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Near and long term prospects @ 
FNAL (mu2e and g-2)  



Intensity frontier: the muon campus 
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Upgrade	
  of	
  infra-­‐
structure	
  in	
  progress	
  
to	
  convert	
  the	
  anA-­‐
proton	
  source	
  to	
  a	
  
high	
  intensity	
  muon	
  
source	
  

First	
  “planned”	
  users:	
  
à g-­‐2	
  (2017)	
  
à Mu2e	
  (2020)	
  



Muon campus optimizes g-2 and Mu2e 
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² Maximize	
  shared	
  
Infrastructure	
  
à 1	
  CRYO	
  plant	
  
à 1	
  new	
  beam	
  tunnel	
  
à 1	
  new	
  RF	
  system	
  
	
  
²  It	
  results	
  in	
  a	
  
Cost	
  and	
  schedule	
  
opAmizaAon	
  	
  
	
  
²  	
  It	
  capitalizes	
  the	
  
100	
  M$	
  exisAng	
  	
  
equipment	
  

Total	
  cost	
  of	
  Muon	
  Campus:	
  	
  	
  46	
  M$	
  (g-­‐2),	
  55M$(muon	
  campus),	
  260	
  M$	
  (Mu2e)	
  



What is g-2? Why is needed ? 
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•  New experiment at FNAL (E989) at magic 
momentum, Consolidated method. 

•  20 x µ w.r.t. E821 @ BNL.  
•  Relocate the BNL storage ring to FNAL.  
⇒   a x4 improvement on aµ  
     (from 540 ppb to 140 ppb) 

E989	
  

3.3	
  σ	



If	
  the	
  central	
  value	
  remains	
  the	
  same	
  ⇒	
  5-­‐8	
  σ	
  from	
  
SM*	
  (enough	
  to	
  claim	
  discovery	
  of	
  New	
  Physics!)	
  

*Depending	
  on	
  the	
  progress	
  on	
  Theory	
  

8	
  σ	



3.6	
  σ	





g-2 … 
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q  Error	
  budget	
  –	
  goal	
  
Δaμ	
  à	
  16x10-­‐11	
  
q mu+	
  first	
  phase	
  
q mu-­‐	
  second	
  phase	
  

	
  DARK	
  PHOTONS:	
  
Light	
  new	
  Vector	
  ParAcle,	
  U,	
  	
  
from	
  Dark	
  sector,	
  kinemaAcally	
  	
  
mixed	
  with	
  the	
  	
  photon	
  



 g-2 collaboration and INFN  
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INFN	
  Group	
  (LNF,	
  Na,Rm2,TS,	
  Udine)	
  	
  	
  20	
  people	
  ,	
  10	
  FTE	
  with	
  an	
  important	
  	
  	
  	
  item	
  	
  
à  improve	
  gain	
  calibraAon	
  	
  with	
  precise	
  monitor	
  	
  system.	
  	
  

	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Core	
  investment	
  expected	
  O(	
  300	
  kEuro)	
  
	
  

E989	
  CollaboraGon:	
  38	
  InsGtutes;	
  >150	
  Members	
  
20	
  USA	
  insGtuGons	
  +	
  Italy,	
  	
  	
  China,	
  NL,	
  	
  Japan,	
  Russia,	
  Germany,	
  England,	
  Korea.	
  

q  Ring	
  move	
  completed	
  	
  
q  Ring	
  being	
  reassembled.	
  	
  
q  Building	
  pracAcally	
  finished	
  
q  Prototype	
  detectors	
  will	
  be	
  	
  
tested	
  in	
  beams	
  	
  
q  Cost	
  of	
  the	
  experiment	
  	
  	
  
~	
  40	
  M$	
  (Core	
  +	
  Labour)	
  	
  
q  	
  CD-­‐2	
  review	
  in	
  July	
  

Expected	
  data	
  taking	
  in	
  2017	
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What is Mu2e? Why is needed ? 
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60%	
  Muon	
  Capture	
  
40%	
  DIO	
  



Mu2e…. 
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SensiAvity	
  reach:	
  
104	
  improvement	
  
with	
  respect	
  to	
  
previous	
  
conversion	
  
experiment	
  
(Sindrum-­‐II)	
  
	
  
à ExAncAon	
  
à Delayed	
  gate	
  
à Precise	
  

ResoluAon	
  	
  



Mu2e…. 
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Mu2e-­‐2	
  



Mu2e Background Classes 
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•  DIO 
Muons stops and forms muonic atom  
à  60% fall in nucleus (Capture) 
à  40% decay in orbit  
à NEED high Resolution 
•  Cosmics  
à Need CRV and PID 
 
1) Radiative pion/muon capture 
2) Muon/pion decay in flight 
3) Beam electrons 
4) Antiprotons 
 
Some bkg sources can become a problem 
for our of time protons or long transit-time 
for secondaries. 
 
