on	  data	  to	  define	  good	  muon	  stops.	  

z	  
x	  

y	  

Cathode	  

Anode	  pads	  

E	  
μ-‐	  

e-‐	   e-‐	   e-‐	   e-‐	  

y	  

9	  *	  12	  cm2	  	  
48	  pads-‐>X/Z	  
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Muon	  track	  reconstrucDon	  

XZ	  plane	  

Cathode	  

TPC	  

Anode	  pads	  

E	  

μ-‐	  

e-‐	   e-‐	   e-‐	  e-‐	  

y
z	  

e-‐	  
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MuSun	  event	  

MuSun	  
Event	  

“good”	  muon	  
stop	  in	  TPC	  

“good	  ”	  muon	  
entrance	  	  

“good”	  e-‐	  
track	  

-‐30us	   +30us	  

•  3	  parameter	  expo	  fit	  to	  
extract	  the	  slope	  as	  the	  
muon	  disappearance	  
rate.	  

	  
•  Tricky	  to	  define	  “good”	  

in	  each	  level	  

f (t) = Ne−Λt +B
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SystemaDcs	  
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•  Non-‐deuterium	  capture	  
Ø  High	  Z	  Capture:	  W,	  Ag,	  Stainless	  steel,	  etc	  
Ø  Medium	  Z	  capture:	  N2	  and	  O2	  impuriDes	  in	  

the	  gas	  
	  

•  Fusion	  interference	  



SystemaDcs	  I:	  High	  Z	  capture	  
Ø  D2	  gas	  is	  surrounded	  by	  high	  Z	  

material:	  W,	  Ag,etc	  
	  
Ø  Observe	  fast	  capture	  component	  
	  
Ø  Apply	  Fiducial	  Volume	  Cut	  to	  veto	  

High	  Z	  capture	  events.	  
	  
Ø  Delay	  the	  fit	  window	  to	  avoid	  the	  

early	  7me	  bend.	  
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Chemical	  impuriDes	  II	  -‐	  Medium	  Z	  capture	  
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Ø  Impuri7es	  in	  the	  gas:	  N2,	  and	  O2	  
	  	  

Ø  1ppb	  N2-‐>2Hz	  correc7on	  
	  

Ø  Cryogenic	  TPC	  freezes	  out	  impuri7es	  	  
low	  vapor	  pressure	  at	  30K)	  

	  

Ø  CHUPS	  purifies	  and	  the	  isotopically	  
clean	  D2	  produced	  on	  site	  

	  

Ø  Gas	  chromatography	  and	  direct	  
detec7on	  to	  monitor	  the	  impurity	  
concentra7on.	  	  

2194	  

Cuts	  are	  made	  to	  op7mize	  
signal/background	  



SystemaDcs	  III	  -‐muon	  catalyzed	  fusion	  

Muon	  catalyzed	  fusion	  
Prompt	  ~	  ns	  

μ-‐	   He3	  

proton	  

μ-‐	  

triton	  
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Fusion	  Dme	  dependent	  interference	  
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μ	   e	   μ	   fusion	   e	  



SystemaDcs	  –	  fusion	  interference	  
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Proton	  range	  16mm	  

Accepted region for µ stop 
 
 

100%	  muons	  

60%	  muon	  stops	  

Net	  migra7on	  

	  
~400ppm	  all	  muons	  are	  PT-‐caused	  migra7on	  events	  at	  the	  Fiducial	  volume	  cut.	  	  

100%	  muon	  stops	  
in	  TPC	  

~60%	  stops	  
in	  FidVol	  

~5%	  stops	  
are	  PT	  

~1.2%	  of	  PT	  
cause	  net	  
migra7on	  



SystemaDcs	  –	  fusion	  interference	  (simulaDon)	  
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Ø  Life7me	  of	  the	  fusion-‐caused	  
migra7on	  events	  are	  longer	  than	  
muon	  life7me.	  

