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Charged Lepton Flavour Violation

• Lepton flavour is an accidental symmetry of the Standard Model (SM) – 
many SM extensions predict Charged Lepton Flavour Violation (CLFV) to 
occur at observable rates

• The Mu3e experiment is a dedicated search for the decay 𝜇! → 𝑒!𝑒!𝑒"

• CLFV is heavily suppressed to unobservable rates within the SM:

 ℬ#→%%% ∝
&'!

"

'#
"

(
⇒ ℬ#→%%% < 10")*

• Any observation of CLFV is unequivocal evidence for new physics

• See Mark’s talk tomorrow for more!
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Signal & Background at Mu3e

• Signal 𝜇! → 𝑒!𝑒!𝑒"

• Vertex coincident in space and 
time

• Muon decay at rest
o Σ𝑃% = (𝑚# , 0, 0, 0)
o Maximum 𝑝⃗% 	= 53 MeV 
o  Σ𝑝⃗% = 0

• Background from rare 
internal conversion (IC) 
decay  𝜇! → 𝑒!𝑒!𝑒"𝜈̅#𝜈%  
(ℬ#→%%%++ = 3.4×10"))

• Missing momentum from 
neutrinos
o Requires excellent 

momentum 
resolution 

• Combinatorial 2+1 
backgrounds
o Michel (𝜇 → 𝑒𝜈𝜈) 𝑒! 

plus 𝑒! that Bhabha 
scatters with 𝑒" in 
target material

o Photon conversion

• Requires excellent vertex 
and timing resolution
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Mu3e Experiment (Phase-I)

• Continuous beam of muons 
stop and decay at rest on 
target
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• Track 𝑒!/𝑒" trajectories in 1 T 
magnetic field
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Mu3e Experiment (Phase-I)

• Continuous beam of muons 
stop and decay at rest on 
target

• Track 𝑒!/𝑒" trajectories in 1 T 
magnetic field

• 4 layers of ultra-thin silicon 
pixel sensors

• Timing information provided 
by scintillating fibres

• Recurl stations with pixel 
sensors and scintillating tiles
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Mu3e Experiment (2026)

• New vertex detector (70	𝜇m sensors; 50	𝜇m in 2025)

• 3 pixel layers (1 outer layer)

• Short beam time (~8 weeks)
o Likely commissioning (detectors, GPU filter farm)
o Potential for background studies  
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Mu3e Experiment (Towards 2027)

• Towards a first physics run in 2027, the above 4-layer setup is the expected detector configuration
o All following simulation analyses consider this detector configuration 
o Simulation analyses include sensitivity studies and dedicated 2+1 background studies
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Sensitivity (All Track Types)

Reconstruction-level cuts
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• First sensitivity study of this detector configuration 
o Prove we can do physics and beat best limit (10",()

• All combinations of 𝑒!𝑒!𝑒" are fitted to a common 
vertex 
o Weight IC and Bhabha events with corresponding  

matrix element value
o Apply various selection criteria 

• Study is performed to determine if short tracks can be 
used in analyses in 2027

• Work in progress to suppress Bhabha + Michel 
background with dedicated timing study and cut 
optimisation

Liverpool HEP Annual Meeting
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Sensitivity Comparison 
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• Reconstruction-level cuts only

• Dominated by Bhabha + Michel 
background even in the case of 
3 long tracks
o Statistically-limited 2+1 

sample

• Short track dominates in 
broadening our mass resolution

Liverpool HEP Annual Meeting



16Jak Woodford

Bhabha + Michel Background Study

Liverpool HEP Annual Meeting

0 10 20 30 40 50 60
 | [mm]Michel

True - v
BB
True| v

0

0.2

0.4

0.6

0.8

1

Ve
rte

x 
Fo

rm
at

io
n 

Ef
fic

ie
nc

y

0 5 10 15 20 25 300
0.005

0.01
0.015
0.02

0.025
0.03

0.035
0.04

 < 152χ  > 90 MeVrec+ m
+ |Vertex-target dist| < 3 mm + Anti-Bhabha

 > 10 MeVee
low+ m  < 10 MeVrec+ p

 < 110 MeVrec+ 103 < m )rec < 110 MeV (no prec+ 103 < m

Mu3e Central Station
Work in Progress

d

Michel positron Bhabha scattering with electron in 
target material 

Michel positrons from muon beam 

How efficient are we at forming a 2 + 1 vertex  
depending on the distance between the Bhabha 
scattering event and the Michel positron?

Ef?iciency =
Number	of	?itted	2 + 1	vertices

Number	of	2 + 1	vertex	candidates
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Mu3e 2025 Commissioning Run

Liverpool HEP Annual Meeting

Role in 2025 commissioning run: 
perform data quality checks with 
the pixel detector → create pixel 
“good run” list
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Summary

Liverpool HEP Annual Meeting

2025 work from Mu3e commissioning run (thesis chapter):

• Role: pixel detector DQM; create “good run” list from 
the pixel detector for the entire beam campaign; 
perform data-MC analysis on “good runs”

o Developed algorithm for determining good data 
readout links/sensors in a run based off LVDS error 
rates and pixel sensor noise

o Created “good run” list from above algorithm

o Use “good run” list to perform data-MC 
comparisons

Present and future work:

• Sensitivity studies ahead of first physics run in 2027 
(thesis chapter) 

o Study to determine if short tracks can be used in 
analysis

o Dedicated study of Michel + Bhabha 
background (WIP)

o Dedicated timing study for background 
suppression (WIP)

• DAQ DQM (towards 2026; WIP)

o Develop framework for frame-based DQM; 
currently only event-based (multiples of frames)



Backup
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Cut Selection (All Track Types)
Selection criteria (reconstruction-level only) used for all 4-layer sensitivity plots using all track types. NOTE: before 
the “no cuts stage”, the minimum 𝜒( vertex is chosen in each frame 

What are the statistical uncertainties associated with the number of events in the signal region (SR)?

