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The Goal of the Mu3e Experiment

Current best limit on 𝜇+ → 𝑒+𝑒−𝑒+

BR𝒎𝒆𝒂𝒔< 𝟏𝟎−𝟏𝟐 (SINDRUM 1988)
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Current best limit on 𝜇+ → 𝑒+𝑒−𝑒+

BR𝒎𝒆𝒂𝒔< 𝟏𝟎−𝟏𝟐 (SINDRUM 1988)

The Mu3e experiment aims 
to find or exclude the 

lepton flavour violating 
decay 𝝁+ → 𝒆+𝒆−𝒆+

at branching fractions 
above 𝟏𝟎−𝟏𝟔

TDR available on arXiv

https://www.psi.ch/sites/default/files/import/mu3e/DocumentsEN/LOI_Mu3e_PSI.pdf
https://www.psi.ch/sites/default/files/import/mu3e/DocumentsEN/LOI_Mu3e_PSI.pdf
https://www.psi.ch/sites/default/files/import/mu3e/DocumentsEN/ResearchProposal.pdf
https://www.psi.ch/sites/default/files/import/mu3e/DocumentsEN/ResearchProposal.pdf
https://arxiv.org/pdf/2009.11690.pdf
https://arxiv.org/pdf/2009.11690.pdf
https://arxiv.org/pdf/2009.11690.pdf


Why to search for 𝜇+ → 𝑒+𝑒−𝑒+
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Tensions in Lepton Physics

Muon anomalous magnetic moment
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Calculated to fantastic precision
𝑎𝜇
𝑆𝑀 = (11659182.04 ± 3.56) × 10−10

𝑎𝜇
𝑒𝑥𝑝

= (11659209.1 ± 5.4 ± 3.3) × 10−10

And measured to fantastic precision! 

PhysRevD.97.114025

↕ > 𝟑𝝈Tension

𝑎𝜇 =
𝑔𝜇 − 2

2

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.114025
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.114025


Lepton Flavour Universality Violation?

Tensions in Lepton Physics
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B-meson decays that only 
differ in final lepton content

𝑅𝑋(∗) =
𝐵𝑅(𝐵 → 𝑋 ∗ 𝑙𝑙/𝑙𝜈)

𝐵𝑅(𝐵 → 𝑋 ∗ 𝑙′𝑙′/𝑙′𝜈′)

𝟐. 𝟓 − 𝟑𝝈 tension between 
measurements and SM predictions

https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

CERN-ESU-004

https://cds.cern.ch/record/2668514/files/LHCb-PAPER-2019-009.pdf

https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
http://cds.cern.ch/record/2691414
https://cds.cern.ch/record/2668514/files/LHCb-PAPER-2019-009.pdf


Lepton Flavour Symmetry in the SM

No right-handed neutrinos 
↕ 

Neutrinos are massless

Lepton flavor is an exact symmetry and
conserved in the Standard Model

… at least that’s what we thought in the early days of the SM

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 7



S. Abe et al. (The KamLAND Collaboration).
Phys. Rev. Lett. 100, 221803.

Q. R. Ahmad et al. (SNO Collaboration)
Phys. Rev. Lett. 87, 071301

But wait – Neutrinos mix!

Oscillations in reactor 
anti-neutrinos
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Solar neutrinos

Dissapearance of electron neutrinos

Zenith angle dependence in 

atmospheric neutrinos

Y. Fukuda et al. (Super-Kamiokande Collaboration)
Phys. Rev. Lett. 82, 2644

And since then: many more 

precise measurements!



Lepton Flavour Symmetry in the SM

No right-handed neutrinos?
↕ 

Neutrinos are not massless

Lepton flavor is not an exact symmetry and
not conserved in the Standard Model 
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Charged Lepton Flavour Violation
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Include neutrino mixing in the SM*

cLFV in general possible

BUT

Highly suppressed branching ratio

e.g. 𝜇+ → 𝑒+𝑒−𝑒+ BR = 𝒪(𝟏𝟎−𝟓𝟓)

Increased by many New Physics models!

* without specifying origin of neutrino mass
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Include neutrino mixing in the SM*
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Highly suppressed branching ratio

e.g. 𝜇+ → 𝑒+𝑒−𝑒+ BR = 𝒪(𝟏𝟎−𝟓𝟓)

Increased by many New Physics models!

