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• Introduction

• Muon Beams

• Detector

• Integration and Cosmic Runs

• Outlook

(Mu3e ≡ µ+ → e+e−e+)



P. Kunze, Z Phys 83,1 (1933)(first - unidentified - muon track image in Wilson cloud chamber)
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Flavor Physics
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• The Standard Model of particle physics is given by
. Lagrangian and its symmetries SU(3)C⊗SU(2)L⊗U(1)Y → ‘Gauge physics’

. Pattern for spontaneous symmetry breaking → ‘Higgs physics’

. Elementary particles → ‘Flavor physics’

• Flavor physics of leptons and quarks
. 1937 discovery of muon lepton (Anderson, Neddermeyer . . . )
• 1956 discovery of (electron anti-) neutrino (Cowan, Reines)
• 1975 discovery of tau lepton (Perl)

. 1947 discovery of ‘strangeness’ (Rochester, Butler . . . Pais)
strong production, weak decays (interpretation in hindsight)

→ more than one generation

• Immediate questions
. why? (‘who ordered that?’, I. Rabi)
. interactions between generations?

decays
oscillations

. implications?
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Charged lepton flavor violation (CLFV)
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b→ sµµ

B0
s → µ+µ−• Flavor changing neutral currents (FCNC)

. forbidden in SM at tree level
allowed in charged current loop effects

. ‘effective’ FCNC well established in SM (and ?)
e.g. Penguin decays
oscillations of neutral mesons and neutrinos

• But not at all for charged leptons!
. CLFV = charged lepton decay violating lepton-flavor number

NO CLFV decay observed, ever!
• Why?? SM can do this (as for quarks)?!

. Yes! But mν � mW

BSM(µ
+ → e

+
e
−
e
+
) ≈ 10

−55

Note: In SM with massless neutrinos, individual lepton-flavor numbers are conserved (such a basis can be chosen)

• ‘New’ physics?
. sure, anything can be made to work
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For example . . .
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Handles on CLFV
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Fig. 3. Sensitivity of a µ ! eee experiment that is sensitive to branching ratios 10�14 and 10�16, and of a µ ! e� search that is sensitive to a branching
ratio of 10�13 and 10�14, to the new physics scale⇤ as a function of  , as defined in Eq. (3). Also depicted is the currently excluded region of this parameter
space.

A model independent comparison between the reach of µ ! eee and µ ! e conversion in nuclei is a lot less
straightforward. If the new physics is such that the dipole-type operator is dominant ( ⌧ 1 in Figs. 2 and 3), it is easy
to see that near-future prospects for µ ! e conversion searches are comparable to those for µ ! eee, assuming both can
reach the 10�16 level. µ ! e conversion searches will ultimately dominate, assuming these can reach beyond 10�17, and
assuming µ ! eee searches ‘‘saturate’’ at the 10�16 level. Under all other theoretical circumstances, keeping in mind that
 and ⇤ in Eqs. (2) and (3) are not the same, it is impossible to unambiguously compare the two CLFV probes.

The discussions above also serve to illustrate another ‘‘feature’’ of searches for CLFV violation. In the case of a positive
signal, the amount of information regarding the new physics is limited. For example, a positive signal in aµ ! e conversion
experiment does not allow one to measure either ⇤ or  but only a function of the two. In order to learn more about the
new physics, one needs to combine information involving the rate of a particular CLFV processwith other observables. These
include other CLFV observables (e.g., a positive signal in µ ! e� and µ ! eeewould allow one to measure both  and ⇤ if
Eq. (3) describes CLFV), studies of electromagnetic properties of charged leptons (g � 2, electric dipole moments), precision
studies of neutrino processes (including oscillations), and, of course, ‘‘direct’’ searches for new, heavy degrees of freedom
(Tevatron, LHC). Valuable information, including the nature and chirality of the effective operators that mediate CLFV, can
be obtained by observing µ ! e conversion in different nuclei [14,29,30] or by studying the kinematical distribution of the
final-state electrons in µ ! eee (see [14] and references therein).

