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Outline

• Physics motivation for a                 experiment
• The                  decay
• The detector

• Overview of sub-detectors
• Calibration methods

• Analysis of 2009 run
• Status

• Run 2010 
• 2011 and Next year(s)
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µ→ eγ
µ→ eγ

Engineering

first lim
it (<2.8 x 10 -11)

This presentation
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The µ→eγ decay
• The µ→eγ decay in the SM is radiatively induced by neutrino masses and mixings at a 

negligible level

• All SM extensions enhance the rate through mixing in the high energy sector of the theory 
(other particles in the loop...)

• Clear evidence for physics beyond the SM 
• Restrict parameter space of SM extensions
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Connections
• Collider physics

• it is Super Symmetry + Grand Unification 
that predicts new particles in the loop. 

• alternate search for (E/MSUSY) suppressed 
effects

• neutrino oscillations
• mixing matrix in charged sector can be 

proportional to 

- PMNS

- CKM

• muon g–2
• aµ is the “diagonal” term
• µ→eγ diagram is the “off-diagonal”
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Historical perspective

Each improvement linked to the technology either in the beam or in the detector

Hinks & Pontecorvo

Crystal Box

MEGA

Always a trade-off between various elements of the detector to achieve the best “sensitivity” 

? !



Signal and Background
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“Signal”         “RMD”                                      “Accidental”

The accidental background is dominant and it is determined by the 
experimental resolutions
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MEG scheme
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Machine
• “Sensitivity” proportional to the number of muons observed
• Find the most intense (continuous) muon beam: Paul Scherrer Institut (CH)
• 1.6 MW proton accelerator

• 2 mA of protons - towards 3 mA (replace with new resonant cavities)!
• extremely stable
• > 3 x 108 muons/sec @ 2 mA

50 

COLD TESTS WITH THE NEW RING CYCLOTRON CAVITY 

H. Fitze,  M. Bopp 

The fabrication of the new cavity could be nearly completed by the end of this year. The predicted reso-
nant frequency and Q value could be verified experimentally. The prototype cavity will arrive at PSI in Feb-
ruary 2003 and the installation in the ring cyclotron is still foreseen in the shutdown 2003/ 2004. 

INTRODUCTION 

As can be seen in Fig. 1, the production of the cavity 
is almost finished. Missing are "only" the TIG welds on 
the sealing flanges around the beam ports. The quite 
substantial delay is due to unforeseen welding prob-
lems. Thanks to the extreme efforts of SDMS

1
 we are 

quite confident to have the cavity at PSI in February 
2003. 

 

 Fig. 1: Cavity at SDMS (December 2002) 

During 2002 the mechanical performance of the hy-
draulic tuning yokes was verified: 23'500 full cycles 
between 0 and 60 bars at 0.01 Hz and 87'000 small 
cycles between 54 and 61 bars at 0.25 Hz did not 
produce any leakage in the oil carrying system. During 
operation in the ring cyclotron we expect two or three 
full cycles a week. 

A new type of the electrical contacts, used in the high 
power-coupling loop, were developed and tested. As 

base material a 
nickel based 
super alloy (Ni-
monic90) is 
used with a 
0.2 mm copper 
coating and a 
silver plating of 
20 µm. This 
design structure 
keeps its me-
chanical proper-

ties up to very high temperatures and has shown im-
proved current carrying properties. 

                                                      

1
 SDMS, La chaudronnerie blanche, Saint Romans, France  

RF COLD TESTS 

The coarse adjustment of the resonant frequency is 
accomplished by getting the proper width of the cavity 
during the manufacturing process. To guarantee a 
safe start up of the cavity, we are aiming for a value 
between 50.4 and 50.5 MHz. The measurement be-
fore the final welding showed 50.322 MHz, 80 kHz 
below the target value (Fig. 2), which can be tolerated.  

By changing the oil pressure in the tuning yokes from 
0 to 70 bars, the resonant frequency can be adjusted 
to 50.880 MHz, which results in a tuning range of 
558 kHz. 

 

Fig. 2: Frequency range of the tuning system. The 
pressure in the cavity is 10

-2
 mbar. 

The good agreement of the measured Q-value with 
calculation proves the surface condition of the RF-
walls to be OK. The values given below are for a cav-
ity at ambient air pressure. 

