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Outlook of the talk:

• Motivation

• Experimental resources

• Lifetime measurements (GF)

• Charged Lepton Flavor Violation

• Muon decay (V-A structure)

𝜇 →e𝛾, 𝜇 → 𝑒𝑒𝑒, 𝜇−𝑁 → 𝑒−𝑁 ? ? ?



Muon – discovered by Anderson and Nedermeyer at CELTECH 

in 1936 .

From “ Who ordered that…” (Isidor Isaac Rabi (?))

to „excellent object for precise test of the Standard Model”

• 1941 lifetime measurement (with cosmics)

• 1947 hint of flavor conservation (B.Pontecorvo)

𝐵𝑅 𝜇 → 𝑒𝛾 < 10−4

𝜇

𝛾

𝑒𝜈

𝑊

• 1947 muonium (𝜇𝑒), muonic atoms, nuclear capture, Fermi 

theory, lepton universality 

• 1956 Parity violation, V-A structure, muon and electron 

polarization in decays:       𝜋 → 𝜇𝜈, 𝜇 → 𝑒𝜈𝜈
• 1959 g-2 experiment at CERN 

• . . .  



From experimental point of view muon is
• Heavy enough (bremsstrahlung)

• Subject of electroweak interactions only (+corr)

• Relatively long living particle (𝑐𝜏 ≈ 660 𝑚)

beautiful object for electroweak tests at energies

from a fraction of a MeV (MEG,  Mu3e,   MuLan, 

… )to multi TeV energy range (CMS  )

Disagreement between exp and theory in precise 

tests ?

New physics ? (or more precise theory calc.?)



𝜇_ → ҧ𝜈𝑒𝜈𝜇𝑒
_ ≈ 100%

m=105.6583745±0.00000026 𝑀𝑒𝑉
𝜏 = 2.1969811 ± 0.0000022 ∗ 10−6𝑠

ൗ𝜏+
𝜏− = 1.00002 ± 0.000008

ൗ𝑔−2
2=(11659209±6) ∗ 10−10

2016 PDG data on muon 

𝜇_ → 𝑒−𝛾 < 5.7 ∗ 10−13

𝜇_ → 𝑒−𝑒+𝑒− < 1.0 ∗ 10−12

Charged Lepton Flavor Violating  BR: 

How to improve/achieve such limits? 



Where to take the muons from ???

COSMICS ?
At student lab. 𝜏𝜇 = 2.2 ± 0.2 𝜇𝑠 with ~300 good events (out 

of ~10000)  and 2 weeks of data taking

MuLand plans for 1012 events ☹️

BEAMS: (Paul Scherrer Institut, Villingen (PSI), 

TRIUMP)
from 𝜋+ → 𝜇+𝜈𝜇 decay, 𝜋`𝑠 𝑓𝑟𝑜𝑚 1.3 𝑀𝑊 PSI proton cyclotron

• Cloud beam

𝜇`𝑠 from 𝜋`𝑠 decays between production target and first 

bending magnet of 𝜇`s beam line

𝜋+ → 𝜇+𝜈𝜇 𝑝𝜇

Mostly fwd, bkwd decays  low 𝜇polarization



• Surface beam

𝜇`𝑠 from decays of 𝜋`𝑠 stopping in production target

𝑝

𝑝 + 𝐶 → 𝜋+ + 𝑋

𝜋+ → 𝜇+ + 𝜈𝜇

𝜇

𝜇 from the target surface has 29.8 MeV/c and 100% longitudinal polarization,
as coming from localized area muons can be nicely focused

𝜋+𝑠𝑡𝑜𝑝𝑠
focusing
magnet

• Decay beam

𝜋 → 𝜇 + 𝜈 Momentum
selection

Momentum
selection 𝜋

𝜋𝜇

𝜇

𝜇 are typically highly polarized, no e contamination



Where to send the muon beam? 

