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•  Brief introduction, motivation, history of cLFV 
•  Ongoing or proposed experiments: emphasis 

on µeγ and µe conversion 
•  Potential Future Upgrades 
•  Conclusions 
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•  Energy frontier 
  LHC : direct particle discovery potential 

•  Cosmic frontier 
  Dark Matter searches 
  Dark Energy searches 
  Cosmic neutrino oscillations 

•  Intensity and precision physics frontier 
  EDM 
  g-2 
  Accelerator-based neutrino oscillations 
  cLFV (Flavor/τ Factories, intense muon sources, LHC) 
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•  A muon and tauon, as far as we can tell, are heavier versions 
of electrons, but with different flavors. 

•  The electron, muon, tauon, along with their respective 
neutrinos, comprise the leptons: they are fermions that interact 
via weak and electromagnetic forces, but not the strong force. 

•  Lepton flavor is almost always (exception: neutrino 
oscillations) conserved in any interaction. 
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Examples of observed reactions:  

Examples of  un-observed reactions: Charged  Lepton Flavor Violation: 
cLFV, mostly 



•  Neutrinos can oscillate to different lepton flavors: 

•  This implies that muons and tauons should violate lepton flavor 
in their decays, but the predicted Standard Model BR is too tiny 
to see it experimentally. 

•  BR<10-54  for µeγ! Way below any experimental capability! 
•  Any detection of cLFV is a definite sign of new physics 
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Mu2e/COMET goal 

The image cannot be displayed. Your 
computer may not have enough memory to 
open the image, or the image may have 
been corrupted. Restart your computer, and 
then open the file again. If the red x still 
appears, you may have to delete the image 
and then insert it again.



•  Lots of particles 
•  Decay channels which test cLFV  where final 

products are easy to detect 
•  Decay channels which test cLFV have low 

background. 
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•  Energy frontier 
  LHC: precision physics example, cLFV 

•  Intensity and precision physics frontier 
  Flavor Factories (τ decays)  

  Electron-ion collider 

  Intense muon sources 
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•  Brief introduction, motivation, history 
•  Summary of ongoing or proposed cLFV 

experiments 
•  Focus on µeγ and µe conversion	

•  Potential Future Upgrades 
•  Conclusions 
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Reaction Current Limit Future limit Who/where? 
µeγ	
 1.2x10-11 <10-13-10-14 MEG at PSI 

µeee 1.0x10-12 <10-16? ? 

µNeN (Au) 7x10-13 <10-18 PRISM/ 
Mu2eX 

µNeN (Al) ----- <10-16 /10-18 Mu2e, 
COMET/ 
upgrades 

µNeN (Ti) 4.3x10-12 <10-18 PRISM/ 
Mu2eX 

µ+e-◊µ-e+	
 8.3x10-11 

τ◊µγ	
 4.5x10-8 <10-9-10-10 Flavor factory 

τ◊eγ	
 1.1x10-7 <10-9-10-10 Flavor factory 

τ◊µµµ	
 3.2x10-8 <10-9-10-10 Flavor factory 

τ◊eee 3.6x10-8 <10-9-10-10 Flavor factory 
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Current and Planned 
Experiments 
•  Neutrino Oscillations! 
•  τ decays at Babar, 
      Belle. 
•  Future τ decays: 
      Super B factories 
•  MEG at PSI: µ→eγ  
•  µe conversion: 

•  Mu2e at FNAL 
•  COMET at 

JPARC 
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LFV amplitudes typically 
larger for taus than muons, but 
production rates dramatically 
favor muons. 

Muons: 1010/sec 
Taus:     1010/year 



•  Brief introduction, motivation, history 
•  Brief summary of ongoing or proposed 

experiments 
•  Focus on µeγ and µe conversion	

•  Potential Future Upgrades 
•  Conclusions 
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•  DC beam few x 107 muons/sec 

•  Magnetic spectrometer for e+ detection. 
•  Liquid Xenon detector for photon detection.  
•  Goal : BR < 1 x 10-13 
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•  µ+ at rest in a target material 
  E=mµc2=105.6 MeV, τ=2.2 µsec 

•  Look for back-to-back decay to e+ and γ	

  Ee=52.8 MeV, Eγ=52.8 MeV 
  Measure 

•  energies of e and γ	

•  angle between γ and e (180 degrees) 
•  time coincidence of occurrence of e and γ 

•  Backgrounds 
  e+  and γ from                                  when neutrinos have small 

energies 
  Accidental time coincidences 

•  Positron from                             (e distribution peaks at 53 
MeV!) combines with photon from                                  or e+ 

annihilation on e- in target 

J. Miller, BU                         Lepton Moments                       July, 2010 16 



•   Beam rates  
  ~3x107/s (up to ~108) 

•  Result of 2008 run, BR<2.8x10-11 (9.5x1013 stopped muons) 
•   σ(Ee)=364 keV, Δ(Eγ)/E=5.8% FWHM, σ(tγe)=148 ns, σ(θ)=18 

mrad, σ(φ)=10 mrad,  
•  2009 data set results to be announced at ICHEP;  2010 run just getting 

under way 
•  First phase goal  few x10-13 .10-14 with future upgrades? 

