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Mu2e
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Quarks and neutrinos mix 
‣ Do charged lepton flavors mix as well?  

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
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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 < 10-50
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What	do	we	measure?
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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)
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Numerator
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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�
Al

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

Al
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Al

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*

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

⌫̄e

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)

Irreducible	background

BR = 39%
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Mu2e	SensiFvity
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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 = 3×10-17 
– Expect 7 events and 5σ discovery sensitivity at R𝜇e = 2×10-16 

Expected limit: R𝜇e = 8×10-17 @ 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	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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(+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

SensiFve Yes Yes

State 	µ→eγ 	µ→e

SensiFve No Yes
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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 8 
smaller bunches   
Delivery ring gets 1 out of 8 bunches 
from recycler 
Mu2e gets the proton beam pulses 
from delivery ring every 1695 ns
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PZ�WYVK\JLK�I`�ZLJVUKHY`�ILHT�
WHY[PJSLZ��WYPTHYPS`�WPVUZ��[OH[�
YLHJO�[OL�KL[LJ[PVU�YLNPVU�K\YPUN�

MVSSV^�\Z�H[�MUHS�NV]

;OL�-LYTPSHI�)VVZ[LY�^PSS�
HJJLSLYH[L�WYV[VUZ�KLSP]LYLK�I`�
[OL�-LYTPSHI�3PULHY�(JJLSLYH[VY�
[V�HU�LULYN`�VM���.L=�ULLKLK�[V�
WYVK\JL�[OL�PU[LUZL�T\VU�ILHT�

MVY�4\�L

2     MAIN INJECTOR /   
       RECYCLER RING

;OL�WYV[VUZ�^PSS�[YH]LS�MYVT�[OL�
)VVZ[LY�9PUN�[V�[OL�4HPU�0UQLJ[VY�
9LJ`JSLY�YPUN�^OLYL�[OL`�^PSS�IL�
Z[HJRLK�HUK�YLI\UJOLK�ILMVYL�
ILPUN�RPJRLK�[V�[OL�+LSP]LY`�9PUN��

;OL�+LSP]LY`�9PUN�PZ�SVJH[LK�
PU�[OL�YLW\YWVZLK�(U[PWYV[VU�
(JJ\T\SH[VY�HUK�+LI\UJOLY�
9PUNZ��;OL�YL\ZL�VM�[OLZL�
JVTWVULU[Z�HUK�LUJSVZ\YLZ�
HSSV^Z�MVY�H�JVZ[�LMMLJ[P]L�
TLHUZ�VM�KLSP]LY`�MVY�[OL�WYV[VU�
ILHT�[V�[OL�4\VU�*HTW\Z��
6UJL�[OL�WYV[VUZ�HYL�KLSP]LYLK�
[V�[OL�+LSP]LY`�9PUN��[OL`�^PSS�
IL�L_[YHJ[LK�[V�[OL�UL^�4\�L�
,_WLYPTLU[HS�/HSS�

;OL�*VU]LU[PVUHS�*VUZ[Y\J[PVU�

WVY[PVU�VM�[OL�4\�L�WYVQLJ[�

^PSS�WYV]PKL�[OL�PUMYHZ[Y\J[\YL�

HUK�I\PSKPUN�YLX\PYLK�[V�

HZZLTISL�HUK�VWLYH[L�[OL�4\�L�

L_WLYPTLU[���(Z�[OL�ÅHNZOPW�VM�

[OL�-LYTPSHI�4\VU�*HTW\Z��

[OL�4\�L�WYVQLJ[�PZ�SVJH[LK�

HKQHJLU[�[V�[OL�L_PZ[PUN�)VVZ[LY�

JVTWSL_�ZV\[O�VM�>PSZVU�/HSS���

;OPZ�SVJH[PVU�[HRLZ�HK]HU[HNL�VM�

[OL�L_PZ[PUN�HU[PWYV[VU�ILHT�SPUL�

^OPJO�OHZ�ILLU�YLW\YWVZLK�HZ�

[OL�4\VU�+LSP]LY`�9PUN�

�

;OL�TVZ[�]PZPISL�WVY[PVU�VM�[OL�

*VU]LU[PVUHS�*VUZ[Y\J[PVU�PZ�[OL�

4\�L�+L[LJ[VY�/HSS��;OPZ�I\PSKPUN�

JVUZPZ[Z�VM�H�ILSV^�NYHKL�

ZOPLSKLK�Z[Y\J[\YL�[V�OV\ZL�

[OL�4\�L�ZVSLUVPKZ�HZ�^LSS�HZ�

Z\WWVY[�LX\PWTLU[��;OL�HIV]L�

NYHKL�WVY[PVU�VM�[OL�I\PSKPUN�

^PSS�JVU[HPU�H�OPNO�IH`�^P[O�

V]LYOLHK�JYHULZ�HUK�HJJLZZ�[V�

[OL�ILSV^�NYHKL�WVY[PVU�VM�[OL�

I\PSKPUN��0U�HKKP[PVU��[OL�HIV]L�

NYHKL�I\PSKPUN�^PSS�OV\ZL�Z\WWVY[�

M\UJ[PVUZ�PUJS\KPUN�TLJOHUPJHS�

HUK�LSLJ[YVUPJZ�ZWHJLZ�YLX\PYLK�

[V�VWLYH[L�[OL�L_WLYPTLU[HS�

LX\PWTLU[�

;OL�4\�L�L_WLYPTLU[�H[�-LYTPSHI�^PSS�IL��������[PTLZ�TVYL�

ZLUZP[P]L�[OHU�WYL]PV\Z�L_WLYPTLU[Z�SVVRPUN�MVY�T\VU�[V�

LSLJ[YVU�JVU]LYZPVU��;OPZ�WYLJPZL�HUK�JVTWSL_�THJOPUL�^PSS�

IL�HISL�[V�WYVK\JL�����TPSSPVU�IPSSPVU�T\VUZ�WLY�`LHY��-\[\YL�

HJJLSLYH[VY�\WNYHKLZ�JV\SK�L_[LUK�[OL�PUP[PHS�L_WLYPTLU[»Z�

ZLUZP[P]P[`�I`�H�MHJ[VY�VM����VY�TVYL��;OPZ�PZ�JVTWHYHISL�[V�

4\�L�PUP[PHSS`�WYVK\JPUN�H�U\TILY�VM�T\VUZ�LX\P]HSLU[�[V�[OL�

U\TILY�VM�NYHPUZ�VM�ZHUK�VU�HSS�[OL�,HY[O»Z�ILHJOLZ��

;OPZ�^V\SK�WYV]PKL�H�]HS\HISL�[VVS�MVY�WO`ZPJZ�YLZLHYJO�^OL[OLY�VY�UV[�

4\�L�KPZJV]LYZ�T\VU�[V�LSLJ[YVU�JVU]LYZPVU�K\YPUN�P[Z�ÄYZ[��SV^LY�

PU[LUZP[`�WOHZL��0M�4\�L�KVLZ�VIZLY]L�JOHYNLK�SLW[VU�JVU]LYZPVU��HU�

\WNYHKLK�HJJLSLYH[VY�^V\SK�LUHISL�4\�L�[V�Z[\K`�PU�KLW[O�[OL�KL[HPSZ�VM�

[OL�JVU]LYZPVU�WYVJLZZ�I`�WYV]PKPUN�TVYL�KH[H��0M�4\�L�KVLZ�UV[�VIZLY]L�

[OL�JVU]LYZPVU��[OL�JVSSHIVYH[PVU�JV\SK�JVU[PU\L�[OL�ZLHYJO�^P[O�H�^PKLY�

UL[�HUK�ZLHYJO�MVY�ZPNUZ�VM�UL]LY�ILMVYL�ZLLU�WO`ZPJZ�PU�YHYL�WYVJLZZLZ�

[OH[�OH]L�WYL]PV\ZS`�ILLU�V\[�VM�YLHJO�VM�WO`ZPJZ�THJOPULZ�

1     BOOSTER RING

;OL�WYV[VU�ILHT�^PSS�LU[LY�[OL�
4\�L��WYVK\J[PVU�ZVSLUVPK�H[�H�
ZSPNO[�HUNSL�[V�P[Z�H_PZ�HUK�Z[YPRL�H�
[\UNZ[LU�[HYNL[�HIV\[�[OL�ZPaL�VM�H�
WLUJPS��;OLZL�JVSSPZPVUZ�^PSS�JYLH[L�
H�JHZJHKL�VM�WHY[PJSLZ��PUJS\KPUN�
WPVUZ�[OH[�KLJH`�PU[V�T\VUZ��;OL�
THNUL[PJ�ÄLSK�VM�[OL�WYVK\J[PVU�
ZVSLUVPK�^PSS�JHW[\YL�ZVTL�VM�[OL�
T\VUZ�HUK�ZWPYHS�[OLT�PU[V�[OL�

[YHUZWVY[�ZVSLUVPK��6US`�HIV\[���
PU�L]LY`�����WYV[VUZ�[OH[�JVSSPKL�
^P[O�[OL�WYVK\J[PVU�[HYNL[�^PSS�
JYLH[L�H�T\VU�[OH[�TV]LZ�PU[V�[OL�
[YHUZWVY[�ZVSLUVPK��;OYV\NOV\[�
[OL�L_WLYPTLU[»Z�WYVQLJ[LK�
��`LHY�Y\UUPUN�WLYPVK��YV\NOS`����
IPSSPVU�T\VUZ�WLY�ZLJVUK�^PSS�IL�
Z[VWWLK��4\VUZ�PU�[OL�[YHUZWVY[�
ZVSLUVPK�^PSS�[YH]LS�[V�H�KL[LJ[VY�

PUZPKL�HU�L]HJ\H[LK�]LZZLS��;OL�
KL[LJ[VY�JVUZPZ[Z�VM�[^V�THPU�
WHY[Z��(�THNUL[PJ�ZWLJ[YVTL[LY�
TLHZ\YLZ�[OL�WHY[PJSL�TVTLU[\T��
(U�LSLJ[YVTHNUL[PJ�JHSVYPTL[LY�
[LSSZ�[OL�LSLJ[YVUPJ�Z`Z[LT�^OH[�
WHY[PJSL�PU[LYHJ[PVUZ�[V�YLJVYK�
MVY�M\Y[OLY�Z[\K`�HUK�JVUÄYTZ�
[OL�TLHZ\YLTLU[Z�[HRLU�I`�[OL�
THNUL[PJ�ZWLJ[YVTL[LY�

H�[PTL�PU[LY]HS�Z[HY[PUN�ZOVY[S`�HM[LY�
W\SZLZ�OP[�[OL�WYVK\J[PVU�[HYNL[�
HUK�L_[LUKPUN�MVY�HIV\[�����UZLJ���
)`�KL[LJ[PUN�JVU]LYZPVU�LSLJ[YVUZ�
VUS`�MVY�[PTLZ�SH[LY�[OHU�����UZLJ��
[OPZ�IHJRNYV\UK�PZ�ZPNUPÄJHU[S`�
YLK\JLK�[V�HU�HJJLW[HISL�SL]LS��
7YV[VUZ�OP[[PUN�[OL�WYVK\J[PVU�
[HYNL[�K\YPUN�VY�ZVTL^OH[�
ILMVYL�[OL�KL[LJ[PVU�PU[LY]HS�
JV\SK�WYVK\JL�[OL�ZHTL�[`WL�VM�
IHJRNYV\UK"�[OPZ�W\[Z�H�SPTP[�VU�
[OL�U\TILY�VM�WHY[PJSLZ�OP[[PUN�[OL�
WYVK\J[PVU�[HYNL[�IL[^LLU�W\SZLZ���
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YLWYLZLU[H[P]L�U\TILY�HZZ\TPUN�
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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



Yuri Oksuzian Mu2e experiment at Fermilab

Mu2e	apparatus
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Every 1695 ns, 8 GeV protons hit production target to produce π- 
– π-/µ- are reflected toward the transport solenoid  

Transport Solenoid delivers π-/µ- to Detector Solenoid 

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

Muons stop on the Al Stopping Target 
– 1,000 POT → 4(2) muons reach(stop on) the Al target 
– Conversion electron momentum, energy and timing are measured in the 

tracker and calorimeter 

1

2

3
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Mu2e	apparatus
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Mu2e	apparatus

15

Every 1695 ns, 8 GeV protons hit production target to produce π- 
– π-/µ- are reflected toward the transport solenoid  
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Pulsed	beam
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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

Mu2e Project Scope!