Beforemoving on to specific new physics scenarios, it is illustrative to compare, asmodel-independently as possible, new
physics that mediates CLFV and the new physics that may have manifested itself in precision measurements of the muon
anomalous magnetic moment. In a nutshell, the world’s most precise measurement of the g � 2 of the muon disagrees
with the world’s best Standard Model estimate for this observable at the 3.6� level (for an updated overview see [1], and
references therein). New, heavy physics contributions to themuon g �2 are captured by the following effective Lagrangian:

Lg�2 � mµ

⇤2 µ̄R�µ⌫µLFµ⌫ + h.c. (4)

Current g � 2 data point to ⇤ ⇠ 8 TeV. Eq. (4), however, is very similar to Eqs. (2) and (3) in the limit  ⌧ 1, keeping in
mind that ⇤ in Eq. (4) need not represent the same quantity as ⇤ in Eqs. (2) and (3) in the limit  ⌧ 1.

We can relate ⇤ in Eq. (4) to that in Eqs. (2) and (3) in the following suggestive way: (⇤CLFV)
�2 = ✓eµ(⇤g�2)

�2. Here the
parameter ✓eµ measures how flavor-conserving is the new physics. For example, if ✓eµ = 0, the new physics is strictly flavor
conserving, while if the new physics is flavor-indifferent, ✓eµ ⇠ 1. In the latter case, negative searches for µ ! e� already

2208.00020
PPNP,71,75

• ‘Golden’ (muon) modes
. µ+ → e+γ

established µ+ 6= e+∗

hints towards νµ

. µ+ → e+e−e+

more observables (3-body decay)

. µ−N → e−N
no ‘accidental’ background

⇒ Connections between modes
model-dependent
(Symmetry Protected Type-I Seesaw)

effective Lagrangians
(mass scale Λ and operator strength ratio κ)

• ‘Other’ (?) modes
. Rare meson decays, e.g., K0

L → µ±e∓, B0 → e±µ∓

. Rare Z decays, e.g., Z → e±µ∓

. Muonium anti-muonium oscillations
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CLFV in muon decays

CLFV searches with muons: Status and prospects

15

• In the near future impressive sensitivities via the so called “golden” muon channels 
• Strong complementarities among channels: The only way to reveal the mechanism responsible for cLFV   
• Probing energy scale otherwise unreachable at the energy frontiers 
• Note: τ ideal probe for NP w. r. t. μ (Smaller GIM suppression, stronger coupling, many decays). μ most sensitive probe due to huge 

statistics (= muon campus)
µ ! e�

µN ! eN 0

Current upper limit Future sensitivity

µ ! eee
4.2 x 10-13 ~ 6 x 10-14

1.0 x 10-12 ~1.0 x 10-16

7.0 x 10-13 few x 10-17

Cosmic rays

Stopped !

" Beams

de Gouvea and Vogel 
hep-ph:1303.4097

µ
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e�
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 Energy frontier 

 Precision and 
intensity frontier

E > 1000 TeV

Probe energy scale 
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A.
Pa
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(?
)

• Why muon decays?
. muons available at very high-rate beam facilities
. relatively clean experimental environments
. calculable

• Progress technology driven
. cosmic muons
. stopped pions
. muon beams

⇒ Worldwide effort to go beyond
→ with all 3 modes!

Note: also searches for CLFV
in τ decays, e.g. Belle(-2),
and other experiments
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Not (quite) the same: LFUV
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My expectation: CLFV quest will surviveB-anomalies excitement

• Lepton flavor universality violation. Hot since 2012, ‘B-anomalies’

• Comparison of semileptonic B → D∗ decays with τ and ` = e/µ

R(D
(∗)

) =
B(B → D(∗)τντ)

B(B → D(∗)`ν`)

(convergence towards the SM :-)

• B → K(∗)µ+µ− vs. B → K(∗)e+e−

dilepton inv. mass (squared) 1.1 < q2 < 6GeV2

RK =
B(B → Kµ+µ−)

B(B → J/ψµ+µ−)

/ B(B → Ke+e−)

B(B → J/ψe+e−)

= 0.846
+0.042
−0.039(stat)

+0.013
−0.012(syst)

(exactly the same central value as in previous iteration)
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Muon beams
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Muon beams? Muon beams!
• Many communities interested in muons

. particle physicists

. condensed matter, . . .

