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Introduction

§ Signal decay

§ Backgrounds

§ Principle of momentum measurement

§ The detector

§ Sub-detector overviews

§ Integration runs



Slide 3Rencontres du Vietnam Ben Gayther - UCL

cLFV in SM

§ Possible in SM via neutrino mixing

§ Branching ratio ~ 10-54 ⟶ any observation is a sign of physics beyond the SM

§ Limiting factors:
§ Number of stopped muons
§ Background suppression
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Mu3e

§ Search for the rare cLFV decay 𝜇! → 𝑒!𝑒!𝑒"
§ Current limit: 𝐵𝑅 < 10!"# at 90% CL (SINDRUM I, 1988)

§ Kinematics:
§ Single vertex, three tracks coincident in time
§ Decay at rest ⟶∑𝑝$ = 𝑚%

§ Mu3e Phase I at existing beam line (𝜋𝐸5) at Paul 
Scherrer Institute (PSI)
§ Single event sensitivity ⟶ 2 , 10!"&
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Combinatorial backgrounds

o No common vertex
o No time coincidence
o Accidental combinations

→ Need good vertex/time resolutions and low material amount

o 𝑒' from Michel decays
o 𝑒! or 𝑒'𝑒! from:

o Bhabha scattering
o Mis-reconstruction
o Photon conversion
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Internal Conversion (IC) background
𝜇! → 𝑒!𝑒!𝑒"𝜐�̅�

o Common vertex
o Time coincidence
o Missing momentum from neutrinos
o BR ~ 10-5

→ Need excellent momentum resolution (𝜎# < 1.0 𝑀𝑒𝑉/𝑐)
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Figure 1.1: Feynman diagrams of the measured muon decay modes in the SM.

1.2.1 Signal topology in Mu3e

The decay µ! eee is expected to be instantaneous and hence originate from a single common
vertex. Additionally by energy and momentum conservation laws the total momentum should
equal the sum of the individual electron momenta cancelling out to zero and therefore the
total energy of the three electrons will sum to the muon rest mass.

k ~ptotk = k
3X

i=1

~pik = 0 (1.1)

Etot =
3X

i=1

Ei =mµ (1.2)

The momentum of the decay electrons ranges from the electron mass to half the muon mass
[6]. These kinematic expressions along with the timing coincidence and common vertex of the
three electrons will be employed to discriminate background and signal events.

1.2.2 Background topologies in Mu3e

There are two classes of backgrounds that can mimic signal decays in Mu3e, the first being
radiative muon decay with internal conversion (IC) and the second being accidental or combi-
natorial backgrounds. Internal conversion represents a dangerous topology closely mimicking
signal events, as it has a common vertex for three electrons and is coincident in time. How-
ever this can be discriminated from signal events by the missing energy carried away by the
neutrinos in the decay.

The other type of background is so called accidental backgrounds where electrons and positrons
emerging from Michel decays, IC and Bhabha scattering overlap with each other. For exam-
ple, a positron from a Michel decay coincident with an uncorrelated electron positron pair,
which can come from Bhabha scattering or IC, can mimic signal decays. Other sources which
can contribute to accidental backgrounds are misreconstructed tracks and incorrect charge as-
signments. These backgrounds will be suppressed by the kinematic properties of the signal
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Simulated Phase I Mass Reconstruction
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Measuring momentum

§ Challenge ⟶ low momentum electrons & positrons!

§ Resolution dominated by multiple scattering (MS)

§ Track curvature (Ω) and MS angle (Θ$%)

Ω

MS

θMS

B

𝜎#
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Particle track Detector layer
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Measuring momentum

§ Solution:
§ Minimise material amount, decreasing Θ()
§ Increase bending angle, Ω
§ (Include Θ() in track reconstruction)

50 MeV/c 25 MeV/c 12 MeV/c

B
→

33 cm

Ω ~ π

MS

θMS

B

𝜎& cancels to first order after half a turn
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Detector design

Targetμ Beam

108 ⁄𝜇 𝑠 at PSI 
(~28 MeV/c)

Decay at rest on thin Mylar target:
o Well defined decay vertices
o Spread out in Z 

Inside 1.0 T magnetic field
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Detector design

Target

Inner pixel layers

μ Beam

Close to target for vertexing

based on HV-MAPS technology ⟶ Ultra-thin 

Each pixel layer ~ 0.1 % radiation length (X0)
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Detector design

Target

Inner pixel layers

Outer pixel layers

μ Beam Outer layers improve 
momentum resolution
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Detector design

Target

Inner pixel layers

Scintillating fibres

Outer pixel layers

μ Beam
Thin timing detector
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Detector design

Target

Inner pixel layers

Scintillating fibres

Outer pixel layers

Recurl pixel layers

μ Beam

Recurl stations increase acceptance
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Detector design

Target

Inner pixel layers

Scintillating fibres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

Timing detectors in recurl stations too
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Detector design

Target

Inner pixel layers

Scintillating fibres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam~17 cm

~110 cm
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High Voltage – Monolithic Active Pixel Sensors