à Need beam structure 
à Extinction @ 10-10 

à Thin-window for pbar absorption 
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Beam	
  structure	
  



Mu2e Schedule and plans 
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•  CD-0 in November 2009, CD-1 in July 2012 

•  CD-3a in FY2014-Q2   à Done 
§  Order production lengths of solenoid superconductor (long lead item) 

•  Scheduled CD2/3 in August 2014 
•  Start on building, proceed expeditiously with solenoid fabrication 

•  Obtain R&D lengths of all conductor types à  
       Done and  tested @ INFN Genova 

•  Develop a Reference Design for the solenoids and solicit bids from industry 
for their Final Design & Fabrication à bid almost completed 

•  Complete necessary studies to specify baseline 
§  Shielding designs &  building drawings  completed 
§  Detector R&D and test beam studies in progress 
 



Mu2e collaboration & INFN 
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Strong	
  involvement	
  of	
  INFN	
  group	
  in	
  two	
  fields:	
  
	
  	
  	
  1)	
  Project	
  leadership	
  for	
  the	
  calorimeter	
  system	
  
	
  	
  	
  2)	
  ConstrucAon	
  of	
  prototypes	
  for	
  the	
  TS	
  magnet	
  
	
  
INFN	
  group	
  size	
  extrapolated	
  to	
  2017,	
  30	
  people,	
  O(	
  20	
  FTE)	
  
ContribuAon	
  so	
  far:	
  500	
  kEuro	
  for	
  magnet	
  proto,	
  300	
  kEuro	
  R&D	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Expected	
  Core	
  contribuGon	
  O(2.5	
  MEuro)	
  

	
  138	
  members,	
  3	
  countries,	
  
25	
  USA	
  insGtuGons	
  

	
  
MU2E	
  DOE	
  COST:	
  

à	
  260	
  M$,	
  80	
  M$	
  core	
  



The P5 “message” 
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3	
  Budget	
  Scenarios:	
  
à A)	
  flat	
  +	
  2%	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  increase/year	
  
à B)	
  flat	
  +	
  3%	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  increase/year	
  
à C)	
  unconstrained	
  

u  It	
  is	
  really	
  OK	
  for	
  
	
  	
  	
  the	
  Muon	
  Campus.	
  
u  It	
  is	
  also	
  OK	
  for	
  
the	
  next	
  phase!	
  
q  The	
  message	
  is	
  clear:	
  
Complete	
  Mu2e	
  and	
  g-­‐2	
  



The P5 “message” 
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3	
  Budget	
  Scenarios:	
  
à A)	
  flat	
  +	
  2%	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  increase/year	
  
à B)	
  flat	
  +	
  3%	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  increase/year	
  
à C)	
  unconstrained	
  

u  It	
  is	
  really	
  OK	
  for	
  
	
  	
  	
  the	
  Muon	
  Campus.	
  
u  It	
  is	
  also	
  OK	
  for	
  
the	
  next	
  phase!	
  
q  The	
  message	
  is	
  clear:	
  
Complete	
  Mu2e	
  and	
  g-­‐2	
  



Schedule g-2 
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Activities
Project Milestones

Conceptual Design
Preliminary Design
Final Design
CD-3 work
Accelerator Improvements

Installation Sequence
MC-1 construction
Magnet Construction
Cooldown
Shimming of Field
Install Vacuum, other in-ring eqp
Install Detector / Electronics 

Commissioning and Running
Beam Tests/Commissioning Representative, not schedule
Experiment Commissioning
Mu + Data Taking 18/24 m 
Result 1
Analysis
Result 2
Upgrades, Mu- Run Prep
Mu- Running
Result 3

2019 2020 20212013 2014 2015 2016 2017 2018

Fuzzy	
  Period	
  
Depending	
  upon	
  
schedule	
  
implementaAon	
  



Schedule Mu2e 
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g-2 vs Mu2e interaction 
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q  g-­‐2	
  and	
  Mu2e	
  both	
  use	
  the	
  Delivery	
  Ring	
  in	
  their	
  beam	
  lines,	
  however,	
  they	
  
use	
  it	
  in	
  very	
  different	
  ways	
  (	
  g-­‐2	
  transports	
  ~3	
  GeV	
  muons,	
  Mu2e	
  transports	
  	
  
8	
  GeV	
  protons)	
  à	
  They	
  can	
  not	
  run	
  simultaneously.	
  
	
  
q  Current	
  plan	
  is	
  that	
  Mu2e	
  performs	
  some	
  amount	
  of	
  beam	
  line	
  installaAon	
  &	
  
commissioning	
  while	
  g-­‐2	
  is	
  running.	
  There	
  are	
  pieces	
  that	
  can’t	
  get	
  done	
  unAl	
  the	
  
g-­‐2	
  run	
  is	
  finished.	
  The	
  Mu2e	
  “current”	
  schedule	
  includes	
  these	
  interferences.	
  
