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Mu2e
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Mu2e will search for neutrino-less, coherent muon conversion into an electron 
!
!

Neutrino-less 𝜇→e- conversion is Charge Lepton Flavor Violation (CLFV) 
!
!

In the SM, 𝜇→e- occurs at the rate of <10-50 
– Signal observation at Mu2e is unambiguous sign of new physics

µ� +N ! e� +N

µ ! e�, µ ! 3e, ⌧ ! e�, ⌧ ! µ�...

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

µ e�̃
0

q q�

µ̃ ẽ

Leptoquarks

µ q

q e

LQ

RPV SUSY

µ eũ

q q�

d

�0 �0

Z 0/anomalous couplings

µ e

q q

Z 0

Second Higgs doublet

e

H

�

t

µ e

q q

Extra dimensions, etc.

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

Andrei Gaponenko 17 IF Seminar 2013-12-12

RateBSM ~ 10-15RateSM < 10-50
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Mu2e will measure the ratio of 𝜇→e- conversions to the 
number of muon captures by Al nuclei:

Rµe =
�(µ�+(A,Z) ! e�+(A,Z))
�(µ�+(A,Z) ! ⌫µ+(A,Z�1)



Yuri Oksuzian Mu2e experiment at Fermilab

Numerator

4

Mu2e will measure the ratio of 𝜇→e- conversions to the 
number of muon captures by Al nuclei:

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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Denominator
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µ�µ� µ�

⌫µ

n p � BR = 61%

Mu2e will measure the ratio of 𝜇→e- conversions to the 
number of muon captures by Al nuclei:

Mg*Al

Rµe =
�(µ�+(A,Z) ! e�+(A,Z))
�(µ�+(A,Z) ! ⌫µ+(A,Z�1)
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µ�µ� µ�
⌫µ
e�

⌫̄e

Mu2e will measure the ratio of 𝜇→e- conversions to the 
number of muon captures by Al nuclei:

AlAl

Rµe =
�(µ�+(A,Z) ! e�+(A,Z))
�(µ�+(A,Z) ! ⌫µ+(A,Z�1)

Dominant	
  background

BR = 39%
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Mu2e will measure the ratio of 𝜇→e- conversions to the 
number of muon captures by Al nuclei:

Rµe =
�(µ�+(A,Z) ! e�+(A,Z))
�(µ�+(A,Z) ! ⌫µ+(A,Z�1)

Mu2e single event sensitivity: R𝜇e = 2.5×10-17 
– Expect 4 events at R𝜇e = 10-16 

– Expect 40 events at R𝜇e = 10-15 
Mu2e planned sensitivity: R𝜇e = 7×10-17 at 90% CL 
Mu2e needs to stop ~1018 muons 

– 3.6×1020 protons on target (POT) over 3 years 
Need to keep background small and well understood 

– Total expected background 0.4 events 
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History of CLFV limits with muons 

Knoepfel - FPCP 2014 7 
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L = mµ

(+1)⇤2 µ̄R�µ⌫eLFµ⌫+ 
(+1)⇤2 µ̄L�µeL

P
q=u,d

q̄L�µqL

Contact term 
operator

Effective CLFV Lagrangian

Magnetic moment 
type operator

x10

State 	
  µ→eγ 	
  µ→e

SensiDve Yes Yes

State 	
  µ→eγ 	
  µ→e

SensiDve No Yes
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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 NOvA 

– Using spare Booster batches 
– NOvA POT is unaffected by Mu2e
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[OL�TLHZ\YLTLU[Z�[HRLU�I`�[OL�
THNUL[PJ�ZWLJ[YVTL[LY�
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3     DELIVERY RING

4     Mu2e PROTON BEAM

5     Mu2e SOLENOIDS

WYVK\J[PVU�[HYNL[�IL[^LLU�W\SZLZ�
[V�[OL�U\TILY�Z[YPRPUN�P[�K\YPUN�[OL�
W\SZLZ��0[�OHZ�ILLU�LZ[HISPZOLK�
[OH[�HU�L_[PUJ[PVU�VM�HWWYV_PTH[LS`�
������PZ�YLX\PYLK�[V�YLK\JL�[OLZL�
IHJRNYV\UKZ�[V�HU�HJJLW[HISL�
SL]LS��;OL�L_[PUJ[PVU�YLX\PYLTLU[�
]HYPLZ�^P[O�[OL�L_HJ[�[PTL�[OH[�
[OL�WYV[VU�Z[YPRLZ�[OL�[HYNL[�
IL[^LLU�[OL�W\SZLZ��HUK�������PZ�H�
YLWYLZLU[H[P]L�U\TILY�HZZ\TPUN�
[OH[�[OL�V\[�VM�[PTL�WHY[PJSLZ�HYL�
KPZ[YPI\[LK�\UPMVYTS`�IL[^LLU�
W\SZLZ���(�J\Z[VT�Z^LLWPUN�
THNUL[�PZ�ILPUN�KLZPNULK�[V�OLSW�
HJOPL]L�[OPZ�L_[PUJ[PVU�NVHS�

2.  MAIN INJECTOR /
     RECYCLER RING

1.  BOOSTER RING

3.  DELIVERY RING

4.  Mu2e PROTON BEAM

5.  Mu2e SOLENOIDS

the Mu2e
experiment
using muons to advance 
the search for new 
physics

Mu2e

Recycler

Delivery ring

Booster
Proton beam
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2.0 T
1.0 T

Proton beam hits production target in Production Solenoid to produce π- 
– Pions are reflected toward the transport solenoid 

Detector 
Solenoid protons2.5 T

Production 
Solenoid Transport 

Solenoid 4.6 T

Production 
Target 
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2.5 T

2.0 T
1.0 T

Proton beam hits production target in Production Solenoid to produce π- 
– Pions are reflected toward the transport solenoid  

Trasport solenoid: 
– Transports π-/µ-  

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

Detector 
Solenoid 

Production 
Solenoid Transport 

Solenoid 4.6 T

Production 
Target 
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2.0 T
1.0 T

Detector 
Solenoid 

Proton beam hits production target in Production Solenoid to produce π- 
– Pions are reflected toward the transport solenoid  

Trasport solenoid: 
– Transports π-/µ- 

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

Muons stop on Al stopping target 
– 50% of µ- stop on the target 
– 1,000 POT → 2 stopped muons  
– Conversion electron momentum and energy are measured in the 

tracker and calorimeter 

Stopping 
Target 

Tracker
Calorimeter

2.5 T
Production 

Solenoid Transport 
Solenoid 4.6 T

Production 
Target 
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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 examples of prompt backgrounds: beam electrons, 𝜇/π 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

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 
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Signal window

Out-­‐of-­‐Dme	
  Protons

16

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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Mu2e Conceptual Design Report 

Fermi National Accelerator Laboratory 

3-8 

 

Figure 3.4. The electron energy spectrum for muon decay-in-orbit in aluminum. The recoiling 
nucleus results in a small tail (blown up on the right) that extends out to the conversion energy. 

Radiative muon capture on the nucleus (µ− Al → γ ν  Mg) is an intrinsic source of 
high energy photons that can convert to an electron-positron pair in the stopping target or 
other surrounding material, producing an electron near the conversion electron energy.  
Photons can also convert internally. These internal and external rates, by numerical 
accident, are approximately equal for the Mu2e stopping target configuration.  Radiative 
muon capture can produce photons with an endpoint energy close to the conversion 
electron energy but shifted because of the difference in mass of the initial and final 
nuclear states.  Ideally, the stopping target is chosen so that the minimum masses of 
daughter nuclei are all at least a couple of MeV/c2 above the rest mass of the stopping 
target nucleus, in order to push the RMC photon energy below the conversion electron 
energy; for aluminum the RMC endpoint energy is 102.4 MeV, about 2.6 MeV below the 
conversion electron energy. The shape of the photon spectrum and the rate of radiative 
muon capture are not well known for medium mass nuclei and experiments have not had 
enough data to observe events near the kinematic endpoint.  The electrons that result 
from photon conversions cannot exceed the RMC kinematic endpoint for the energy of 
the radiated photon, so the planned energy resolution of the conversion peak (on the order 
of 1 MeV FWHM including energy straggling and tracking uncertainties) can render this 
background negligible.  

 
Most low-energy muon beams have large pion contaminations.  Pions can produce 

background when they are captured in the stopping target or surrounding material and 
produce a high energy photon through radiative pion capture (RPC): 
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Long tail from Michel peak. Signal is smeared. 
Need good momentum resolution. 