 

Resonant-frequency Q-value 

Calculated Measured Calculated Measured 

51.040 MHz 50.993 MHz 46054
2
 45090 

REFERENCES 

[1] H. Fitze et al., Progress in the Production of the 
New Ring Cyclotron Cavity, PSI Scientific and 
Technical Report 2001, VI. 

                                                      

2
 Calculated with ANSYS. A MAFIA result with a slightly 

larger value of 48000 was given in the last report [1]. 

PSI - Scientific and Technical Report 2002 / Volume VI
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Beam line
πE5 beam line at PSI

Optimization of the beam elements:

• Muon momentum ~ 29 MeV/c

• Wien filter for μ/e separation

• Solenoid to couple beam and 
spectrometer  (BTS) 

• Degrader to reduce the 
momentum for a 205 μm target

μ/e separation 11.8 cm (7.2 σ) 
Rµ      (exp. on target)  3 x 107 µ+/s 

μ spot (exp. on target) σV≈σH≈ 11 mm  

e+ µ+

collimator,
steering

& degrader

target

σx = 11 mm

σy = 11 mm

Quadrupole
triplet

Electrostatic
separator Transport

solenoid

205  μm of  CH2

µ



Constant |p| track High pT track

Uniform field

CoBRa:
Constant bending
quick sweep away

COBRA spectrometer
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• The emitted positrons tend to wind in a uniform magnetic field

• the tracking detector becomes easily “blind” at the high rate required 
to observe many muons

• A non uniform magnetic field solves the rate problem

• As a bonus: COnstant Bending RAdius
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Positron Tracker
• 16 chambers radially aligned with 10° intervals

• 2 staggered arrays of drift cells

• 1 signal wire and 2 x 2 vernier cathode strips made of 15 μm 
kapton foils and 0.45 μm aluminum strips 

•  Chamber gas:  He-C2H6 mixture

•  Within one period, fine structure given by the Vernier circle

σR ~ 300 µm

σz ~ 700 µm

transverse coordinate (t drift)

longitudinal coordinate (Vernier)

Asym. Cathode
-1 -0.5 0 0.5 1
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m
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1

final step



Timing Counter
  

•Two layers of scintillators:

     Outer layer, read out by PMTs: timing measurement

     Inner layer, read out with APDs at 90°:  z-trigger

• Resolution  σtime~ 40 psec (100 ps FWHM)

30º 30º
8.5º

90 cm

10º
B

B
0.75 T

1.05 T

MEG 4 x 4 x 90 BC404 R5924 270 38

goal

Best existing TC
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The photon detector
• γ Energy, position, timing

• Homogeneous 0.8 m3 volume of liquid Xe

• 10 % solid angle

• 65 < r < 112 cm

• |cosθ| < 0.35   |ϕ| < 60o

• Only scintillation light

• Read by 848  PMT

• 2’’ photo-multiplier tubes 

• Maximum coverage FF (6.2 cm cell)

• Immersed in liquid Xe

• Low temperature (165 K)

• Quartz window (178 nm)

• Thin entrance wall

• Singularly applied HV

• Waveform digitizing @2 GHz 

• Pileup rejection

Liq. Xe

H.V.

Vacuum

for thermal insulation

Al Honeycomb

window

PMT

Refrigerator

Cooling pipe

Signals

fillerPlastic

0 100 cm50
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Xe properties
• Liquid Xenon was chosen because of its unique properties among radiation 

detection active media 

• Z=54,  ρ=2.95 g/cm3 (X0=2.7 cm), RM=4.1 cm

• High light yield (similar to NaI)

• 40.000 phe/MeV

• Fast response of the scintillation decay time

•τsinglet= 4.2 ns

•τtriplet= 22 ns

•τrecomb= 45 ns

• Particle ID is possible 

• α ~ singlet+triplet, γ ~ recombination

• Large refractive index n = 1.65

• No self-absorption (λAbs=∞)

α-particle

electron

Xe Xe

Xe Xe

e e

e



γ-detector construction
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Readout electronics

 

DRS chip (Domino Ring Sampler) 

•  Custom sampling chip designed at PSI (bw of 950 MHz)

•  0.2→5GHz sampling.  →40 ps timing resolution

•  Sampling depth 1024 bins for 9 channels/chip 

•  Full waveform is a handle to do pile-up rejection

every channel is connected to a GHz WFD
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Trigger
• 100 MHz waveform digitizer on VME boards

