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Physics:	
  Muon-­‐to-­‐Electron	
  
Conversion	
  

! The	
  goal	
  of	
  the	
  Mu2e	
  Experiment	
  is	
  the	
  search	
  for	
  the	
  conversion	
  
of	
  muons	
  into	
  electrons	
  in	
  the	
  field	
  of	
  a	
  nucleus:	
  

! Single	
  event	
  sensitivity:	
  

	
  

≈104	
  times	
  better	
  than	
  the	
  previous	
  experiments	
  

! Signal:	
  Coherent	
  conversion	
  because	
  the	
  muon	
  recoils	
  off	
  the	
  
entire	
  nucleus	
  and	
  the	
  kinematics	
  are	
  those	
  of	
  two-­‐body	
  decay:	
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Rµe =
Γ(µ− + A(Z,N )→ e− + A(Z,N ))

Γ(µ− + A(Z,N )→νµ + A(Z −1,N ))
~ 2.5•10−17

Eµe =mµ −Eb(Z )− RN (A) =104.97MeV (for	
  Aluminum)	
  

µ	

e 

Al 
µ− + N→ e− + N



	
  
Mu2e	
  Design:	
  
Overview	
  (1/2)	
  

!  Production	
  Solenoid	
  (PS):	
  pulsed	
  8	
  GeV	
  kinetic	
  energy	
  proton	
  beam	
  hits	
  the	
  
tungsten	
  production	
  target	
  and	
  produces	
  pions	
  which	
  decay	
  into	
  muons	
  

!  The	
  muons	
  are	
  transported	
  via	
  the	
  Transport	
  Solenoid	
  (TS)	
  to	
  the	
  Detector	
  
Solenoid	
  (DS)	
  where	
  they	
  hit	
  the	
  aluminum	
  stopping	
  target	
  

!  Conversion	
  electrons	
  (CE)	
  produced	
  in	
  the	
  stopping	
  target	
  are	
  measured	
  in	
  
the	
  tracker	
  and	
  the	
  calorimeter	
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!  Measurement	
  of	
  the	
  electron	
  track	
  momentum	
  is	
  THE	
  Mu2e	
  measurement	
  

!  The	
  Mu2e	
  tracker	
  resides	
  in	
  the	
  warm	
  bore	
  (evacuated	
  to	
  10-­‐4	
  Torr)	
  of	
  a	
  
superconducting	
  solenoid:	
  nearly	
  uniform	
  magnetic	
  field	
  of	
  1	
  T	
  in	
  the	
  detector	
  
region	
  

!  3	
  m	
  long,	
  1.4	
  m	
  in	
  diameter;	
  23,040	
  straw	
  tubes	
  (5	
  mm	
  diameter,	
  15	
  μm	
  metalized	
  
mylar	
  wall,	
  25	
  μm	
  gold-­‐plated	
  tungsten	
  sense	
  wire)	
  

!  2	
  layers	
  of	
  48	
  straws	
  make	
  a	
  panel,	
  6	
  rotated	
  panels	
  in	
  2	
  different	
  planes	
  make	
  a	
  
station,	
  20	
  stations	
  form	
  the	
  tracker	
  

!  gas	
  mixture:	
  Ar:CO2	
  80:20;	
  active	
  radial	
  area	
  from	
  about	
  40	
  cm	
  to	
  70	
  cm	
  

!  Readout:	
  TDC,	
  time	
  division,	
  ADC	
  to	
  separate	
  highly	
  ionizing	
  protons	
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Mu2e	
  Design:	
  
The	
  Tracker	
  (2/2)	
  



Spectrum
Entries  551804
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Integral   10.06
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Spectrum
Entries  551804
Mean    35.87
RMS      11.6
Underflow       0
Overflow        0
Integral   10.06
Skewness  -0.5755

Czarnecki Spectrum

! The	
  main	
  source	
  of	
  background,	
  about	
  50%,	
  is	
  expected	
  to	
  be	
  
due	
  to	
  decay-­‐in-­‐orbit	
  (DIO)	
  electrons	
  
"  the	
  reconstructed	
  momentum	
  of	
  candidate	
  Conversion	
  Electrons	
  