	
  
q  If	
  the	
  g-­‐2	
  run	
  gets	
  significantly	
  delayed	
  or	
  stretched	
  à	
  it	
  can	
  affect	
  when	
  
Mu2e	
  starts.	
  However	
  à	
   it	
  would	
  be	
  possible	
   for	
   the	
  accelerator	
   to	
   split	
  Ame	
  
between	
  g-­‐2	
  and	
  Mu2e:	
  	
  
	
  
	
  	
  	
  (i)	
  for	
  example	
  few	
  months	
  of	
  data	
  with	
  g-­‐2,	
  then	
  several	
  months	
  with	
  Mu2e;	
  	
  	
  	
  
	
  	
  
	
  	
  (ii)	
  it	
  will	
  take	
  ~	
  4	
  weeks	
  to	
  swap	
  between	
  the	
  two	
  experiments	
  when	
  modifying	
  	
  	
  

	
  the	
  Delivery	
  Ring.	
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(WhatNext?) Mu2e … Mu2e-2 
Project-­‐X	
  re-­‐imagined	
  to	
  match	
  
Budget	
  constraints:	
  
1)  PIP-­‐2	
  plans:	
  
à 1	
  MW	
  at	
  LNBF	
  at	
  start	
  (2025)	
  
à 2	
  MW	
  at	
  regime	
  at	
  LNBF	
  
à  	
  x	
  10	
  at	
  Mu2e	
  
	
  
Projectx-­‐docdb.fnal.gov/cgi-­‐bin/	
  
ShowDocument?docid=1232	
  
CLVF-­‐snowmass	
  àArxiv.1311.5278	
  
Mu2e-­‐2	
  à	
  Arxiv.1307.1168v2.pdf	
  
	
  

2)	
  Depending	
  on	
  the	
  beam	
  
	
  Structure	
  available:	
  	
  
	
  study	
  Z	
  dependence	
  
	
  if	
  signal	
  is	
  observed	
  
3)	
  If	
  no	
  signal	
  is	
  observed	
  
Use	
  x	
  10	
  events	
  in	
  Mu2e-­‐2	
  
Minor	
  modificaAons	
  of	
  the	
  
detector	
  	
  à	
  BR	
  <	
  6	
  x	
  10-­‐18	
  



Conclusions 

•  The muon campus at FNAL is a world class program for two high 
precision experiments searching for deviation from SM:  

    g-2 and Mu2e (at a cost of one). 

•  10 years Timeline for completion. 

•  Both experiments are getting ready for the DOE CD-2 reviews  (July/
August 2014). 

•   For Mu2e, the construction of the solenoids will start next  
    year. Detector engineering review end of 2015. 
 
•   P5 report is positive for the baseline Muon Campus  plan. 

•   A long term plan is feasible. New Mu2e-2 detector being discussed for 
a second (x 10) phase.  This is now becoming more realistic since 
the P5 panel has also approved the PIP-2 accelerator upgrade. 
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World program: COMET 
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COMET vs Mu2e 
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q Similar	
  capabiliAes	
  as	
  physics	
  reach	
  
q COMET	
  designed	
  to	
  operate	
  at	
  56	
  kW,	
  Mu2e	
  8	
  kW	
  
	
  	
  	
  	
  	
  à	
  COMET	
  will	
  use	
  all	
  JPARC	
  beam	
  
	
  	
  	
  	
  	
  à	
  Mu2e	
  runs	
  simultaneously	
  with	
  neutrino	
  beam	
  
q Final	
  bend	
  a{er	
  COMET	
  stopping	
  target	
  efficiently	
  transmits	
  
	
  Conversion	
  e-­‐	
  and	
  provides	
  rate	
  suppression	
  in	
  detector.	
  	
  
q  It	
  does	
  not	
  transmit	
  positrons	
  
-­‐  COMET	
  solenoids	
  ~	
  10	
  m	
  longer	
  than	
  Mu2e	
  
-­‐  Higher	
  beam	
  -­‐>	
  higher	
  cost	
  (solenoid	
  shieldling,	
  neutron	
  shielding)	
  
