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Charged Lepton Flavour Violation (CLFV)

• Flavour is not conserved in: 
-> quarks 
-> neutrinos 
-> charged leptons?  

• CLFV can occur through neutrino 
oscillation, mediated by W bosons. 

  

B(μ → eγ) = 3α
32π

( 1
4 )sin22θ13sin2θ23 |

Δm2
13

M2
W

|2

• Branching fractions of CLFV processes 
through neutrino oscillations are 
 suppressed by factors proportional to 

 to undetectably tiny 
levels, <  .
(Δm2

ν )2/M4
W

10−50
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• Many New Physics models (SO(10) 

SUSY, scalar leptoquarks, seesaw model) 
predict much enhanced rates of CLFV 
O( ).  10−13

• In the EFT Lagrangian parameterisation, 
 is the effective mass scale and  

controls the relative contribution of the 
dipole moment term and the four fermion 
term.

Λ κ

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

ℒCLFV =
mμ

(1 + κ)Λ2 μRσμνeLFμν + κ
1 + κ

μLγμeL ∑
q=u,d

qLγμqL

Dipole term:

 at loop level
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4 Fermion term:
 at leading order
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CLFV search through muons

• Muons are powerful probe thanks to the availability 
of very intense beams and their relatively long 
lifetime. 

• 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.  

μ−N → e−N

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

μ−N → e−N
Rμe < 7 × 10−13

• Most stringent constraint on NP theories set by the 
MEG experiment  
BR( )  (90% C.L).μ+ → e+γ < 4.2 × 10−13
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Mu2e: Muon-to-electron conversion
• Search for neutrinoless, coherent conversion 

 in the field of an Aluminum nucleus. μ−N → e−N

• Low momentum muons are captured in the target 
atomic orbit and quickly (~fs) cascade to 1s state.  

• In Aluminum,  
-> 39% Decay:   (Background)  
-> 61% Capture:  (Normalisation) 

μN → e + ν̄e + νμ
μN → νμN′ 

• Signal: Monochromatic conversion electron (CE) 
with energy  
 

  
 
where  is the muon mass,   is the binding 
energy of the 1s state of the muonic atom,  
is the recoil energy of the target nucleus.  

ECE = mμ − Ebind − Erecoil

mμ Ebind
Erecoil

• For the Al target,  MeV*. 
 

ECE = 104.97

Rμe = Γ(μ− + N(Z, A) → e− + N(Z, A))
Γ(μ− + N(Z, A) → νμ + N(Z − 1,A))

*https://link.aps.org/accepted/10.1103/PhysRevD.84.013006
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Mu2e Experimental Setup

8 GeV pulsed proton beam 
interacts with the Tungsten 

target. 

 
Mostly produces pions, 

decay into muons.

“S” shape removes line of 
sight backgrounds.

Selects muons with  
p < 100MeV/c. 

Rotating collimator COL3 
selects  or  beam.

∼

μ− μ+

Production Solenoid Transport Solenoid Detector Solenoid

Muons stop in the Al 
stopping target (ST).

Annular tracker and 
calorimeter to  detect 

potential conversion . e−
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Mu2e: Proton delivery

• Get 0.4 s of pulsed proton beam per 1.4 
s Booster cycle. 

• Recycler ring - Delivery ring.  

• Beam to Mu2e is resonantly slow 
extracted from the Delivery Ring. 

• Peel off small fraction of stored beam 
every delivery ring orbital period = 1695 
ns. 

• Run 1 (2026 before LBNF/PIP-II 
shutdown) will use the Booster and 
current Linac. 

• Run 2, after shutdown, use new PIP-II 
Linac to inject into Booster.
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Mu2e Detectors
Straw Tracker
• Need a high-resolution momentum 

measurement. 

• Reduce low momentum background 
hits with the central hole. 

• Made of mylar straw drift tubes, 96 
straws per panel, 6 panels per plane, 
2 planes per station, 18 stations in 
total.  

• Straws are filled with 80%:20% 
 mixture.  Ar : CO2

• For 100 MeV/c electrons, the intrinsic 
momentum resolution of the tracker is 
∆ptrk < 300 keV/c FWHM.
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Mu2e Detectors
Electromagnetic Calorimeter
• 2 annular disks covering radii 37 cm - 

66 cm. Each disk has 674 pure CsI 
crystals. 

• For each crystal, two custom arrays 
large area UV-extended SiPMs for 
readout. 