-  perform online pedestal subtraction

• Built on a FADC-FPGA architecture (500 ns latency)

- γ energy,  e+γ coincidence, e+γ collinearity

- 2.5% resolution at the Eγ = 45 MeV threshold

- Fully efficient on the signal region

• Complex algorithms implemented

- online α/γ discrimination Online amplitude (a.u.)
0 10 20 30 40 50 60

O
nl

in
e 

ch
ar

ge
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.u
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0

50

100

150

200

250
 LUT calibration



TRG + DAQ example
• For (almost) all channels, for each sub-detector we have two waveform digitizers 

with complementary characteristics

21

1.6 GHz

100 MHz

online 
pedestal 

subtraction 
for LXe

Trigger!

info from all 
subdetectors 
is combined



Calibrations
• It is understood that in such a complex detector a lot of parameters must be constantly 

checked

• We are prepared for redundant calibration and monitoring

• Single detector

• PMT equalization for LXe and TIC

• Inter-bar timing (TIC)

• Energy scale

• Multiple detectors

• relative timing

22



Calibrations
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LED
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PMT QE & Att. L
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 LXe
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Nickel ! Generator

9 MeV Nickel _-line

NaI

quelle

onoff

Illuminate Xe from

the back

Source (Cf)

transferred by

comp air ! on/off

Proton Accelerator Li(p,!)Be

LiF target at

COBRA center

17.6MeV !

~daily calib.

also for initial

setup

K
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Tl

F

Li(p, !0) at 17.6 MeV

Li(p, !1) at 14.6 MeV

µ radiative decay
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"- + p ! ! + n (129MeV)

LH2 target
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Lower beam intensity < 107
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Xenon
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• The precise knowledge of the calorimeter energy scale is 
crucial for the experiment

• constant check of Xe light yield and purity

- trigger threshold

- systematic error on energy scale

• Different calibrations have different time-scales
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γ-energy scale calibration

Process Energy Frequency

Charge exchange 55, 83, 129 MeV year - month

Proton accelerator 14.8, 17.6 MeV week

Nuclear reaction 9 MeV daily

Radioactive source 1.1 -4.4 MeV daily

π
−

p → π
0
n

π
0
→ γγ

7Li(p, γ17.6)
8Be

58Ni(n, γ9)
59Ni En

er
gy

Fr
eq

ue
nc

y



The Cockcroft-Walton accelerator
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CW - daily calibration
• This calibration is performed every other day

• Muon target moves away and a crystal target is inserted
• Hybrid target (Li2B4O7) 

• Possibility to use the same target and select the line by 
changing proton energy

26
liquid phase 
purification

gas phase 
purification

study of 
systematics

πº test

Li line
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CW - daily calibration
• This calibration is performed every other day

• Muon target moves away and a crystal target is inserted
• Hybrid target (Li2B4O7) 

• Possibility to use the same target and select the line by 
changing proton energy
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CW - daily calibration
• This calibration is performed every other day

• Muon target moves away and a crystal target is inserted
• Hybrid target (Li2B4O7) 

• Possibility to use the same target and select the line by 
changing proton energy
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2009: efficient physics run
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- 2008 run BR<2.8 x 10-11

Nucl. Phys. B834, 1–12 (Apr. 2010)

January - October
 - detector dismantling
 - improvement (after run 2008)  

 -DCH
-Electronic 

- re – installation
 - LXe purification
 - CW calibration
 - another experiment in the area had 

“exciting results” (µp)

October 
- πº calibration

November – December  
 - MEG run

Running conditions
MEG run period

– Live time ∼84% of total time
– Total time ~  7 weeks
–  μ stop rate: 3x107 μ/s
– Trigger rate 6.5 ev/s ;
– Total data taken: 93 TB 

Programmed beam 
shutdowns

Beam line tests and 
Maintenance
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Blind box

RMD

• We decided to adopt a blind-box 

likelihood analysis strategy

•  The blinding variables are  Eγ and  teγ

- Hidden until analysis is fixed

• Three independent analyses

- different pdf implementation

- Fit or input NRMD, NBG

- Different statistical treatment (Freq. or Bayes)

