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Charged	
  leptons	
  are	
  a	
  breed	
  of	
  elementary	
  par-cle	
  that	
  comes	
  in	
  three	
  masses:	
  the	
  
lightweight	
  electron,	
  responsible	
  for	
  the	
  electricity	
  in	
  our	
  homes;	
  the	
  middleweight	
  
muon;	
  and	
  the	
  heavy	
  tau.	
  Two	
  other	
  types	
  of	
  elementary	
  par-cles,	
  quarks	
  and	
  
neutrinos,	
  come	
  in	
  three	
  masses	
  as	
  well.	
  
	
  
You	
  might	
  not	
  think	
  about	
  dogs	
  while	
  you	
  wonder	
  about	
  par-cle	
  physics,	
  but	
  there	
  
are	
  similari-es.	
  Poodles,	
  for	
  example,	
  also	
  come	
  in	
  three	
  sizes	
  —	
  toy,	
  miniature	
  and	
  
standard	
  —	
  but	
  they're	
  all	
  the	
  same	
  breed,	
  and	
  gene-cally	
  similar.	
  Learning	
  how	
  
poodles	
  and	
  other	
  breeds	
  are	
  related	
  helps	
  us	
  understand	
  the	
  rules	
  of	
  dog	
  gene-cs.	
  
	
  
We	
  want	
  the	
  same	
  type	
  of	
  understanding	
  of	
  how	
  elementary	
  par-cles	
  relate	
  to	
  one	
  
another.	
  Quarks	
  can	
  change	
  from	
  one	
  type	
  to	
  another;	
  so	
  can	
  neutrinos.	
  If	
  you	
  want	
  
to	
  have	
  any	
  sensible	
  "laws	
  of	
  gene-cs"	
  for	
  par-cle	
  physics,	
  that	
  last	
  breed,	
  the	
  
charged	
  leptons,	
  had	
  be[er	
  be	
  able	
  to	
  change	
  types	
  as	
  well.	
  That's	
  called	
  charged	
  
lepton	
  flavor	
  viola-on.	
  Surprisingly,	
  physicists	
  have	
  never	
  seen	
  it	
  happen.	
  
	
  
Previous	
  experiments	
  have	
  looked	
  at	
  about	
  ten	
  trillion	
  muons;	
  Fermilab's	
  Mu2e	
  
experiment	
  will	
  observe	
  10,000	
  -mes	
  more	
  data,	
  looking	
  for	
  a	
  change	
  from	
  a	
  muon	
  
to	
  an	
  electron.	
  Discovering	
  this	
  change	
  would	
  point	
  us	
  toward	
  a	
  single	
  theory	
  
explaining	
  the	
  gene-cs	
  of	
  the	
  par-cles	
  born	
  in	
  the	
  big	
  bang.	
  If	
  we	
  don't	
  discover	
  this	
  
change,	
  there	
  will	
  be	
  a	
  lot	
  of	
  head-­‐scratching	
  (as	
  opposed	
  to	
  fur-­‐scratching)	
  as	
  we	
  try	
  
to	
  understand	
  the	
  rules	
  of	
  the	
  universe.	
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•  Produc:on	
  Target	
  
–  Proton	
  beam	
  strikes	
  target,	
  producing	
  mostly	
  pions	
  

•  Produc:on	
  Solenoid	
  
–  Contains	
  backwards	
  pions/muons	
  and	
  reflects	
  slow	
  forward	
  pions/muons	
  

•  Transport	
  Solenoid	
  
–  Selects	
  low	
  momentum,	
  nega:ve	
  muons	
  

•  Capture	
  Target,	
  Detector,	
  and	
  Detector	
  Solenoid	
  
–  Capture	
  muons	
  on	
  Aluminum	
  target	
  and	
  wait	
  for	
  them	
  to	
  decay	
  
–  Detector	
  blind	
  to	
  ordinary	
  (Michel)	
  decays,	
  with	
  E	
  ≤	
  ½mµc2	
  
–  Op:mized	
  for	
  E	
  ~	
  mµc2	
  

Muon	
  Beam	
  Line	
  and	
  Mu2e	
  Detector	
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Generally,	
  par:cles	
  move	
  in	
  a	
  
helical	
  trajectory	
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2( )Can be used to resolve charge 
and momentum! 