⇒ Very large number of facilities
→ fast and efficient accelerator R&D

• Beam structure
. pulsed beams

non-coincidence/delayed signatures
p synchrotons (J-PARC, FNAL, RAL)
storage ring
up to 1011µ+/ s

. DC for coincidence signatures
p cyclotrons, PSI, TRIUMF, MuSIC
smaller rates
up to 108 − 1010µ+/ s
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Muon production I

83

Figure 5.8: The momentum spectrum of positively charged particles produced in Tar-
get E, 150 mm downstream in the direction of the ⇡E5 channel.

Figure 5.9: The momentum spectrum of negatively charged particles produced in
Target E, 150 mm downstream in the direction of the ⇡E5 channel.

Eaton, Kilcoyne (1997)
Thesis Z. Hodge (2018)

(positive particles at Tgt-E)

• Proton-nucleon interactions
. pN → pNπ, π ∈ {π+, π−, π0}
. Ep > 280MeV: single pion production
. Ep > 600MeV: double pion production
. In ‘backward‘ production

N(π+)/N(π−) ≈ 4/1

• Pions decay (to muons)
. τπ = 26 ns, cτ = 7.8m

• Muon production
. cloud (decay) muons pµ > 30MeV
. surface muons pµ ≈ 29.79MeV
. sub-surface muons pµ < 26MeV

• Positron contamination
. from µ+ decays (τµ = 2.197µs, cτ = 658.6m)

‘Michel decays’

. from π0 decays (photon conversion or Dalitz decays)

Urs Langenegger The Mu3e experiment (UZH, 2022/09/26) 11



Muon Production II

39

Figure 4.3: A drawing of pion and muon production inside or outside the target volume.
Pions either decay outside the target volume leading to cloud muons, or are captured
in a decay channel to produce decay muons. The thin green section along the surface
represents the volume from which surface muons originate from the stopped pions.

• Cloud muons
. pion decay in flight, close to production target (spread out)
. wide momentum range possible
. both charges

• Surface muons
. π+ stop and decay close to surface
. small source→ precise beam optics
. only positive muons (π− form pionic atoms, undergo nuclear capture)

• Decay of positive pions at rest
. With ~pπ+ = 0,mνµ = 0, ~pνµ = −~pµ+

mπ+ =
√
~p2
µ+ +m2

µ+ +
√
~p2νµ +m2

νµ

→ |~pµ+| =
m2
π+ −m2

µ+

2mπ+

|~pµ+| = 29.79MeV
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PSI π/µ beams
• HIPA (High-intensity proton accelerator facility)

. time structure of cyclotron RF 20 ns

. Power
P = U × I

= 590MeV× 2.2mA

= 1.3MW

. two targets
• M (‘mince’) 5mm
• E (‘epaisse’) 40mm

• πE5 beamline
. particle physics
• SINDRUM, SINDRUM II
• MEG, MEG-2
• Mu3e

• Beamlines for Mu3e
. CMBL for phase-1
. HiMB for phase-2 (to be approved)
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Compact muon beamline in πE5
• Beam tuning 2022

. measured rate inside Mu3e solenoid: 7.5× 107µ+/ s (at Ip = 2.4mA)

. limitations by end windows under investigation
→ already close to phase-1 rate assumptions in TDR
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The end of the muon beam

(cf. CMS: 14000 t)

• Solenoidal magnet
. d = 1m, ` = 2.7m, B = 1T, w = 31 t

• Hollow double cone mylar target
. 100µm thickness
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outer pixel layers

muon beam
target

inner pixel layers

recurl pixel
layers

recurl pixel
layers

scintillating 
fibres

Scintillating
tiles

Detector concept and realization

Very large number of positive stopped muons
. sensitivity to very small branching fractions
. negative muons interact with nuclei (different physics)
. stopped to build detector around it→ range ∼ p3.5 → minimize straggling
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Mu3e Signal and Background

e+
e+

e-
μ+

e+
e+

e-
μ+

e+ e+

e-

• µ+→ e+e−e+ signal decay requirements
. large acceptance (3 tracks)
. charge identification (e+,e−)
. excellent vertexing (singular decay point)
. excellent timing (singular decay time)
. excellent momentum resolution (invariant mass)
→ ultra-low material thickness