•  Use of the sidebands 

- our main background comes from accidental 

coincidences

- RMD can be studied in the low Eγ sideband

Analysis principle



Analysis principle
• A µ→eγ event is described by 5 kinematical variables

• Ee, Eγ, (Δϑ, Δφ), teγ

• Likelihood function is built in terms of Signal, radiative Michel decay RMD and 

background BG number of events and their probability density function PDFs

• Extended unbinned likelihood fit

- fit (Nsig, NRMD, NBG) in a wide region

• PDFs taken from

- data 

- MC tuned on data

31

•  48 ≤ Eγ ≤ 58 MeV
•  50 ≤ Ee ≤ 56 MeV
•  | Teγ | ≤ 0.7 ns
•  | φeγ |, | θeγ | ≤ 50 mrad



Probability Density Functions
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Pdfs and resolutions
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µ→eγ runs

• Average upper tail for 
deep conversions
• σR = (2.1 ± 0.15) %

• Systematic uncertainty 
on energy scale < 0.6%

• Resolution functions of core and tail 
components
• core = 390 keV (0.74%)

• Positron angle resolution measured using 
multi-loop tracks
• σ(φ) = 7.1 mrad (core)
• σ(ϑ) = 11.2 mrad

• Overall angular resolution combining 
• XEC+DCH+target

• σ(φ) = 12.7 mrad (core)
• σ(ϑ) = 14.7 mrad

Eγ Ee
+ teγ
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• 40 MeV < Eγ < 48 MeV
• σt is corrected for a 

small energy-
dependence
• (142 ± 15) ps
• stable within 15 ps 

along the run
• MEGA had on RMD

• 700 ps resolution

πº

γ bck

RMD

Michel



Normalization
• The normalization factor is obtained from the number of observed Michel 

positrons taken simultaneously (pre-scaled) with the µ→eγ trigger
• Cancel at first order

- Absolute e+ efficiency and DCH instability

- Instantaneous beam rate variations

34
B.R. = Nsig x (1.01 ± 0.08) × 10-12

theory

resolution

acceptance

O(1)

~18k
107



Likelihood fit result
• Nsig < 14.5 @ 90% C.L.,          Nsig best–fit value = 3.0
• Nsig = 0 is in 90% confidence region

- C.L @0: 40÷60% depending on the statistical approach

-
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Sensitivity

• Computed as the 
average 90% upper 
limit on toy 
experiments 

- no signal 
assumption

- 6.1 x 10-12

• Consistent with the 
likelihood analysis 
performed on the 
sidebands

- teγ = ±1.7 ns

- BR < (4 ÷ 6) x 
10-12

36



Sidebands

• Computed as the 
average 90% upper 
limit on toy 
experiments 

- no signal 
assumption

- 6.1 x 10-12

• Consistent with the 
likelihood analysis 
performed on the 
sidebands

- teγ = ±1.7 ns

- BR < (4 ÷ 6) x 
10-12
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Event display
• Events in the signal region were checked carefully
• An event in the signal region
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Systematic uncertainties
• The effect of systematics is taken into account in the calculation of the 

confidence region by fluctuating the pdfs according to the uncertainty values

• overall effect of systematics:  ΔNsig ~ 1
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Uncertainty

Normalization 8% Pe+    εγ     εTRG    

Eγ scale 0.4% Light yield stability, gain shift

Eγ resolution 7%

Ee scale 50 keV from Michel edge

Ee resolution 15%

teγ center 15 ps

teγ resolution 10% RMD peak

Angle 7.5 mrad Tracking + LXe position

Angular resolution 10%

Ee–φe correlation 50% MC evaluation



Upper limit
• From the analysis of the 2009 data our limit on the BR is the following:

• cfr. MEGA limit BR < 1.2 x 10–11 @ 90% C.L.
42

MEGPreliminary



What’s next?
• Data taking was restarted from Aug. 5 to Nov. 6 2010

- πº calibration from 23/8 to 9/9

- accident to the beam transport solenoid on Nov. 6

- ~ 2 x 2009 statistics

• An accident on Nov. 6 put a premature end to the 2010 run
• Analysis ongoing 

- 2009 & 2010 data together

• Run 2011 soon starting

- physics data taking from June to December

43

2009 run

2010

πº

µ on target



What’s next
• Analysis of 2009 data finalized

• Better understanding of spectrometer and B field

- improvement of positron resolutions

• Reduction of the systematics in the back-to-back alignment

- usage of cosmics

• Better usage of the information from the sidebands

- we are interested in a limit on NSIG

• Include 2010 analysis
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σp/p           0.74 %   →   0.61%
σφ           7.4 mrad   →   6.1 mrad
σϑ         11.2 mrad    →   9.4 mrad

preliminary
final 2009



not only statistics
• XEC

• MC description of the detector

- better implementation of materials

- treatment of polarization during reflection

- affects

- uniformity correction (response)