6/14/16!R. Ray, J. Whitmore | DOE  CD-3c Review!16!

Mu2e	Project	scope	includes	
•  Modifica6ons	to	the	accelerator	

complex	

Suppress	prompt	backgrounds	by	many	orders	of	magnitude	using	a	pulsed	
beam	and	a	delayed	live	gate	
•  Proton	pulses	must	be	narrow	
•  Out-of-6me	protons	must	be	suppressed	

Radia6ve	Pion	Capture	

Target	foils	

Mu2e!

Pulsed Beam Requirements!

10/21/14!24!

•  Suppress prompt backgrounds by many orders of 
magnitude by employing a delayed live gate.!
–  Proton pulses must be narrow!
–  Out-of-time protons must be suppressed!

Live Window 

Prompt%background%

Signal%

Proton%pulse% Proton%pulse%

D. Glenzinski - DOE CD-2/3b Review!
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Out-of-Fme	Protons

17

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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Cosmic	Ray	Background
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Mu2e	expects	1	signal-like	event	per	day	induced	by	cosmic	rays	

- Reminder:	Total	expected	background	is	0.4	events	over	3	years	

Cosmic	ray	muons	produce	background	though	material	interacFons,	decays	
and	muon	faking	an	electron	
To	achieve	experiment’s	designed	sensiFvity,	Cosmic	Ray	Veto	detecFon	
efficiency	is	required	to	be		>	99.99%
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Cosmic	Ray	Veto
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CRV	consists	of	4-layer	scinFllaFng	5x2	cm2	counters,	read-out	through	
wavelength-shicing	fibers	by	2x2	mm2	SiPMs	
Cosmic	ray	muon	detecFon	-	hits	coincidence	in	3/4	layers	localized	in	Fme	
and	space	

Veto	(offline)	125	ns	from	a	signal	window	acer	a	coincidence	in	the	CRV

• Area:		327	m2		

• 86	modules	of	6	lengths	
• 5,504	counters	
• 11,008	fibers	
• 19,840	SiPMs	
• 310	Front-end	Boards
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Decay	In	Orbit
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Muon decays in orbit (DIO) produce irreducible background 
Central part of the tracker is not instrumented 

-  blind to 99% of DIO spectrum and beam flash 
Signal electrons travel at higher radii through the tracker fiducial volume

Mu2e Conceptual Design Report 

Fermi National Accelerator Laboratory 
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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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Decay	In	Orbit
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DIO spectrum spreads to the signal region
Mu2e Conceptual Design Report 

Fermi National Accelerator Laboratory 
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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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SimulaFon
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DIO spectrum spreads to the signal region.  
In addition, signal is smeared due to energy losses 
Need good momentum resolution 

- < 200 KeV/c momentum resolution is achievable

Tracker Design - Meeting The Requirements

6/14/16A. Mukherjee | CD-3c Review12

Tracks

• Efficiency ~58%
Includes geometric losses

• Mean ~10keV/c
• Core resolution 120keV/c
• High side tail <<1%

Preco - Ptrue [MeV/c]

A
rb

itr
ar

y 
Mean: 10 KeV/c 
Core σ: 120 KeV/c 
High side tail << 1%  

Tracker Resolution
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Tracker
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Low mass straw drift tubes 
5 mm diameter straws 

– 12 𝜇m Mylar walls 
– Filled with Ar+CO2 

25 𝜇m tungsten wires

96 Straws = Panel; 6 Panels = Plane; 2 Planes = Station; 
18 Station = Tracker. Total number of straws: 22,000

3.2 m
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Calorimeter

24

Two	disks	of	CsI	scinFllaFng	crystals	

- RadiaFon	hard,	good	Fme	(110	ps)	and	energy	(5%)	resoluFon			
Provides	precise	Fming,	seed	for	tracking,	triggering	and	PID		
Muon	rejecFon	x200	with	96%	electron	efficiency	

