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The EM CsI crystals and SiPM readout calorimeter of the Mu2e experiment is fully assembled,
with all components completed and tested; the mechanical structure is fully built, with a complete
integration and test of all the analog sensors and electronics. The digital electronics is being
produced and installed. We summarise the Calorimeter characteristics and the assembly status, as
well as the move, installation and commissioning plans of the final disks in the Mu2e hall.
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1. Introduction: The Mu2e experiment and Charged Lepton Flavor Violation
Processes

The Mu2e experiment [1] under construction at Fermilab, will search for the Charged Lepton
Flavor Violating (CLFV) process of a muon converting into an electron in the Coulomb field of Al
nuclei. CLFV processes are forbidden in the Standard Model (SM) and even assuming its minimal
extension, that allows neutrino oscillations, their branching ratio is completely negligible:𝐵𝑅 <

10−50 [2].
Any observation of CLFV processes in the muon sector will be a clear hint of New Physics.

In case of no signal event observation, Mu2e plans to reach a single event sensitivity of about
3 × 10−17, thus improving the current best limit [3] by four orders of magnitude. The experimental
signature searched in Mu2e is a single electron with energy slightly below the muon rest mass, that
is 𝐸𝑒 = 104.97 MeV.

As shown in Figure 1 the Mu2e experiment is based on a system of three superconducting
solenoids to enhance the number of negative muons arriving to the Stopping Target.

Figure 1: Left, layout of the Mu2e experiment: Production Solenoid, Transport and Detector solenoid are
indicated in the picture. The Cosmic Ray Veto, surrounding the DS and part of the TS, is not shown. Right,
Status of the Solenoids construction

A 8 GeV pulsed proton beam hitting the tungsten target inside the Production Solenoid (PS)
produces mostly low momentum pions. Thanks to the graded magnetic field, particles produced
forwards are reflected back towards the S-shaped Transport Solenoid (TS). This region allows
having a very intense (∼ 1010𝜇/𝑠) pure low-momentum negative muon beam at the entrance of
the Detector 1T Solenoid (DS) thanks to a middle collimator to select the particle charge. The
DS houses the stopping target (made of 37 aluminum annular 105 𝜇m thick foils, spaced 2.2 cm
apart) and the detectors - a very precise (𝜎𝑝 = 200 keV at 𝐸𝑒) straw tubes tracker [4] and an
electromagnetic calorimeter [5]. The tracker is composed of ∼ 20000 low mass, very thin, straw
drift tubes and will measure the charged particle momenta reconstructing their trajectories in the
B-field with the detected hits.

Within its lifetime the experiment plans to collect 6 × 1017 muon stops, necessary to reach its
sensitivity goal. To reduce Cosmic Ray contribution, the external area of the DS, and part of the
TS, are covered by a Cosmic Ray Veto (CRV) [6] system. Once muons are stopped in the Al target,
they create muonic atoms and then cascade to the 1S ground state, with 39% decaying in orbit
(DIO) and 61% captured by the nucleus. In the last case, due to the occuring nuclear processes,
low energy protons, neutrons and photons are emitted, originating a large neutron flux as well as a
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large ionizing dose in the detectors. A High Purity Germanium Detector and a Lantanium Bromide
Crystal constitute the Stopping Target Monitor (STM) , providing normalization to cLFV events by
detecting X rays emitted from the muon capture process in the aluminum target.

To improve the current best limit by four orders of magnitude, Mu2e differs from earlier
muon-to-electron conversion experiments in three major ways:

• the muon beam intensity is 10000 times greater than those of the previous experiments;

• the presence of the TS, besides providing muon sign-selection, suppresses the neutral particles
contribution at the entrance of the DS, allowing an efficient muon transport to the stopping
target;

• the pulsed structures of the beam and a delayed acquisition window: in order to suppress
the prompt background, the muons hitting the stopping target are intended to be distributed
in a narrow time burst (< 200 ns), with a bunch separation of ∼ 1.7𝜇𝑠 (i.e. larger than 826
ns, the muonic aluminum lifetime). Their decay products are observed only 700 ns after the
proton arrival to make the prompt background negligible. These choices were guided by the
observation that the result of the SINDRUM II experiment was ultimately limited by the need
of suppressing the prompts.

