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Outline	  

• Mo+va+on	  for	  searching	  µ-‐>eγ	  	  
– (see	  A.Ibarra	  	  on	  Neutrino	  and	  LFV	  Session	  at	  this	  
conference)	  	   	   	  

•  The	  	  MEG	  detector	  

•  Calibra+on	  	  
•  The	  2008	  Data	  taking	  and	  result	  
•  The	  2009	  	  run	  
•  Conclusions	  and	  Perspec+ves	  
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A	  long	  quest…	  

•  Step	  forward	  in	  
sensi+vity	  linked	  to	  	  
technology	  upgrades!	  

•  Current	  	  upper	  limit	  
on	  BF	  

MEG	  plans	  to	  improve	  two	  order	  of	  	  
magnitudes	  the	  current	  best	  limit	  
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The lack of signal in the 60iesclear evidence of two neutrino species! 

νµ ,νe diff 



Zero	  probability	  in	  SM!	  

Standard	  Model	  extensions	  	  
have	  	  a	  mechanisms	  to	  
enhance	  the	  rate!	  	  

Observa:on	  is	  a	  clear	  indica:on	  of	  New	  Physics	  
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No possible in the SM! 
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Among recent Predictions 
in SUSY-GUT models 

Mixing type tgβ = 40 

unified gaugino mass 

In the LHC accessible region 



– Two-‐body	  process	  
• Well-‐defined	  photon	  and	  
positron	  energy	  

– Resolu+ons	  and	  efficiency	  
should	  be	  op+mized	  	  

•  Background	  rejec+on	  at	  the	  
lowest	  cost…	  

– Huge	  amount	  of	  muon	  
decays	  	  

•  High	  beam	  rate	  to	  be	  
effec+ve	  

Back-‐to-‐back	  
topology	  in	  center	  
of	  mass	  

€ 

Ee ≅Eγ = 52.8 MeV
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teγ = 0

€ 

ϑ eγ =180°

The Signature 
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Positron	  
from	  
Michel	  
	  decay	  

– Photon	  from	  

» Radia+ve	  Michel	  

» Annihila+on	  in	  flight	  
» Bremsstrahlung	  

€ 

µ → eννγ

€ 

e+e− → γγ

€ 

e+N→ e+Nγ

So	  close	  in	  :me	  they	  cannot	  be	  dis:nguished!!!	  	  

The Accidental Background 



Required Performances 

Exp./Lab Year ΔEe/Ee  
(%) 

ΔEγ /Eγ  
(%) 

Δteγ  
(ns) 

Δθeγ	


(mrad) 
Stop rate  

(s-1) 
Duty 

cyc.(%) 
BR 

(90% CL) 

SIN  1977 8.7 9.3 1.4 - 5 x 105 100 3.6 x 10-9 

TRIUMF 1977 10 8.7 6.7 - 2 x 105 100 1 x 10-9 

LANL 1979 8.8 8 1.9 37 2.4 x 105 6.4 1.7 x 10-10 

Crystal Box 1986 8 8 1.3 87 4 x 105 (6..9) 4.9 x 10-11 

MEGA 1999 1.2 4.5 1.6 17 2.5 x 108 (6..7) 1.2 x 10-11 

MEG 2011 0.8 4 0.15 19 2.5 x 107 100 1 x 10-13 

FWHM 

Need of a DC muon beam 

To reach BR (µ→eγ) ≈ 10-13  



The MEG Collaboration 



The Beam Line	  
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1.2	  MW	  	  proton	  cyclotron	  at	  PSI	  



•  Asymmetric coverage. Minimum material in front of  
calorimeter: high photon detection efficiency!!! 
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A dedicated  Detector 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  COnstant	  Bending	  RAdius	  
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The Magnet 
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The Advantage of COBRA 
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The liquid Xe Calorimeter 
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• 	  Only	  2x10-‐3	  X0	  along	  track	  
• Operated	  with	  50:50	  He:ethane	  mixture	  
• 	  Installed	  in	  a	  He-‐filled	  bag	  inside	  COBRA	  

