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History of LFV Decay experimentsHistory of LFV Decay experiments

Mu3e I

Mu3e II
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Aiming for a sensitivity of

BR(μ → e e e ) < 10-15

BR(μ → e e e ) < 10-16

(phase I)

(phase II, requires new High Intensity Muon Beamline)

project approved in Jan 2013

Search for μ+ → e+e+e- at PSISearch for μ+ → e+e+e- at PSI
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Compact Muon Beamline (Phase I)

MEG:

 muon rates of up to 8.4·107/s at solenoid entrance achieved in 2016
 further optimizations might be possible

 aiming for: → 108 muons/s  on target

πe5 
Mu3e

µ → e γ
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Backgrounds for Mu3eBackgrounds for Mu3e

e+

e+e-

∑i
E i =mμ

∑i
p⃗i = 0

Irreducible BG: radiative decay with internal conversion (IC)

e+

e+e-

ν

ν

B(μ+ → e+e+e- νν) = 3.4 ·10- 5

signal: B(μ+ → e+e+e-)
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BackgroundsBackgrounds
Irreducible BG: radiative decay with internal conversion (IC)

e+

e+e-

ν

ν

missing energy 
from two neutrinos

steeply falling!
R.M.Djilkibaev,
R.V.Konoplich 
PRD79 (2009)

B(μ+ → e+e+e- νν) = 3.4 ·10- 5

very good momentum + 
total energy resolution required!
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Accidental BackgroundsAccidental Backgrounds
 Overlays of two ordinary µ+ decays with a (fake) electron (e-) 

 Electrons from: Bhabha scattering, photon conversion, mis-reconstruction

Detector requirements:
 Vertex resolution
 Timing resolution
 Kinematic reconstruction
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Main Features of Mu3e ExperimentMain Features of Mu3e Experiment
● charged particle reconstruction @ low momenta < 50 (150) MeV/c
● high precision and resolution → all silicon pixel tracking detector
● high rate capability: > 108 – 109 particles per second
● ~4 Pi detector
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Mu3e Design ConceptMu3e Design Concept
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p = 28 MeV/c   (Ekin=4.1 MeV)

Mu3e Design

108 muons per second (phase I)
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Mu3e Design
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Mu3e Design
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Mu3e Design
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Mu3e Design
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Mu3e Design

Long cylinder!

~15 cm

~110 cm

not to scale!
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Mu3e Design

Long cylinder!

~15 cm
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not to scale!
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~15 cm

~110 cm

Long cylinder!

not to scale!

Mu3e Design
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B = 1 Tesla

transverse view:

helium atmosphere

Mu3e Design
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 Standard spectrometer:

σ p

P
∼

ΘMS

Ω

precision requires large lever arm
large bending angle Ω

multiple-scattering 
angle

(linearised)

Momentum Resolution in MS RegimeMomentum Resolution in MS Regime
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σ p

P
∼ O(ΘMS

2 )

 best precision for half turn tracks
 measure recurlers

 “Half turn” spectrometer:

Momentum Resolution in MS RegimeMomentum Resolution in MS Regime
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Tracking Design ConsiderationsTracking Design Considerations

B=1 T
magnetic field adjustable 

between 0.5-2.6 T
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Simulation and Performance

Track Momentum ResolutionTrack Reconstruction Efficiency

gaps between 
pixel track stations

excellent
resolution!