(CE)	
  is	
  the	
  only	
  means	
  to	
  reject	
  the	
  otherwise	
  irreducible	
  DIO	
  
background	
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Tracker	
  Calibration:	
  
DIO	
  electrons	
  (1/4)	
  

Czarnecki	
  et	
  al.,	
  
Phys.	
  Rev.	
  D	
  84,	
  
013006	
  (2011)	
  



!  The	
  success	
  of	
  the	
  experiment	
  depends	
  critically	
  on	
  the	
  tracker	
  
calibration:	
  alignment,	
  measurement	
  of	
  the	
  drift	
  velocity	
  and	
  the	
  
amount	
  of	
  material	
  in	
  the	
  tracker,	
  determination	
  of	
  the	
  false	
  curvature	
  
and	
  the	
  momentum	
  scale	
  

!  The	
  momentum	
  resolution	
  in	
  the	
  high-­‐end	
  tail	
  near	
  the	
  CE	
  endpoint	
  is	
  
critical	
  to	
  determine	
  the	
  separation	
  between	
  CEs	
  and	
  DIOs	
  and	
  thereby	
  
the	
  sensitivity	
  of	
  the	
  experiment	
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Full	
  3	
  years	
  
simulated	
  
Mu2e	
  run	
  

Tracker	
  Calibration:	
  
Goal	
  (2/4)	
  



! Want	
  systematics	
  in	
  the	
  momentum	
  reconstruction	
  to	
  
be	
  small	
  compared	
  to	
  fluctuations	
  of	
  the	
  energy	
  losses	
  

≈	
  550	
  keV/c	
  

≈	
  650	
  keV/c	
  

≈	
  300	
  keV/c	
  
Sigma	
  

≈	
  380	
  keV/c	
  
Sigma	
  

! Momentum	
  scale	
  
accuracy:	
  0.1%	
  	
  	
  
(≈	
  100	
  keV/c)	
  

! Uncertainty	
  on	
  
the	
  DIO	
  <	
  25%	
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Tracker	
  Calibration:	
  
Requirements	
  (3/4)	
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Mean    3.659±  35.87 
RMS     2.587±   11.6 
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Spectrum
Michel

Mean   0.0011±  36.98 
RMS    0.0007776±     11 
Integral       1

Michel
Mean   0.0011±  36.98 
RMS    0.0007776±     11 
Integral       1

Michel

Czarnecki

!  In	
  order	
  to	
  calibrate	
  the	
  tracker	
  momentum	
  response,	
  a	
  source	
  of	
  particles	
  
with	
  known	
  momentum	
  is	
  required	
  

!  Michel	
  edge	
  of	
  the	
  momentum	
  spectrum	
  for	
  e-­‐/e+	
  from	
  μ	
  #	
  e	
  ν	
  ν	
  decays	
  
"  Exploit	
  the	
  main	
  background	
  to	
  calibrate	
  the	
  tracker	
  
"  Dedicated	
  runs:	
  

$  reduced	
  B	
  in	
  the	
  detector	
  region:	
  0.5	
  T	
  
$  reduced	
  beam	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  intensity	
  because	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  of	
  the	
  high	
  rate	
  

"  Need	
  to	
  “extrapolate”	
  
	
  	
  	
  	
  	
  	
  	
  the	
  calibration	
  to	
  the	
  
	
  	
  	
  	
  	
  	
  	
  nominal	
  field	
  (1	
  T)	
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Tracker	
  Calibration:	
  
Strategy	
  (4/4)	
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! Model:	
  

! Normal	
  acquisition	
  runs:	
  B	
  =	
  1	
  T,	
  ≈	
  2	
  ×	
  104	
  DIOs/μBunch	
  

! Most	
  DIO	
  electrons	
  go	
  into	
  the	
  central	
  hole	
  

! Calibration	
  runs	
  at	
  0.5	
  T	
  require	
  reduced	
  beam	
  intensity	
  

