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Abstract

The Mu2e experiment will measure the charged-lepton flavor violating (CLFV) neutrino-
less conversion of a negative muon into an electron in the field of a nucleus. Mu2e
will improve the previous measurement by four orders of magnitude, reaching a 90%
C.L. limit of 8× 10−17 on the conversion rate. The experiment will reach mass scales of
nearly 104 TeV, far beyond the direct reach of colliders. The experiment is sensitive to a
wide range of new physics, complementing and extending other CLFV searches. Mu2e
is under design and construction at the Muon Campus of Fermilab; we expect to start
taking physics data in 2022 with 3 years of running to achieve our target sensitivity.
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1 Introduction

Measurements of neutrino oscillations show that lepton flavor conservation is strongly vio-
lated in the neutrino sector. In the Standard Model this violation can be explained through the
addition of nonzero neutrino masses. The scale of these masses, however, strongly suppresses
Standard Model contributions to charged lepton flavor violating (CLFV) processes. For exam-
ple, the branching fraction for µ → eγ decays is predicted to be less than 10−54. Thus any
detection of CLFV experimentally is a definitive sign of new physics. Many theories of physics
beyond the Standard Model enhance CLFV processes due to the addition of new particles and
interactions, and this enhancement can raise the rate to a detectable level [1–3].

There are several CLFV processes that can be studied, each with differing sensitivities to
various models of new physics. In general, although τ decays have the advantage of a much
larger phase space, muon decay channels are the most sensitive due to the ability to create
intense muon beams. The current most restrictive limits on CLFV in muon processes come from
MEG, with a limit of 4.2× 10−13 on the branching fraction of µ → eγ [4], and SINDRUM-II
with a limit of Rµe < 6× 10−13 for muon conversion with a gold target [5].
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We can compare the sensitivity of the different processes to new physics by considering
generic contributions to CLFV with an effective Lagrangian given by

LCLFV =
mµ

(1+κ)Λ2
µRσµνeL Fµν +

κ

(1+κ)Λ2
µLγµeL

 

∑

q=u,d

qLγ
µqL

!

, (1)

with the parameter κ determining the relative strength of “loop” terms and “contact terms”
and λ denoting the mass scale of the physics (assuming unit coupling) [6]. Both µ→ eγ and
µN → eN measurements are sensitive to the new physics if loop terms dominate (κ� 1), but
only µN → eN is sensitive if contact terms do (κ� 1). The sensitivity of Mu2e will allow it
to probe effective mass scales up to 104 TeV, beyond the range of collider experiments.

2 The Mu2e experiment

The Mu2e experiment will search for neutrino-less conversion of a negative muon into an
electron in the field of a nucleus [7]. Slow muons are stopped on an aluminum target pro-
ducing muonic atoms, which quickly drop to the lowest energy 1s state. Once in this state the
muons decay, convert, or are captured by the nucleus, with a livetime of 864 ns. For negative
muons, decays or conversions of the bound muon happen coherently with the nucleus. When
the muon undergoes CLFV conversion, the outgoing electron effectively takes all the rest-mass
energy of the muon, minus the atomic binding energy. The signal produced by this process
is thus a mono-energetic electron with an energy of approximately 105 MeV. The parameter
measured by Mu2e and other muon conversion experiments is the rate of this CLFV conversion
process normalized to the rate of muon capture by the nucleus:

Rµe =
µ− + A(Z , N)→ e− + A(Z , N)

µ− + A(Z , N)→ νµ + A(Z − 1, N)
. (2)

There are three primary sources of backgrounds for this signal: muons decaying in orbit,
cosmic rays, and the muon beam itself. When muons stopped on aluminum undergo decay-
in-orbit (DIO), the coherent recoil of the nucleus also modifies the Michel energy spectrum
endpoint, pushing it all the way up to the conversion peak energy, as shown in Fig. 1. Near the
conversion endpoint the DIO energy spectrum falls sharply as (E − Eendpoint)5. The electrons
produced by DIO are thus a background to the conversion search that must be separated using
a precise momentum measurement. Cosmic rays can scatter off the aluminum stopping target
and produce 105 MeV electrons that look identical to the signal. Since these background
events cannot be separated from the signal by any other means, an active cosmic ray veto is
needed to reject them. Finally, the creation of the muon beam produces many possible sources
of background. For example, pions that reach the stopping target can undergo radiative pion
capture (RPC), producing a gamma that can then convert, producing a conversion electron-like
signal in the detector.

The RPC background limited the sensitivity of previous muon conversion experiments.
Mu2e will use a pulsed muon beam, allowing it to use timing cuts to reject these events.
An 8 GeV 8 kW pulsed proton beam from the Fermilab booster is used to create the muons,
with beam bunches separated by 1.7 µs. The backgrounds associated with the beam, like
RPC events, are prompt in time, while the signal events are fairly uniform due to the 864
ns livetime of stopped muons on aluminum. Thus, by delaying the signal window, the beam
background events can be reduced dramatically, as shown in Fig. 2. In order to avoid any late
pions arriving inside the event window, Mu2e requires a beam extinction, or ratio of in-time
to out-of-time protons, of less than 10−10. Mu2e will stop approximately 1018 muons in total
in order to reach its target sensitivity.
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Figure 1: Energy spectrum of electrons produced by muon decay-in-orbit (red) com-
pared with those from free muon decay (blue). Near the conversion endpoint at 105
MeV the decay-in-orbit spectrum falls as (E − Eendpoint)5.
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Figure 2: The Mu2e muon beam structure and live window compared to expected
time distributions of backgrounds and signals.

