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Mu2e
• Search for neutrinoless, coherent conversion  in the field of an Aluminium 

nucleus by measuring,
μ−N → e−N

Rμe =
Γ(μ− + N(Z, A) → e− + N(Z, A))

Γ(μ− + N(Z, A) → νμ + N(Z − 1,A))

• Signal: Monochromatic conversion electron (CE) with energy   
 

ECE = mμ − EBE − Erecoil

For the Al stopping target (ST),  MeV*. ECE = 104.97

*Czarnecki, i Tormo https://journals.aps.org/prd/pdf/10.1103/PhysRevD.84.013006

 beam interacts with the 
Tungsten target.  

Mostly produces pions.

p Selects  with p < 100 MeV/c. 
COL3 selects /  beam.

μ−

μ− μ+

 stop in the Al target. 
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Background summary and expected sensitivity

Expected backgrounds in the signal momentum and time 
window [103.6-104.90 MeV/c], [640-1650 ns]*

 momentum distribution after optimisation of 
the signal momentum and time window. 
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Background summary and expected sensitivity

 *Mu2e Collaboration MDPI Universe 2023 https://doi.org/10.3390/universe9010054

• The expected Run I 5σ discovery sensitivity is .  Rμe = 1.2 × 10−15

• If no signal, the expected upper limit is  at 90% CL.  Rμe < 6.2 × 10−16

• The estimated  background for Run 1 is *.  
The systematic error is dominated by the uncertainty on the  production cross section.

p 0.010 ± 0.003(stat) ± 0.010(syst)
p

Expected backgrounds in the signal momentum and time 
window [103.6-104.90 MeV/c], [640-1650 ns]*

 momentum distribution after optimisation of 
the signal momentum and time window. 

e−

https://doi.org/10.3390/universe9010054
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Antiproton background in Mu2e
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•   are produced by the pW interactions in the PS. p′￼s

•  Very few  reach the DS, most of them stop within the first foil of the ST. p′￼s

•   annihilation at the ST can produce  by  decays followed by  conversions and 
 decays followed by  decays.  

pp e− π0 → γγ γ
π− → μ−ν μ−

•   annihilation in the TS can cause delayed Radiative Pion Capture.  pp

•  cannot be efficiently suppressed by the time window cut used to reduce prompt background. p′￼s

• Absorber elements placed at entrance and centre of the TS to suppress the  background. p
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• Background expected from  is low but highly uncertain.  p

• In   annihilation events,  20 events contain single  with  20 straw hits and momentum in 
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• We can exploit another final state with much larger Branching Ratio and constrain the  background 
by comparison. 

p

• About 480 events contain  2 particles with  20 straw hits per particle.≥ ≥

Estimating the  backgroundp

Goal: Identify and reconstruct the multi-track final state events and get an 
estimate of the CE like events by rescaling the ratio of the two final states.

Ne−perMeV

Nmulti−track
≈

1
500

Total Momentum (MeV/c) after ST
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Single interaction  annihilation events in the Mu2e detectorpp

 annihilation in the ST events.     Red = electron, Green = Muon, Pink = Pionpp

XY view Time v/s z view

XY view Time v/s z view

Electron track

Pion tracks Muon tracks

Goal: Identify and reconstruct the multi-track final state events and get an 
estimate of the CE like events by rescaling the ratio of the two final states.
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Mu2e event reconstruction
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Mu2e event reconstruction

• Mu2e event reconstruction is optimised for single-track events.  

• From MC studies, > 90% of the hits in an event are from low energy e+/e− and protons.  
They are flagged as background. 

• Assuming hits produced by the same particle have close reconstructed times, they are clustered in 
time.  

•  are input for the pattern recognition which form the helical trajectories.  TimeClusters

• Finally, parameters of the reconstructed track are determined by the Kalman fit.

An event before background hits flagging
Blue: e+ Maroon: e- 
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Mu2e event reconstruction

*  mu2e-docdb.fnal.gov/44935 ** mu2e-docdb.fnal.gov/43999

https://mu2e-docdb.fnal.gov/cgi-bin/sso/ShowDocument?docid=44935
https://mu2e-docdb.fnal.gov/cgi-bin/sso/ShowDocument?docid=43999
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Mu2e event reconstruction
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Mu2e event reconstruction
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• With the new algorithms, the rejection factor of pions and muons have significantly reduced. 
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Early Stage Hit Phi Clustering

• Tracks from the same  interaction could be close in time. 

•  Hits from different particles in the same time window could be well separated in  or 
overlapping. 

