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Mo4va4on

Standard Model is incomplete: -oscilla4ons, dark ma>er, baryon asymmetry  
We know flavor is not conserved in quark and neutrino sectors 
‣ Can the charged flavor be violated in the muon sector? 

‣ Are neutral and Charged Lepton Flavor Viola4on (CLFV) related?  

‣ Does CLFV arise from neutrino-mass genera4on mechanism? 

Muons are intriguing and abundantly available: 
‣ Muon g-2 and B-meson anomalies

ν
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Standard 
Model

BNL g-2

FNAL g-2

Experiment 
average

(Run 1)

FNAL design goal

Very close to 
20ൈ BNL goal!

͞ZƵŶ͟�с�ĨĞǁ-month 
data taking period 

� 2006: BNL g-2 measured ܽߤ to 540 ppb 
� 2021: FNAL g-2 measured ܽߤ to 460 ppb 
� Combined 4.2ߪ discrepancy between experiment 

and SM prediction

Fermilab Muon g-2 experiment

08/04/20227

� Fermilab g-2 goal: 4ൈ higher precision than BNL

140 ppb total

100 ppb systematic 
(2.8ൈ improvement)

100 ppb statistical 
(4.6ൈ improvement,
20ൈ more muons)

� Experiment status
� Finished Run 5 in July 2022
� Run 2+ analysis in progress
� Run 6 (final run) to start in fall 

Brynn MacCoy | maccob@uw.edu | NuFACT 2022
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Mu2e
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Mu2e will search for a neutrino-less  conversion
Improve the current limit on  by four orders of magnitude:

 

Mu2e will produce, stop and analyze  muons on aluminum foils
‣ Searching for ~105 MeV electrons originating from the stopping target  

‣ In SM,  is practically forbidden ( )

Signal observation at Mu2e is unambiguous sign of New Physics

μ−Al → e−Al
Rμe

Rμ→e =
Γ (μ− + N(Z, A) → e− + N(Z, A))

Γ (μ− + N(Z, A) → νμ + N(Z − 1,A))
< 6 × 10−17 (90% CL)

7 × 1018

μ−N → e−N Rμe ∼ 10−54
Charged lepton flavor violation

• Neutral lepton flavor violation
has been observed ⌫e ⌫µ

• Induces CLFV

µ e⌫µ ⌫e

q q
�

W

• Induced rate: about 40 orders of magnitude below
experimental limits

• CLFV observation would still be an unambiguous proof of
New Physics

Andrei Gaponenko 10 IF Seminar 2013-12-12

Mu2e can discover

SUSY
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Extra dimensions, etc.

Some reviews:
Kuno, Okada, 2001
M. Raidal et al., 2008

Andrei Gaponenko 17 IF Seminar 2013-12-12

RateBSM ~ 10-15RateSM ~ 10-54
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Numerator
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Mu2e will measure the ratio of  to the number of muon captures:μ−Al → e−Al

Ee- = 104.96 MeV

µ�µ� µ�

e�
AlAl

Rµe =
�(µ�+(A,Z) ! e�+(A,Z))
�(µ�+(A,Z) ! ⌫µ+(A,Z�1)
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History of CLFV Searches
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History of CLFV limits with muons 

Knoepfel - FPCP 2014 7 
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Mu2e Physics Reach
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Mu2e Physics Reach
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Supersymmetry Heavy neutrinos Two Higgs Doublets

Compositeness Leptoquarks Heavy Z’

L = mµ

(+1)⇤2 µ̄R�µ⌫eLFµ⌫+ 
(+1)⇤2 µ̄L�µeL

P
q=u,d

q̄L�µqL

Magnetic moment type operator

Contact term operator

Effective CLFV Lagrangian
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Mu2e proton beam
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Mu2e will recycle the existing 
accelerator infrastructure 
Booster provides batches of 8 GeV 
protons to recycler 
Recycler divides proton batches into 4 
smaller bunches   
Delivery ring gets 1 out of 4 bunches 
from recycler 
Mu2e gets the proton beam pulses 
from delivery ring every 1695 ns 
Mu2e runs simultaneously with 
neutrino program (NOvA, SBN) 

– Minor impact on neutrino program 

Mu2e

Recycler

Delivery ring

Booster
Proton beam
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Mu2e apparatus
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2.0 T
1.0 T

Detector Solenoid 

2.5 T

Production 
Solenoid Transport Solenoid 

4.6 T

25 meters
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Mu2e apparatus
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2.0 T
1.0 T

4.6 T Protons

Protons strike production target to produce π- 
– Graded B-field reflects pions toward the 

transport solenoid

2.5 T

Production 
Target 

Detector Solenoid Production 
Solenoid Transport Solenoid 
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Mu2e apparatus
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2.0 T
1.0 T

4.6 T
2.5 T

Trasport solenoid: 
– Transports π-/µ-  

– Selects particle’s momentum and charge 
– Avoids direct line of sight

Middle 
collimator

Production 
Solenoid 

Detector Solenoid Production 
Solenoid Transport Solenoid 

Curved trasport solenoid 
separates charged particles

Collimator passes mostly  
negatives through

Curved trasport solenoid 
centers particles back
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Mu2e apparatus
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2.0 T
1.0 T

4.6 T
2.5 T

Detector Solenoid Production 
Solenoid Transport Solenoid 

Stopping 
Target Tracker

Calorimeter

Muons stop on Al stopping target 
– 50% of µ- stop on the target 
– 1,000 POT → 2 stopped muons 
– Graded magnetic field reflects conversion electrons toward the tracker 

