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Precision Experiments!
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Precision Muon Experiments!
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Discuss	
  two	
  classes	
  of	
  experiments,	
  epitomising	
  the	
  intensity	
  fronHer:	
  
	
  
1.   Rarity	
  :	
  processes	
  with	
  essenHally	
  zero	
  SM	
  cross	
  secHon	
  	
  

	
  -­‐	
  look	
  for	
  a	
  handful	
  of	
  events	
  
2.	
  	
  	
  Precision	
  :	
  muon	
  measurements	
  that	
  are	
  predicted	
  v.	
  precisely	
  in	
  SM	
  	
  
	
  	
  	
  	
  	
  	
  	
  -­‐	
  measure	
  billions	
  of	
  events	
  to	
  achieve	
  high	
  precision	
  and	
  look	
  for	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  discrepancy	
  e.g.	
  muon	
  magneHc	
  moment.	
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Renaissance in this field!
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Due	
  to	
  the	
  recent	
  availability	
  of	
  higher	
  power	
  proton	
  sources	
  &	
  construcHon	
  
of	
  dedicated	
  muon	
  beamlines	
  	
  

COMET	
  
(g-­‐2)	
  	
  
PRISM	
  ?	
  

J-­‐PARC	
  (g-­‐2)	
  
EDM	
  
Mu2e	
  
Project-­‐X	
  ?	
  

FNAL	
  

MuSIC	
  

Osaka	
  

MEG	
  
Mu3e	
  	
  
	
  

PSI	
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Why Muons (and taus)!
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New	
  physics	
  as:	
  	
  

µ, eµ, e

�
m�

MNEW

�2

Therefore	
  we	
  should	
  do	
  muons	
  and	
  taus	
  but	
  …	
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Ecce Gabrielse!
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Hadronic	
  at	
  12th	
  dp.	
  

QED	
  (5th	
  order)	
  at	
  13th	
  dp.	
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Electron Magnetic Moment!
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Measured	
  to	
  3	
  parts	
  in	
  1013	
  	
  !!!	
  
Physics	
  reach	
  of	
  this	
  is	
  limited	
  by	
  precision	
  in	
  αEM	
  but	
  this	
  is	
  expected	
  to	
  
improve	
  significantly	
  in	
  the	
  near	
  future…..	
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Electric Dipole Moment!
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In	
  last	
  month	
  approx	
  factor	
  ~	
  10	
  	
  
improvement	
  in	
  electron	
  EDM	
  	
  
limit	
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Muonic Hydrogen!
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Muonic	
  hydrogen	
  
	
  -­‐	
  originally	
  missed	
  it	
  !	
  
	
  
	
  

Rp	
  =	
  0.84184	
  (67)	
  fm	
  (muons)	
  
Rp	
  =	
  0.8768	
  (69)	
  fm	
  (electrons)	
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Muon Magnetic Moment (g-2)!
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Spin	
  precesses	
  around	
  B	
  at	
  
a	
  frequency	
  determined	
  by	
  “g”	
  

InteracHon	
  between	
  	
  
magneHc	
  moment	
  (spin)	
  with	
  B-­‐field.	
  

B	
  	
  field	
  (photon)	
  



“Anomalous” contribution!
AddiHonal	
  “loop”	
  interacHons	
  give	
  a	
  non	
  g=2	
  contribuAon	
  

aµ =
�

g � 2
2

�

:	
  10	
  

These	
  interacHons	
  flip	
  the	
  chirality	
  of	
  
the	
  muon	
  

This	
  is	
  the	
  so-­‐called	
  anomalous	
  contribuHon	
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SM contribution!
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Muon g-2!
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Muon	
  g-­‐2	
  is	
  most	
  precisely	
  measured	
  quanHty	
  at	
  an	
  accelerator	
  

0.14 ppm 
0.54 ppm 



“We don’t know the SM value well enough”!

:	
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5-­‐loop	
  QED	
  calculaAon	
  (arxiv	
  1205.5370)	
  :	
  May	
  2012.	
  	
  

2-­‐loop	
  electroweak	
  calculaAon	
  (arxiv	
  1306.5546)	
  	
  :	
  June	
  2013	
  	
  
0.01	
  ppm	
  accuracy	
  

0.0003	
  ppm	
  accuracy	
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SM Hadronic Contribution!

:	
  14	
  

Hadronic	
  Light-­‐by-­‐Light	
  (HLBL)	
  

Hadronic	
  Vacuum	
  PolarisaAon	
  (HVP)	
  

Reducing	
  this	
  0.42	
  ppm	
  to	
  ensure	
  0.14	
  ppm	
  FNAL	
  measurement	
  has	
  maximum	
  
impact	
  is	
  now	
  a	
  subject	
  of	
  much	
  work	
  :	
  expect	
  O(50%)	
  improvement.	
  

0.36	
  ppm	
  

0.22	
  ppm	
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Is this hadronic estimate reliable ? !