(MuLan detector)



Main issues in data collection and 

processing:
• Large total number of events

example:  𝜇 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 FAST ≈ 1010 events

- only histograms written to disc

MuLan  ≈ 1012 events

• Very high event rate

FAST ≈ 30 𝑘𝐻𝑧 trigger rate

- FPGA based trigger

MuLan eff. 105−6 𝑒𝑣𝑒𝑛𝑡𝑠/𝑠𝑒𝑐
Mu3e 109 𝑒𝑣𝑒𝑛𝑡𝑠/𝑠𝑒𝑐

CMS : ~ 1017events in 2016 (׬ 𝐿𝑑𝑡 ≅ 40 𝑓𝑏−1)

𝐿 = 1034𝑐𝑚−2𝑠𝑒𝑐−1  rate pp ~109𝐻𝑧



Lifetime measurement
with active target

Experiment FAST



MuLan approach to rate handling



Much less background with AC beam

Background level
DC beam:

AC beam:



Principal issues of MuLan analysis 
• muon polarization

Solution 1:

Add symmetric tiles

Solution 2:

Depolarize with B 
in ~ 100 ns (𝜇𝑆𝑅) Assymetry 

• Pile up



What for ?

1

𝜏𝜇+
=

𝐺𝐹
2𝑚𝜇

5

192𝜋3
1 + 𝑞

𝑞 − 𝑛𝑜𝑛_𝑤𝑒𝑎𝑘 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑠

𝐺𝐹 , 𝑚𝑍0 , 𝛼 −base  of all predictions 

for electroweak precision tests
also muon capture rate (𝜏+ , 𝜏−), …



Charged Leptons Flavor Violating Decays 

MEG Experiment    𝜇+ → 𝑒+𝛾



Goal:  𝐵𝑅 < 10−13

requires well above 1014muon decays

Method: 
Look for 𝑒+𝑎𝑛𝑑 𝛾 from stopped 𝜇+ 𝑎𝑡 30 𝑀𝐻𝑧

• In coincidence 𝑇𝑒𝛾 = 0

• Back to back

• 52.8 𝑀𝑒𝑉 each

Maximum likelihood analysis to extract signal

Detector:

• Liquid Argone
𝜎𝐸

𝐸
= 1.9%

• Drift chamber 𝜎𝐸𝑒+~330 𝑘𝑒𝑉

• Timing counters 𝜎𝑇𝑒𝛾~122𝑝𝑠

• COBRA magnet



Superconducting COBRA magnet:
• Provides bending radius nearly independent from 

emission angle

• Sweeps away positron tracks out of stopping target



Results:
EXP:     𝐵𝑅 𝜇 → 𝑒𝛾 < 5.7 ∗ 10−13

SM:    𝐵𝑅 𝜇 → 𝑒𝛾 < 1.∗ 10−54 𝜐𝑒 ↔ 𝜐𝜇
SUSY: 𝐵𝑅 𝜇 → 𝑒𝛾 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑎𝑏𝑙𝑒

Upgrade to MEG II:



Mu3e experiment: 𝜇+ → 𝑒+𝑒−𝑒+

𝑊 𝑊

𝜈

e

e

e

𝜈
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The Mu3e Experiment:

A new search for µ→ eee with  

unprecedented sensitivity
CERN Detector Seminar, March 31st 2017

André Schöning  

Physikalisches Institut, Universität Heidelberg



History of LFV Decay experiments

Feinberg, Kabir, Weinberg (1959)

concluded from not observing

μ → eγ

that lepton flavor is conserved!

no flavor changing neutral currents (FCNC)  

in lepton sector

2
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History of LFV Decay experiments

2

2
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History of LFV Decay experiments

Mu3e I

Mu3e II

2
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SM Loop Diagrams

μ+  → e+e+e-

e+

e-

μ+

e+

BR suppressed by ∝ ν(Δ m )2 2

W

2

4
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m4
≈ 10

− 50



SM Loop Diagrams

μ+  → e+e+e-

e+

e-

μ+

e+

Most BSM models (e.g. SUSY) induce naturally LFV

2

5
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BR can be as large as ≈10− 1 2
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first version (not published yet)



