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The MuZ2e experiment at Fermilab is designed to search for charged lepton flavor violation (CLFV)
by looking for the rare, neutrinoless conversion of a muon into an electron in the Coulomb field of
anucleus. The goal of the experiment is to reach a sensitivity four orders of magnitude beyond the
current limit, by means of a sophisticated system of superconducting solenoids and high-precision
detectors. The solenoid system comprises production, transport, and detector solenoids. Inside
the production solenoid, a proton beam hits a target, producing pions that subsequently decay into
muons. These particles are filtered through the transport solenoid, which selects only negatively
charged muons. The resulting beam is then stopped in a muon stopping target housed within the
detector solenoid. Downstream of the stopping target, two detectors, a straw tracker and a crystal
calorimeter, measure the momentum and energy of the outgoing conversion electrons. To reject
background events induced by cosmic rays, a cosmic ray veto system surrounds the last section
of the transport solenoid and the entire detector solenoid. This paper describes the current status
of the experiment, from the proton beam to the solenoid and detector systems, and discusses the
milestones leading up to the initial data collection scheduled to begin in 2027.
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1. Introduction

The search for Charged Lepton Flavor Violation (CLFV), a phenomenon that has not been
observed to date, offers a high-sensitivity window into physics Beyond the Standard Model (BSM).
While the Standard Model (SM) incorporates quark mixing and can be easily extended to describe
neutral lepton flavor violation via neutrino oscillations, transitions between charged leptons remain
suppressed. The SM with massive neutrinos predicts the branching ratio of the direct transition of
a muon to an electron to be BR(u — ey) < 10734 [1]. Since this value is > 40 orders of magnitude
smaller than the sensitivity of current experiments, any experimental observation of a CLFV process
would provide evidence of BSM physics, as predicted by many theoretical extensions [2].

Experimentally, CLFV searches focus primarily on muons and taus, having improved in sen-
sitivity by several orders of magnitude since the 1940s [1]. The muon-based experiments currently
provide the most stringent limits, arising from three primary search modes involving the decay or
conversion of muons into electrons:

* The decay u* — e*vy, which is under investigation by the MEG II experiment at PSI, with a
current upper limit of 1.5 x 10713 (90% C.L.) [3].

o The decay u* — e*e*e™, which has a current limit of 10~!2 established by the SINDRUM
experiment at PSI [4], a value expected to be improved to 107!6 by the upcoming Mu3e
experiment [5].

* The neutrinoless conversion of a muon to an electron in the presence of a nucleus, u~ + N —
e~ + N, targeted by the Mu2e (Fermilab) [6] and COMET (J-PARC) [7] experiments, aiming
to improve the SINDRUM 1II (PSI) sensitivity (7 x 10713 [8]) to ~ 1077,

2. The Mu2e Experiment at Fermilab

The MuZ2e experiment [6] is currently being assembled at the Fermilab Muon Campus with the
goal of searching for neutrinoless muon-to-electron conversion in the field of an aluminum nucleus:
u~ + Al — e™ + Al This process is quantified by the ratio:

I'u=+Al - e + Al

Rue = ,
I' (u= + Al — all muon captures)

ey

e

which compares the rate of this signal conversion to that of the muon capture. The collaboration
aims to improve the current sensitivity established by the SINDRUM II experiment, which used a
gold target [8], by four orders of magnitude, reaching a projected upper limit of 7 x 10~!7 at 90%
confidence level. To achieve this sensitivity, Mu2e is designed to collect ~ 10'® stopped muons
while maintaining a background of fewer than one event [9].

The experiment begins by directing a high-intensity proton beam onto a production target
to generate pions, which subsequently decay into muons. Negative muons are then selected and
transported toward an aluminum stopping target, where low-momentum muons may stop, form
muonic atoms, and subsequently undergo pu~ + Al — e~ + Al conversion. The experimental
signature is a single, nearly monoenergetic electron with an energy of 104.96 MeV, well separated
from the Michel spectrum, which ends at ~ 52 MeV. However, a critical background arises from
the muons that undergo Decay-In-Orbit (DIO), whose energy tail extends to the signal peak.
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To distinguish this signal from the DIO and other background sources, such as antiprotons (p),
Radiative Pion Captures (RPC), and cosmic-ray events, the experiment relies on a high-resolution
tracker detector [10] and a calorimeter system [11] to precisely identify the conversion electrons.
An example of resulting performance and background distributions for a Run 1 phase operating
with a lower total number of protons on target (POT) compared to the nominal project baseline is
shown in Figure 1.
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Figure 1: Distributions of the electron momentum (left) and time (right) after optimization of the signal
momentum and time window. Taken from Reference [12].