• Background sources
. Internal conversion µ+ → e+ν̄µνeγ

∗(e+e−)
• missing momentum/energy from 2 neutrinos

. Accidental background
• e+ from µ+ ‘Michel’ decays (many)
• e− from Bhabha scattering (e+e− → e+e−)
• e+e− from internal conversion
• e− from Compton scattering (γe− → γe−)

• Maximum final state track momentum 53MeV
→ multiple scattering regime
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Mu3e Tracking Concept

Particle track Detector layer

Detector
resolution

Multiple
scattering
uncertainty

Ω

MS

θMS

B

Ω ~ π

MS

θ
MS

B

• Multiple scattering regime
. minimize material traversed by charged particles
. pixel size not limiting factor

• Optimize places of hit measurements
. minimum number of pixel layers
. With B = 1T field and track curvature Ω

σp

p
∼ θms

Ω

→ large lever arm
• large radii
• measure curling tracks

(p < 53MeV)

. B = 1T→pTmin ≈ 12MeV
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Mu3e Detector Overview

scintillator
fibers

tiles

ca 110cm

Recurl station
(downstream)

Recurl station
(upstream)

recurl
pixel layers

outer
pixel layers

inner
pixel layers

recurl
pixel layersscintillator tiles

target

Target

Inner pixel layers

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

10 cm

(magnet not shown)
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Pixel Chip and Tracker
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• Ultra-thin light-weight tracker with custom HV-MAPS MuPix
. high-voltage monolithic active pixel sensors
. thinnable to 50µm
. 2 cm× 2 cm large sensor
. 256× 250 pixels (80µm× 80µm)→ 64000 pixels
. sensor and readout in one chip (‘monolithic’)

• Tracker with
. 2 vertex and 3× 2 outer layers
. 2844 MuPix chips→ 182MPix
. gaseous He cooling
→ ca 0.1%X0/layer
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MuPix11 and (vertex) tracker assembly

21.09.2022 Update on MuPix11 11

MuPix11 - Testbeam
● 3 days of beam time

● 350 MeV beam

● Time reference measurement

● Replaced one layer with MuPix11
→ MuPix11 in a MuPix10 
telescope
→ not full speed readout

● Analysis with Corryvreckan
→Integration successful

● MuPix11

Mu3e collaboration meeting Thomas Rudzki, 21.09.2022

Time schedule

20

Oct Nov Dec Jan Feb Mar Apr May Jun

Module 
pre-production

Establish Chip 
QC

Finalize flex & 
DAB design + 

order

Pre-production ladder 
+ module QC

Ladder production

Module production

Infrastructure 
installation

barrel 
instal-
lation

Ladder pre-production

Pre-production 
modules available

pre-production
modules final modules

• ‘Final’ MuPix version
. fixes for
• configuration (register resets)
• r/o speed limitations
• severe voltage drops

. Jan 2022: Submission to TSI

. Aug 2022: Received in Heidelberg
50µm, 100µm, unthinned

. Aug 2022: Testbeams (350MeV) at PSI

⇒ Initial results look very good
. all previous issues fixed

• Vertex tracker assembly
. ladder
. module (‘half-shell’)
. detector
→ much of it at PSI
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Scintillating Fiber Detector

core           359 ps
base           811 ps

Ncore/Nbase    10.54

fwhm/2.35 366ps

4 2 0 2 4
tleft tright [ns]

• 12 ribbons with three(!) layers of fibers
. fibers with d = 250µm, ` = 300mm, < 0.2%X0

. 128 fibers/layer, 2 ribbons/module
(Kuraray double-clad SCSF-78MJ)

• Readout with custom MuTRIG

⇒ Time resolution ≈ 400ps
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Scintillating Tile Detector
h_clustersize_tiles

Entries    2.867133e+07
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• 2 recurl stations (` = 34.2 cm)
. 14 modules with 52× 8 tiles
. each tile with SiPM
. SiPM readout with MuTRIG