BR(μ → e e e ) < 10-15  

BR(μ → e e e ) < 10-16

(phase I)

(phase II at new High Intensity Beamline)

project approved in Jan 2013

Aiming for a sensitivity of

Search for μ+ → e+e+e-

27André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017

at PSI



Compact Muon Beamline (Phase I)

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

28André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017

πe5
Mu3e

MEG: → e



Compact Muon Beamline (CMB)

First CMB beam  
commissioning
in December 2014

29André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017



How Big is 10-16 ?

Number of grains of sand at all beaches in Germany ~ 1016

Find THE grain of sand which violates lepton flavor!
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Backgrounds for Mu3e

e+

e+

∑ i

∑ i

E i  = mμ

p⃗ i = 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:

e-

31André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017

B(μ+  → e+e+e-)



Backgrounds

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

32André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017

very good momentum /  
total energy resolution required!



Accidental 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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MS
P

Θ ∼
1 √X / X 0

mutiple scattering  

regime

limited hit  

resolution regime

Muon decay (m=105.6 MeV):

→ electrons in low momentum range

p < 53 MeV/c

Multiple scattering is dominant!

Need thin, fast and high resolution  

tracking detectors operated at

high rate (>109  particles/s @ phase II)

34André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017

Tracking Resolution + Multiple Scattering



Mu3e Detector Layout Concept
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Momentum Resolution in MS Regime

Muon decay: p(electron) < 53 MeV/c → multiple scattering

Standard spectrometer:

o p  ∼
ΘMS

P Ω

precision requires lever arm

→ large bending angle Ω

(linearised)

multiple-scattering  
angle

Ω

MS P
Θ ∼

1 √X / X

36André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017

0

precision requires

→ little material X



Momentum Resolution in MS Regime

σ p

P
∼ O(Θ

2

MS )

best precision for half turn tracks  

measure recurling tracks

“Half turn” spectrometer:

37André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017



Tracking Design Considerations
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Tracking Design Considerations
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22



Tracking Design Considerations
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Tracking Design Considerations
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p = 28 MeV/c
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(E
kin

=4.1 MeV)

Mu3e Design

108  muons per second (phase I)



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

~15 cm
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Long cylinder!

~110 cm

not to scale!



Mu3e Design

~15 cm
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Long cylinder!

~110 cm

not to scale!



~15 cm

Long cylinder!

~110 cm
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not to scale!

Mu3e Design



transverse view:
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B = 1 Tesla

helium atmosphere

Mu3e Design



Main Technological Challenges

Large area O(1m2) fats monolithic pixel detectors with X/X = 0.1% per tracking layer
0

Novel helium gas cooling concept

Thin scintillating fiber detector with ≤ 1mm thickness  

Timing resolution 100-500 ps

Filter farm reconstructing and processing 108-109 tracks per second

51André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017



Mu3e Detector

Pixel Tracker

Scintillating  
Fibers

Scintillating Tiles
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Mu3e Pixel Mechanics

~ (X/X
0
)

3

X/X
0  

≤ 0.1%

monolithic HV-CMOS sensor (50 µm) 

thin aluminium / kapton flexprint

kapton support foil (25 µm)

+ gaseous helium cooling

Mu3e physics sensitivity:  

Most challenging requirement:

Sandwich design:

He

X ~ 0.1% X
0  

per layer possible

53André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017



N-well

P-substrate

The MuPix Sensor for Mu3e
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I.Peric, et al., NIM A 582 (2007)876

HV-MAPS

transistor logic embedded in N-well  
(“smart diode array”)