:	
  15	
  

97%	
  of	
  the	
  hadronic	
  esHmate	
  is	
  data-­‐driven	
  and	
  it	
  can	
  now	
  be	
  cross	
  
checked	
  by	
  the	
  measured	
  Higgs	
  Mass	
  

aHVP(LO)
µ =

1
4�3

� �

4m2
�

K(s)�(s)ds

��(5)
HAD(MZ) =

M2
Z

4��2
P

� �

4m2
�

�(s)
M2

Z � s
ds

Assume	
  HVP	
  is	
  wrong	
  by	
  6	
  σ	
  (so	
  BNL	
  =	
  SM)	
  

Use	
  MH	
  =	
  125	
  GeV	
  for	
  HVP	
  increases	
  significance	
  of	
  BNL	
  discrepancy	
  wrt	
  SM	
  	
  

This	
  HVP	
  value	
  (+	
  other	
  EWK	
  data)	
  gives	
  
MH = 94+29

�34 GeV

MH = 68+29
�34 GeV
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Theoretical Interest in result!

:	
  16	
  

BNL	
  (g-­‐2)	
  paper(s)	
  is	
  the	
  2nd	
  most	
  cited	
  paper	
  in	
  experimental	
  parHcle	
  physics	
  

Renewed	
  interest	
  aser	
  Higgs	
  and	
  null-­‐SUSY	
  results	
  at	
  the	
  LHC	
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Theoretical Landscape!

:	
  17	
  

Measurement	
  probes	
  much	
  of	
  the	
  same	
  TeV-­‐scale	
  BSM	
  landscape	
  as	
  LHC.	
  

Extended	
  technicolor	
  (fermion	
  masses)	
  

Large	
  +ve	
  anomaly	
  wrt	
  SM	
  

Value	
  consistent	
  with	
  SM	
  

Z’,	
  W’,	
  Liwle	
  Higgs,	
  Universal	
  ED	
  

SUSY	
  (natural,	
  gauge-­‐mediated,	
  compressed),	
  RS	
  ED	
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Theoretical Landscape!

:	
  18	
  

But	
  also	
  low-­‐mass	
  physics	
  below	
  LHC’s	
  reach	
  

Dark	
  photon	
  contribuHon	
  
of	
  280±80	
  x	
  10-­‐11	
  to	
  aμ	
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SUSY!

:	
  19	
  

Many	
  pre-­‐LHC	
  “models”	
  ruled	
  out	
  solely	
  by	
  squark	
  and	
  gluino	
  limits	
  

LHC	
  constraints	
  on	
  neutralino-­‐slepton	
  	
  
are	
  comparaHvely	
  weak.	
  

“Looking	
  to	
  (SUSY)	
  models	
  with	
  a	
  different	
  
	
  connec,on	
  between	
  the	
  coloured	
  and	
  
	
  uncoloured	
  sector,	
  not	
  only	
  seems	
  	
  
?mely	
  now,	
  but	
  mandatory.”	
  
John	
  Ellis	
  et	
  al.,	
  arxiv:1207.7315	
  

SPS	
  1A	
  1.4	
  TeV	
  in	
  SPS3	
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SUSY!

:	
  20	
  

aμ	
  measurement	
  +	
  LHC	
  smuon	
  mass	
  allows	
  an	
  accurate	
  determinaHon	
  of	
  tan	
  β	
  
	
  	
  	
  

At	
  95%	
  CL	
  current	
  BNL	
  aμ	
  favours	
  smuon	
  
masses	
  of	
  200	
  –	
  700	
  GeV	
  
	
  
Also	
  unambiguously	
  defines	
  μ	
  (Higgsino	
  
mass	
  term)	
  to	
  be	
  posiHve	
  
	
  
A	
  measurement	
  with	
  <	
  100	
  x	
  10-­‐11	
  different	
  
wrt	
  to	
  SM	
  would	
  put	
  non-­‐coloured	
  SUSY	
  in	
  
similar	
  mass	
  region	
  to	
  squarks/gluinos	
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LHC slepton limits!

:	
  21	
  

ATLAS-­‐CONF-­‐2013-­‐049	
  (May	
  2013)	
  

Much	
  of	
  phase	
  space	
  giving	
  large	
  aμ	
  is	
  not	
  covered	
  by	
  LHC	
  

Not	
  covered	
  due	
  
to	
  trigger	
  /	
  kinemaHcs	
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Constraints beyond LHC!

:	
  22	
  

(g-­‐2)	
  probes/constrains	
  addiHonal	
  	
  
phase	
  space	
  beyond	
  LHC	
  

AT
LA
S	
  

F.	
  Deppisch	
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Need both g-2 and CLFV!

:	
  23	
  

For	
  BSM	
  dipole	
  interacHons	
  e.g.	
  SUSY	
  

But	
  no	
  theoreHcal	
  moHvaHon	
  	
  
for	
  any	
  parHcular	
  	
  θeμ	
  value.	
  
	
  

Excluded	
  by	
  MEG	
  

Need	
  both	
  measurements	
  to	
  
resolve	
  model	
  degeneracy	
  	
  

/	
  
/	
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The g-2 Measurement!
“If	
  you	
  enjoy	
  doing	
  difficult	
  experiments,	
  you	
  can	
  do	
  them,	
  but	
  it	
  is	
  a	
  
waste	
  of	
  Hme	
  and	
  effort	
  because	
  the	
  result	
  is	
  already	
  known”	
  :	
  Pauli	
  

"No	
  experiment	
  is	
  so	
  dumb,	
  that	
  it	
  	
  	
  
should	
  not	
  be	
  tried”	
  :	
  Gerlach	
  	
  

Evidence	
  for	
  proton	
  structure	
  in	
  1933	
  from	
  its	
  magneHc	
  moment.	
  

OYo	
  Stern	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Wolfgang	
  Pauli	
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FNAL g-2!