⇒ Time resolution ≈ 30ps (expected)
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MuTrig

Timing Threshold

Energy Threshold

Timing Trigger

Energy Trigger

XOR Output
Time

Energy

Coarse Counter
622 MHz

Fine Counter
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Hysteresis

• MuTRIG = Muon Timing Resolver Including Gigabit-link
. no relation to ‘trigger’!
. based on STiCv3.1 chip (KIP, Heidelberg), with much improved r/o speed
. MuTRIG3 under validation

• Characteristics
. 32 channel SiPM r/o
. single 1.15Gb/sec data link
. differential analog front-end
. 50ps binning TDC
. 30 ns recovery time after hit

(per channel)
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Trigger

nothing

(would have to trigger on complete signal topology, vertex’ed three-prong with mass requirements)
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Data Acquisition

2844 Pixel Sensors

up to 45 
1.25 Gbit/s links

FPGA FPGA FPGA

...

88 FPGAs

One 6 Gbit/s
link each

GPU
PC

GPU
PC

GPU
PC12 PCs

2-8 10 Gbit/s
links per 

16 Inputs
each

 3072 Fibre Readout Channels

FPGA FPGA

...

12 FPGAs

 5824 Tiles

FPGA FPGA

...

14 FPGAs

Data
Collection

Server

Mass
Storage

Gbit Ethernet

Switching
Board

Switching
Board

Front-end
(inside m

agnet)

Switching 
Board

Switching
Board

Switching
Board

• Mu3e is a triggerless detector
. ASICS send continuous stream of zero-suppressed data to DAQ

. 1010 hits/s→ GPU filter farm

. collect ‘frames’ (time slices of 64 ns)

. online reco/selection with GPU

. 100MB/sec to disk (100× reduction)
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Reconstruction

"Motivation"

A lot of data from detector:
• 108µ/s stop and decay on target

≈ same number of electrons
• O(1010) pixel hits/s

+ fibre & tile hits

Need reconstruction:
• Fast (online tracking @ filter farm)
• → fast fit
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• Tracking
. triplet extended to short tracks (S4)

triplet fake rate 100%, S4 fake rate 1%
• S4 efficiency ≈ 95%

. short tracks extended to long tracks (S6, S8)
• S6,8 efficiency ≈ 80%

• Timing
. extrapolated tracks→ hit
→ flight direction (charge)
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Integration and Cosmic Runs
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Integration Run 2021

Mu3e detector construction & commissioning

25

Demonstrator vertex & SciFi detector: 2021 and 2020 commissioning runs

25
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Muons on target 
● In the magnet
● With operational vertex detector 
● Front-end board RO
● Helium coolingt

6 MuPiX chip L1 ladders

Scintillator paddles for 
diagnostics with cosmic muons

Front-end boards on 
detector cage

Mu3e counting house
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Demonstrator vertex & SciFi detector: 2021 and 2020 commissioning runs
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detector cage

Mu3e counting house
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27

Demonstrator vertex & SciFi detector: 2021 and 2020 commissioning runs
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Cosmic track
Pixel-SciFi coincidences

First beam on target, first recurl positrons detected in magnetSynch SciFi and Pixel detector, QC test, Cosmic tracks 
detection, DAQ integration

Strong correlation between layer 0 & 1
fuzziness because of recurlers

No field

Mu3e detector construction & commissioning
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Demonstrator vertex & SciFi detector: 2021 and 2020 commissioning runs

27

Cosmic track
Pixel-SciFi coincidences

First beam on target, first recurl positrons detected in magnetSynch SciFi and Pixel detector, QC test, Cosmic tracks 
detection, DAQ integration

Strong correlation between layer 0 & 1
fuzziness because of recurlers

No field

• Detector setup
. 2-layer vertex detector prototype
• MuPix10
• PCB instead of HDI

. 2 scintillator fiber ribbons

. magnet

• Services
. He cooling
. Cage
. πE5 beam

• ‘Results’
. correlations among tracker layers
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Cosmic Run 2022

Mu3e detector construction & commissioning

27

Demonstrator vertex & SciFi detector: 2021 and 2020 commissioning runs

27

Cosmic track
Pixel-SciFi coincidences

First beam on target, first recurl positrons detected in magnetSynch SciFi and Pixel detector, QC test, Cosmic tracks 
detection, DAQ integration