• Requirements for 100 MeV  at 50  
impact angle: 
->  for CE 
->  ps  
->  cm  

e− o

σE /E = O(10%)
σT = 500
σX,Y ≤ 1

• Test beam results for 100 MeV e- beam 
give energy resolution of 16.4% FWHM 
and timing resolution of 110 ps*. 

https://doi.org/10.1016/j.nima.2019.04.094 
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Mu2e Detectors
Cosmic Ray Veto 
• Layers of polystyrene scintillator 

counters with embedded wavelength-
shifting fibres, read out with silicon 
photomultipliers (SiPMs). 

• Encloses the detector solenoid and half 
of the transport solenoid. 

• CRV “track stub”, or coincidence, is 
typically defined as a minimum of 3/4 
layers hit, above some photoelectron 
threshold, localised in time and space. 

• Mu2e sensitivity requirements require 
the CRV to possess an overall efficiency 
of 99.99%.
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Mu2e Detectors
Stopping Target Monitor

• STM is the primary means of normalisation for 
Mu2e. 

• Composed of HPGe and LaBr detectors. 

• Measures rates of low energy secondary photons 
emitted from the target due to muon interactions. 

• For Al target, use at least one of the transitions: 
 
-> Muonic 2p-1s X-ray at 347 keV, emitted promptly 
when muon stops (78% BR, 200-400 ns after 
proton pulse). 
-> Gamma ray at 1809 keV emitted promptly when 
muon captures on the Al nucleus (~30% BR,with 
864 ns lifetime of muon Al). 
-> Gamma ray at 844 keV emitted during the beta 
decay of daughter nucleus (~8% BR, 9.5 minute 
half-life, activated nucleus produced by muon 
capture).

Rμe = Γ(μ− + N(Z, A) → e− + N(Z, A))
Γ(μ− + N(Z, A) → νμ + N(Z − 1,A))
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• In free decay,  kinematic 
endpoint is  and follows 
Michel spectrum.  
 

 cm  

μ− e−

mμ/2

R = p ⊥
qB

= 35

• In the field of a nucleus,  decay 
endpoint is extended to the signal 
energy (105 MeV/c).  

μ−

• Need a straw tracker with good 
momentum resolution, < 200 keV/c 
to distinguish DIO tail from signal.

Decay in Orbit

Michel  (< 52 MeV/c)
Signal (105 MeV/c)
Problematic DIO tail (> 100 MeV/c)

e−
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Background processes to  searchμ− → e−

• Cosmic rays interacting with the 
detector material can produce signal-
like . e−/e+

• We expect ∼1 signal-like event per 
day.  

• Cosmic ray events are identified by 
having a coincidence cluster in the 
CRV with hits in 3/4 layers. 
 

• The time of the reconstructed track 
matched to the CRV cluster is required 
to be within  ns of 
the cluster time.

−50 < tCRV < 80

Cosmic rays
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Background processes to  searchμ− → e−

• Pions contaminating the beam can survive to the stopping target, where 
radiative pion captures can produce signal-like . 
 

 followed by . 

e−/e+

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

• Pion lifetime 26 ns at rest. Pulsed proton beam (250 ns wide, pulses are 
1695 ns apart). We can wait out the pion decay.  

• In addition, upstream extinction removes out-of-time protons.

Radiative Pion Capture
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Background processes to  searchμ− → e−

• s are produced by the pW interactions in the 
Production Solenoid. 
p

• Relatively low background but high systematic 
uncertainty. 

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

 decays followed by the  decays.  

pp e− π0 → γγ

π− → μ−ν μ−

•  Can also cause delayed RPC.  

• Background induced by  cannot be efficiently 
suppressed by time window cut used to reduce 
prompt background. 

p

• Absorber elements at entrance and centre of the 
Transport Solenoid to suppress the  background.p

Antiprotons

z (mm) from the centre of the TS
Longitudinal position of  annihilationsp

time (ns) of  annihilations 
s stop within the live data taking window

p
p
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Background summary

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

Channel Mu2e Run I

Cosmic rays

Decay in Orbit

Antiprotons

RPC in-time

RPC out-of-time

Radiative Muon Capture

Decays in flight

Beam electrons

Total

Background summary using the optimised signal momentum and time window 
103.6<p<104.90 MeV/c and 640< T0<1650 ns*

0.046 ± 0.010(stat) ± 0.009(syst)
0.038 ± 0.002(stat)+0.025

−0.015(syst)
0.010 ± 0.003(stat) ± 0.010(syst)

0.010 ± 0.002(stat)+0.001
−0.003(syst)