§ Sensor and readout fully integrated

§ Fast charge collection (via drift)

§ Last prototype MuPix10 meets requirements:
§ Thinned down to 50 µm
§ Active sensor size 2 cm x 2 cm
§ 𝜎* a few ns

P-substrate

N-well

Particle

E field

(I.Perić,NIM A 582 (2007) 876)
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Scintillating Fibres (SciFi)

§ Need timing to supress combinatorial backgrounds

§ Each ribbon → three layers of staggered fibres
§ 250 µm fibre diameter
§ < 0.2 % X0

§ Silicon photomultiplier (SiPM) arrays detect light at 
both ends of ribbon

§ 𝜎* a few hundred ps
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Scintillating Tiles

§ Placed at end of recurler trajectory → can be thicker 

§ Tile is finely segmented plastic scintillator

§ Each tile read out by it’s own SiPM

§ 𝜎* ~ tens of ps
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Data Acquisition (DAQ)

§ No trigger

§ Synchronise data from all sub-detectors

§ Online event selection
§ Tracking & vertexing on GPUs

§ Only signal candidates saved

§ Tested during two integrations runs
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Integration run 2021

§ Detector setup:
§ Vertex detector prototype with MuPix10
§ Two SciFi ribbons 
§ Phase I magnet

§ Services:
§ He cooling
§ Cage
§ Beam (𝜋𝐸5)

§ Correlations between ladders observed
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Integration run 2022

§ Recently finished

§ Same setup but without magnet and only 
one SciFi ribbon

§ Looking for cosmics ⟶ requires well tuned 
detector 

§ External trigger from scintillator blades
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Integration run 2022 results
§ (Cosmic) reconstruction integrated into online analyzer
§ Observed potential cosmic rays in event display
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Summary

§ The Mu3e experiment will search for the rare cLFV decay 𝜇' → 𝑒'𝑒'𝑒!

§ Find or exclude at a branching ratio above 10-15 (Phase I) or 10-16 (Phase II)

§ Detector prototypes built and tested together (in Magnet & Helium)

§ Commissioning to start in late 2023

§ Physics data taking to start in 2024
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Thanks for listening! 

§ Questions?
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Backup
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Summary of Phase I

§ Muon beam rate of 108 Hz

§ 1 Year of data taking

§ Find or exclude 𝜇' → 𝑒'𝑒'𝑒! at 
branching ratio above 10-15

§ Phase II above 10-16

§ 𝑆𝐸𝑆 = "
+ , -'
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Muon beam

§ 𝜋𝐸5 at Paul Scherrer Institute

§ Demonstrated rates of O(108) Hz
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Target
§ Maximise stopping power & minimise material amount

§ Low Z material, Mylar
§ Decay vertices well spread out 
⟶ reduce combinatorial background & even occupancy in vertex layers

§ Corresponds to 0.15 % X0 

§ Stopping fraction ~ 95.5 %
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Magnet

§ Delivered in 2020 by Cryogenics Ltd.

Requirements
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Phase II detector

§ High intensity muon beamline (HIMB) under study at PSI
§ Would deliver > 109 Hz

§ Possible setup:
§ Longer recurl stations
§ Smaller target

Target

Inner pixel layers

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

Thin timing detector

10 cm
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Simulated efficiencies 
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Acceptance to different interaction types
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Track momentum resolutions
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Multiple Scattering / Momentum measurements
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Feynman Diagrams
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Figure 1.1: Feynman diagrams of the measured muon decay modes in the SM.

1.2.1 Signal topology in Mu3e

The decay µ! eee is expected to be instantaneous and hence originate from a single common
vertex. Additionally by energy and momentum conservation laws the total momentum should
equal the sum of the individual electron momenta cancelling out to zero and therefore the
total energy of the three electrons will sum to the muon rest mass.

k ~ptotk = k
3X

i=1

~pik = 0 (1.1)

Etot =
3X

i=1

Ei =mµ (1.2)

The momentum of the decay electrons ranges from the electron mass to half the muon mass
[6]. These kinematic expressions along with the timing coincidence and common vertex of the
three electrons will be employed to discriminate background and signal events.

1.2.2 Background topologies in Mu3e

There are two classes of backgrounds that can mimic signal decays in Mu3e, the first being
radiative muon decay with internal conversion (IC) and the second being accidental or combi-
natorial backgrounds. Internal conversion represents a dangerous topology closely mimicking
signal events, as it has a common vertex for three electrons and is coincident in time. How-
ever this can be discriminated from signal events by the missing energy carried away by the
neutrinos in the decay.

The other type of background is so called accidental backgrounds where electrons and positrons
emerging from Michel decays, IC and Bhabha scattering overlap with each other. For exam-
ple, a positron from a Michel decay coincident with an uncorrelated electron positron pair,
which can come from Bhabha scattering or IC, can mimic signal decays. Other sources which
can contribute to accidental backgrounds are misreconstructed tracks and incorrect charge as-
signments. These backgrounds will be suppressed by the kinematic properties of the signal
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Integration run 2022 timing results

§ Observed time correlations between pixels, SciFi and external trigger
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