Low Mass Drift Chambers 
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Drift Time & Charge Division 



• Cri+cal	  for	  triggering	  (+me	  coincidence	  with	  
calorimeter	  and	  rough	  positron	  direc+on)	  
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Positron Timing Counters 



18	  G.Piredda	  

LXe Calibration Overview 



• Charge-‐exchange	  process	  used	  to	  find	  the	  absolute	  
scale	  of	  LXe	  (in	  a	  region	  close	  to	  signal	  energy)	  

• Hydrogen	  target	  in	  COBRA	  volume	  in	  special	  runs	  
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Finding the Energy scale 

“opposite”	  side	  crystal	  	  
NaI	  calorimeter	  to	  	  
measure	  the	  other	  	  
photons	  
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Correct	  for	  different	  pedestal	  (pile-‐up)	  
condi+ons	  in	  pion	  vs	  muon	  beam	  

Uniformity	  of	  photon	  	  
Energy	  resolu+on	  vs.	  
Photon	  impact	  point	  

Photon Energy Resolution 
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XEC	  efficiency	  
Detection efficiency of LXe  
(normalized to detector fiducial volume) 

Photon spectrum from MC compared 
 with data background photon  
(normalized according to muon rate) 

Data/MC comparison for 55 MeV photon 

Interaction 
Before Xe 



– A	  Cockrok-‐Walton	  accelerator	  accelerates	  protons	  up	  
to	  ~1	  MeV	  himng	  a	  special	  target	  (Li2B4O7)	  to	  produce	  	  
monochroma+c	  photons	  

– Reac+on	  with	  one	  or	  two	  (coincident)	  photons	  to	  
calibrate	  and	  monitor	  LXe	  energy	  measure	  and	  LXe-‐TC	  
rela+ve	  +ming	   G.Piredda	   22	  

Li	   B	  

A special Accelerator 
(NIM paper in progress) 
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LY	  increasing	  due	  to	  increasing	  Xe	  purity	  

Monitoring	  with	  17.6	  MeV	  Lithium	  line	  

Connect	  CW	  calibra+on	  
(“low”	  energy)	  with	  	  
	  pion	  calib	  (“high”	  E)	  

Linearity	  beoer	  than	  1%	  

70%	  
expected	  

Lxe Light Yield and Linearity 
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MC	  

2008	  data	  

Given	  the	  	  	  fewer	  hits-‐on-‐track	  due	  to	  HW	  problem	  s+ll	  not	  at	  the	  desired	  level	  
(250	  KeV)	  	  

24	  

e+ Momentum Resolution 



G.Piredda	   25	  25	  

S+ll	  	  far	  from	  design	  resolu+on	  
Improvement	  in	  DCH	  z	  resolu+on	  
	  for	  2009	  runs	  foreseen	  

e+ Angle Resolution 
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€ 

tγe = TXEC −
Lγ
XEC

c

⎛ 

⎝ 
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Intrinsic time resolution  of TC bars	  
(compare	  +me	  measure	  in	  two	  	  
adjacent	  bar	  hit	  by	  the	  same	  positron)	  

Prompt	  radia+ve	  decay	  events	  

€ 

µ → eννγ

Time-‐of-‐flight	  correc+on	  needed:	  	  
Positron	  tracklength	  and	  photon	  line	  of	  flight	  length	  
(to	  be	  improved	  with	  beoer	  DCH	  opera+on	  in	  2009)	  

 Time Resolution 

60-90 ps 
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1014	  muons	  on	  target	  !!!	  	  