The data-taking plan has been organized into two periods (Run I and RUN II), well separated
by a two-year-long shutdown for the installation of PIP-II, the linac for the DUNE experiment. In
Run I only 10% of the total number of protons on target (POT) will be produced. 75% of these POTs
will be delivered with a low intensity proton beam with a mean intensity of 1.6×107 protons/pulse,
while the remaining 25% will be delivered in the high intensity mode (3.9 × 107 protons/pulse).

2. The Mu2e Calorimeter

To validate the charged particle reconstructed by the tracker, the Mu2e calorimeter [7] provides
information about its energy, timing and position, adding particle ID capabilities to reject muons
and antiprotons interactions mimicking the signal. In addition, the calorimeter is required to be fast
enough to provide a tracker independent software trigger and help the tracks seeding [8].

To accomplish these requirements the calorimeter has to maximise the acceptance for ∼ 105
MeV/c Conversion Electron (CE) tracks, operate in vacuum, survive in the “harsh” radiation
environment and satisfy the experimental requirements discussed below.

2.1 Calorimeter Requirements and Technological Choice

To fulfil the calorimeter needs, simulation guided us in defining the reconstruction requirements
for 105 MeV electrons: (i) an energy resolution better than 𝜎𝐸/𝐸 = O(10%), to reach a rejection
factor at the level of 200 between CE and the ∼ 40 MeV energy deposit from 105 MeV/c cosmic
ray muons mimicking the signal [9]; (ii ) a timing resolution better than ∼ 0.5 ns, to ensure that the
energy depositions in the calorimeter are in time with the conversion electrons reconstructed by the
tracker and also improve the PID; (iii) a position resolution 𝜎𝑟 ,𝑧 < 1 cm, to match the position of
the energy deposit with the extrapolated trajectory of a reconstructed track; (iv) ability to survive
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the high radiation environment, maintaining its functionality for radiation exposures up to ∼ 15
krad/year in the hottest regions and for a neutron flux equivalent to 1012 n1𝑀𝑒𝑉 /cm2 / year, inside
an evacuated region (10−4 Torr) of the DS that provides 1 T axial magnetic field; (v) a fast enough
response in order to handle the experimental high rate (𝜏 < 40 ns); (vi ) a temperature and gain
stability within ±0.5%, not to deteriorate the energy resolution; (vii) reliability and redundancy to
operate in vacuum for one year without any interruptions.

The final design of the Mu2e calorimeter has been distilled after a long R&D phase [10] [11]
carried out to define the detector performances. It is composed of 1348 pure CsI crystals, produced
by Siccas [15] and Saint Gobain [16], each one read by two custom Silicon Photo-Multipliers
(SiPM’s) produced by Hamamatsu [17], arranged in two annular disks. Undoped CsI represents
the best compromise between cost, reliability, performance and radiation hardness, providing a fast
emission time (𝜏 = 30 ns) and a sufficiently high Light Yield (∼ 2000 𝛾/MeV). To well match the
scintillation emission of 310 nm to the SiPM Photon Detection Efficiency, UV extended SiPMs with
a front window made of silicon resin were selected. Each SiPM is assembled in a Read Out Unit
(ROU) connected to a Front-End Electronics (FEE) card providing pre-amplification and shaping of
the signal. The FEE boards have to provide: (i) a signal rise time of ∼ 25 ns to allow an appropriate
time reconstruction; (ii) a rate capability up to 1 MHz and a short fall time; (iii) a radiation-hardness
for up to 100 krad and 1012 n1𝑀𝑒𝑉𝑒𝑞

/cm2), (iv) a programmable bias voltage up to 200 V via a
12-bit DAC, (v) the possibility to set SiPM bias and to monitor current and temperature via a 12-bit
ADC. The ROU is built to provide thermal dissipation and Temperature control to the SiPM and
houses a fiber needle to distribute calibration laser green light to the corresponding crystal face.