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

Tracker Calorimeter
• 2	disks	(radius	=	37-66	cm)	
• 1400	crystals	(3x3x20	cm3)	
• 2800	SiPMs
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Backgrounds
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All the backgrounds can be controlled to the level of <1 event 

Mu2e-docdb-7464 page 9 of 11

expected background values, but not their uncertainties, It minimizes the typi-
cal (median) value of Rµe that is discoverable at the 5� statistical significance.
The resulting optimal momentum window is [103.85, 104.9] MeV/c. For that
point, the total background is 0.41±0.13 events, and SES = (3.01±0.03(stat)±
0.41(syst))⇥10�17. The corresponding median 5� discovery Rµe = 1.89⇥10�16

(the 1� band around it is [1.21, 2.77]⇥ 10�16). If there is no µ ! e conversion,
the median 90% upper limit with these cuts is 6.12⇥ 10�17. (The average 90%
UL for the same analysis is 8.41⇥ 10�17 [21].)

Table 3 shows individual background contributions for the discovery analysis.
The expectation values for the components included into the optimization (DIO,
pions, antiprotons, cosmic rays) are taken directly from the Mu2eCCFCNoNtuples
dump. Other values are computed by re-scaling the CD3 column in table 2 by
the momentum window ratio (104.90 � 103.85)/(105.1 � 103.85) = 0.84. The
absolute uncertainties in table 3 are computed from the relative uncertainties
of individual background estimates.

Figure 2 shows expected backgrounds versus reconstructed track momentum.
A conversion signal contribution for the median 5� discovery Rµe is also shown.
The uncertainties shown in the figure include both statistical and systematic
contributions (as summarized in table 3).

Process Expected event yield

Cosmic rays 0.209± 0.022(stat)± 0.055(syst)

DIO 0.144± 0.028(stat)± 0.11(syst)

Antiprotons 0.040± 0.001(stat)± 0.020(syst)

Pion capture 0.021± 0.001(stat)± 0.002(syst)

Muon DIF < 0.003

Pion DIF 0.001±< 0.001

Beam electrons (2.1± 1.0)⇥ 10�4

RMC 0.000+0.004
�0.000

Total 0.41± 0.13(stat+syst)

Table 3: Summary of CD3 backgrounds for the discovery-optimized momentum
window [103.85, 104.90] MeV/c and t

0

= 700 ns. The pion capture and beam
electron lines assume 10�10 beam extinction. The corresponding SES = (3.01±
0.03(stat)± 0.41(syst))⇥ 10�17.

9
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Mu2e	Status
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Detector	hall	construcFon	is	complete	
Detector	construcFon	starts	next	year	
Solenoid	installaFon	in	2019		
Beam	commissioning	begins	in	2020	
Physics	data	taking	in	2022