•  Going beyond 10-14 may be quite difficult because beam rate is limited 
by accidental backgrounds. 
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•  Charged Lepton Flavor Violation (cLFV) 

A muon converts to an electron (must be near a heavy object, e.g nucleus, to 
conserve energy), with no neutrinos: forbidden by lepton flavor conservation. 
  Flavor-conserving                         Flavor-nonconserving 
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 x10000 improvement over current limit! 
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SUSY Second Higgs 
Doublet 

Compositeness 

Heavy Gauge 
Bosons 

Heavy Neutrinos Leptoquarks 
The discovery of Weak scale SUSY at 

LHC would imply observable cLFV rates 

In SM: 
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A dimension 5 
dipole interaction 

A dimension 6 
contact 
interaction 

And we'll set their 
relative strength with 
a dimensionless 
interpolating factor κ	
 Th

e 
im

Active at a 
common energy 
scale Λ	


The image cannot be displayed. 
Your computer may not have 
enough memory to open the 
image, or the image may have 
been corrupted. Restart your 
computer, and then open the file 
again. If the red x still appears, 
you may have to delete the image 
and then insert it again.

The image cannot be displayed. 
Your computer may not have 
enough memory to open the 
image, or the image may have 
been corrupted. Restart your 
computer, and then open the file 
again. If the red x still appears, 
you may have to delete the image 
and then insert it again.



SINDRUM(µe) 

André de Gouvêa, 
Project X Workshop 
Golden Book  
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κ small: dipole interaction 
κ large: contact term 

1) Scale extends to 
several x 103 TeV 

2) Μu2e/COMET ~2 
times more sensitive 
than MEG to dipole 
interaction terms 

3) µΝ->eΝ has much 
greater sensitivity to 
contact terms 
compared to µ->eγ 

MEGA(µ->eγ) 

Mu2e/COMET 

MEG 

Λ (TeV) 

κ 

Project X Mu2e 
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Μu2e/COMET 
probe well past 103 

TeV everywhere in 
this parameter space! 
Complementary to 
MEG measurement. 
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Neutrino-Matrix Like (PMNS) 
Minimal Flavor Violation(CKM) 

L. Calibbi, A. Faccia, A. Masiero, S. Vempati hep-ph/0605139 
neutrino mass via the see--saw mechanism,analysis in SO(10) framework 

Current µe limit 

Proposed µe limit 

BR(µe) vs M1/2 for tanβ=10 

M1/2(GeV) 

BR(µe)x1012 

Future µe limit 
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BR(τµγ) x107 vs M1/2 for 
tanβ=10 

BR(µeγ) x1011vs M1/2 for 
tanβ=10 

L. Calibbi, A. Faccia, A. Masiero, S. Vempati 
hep-ph/0605139: neutrino mass via the see--
saw mechanism,analysis in SO(10) framework 



                                                                          (with thanks to Y. 
Kuno)  
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muon g-2 
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•  The nucleus is needed for conservation 
of energy and momentum 

•  Muons are captured into atomic orbit 
around the nucleus. 

•  A Single Monoenergetic Electron 
•  Conversion electron energy 

depends atomic Binding Energy 
and Nuclear Recoil, which depend 
on Z of the nucleus. 

e- 
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For Aluminum: 

For Gold: 
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Ee=mµc2(105.67 MeV)-BE(0.47 MeV)-Recoil(0.22 MeV)=104.97 MeV 

Ee=mµc2(105.67 MeV)-BE(10.08MeV)-Recoil(0.025 MeV)=95.56MeV 



•  Stop negative muons in an aluminum target 
•  The stopped muons form muonic atoms 

  207x smaller radius  than inner e- in Al->	

  well inside electron orbits ◊ 	


     muon forms a hydrogen-like atom, unaffected by e’s 
  hydrogenic 1S : Bohr radius ~20 fm, BE~500 keV 
  Nuclear radius ~ 4 fm   
     muon and nuclear wavefunctions overlap significantly 

•  Three main things can happen: 
  Muon decays (40%): 
  Muon captures on the nucleus (60%): 
(capture is roughly sum of reactions with protons in  nucleus:                                   ) 
  Muon to electron conversion:    

•  Muon lifetime in 1S orbit of aluminum ~864 ns 
(40% decay, 60% nuclear capture), compared to 2.2 µsec in vacuum 

•  Look for 105 MeV electron signal 
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•  DIO: Energetic electrons from muon decay while bound in atomic 
orbit reach to conversion electron energy, while free muon endpoint 
energy is 53 MeV: 

  Control high energy electrons with good electron energy resolution, σ~400 keV; 
control low energy electrons using detector geometry with low acceptance for low 
E electrons. 