Statistical uncertainty, 𝜎- = 𝑁- ⋅ Σ𝑤-(,

where 𝑁- = normalisation factor, Σ𝑤-( = sum of the weights squared, 𝑖 = Signal, IC, BB, Beam
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Cut Selection (Short + Long Tracks)
Selection criteria (truth + reco-level) used for all 4-layer sensitivity plots using short + long tracks. NOTE: before the 
“no cuts stage”, the minimum 𝜒( vertex is chosen in each frame 

What are the statistical uncertainties associated with the number of events in the signal region (SR)?

Statistical uncertainty, 𝜎- = 𝑁- ⋅ Σ𝑤-(,

where 𝑁- = normalisation factor, Σ𝑤-( = sum of the weights squared, 𝑖 = Signal, IC, BB, Beam
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Cut Selection (3 Long Tracks)
Selection criteria (reconstruction-level only) used for all 4-layer sensitivity plots using only long tracks. NOTE: before 
the “no cuts stage”, the minimum 𝜒( vertex is chosen in each frame 

What are the statistical uncertainties associated with the number of events in the signal region (SR)?

Statistical uncertainty, 𝜎- = 𝑁- ⋅ Σ𝑤-(,

where 𝑁- = normalisation factor, Σ𝑤-( = sum of the weights squared, 𝑖 = Signal, IC, BB, Beam
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Cut Selection (3 Long Tracks)
Selection criteria (truth + reco-level) used for all 4-layer sensitivity plots using only long tracks. NOTE: before the “no 
cuts stage”, the minimum 𝜒( vertex is chosen in each frame 

What are the statistical uncertainties associated with the number of events in the signal region (SR)?

Statistical uncertainty, 𝜎- = 𝑁- ⋅ Σ𝑤-(,

where 𝑁- = normalisation factor, Σ𝑤-( = sum of the weights squared, 𝑖 = Signal, IC, BB, Beam
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Sensitivity
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Reco Selection

• Must consider the trade-off between the signal efficiency and the associated mass resolution of the track types 
used in the analyses

• Factor of ~3 improvement in signal efficiency with recurl stations present for 3 long tracks

Liverpool HEP Annual Meeting
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‘Good Frame’ Definitions 

Mu3e Normalisation

• Good frames: number of frames with at least one track from the correct process and vertex originates from within 
target region cylinder. Can double count frames here. We drop frames that don’t originate from the correct process 
and don’t originate from a predefined target region cylinder

• Good frames with new decay: same as above but now with the requirement that the truth track ID is unique to the 
frame (i.e., track wasn’t present in previous frame) as tracks can exist beyond the frame length. This now avoids 
double counting frames, and the muon decay can be qualified as good for all frames at this stage. The number of 
frames at this stage is what is used in all normalisations 

• Good ID frames (3 signal tracks): same as above but now all frames with 3 signal tracks and not just at least one

This is all done using generator-level information
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Normalisation
Signal:

𝑁𝑜𝑟𝑚.-/ = 𝑁# ⋅
𝐵𝑅.-/

𝑁012'%3/445

where: 

𝑁#  is the total number of muon stops = 7×106 ⋅ 56 days (assume 8 weeks data-taking as a first approximation; 
same as 3-layer plots); 7×106 is the muon stopping rate

𝐵𝑅.-/ = the signal BR (10",(, 10",7, 10",*, 10",))

𝑁012'%3/445= number of frames with ‘good’ muon stops (c.f. bullet 2 in slide 2)

Mu3e Normalisation
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Normalisation
Beam:

𝑁𝑜𝑟𝑚8%2' =
𝑁#

Σ𝑤9%2'

where: 

𝑁#  is the total number of muon stops = 7×106 ⋅ 56 days (assume 8 weeks data-taking as a first approximation; 
same as 3-layer plots); 7×106 is the muon stopping rate

Σ𝑤9%2' = sum of weights for all frames where weight!=1 (although weight always = 1 for beam samples)

Mu3e Normalisation
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Normalisation
IC:

𝑁𝑜𝑟𝑚:; = 𝑁# ⋅
𝐵𝑅:; ⋅ 𝜖/%<
Σ𝑤:;

where: 

𝑁#  is the total number of muon stops = 7×106 ⋅ 56 days (assume 8 weeks data-taking as a first approximation; 
same as 3-layer plots); 7×106 is the muon stopping rate

𝐵𝑅:;  = IC BR = 3.4×10") 

𝜖/%< = generator efficiency for IC

Σ𝑤:;  = sum of weights for all frames where weight!=1

Mu3e Normalisation
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Normalisation
BB:

𝑁𝑜𝑟𝑚88 = 𝑁# ⋅
𝑓88

Σ𝑤88 ⋅ 𝑅( ⋅ 𝑡

where: 

𝑁#  is the total number of muon stops = 7×106 ⋅ 56 days (assume 8 weeks data-taking as a first approximation; 
same as 3-layer plots); 7×106 is the muon stopping rate

𝑓88= fraction of visible 𝑒!𝑒" produced in the target region, relative to 𝑁#  = 7.7×10")

R = stopping-rate ratio = =>?@	B?C>⋅0$%&'($
C?BE>C	FCGH	B?C>

= I.,6×,L)⋅	L.(7,
6×,L)

	

Σ𝑤88  = sum of weights for all frames where weight!=1

𝑡 = timing suppression = 70 ⋅ 256/50 (scaled to current frame length)

𝑓!"#$%!
= target	stopping	fraction	(number	of	muons	that	decay	in	target	out	of	total	number	of	generated	muons	from	simulation)

Mu3e Normalisation