3 Experimental design

The layout of the Mu2e experiment is shown in Fig. 3. It consists of three regions of su-
perconducting solenoids: the production solenoid (PS), transport solenoid (TS), and detector
solenoid (DS). The proton beam enters the PS and hits a tungsten production target. The PS
produces a graded field that reflects low momentum pions and muons back towards the TS,
which greatly increases collection efficiency and the intensity of the final muon beam. The
TS has two curved sections which separate particles in the beam by charge and momentum,
and allow for the selection of low momentum muons. The DS contains the aluminum stopping
target, which consists of a series of thin foils, as well as a straw tracker and an electromagnetic
calorimeter. The stopping target again sits in a gradient field, reflecting conversion electrons
towards the detector elements. The straw tracker and electromagnetic calorimeter sit in a con-
stant 1 T field. The tracker is designed to provide the high precision momentum measurement
that allows for the rejection of the DIO background events, while the calorimeter provides a
separate energy and time measurement that provide particle identification and a seed for the
reconstruction.

The tracker is made of approximately 20,000 low mass straws in vacuum, each 5 mm in
diameter and made of 15 µm thick mylar. The straws are oriented transverse to the solenoid
axis, arranged in 120 degree arc “panels”. Each panel contains 96 straws in two staggered
layers. Twelve panels oriented by successive 30 degree rotations make up a station, providing
stereo position information. The tracker consists of 18 stations in total, giving it a total length
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Figure 3: Layout of the Mu2e experiment.

Figure 4: Sketch of the Mu2e straw tracker. Straws are arranged into 120 degree
arcs oriented transverse to the solenoid axis, with 12 panels making up a station.
The whole tracker consists of 18 stations and is 3.2 meters long.

of 3.2 m, as shown in Fig. 4. The straws do not reach within a minimum radius of 38 cm,
making the tracker blind to the majority of the beam flash and low momentum DIO electrons.
Signals from the straws are digitized at both ends, allowing for the determination of hit posi-
tions both transverse to and longitudinally along the wire. A digital waveform is also recorded
in order to allow the rejection of highly ionizing hits from protons.

An eight channel tracker prototype, shown in Fig. 5, has been used to measure the per-
formance of the tracker design using cosmic rays. Fig. 6 shows the transverse resolution,
longitudinal resolution, and the efficiency of the cosmic ray data compared to predictions
from simulations. The transverse resolution is found to have a full width half max of 283 µm,
while the longitudinal resolution is found to have a core resolution of 43±1 mm, meeting the
requirements of the tracker. In addition to the eight channel prototype, full size pre-production
panels have been assembled and tested, and multiple panels have been assembled into a pro-
totype station. Final straw production is currently underway.

The electromagnetic calorimeter is located downstream of the tracker, and provides an
independent energy and time measurement that is necessary for particle identification [8]. It
consists of two annular disks, each containing 674 undoped CsI scintillating crystals of dimen-
sion 3.4×3.4×20 cm3 read out by custom silicon photomultipliers (SiPMs), as shown in Fig.
7. The disks are separated by a distance that maximize the chance of at least one being hit
by any conversion electron. In order to provide e/µ separation, the calorimeter is required
to have an energy resolution of approximately 5% and a time resolution of better than 500
ps. A 3 by 3 CsI crystal array prototype was tested at the Frascati Beam Test Facility with
electron beams of 80 to 120 MeV, and an energy resolution of 6.5% and time resolution of 100
ps for 100 MeV particles was demonstrated, as shown in Fig. 8 [9]. A larger scale prototype
consisting of 51 crystals and 102 SiPMs has also been built testing integration and assembly
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Figure 5: Eight straw tracker prototype used to measure hit resolution and effi-
ciency with cosmic rays. Prototype tracker electronics, including preamplifiers on
each straw end and FPGA based digitizers and readout controllers, are used to mea-
sure the straw signals. A cosmic ray trigger was built using two PMTs and a custom
triggering board. Trajectories of the cosmic rays was determined using FEI4 ATLAS
pixel detectors.