Ø  In	  current	  tracking	  algorithm,	  
fusions	  tend	  to	  pull	  muon	  stop	  
into	  the	  Fiducial	  volume.	  

Ø  According	  to	  the	  Monte	  Carlo,	  net	  
migra7on	  in	  the	  current	  tracking	  
algorithm	  decreases	  the	  
disappearance	  rate	  by	  ~50Hz.	  	  

	  
Ø  This	  correc7on	  mainly	  depends	  on	  

the	  muon	  stop	  tracking	  algorithm	  
and	  the	  balance	  of	  the	  net	  
migra7on.(Ongoing	  work)	  	  

tμ	  -‐	  te	  	  

tμ	  -‐	  te	  	  



Other	  SystemaDcs	  

•  Electron	  interference	  
•  Electron	  track	  definiDon	  	  
•  Muon	  scaLering	  -‐>	  High	  Z	  Capture	  	  
•  Mu+	  spin	  rotaDon.	  
•  Isotope	  contaminaDon	  
•  μd	  	  quartet	  capture	  	  
•  μ-‐p	  diffusion,	  μ-‐d	  diffusion	  
•  Fiducial	  volume	  cut	  
•  Pileup	  veto	  inefficiency	  
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Status	  
•  Data	  collected	  2011:	  6e9	  good	  events	  
•  Data	  collecDon	  in	  2013:	  2e9	  good	  events	  
•  Smooth	  taking	  data	  2014	  for	  11	  weeks	  
•  Various	  systemaDcs	  (impuriDes,	  fusion	  interference,	  pile-‐up,	  etc.)	  ongoing,	  	  

expect	  first	  result	  in	  2015.	  
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Collabora7on	  	  



Thanks!	  
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TPC	  condi7ons	  (back	  up	  )	  

Goal:	  Maximize	  the	  populaDon	  of	  	  μd	  doublet.	  
	  
Temperature	  T	  =	  33K	  
Density	  of	  deuterium	  gas	  φ	  =	  6%	  of	  liquid	  H2.	  	   λdq	  is	  near	  0	  at	  low	  T	  

=>	  quick	  depopulaDon	  
of	  quartet	  

8/15/14	  
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λd	  

λq	  

Quartet	  	  
quickly	  
forms	  	  
dμd	  	  

	  

	  

	  

At	  low	  T,	  
doublet	  
doesn’t	  



Electron	  interference	  

TPC	  

Anode	  pads	  

E	  

μ-‐	  

e-‐	   e-‐	   e-‐	   e-‐	  

y	  

z	  

Decay	  e-‐	  
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Problem:	  energy	  deposi7on	  by	  the	  electron	  track,	  if	  interfere	  with	  the	  muon	  
track,	  	  could	  lead	  to	  a	  7me-‐dependent	  muon	  stop	  acceptance.	  



Impurity	  –	  vapor	  pressure	  
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Impurity-‐so{ware	  
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TPC Basic Cluster Tracking	  
Form clusters from TTPCMiniPulses (or other pulses)	  
 
1. Distance to nearby pulses	  

- ΔX ≤ 1 pad	  
- ΔZ ≤ 2 pads (one gap allowed)	  
- ΔY ≤ 2µs ( = 1cm) 
	  

2. S-Energy > 440 keV 
 
3. Length >= 3 pads	  
	  

30	  
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By	  managing	  the	  populaDons	  of	  events,	  we	  can	  balance	  the	  number	  of	  stops	  
that	  migrate	  in	  and	  out	  of	  the	  fid.	  vol.	  
	  
	  

TPC Advanced Tracking	  



Beamline-‐kicker	  (muon	  on	  request,	  
backup)	  

Pile	  up	  protecDon:	  Kicker	  is	  acDve	  for	  25μs,	  to	  make	  sure	  there	  is	  
only	  one	  muon	  in	  the	  TPC.	  

Kicker	   MuSC	  

25kV	  
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