•  Radiative Pion Capture: Stopped pions can produce photons up to 
137 MeV, photons can pair-produce in target to give conversion 
electron look-alikes: 

  Control by beam counter veto; or, by pulsing beam, waiting for pions to decay or 
annihilate before beginning measurement cycle 

•  Muon captures produce lots of low energy background particles 

  Control by using detectors with geometries and/or shielding which minimize 
backgrounds 
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Muon decay in orbit(DIO),       	

E(e-)max=105.6 MeV – (Atomic BE)- (Nuclear recoil E) 



•   To keep DIO contribution to Rµe negligible, need good electron energy resolution   
 <1 MeV (FWHM) for 100-106 MeV electrons, with minimal high-side tails. 

Endpt. E (Al)=104.96 MeV 

Aluminum 
Endpoint energy=104.96 
Lifetime=0.89 µs 
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•  Simulated DIO (electrons from Muon Decay in Orbit) tail 
+ signal,  assuming 1 MeV (FWHM) resolution on 
electrons around 105 MeV 

Rµe=10-‐16	  

31 
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•  Rate limited by need to veto prompt 
backgrounds! pulsed beam 

High energy tail of  Decay-in-orbit (DIO) 
electrons.      Simulated conversion peak 

85 MeV/c !-

100 MeV/c e-
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Helium Bath
Service Tower
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5x End Ring
Light Guides
Photomultipliers
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From SINDRUM Experiment 

DC beam 
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•  > 1000 fold increase in muon intensity 
•  At Fermilab(Mu2e), ~20x1012 Hz proton flux at 8 GeV 
•  Solenoidal muon collection and transfer scheme: efficient low 

momentum µ- collection, low pion, electron contamination 
•  Stopped muons ~5 x 1010 Hz , total of 1018 stopped muons needed 

•  Pulsed beam to eliminate prompt backgrounds (e.g. Radiative Pion 
Capture)- wait until prompts die away before measurement period 
  Proton pulse duration << τµ  (τµ =Lifetime (muonic Al=864 ns) 
  Pulse spacing  ~ few x τµ	


•  Fermilab pulse spacing is ideal (=Debuncher cyclotron 
period=1695 ns) 

  Large duty cycle  
  Extinction of proton beam between pulses 10-9 

•  Improved detector 
  High rate capability: detectors displaced downstream from stopping 

target, configured to minimize backgrounds 
  Electron spectrometer with high resolution 
  Stopping target placed in graded magnetic field: improves detector 

acceptance (mirror effect), reduces background 
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Use pulsed proton beam 
Well-matched to 864 ns muonic Al lifetime 

Simulation of time distribution of pions 
arriving at target after proton strikes the 
production target (for proposed beam line) 

•  Wait ~700 ns to start measurement, pion stopping rate is reduced by 
~1011    ~0.0007 events background, compared to ~4 events signal at 
Rµe=10-16 

•  Extinction (=between-pulse proton rate) < 10-9 gives ~0.07 counts 
•  Recognized and studied by time dependence, presence of e+ 
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Unique design features: 
  Pulsed proton source 
  Curved transport solenoid 
  Graded production and detector 
solenoid fields 

3 superconducting solenoids. 
Based heavily on designs of two 
previous experiments: 
MELC (Russia) and MECO (USA) 
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The off-axis 8GeV proton beam 
delivers 2x107 protons per pulse, 
every 1.7µs 

Graded field to increase collection efficiency. 
The design of the solenoid systems is a 
collaborative effort among TD, AD, and 
Physicists. 

B=5T 

B=2.5T 
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The curved transport solenoid 
separates charged particles in the 
non-bend plane,eliminates 
straight-line from production 
target to detectors. Second 
reverse bend 
recombines. 