2.1 The proton Beam

The production of the required muon beam begins at the Fermilab accelerator complex. A
400 MeV proton beam from the Linac is injected into the Booster Ring, accelerated to 8 GeV. Every
Main Injector cycle (~ 1.33 — 1.45s), two Booster batches (each containing ~ 4 x 10'? protons)
are transferred to the Recycler Ring, where they are rebunched into eight bunches. These bunches
are then sent to the Delivery Ring, where they undergo resonant extraction every 1695 ns to create
the specific pulsed structure required for the Mu2e experiment, resulting in a 250 ns FWHM pulse
with ~ 4 x 107 protons [9]. As detailed in Figure 2, the pulsed timing is critical for background
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Figure 2: Details of the Mu2e beam timing. Taken from Reference [12].
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rejection. The proton pulse period of 1695 ns is approximately twice the lifetime of the muonic
aluminum atom, which is 864 ns. This spacing allows the experiment to define a “delayed live-time
window” for signal detection. By waiting for approximately 650 — 700 ns, the “prompt” background
from pions, essentially due to Radiative Pion Capture (RPC), is allowed to subside, suppressing
it by ~ 10'". Consequently, the detectors can search for conversion electrons in a much cleaner
environment. To maintain this purity, the system achieves an “extinction factor” of less than 10710,
ensuring that almost no protons arrive at the target between the intended pulses [6].

2.2 The Solenoids Systems

An essential part of the experiment is the solenoid system. As pictured in Figure 3, it comprises
a Production Solenoid (PS), a Transport Solenoid (TS), and a Detector Solenoid (DS).
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Figure 3: The solenoid system layout, also showing production and stopping targets, detectors and muon
path. Taken from Reference [6] and adapted.

2.2.1 The Production Solenoid and the Production Target

The 8 GeV proton beam from the accelerator complex enters the Production Solenoid, where
it strikes a production target to create pions. As these pions decay into muons, only those with
sufficiently low momentum are captured by a graded magnetic field that decreases from 4.6 T at
the upstream end to 2.5T at the exit, as shown in Figure 3. This gradient effectively directs the
particles toward the Transport Solenoid and reflects a significant fraction of backward-going muons
into the forward direction, thereby substantially improving the collection efficiency. Concurrently,
a specialized Heat-and-Radiation Shield (HRS) protects the superconducting coils from the secon-
daries produced by the intense 8 kW proton beam in the production target. The target itself must
sustain extreme conditions, including significant thermal shocks due to the pulsed proton beam [6].
Currently, the PS is inside the MuZ2e hall, and the HRS has been inserted into the magnet cryostat.

2.2.2 The Transport Solenoid and the Central Collimator

The S-shaped Transport Solenoid is designed to efficiently transport low-momentum negative
muons and pions while eliminating positive muons, pions, and protons. As shown in Figure 3, the
Transport Solenoid maintains a small magnetic field gradient, decreasing from 2.5T to 2.0 T, to
prevent particles from becoming trapped. The curved magnetic field causes positive and negative
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particles to drift along opposite vertical trajectories, allowing an internal, central collimator to
select negative muons for signal searches. The collimator is part of a rotatable system, which
can be adjusted to allow a positively charged beam to reach the detectors for calibration purposes.
Additionally, a thin absorber window made of low-Z material is embedded in the central collimator
to suppress significant background sources, specifically by absorbing slow-moving antiprotons
produced in the initial collision [6]. Currently, the Transport Solenoid is installed in its final
position in the MuZ2e hall and has undergone successful testing of the collimator system.

2.2.3 The Detector Solenoid and the Stopping Target

The final stage of the experiment takes place in the Detector Solenoid, which houses the muon
stopping target and the two primary detectors: a tracker and a calorimeter system. As illustrated
in Figure 3, within this solenoid, the magnetic field is graded from 2.0 T down to 1.0T in the
target region. This gradient is designed to reflect backward-moving conversion electrons toward the
detectors. Downstream of the target, the field becomes uniform at 1.0 T throughout the tracker and

calorimeter region [6]. While the Detector Solenoid is the final major component to be delivered,
with its arrival scheduled for this summer, the tracker and the calorimeter detectors have already
been installed in the Mu2e hall and are about to start cosmic ray data-taking.

(a) Picture of the Stopping Target. (b) Picture of the Tracker System. (c) Picture of the Calorimeters.

Figure 4: Pictures of the Detector Solenoid components. Credit Fermilab and Mu2e Collaborators.