:	
  25	
  

1.  Use	
  established	
  technique	
  (&	
  apparatus)	
  
	
  
2.  Increase	
  #	
  muons	
  by	
  factor	
  of	
  	
  21	
  	
  
	
  	
  	
  	
  	
  	
  	
  
3.	
  	
  	
  Reduce	
  systemaHcs	
  by	
  factor	
  of	
  3	
  

[54 (stat.)� 33 (syst.)� 11 (stat.)� 11 (syst.)]� 10�11

0.54 ppm� 0.14 ppm

Data	
  taking	
  to	
  begin	
  April	
  2016	
  

Coseners	
  House	
  :	
  Nov	
  2013	
  	
  :	
  p25	
  Mark	
  Lancaster	
  :	
  Muon	
  Experiments	
  



26	
  

Frequency!

Coseners	
  House	
  :	
  Nov	
  2013	
  	
  :	
  p26	
  Mark	
  Lancaster	
  :	
  Muon	
  Experiments	
  

“Never	
  measure	
  	
  
	
  	
  anything	
  but	
  	
  
	
  	
  frequency”	
  
	
  	
  	
  	
  I.	
  Rabi	
  

�a = aµ
eB

mµ



Experimental Technique!

Inject	
  muons	
  into	
  a	
  storage	
  ring	
  (B	
  =	
  1.45	
  T)	
  
	
  
Measure	
  rate	
  of	
  precession	
  of	
  spin	
  
with	
  respect	
  to	
  momentum	
  direcHon.	
  
	
  
	
  

Exploit	
  property	
  that	
  direcHon	
  
of	
  e+	
  from	
  μ+	
  decay	
  is	
  strongly	
  
(anH)correlated	
  with	
  μ+	
  	
  spin	
  	
  
for	
  highest	
  energy	
  e+	
  

1.   Measure	
  e+	
  with	
  E	
  >	
  1.9	
  GeV	
  in	
  24	
  calorimeters	
  vs	
  t	
  (30	
  μs	
  ader	
  injecAon)	
  
2.   Measure	
  B	
  field	
  to	
  a	
  precision	
  of	
  0.07	
  ppm	
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The data!

BNL	
  3.6	
  billion	
  μ	
  decays	
  (2001	
  data)	
  

�a = aµ
eB

mµ

:	
  known	
  funcHons	
  of	
  e+	
  energy	
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4 Key Improvements over BNL experiment!
1.   Accelerator	
  before	
  storage	
  ring	
  	
  
	
  	
  	
  	
  	
  	
  	
  More	
  muons	
  at	
  lower	
  inst.	
  rate	
  with	
  much	
  reduced	
  pion	
  contaminaHon	
  

Proton	
  accelerator	
  mods	
  
completed	
  since	
  needed	
  for	
  NoVa.	
  Recycler 

Ring!

Delivery Ring! Pbar	
  accelerator	
  complex	
  being	
  	
  
re-­‐configured	
  to	
  provide	
  muons.	
  	
  

:	
  29	
  Coseners	
  House	
  :	
  Nov	
  2013	
  	
  :	
  p29	
  Mark	
  Lancaster	
  :	
  Muon	
  Experiments	
  



Improvements over BNL experiment!

g-­‐2	
  building	
  

Mu2e	
  building	
  

Main	
  Ring	
  
Recycler	
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Muon campus!

:	
  31	
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Building	
  ready	
  for	
  kit	
  in	
  April	
  2014	
  	
  



Improvements!
2.	
  New	
  inflector	
  magnet,	
  beYer	
  kicker,	
  beYer	
  CBO	
  damping	
  

Kicker	
  use	
  Blumlein	
  triaxial	
  transmission	
  line	
  	
  
to	
  reduce	
  kick	
  to	
  <	
  100	
  ns.	
  

:	
  32	
  

-­‐	
  coupled	
  with	
  improved	
  beam	
  modeling	
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Inflector!

Cancels	
  main	
  storage	
  ring	
  B-­‐field	
  by	
  providing	
  “cancelling”	
  field	
  BUT	
  only	
  at	
  the	
  injecHon	
  point	
  
	
  
This	
  will	
  be	
  replaced	
  with	
  a	
  new	
  “open-­‐end”	
  design	
  that	
  increases	
  muon	
  acceptance	
  and	
  orbit	
  
stability	
  over	
  BNL	
  experiment.	
  

1.7m	
  superconducHng	
  magnet	
  
with	
  superconducHng	
  flux	
  shield	
  

BNL	
  Inflector	
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Improvements!
3.	
  B-­‐field	
  :	
  uniformity	
  and	
  calibraAon	
  will	
  be	
  improved	
  

AddiHonal	
  field	
  shimming,	
  	
  
more	
  frequent	
  field	
  mapping.	
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B-field improvements!

H20-­‐based	
  ref.	
  NMR	
  	
  
probe	
  -­‐>	
  3He	
  

:	
  35	
  Coseners	
  House	
  :	
  Nov	
  2013	
  	
  :	
  p35	
  Mark	
  Lancaster	
  :	
  Muon	
  Experiments	
  

17	
  movable	
  NMR	
  probes	
  on	
  a	
  trolley	
  

378	
  fixed	
  NMR	
  probes	
  in	
  vacuum	
  tank	
  walls	
  	
  

Train	
  track	
  



Improvements!