Collimators in the central 
straight section reject most 
wrong sign particles, and 
can be rotated to change 

sign for calibration runs. 
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2.0T 

1.0T 

Graded to reflect electrons toward the tracker 

1.0T 

Uniform to 
simplify tracking 

The remnant muon beam and 
most DIO electrons pass through 
the central openings, and are 
caught by a beam stop. 
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1024 crystals in 
four vanes with 
4MeV resolution 
at 100MeV 

The crystal calorimeter provides direct 
measures of track position, time, and 
energy to help protect against catastrophic 
reconstruction errors. 

The tracker is a novel straw tube in vacuum 
design.  A number of baseline designs are 
under consideration; all would have or 
order 20000 readout channels. 

The stopping target 
is a series of 
aluminum foils 

A conversion electron 
track 
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Background Events  
per 2x107s 

µ DIO 0.225 
Radiative π 
capture 

0.072 

µ DIF 0.072 
Scattered beam e 0.035 

Total 0.41 

In two years of running, we 
expect fewer than one 
background event in the signal 
region. 

If Rµe = 10-15, we will 
see 40 signal events 
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Tevatron 

Recycler 

Debuncher 
Accumulator 

Booster 

North 

High-rise 

The Boomerang 
Scheme 

Mu2e Hall 
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Debuncher Cycle 1.7µs 

Extinction 10-9 

Proton 
bunch 

Wait 700ns for prompt 
backgrounds 

Debuncher Cycle 1.7µs Proton 
bunch 

Pions and muons 
arrive at target 

These batches are stacked and 
bunched in the accumulator, 
then transferred to the 
debuncher for slow extraction 
to Mu2e 

Mu2e running does not 
impact the neutrino 
program! 

Debuncher Cycle 1.7µs Proton 
bunch 

Pions and muons 
arrive at target 

Detector livewindow 

4x1012p 
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  We have received both Stage 1 approval and DOE-CD0. 
  Magnet design and construction remain the schedule 

drivers. 
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•  Conversion electron energy, 105 MeV, is far above the bulk of 
low energy decay electron background. Considerable 
improvement in the ultimate sensitivity is quite possible.	


•  Compared to tau’s, the production of lots of muons is relatively 
easy, and muons have a fairly long lifetime. 

•  With additional improvements in detectors, beam line, fluxes, it 
may be possible to get Rµe~ 10-18 or better. 
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•  Project X is a concept for an intense few GeV proton 
source that provides beam for the Fermilab Main Injector 
and a few GeV physics program.  

•  The source consists of a few GeV superconducting linac 
and a storage ring to adjust the duty factor to particular 
experimental requirements. 
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•  First establish a signal 
or set a strong limit -- 
what do we do next? 

•  Project X gives us a 
chance to upgrade the 
experiment by up to 
x100 

available 8 GeV Power for 
intensity frontier 

20 kW 
(current) 

200 kW  
(Project X, 2-3 GeV at 
first?) 

2000 kW 

(Project X Upgrades)	
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•  Project X 10-100x more proton beam 
•  Improved muon beams: FFAG, cooled beam,…? 
•  Plan: Mu2e will be muon flagship of Project X 
•  Path of upgrade depends on results of “Round 1” of 

  Mu2e: 
  Lessons learned from 10-16 measurement 
  If signal seen 

•  If signal small, establish signal with high statistics 
•  Go to high Z targets where structure of interaction will make noticeable 

changes in the BR. 
–  Need to start MP much sooner: eliminate beam pions, electrons… 

  If no signal seen  
•  Go to x100 higher statistics on Al or Ti with lower relative backgrounds 

–  Eliminating DIO requires higher detector resolution, go to narrower 
muon momentum distribution to get a thinner target. 

–  Requires detector configuration capable of handling much higher 
low energy background rates. 

–  May require improved cosmic ray rejection 
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  A positive cLFV signal is a definite indicator of new physics 
  Lepton flavor conservation properties are at the core of understanding why we 

have three generations 
  A wide-ranging program of measurements is planned or under way to search 

for LFV: neutrino oscillations, tau decays, mu decays 
  Complementary to LHC (LHC has new particle discovery potential, but is not 

well-adapted to study lepton flavor violation)  
  cLFV can be large in most extensions to the SM, in most cases ‘just around 

the corner’ 
  τ decay data have been reported by Babar and Belle, perhaps x100 better at 

super flavor factories- signal also ‘just around the corner’? 
  MEG µeγ is under way now. 
  Two experiments are being developed to study µΝeN. Mu2e has Stage 1 

approval at FNAL and CD0 to measure x10000 better than the current limit. 
COMET has a similar goal and Stage 1 approval at JPARC. 

  µΝeN may be the channel  best suited to very high precision tests of cLFV 
(another x100 improvement?), and will be an important part of the Project X 
upgrade at FNAL. Study group being formed to develop Project X version of 
mue conversion 
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                                         END 
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