σp/p= 1%
limited acceptance

DSUS
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Particle Charge Determination

positron loopers → charge confusion

Main process:  μ+ → e+ νe νμ

Δt (ns)

Δs/c (ns)

positrons

electrons

Significant reduction of BG for:  μ+ → e+ e+ e-

X
X

t1t2

Time difference vs path length

scintillating fiber
detector
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Mu3e Mass Plot

(upper limit)

10-12

10-13

10-14

10-15
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Sensitivity versus Time



André Schöning, Heidelberg (PI) 26 DM and Flavour, HD, Sept 28, 2017

Mu3e Collaboration
Germany
 University of Heidelberg
 Karlsruhe Institute of Technology (KIT)
 University of Mainz

 Switzerland
 Geneva University
 Paul Scherrer Institute (PSI)
 University Zurich
 ETH Zurich

United Kingdom
 University of Bristol
 University of Liverpool
 University College London
 University of Oxford
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PART II: 
Dark Matter Searches at Mu3e
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LFV as DM Signature

BR(μ → eγ ) < 4.2·10-13 
(MEG 2016)

BR(μ → e e e ) < 10-12 
(SINDRUM 1986)

● Neutralino is good dark matter candidate in SUSY models
● SUSY generates “naturally” lepton flavor violation
● LFV search experiments are complementary to direct collider
searches 
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Familon Searches with Mu3e
Theory: 
● familons are the Goldstone Bosons of a spontaneously broken flavor symmetry
● familons are light and can be dark matter candidates! (model dependent)
● The scale fX is typically very high >> 108 GeV
● decay rate is small!

Jörg Jäckel, Physics Letters B 732, 1, 2014

familons are axions described by
derivative couplings:
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Searches for μ → e X with Mu3e

● μ+ → e+ X is 2-body decay
● Search for a peak on the e+ 
   momentum spectrum

• Main background: μ+ → e+ νμ νe

• study for 25 MeV ≤ mX ≤ 95 MeV
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Searches for μ → e X with Mu3e

● μ+ → e+ X is 2-body decay
● Search for a peak on the e+ 
   momentum spectrum

• Main background: μ+ → e+ νμ νe

• study for 25 MeV ≤ mX ≤ 95 MeV

falling edge is difficult to analyse!

Mu3e preliminary
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Searches for μ → e X with Mu3e

● μ+ → e+ X is 2-body decay
● Search for a peak on the e+ 
   momentum spectrum

• Main background: μ+ → e+ νμ νe

• study for 25 MeV ≤ mX ≤ 95 MeV

difficult to analyse!
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Searches for μ → e X with Mu3e

● Full reconstruction of all Michel decays
  is a big challenged for data acquisition
● B(μ → e X)  10∼ −8 at 90 % CL

recurling track in Mu3e
Mu3e simulation
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Searches for μ → e X with Mu3e

● Full reconstruction of all Michel decays
  is a big challenged for data acquisition
● B(μ → e X)  10∼ −8 at 90 % CL

recurling track in Mu3e

required full reconstruction
of “recurlers”

Mu3e simulation
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Mu3e Familon Sensitivity

(study A.S., 2013)

10 < mX < 80 MeV)
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Prospects for μ → e X with Mu3e
Jörg Jäckel, Physics Letters B 732, 1, 2014
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Familons Searches at the endpoint

valid for
all P

search for mass
peak in dominating
Michel background mX ~ 0

2 Ee / mµ

polarisation Pµ = -1

ϑ = π

ϑ = 0

ϑ = π /2
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The Jodidio Exp.: μ → e X Search
Search for right-handed currents in muon decays

He Target

→ B(μ → e X) < (0.3 ± 1.1) x 10-6

high polarisation >99%

NOT POSSIBLE FOR MU3E!

mX ~ 0



André Schöning, Heidelberg (PI) 39 DM and Flavour, HD, Sept 28, 2017

Search for µ → e f γ 
Goldman et al. (Crystal Box, 1987)  

Missing squared mass is used to disentangle
signal from SM background

Very high sensitivity was reached:
B(µ → e X γ ) < 1.3 x 10-9 (90% CL)

Loss of sensitivity to new physics by
extra photon (alphaQED)

Despite this, result is quite competitive
with standard search 

Would require photon detector for Mu3e!

signal
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“Mu3e” with Photon Conversion Layer
proposal by C.-h. Cheng, B. Echenard and D.G. Hitlin [arXiv:1309.7679]