-­‐	
  Improved	
  tracking	
  (straws	
  in	
  vacuum)	
  
-­‐	
  New	
  segmented	
  calorimeter	
  	
  
-­‐	
  New	
  calibraHon	
  system	
  

:	
  36	
  

4.	
  New	
  detectors:	
  improved	
  stability,	
  beYer	
  handling	
  of	
  pileup	
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Straws	
  provide	
  beam	
  profile,	
  calorimeter	
  pileup	
  correcHons	
  &	
  calibraHon	
  
and	
  muon	
  EDM….	
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…….!
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-­‐  low	
  mass,	
  non-­‐magneHc	
  in	
  primary	
  vacuum	
  
-­‐  11	
  (0.1%	
  X0)	
  staHons	
  each	
  with	
  UV	
  plane	
  :	
  1216	
  straws	
  

1	
  mrad	
  ver?cal	
  resn	
  

L’pool	
  prototype	
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The journey!
2001-­‐2012	
  

June	
  24	
  2013	
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The journey!
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Arrived safely in Fermilab in mid July!
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Timeline !

$40M	
  

80	
  collaborators	
  in	
  16	
  US	
  insHtutes	
  +	
  	
  30	
  (Germany,	
  Netherlands,	
  China,	
  Russia,	
  Italy,	
  UK)	
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J-PARC Muon g-2!

FNAL/BNL	
  approach	
  :	
  	
  use	
  magic	
  γ	
  (29.3),	
  p	
  =	
  3.09	
  GeV	
  muons.	
  

J-­‐PARC	
  proposal	
  :	
  use	
  E	
  ~	
  0	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  ultra-­‐cold	
  muons	
  (low	
  β)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  larger	
  (and	
  more	
  uniform)	
  B	
  (3T	
  MRI	
  magnet)	
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J-PARC Muon g-2!
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J-PARC g-2 : Several Challenges!

Requires	
  advances	
  in	
  “muonium”	
  producHon	
  
	
  	
  	
  -­‐	
  target	
  materials	
  e.g.	
  nano-­‐structured	
  SiO2	
  
	
  	
  	
  -­‐	
  lasers	
  (pulsed	
  100	
  μJ	
  VUV)	
  to	
  ionise	
  muonium	
  (x100)	
  

Ge�ng	
  a	
  sufficient	
  rate	
  of	
  ultra	
  cold	
  muons	
  (require	
  106	
  /sec	
  and	
  1012	
  e+)	
  
	
  
Avoiding	
  pile-­‐up	
  issues	
  in	
  detector	
  with	
  the	
  high	
  rate	
  
	
  
Achieving	
  v.	
  small	
  verHcal	
  beam	
  divergence	
  :	
  ΔpT/pT	
  =	
  10-­‐5	
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JPARC g-2!

2	
  

2g	
  aerogel	
  

R	
  &	
  D	
  conHnuing	
  on	
  cold	
  muon	
  yield	
  and	
  ionisaHon	
  efficiency	
  

PotenHal	
  to	
  achieve	
  same	
  precision	
  as	
  FNAL	
  with	
  very	
  different	
  systemaAcs	
  
but	
  likely	
  on	
  a	
  Hmescale	
  aser	
  the	
  FNAL	
  experiment.	
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2g	
  aerogel	
  

:	
  46	
  

JPARC	
  g-­‐2	
  Silicon	
  Tracker	
  
!

mm	


High	
  granularity	
  Silicon	
  vane	
  tracker	
  (exploiHng	
  (Super)KEKB	
  electronics))	
  
Event	
  rate	
  :	
  1	
  MHz	
  
Need	
  to	
  reconstruct	
  e+	
  track	
  from	
  lots	
  of	
  hits,	
  parHcularly	
  for	
  earliest	
  events.	
  

・　signal	
  e+	
  (p>200MeV/c)	
  
・　BG	
  e+	
  (p<200MeV/c)	
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Why Now ?!
Pontecorvo	
  (Dec	
  1947)	
  

Liverpool	
  1959.	
  

Factor	
  of	
  10-­‐10,000	
  improvements	
  in	
  sensiHvity	
  in	
  near	
  future.	
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Experimental Technique!

ProducAon	
  Target	
   Stopping	
  Target	
  
aka	
  THE	
  TARGET	
  

Muonic	
  Atom	
  Formed	
  
and	
  Decays	
  Proton	
  Beam	
  

Detector	
  

Apply	
  symmetries,	
  translaHons,	
  rotaHons,	
  …..	
  	
  

µ π 

µ 
e±, �
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Current State of The Art!

PSI	
  (Zurich/Switzerland)	
  Facility	
  
	
  
3x107	
  “stopped”	
  μ+/sec	
  

1.4	
  MW	
  (590	
  MeV)	
  proton	
  beam	
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MEG Sensitivity Determined By !
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MEG	
  present	
  limit	
  on	
  μèeγ	
  	
  is	
  6	
  x10-­‐13.	
  It	
  is	
  aiming	
  to	
  get	
  to	
  5x10-­‐14	
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Ultimate reach provided by μ to e conversion!

Project	
  X	
  /	
  PRISM	
  

COMET	
  /	
  Mu2e	
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Motivation!

Conversion Process!

Most	
  BSM	
  models	
  predict	
  rates	
  larger	
  than	
  10-­‐20	
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Muon to Electron Conversion!