Particle

High Voltage - Monolithic Active Pixel Sensor (HV-MAPS)

active sensor → hit finding + digitisation + zero suppression + readout

high precision → pixels 80 x 80 μm2  

low noise ~ 40 - 50e → low threshold

small depletion region of ~ 10 μm → thin sensor ~50 μm (~ 0.0005 X0)

standard HV-CMOS process (60 - 90 V) → low production costs  

continuous and fast readout (serial link) → online reconstruction



P
ix

e
ls

P
e

ri
p

h
e
r

y

State  

machine

active pixel matrix

periphery
(5-10% total area):
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“mirror” cells

state machine  
VCO, PLL, ...

cells

MuPix Chip Design



P
ix

e
ls

P
e
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p
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r

y

State

machine

Sensor

Charge  

sensitive

amp

Source

follower

analog cell:

● reverse biased -85V

● charge sensitive amplifier

● source follower
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MuPix Chip Design



P
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p
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r

y

Tra nsmission

line

State

machine

transmission line:

● send signal to corresponding  
mirror cell
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MuPix Chip Design



P
ix

e
ls

P
e

ri
p

h
e
r

y

State

machine

amp baseline

tune DAC

global  

threshold

mirror cell:

● 2nd  amplifier (Mupix7)

● comparator for discrimination

● threshold and baseline  
by tuning DACs
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MuPix Chip Design
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State

machine

hit sequence:

● signal generation
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MuPix Hit Detection
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State

machine

hit sequence:

● signal generation

● amplification
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MuPix Hit Detection



P
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y

State

machine

hit sequence:

● signal is generated

● charge amplified

● received in mirror pixel
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MuPix Hit Detection
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State

machine

hit sequence:

● signal is generated

● charge amplified

● received in mirror pixel

● discriminated
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MuPix Hit Detection



State  

machine

P
ix

e
ls
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y

State

machine

hit sequence:

● signal is generated

● charge amplified

● received in mirror pixel

● discriminated

● scaler generated from clk
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MuPix Hit Detection

1 2 3 4



State  

machine

P
ix

e
ls

P
e

ri
p

h
e
r

y

State

machine

hit sequence:

● signal is generated

● charge amplified

● received in mirror pixel

● discriminated

● scaler generated from clk

● timestamp generation

Time-

stamp
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MuPix Hit Detection



State  

machine

P
ix

e
ls

P
e

ri
p

h
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y

State

machine

Time-

stamp

Data

Serialiser
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hit sequence:

● signal is generated

● charge amplified

● received in mirror pixel

● discriminated

● scaler generated from clk

● timestamp generation

● hit address and timestamp  
send to serializer

MuPix Hit Detection



State  

machine

P
ix

e
ls

P
e

ri
p

h
e
r

y

State  

machine

Data stream

Serialiser

Data

Time-

stamp

Finally, all detected hits are  

sent out via a 1.25 (1.6) Gbit/s  

serial link

MuPix Hit Detection

Eye diagram measured  
with Mupix7 prototype
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Maximum readout rate is  

33 Mhits/s per link



MuPix7 Prototype

50 µm
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Institutes: Heidelberg, Karlsruhe, Mainz

Austria Microsystems (AMS)  

HV-CMOS 180 nm

20 Ωcm p-substrate



MuPix7 Efficiency and Noise

Data obtained from PSI beamtest (PiM1) using MuPix telescope

defaults settings ( -85V, 300 mW/cm2); vertical tracks

operation region

68André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017

Mu3e noise limit <10-6



Efficiency with Rotated Sensors
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Increase deposited ionisation charge by using tilted sensor

default settings; -85V; ±48ns search window

with factor 2 more charge (rot=60°) → ~100% efficiency



MuPix Telescopes + Rate Tests

MAMI rate test

● 875 MeV e-

● maximum rate rate of

2.5 MHz / 5x5 pixels

● corresponds to

780 Mhits/cm2/s

Mu3e readout architecture (DMA transfer) implemented in beam telescopes

● one telescope with 8 stations

● two telescopes with 4 stations

● successfully used at CERN, DESY, MAMI, PSI

Rate test at MAMI:

→ very small rate dependence of efficiency!