- PMT Q.E. determinations

- usage of new algorithms for XEC reconstruction

- “Linear-fit” method

• Nickel/n–generator 

- allows the presence of a physical signal during different beam conditions

- resolution from RMD edge seems better that what is estimated from πº

• Alignment

- more dedicated XEC–DCH coincidence

- usage of lead dices to improve knowledge XEC position
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not only statistics
• DCH

• hardware improvement

- lower resistivity cathode foils for larger charge/smaller noise

- new HV power supply with reduced noise
• Mott scattering positron calibration

- monochromatic variable energy positron

• tracking improvement

- better treatment of rapidly varying magnetic field

- cross talk between adjacent Vernier pads

- shadow effect from the anode wires on the Vernier pads

• TC
• fiber detector operational

- improved DCH/TC matching

- absolute positioning of TC bars, improvement of te+

• DAQ/TRIGGER
• DRS hardware fine tuning → reduced contribution to σt

• multiple buffer read out

- dead-time free operation (ε= 84% → 99%)

• ANALYSIS
• Inclusion of information from the sidebands in the likelihood
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Expected performance
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Conclusion
• Data from the two months of stable data taking of the MEG experiment 

in 2009 give a result competitive with the previous limit

• Preliminary result

- Sensitivity: 6.1 x 10-12

- 90% C.L. Upper limit: 1.5 x 10-11

• New data taken from August 2010 to 6 November

- we will clarify the result with 2x more statistics

- new calibration tools

- improved analysis algorithms

• Continue running for the next two years towards the final target 
sensitivity of a few x 10-13



Thank you
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Back-up slides



What’s next?
• Data taking was restarted from Aug. 5 to Nov. 6

- πº calibration from 23/8 to 9/9

- accident to the beam transport solenoid on Nov. 6

- ~ 2 x 2009 statistics

• An accident on Nov. 6 put a premature end to the 2010 run
• We will have two more years of stable data taking (until the end of 2012)

- statistical power
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LXe PMT test facility
• Tests of 900 PMTs for the final calorimeter Pisa / Tokyo

• more than 400 PMTs tested individually in the same experimental 
contitions

- immersed in LXe

- high rate environment

- relative Q.E. determination



Trigger rates
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COBRA spectrometer

Non uniform 
magnetic field 

decreasing from the 
center to the 

periphery

Compensation 
coil for LXe 
calorimeter

| �B| < 50 G

• The superconducting magnet is very thin (0.2 X0)

• Can be kept at 4 K with GM refrigerators (no usage of liquid helium)



Mott
• Tunable monochromatic positron beam

- Coherent elastic scattering of e+ on carbon

- momentum resolution 50 keV
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nNickel
• 9 MeV γ-ray from nNi reaction

- thermal capture on Nickel

- pulsed D-D generator

- unique possibility to calibrate XEC with a line 
during beam ON
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Event quality check
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α:data vs new MC
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CEX measurement

• The monochromatic spectrum in the pi-zero 
rest frame becomes flat in the Lab

• In the back-to-back configuration the energies 
are 55 MeV and 83 MeV

• Even a modest collimation guarantees a 
sufficient monochromaticity

• Liquid hydrogen target to maximize photon 
flux

• An “opposite side detector” is needed (NaI 
array) 

π
−

p → π
0
n

π
0
→ γγ
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• In the back-to-back raw spectrum we see the correlation 

• 83 MeV ⇔ 55 MeV

• The 129 MeV line is visible in the NaI because Xe is sensitive to neutrons (9 MeV)

LXe NaI



Example: α-sources in Xe
• Specially developed Am sources:

• 5 dot-sources on thin (100 µm) tungsten 
wires

• SORAD Ltd. (Czech Republic)
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Gas

Liquid

Gas

Liquid

This photon is lost

Rα = 7 mm

Rα = 40 um

dwire = 100 um

dwire = 100 um

α-source assembled as 
a small cylinder

tungsten wire

Data

1 mm