N	
  

μ-	
   e-­‐	
  

Suffer,	
  at	
  the	
  highest	
  rates,	
  
from	
  accidental	
  backgrounds	
  that	
  scale	
  as	
  R(μ)2	
  

The	
  “conversion	
  process”	
  has	
  a	
  simple	
  
one	
  parHcle	
  signature.	
  Ee	
  ~	
  mμ	
  	
  
(>>	
  Ee	
  from	
  free	
  muon	
  decay).	
  
	
  
Arguably	
  best	
  route	
  to	
  highest	
  	
  
sensiHvity	
  at	
  high	
  muon	
  rates.	
  

1s	
  

	
  	
  	
  	
  Conversion	
  @	
  10-­‐15	
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Motivation!

COMET & Mu2e!
5T	
  “Pion-­‐Capture”	
  magnet	
  to	
  reverse	
  	
  
forward-­‐going	
  	
  high-­‐momentum	
  pions	
  
into	
  low	
  momentum	
  backward-­‐going	
  pions	
  

Dipole/Solenoid	
  field	
  to	
  
select	
  70+	
  MeV	
  electrons	
  

Dipole/Solenoid	
  	
  
field	
  to	
  select	
  	
  
p	
  <	
  70	
  MeV	
  pi/muons	
  

High resolution tracker & calorimeter!

Phase-­‐I	
  
2013-­‐2017	
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Phase-­‐II	
  
2020-­‐2023	
  



COMET Phase-I!

Cylindrical	
  detector	
  has	
  higher	
  acceptance	
  	
  
but	
  poorer	
  resoluHon	
  compared	
  to	
  	
  
transverse/phase-­‐II	
  detector	
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Detector Optimisation!

Background	
  associated	
  with	
  the	
  one	
  signal	
  electron	
  

Commissioning	
  detector	
  in	
  2016	
  

Momentum Residual

3

 / ndf 2χ  32.15 / 31
Constant  5.6± 194.8 
Mean      0.009± -0.018 
Sigma     0.0069± 0.3968 

MeV/c
-5 -4 -3 -2 -1 0 1 2 3 4 5

1

10

210

 / ndf 2χ  32.15 / 31
Constant  5.6± 194.8 
Mean      0.009± -0.018 
Sigma     0.0069± 0.3968 

Redidual of Fitted Momentum

 / ndf 2χ   48.1 / 32
Constant  7.1± 312.2 
Mean      0.007066± -0.007381 
Sigma     0.0054± 0.3896 

MeV/c
-5 -4 -3 -2 -1 0 1 2 3 4 5

1

10

210

 / ndf 2χ   48.1 / 32
Constant  7.1± 312.2 
Mean      0.007066± -0.007381 
Sigma     0.0054± 0.3896 

Redidual of Fitted Momentum

390 keV/c

400 keV/c

Momentum	
  resolu,on	
  is	
  cri,cal	
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Challenges : Proton Extinction/ ”After protons”!

	
  
	
  
	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  
	
  

Require	
  that	
  between	
  proton	
  pulses	
  there	
  	
  
are	
  no	
  rogue	
  proton	
  pules	
  
that	
  could	
  produce	
  a	
  “prompt”	
  background	
  

Ame	
  

#	
  
pr
ot
on

s	
  

Requirement	
  (mue2/COMET)	
  that	
  <	
  10-­‐9	
  of	
  primary	
  pulse	
  

AC	
  dipole/collimator	
  system	
  kicks	
  out	
  the	
  out-­‐of-­‐Hme	
  parHcles	
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COMET : Extinction Studies!

!
!

Bunched	
  slow	
  extracAon	
  using	
  
ESS	
  to	
  dedicated	
  target/
secondary	
  beamline	
  

Extinction level of (5.4 ± 0.6) × 10-7#

measured at secondary J-PARC!
beam line and O(10-7) at abort line!

Fast	
  Kicker	
  to	
  Abort	
  Line	
  

And	
  addiAonal	
  O(10-­‐6)	
  from	
  double	
  
kick	
  injecAon	
  into	
  MR	
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MUSIC @ Osaka	
  
UAlising	
  prototype	
  pion	
  producAon	
  environment	
  for	
  COMET	
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Construction of beamline has begun!
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Conclusion!

	
  
It’s	
  clear	
  that	
  the	
  path	
  to	
  a	
  credible	
  BSM	
  theory	
  isn’t	
  as	
  smooth	
  
as	
  some	
  had	
  anAcipated.	
  
	
  
We	
  need	
  to	
  cast	
  the	
  net	
  wide	
  to	
  establish	
  a	
  credible	
  BSM	
  theory.	
  	
  
	
  
Muon	
  experiments	
  :	
  g-­‐2	
  and	
  CLFV	
  will	
  be	
  criHcal	
  in	
  establishing	
  (or	
  not)	
  	
  
integrity	
  of	
  BSM	
  models	
  in	
  concert	
  with	
  the	
  LHC	
  :	
  parHcular	
  the	
  	
  
non-­‐coloured	
  sector	
  +	
  BSM	
  that	
  flips	
  chirality.	
  
	
  
Bother	
  COMET	
  and	
  g-­‐2	
  expect	
  to	
  take	
  data	
  in	
  2016.	
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Process Ratios are Model Dependent!

Blanke	
  et	
  al,	
  Acta	
  Phys.Polon.B41:657,2010	
  e.g.	
  “Liwlest	
  Higgs	
  model”	
  with	
  T-­‐parity	
  (LHT)	
  
BR	
  (μèeγ)	
  

BR
	
  (μ

N
è
eN

)	
  
In	
  general	
  in	
  BSM	
  models	
  	
   but	
  not	
  always…	
  

1	
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MEG Experiment!