2008 Data Taking 
(the PSI muon beam performs like a swiss watch!)  
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Blinding	  Box	  

Time offset determined in Dalitz pion decays  

Analysis box for the final maximum likelhood fit  
(three indep. tool with slightly different selections)) 

Keep  
sidebands 
for  
analysis  
comparison 
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• 	  SIGNAL	  
	  	  Eγ:	  	  	  	  	  	  	  	  	  	  	  from	  full	  signal	  MC	  	  (or	  from	  	  fit	  to	  endpoint)	  
	  	  Ee:	  	  	  	  	  	  	  	  	  	  	  3-‐gaussian	  fit	  on	  data	  
	  	  θeγ:	  	  	  	  	  	  	  	  	  combina+on	  of	  	  e	  and	  gamma	  angular	  resolu+on	  from	  data	  	  
	  	  teγ:	  	  	  	  	  	  	  single	  gaussian	  from	  MEG	  trigger	  	  Radia+ve	  Decay	  (no	  cut	  on	  Eγ)	  

• 	  RADIATIVE	  
	  	  Ee,Eγ,θeγ:	  	  3D	  histo	  PDF	  from	  toy	  MC	  that	  smears	  and	  weighs	  Kuno-‐Okada	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  distribu+on	  taking	  into	  account	  resolu+on	  and	  acceptance	  
	  	  teγ:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  single	  gaussian	  with	  same	  resolu+on	  as	  signal	  

• 	  ACCIDENTAL	  
	  Eγ:	  	  	  	  	  	  	  	  	  	  from	  fit	  to	  teγ	  sideband	  
	  Ee:	  	  	  	  	  	  	  	  	  	  from	  data	  
	  θeγ:	  	  	  	  	  	  	  	  	  from	  fit	  to	  teγ sideband	  
	  teγ:	  	  	  	  	  	  	  	  	  flat	  

Alterna:ve	  observables	  defini:on	  	  
1)	  	  different	  algorithm	  for	  	  LXe	  	  
Timing	  
2)	  Trigger	  LXe	  waveform	  digi:zing	  
	  electronics	  (Eγ)	  

Four(five)	  obervables	  

Probability Density Functions 
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Pol2	  (sideband)	  

Flat	  	  

Michel	  spectrum	  	  
+acceptance	  
+resolu+on	  
(sideband)	  

sideband	  

€ 

θe = 20mrad
φe ≈11mrad
θγ = 9.1mrad
φγ = 8.5mrad

Signal	  	  
MC	   Michel	  	  

data	  

Sideband	  	  
Rad	  Dec	  

Dots	  are	  some	  of	  the	  two	  pdf’s	  

SIG and BKG PDF 

Eγ	


Τeγ	


Ee+	
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Region	   Events	  

Signal	  region	  (|teγ|<1ns)	   1007	  

-‐2.5<	  teγ	  <	  -‐1.5	  ns	   1004	  

1.5<	  teγ	  <	  2.5	  ns	   1060	  

teγ	

Side	  
band	  

Eg	  	  
side	  
band	  

BLIND	  

Signal	  region	  

Expected	  sensi:vity	  in	  absence	  of	  signal:	  	  
average	  90%	  C.L	  UL	  on	  BF	  evaluated	  on	  toyMC	  :	  	  	  	  	  	  	  	  1.3	  10-‐11	  	  	  	  	  

The Final Selection… 

…and  Normalization 

Nsig normalized to Michel positrons counted simultaneously 
with the signal. 
Independent of instantaneous beam rate and insensitive to 
positron acceptance and efficiency 
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Fit	  with	  alterna+ve	  	  
observable	  defini+on	  
	  gives	  very	  compa+ble	  
results	  

ACC	  BKG	  
Rad	  Muon	  Decay	  
SIG	  	  

Highly	  non	  Gaussian	  likelihood	  for	  signal:	  
	  frequen+st	  Feldman	  Cousins	  and	  Bayesian	  approaches	  	  to	  quote	  90%	  C.L.	  UL	  on	  BF	  	  

Ee	  

teγ	  

 θeγ	  

Signal Region Fit 
	  Eγ	  	  
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Upper limit B.R.(µ→eγ)  

Signal	  MC	  
	  (1k	  events)	  

Data	  selected	  with	  90%	  	  
efficient	  cuts	  on	  teγand	   θeγ	


Eγ vs Ee+  



The	  2009	  Run	  
(ended	  Dec	  23rd)	  
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Short run, but very smooth 
Improved tracking and 
trigger efficiency 
Light yield in LXe good 
since the beginning. No 
additional purification 
needed. 