The Stopping Target. The Stopping Target consists of 37 thin aluminum foils, each 105 um
thick, featuring a central hole with a radius of 21.5 mm central hole and an outer radius of 75 mm,
see Figure 4a. It has a segmented and hollow geometry specifically designed to minimize energy
loss for outgoing electrons. This setup ensures that muonic aluminum atoms are formed, which
then decay or undergo capture. To accurately normalize the conversion rate, a Stopping Target
Monitor is located approximately 34 m downstream of the stopping target and outside the Solenoid
Systems. The Stopping Target Monitor uses high-purity Germanium (HPGe) and scintillating
Lanthanum Bromide (LaBr3) detectors to measure the characteristic X/y-rays emitted during muon
capture, providing a precise count of the total number of stopped muons, an essential parameter for
calculating R, in Equation 1.
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The Tracker System. The primary detector for measuring the electron momentum is a low-mass
straw tube tracker, specifically designed to minimize energy loss and multiple scattering. As shown
in Figure 4b, it features an annular geometry that allows the high-rate, low-momentum background
from DIO electrons to pass through the central hole undetected, while capturing the ~105 MeV signal
tracks. The tracker consists of 18 stations, each containing panels of straw tubes made of 25 um
gold-plated tungsten wires inside aluminized Mylar tubes filled with a 80:20 Ar:CO, gas mixture.
This configuration achieves an excellent intrinsic momentum resolution of ~180keV/c [10].

The Calorimeter System. Downstream of the tracker, the electromagnetic calorimeter, shown
in Figure 4c, provides an independent measurement of the electron’s energy, position, and timing,
while also offering independent trigger information and particle identification. It is composed of
two rings separated by 70 cm, a distance equal to half a wavelength of the signal electron’s helical
trajectory. Each ring contains approximately 700 pure Cesium lodide (Csl) crystals, each read out
by two large-area UV-extended Silicon Photomultipliers (SiPMs) [11]. A prototype module of the
calorimeter was tested in dedicated test beam runs, showing an energy resolution of o /E ~ 7% and
a single-sensor time resolution of o ~ 230 ps with 100 MeV electrons impacting at a 50° angle [13].

2.3 The Cosmic Ray Veto System

A major source of background arises from cosmic rays, which can produce 105 MeV/c electron-
like tracks within the tracker and calorimeter systems. As illustrated in Figure 5, cosmic muons can
decay or knock out electrons from the detector materials, potentially mimicking a conversion signal.
Without an active veto system, the Mu2e experiment would expect approximately one signal-like
cosmic event per day. To mitigate this contribution, the experiment utilizes the Cosmic Ray Veto
(CRV) system that provides both passive and active shielding. It consists of four layers of plastic
scintillators with embedded WaveLength-Shifting (WLS) fibers and SiPM readouts, separated by
aluminum absorbers. This active system envelops the entire Detector Solenoid and the downstream
half of the Transport Solenoid, further protected by 1 m of concrete shielding that serves as a passive
barrier [14]. All CRV modules have been successfully manufactured, and several units are already
positioned in the MuZ2e hall to undergo initial cosmic ray testing.
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Figure S: Left: Background event generated by a cosmic ray muon that knocks out a signal-like electron in
the Detector Solenoid; the event is successfully vetoed by reconstructing the associated hit (stub) in the CRV.
Right: A cosmic ray neutron produces an upstream-moving electron that is reflected by the magnetic mirror,
passing through the tracker a second time; while invisible to the CRYV, this event is rejected by identifying
the initial upstream track. Taken from Reference [12].
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2.4 The Timeline and Expected performance

The Mu2e experiment is currently transitioning from installation to active commissioning.
Following a successful beam commissioning test at the Fermilab Muon Campus in May 2025 to
validate resonant extraction, 2026 activities focus on improving machine acceptance and centering
orbits. Concurrently, cosmic ray data-taking will be used to commission the tracker, calorimeter,
and CRYV, enabling noise studies and the validation of the Data Acquisition (DAQ) infrastructure.
A physics run is planned to begin at the end of 2027 to study the detector systems and collect
initial physics data, preceding the scheduled long shutdown at Fermilab in 2028. While the precise
sensitivity for this initial run is being updated, a preliminary study of the expected performance
for a benchmark dataset of 6 x 10'® stopped muons showed that a 5o discovery could be claimed
with the observation of 5 conversion events against an expected background of 0.11 + 0.03 events,
corresponding to RZ‘;’ = 1.2 x 10715 [12]. If no signal were to be observed under these baseline
conditions, a 90% C.L. upper limit of R, < 6.2 X 1076 would be established [12].

3. Summary and Outlook

The Mu2e experiment at Fermilab is searching for Charged Lepton Flavor Violation (CLFV),
a process strictly forbidden in the Standard Model. As of mid-2026, the construction of the primary
detectors and the solenoid systems is well advanced, with full cosmic ray commissioning of the
integrated apparatus planned for the coming months. The experimental program is divided into two
distinct phases: Run 1, expected to begin in 2027, and Run 2, planned after the scheduled shutdown
for Fermilab’s neutrino beam upgrades. With these two runs the Mu2e experiment plans to reach
the final goal of a 10* improvement in sensitivity over the current result from the SINDRUM II
experiment. Looking further ahead, the Mu2e-II upgrade proposal [15] seeks to exploit the higher
intensity and lower energy of the PIP-II proton beam. This next-generation upgrade aims for an
additional factor of ten improvement in sensitivity.
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