– 100 KeV momentum resolution is achievableThe full simulation 

Knoepfel - FPCP 2014 56 

Stopped muons: 5.8 × 1017 

Assumed Rµe = 10-16 

Nµe      = 3.94 ± 0.03 
NDIO   = 0.19 ± 0.01 
Nother  = 0.19 

SES = (2.5 ± 0.1) × 10-17 

e 
µ!
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•  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 

– 12 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 = 20 Station

3.3 m
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Mu2e	
  expects	
  1	
  signal-­‐like	
  event	
  per	
  day	
  induced	
  by	
  cosmic	
  rays	
  
Cosmic	
  Ray	
  Veto(CRV)	
  consists	
  of	
  4-­‐layer	
  scinDllaDng	
  counters	
  
CRV	
  needs	
  to	
  reject	
  99.99%	
  of	
  cosmic	
  rays,	
  covering	
  300	
  m2	
  of	
  detector	
  
solenoid	
  
CRV	
  has	
  to	
  be	
  able	
  to	
  operate	
  in	
  high	
  radiaDon	
  environment
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Two	
  disks	
  of	
  BaF2	
  scinDllaDng	
  crystals	
  
– BaF2	
  fast	
  Dme	
  component	
  	
  

Provides	
  precise	
  Dming,	
  PID,	
  seed	
  for	
  tracking	
  and	
  triggering	
  	
  
Complementary	
  energy	
  measurement

Calorimeter

Two disk geometry Hex BaF crystals
SiPM or APD readout

Provides precise timing, PID, alternate track seed, possible
calibration trigger.
Makes sure signal candidates are not catastrophic
misreconstructions.

Andrei Gaponenko 44 IF Seminar 2013-12-12

The Calorimeter 
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•  Disks are comprised of scintillating crystals. 
•  Need to be fast, and radiation hard 
▫  Use BaF2, which has a very fast time component.  
•  Crystal geometry is hexagonal, which works well 

with the annular design (same motivation as in 
tracker) 

Tracker Calorimeter
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All these backgrounds can be controlled to the level of <1 event 

Total backgrounds (for 3 yrs) 

Knoepfel - FPCP 2014 66 

Translates to 90% CL upper limit on R of about 10-16.    

Category Source Events

Intrinsic µ decay in orbit 0.20 ± 0.06
Late-arriving Radiative � capture 0.04 ± 0.02

Beam electrons 0.001 ± 0.001
µ decay in flight 0.010 ± 0.005
� decay in flight 0.003 ± 0.002

Miscellaneous Antiproton capture 0.10 ± 0.06
Cosmic ray 0.050 ± 0.013

Total Background 0.4 ± 0.1
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CD-­‐0	
  in	
  2009	
  
CD-­‐1	
  in	
  2012	
  
Currently	
  working	
  on	
  TDR,	
  scheduled	
  CD2/3	
  review	
  this	
  year	
  
Expect	
  to	
  start	
  data	
  taking	
  ~2020	
  
Experiment	
  was	
  strongly	
  supported	
  by	
  P5	
  

– RecommendaDon	
  22:	
  “Complete	
  the	
  Mu2e	
  and	
  muon	
  g-­‐2	
  projects.”	
   	
  

– Fully	
  funded	
  in	
  all	
  budget	
  scenarios
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160 members from 28 institutions Join us: mu2e-spokespersons@fnal.gov

mailto:mu2e-spokespersons@fnal.gov?subject=
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Mu2e	
  has	
  a	
  great	
  discovery	
  potenDal	
  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	
  
“The	
  existence	
  of	
  new	
  parDcles	
  that	
  are	
  too	
  heavy	
  to	
  be	
  produced	
  
directly	
  at	
  high-­‐energy	
  colliders	
  can	
  be	
  inferred	
  by	
  looking	
  for	
  
quantum	
  influences	
  in	
  lower	
  energy	
  phenomena	
  …	
  Some	
  notable	
  
examples	
  are	
  a	
  revolu5onary	
  increase	
  in	
  sensiDvity	
  	
  for	
  the	
  transiDon	
  
of	
  a	
  muon	
  to	
  an	
  electron	
  in	
  the	
  presence	
  of	
  a	
  nucleus	
  Mu2e	
  
(Fermilab)”	
  -­‐	
  P5	
  report	
  
Experimental	
  design	
  is	
  mature	
  -­‐	
  break	
  ground	
  this	
  fall	
  
Lots	
  of	
  interesDng	
  projects	
  to	
  work	
  on	
  

– You	
  can	
  help	
  make	
  a	
  discovery!