Conclusions 

1998     1999     2000     2001     2002      2003     2004     2005     2006     2007     2008     2009     2010    2011 

Planning R & D Assembly Data Taking 



Back-‐up	  slides	  
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» Good	  quality	  track	  selec+on	  
	  (good	  chi2,	  projec+on	  to	  target)	  

» Track	  projected	  to	  TC	  with	  good	  match	  

» Events	  with	  pile-‐up	  photon	  accepted	  	  
(energy	  correc+on)	  

» Cosmic	  ray	  rejec+on	  	  
» Inner/Outer	  	  face	  charge	  

37	  G.Cavoto	  

Region	   Events	  

Signal	  region	  (|teγ|<1ns)	   1007	  

-‐2.5<	  teγ	  <	  -‐1.5	  ns	   1004	  

1.5<	  teγ	  <	  2.5	  ns	   1060	  

	  	  	  Eγ	  =	  [46,	  60]	  MeV	  
	  	  	  Ee=	  	  	  [50,56]	  MeV	  
  θeγ>	  acos(-‐0.995)	  

teγ	

Side	  
band	  

Eg	  	  
side	  
band	  

BLIND	  

Signal	  region	  

Expected	  sensi:vity	  in	  absence	  of	  signal:	  	  
average	  90%	  C.L	  UL	  on	  BF	  evaluated	  on	  toyMC	  :	  	  	  	  	  	  	  	  1.3	  10-‐11	  	  	  	  	  

The Final Selection 



A.M.	  Baldini	  PSI	  February	  17°	  2010	  

Present: 2009 analysis 

Likelihood analysis 



A.M.	  Baldini	  PSI	  February	  17°	  2010	  

Past: february – august 
2009 

• Intensive work on understanding instability problem on 
DCHs – finally found problem in HV distribution cards  

•  All chambers repaired before start of 2009 beam 
time: MH 

Hit map 2008 

 2009 



A	  MEG-‐like	  event	  
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4)	  DAQ:	  trigger	  

  Beam rate   108 s-1 
  Fast LXe energy sum > 45MeV 2×103 s-1 
      g interaction point (PMT of max charge) 

     e+ hit point in timing counter 

  time correlation γ – e+  200 s-1 
  angular correlation γ – e+ 20 s-1 

• Uses easily quantities: 

• γ energy  

• Positron- γ coincidence in time and 
direction 

• Built on a FADC-FPGA architecture 

• More complex algorithms implementable 

1 board 

2   VME 6U 

1   VME 9U 

Type2 

Type2 
LXe inner 

face 
(312 PMT) 

20 boards 
20 x 48 

Type1 
Type1 

Type1 

16 
 3 

Type2 

2 boards 

10 boards 

10 x 48 
Type1 

Type1 
Type1 

16 
 3 

LXe lateral 
faces 

(488 PMT: 4 
to 1 fan-in) 

Type2 
1 board 

12 boards 

12 x 48 
Type1 

Type1 
Type1 

16 
 3 

Timing 
counters 

(160 PMT) Type2 
Type2 

2 boards 2 x 
48 

4 x 
48 

2 x 48 

∼ 5 Hz in 2008 data taking 



DAQ:	  readout	  The	  Domino	  Principle	  

Shift Register Clock 

IN 

Out 

“Time stretcher” GHz → MHz 

Waveform  
stored 

Inverter “Domino” ring chain 
0.2-2 ns 

FADC  
33 MHz 

Keep Domino wave running in a circular fashion and 
stop by trigger → Domino Ring Sampler (DRS)  

Low cost One “oscilloscope” per channel 
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Custom	  read-‐out	  electronics	  
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