* without specifying origin of neutrino mass



Tests of cLFV
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oMuons are a versatile probe for cLFV

oHigh intensity muon beams available 
around the world (PSI, J-PARC, Fermilab)

oSearch for 

oDeviations from SM expectations

o Forbidden or extremely 
suppressed phenomena

Also at colliders (LHC, Belle II)

o LVF decays of Higgs

o Leptoquark searches

o LVF decays of B-mesons 
𝐵0 → 𝑒±𝜇∓, 𝐵𝑠

0 → 𝑒±𝜇∓

o LFV decays of 𝜏
𝜏 → 3𝑙, 𝜏 → 𝜇𝛾



Golden Muon Decay Channels
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𝜇+ → 𝑒+𝛾

MEG (PSI)
BR < 4.2 × 10−13

𝜇−𝑁 → 𝑒−𝑁

SINDRUM II (PSI)
BR < 7 × 10−13(Au)

𝜇+ → 𝑒+𝑒−𝑒+

SINDRUM (PSI)
BR < 1× 10−12



Timeline of Muon cLFV Searches
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CERN-ESU-004

http://cds.cern.ch/record/2691414


Senstivity of Muon cLFV Searches

oExtremely high mass scales

oModel-independent 
effective Lagrangian

𝒪𝑎
6 encodes new particles 

with generic mass scale Λ
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CERN-ESU-004

http://cds.cern.ch/record/2691414


Complementarity
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A. Crivellin, S. Davidson, G. M. Pruna, and A. Signer. 
“Renormalisation-group improved analysis of μ → e processes 

in a systematic effective-field-theory approach”. 

JHEP05(2017), p. 117.DOI:10.1007/JHEP05(2017)117. 
arXiv:1702.03020 [hep-ph].

André de Gouvêa, Petr Vogel.
“Lepton flavor and number conservation, 

and physics beyond the standard model”.

Progress in Particle and Nuclear Physics, 71 (2013) 75-9.

𝜅
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o The 3 processes have different sensitivities
to scalar, vector, tensor, ... interactions

o New Physics may enter at tree or loop level

L. Calibbi, G. Signorelli, arXiv:1709.00294

Ana M. Teixeira, PoS(NuFact2019)016

https://arxiv.org/abs/1709.00294
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The Experimental Concept
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The Signal Decay
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Experimental Signature

o Common vertex

o Time coincident

o   𝑝 = 0

o  𝐸 = 𝑚𝜇

Muons are stopped before decay



Signal Modelling

o Important input for the design of 
the Mu3e experiment

oNeed high acceptance in all 
regions of phase space

oMinimum energy of few MeV, 
with large solid angle coverage!
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Parametrised Lagrangian by Kuno and Okada

Acceptance for different types of interaction

depending on the transverse momentum threshold

https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.73.151


Main Sources of Background
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Radiative SM decay
+ photon conversion 

𝜇+ → 𝑒+𝑒−𝑒+𝜈  𝜈

Combinatorial
background

Experimental Signature
o No common vertex
o Not time coincident
o   𝑝 ≠ 0
o  𝐸 ≠ 𝑚𝜇

Experimental Signature
o Common vertex
o Time coincident
o   𝑝 ≠ 0
o  𝐸 ≠ 𝑚𝜇



Momentum Resolution Requirement
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o Distinguish signal and background: missing momentum

o Requires excellent average momentum resolution 𝜎𝑝 < 1.0 MeV/c

Phase I: Single event 

sensitivity of 2 × 10−15



Momentum Measurement

oStopped muons 

→ low momentum 𝒆−𝒆+

oMomentum resolution limited by

multiple scattering  𝜎𝑝 𝑝 ∝  𝜃𝑀𝑆 Ω

oAdvantageous

o Large lever arm Ω

o Low multiple scattering 𝜃𝑀𝑆

Material budget≤ 1‰𝑿𝟎 per layer
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Enhancing Momentum Measurement

oAllow particles to recurl into the detector

oMultiple scattering uncertainty cancels

to first order for a half-turn
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Inside 1 T magnetic field