! A	
  factor	
  of	
  103	
  	
  seems	
  achievable:	
  10	
  due	
  to	
  the	
  number	
  
of	
  protons/μBunch	
  and	
  factor	
  of	
  100	
  could	
  come	
  from	
  
defocusing	
  the	
  beam,	
  resulting	
  in	
  ≈	
  20	
  DIOs/μBunch	
  

Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.5	
  Tesla	
  (1/9)	
  

creco = ctrue +β +α ⋅ctrue +...
C:	
  curvature	
  
β:	
  false	
  curvature	
  
α:	
  momentum	
  scale	
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! Effect	
  of	
  the	
  false	
  curvature	
  β	
  is	
  small	
  

! Signal	
  sample:	
  generate	
  in	
  average	
  20	
  DIO	
  
electrons/μBunch	
  at	
  0.5	
  T	
  

! Tried	
  to	
  factorize	
  the	
  problem:	
  tracker	
  
momentum	
  response	
  	
  	
  	
  	
  	
  	
  tracking	
  efficiency	
  	
  	
  	
  	
  	
  	
  	
  
czarnecki	
  spectrum	
  #	
  expected	
  momentum	
  
spectrum	
  

Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.5	
  Tesla	
  (2/9)	
  

⊗ ⊗



Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.5	
  Tesla	
  (3/9)	
  

Spectrum
Entries  551804
Mean    3.659±  35.87 
RMS     2.587±   11.6 
Underflow       0
Overflow        0
Integral   10.06
Skewness  0.7724± -0.5755 
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Czarnecki Spectrum

htrk_eff
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Tracking Efficiency - Half Field
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Acceptance:	
  
≈	
  (1	
  ±	
  20%)	
  ×	
  pmax_eff	
  

	
  
	
  

Narrow	
  band	
  device	
  

pmax_eff	
  ≈	
  48	
  MeV/c	
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Entries  1204

Mean   0.01084± -1.556 

RMS    0.007663±  2.052 

Underflow       0

Overflow        0
Integral  3.585e+04

Skewness  0.01294±  -3.91 

Momentum Response - Half Field

! Assuming	
  that	
  the	
  momentum	
  response	
  does	
  
not	
  change	
  by	
  varying	
  the	
  momentum	
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Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.50	
  Tesla	
  (4/9)	
  

Tracker	
  
Momentum	
  
Response	
  



Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.5	
  Tesla	
  (5/9)	
  

p_2
Entries  8431
Mean   0.04121±   45.3 
RMS    0.02914±  3.784 
Underflow       0
Overflow        0
Integral    8431
Skewness  0.02668± -0.148 

 / ndf 2r  189.6 / 94
Prob   2.003e-08
p0        0.001129± -0.003107 
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Entries  8431
Mean   0.04121±   45.3 
RMS    0.02914±  3.784 
Underflow       0
Overflow        0
Integral    8431
Skewness  0.02668± -0.148 

 / ndf 2r  189.6 / 94
Prob   2.003e-08
p0        0.001129± -0.003107 

Fit
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α	
  =	
  -­‐	
  0.003	
  ±	
  0.001	
  

! At	
  the	
  required	
  level	
  of	
  accuracy	
  (0.1%)	
  verified	
  that	
  
the	
  assumption	
  of	
  momentum-­‐independent	
  tracker	
  
response	
  is	
  wrong	
  



hp_meas_scale
Entries  8431
Mean   0.04121±   45.3 
RMS    0.02914±  3.784 
Underflow       0
Overflow        0
Integral    8431
Skewness  0.02668± -0.148 

 / ndf 2r  156.4 / 99
Prob   0.0002084
p0        0.000849± -0.001179 
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Momentum Scale

h5M
Entries  500000
Mean   0.005449±  45.28 
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Integral   5e+05
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Integral   5e+05