-­‐  Longer	
  solenoids	
  carry	
  “cost”	
  
	
  
Phase-­‐1	
  could	
  be	
  useful	
  if	
  successful	
  to	
  study	
  background	
  rate	
  
à	
  Path	
  to	
  Phase-­‐2	
  is	
  sAll	
  difficult.	
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Why Mu2e is unique? 
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Muon	
  to	
  electron	
  conversion	
  is	
  a	
  unique	
  probe	
  for	
  BSM:	
  
	
  
u 	
  Broad	
  discovery	
  sensiGvity	
  across	
  all	
  models:	
  

	
  	
  	
  	
  	
  	
  	
  à	
  SensiAvity	
  to	
  the	
  same	
  physics	
  of	
  MEG	
  but	
  with	
  be~er	
  mass	
  reach	
  
	
  
	
  	
  	
  	
  	
  	
  	
  à	
  SensiAvity	
  to	
  physics	
  that	
  MEG	
  is	
  not	
  
	
  
	
  	
  	
  	
  	
  	
  	
  à	
  If	
  MEG	
  observes	
  a	
  signal,	
  MU2E	
  does	
  it	
  with	
  improved	
  staAsAcs.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  RaGo	
  of	
  the	
  BR	
  allows	
  to	
  pin-­‐down	
  physics	
  model	
  
	
  
	
  	
  	
  	
  	
  	
  	
  à	
  If	
  MEG	
  does	
  not	
  observe	
  a	
  signal,	
  MU2E	
  has	
  sAll	
  a	
  reach	
  to	
  do	
  so.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  In	
  a	
  long	
  run,	
  it	
  can	
  also	
  improve	
  further	
  with	
  PIP-­‐2	
  
	
  
u SensiGvity	
  to	
  λ	
  up	
  to	
  10.000	
  TeV	
  beyond	
  any	
  imaginable	
  
accelerator	
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Tracker: 22 stations (# and rotations still being optimized)	



Straws: 5 mm OD; 15 μm metalized mylar wall.	


Custom ASIC for time division: σ ≈ 5 mm at straw center	





Mu2e-2 
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DIO final count with Simulation 
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Mu2e Expected Background 
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Discovery sensitivity accomplished by 
suppressing backgrounds to < 0.5 event total 

Category Source Events 
µ Decay in Orbit 0.22 

Intrinsic Radiative µ Capture <0.01 

Radiative π Capture 0.03 

Beam electrons <0.01 

µ Decay in Flight 0.01 

Late Arriving π Decay in Flight <0.01 

Anti-proton induced 0.10 

Cosmic Ray induced 0.05 

Miscellaneous Pat. Recognition Errors <0.01 

Total Background 0.41 

(assuming	
  ~30	
  GHz	
  muon	
  beam,	
  6E17	
  captured	
  muons	
  in	
  6E7	
  s	
  of	
  beam	
  Gme)	
  



u FNAL	
   awarded	
   a	
   contract	
   to	
   Hitachi	
   for	
   three	
   lengths	
   of	
   TS	
  
conductor	
  (1000	
  m)	
  	
  

u  	
  INFN	
  Genova	
  received	
  six	
  samples	
  (head	
  and	
  tail	
  of	
  producAon)	
  
u CriAcal	
  currents	
  of	
  five	
  sample	
  were	
  measured.	
  Except	
  a	
  case	
  (bad	
  

so{	
  soldering	
  of	
  the	
  sample)	
  four	
  runs	
  went	
  well.	
  	
  
u Measured	
   criAcal	
   currents	
   compare	
   very	
   well	
   with	
   the	
   ones	
  

performed	
  at	
  Fermilab	
  on	
  extracted	
  strands	
  
u  	
  Aker	
  these	
  results	
  Fermilab	
  is	
  asking	
  INFN	
  Genova	
  to	
  test	
  all	
  60	
  

cables	
  involved	
  in	
  Mu2e	
  solenoids.	
  	
  

Critical Current Measurements 
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CLFV Predictions 

•  Relative rates are model dependent 
•  Measure ratios to pin-down theory details 

M.Blanke,	
  A.J.Buras,	
  B.Duling,	
  S.Recksiegel,	
  C.TaranAno	
  

arXiv:0909.5454v2[hep-­‐ph]	
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arXiv:0909.1333[hep-­‐ph]	
  

W.	
  Altmannshofer,	
  A.J.Buras,	
  S.Gori,	
  P.Paradisi,	
  D.M.Straub	
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