Liquid	
  Xe	
  calorimeter	
  

γ 
Drid	
  Chamber	
  

Timing	
  Chamber	
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MEG Sensitivity !

2010	
  data	
  only	
  
	
  	
  	
  	
  	
  Expected	
  limit	
  =	
  2.2	
  x	
  10-­‐12	
  
	
  	
  	
  	
  	
  	
  	
  	
  Observed	
  limit	
  =	
  1.7	
  x	
  10-­‐12	
  
	
  

2009+2010	
  limit	
  =	
  2.4	
  x	
  10-­‐12	
  

μ	
  on	
  Target	
  x	
  1012	
  

2012	
  limit	
  ~	
  7	
  x	
  10-­‐13	
  

Coseners	
  House	
  :	
  Nov	
  2013	
  	
  :	
  p65	
  Mark	
  Lancaster	
  :	
  Muon	
  Experiments	
  



MEG : 2013-2016!

2012	
  :	
  5	
  x	
  10-­‐13	
  (-­‐20%	
  resn.)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  3	
  x	
  107	
  μ/s	
  

2016	
  :	
  1	
  x	
  10-­‐13	
  	
  
	
  	
  	
  	
  	
  -­‐20%	
  resn.	
  
	
  	
  	
  	
  	
  	
  	
  PSI	
  @	
  2	
  x	
  108	
  μ/s	
  

2016	
  :	
  1	
  x	
  10-­‐13	
  	
  
	
  	
  	
  	
  	
  -­‐50%	
  resn	
  
	
  	
  	
  	
  	
  	
  	
  4	
  years	
  @	
  6	
  x	
  107	
  μ/s	
  

Assume	
  107	
  sec	
  running	
  per	
  year	
  for	
  2013-­‐2016.	
  	
  

PSI	
  already	
  providing	
  ~	
  
108/sec.	
  
	
  
MEG	
  will	
  increase	
  its	
  e+	
  
detecHon	
  efficiency	
  +	
  
some	
  detector	
  
improvements.	
  
	
  
~	
  10-­‐13	
  achievable.	
  

Coseners	
  House	
  :	
  Nov	
  2013	
  	
  :	
  p66	
  Mark	
  Lancaster	
  :	
  Muon	
  Experiments	
  



Challenges : High Rates in Detector!
	
  
	
  
	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  
	
  

mu2e	
  simulated	
  backgrounds	
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Below 10-13 needs new detector!
-­‐  Eγ,	
  Θeγ	
  resoluHon	
  and	
  pile-­‐up	
  are	
  limiHng	
  factors	
  parHcularly	
  at	
  high	
  μ	
  intensiHes	
  

-­‐  Another	
  opHon	
  to	
  achieve	
  reduced	
  sensiHvity	
  is	
  to	
  have	
  a	
  “track-­‐only”	
  analysis.	
  

e+	
  

e+	
  

e-­‐	
  

γ 

Conversion	
  point	
  and	
  event	
  vertex	
  defined	
  
by	
  precision	
  tracking.	
  
	
  
OpHmise	
  material	
  thickness	
  to	
  opHmise	
  rate	
  
reducHon	
  vs	
  resoluHon	
  degradaHon.	
  

MEGA	
  (LANL:1990s)	
  used	
  this	
  approach	
  &	
  achieved	
  
	
  	
  	
  	
  Δθeγ	
  =	
  33	
  mrad	
  vs	
  52	
  mrad	
  in	
  MEG	
  and	
  
	
  	
  	
  	
  ΔEγ	
  =	
  1.7	
  -­‐	
  3%	
  vs	
  4.5	
  -­‐	
  5.6%	
  (MEG).	
  
	
  
However	
  these	
  resoluHons	
  need	
  to	
  be	
  achieved	
  in	
  
high	
  pile-­‐up	
  environment.	
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μèeee	
  
Current	
  state	
  of	
  the	
  art	
  is	
  1988	
  	
  with	
  limit	
  @	
  10-­‐12	
  

Given	
  MEG	
  results	
  	
  (@	
  10-­‐13)	
  this	
  only	
  begins	
  to	
  get	
  interesHng	
  at	
  10-­‐14	
  	
  
(e.g	
  LHT	
  models)	
  BUT	
  ideally	
  would	
  like	
  to	
  get	
  to	
  10-­‐16	
  	
  

Sindrum-­‐I	
  @	
  PSI	
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μèeee	
  
Same	
  issues	
  as	
  μèeγ	
  	
  
	
  	
  -­‐	
  accidental/pile-­‐up	
  backgrounds	
  :	
  (Rμ/D)2	
  –	
  so	
  DC	
  beam	
  required.	
  