Skewness  0.003464± -0.1485 

DIO Expected Spectrum

!  Reconstruct	
  the	
  expected	
  momentum	
  spectrum	
  by	
  sampling	
  
a	
  high	
  statistics	
  DIO	
  sample	
  used	
  as	
  a	
  template	
  

Interpolation	
  of	
  the	
  expected	
  
momentum	
  spectrum:	
  function	
  
model	
  to	
  fit	
  the	
  reconstructed	
  
momentum	
  spectrum	
  

Track	
  quality	
  cut:	
  χ2/dof	
  <	
  3	
  

α	
  =	
  -­‐	
  0.0012	
  ±	
  0.0008	
  

500,000	
  generated	
  events;	
  
x2	
  more	
  statistics	
  would	
  allow	
  to	
  

reach	
  ≈	
  100	
  keV/c	
  (0.1%)	
  	
  accuracy	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
106	
  DIOs	
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Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.5	
  Tesla	
  (6/9)	
  



hgen2
Entries  240766
Mean   0.007847±  45.28 
RMS    0.005549±   3.85 
Underflow       0
Overflow        0
Integral  2.408e+05
Skewness  0.004992± -0.1486 

 / ndf 2r  7.383 / 24
Prob   0.9995
p0        1.717e-04± -3.123e-05 

Momentum [MeV/c]
0 10 20 30 40 50 600

2000

4000

6000

8000

10000

12000

14000

16000

18000
hgen2

Entries  240766
Mean   0.007847±  45.28 
RMS    0.005549±   3.85 
Underflow       0
Overflow        0
Integral  2.408e+05
Skewness  0.004992± -0.1486 

 / ndf 2r  7.383 / 24
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Generated DIO Spectrum

hresidual
Entries  100
Mean     1965±  206.6 
RMS      1389±  162.4 
Underflow       0
Overflow        0
Integral   7.562
Skewness   29.63±  2.001 

 / ndf 2r  145.9 / 98
Prob   0.00123
p0        2.695± -7.166 
p1        0.0601± 0.1207 
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Entries  100
Mean     1965±  206.6 
RMS      1389±  162.4 
Underflow       0
Overflow        0
Integral   7.562
Skewness   29.63±  2.001 

 / ndf 2r  145.9 / 98
Prob   0.00123
p0        2.695± -7.166 
p1        0.0601± 0.1207 

Residuals

Check	
  the	
  systematics	
  
introduced	
  by	
  the	
  

fit	
  function	
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Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.5	
  Tesla	
  (7/9)	
  

Residuals:	
  
slope	
  =	
  0.12	
  ±	
  0.06	
  

Track	
  quality	
  cut:	
  χ2/dof	
  <	
  3	
  



hp_meas_scale
Entries  4601
Mean   0.04868±  45.31 
RMS    0.03442±  3.302 
Underflow       0
Overflow        0
Integral    4601
Skewness  0.03611± -0.2123 

 / ndf 2r  181.3 / 94
Prob   1.679e-07
p0        0.000922± -0.001409 
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Momentum Scale
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DIO Expected Spectrum

Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.5	
  Tesla	
  (8/9)	
  

Standard	
  set	
  of	
  	
  
track	
  quality	
  cuts	
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Expected	
  
momentum	
  
spectrum	
  

α	
  =	
  -­‐	
  0.0014	
  ±	
  0.0009	
  

500,000	
  generated	
  events;	
  
x2	
  more	
  statistics	
  would	
  allow	
  to	
  

reach	
  ≈	
  100	
  keV/c	
  (0.1%)	
  	
  accuracy	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
106	
  DIOs	
  



hgen2
Entries  129427
Mean   0.009359±  45.31 
RMS    0.006618±  3.367 
Underflow       0
Overflow        0
Integral  1.294e+05
Skewness  0.006809± -0.137 

 / ndf 2r  3.783 / 24
Prob       1
p0        1.991e-04± -5.678e-05 
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Overflow        0
Integral  1.294e+05
Skewness  0.006809± -0.137 