(1.2 ± 0.1(stat)+0.1
−0.3(syst)) × 10−3

< 2.4 × 10−3

< 2 × 10−3

< 1 × 10−3

0.105 ± 0.032



17

Expected sensitivity



17

Expected sensitivity



17

Expected sensitivity

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

• Mu2e Run I assumes an integrated flux of  muons. 6 × 1016



17

Expected sensitivity

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

• Mu2e Run I assumes an integrated flux of  muons. 6 × 1016

• The optimised signal window if  ns and  MeV/c. t0 ∈ [640,1650] p ∈ [10.6,104.9]



17

Expected sensitivity

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

• Mu2e Run I assumes an integrated flux of  muons. 6 × 1016

• The optimised signal window if  ns and  MeV/c. t0 ∈ [640,1650] p ∈ [10.6,104.9]

• Single-Event-Sensitivity of   and a total signal selection efficiency of 11.7%.  2.3 × 10−16



17

Expected sensitivity

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

• Mu2e Run I assumes an integrated flux of  muons. 6 × 1016

• The optimised signal window if  ns and  MeV/c. t0 ∈ [640,1650] p ∈ [10.6,104.9]

• Single-Event-Sensitivity of   and a total signal selection efficiency of 11.7%.  2.3 × 10−16

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



17

Expected sensitivity

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

• Mu2e Run I assumes an integrated flux of  muons. 6 × 1016

• The optimised signal window if  ns and  MeV/c. t0 ∈ [640,1650] p ∈ [10.6,104.9]

• Single-Event-Sensitivity of   and a total signal selection efficiency of 11.7%.  2.3 × 10−16

• 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



18

Physics data-taking plans

Run I (2026-27)

   discovery,
 Single-Event-Sensitivity = 

 Upper limit:  (90% C.L), 
 current limit 
 
 

1 × 10−15 5σ
2 × 10−16

6 × 10−16

103 ×

Run I + II

   discovery,
 Single-Event-Sensitivity = 

 Upper limit:  (90% C.L), 
 current limit 
 
 

2 × 10−16 5σ
3 × 10−17

8 × 10−17

105 ×

Run  mode Mean proton 
pulse intensity

Run time (s) N(POT) N(stopped 
muons)

Low intensity

High intensity

Total

1.6 × 107

3.9 × 107

9.5 × 106

1.6 × 106

11.1 × 106

2.9 × 1019 4.6 × 1016

1.4 × 1016

6.0 × 1016
9.0 × 1018

3.8 × 1019
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Status: Solenoids

• Production Solenoid: 
Undergoing final tests. Delivery to 
Fermilab expected mid-2024. 

• Transport Solenoid: Installed in 
the Mu2e hall. 

• Detector Solenoid: Undergoing 
final tests. Delivery to Fermilab 
expected mid/late-2024.



20

Status: Detectors



20

Status: Detectors
• Tracker:  
 
-> All 20736 straws produced.  
-> All 216 panels produced. Now working 
through QC.  
-> 33/36 planes are built. 
-> Cosmic ray tests carried out with a single 
plane.  



20

Status: Detectors
• Tracker:  
 
-> All 20736 straws produced.  
-> All 216 panels produced. Now working 
through QC.  
-> 33/36 planes are built. 
-> Cosmic ray tests carried out with a single 
plane.  

•  Calorimeter:  
 
-> Both disks have crystals and SiPMs installed. 
-> Final cabling underway.Installation in hall in 
Autumn 2024. 



20

Status: Detectors
• Tracker:  
 
-> All 20736 straws produced.  
-> All 216 panels produced. Now working 
through QC.  
-> 33/36 planes are built. 
-> Cosmic ray tests carried out with a single 
plane.  

•  Calorimeter:  
 
-> Both disks have crystals and SiPMs installed. 
-> Final cabling underway.Installation in hall in 
Autumn 2024. 

• Cosmic Ray Veto:  
 
-> All 5344 di-counters produced.  
-> All modules produced.  
-> Cosmic ray tests underway at Fermilab.
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Conclusion

• Mu2e will search for the CLFV in muon to electron conversion 
with a 90% CL upper limit of < 8 x 10-17 . 

• Muon CLFV channels offer deep indirect probes into BSM. 
Discovery potential over a wide range of BSM models. 
 

• Mu2e commissioning with cosmics begins in 2025, commissioning 
with beam in 2026 and physics data taking follows. 

• Looking further ahead the proposed Mu2e-II and AMF 
experiments will help elucidate any signal and push to higher 
mass scales.
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Extra slides

















STM: to measure the stopped muon rate