For	
  high	
  momentum	
  par:cles,	
  the	
  curvature	
  is	
  
used	
  to	
  measure	
  the	
  momentum	
  

Low	
  momentum	
  par:cles	
  are	
  effec:vely	
  “trapped”	
  
along	
  the	
  field	
  lines	
  

A	
  par:cle	
  trapped	
  along	
  a	
  curved	
  solenoidal	
  field	
  will	
  driX	
  out	
  of	
  
the	
  plane	
  of	
  curvature	
  with	
  a	
  velocity	
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Transport	
  Solenoid	
  
•  Transports	
  muons	
  from	
  produc:on	
  

target	
  to	
  capture	
  target	
  
•  Curved	
  solenoid	
  eliminates	
  line-­‐of-­‐

sight	
  backgrounds	
  
•  Collimator	
  in	
  center	
  selects	
  low	
  

momentum	
  nega:ve	
  muons	
  
–  RxB	
  driX	
  causes	
  sign/momentum	
  

dependent	
  ver*cal	
  displacement	
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• TS1 - Straight section that interfaces with the Production Solenoid. 
• TS2 - Toroid section downstream of TS1. 
• TS3 - Straight section downstream of TS2 (TS3u coils are in the TSu cryostat, 

TS3d coils are in the TSd cryostat). 
• TS4 - Toroid section downstream of TS3. 
• TS5 - Straight section downstream of TS4 that interfaces with and the 

Detector Solenoid. 

Figure 7.14. The Transport Solenoid with the significant components identified. 

The Transport Solenoid performs the following functions: 
• Pions and muons are created in the production target in the Production 

Solenoid. The Transport Solenoid maximizes the muon yield by efficiently 
focusing these secondary pions and subsequent secondary muons towards the 
stopping target located in the Detector Solenoid. High energy negatively 
charged particles, positively charged particles and line-of-sight neutral 
particles will nearly all be eliminated by the two 90° bends combined with a 
series of absorbers and collimators.   

• The TS1 field must be matched to the field of the Production Solenoid at the 
interface for optimum beam transmission. 

• There must be a negative axial gradient at all locations in the straight sections 
(TS1, TS3 and TS5) for radii smaller than 0.15 m to prevent particles from 
becoming trapped or otherwise losing longitudinal momentum. 
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Alignment	
  of	
  the	
  Transport	
  Solenoid	
  Magne-c	
  Center	
  
Due	
  to	
  Coils	
  Displacements	
  (Magne-c	
  Design	
  Version	
  

7),	
  M.	
  Lopes	
  G.	
  Moreb	
  
	
  •  Systema:c	
  errors,	
  due	
  to	
  thermal	
  or	
  mechanical	
  stress;	
  

they	
  usually	
  affect	
  all	
  the	
  coils	
  of	
  only	
  one	
  of	
  the	
  
sec:ons	
  of	
  the	
  TS	
  (TS1,	
  TS2	
  etc.)	
  

•  Random	
  errors,	
  due	
  to	
  building	
  tolerances;	
  they	
  affect	
  
each	
  single	
  coil,	
  that	
  moves	
  from	
  its	
  original	
  posi:on.	
  

•  CONCLUSION	
  
–  The	
  results	
  show	
  that	
  the	
  most	
  cri:cal	
  configura:ons,	
  in	
  
terms	
  of	
  random	
  errors,	
  are	
  those	
  obtained	
  giving	
  random	
  
pitch	
  or	
  random	
  yaw	
  rota:on	
  angles	
  to	
  each	
  of	
  the	
  coils.	
  

–  Regarding	
  systema:c	
  errors,	
  some	
  of	
  the	
  configura:ons	
  
considered	
  introduce	
  an	
  offset	
  in	
  terms	
  of	
  displacement	
  
from	
  the	
  nominal	
  trajectory.	
  

–  Par:cularly,	
  the	
  worst	
  cases	
  are	
  those	
  having	
  TS3u	
  and	
  
TS3d	
  bent	
  in	
  opposite	
  direc:ons	
  toward	
  one	
  of	
  the	
  axis.	
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Ø Use	
  MATLAB	
  package	
  SolCalc	
  from	
  TD	
  with	
  Mau9	
  	
  

input	
  for	
  the	
  solenoids	
  

Ø  Input	
  data	
  consist	
  of	
  a	
  66×10	
  table	
  
² inner	
  and	
  outer	
  radii	
  
² lengths	
  
² center	
  loca:ons	
  (in	
  Mu2e	
  coordinates,	
  origin	
  at	
  TS3	
  center)	
  
² rota:on	
  angles	
  
² Currents	
  
	
  for	
  the	
  66	
  Mu2e	
  coils:	
  

ü 3	
  PS	
  coils	
  
ü 52	
  TS	
  coils	
  
ü 11	
  DS	
  coils	
  

Ø SolCalc	
  computes	
  the	
  B	
  field	
  at	
  a	
  given	
  point	
  in	
  space	
  using	
  the	
  input	
  
data	
  

Ø MATLAB	
  provides	
  the	
  possibility	
  of	
  visualizing	
  the	
  solenoid	
  geometry	
  in	
  
detail	
  







The	
  preliminary	
  study	
  focused	
  solely	
  
on	
  the	
  Transport	
  Solenoid	
  



Magne:c	
  field	
  components	
  along	
  the	
  axis	
  of	
  TS.	
  The	
  ver:cal	
  black	
  lines	
  represent	
  the	
  
geometric	
  interfaces	
  between	
  the	
  straight	
  and	
  curved	
  sec:ons.	
  	