 / ndf 2r  3.783 / 24
Prob       1
p0        1.991e-04± -5.678e-05 

Generated DIO Spectrum

Check	
  the	
  systematics	
  
introduced	
  by	
  the	
  

fit	
  function	
  

hresidual
Entries  100
Mean    527.6±  122.3 
RMS     373.1±  77.84 
Underflow       0
Overflow        0
Integral   10.01
Skewness    16.6±  2.002 

 / ndf 2r  170.5 / 92
Prob   1.257e-06
p0        1.723± -2.507 
p1        0.03938± 0.02695 

Momentum [MeV/c]
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hresidual
Entries  100
Mean    527.6±  122.3 
RMS     373.1±  77.84 
Underflow       0
Overflow        0
Integral   10.01
Skewness    16.6±  2.002 

 / ndf 2r  170.5 / 92
Prob   1.257e-06
p0        1.723± -2.507 
p1        0.03938± 0.02695 

Residuals

Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.5	
  Tesla	
  (9/9)	
  

Residuals:	
  
slope	
  =	
  0.03	
  ±	
  0.04	
  
(compatible	
  with	
  zero…?)	
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Standard	
  set	
  of	
  	
  
track	
  quality	
  cuts	
  



ntrk
Entries  10000
Mean   0.008954±  1.351 
RMS    0.006331± 0.8954 
Underflow       0
Overflow        0
Integral   1e+04
Skewness  0.02449±  1.016 
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4000 ntrk
Entries  10000
Mean   0.008954±  1.351 
RMS    0.006331± 0.8954 
Underflow       0
Overflow        0
Integral   1e+04
Skewness  0.02449±  1.016 

Hist/evt_0: Number of Reconstructed Tracks
! Dedicated	
  runs	
  required	
  for	
  calibration:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

expected	
  ≈	
  20	
  DIOs/μBunch	
  

! Suppose	
  also	
  the	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
backgrounds	
  scale	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
by	
  10-­‐3	
  factor:	
  DIOs	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
dominate	
  the	
  event	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
size	
  

! No	
  trigger	
  so	
  the	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
required	
  bandwidth:	
  

B Bytes
s

!

"
#

$

%
&= N

Bytes
hit

!

"
#

$

%
&×N

hits
µBunch
!

"
#

$

%
&×N

µBunch
s

!

"
#

$

%
&
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Time	
  Required	
  
for	
  Calibration	
  (1/3)	
  

N tracks
µBunch
!

"
#

$

%
& ≈1.5



Time	
  Required	
  
for	
  Calibration	
  (2/3)	
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nactv
Entries  8514

Mean   0.08756±  28.96 

RMS    0.06191±  8.079 

Underflow       0

Overflow        0
Integral    8514

Skewness  0.02655± 0.7809 
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Entries  8514

Mean   0.08756±  28.96 

RMS    0.06191±  8.079 

Underflow       0

Overflow        0
Integral    8514

Skewness  0.02655± 0.7809 

Hist/trk_0: N(active)

N Bytes
hit

!

"
#

$

%
& ≈12 	
  2	
  x	
  16	
  bits	
  +	
  6	
  x	
  10	
  bits	
  =	
  92	
  bits	
  

TDC	
   ADC	
  

N hits
µBunch
!

"
#

$

%
& ≈ 50

N µBunch
s

!

"
#

$

%
& ≈192000

≈	
  256,000	
  for	
  each	
  
supercycle,	
  1.33	
  s	
  

30 hits
track
!

"
#

$

%
&×1.5

track
µBunch
!