Strong correlation between layer 0 & 1
fuzziness because of recurlers

No fieldMu3e detector construction & commissioning
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25
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● Front-end board RO
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6 MuPiX chip L1 ladders

Scintillator paddles for 
diagnostics with cosmic muons

Front-end boards on 
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Mu3e counting house
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Demonstrator vertex & SciFi detector: 2021 and 2020 commissioning runs

27

Cosmic track
Pixel-SciFi coincidences

First beam on target, first recurl positrons detected in magnetSynch SciFi and Pixel detector, QC test, Cosmic tracks 
detection, DAQ integration

Strong correlation between layer 0 & 1
fuzziness because of recurlers

No field

• Detector setup similar to 2021
. no magnet
. 1 scintillator fiber ribbon

• ‘Results’
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Cosmic track :-)

Mu3e detector construction & commissioning

27

Demonstrator vertex & SciFi detector: 2021 and 2020 commissioning runs

27

Cosmic track
Pixel-SciFi coincidences

First beam on target, first recurl positrons detected in magnetSynch SciFi and Pixel detector, QC test, Cosmic tracks 
detection, DAQ integration

Strong correlation between layer 0 & 1
fuzziness because of recurlers

No field

Mu3e detector construction & commissioning

27

Demonstrator vertex & SciFi detector: 2021 and 2020 commissioning runs

27

Cosmic track
Pixel-SciFi coincidences

First beam on target, first recurl positrons detected in magnetSynch SciFi and Pixel detector, QC test, Cosmic tracks 
detection, DAQ integration

Strong correlation between layer 0 & 1
fuzziness because of recurlers

No field

• Quasi-online event display

⇒ Online and offline software (mostly) working!
. next challenge: calibrations and alignment
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Outlook
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Analysis
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• Signal selection handles
. one µ+ decay

charge correlation e+e−e+

m(e+e−e+) ≈ m+
µ

good vertex on target surface

. decay at rest |Σi~pi| < 4MeV

• Background rejection
. me+e−,low 6∈ [5, 10]MeV (→ Bhabha)

p
e+

ini + p
e−
ini = p

e+

fin + p
e−
fin (p0 ≡ 〈|~p|〉)

→ m
2
fin ≈ 2 p

e+

ini p
e−
ini = 2 (p0, ~p0) (me, 0)

→ mfin =
√

2mep0 ≈ 7MeV
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Sensitivity Expectations
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• ‘Without background’
. single event sensitivity

SES ≡ 1

ε× R× t

with rate R and measurement time t,
i.e. Ntot = R× t

. For Mu3e
• R ≈ 108µ+/ s
• efficiency ε ∼ ε3track
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Planning the Future for Phase-1 Mu3e

Mu3e Plan

17

2022 2023 2024 2025 2026 2027 2028 2029

Integration ShutdownDataEngineering 
on beam Data

Paper

Optimizations 
(GPU, Detectors)

Calibration & Analysis

• Goal: final full detectors by the end of 2023
. pixel
• Alu-Kapton flex (HDI)
• MuPix11

. timing detectors
• MuTRIG3
• r/o modules

. services
• DC-DC modules
• He cooling 2 g/ s→ 50 g/ s
• Water cooling for electronics < 0◦C

⇒ Build detector in staging area 2022/2023
Detector commissioning in 2024, physics run in 2025 (/2026)
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Conclusions
• Mu3e is a (b)leading-edge experiment to search for µ+→ e+e−e+

. PSI is the best place to do this with high-rate DC muon beams

• Extended detector development over the past decade
. HVMAPS MuPix pixel chip with

0.1X0/layer

. MuTRIG SiPM r/o chip
1.15Gb/sec data link
≈ 30ps time resolution

• Detector integration started with ‘vertical slices’
. Cosmic run 2021
. Integration run 2022

• Detector construction
. to be finished end of 2023

• Data taking
. commissioning in 2024
. physics running in 2025/2026

Urs Langenegger The Mu3e experiment (UZH, 2022/09/26) 36