Detector Simulation and Performance

oGeant4 based detector simulation

o Track reconstruction relying on 
MS-fit (triplet fit arXiv:1606.04990)
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Ratio of reconstructed long

vs short tracks

Time information used

for charge assignment

Long Tracks (6 hits, recurlers)Short Tracks (4 hits)

https://arxiv.org/abs/1606.04990


Expected Sensitivity Mu3e Phase I
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Experimental Infrastructure
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Experimental Area @ PSI
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Muon Beam @ PSI

o Most intense DC muon beam 

available at Paul-Scherrer-Institut 

o Phase I: 𝒪 108 𝑠−1

o Compact Muon Beamline

o Single event sensitivity goal: 2 × 10−15

o Phase II: 𝒪 109 𝑠−1

o High Intensity Muon Beamline 

o Under investigation

o Sensitivity goal: 𝒪(10−16)
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Expected beam spot profile at the Mu3e 

target position

Commissioned CMBL in place @ PSI



The Mu3e Solenoid

o Produced by Cryogenic Ltd. and 

delivered to PSI in July 2020

o Nominal magnetic field for experiment 

1.0 Tesla (range 0.5 – 2.0 Tesla)

o Very homogeneous magnetic field

∆𝐵

𝐵
< 10−3

o November 2020: 

successully ramped up at PSI to 1 Tesla
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The Pixel Tracking Detector
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The Mu3e Pixel Sensors – MuPix
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oHigh-Voltage Monolithic Active Pixel Sensors

oProduced in 180 nm HV-CMOS technology

o Fast charge collection via drift

o Fully integrated digital readout

oCan be thinned to 50 μm ~ 0.5 ‰ 𝑋0

Mu3e requirements

Efficiency ≥ 99 %

Time resolution ≤ 20 ns

MuPix 8

2
0

 m
m

10 mm

MuPix 10

I.Perić, NIM A 582 (2007) 876



o Extensive lab + test beam characterization:
Efficiency, timing, rate capability, irradiation, ...

o Fullfils Mu3e requirements

Selected MuPix8 Results
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MuPix 8 beam telescope

* L.Huth. “A High Rate Testbeam Data Acquisition System and Characterization of High Voltage monolithic Active Pixel Sensors”. PhD Thesis, Heidelberg University
** J. Hammerich. “Analog Characterization and Time Resolution of a large scale HV-MAPS Prototype”. Master Thesis, Heidelberg University

Efficiency/Noise map

ε > 99.6 %

*

Single pixel time resolution

obtained with Sr-90 source

Full chip σ = 6.5 ns 

**



Building the Pixel Tracking Detector
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The Vertex Detector
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V-channels for

mechanical support

(outer layers only)



High Density Interconnect

o Produced by LTU Ltd.

o Thin foils: 14 μm Aluminium per layer

o Dielectric spacing: polyimide foils

o SpTAB technology: Single point 

Tape Automated Bonding
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Aluminium

Polyimide

MuPix

Glue

Via Sensor bond

Material budget
45 μm Polyimide

+ 28 μmAluminium
+ 10 μm Glue

~ 0.5‰𝑋0Successfully operated a MuPix8 over an HDI



Material Budget of Selected Pixel Detectors
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Experiment Material budget per layer

ATLAS IBL 1.9 % 𝑋0

CMS (current) ~ 2.0 % 𝑋0

CMS (upgrade) ~ 1.1 % 𝑋0

ALICE (current)* 1.1 % 𝑋0

ALICE (upgrade)* 0.3 % 𝑋0

STAR 0.4 % 𝑋0

BELLE II 0.2 % 𝑋0

Mu3e 0.1 %𝑿𝟎

* arXiv:1211.4494v1

‡
ATL-INDET-PROC-2015-001

†
CERN-LHCC-2012-016 ; CMS-TDR-11

‡

†

†

⋄

△

⋄
talk by G. Contin at PIXEL 2016 

△
talk by C. Koffmane at PIXEL 2016 



Pixel Tracker Cooling with Helium

oCooling of sensors required (max surface power density 400 mW/cm2)

oAs little material as possible

oGaseous Helium: low density, reasonable cooling capabilities
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M. Deflorin. “Helium cooling of Silicon Pixel Detector for Mu3e Experiment”. Master Thesis, University of Applied Sciences and Arts Northwestern Switzerland



Development of Tooling
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Robotic gantry for 

placement of MuPix chips 

on vacuum jig Glue dispensing robot

Tool for gluing of 

v-channels

Inner layer 

assembly tool
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Mockup of layer 1 and 2

Thermo-Mechanical Mockup

oValidate mechanical and electrical concept

o Test and optimize the cooling system

oCompare CFD simulations with 
measurements
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Simulation Measurement

M. Deflorin. “Helium cooling of Silicon Pixel Detector for Mu3e Experiment”. Master Thesis, University of Applied Sciences and Arts Northwestern Switzerland