"
#

$

%
&



Time	
  Required	
  
for	
  Calibration	
  (3/3)	
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≈100000 events
s

≈1200 Bytes
event

B ≈120MBytes
s

≈	
  106	
  required	
  events	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ≈	
  10	
  seconds	
  needed	
  for	
  calibration	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ORDER	
  OF	
  MAGNITUDE	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  VERY	
  PROMISING	
  

Data	
  Logger	
  is	
  capable	
  of	
  reading	
  and	
  writing	
  the	
  disk	
  array	
  at	
  
a	
  maximum	
  rate	
  of	
  ≈	
  600	
  MBytes/s	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  maximum	
  event	
  
rate	
  that	
  can	
  be	
  handled	
  ≈	
  500,000	
  events/s	
  

FEASIBLE	
  



!  Deal	
  with	
  current	
  issues	
  

! Measure	
  the	
  false	
  curvature	
  β	
  

!  Radiative	
  corrections	
  
!  Full	
  simulation	
  included	
  all	
  backgrounds	
  

!  Introduce	
  the	
  false	
  curvature	
  and	
  momentum	
  scale	
  in	
  the	
  simulation	
  

!  Use	
  μ+:	
  
"  Only	
  stopped	
  (μ-­‐	
  captured):	
  better	
  defined	
  edge	
  in	
  momentum	
  

spetrum	
  #	
  better	
  resolution	
  
"  Need	
  to	
  rotate	
  TS	
  collimators	
  (positively	
  charged	
  particles):	
  

required	
  days	
  to	
  perform	
  calibration	
  
"  Problably	
  to	
  use	
  together	
  with	
  μ-­‐	
  (fast	
  calibration)	
  

To	
  Do	
  List	
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Thank	
  you	
  
for	
  the	
  attention	
  



Backup	
  Slides	
  



Physics:	
  CLFV	
  
!  Before	
  the	
  discovery	
  of	
  neutrino	
  oscillations:	
  lepton	
  flavor	
  

changing	
  processes	
  forbidden	
  in	
  the	
  Standard	
  Model	
  (SM)	
  

!  After	
  the	
  discovery	
  of	
  neutrino	
  oscillations:	
  mixing	
  among	
  
lepton	
  families	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  lepton	
  flavor	
  violating	
  (LFV)	
  
processes	
  

!  The	
  rate	
  at	
  which	
  charged	
  lepton	
  flavor	
  violation	
  (CLFV)	
  
occurs	
  is	
  model	
  dependent	
  and	
  can	
  vary	
  over	
  many	
  orders	
  of	
  
magnitude:	
  

"  SM	
  extension	
  results	
  in	
  an	
  amplitude	
  of	
  the	
  process:	
  

"  New	
  Physics	
  (NP):	
  charged	
  leptons	
  mixing	
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unobservable	
  



Pulsed	
  Proton	
  Beam	
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 Time (ns)
0 200 400 600 800 1000 1200 1400 1600 18000

0.01

0.02
0.03
0.04

0.05
0.06
0.07
0.08

POT pulse
 1M )× arrival/decay time ( -/

 400 )× arrival time ( -µ
 400 )× decay/capture time ( -µ

Selection	
  Window	
  
at	
  the	
  detector	
  

1695	
  ns	
  

200	
  ns	
  

670	
  ns	
   925	
  ns	
  

!  A	
  pulsed	
  proton	
  beam	
  is	
  delivered	
  to	
  the	
  Mu2e	
  experiment	
  in	
  order	
  to	
  suppress	
  
the	
  backgrounds	
  between	
  pulses	
  

!  The	
  acquisition	
  time	
  window	
  is	
  placed	
  after	
  670	
  ns	
  with	
  respect	
  to	
  the	
  center	
  of	
  
the	
  μBunch	
  in	
  order	
  to	
  reject	
  electrons	
  coming	
  from	
  the	
  decay	
  of	
  pions	
  

!  Beam	
  extinction	
  must	
  be	
  as	
  low	
  as	
  possible	
  (<	
  10-­‐10)	
  because	
  protons	
  between	
  
two	
  consecutive	
  pulses	
  is	
  a	
  source	
  of	
  additional	
  background	
  

τ µ = 864ns (for	
  Aluminum)	
  



z [mm]
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

B_
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B_z vs z
Aluminum	
  
stopping	
  
target	
   Tracker	
   Calorimeter	
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Detector	
  Solenoid	
  (DS):	
  