Distance from wire [mm]
0 0.5 1 1.5 2 2.5 3 3.5 4

E
ffi

ci
en

cy

0

0.2

0.4

0.6

0.8

1

8-Straw Prototype

8-Straw Prototype Fit

G4 + Straw Simulation

G4 + Straw Simulation Fit

 0.006± = 0.947 ε
 0.001± = 0.950 ε

Figure 6: Transverse resolution (top-left), longitudinal resolution (top-right), and
efficiency (bottom) for cosmic ray events from an eight channel tracker prototype.
Data is shown in blue, while results of Monte Carlo simulation of the prototype setup
are shown in red. The transverse residuals are fit to a function that includes both
a Gaussian smearing component as well as a exponential component that includes
geometric effects. The longitudinal resolution is determined using a Gaussian fit to
the core of the residual distribution. The efficiency quoted is determined by a fit to
events less than 2 mm from the wire.
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Figure 7: CAD drawing of the electromagnetic calorimeter. The calorimeter consists
of two annular disks, with the crystals in each located between an inner and outer
aluminum ring. In the figure, the inner ring is visible in gray at the center of the
closer disk. The digitizing electronics are in the crates on the outside of the disks.
The light blue area represents the support for the SiPMs and front end electronics, and
the yellow area represents the envelope of the cables from the FEE to the digitizing
electronics.

procedures, shown in Fig. 9 [10].
In order to reject events produced by cosmic rays, the entire DS and half of the TS are

covered by an active cosmic ray veto (CRV) detector, as shown in Fig. 10. In order to reach
the Mu2e sensitivity goals the CRV must have a veto efficiency of 99.99% for a reasonable
deadtime contribution while running in a high radiation environment. The CRV is made up
of four overlapping layers of scintillating bars, each with two embedded wavelength shifting
fibers connected to Hamamatsu SiPMs. A three out of four coincidence is required to activate
the veto. Test beam measurements have been performed on a full size prototype bar, and the
light yield was found to meet specifications [11].
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Figure 17. Energy resolution obtained from the data (black) taken at 0 degrees compared with the Monte
Carlo (red).
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Figure 18. Distribution of reconstructed energy obtained from the data overlaid with the Monte Carlo for
the run with beam energy of 100 MeV and 50 degrees incidence angle. Blue line represents a fit to the data
with a log-normal function.

obtained with this technique, Method 1 was used to measure the time resolution in the same events.
Figure 22 shows the time residual between tcrystal(1,1) and tscint. Subtracting in quadrature the tscint
jitter of 100 ps results in a time resolution of about 209 ps that is compatible with the result obtained
with Method 3.
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Figure 24. Time resolution summary plot.

leakage due to the small dimensions of the prototype. The time resolution σt as a function of the
energy deposition has been measured using three different techniques that consistently show that
σt ranges from 250 ps at 22 MeV to about 120 ps above 50 MeV. These results satisfy the Mu2e
requirements and also significantly improve the timing resolution achievable when using undoped
CsI at these low energies compared to present results in literature [6, 7] thanks to the use of SiPM
and high frequency waveform digitizer boards.
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Figure 9: Larger calorimeter prototype consisting of 51 crystals and 102 SiPMs.

Figure 10: Layout of the cosmic ray veto (left), and cross sectional view (right).

4 Simulation and sensitivity prediction

A Geant-4 based simulation of the full experiment from the production target forward is used
to predict the expected signals, backgrounds, and conversion sensitivity. The simulation in-
cludes a detailed model of the straw tracker response tuned to low level measurements of
gains, thresholds, and pulse shapes from the eight channel prototype and validated with the
resolution and efficiency measurements shown in Fig. 6. A Kalman Filter algorithm is used
to reconstruct particle tracks and momentum. Fig. 11 shows the simulated reconstructed mo-
mentum spectra for backgrounds and signals near the conversion endpoint. It assumes a total
of 3 × 1020 protons on target, and to normalize the signal assumes Rµe = 2 × 10−16. A sig-
nal window in momentum is selected around the conversion endpoint to maximize discovery
sensitivity. The backgrounds included in this signal window are given in Table 1, with a total
expectation of 0.41±0.13 events after the full run. With this signal window and background,
Mu2e will have a 5σ discovery reach of Rµe ≥ 2×10−16, or be able to set a limit at a 90% C.L.
of Rµe ≤ 8× 10−17.
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Figure 11: Monte Carlo simulation prediction of reconstructed momentum spectra
for background and signal events.

Table 1: Expected backgrounds in signal window for 3× 1020 protons on target in a
3 year run.

Process Expected event yield
Cosmic ray muons 0.21± 0.02(stat)± 0.06(syst)

DIO 0.14± 0.03(stat)± 0.11(syst)
Antiprotons 0.040± 0.001(stat)± 0.020(syst)
Pion capture 0.021± 0.001(stat)± 0.002(syst)

Muon decay-in-flight < 0.003
Pion decay-in-flight 0.001± 0.001

Beam electrons (2.1± 1.0)× 10−4

Radiative muon capture 0.000+0.004
−0.000

Total 0.41± 0.13(stat + syst)

5 Status and Summary

The Mu2e experiment at Fermilab will search for CLFV muon conversion with a sensitivity
four orders of magnitude improved over current limits. An intense pulsed proton beam, large
graded solenoids, a high precision straw tracker and electromagnetic calorimeter, and an effi-
ciency cosmic ray veto will allow it to reach a 90% confidence limit of Rµe ≤ 8×10−17 after 3
years of running. Prototypes of the detector elements have been produced and used to show
that the designs meet specifications. Construction of all three superconducting solenoids has
begun. 95% of the TS coils have been wound, and a TS test module has been delivered and
tested at Fermilab, and found to pass all specifications. Physics data taking is expected to begin
in 2022.
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