Mu2e

DS Solenoid Bay 
04/2016

g-2
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Mu2e@DPF
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A	Novel	Readout	System	for	a	High	Efficiency	Cosmic	Ray	Veto	for	the	Mu2e	Experiment	
Beam	Line	ExFncFon	in	the	Mu2e	Experiment	
Front-End	Electronics	Scheme	for	the	Mu2e	Straw	Tracker	
A	High	Efficiency	Cosmic	Ray	Veto	Detector	for	the	Mu2e	Experiment	at	Fermilab	
Performance	of	ScinFllaFon	Counters	with	Silicon	PhotomulFplier	Readout	
Studies	of	Beam	Induced	RadiaFon	Backgrounds	at	the	Mu2e	Experiment	and	ImplicaFons	for	the	Cosmic	Ray	Veto	Detector	OperaFons	
Quality	Assurance	on	Un-Doped	CsI	Crystals	for	the	Mu2e	Experiment	
Mu2e	Solenoid	Field	Mapping	System	
Preliminary	Results	from	the	AlCap	Experiment	
Normalizing	to	the	Number	of	Stopped	Muons	in	the	Mu2e	Experiment	
Design	and	status	of	the	Mu2e	crystal	calorimeter	
Studies	of	effect	of	aging	and	studies	to	opFmize	scinFllaFon	counter	response	for	the	Mu2e	Cosmic	Ray	Veto	System	
Cosmic	Ray	Backgrounds	in	the	Mu2e	Experiment	at	Fermilab	
Pre-producFon	and	quality	assurance	of	the	Mu2e	Silicon	PhotomulFpliers	
Studies	of	RadiaFon	Damage	to	Silicon	PhotomulFpliers	
A	Panel	Prototype	for	the	Mu2e	Straw	Tube	Tracker	at	Fermilab	
The	Mu2e	Solenoid	Cold	Mass	PosiFon	Monitor	System	
Muon	Intensity	Increase	by	Wedge	Absorbers	
Mu2e	Trigger	&	DAQ	Design	and	Challenges	
The	Mu2e	Experiment	at	Fermilab	
3D	MagneFc	Field	CalibraFon	
Studies	of	scinFllaFon	counter	response	for	the	Mu2e	Cosmic	Ray	Veto	System	
Aging	Studies	for	the	Mu2e	Cosmic	Ray	Veto	System

23 talks and posters on Mu2e at DPF: 
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Mu2e	R&D/Prototypes	Efforts

28
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Mu2e	CollaboraFon
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200 scientists, 37 institutions
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Summary

Mu2e	has	a	great	discovery	potenFal	and	can	reveal	new	physics	
- Improves	over	previous	conversion	experiments	by	4	orders	of	magnitude	
and	probes	new	physics	mass	scales	of	104	TeV/c2	

- Provides	discovery	capability	over	wide	range	of	new	physics	models	

- Complementary	to	LHC	and	other	experiments	

Experimental	design	is	mature	and	on	schedule	to	start	
commissioning	in	2020	

Technical	Design	Report	
‣ hrp://arXiv.org/abs/1501.05241		

Experiment	web	site	
‣ hrp://mu2e.fnal.gov

30

http://www.apple.com
http://mu2e.fnal.gov
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Backup
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Target	material
Rμe	is	Z-dependent	and	can	disFnguish	among	new	physics	operators	
Measuring	Rμe	for	different	targets	provides	discriminaFon	power	
between	new	physics	model

32
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Proton	Beam	Requirement
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Parameter Design	
Value Requirement Unit

Total	protons	on	target 4.7´1020 ≥	4.7´1020 protons

Time	between	beam	pulses 1695 >	864 nsec

Maximum	variation	in	pulse	separation <	1 10 nsec

Spill	duration 43.1 >	20 msec

Beamline	Transmission	Window 230 <	250 nsec

Transmission	Window	 Jitter	(rms) <	5 <10 nsec

Out-of-time	extinction	factor 1.6×10-12 £ 10-10

Average	proton	intensity	per	pulse 3.9´107 <	5.0´107 protons/	
pulse

Maximum	Pulse	to	Pulse	intensity	variation 50 50 %

Target	rms	spot	size	 1 0.5 – 1.5 mm

Target	rms	beam	divergence 0.5 <	4.0 mrad
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ExFncFon

34

The	proton	beam	on	target	consists	of	a	train	of	~25,000	narrow	pulses	
separated	by	1.695	μsec	

ExFncFon	≡	No.	of	out-of-Fme	protons	/	No.	of	in-Fme	protons
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Signal	Acceptance
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Performance
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Calorimeter	performance

37

Test	beam	results	with	calorimeter	prototype		

Data	well	described	by	Monte	Carlo	
Energy	resoluFon:	~6.5%	at	100	MeV	
Time	resoluFon:	110	ps
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CRV	performance
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Test	beam	results	with	CRV	prototype	

‣ 2x5	scinFllaFng	counters,	read	out	through	1.4	mm	WLS	fibers	by	
2x2	mm2	SiPMs	

Light	yield:		50	PE/SiPM	at	1	m	
Timing	resoluFon:	1.7	ns	single	channel	resoluFon