• We developed a  clustering algorithm to group hits of a time cluster based on their  
distribution.

pp

ϕ

ϕ ϕ

 = 2.46 radΔϕ XY view

Time v/s z view

—- Pion

Cluster 1 Cluster 2

Δϕ = 2.46
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Comparing single interaction  annihilation with CE eventspp

• The topology of tracks from  annihilation is much different from the expected CE tracks.
•  annihilation tracks have a wider total momentum distribution and lower pitch than CE.

pp
pp

Transverse momentum

tan( )λ

— Conversion electron
—  annihilationpp

Total momentum
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Preliminary results (single interaction  annihilation events)pp

Time v/s z viewXY view

A  annihilation at the ST event with two reconstructed tracks
 

Green = Muon, Pink = Pion, Black = Reconstructed track  in 3-D view
 Red = Reconstructed track in 2-D views

pp

pion muon

muon pion

Reconstructed pion
 and muon tracks
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Comparison of default v/s new reconstruction with single 
interaction  annihilation events

104

pp

No. Of events 
with 

>= 1 track >= 2 tracks*

Default reco 1298 50
New reco 1709 109

Improvement 
factor

x 1.3 x 2.2

Total Momentum (MeV/c) tan( )λ

( Ne−perMeV

Nmulti−track )
reco

≈
1

140

• 18 events with single  track with  20 hits in the tracker, in the [90-110 MeV/c] 
momentum range were reconstructed.

• 137 multi-track events with each track having   20 hits in the tracker.

e− ≥

≥

*Note: We have considered tracks with  20 hits in the tracker and momentum  80 MeV/c.≥ ≥
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Preliminary results with  annihilation + high intensity pile-up data samplepp

Transverse view of events from  annihilation + high intensity pile-up data sample. 
The red circle is the transverse view of the reconstructed track. 

The segments are the “hit” tracker straws. The red circles are calorimeter clusters.

pp

Mu2e standard track 
reconstruction

New track 
reconstruction

Reconstructed 
track

Reconstructed 
tracks

Event X Event Y
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Default v/s new reconstruction with  annihilation + pileup eventspp

No. Of events 
with 

>= 1 track >= 2 tracks

Default reco 1089 46
New reco 1588 100

Improvement x 1.4 x 2.2

1BB pileup 

No. Of events 
with 

>= 1 track >= 2 tracks

Default reco 1046 39
New reco 1445 77

Improvement x 1.4 x 2

2BB pileup
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Default v/s new reconstruction with  annihilation + pileup eventspp

• Mu2e Run I will initially operate in the low intensity mode (1BB): mean intensity of 
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Default v/s new reconstruction with  annihilation + pileup eventspp

• Mu2e Run I will initially operate in the low intensity mode (1BB): mean intensity of 
 protons per pulse,  muons per pulse stop in the ST. 1.6 × 107 ∼ 25000

• We consider the reconstructed tracks with momentum  MeV/c making a 
minimum of 20 hits in the Tracker and with a . 

≥ 80
χ2 /dof ≤ 5

• We have several on-going efforts to improve the reconstruction efficiency further:  
 
-> A kinematic Kalman track fit (https://indico.jlab.org/459/papers/840-CHEP2023.pdf) 
-> Improved helix finder (https://indico.cern.ch/1252748/contributions/5521528/) 
-> -Z clean up of the  (mu2e-docdb.fnal.gov/docid=46832)ϕ TimeClusters
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Contribution of DIO to multi-track events
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• Assuming track reconstruction efficiency of  0.1, 
                                   

∼
NReco2DIO>80MeV/c ≈ 0.66 NReco2DIO>85MeV/c ≈ 1.1 × 10−4

• Assuming uniform DIO distribution in time and same efficiency of reconstruction for multi-
track events as single-tracks: 

                     NReco2DIO>80MeV/cΔt<200ns ≈ 0.13 NReco2DIO>85MeV/cΔt<200ns ≈ 2 × 10−5
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Contribution of cosmic muons to multi-track events

Event Y
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Contribution of cosmic muons to multi-track events

• A Cosmic Ray Veto system composed of 4 layers of scintillator counters with embedded 
wavelength shifting fibres surrounds the DS. 

• A track stub in at least 3/4 layers, localised in time and space produces a veto in offline analysis.  

• The cosmic events were simulated using the CRY event generator*.  