Magnetic	
  Field	
  Map	
  



!  The	
  intrinsic	
  tracker	
  resolution	
  is	
  shown	
  in	
  figure	
  below	
  

!  A	
  fit	
  is	
  performed	
  with	
  a	
  Crystal	
  Ball	
  function	
  in	
  order	
  to	
  model	
  the	
  energy	
  
loss	
  in	
  the	
  tracker:	
  
"  Core	
  resolution	
  ≈	
  110	
  KeV/c	
  
"  Exponential	
  slope	
  ≈	
  200	
  KeV/c	
  
"  Relative	
  area	
  of	
  the	
  high-­‐side	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  exponential	
  tail	
  ≈	
  2%	
  

!  The	
  50	
  keV/c	
  shift	
  is	
  due	
  to	
  

	
  	
  	
  	
  	
  	
  	
  	
  inconsistency	
  between	
  the	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  energy	
  loss	
  models	
  used	
  in	
  

	
  	
  	
  	
  	
  	
  	
  	
  simulation	
  and	
  reconstruction	
  
28	
  

Tracker	
  
Intrinsic	
  Resolution	
  



“Set	
  C”	
  cuts	
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Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.50	
  Tesla	
  

p_2
Entries  3432

Mean   0.01699±  38.86 

RMS    0.01202± 0.9956 

Underflow       0

Overflow        0

Integral    3432

Skewness  0.04181± -1.447 

Momentum [MeV/c]
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Entries  3432

Mean   0.01699±  38.86 

RMS    0.01202± 0.9956 

Underflow       0

Overflow        0

Integral    3432

Skewness  0.04181± -1.447 

Electrons 40 MeV/c - Reconstructed Momentum - Half Field

p_2
Entries  12204

Mean   0.01156±  43.64 

RMS    0.008174±  1.277 

Underflow       0

Overflow        0

Integral  1.22e+04

Skewness  0.02217± -2.691 

Momentum [MeV/c]
0 10 20 30 40 50 600

200

400

600

800

1000

1200

1400

1600 p_2
Entries  12204

Mean   0.01156±  43.64 

RMS    0.008174±  1.277 

Underflow       0

Overflow        0

Integral  1.22e+04

Skewness  0.02217± -2.691 

Electrons 45 MeV/c - Reconstructed Momentum - Half Field

p_2
Entries  14207

Mean   0.01613±  48.41 

RMS    0.0114±  1.922 

Underflow       0

Overflow        0

Integral  1.421e+04

Skewness  0.02055± -3.371 
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Entries  14207

Mean   0.01613±  48.41 

RMS    0.0114±  1.922 

Underflow       0

Overflow        0

Integral  1.421e+04

Skewness  0.02055± -3.371 

Electrons 50 MeV/c - Reconstructed Momentum - Half Field

p_2
Entries  6003

Mean   0.04476±  52.89 

RMS    0.03165±  3.468 

Underflow       0

Overflow        0

Integral    6003

Skewness  0.03161± -2.744 

Momentum [MeV/c]
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Entries  6003

Mean   0.04476±  52.89 

RMS    0.03165±  3.468 

Underflow       0

Overflow        0

Integral    6003

Skewness  0.03161± -2.744 

Electrons 55 MeV/c - Reconstructed Momentum - Half Field

Tracker	
  momentum	
  response	
  for	
  different	
  momentum	
  values	
  at	
  
half	
  magnetic	
  field	
  (100,000	
  monochromatic	
  electrons	
  

generated)	
  



Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.50	
  Tesla	
  

p_2
Entries  8431

Mean   0.04121±   45.3 

RMS    0.02914±  3.784 

Underflow       0

Overflow        0
Integral    8431

Skewness  0.02668± -0.148 
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p_2
Entries  8431

Mean   0.04121±   45.3 

RMS    0.02914±  3.784 

Underflow       0

Overflow        0
Integral    8431

Skewness  0.02668± -0.148 

DIO Spectrum

hexp2
Entries  484135

Mean   0.005945±   45.2 

RMS    0.004203±  4.136 

Underflow       0

Overflow        0
Integral  4.841e+05

Skewness  0.00352± -0.609 
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Entries  484135