  [Figure	
  1:	
  Mu2e-­‐
doc-­‐2156-­‐V3]	
  	
  



Axial	
  field	
  distribu:on	
  at	
  the	
  center	
  of	
  TS3	
  [Figure	
  6.48:	
  TDR]	
  	
  

Axial	
  gradient	
  along	
  TS3	
  [Figure	
  6.48:	
  TDR]	
  *Note	
  that	
  the	
  green	
  line	
  is	
  the	
  comparison	
  	
  

















Picture	
  of	
  Linux	
  
code	
  



10	
  degrees	
  YAW	
  TSu	
  
And	
  

-­‐10	
  degrees	
  YAW	
  TSd	
  	
  





+10	
  degrees	
  PITCH	
  TSu	
  	
  
And	
  

-­‐10	
  degrees	
  PITCH	
  TSd	
  





1	
  degree	
  PITCH	
  TSu	
  
And	
  

-­‐1	
  degree	
  PITCH	
  TSd	
  









We	
  checked	
  the	
  frac-onal	
  differences	
  between	
  Mau9	
  and	
  
Solcalc	
  maps	
  in	
  the	
  form	
  (Solcalc	
  –	
  Mau9)	
  /	
  Mau9	
  

Produc-on	
  Solenoid	
  X	
  =	
  3604	
  mm	
  
Y	
  =	
  825	
  mm	
  



Using	
  4e-­‐3	
  instead	
  of	
  1e-­‐1	
  

Produc-on	
  Solenoid	
  

X	
  =	
  3604	
  mm	
  
Y	
  =	
  825	
  mm	
  



TSu	
  
X	
  =	
  1829	
  mm	
  
Y	
  =	
  75	
  mm	
  



TSu	
  

X	
  =	
  1829	
  mm	
  
Y	
  =	
  75	
  mm	
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Scien-sts	
  use	
  LOG	
  Books	
  to	
  
keep	
  track	
  of	
  their	
  
research…	
  or	
  they	
  use	
  
digital	
  versions	
  (LabLog)	
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Comparing	
  GA	
  Maps:	
  
We	
  checked	
  the	
  frac:onal	
  differences	
  between	
  	
  

1	
  –	
  and	
  2	
  –	
  sided	
  maps	
  in	
  the	
  form	
  
(map1	
  –	
  map2)	
  /	
  map2	
  



Zero	
  differences	
  detected	
  between	
  1-­‐	
  and	
  2-­‐sided	
  GA	
  TSd	
  maps	
  



Zero	
  differences	
  detected	
  between	
  1-­‐	
  and	
  2-­‐sided	
  GA	
  DS	
  maps	
  

Y	
  –	
  Symmetry	
  is	
  
confirmed	
  for	
  GA	
  
TSd	
  and	
  DS!!	
  



X	
  =	
  -­‐1321	
  mm	
  
Y	
  =	
  425	
  mm	
   TSd	
  

Mau9	
  Maps	
  compared	
  to	
  GA	
  Maps	
  



X	
  =	
  -­‐1321	
  mm	
  	
  	
  Y	
  =	
  425	
  mm	
  
TSd	
  



X	
  =	
  -­‐1321	
  mm	
  	
  	
  Y	
  =	
  425	
  mm	
  TSd	
  



X	
  =	
  -­‐3546	
  mm	
  	
  	
  	
  Y	
  =	
  200	
  mm	
  

DS	
  



X	
  =	
  -­‐3546	
  mm	
  	
  	
  	
  Y	
  =	
  200	
  mm	
  DS	
  



X	
  =	
  -­‐3546	
  mm	
  	
  	
  	
  Y	
  =	
  200	
  mm	
  
DS	
  



X	
  =	
  -­‐3546	
  mm	
  	
  	
  	
  Y	
  =	
  200	
  mm	
  
DS	
  

Some	
  frac-onal	
  differences	
  between	
  
Mau9	
  and	
  GA	
  for	
  TSd	
  and	
  DS	
  detected	
  