• We observed that the multi-track events from cosmics are usually:  
(1) Cosmic muons interacting with the calorimeter disk, producing an  which first travels 
upstream towards the ST and then returns back. 
(2) Cosmic muons interacting with the ST, producing ’s and ’s. 

e+/e−

e+ e−

• While  annihilation at the ST mostly produces pions and muons. pp

Event Y
Brown: , Pink: , Red: , Yellow: μ− μ+ e− e+

3-D view

* mu2e-docdb.fnal.gov/43526

https://mu2e-docdb.fnal.gov/cgi-bin/sso/ShowDocument?docid=43526
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e−

• If we consider each track to have  MeV/c, then the number of two-track events from DIO 
for Run 1 is estimated to be  events.

p ≥ 85
∼ 2 × 10−5

• We have obtained  for single interaction  annihilation events in 

Mu2e. We plan to improve this ratio further. 
 
 

( Ne−perMeV

Nmulti−track )
reco

≈
1

140
pp

This work was supported by the EU Horizon 2020 Research and Innovation Program under the Marie Sklodowska-Curie Grant Agreement Nos. 
734303, 822185, 858199, 101003460. 
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Extra slides
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Charged Lepton Flavour Violation (CLFV)

• According to the Standard Model (SM), 
lepton flavour is always conserved in all 
interactions. 

• The discovery of neutrino oscillations 
prove that interactions of the SM leptons 
are non-diagonal in flavour.  

• But, the branching fractions of CLFV 
processes through neutrino oscillations 
are  suppressed by factors proportional 
to  to undetectably tiny 
levels, <  . 

• Many New Physics models predict much 
higher rates of CLFV.  

(Δm2
ν )2/M4

W
10−50

Observation of  a CLFV process would be unambiguous evidence of New Physics 
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Search for CLFV

• The  conversion channel: 
-> No combinatorial background. 
-> Best sensitivity to CLFV in a large range of NP scenarios.  
-> Can give unique information regarding underlying NP operators.  

• Current best limit on  set by SINDRUM II experiment:  (90% C.L).

μ−N → e−N

μ−N → e−N Rμe < 7 × 10−13

Experiments looking for CLFV: Past, Present and 
Future

 is the effective mass scale and  controls 
the relative contribution of the dipole 

moment term and the four fermion term 

Λ κ

ℒCLFV =
mμ

(1 + κ)Λ2
μRσμνeLFμν +

κ
1 + κ

μLγμeL ∑
q=u,d

qLγμqL

*Andr é de Gouvˆea Petr Vogel









24

Background processes to  searchμ− → e−

• Decay in Orbit : In free decay,  kinematic endpoint is . In the field of a nucleus,  decay endpoint 
is extended to the signal energy. 

• Radiative Pion Capture:  
Due to the short lifetime of pions, this background can be suppressed by using pulsed  beam with a delayed 
live-time window. 

μ− e− mμ /2 μ−

π− + N(A, Z ) → γ(e+e−) + N(A, Z − 1)
p

• Cosmic Rays: interacting or decaying within the detector are expected to produce ∼1 signal like event per day. 
The cosmic ray veto system surrounds the DS to detect the cosmic rays.  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Main Mu2e Detectors
• Straw tube tracker 

• Electromagnetic Calorimeter 

2 disks covering radii 37 cm - 66 cm. Each disk has 674 pure CsI crystals.
Test beam results for 100 MeV e- beam give energy resolution of 16.4% FWHM and timing resolution of 

110 ps*. 
*Atanova et al Journal of Instrumentation 2017

18 stations, 2 planes per station, 12 panels per plane, 96 straws per panel. 
Straws filled with 80%:20%  mixture. 

For 100 MeV/c electrons, the intrinsic momentum resolution of the tracker is ∆ptrk < 300 keV/c FWHM. 
Ar : CO2





STM: to measure the stopped muon rate
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Datasets and code developed for the antiproton background 
study

• The generation of the s in the production target and tracing them from the 
Production to the Detector Solenoid was done using the Mu2e Offline software.  

• A dataset containing the position and time of the stopped s at the ST from the 
SU 2020* work was the starting point of our study. 

• A data sample with  pure  annihilation events in the ST was created. 
Most of the reconstruction algorithm was developed based on the test results 
obtained with this pure  data.  

• Further,   annihilation events with low intensity (  protons/
pulse) and high intensity pile-up modes were generated as well.

• The simulation, digitisation and reconstruction fcl files can be found at https://
github.com/Mu2e/pbar2m.  
 

p

p

104 pp

pp

104 pp 1.6 × 107

https://github.com/Mu2e/pbar2m
https://github.com/Mu2e/pbar2m
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around it with content > threshold.

• This gives  and  for a cluster.ϕmin ϕmax

• Loop through the hits and flag the hits with  
between  and   as “UsedHits”. These 
hits form one cluster.