	
  -­‐	
  irreducible	
  background	
  :	
  Rμ	
  

As	
  with	
  μèeγ	
  the	
  soluAon	
  is	
  resoluAon,	
  resoluAon,	
  resoluAon…	
  

Two	
  μ+	
  decays	
  and	
  fake	
  e-­‐	
  (Bhaba	
  scaYering,	
  γ	
  conversion)	
  
	
  	
  

Issue	
  as	
  go	
  to	
  v.	
  high	
  rates	
  

μ+	
  

υ 
e+	
  

e+	
  
e-­‐	
  γ 

W+	
  

υ	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  

Dominant	
  

BR	
  =	
  3x10-­‐5	
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Mu3e Proposal at PSI	
  
Improve	
  MS-­‐resoluHon	
  by	
  using	
  v.	
  thin	
  (~	
  40μm)	
  HV-­‐MAPS	
  pixel	
  silicon	
  layers	
  

100ns	
  Hme	
  window	
  

Background	
  for	
  	
  109	
  μ/sec	
  

Hollow	
  double	
  cone	
  target	
  

Very	
  thin	
  silicon	
  sensors	
  for	
  	
  
precision	
  momentum	
  and	
  
vertexing	
  

ScinAllaAng	
  Fibers	
  
for	
  precision	
  Aming	
  

σ(θ)MS	
  =	
  5	
  mrad	
  (c.f.	
  SINDRUM-­‐I	
  :	
  28	
  mrad)	
  
	
  

Aiming	
  to	
  achieve	
  10-­‐16	
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Experimental Technique!
But	
  parHcle	
  trajectory	
  in	
  B-­‐field	
  	
  is	
  a	
  spiral	
  and	
  need	
  E-­‐field	
  to	
  keep	
  in	
  orbit	
  

�� = � e

m

�
aµ

�B �
�

aµ �
1

�2 � 1

� �� � �E

c

�

Cancel	
  the	
  E-­‐field	
  contribuHon	
  by	
  judicious	
  	
  
choice	
  of	
  γ	
  :	
  the	
  “magic	
  momentum”	
  :	
  3.094	
  GeV	
  	
  

4	
  electric	
  quadrupoles	
  for	
  focussing	
  

Q1	
  

Q2	
  

Q4	
  

Q3	
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Kicker!
3	
  kickers	
  to	
  put	
  beam	
  “on	
  orbit”	
  

These	
  are	
  being	
  replaced	
  to	
  have	
  a	
  “kick”	
  over	
  a	
  smaller	
  Hme	
  period	
  to	
  
produce	
  a	
  more	
  stable	
  beam.	
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Constraints beyond LHC!

:	
  74	
  

arxiv	
  1304.5171	
  

Model	
  with	
  heavy	
  squarks	
  and	
  gluinos	
  respecHng	
  LHC	
  limits	
  
	
  

Large	
  (BNL)	
  aμ	
  not	
  covered	
  at	
  LHC	
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Detector improvements!

PbF2	
  +	
  16-­‐channel	
  MPCC	
  

Straw	
  tracker	
  

:	
  75	
  

-­‐  coupled	
  with	
  improved	
  detector	
  	
  
	
  	
  	
  	
  	
  modeling	
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…….!
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Muon EDM!

:	
  77	
  

	
  
BNL	
  limit	
  is	
  1.8	
  x	
  10-­‐19	
  
	
  

Can	
  quickly	
  be	
  improved	
  by	
  x10	
  and	
  	
  
ulAmately	
  x100	
  to	
  10-­‐21	
  
	
  

Muon	
  is	
  the	
  only	
  2nd	
  flav.	
  gen.	
  measurement.	
  
and	
  it’s	
  free	
  of	
  nuclear	
  /	
  molecular	
  effects	
  

EssenHally	
  zero	
  in	
  SM	
  :	
  any	
  observaHon	
  is	
  new	
  physics	
  

If	
  there	
  are	
  non	
  mass-­‐scaling	
  BSM	
  effects	
  then	
  10-­‐21	
  becomes	
  compeHHve	
  
	
  
Measurement	
  can	
  only	
  be	
  performed	
  using	
  the	
  tracking	
  detectors	
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MEG Experiment!

Signal	
   Accidental	
  Background	
  Prompt	
  Background	
  

	
  	
  	
  Eγ	
  =	
  Ee+	
  =	
  52.8	
  MeV	
  
	
  	
  	
  θγe	
  =	
  1800	
  
	
  	
  	
  	
  γ	
  and	
  e+	
  in	
  Hme	
  

RA
DI
AT

IV
E	
  
DE

CA
Y	
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μNèeN Backgrounds	
  
Muon to Electron Conversion!Two pertinent backgrounds!

!
1. Decay in orbit (DIO) of stopped muon. In atom gives electrons beyond !
the free-muon 53 MeV end-point. !

Controlled	
  by	
  detector	
  
resoluAon	
  AND	
  	
  
energy	
  loss	
  prior	
  to	
  
detector.	
  
	
  
Need	
  FWHM	
  <	
  1	
  MeV	
  

Czarnecki	
  et	
  al,	
  arXiv:1111.4237	
  
	
  

Z	
  

O(10-17) within 1 MeV of conversion signal.!
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μNèeN Backgrounds	
  
!2. Radiative Pion Capture (RPC)#

      !

Internal	
  conversion	
  
External	
  conversion	
  

N
γ (

M
eV

 π
) BisArlich	
  et	
  al,	
  Phys	
  Rev	
  C5	
  1867	
  (1972)	
  

Mg	
  target	
  

Suppress	
  by	
  reducing	
  #	
  pions	
  on	
  target	
  :	
  wait,	
  stop	
  them,	
  veto	
  them	
  
	
  	
  	
  -­‐	
  beamline	
  and	
  accelerator	
  are	
  the	
  constraint.	
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Muon to Electron Conversion!
Current best measurement (SINDRUM-II @ PSI)  used 8mm of CH2 to !
reduce pion (RPC) contamination to 1 in 109 π reaching target!