Conversion electron momentum and energy are measured in the 
tracker and calorimeter 
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Tracker
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The tracker 
Knoepfel - FPCP 2014 41 

•  End product has multiple modules with total of 23K straws 
•  Module rotations optimized to ensure maximum coverage 

3.3 m 

Low mass straw drift tubes 
5 mm diameter straws 

– 15 𝜇m Mylar walls 
– Filled with 80/20 Ar/CO2 

25 𝜇m gold-plated tungsten sense wires

100 Straws = Panel; 6 Panel = Plane; 2 Planes = Station; Tracker = 18 Station

3.3 m
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Tracker Status

Produced 92% of Tracker Panels 
Produced 56% of Tracker Planes  
Completed electronics designs 
Demonstra4on of KPP quality cosmic tracks in Ver4cal Slice Test

14
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Calorimeter
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Two disks of 700 CsI crystals 

•  and  at 100 MeV
Provides precise 4ming, PID, seed for tracking and triggering

σE /E < 10 % σt < 1 ns

Tracker Calorimeter
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Calorimeter status
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All crystals, SiPMs, and FEEs produced 
All mechanical parts in hand to build the first disk 

• Finished stacking crystals!   
Cosmic ray test underway with subset of crystals
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Cosmic Ray Veto (CRV)

17

Mu2e expects 1 signal-like event per day induced by cosmic rays 
Cosmic Ray Veto(CRV) consists of 4-layer scin4lla4ng counters 

Read-out by SiPM through wave-shiging fibers 
CRV will reject 99.99% of cosmic rays, covering 300 m2 of detector solenoid

Un-instrumented 
CRV region
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CRV status
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2500 / 2700 di-counters produced 
68 / 83 modules produced and received at 
Fermilab 
Cosmic ray tests underway at Fermilab
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Cosmic background
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Mu2e will observe ~500 cosmic events over the Mu2e live-time
‣ Cosmic ray background component is mostly induced by muons
‣ Needs to be suppressed by 4 orders with CRV

Neutrally charged cosmic hadron escape detection by CRV 
‣ Rare background, but we’re looking for a rare signal… 

μ−

e−

Stopping 
Target Tracker Calo

n

e−
γ
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Pulsed beam
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Knoepfel - FPCP 2014 
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Timing is everything… 

•  Significant background is from pion capture: 

•  Can produce electron at same energy as the signal electron! 
•  Trick: Muon decays from Al are slow;  pion captures are fast. 

Wait out the pion captures before starting the live gate. 

Backgrounds from pion capture 

⇥� +N ! �e+e� +N 0

51 

Prompt background: particles produced by proton pulse which interact almost 
immediately when they enter the detector 
Muons travel with pions. Pions produce background when captured on target

⇡�N ! �N⇤ ! e+e�N⇤

Other sources of prompt backgrounds: beam electrons,  decay in flight 
Solution: Suppress prompt backgrounds by employing a delayed signal window  
Delivery ring revolution period of 1695 ns is well matched for τAl = 864 ns 

– 50% of muons decay/captured in the signal window

μ−/π−

Signal window
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Timing is everything… 

•  Significant background is from pion capture: 

•  Can produce electron at same energy as the signal electron! 
•  Trick: Muon decays from Al are slow;  pion captures are fast. 

Wait out the pion captures before starting the live gate. 

Backgrounds from pion capture 

⇥� +N ! �e+e� +N 0
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Signal window

Out-of-4me Protons

21

Out-of-time protons can give rise to prompt backgrounds in the signal window  
RF structure in Delivery ring and sweeping AC dipole in front of PS will 
suppress out-of-time protons by >10-10 

Only 1 in 10 billion POT will be outside of the main pulse

Out-of-time protons: 10-10 
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Decay In Orbit (DIO)
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Tracker

When muons stop on Al foils, they Decay In Orbit (DIO) 40% of the time 
‣  

Nuclear recoil modifies energy spectrum: 
‣ peaks at ~50 MeV, but 
‣ extends up to the signal region 

Tracker is blind to ~95% of DIO spectrum

μ− → e−νμν̄e

Signal
DIOSignal
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Run-I sensi4vity
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Run-I data-taking in 2025/6: 

‣ 5σ discovery  

‣ 90% CL  
‣ 1,000x improvement over SINDRUM-II 

Run-II data-taking starts in 2029 to reach 10,000x improvement 

Rμe = 1.1 × 10−15

Rμe < 5.9 × 10−16

Signal and Background PDFs for  

Total background: 0.11 ± 0.03 (stat.+syst.) events

Rμe = 10−15
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Mu2e-II@PIP-II
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If approved, Mu2e-II will improve  sensitivity by  beyond Mu2e limits
‣ Refurbish as much of Mu2e infrastructure as possible
‣ Upgrade Mu2e components to handle higher beam intensity
‣ Expected 5 years of physics run in the next decade

Mu2e will use 100kW protons from Proton Improvement Plan-II (PIP-II) at Fermilab

Rμe × 10

https://arxiv.org/abs/2203.07569

https://arxiv.org/abs/2203.07569
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Summary
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Mu2e has a great discovery poten4al and can reveal New Physics 

Mu2e will improve over previous conversion experiments by 4 
orders of magnitude and will probe new physics mass scales of 104 

TeV 

Mu2e will provide complimentary informa4on to the LHC and test 
the existence of new par4cles that are too heavy to be produced 
directly at colliders 

Plan to start data-taking in 2025(6)