The Timing Detectors
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Common Readout ASIC – MuTRiG

oBoth timing detectors use 
silicon photomultipliers 

oCustom designed SiPM 
readout ASIC: MuTRiG

o32-channels

o50 ps Time-to-digital converter
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Fibre Detector 

oPrecise timing suppresses 
combinatorial background

o12 fibre ribbons 
o 30 cm long

o 3 staggered layers of 250 μm thin fibres

o Material budget< 2‰ 𝑋0

o128 channel SiPM column arrays
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SiPM column array

Fibre ribbon prototype



Tile Detector

oScintillating tiles 6 × 6 × 5 mm3

oPrototype modules produced

oRequired time resolution < 100 ps

oMeasured single channel 
𝜎𝑡 = 45 ± 4 𝑝𝑠
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Tile submodule prototype



The Readout System
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The Mu3e Readout Concept
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Electrical

links

Optical

links

Optical

links

o Trigger-less, streaming readout
o Zero-suppression
o Online event selection based 

on track reconstruction



The Mu3e Readout Concept
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The Front-end Board
o Sorts hits by timestamps
o Distributes clock and reset to ASICs
o Custom designed board

Electrical

links

Optical

links

Optical

links



The Mu3e Readout Concept
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The Switching Board
o Collects data of several 

front-end boards
o Merges into single data stream
o PCIe40 board (LHCb)

Electrical

links

Optical

links

Optical

links

The GPU Filter Farm
o Online track reconstruction and 

event selection
o Large Arria10 FPGA card
o High-end commercial GPU

o Triplet fit (arXiv:1606.04990)
o Vertex fit



And what’s beyond Phase I?
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Mu3e Phase II

o For the ultimate sensitivity goal for BR ≤ 1 × 10−16

a muon rate of 2 × 109 𝑠−1 is required (HIMB for Phase II >2025)

oAdapt detector geometry

o Fully exploit HV-MAPS time resolution 𝒪(1 ns) 

o Investigate reduction of material by applying wafer-scale technologies
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Potential other Physics Searches

oResonance searches in 
𝜇+ → 𝑒+𝐴′(𝑒−𝑒+)𝜈 𝜈
o Light dark photons

o Kinetic mixing

o Not background free

o LFV two-body decays
o 𝜇+ → 𝑒+𝑋

o Monoenergetic 𝑒+
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arXiv:1812.00741

https://arxiv.org/abs/1812.00741


Summary and Outlook
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oObservation of cLFV would be 

a clear sign for New Physics!

o The Mu3e experiment will push the 

limits in the channel  𝜇+ → 𝑒+𝑒−𝑒+

oMechanical design including services available

o TDR submitted, available on arXiv

oMagnet delievered to PSI and first ramp up successful

o In preparation of a detector integration run 

in first half of 2021

https://arxiv.org/pdf/2009.11690.pdf


Mu3e Collaboration
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Bristol

Liverpool

Oxford

UC London

University of Geneva

Paul Scherrer Institute

ETH Zürich

University Zürich

University Heidelberg (PI + KIP)

Karlsruhe Institute of Technology

University Mainz

About 60 members from 12 institutes



Backup
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Tensions in Lepton Physics

Muon anomalous magnetic moment
=

difference from spin-1/2 expectation 
due to higher order corrections
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 𝜇 = 𝑔
𝑒

2𝑚
 𝑠

𝑎𝜇 =
𝑔𝜇 − 2

2

𝑔𝜇 = 2

for spin-1/2

first order QED

(Schwinger)

Vacuum polarization

higher order QED

Hadronic

light-by-light scattering and

vacuum polarization

Electroweak 

Calculated to fantastic precision
𝑎𝜇
𝑆𝑀 = (11659182.04 ± 3.56) × 10−10

PhysRevD.97.114025

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.114025
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.114025


SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 60

Stopping target prototype

Simulation of stopping power of target

Inside 1 T magnetic field

Mylar target

Front 70 µm

Back 80 µm

Length 100 mm

Radius 19 mm



Simulation: reconstructed muon mass
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Simulation: Efficiencies
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MuPix8 Readout Architecture I

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 63

Amplification Digitization Zero-suppression



MuPix8 Readout Architecture II

o Hits are tagged with an on-chip timestamp

o Position priority based readout:

Hit chronology not strictly conserved

o Trigger-less, continuous readout

o Serial data outputs @ 1.25 Gb/s
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Clock and Reset Distribution

oPhase stability requirement < 100 ps
o Precise timing measurements

o Synchronize all detectors

oCustom designed optical clock 
distribution system ready
o Master clock generation

o Electrical fanout to 288 optical copies

o Connects to front-end boards
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