Limit : 7 x 10-13 (Gold target). #

SINDRUM-­‐II	
  	
  

Data	
  :	
  2000	
  

RPC	
  dominated	
  sample	
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Challenges : Stopped Muon Yield!
	
  
	
  
	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  
	
  

Transport	
  solenoids	
  that	
  select	
  	
  
low	
  p	
  (	
  <	
  50	
  MeV)	
  muons	
  and	
  	
  
reject	
  high	
  p	
  parHcles	
  before	
  	
  
the	
  stopping	
  target.	
  

High	
  field	
  Pion	
  capture	
  solenoid	
  that	
  
reverses	
  forward	
  π	
  to	
  low	
  p	
  backward	
  π	
  	
  

Increases	
  yield	
  by	
  O(1000)	
  
-­‐	
  method	
  successfully	
  	
  
demonstrated	
  at	
  MUSIC	
  	
  
in	
  Osaka	
  in	
  2010	
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COMET/Mu2e : 6x10-17!

SensiHvity	
  reach	
  physics	
  wise	
  is	
  at	
  least	
  x10	
  that	
  of	
  upgraded	
  MEG.	
  	
  

COMET	
  
Mu2e	
  

COMET	
  :	
  1018	
  μ/yr	
  (CDR)	
  with	
  lower	
  	
  
acceptance	
  &	
  requirement	
  of	
  dedicated	
  running	
  
vs	
  Mu2e	
  4.5	
  x	
  1017	
  μ/yr	
  	
  (CD0)	
  and	
  concurrent	
  
Noυa	
  running	
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Beyond COMET/Mu2E!
Strategy	
  depends	
  somewhat	
  on	
  whether	
  signal	
  is	
  seen	
  or	
  not.	
  
	
  
If	
  signal	
  is	
  seen	
  	
  
	
  	
  	
  -­‐	
  run	
  with	
  high-­‐Z	
  target	
  to	
  elucidate	
  the	
  underlying	
  physics	
  
	
  
If	
  no	
  signal	
  seen	
  
	
  	
  	
  	
  	
  	
  -­‐	
  push	
  sensiHvity	
  down	
  to	
  O(10-­‐18)	
  
	
  

Very	
  challenging	
  requires	
  many	
  of	
  the	
  ideas	
  
being	
  explored	
  for	
  NF/muon	
  collider.	
  
	
  
-­‐	
  muon	
  momentum	
  selecHon	
  
-­‐	
  muon	
  cooling	
  	
  (FFAG/helical	
  channel)	
  

Ee	
  (MeV)	
  

#	
  
Ev
en

ts
/0
.2
	
  M

eV
	
  

RPC	
  

μ	
  x	
  100	
  mu2e/COMET	
  

Signal	
  BR	
  :	
  10-­‐18	
  

DIO	
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Where are we now / timescales ?!

COMET	
  unlike	
  Mu2e	
  will	
  be	
  constructed	
  in	
  two	
  phases	
  with	
  1st	
  data	
  in	
  2016/17.	
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What we hope to see!

N	
  

μ-	
   e-­‐	
  

Coherent (all nucleons recoil) !
neutrinoless transition of 1s-μ to e-!

New	
  Physics	
  

1s	
  

Simple	
  signature	
  of	
  single	
  electron	
  with	
  energy	
  ~	
  105	
  MeV	
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Phase-I Beamline and detector!

PhD	
  student	
  :	
  OpHmise	
  the	
  beamline	
  design:	
  collimators,	
  proton	
  absorbers	
  
	
  
QuanHfy	
  and	
  opHmise	
  the	
  physics	
  sensiHvity.	
  
	
  
Commission	
  the	
  detectors	
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Test beam measurements!

Background	
  associated	
  with	
  the	
  one	
  signal	
  electron	
  

At	
  PSI	
  (and	
  possibly	
  Osaka)	
  
	
  
To	
  measure	
  the	
  parHcle	
  types	
  and	
  fluxes	
  when	
  a	
  muon	
  is	
  captured	
  by	
  nucleus	
  
	
  -­‐	
  crucial	
  to	
  understanding	
  backgrounds	
  to	
  the	
  conversion	
  process	
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Trackers!
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Crucial	
  to	
  achieve	
  systemaHc	
  error	
  goal	
  

0.10	
  ppm	
  is	
  total	
  systemaHc	
  error	
  budget	
  
	
  	
  	
  	
  0.07	
  ppm	
  :	
  B	
  field	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  0.07	
  ppm	
  :	
  frequency	
  measurement	
  

0.06	
  ppm	
  of	
  this	
  0.07	
  ppm	
  needs	
  trackers	
  

BNL	
  	
  	
  	
  	
  	
  FNAL	
  	
  	
  	
  	
  Systema,c	
  	
  	
  	
  	
  	
  	
  
0.03	
  	
  	
  	
  	
  	
  0.02	
  	
  	
  	
  	
  	
  Beam	
  Profile	
  
0.05	
  	
  	
  	
  	
  	
  0.03	
  	
  	
  	
  	
  	
  E-­‐field	
  &	
  pitch	
  CorrecHon	
  
0.08	
  	
  	
  	
  	
  	
  0.04	
  	
  	
  	
  	
  	
  Pileup	
  
0.12	
  	
  	
  	
  	
  	
  0.02	
  	
  	
  	
  	
  	
  Calorimeter	
  CalibraHon	
  

Need	
  at	
  least	
  two	
  to	
  
measure	
  beam	
  profile	
  
in	
  64	
  μs	
  