Fast simulation of tracking detector with double-sided striplets with 8 x 20 µm2 resolution

With 50ps time resolution and photon energy resolution of 200 keV, 
7E8 muon stops/s   → sensitivity estimate B(µ → e γ) < 6 x 10-15 

lead 0.56 mm
(0.1 X0)
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New Mu3e-gamma Proposal

This design has significantly less background and the potential to probe
B(µ → e γ) ~ O(10-15) 

→ under study

Idea: probe µ → e γ with high sensitivity:

A.S. 2016
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Other Searches (not yet studied)
● Search for Dark Photons with zero 

or short lifetime:
µ → e νe νµ A’    with A’ → ee Echenard: Dark Photons w/o lifetime

μ+ νe

A'

e+

W+

νe e+

e-

similar to µ → eee  topology
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Other Searches (not yet studied)
● Search for Dark Photons w/o lifetime:

µ → e νe νµ A       with A→ ee 
● Search for Dark Photons with lifetime:

µ → e νe νµ  A       with A→ ee
A.K.Perrevoort & A.Schöning

μ+ νe

A'

e+

W+

νe e+

e-

under study!
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Other Searches (not yet studied)
Search for Dark Photons w/o lifetime:
µ → e νe νµ A’       with A’→ ee 

Search for Dark Photons with lifetime:
µ → e νe νµ  A       with A’→ ee

Dark Photon search in pion decays (pion beamline):
π0 → γ  A’             with A’→ ee
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Other Searches (not yet studied)
Search for Dark Photons w/o lifetime:
µ → e νe νµ A’       with A’→ ee 

Search for Dark Photons with lifetime:
µ → e νe νµ  A       with A’→ ee

Dark Photon search in pion decays (pion beamline):
π0 → γ  A’             with A’→ ee

● muonium – antimuonium oscillations with Mu3e?

W
μ+

e+
NM

e-

μ-

Flavor Conserving Majorana neutrinos Flavor Violating Majorana neutrinos 

μ+

ND

e+

e- μ-

NDW

W+

W-

heavy neutrinos might be DM candidates!
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Other Searches (not yet studied)
Search for Dark Photons w/o lifetime:
µ → e νe νµ A’       with A’→ ee 

Search for Dark Photons with lifetime:
µ → e νe νµ  A       with A’→ ee

Dark Photon search in pion decays (pion beamline):
π0 → γ  A’             with A’→ ee

● muonium – antimuonium oscillations
● Precision tests of muon decays with Mu3e?

W+

μ+

NM

e+

νe

W+

e+

νe

e-

sensitive to
heavy majorana (and Dirac)
neutrinos
(model Dib&Kim 2015)
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Summary
Mu3e currently in prototyping and pre-production phase
First data expected in 2020: search for µ → e e e
Mu3e optimised for 
➢ low energy particles
➢ high precision and resolution
➢ high rate
Upgrades being discussed to search for:
➢ LFV µ → e γ    with additional photon conversion detector
➢ familons: µ → e X  with upgraded DAQ system
➢ dark photons: µ → e νe νµ A’     with A’→ ee

Other potential searches not studied yet:
➢ µ → e γ X   (massless familons)
➢ π → γ  A’     with A’→ ee
➢ muonium – antimuonium oscillations
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Backup
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μ e

ee

μ eμ

κ → 0 κ → ∞

B(μ+ → e+e+e-)
B(μ+ → e+γ)

~ 0.006
B(μ+ → e+e+e-)
B(μ+ → e+γ)

→  ∞

μeee contact IA

ee

eμ

B( μ →eee ) < 10-12

dipole

Model Independent ComparisonModel Independent Comparison
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LFV-Effective Field TheoryLFV-Effective Field Theory
A.Crivellin et al., PSI-PR-16-15

Representation by Wilson coefficients 
and higher-dimensional operators:
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Muonium-Antimuonium OscillationsMuonium-Antimuonium Oscillations
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