875 MeV electrons

RO rate
~ 2.5 MHz
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MuPix7 Time Resolution

MuPix telescope with scintillator as time reference:
default settings; -85V; 300 mW/cm2

E
v
e

n
ts

71André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017

time difference wrt scintillator time (ns)

Mu3e requirement sigma (t) < 20 ns fulfilled



Mu3e Cooling System

Total Power Consumption: ~10 KW

Water cooling system around beam pipe: DC-DC converters, electronics (~5KW)  

Novel Helium gas cooling system: pixel tracker modules (~5KW)

He flow in V-folds (channels) up to 20 m/s  

He flow in gaps between layers up to 5 m/s  

global He-flow
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Pileup

Mu3e reconstructed tracks
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Tracks in Pixel Detector

109  muon stops per second, 50ns readout frame
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additional timing detectors needed < 1ns

Tracks in Pixel Detector
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Mu3e Time Timing Detector

Scintillating tiles Scintillating fibers

tiles (and fibres)

fibres

76André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017

→ background suppression factor of 100!



Scintillating Fibres

SiPM: Hamatsu S12571-050P (LHCb)

SiPM array

1 x 1 mm2, 50 µm pitch

MuTRig readout chip (KIPHeidelberg)

time resolution 50 ps  

32 channels

bandwidth 1.25 Gbit/s

chip received in January 2017

round

Two types of scintillating 250µm fibres studied:

round (Kuraray SCSF-81M)

squared (Saint Gobain BC 418)  
(coated withAl)

Single fibre time resolutions

squared
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Scintillating Fibre Test Beams

Requirements  
and expectations  
fulfilled
in test beams!

eff. ~ 98%

78André Schöning, Heidelberg (PI) CERN Detector Seminar, March 31, 2017

time resolution #electrons

OR condition > 0.5 Nphe



Scintillating Tile Detector

56 x 56 tiles (6.5 x 6.5 x 5.0 mm3)

3 x 3 mm2  single SiPM

timing resolution of ≤ 100 ps 

mixed mode ASIC (MuTRig)
design sketch
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Mu3e Readout Concept

FPGA based  
switching network

no trigger!

Filter Farm:

Online track reconstruction using fast algorithm → arXiv:1606.04990
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Mu3e Mass Plot

(upper limit)
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10-12

10-13

10-14

10-15



Sensitivity versus Time
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Mu3e Collaboration

University of Geneva (CH)  

University Heidelberg (D)

Karlsruhe Institute of Technology (D)  

University Mainz (D)

Paul Scherrer Institute (CH)  

ETH Zurich (CH)

University Zurich (CH)

Several UK institutes interested to join  

Bristol

Liverpool  

Oxford

UC London
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Mu3e Magnet

35 tons

● First tendering process in 2015 → Danfysik (Denmark)

● Contract canceled in January 2017

● New tendering process is about to start

● Earliest possible delivery of magnet end of 2019

B=1 Tesla

homogeneous  
field

~3m
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Mu3e Experimental Status

Detector construction will start end of 2017

Commissioning of the two inner HV-MAPS pixel layers  
in 2018

Construction of outer pixel layers in 2019  

Timing detectors ready in 2019

First physics results in 2020/21
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THANK YOU 

for patience !!!



BACKUP TRANSPARECIES





BR(𝜇𝐴𝑢 → 𝑒𝐴𝑢) < 7 ∗ 10−13at present (SINDRUM II)

future

J-PARK exp. DeeMe 𝐵𝑅~10−14

J-PARK exp. COMET, PRISM; FERMILB exp. Mu2e 𝐵𝑅~10−16
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Układ JANOSIK w cyklotronie warszawskim (SLCJ)





Fiber Active Scintillating Target  - FAST
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