Mean   0.005945±   45.2 

RMS    0.004203±  4.136 
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Overflow        0
Integral  4.841e+05

Skewness  0.00352± -0.609 

DIO Expected Spectrum
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Interpolation	
  of	
  the	
  expected	
  
momentum	
  spectrum:	
  
function	
  model	
  to	
  be	
  used	
  to	
  
fit	
  the	
  reconstructed	
  
momentum	
  spectrum	
  

Overlap	
  between	
  the	
  
reconstructed	
  (blue)	
  and	
  the	
  

expected	
  (red)	
  spectrum	
  



Calibrating	
  the	
  tracker	
  momentum	
  scale	
  
using	
  DIOs	
  at	
  0.50	
  Tesla	
  

p_2
Entries  8431
Mean   0.04121±   45.3 
RMS    0.02914±  3.784 
Underflow       0
Overflow        0
Integral    8431
Skewness  0.02668± -0.148 

 / ndf 2r  189.6 / 94
Prob   2.003e-08
p0        0.001129± -0.003107 
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Entries  8431
Mean   0.04121±   45.3 
RMS    0.02914±  3.784 
Underflow       0
Overflow        0
Integral    8431
Skewness  0.02668± -0.148 

 / ndf 2r  189.6 / 94
Prob   2.003e-08
p0        0.001129± -0.003107 

Fit

p_2
Entries  8431
Mean   0.04121±   45.3 
RMS    0.02914±  3.784 
Underflow       0
Overflow        0
Integral    8431
Skewness  0.02668± -0.148 

 / ndf 2r   64.4 / 39
Prob   0.006413
p0        0.001269± 0.003745 
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p_2
Entries  8431
Mean   0.04121±   45.3 
RMS    0.02914±  3.784 
Underflow       0
Overflow        0
Integral    8431
Skewness  0.02668± -0.148 

 / ndf 2r   64.4 / 39
Prob   0.006413
p0        0.001269± 0.003745 

Fit

p_2
Entries  8431
Mean   0.04121±   45.3 
RMS    0.02914±  3.784 
Underflow       0
Overflow        0
Integral    8431
Skewness  0.02668± -0.148 

 / ndf 2r  55.17 / 34
Prob   0.01229
p0        0.001007± -0.006344 
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 / ndf 2r  55.17 / 34
Prob   0.01229
p0        0.001007± -0.006344 

Fit
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αleft	
  =	
  +0.0037±0.0013	
   αright	
  =	
  -­‐0.006±0.001	
  

α	
  =	
  -­‐0.003±0.001	
  



hchi2d
Entries  9
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Chi2/dof vs Momentum
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35 MeV electrons chi2d37
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37.5 MeV electrons chi2d40
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40 MeV electrons

chi2d42
Entries  7919
Mean    1.045
RMS     0.535
Underflow       0
Overflow        0
Integral    7919
Skewness   1.797
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42.5 MeV electrons chi2d45
Entries  12316
Mean    1.057
RMS    0.5316
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Overflow        0
Integral  1.232e+04
Skewness   1.982
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45 MeV electrons chi2d47
Entries  14822
Mean    1.075
RMS    0.5341
Underflow       0
Overflow        0
Integral  1.482e+04
Skewness   1.907
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47.5 MeV electrons

chi2d50
Entries  14340
Mean     1.08
RMS     0.539
Underflow       0
Overflow        0
Integral  1.434e+04
Skewness   2.112
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50 MeV electrons chi2d52
Entries  9996
Mean    1.104
RMS     0.541
Underflow       0
Overflow        0
Integral    9996
Skewness    1.86
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Entries  9996
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52.5 MeV electrons chi2d55
Entries  6062
Mean    1.116
RMS    0.5495
Underflow       0
Overflow        0
Integral    6062
Skewness   1.781
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55 MeV electrons

Chi2/DoF	
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