ϕ
ϕmin ϕmax

• Repeat the above procedure for the rest of 
the hits which are not “UsedHits”.

• Form time clusters (algorithm borrowed from 
the present Offline TimeClusterFinder) from 
the hits of a  cluster.ϕ

• If the time cluster has > 10 straw hits, add it 
to the event. 
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 distribution for single interaction  annihilation eventsΔϕ pp̄

• The events with two output time clusters after the PhiClusterFinder stage were used 
to fill the above histogram.  
 

 

• Studying the  distributions we decided to set a  rad cut to select 
events for the two tracks per event reconstruction. 

Δϕ = ϕ1 − ϕ2

Δϕ Δϕmin = 1.5
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 data sample (  generated events)

Δϕ

pp̄ 104

• The events with two output time clusters after the PhiClusterFinder stage were used 
to fill the above histogram.  
 

 

• Studying the  distributions we decided to set a  rad cut to select 
events for the two tracks per event reconstruction. 

Δϕ = ϕ1 − ϕ2

Δϕ Δϕmin = 1.5
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Default Mu2e Offline v/s New Reconstruction workflow

New Reconstruction chain using the DeltaFinder, TZFinder and 
PhiClusterFinder

Default reconstruction chain
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 between the tracks of two-track eventsΔt
• Given here are the  distributions for two-

track final state  annihilation events 
where each reconstructed track has a 
momentum > 80 MeV/c.  

• Tracks from the same  interaction could 
be close in time, but could also be up to 100 
ns apart.  

• The events with track hits separated in time 
make different time clusters.

Δt
pp

pp

 (ns) (  + 1BB pile-up events)Δt pp

 (ns) (Pure  events)Δt pp

 (ns) (  + 2BB pile-up events)Δt pp
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Some examples of two-track events with large  between the particle tracksΔt

 
track 1 = , track 2 = 

Δt = 63ns
μ+ μ−

XY view
 

track 1 = , track 2 = 
Δt = 32ns

μ− μ−

Event: 527

Event: 676

 annihilation event with two reconstructed tracks
Green = Muon, Pink = Pion in 3-D view
 Red = Reconstructed track in 2-D view

pp
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Results with the single interaction  annihilation at the ST eventspp

3-D and 2-D XY, tZ displays of an event with two reconstructed tracks 

• Tested on  pure  annihilation events. 

• A sim particle is defined as a particle making at least 20 straw hits in the Tracker and having a momentum > 40 MeV/c. In this 
sample, there are 381 events with two particles each.  

• The tables compare the number of events at each stage of reconstruction using the default and new chains of reconstruction. 

• The number of events with two helices increased from 110 to 289, number of events with two reconstructed tracks per event 
increased from 46 to 128 with the new reconstruction chain. 
 

104 pp



SimParticles

Momentum(MeV/c) at VD 13 N straw hits

PDG code Time (ns)

N straw hits

• 2150 events with 1 sim particle 
having > 20 straw hits

• 364 events with 2 sim particles each 
having > 20 straw hits

• 50 events with 3 sim particles.
• But only 1252 events pass the TC 

filter of the standard TPR trigger 
path. 



All Helices

Total momentum (MeV/c) N straw hits

T0D0

Lambda

• 1978 events with 1 helix
• 133 events with 2 helices
• 50 events with 3 sim particles.
• But only 345 events pass the 

HS filter of the standard TPR 
trigger path. 
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Preliminary results with the single interaction  annihilation at the ST eventspp

Straw hits 

Momentum resolution
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 annihilation + pileup data samplespp

Number of Straw Hits
 + 2BB data samplepp

Number of Straw Hits
 + 1BB data samplepp

• Mu2e Run I will operate in a low intensity mode: mean intensity of  protons per 
pulse,  muons per pulse stop in the ST.  

• For the high intensity mode,  the corresponding numbers are about 2.5 times higher. 

• We have generated   annihilation + low intensity (1BB) and high intensity (2BB) pileup 
data samples respectively. 

• The number of straw hits per event are as expected for a data sample with pile-up.  
 

1.6 × 107

∼ 25,000

104 pp
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Some cosmics multi-track events

3-D view
XY view

Z viewϕtZ view

Green/Brown: Muon, Red Hit: Electron, Red Line: Reconstructed track
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Some cosmics multi-track events

3-D view
Z viewϕ

3-D view Z viewϕ

Many cosmics 2-track events have 1 upstream and 1 downstream track.



Track reconstruction efficiency, defined as the ratio of the number of single 
electron events with tracks passing all selections over the number of 

generated events, is a function of the track momentum 