The calorimeter mechanical structure was designed to support the layout of the crystals by
piling them up in a self-standing array organised in consecutive staggered rows. The crystal array
is supported by two coaxial cylinders. The inner cylinder must be as thin and light as possible
to minimize the passive material budget in the region where spiraling background electrons are
concentrated. The outer cylinder is robust enough to support the load of the crystals wrapped in
a 150 𝜇m thick foil of Tyvek® (700 kg) and the overall weight of the crates (400 kg). Each disk
has two cover plates. The Source plate facing the beam is made of carbon fiber to minimize the
degradation of the electron energy, while the FEE plate should also be robust to support the ROU’s
and embeds the copper cooling lines connected to the cooling system to maintain SiPM temperature
at ∼ −10◦ C to minimize the dark current; it is made of Polyether ether ketone (PEEK).

The calorimeter technological choice and the design of the custom electronics, cooling and
mechanical systems were validated through an electron beam test on a large-scale crystal prototype
(Module-0) [5], [13], [14] and extensive test campaigns that characterised and verified the perfor-
mance of crystals, photodetectors, analogue and digital electronics. The Module-0 is composed
of 51 undoped CsI crystals read out by 102 SiPM connected to FEE boards. The Module-0 was
exposed to an electron beam at the Beam Test Facility of the National Laboratories of Frascati and
we measured the potential performances of spatial, time and energy resolution of such a technology.

In Figure 2, the design of the calorimeter is shown: two annular disks with an inner (outer)
radius of 35 cm (66 cm) paired together at a relative distance of 70 cm, corresponding to half pitch
of the helical CE trajectory. Each disk is composed of 674 square based scintillating crystals of
3.4 × 3.4 × 20 cm3. Even if the crystal length is only 10 𝑋0, it is sufficient to contain the 105 MeV
electron showers since the CEs impinge on the calorimeter surface with a ∼ 50◦ angle.
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Figure 2: Calorimeter layout and Breakout of the components

The high sensitivity required by the Mu2e experiment implies a special care in detector
calibration to avoid any related systematic effects. A liquid radioactive source [12] will provide an
absolute energy scale and a fast response equalization between crystals. A continuous monitoring
of gains and time offset for each channel is instead provided by a laser monitoring system.

Figure 3: Calorimeter mechanical parts assembly details: (Top-left) Outer Ring, (Top-right) FEE plate,
(Bottom-left) Inner Ring, (Bottom-right) Front plate with source tubing embedded in the aluminum honey-
comb. Right: crystals stack and crates assembly; the crates are equipped with an onboard cooling serpentine
connected to the main cooling system and a tungsten shield facing the beam.

2.2 Calorimeter Assembly Status and Commissioning

The Assembly of the Disks took place in a clean room at the Fermilab SiDet Facility. All the
parts composing the Mu2e EM calorimeter have been procured and assembled in the past 3 years.
In order not to spoil the DS 10−4 Torr vacuum level, all the components making up the calorimeter
disks, Crystals, ROU, MZB, DIRAC Boards, Cables etc., have been outgassed in a vacuum vessel.
All the supporting mechanical parts have been assembled, the wrapped crystals have been stacked,
the FEE cooling plate and the Carbon Fiber Source plate with embedded source calibration pipes
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are in place. All the crates have been mounted n the Outer Al ring and the piping connected and
leak tested. The routing of the cables between the ROU’s and the MZB is completed and we are in
the process of installing the pair of MZB+Dirac boards in the crates.

As shown in Figure 4 (Left), while inserting the ROU’s facing each individual crystal, we
checked the health of the SiPM and FEE using a laser pulse and looking at the analog signals at the
oscilloscope. Figure 4 (Right) shows the current status of the calorimeter disks.

Figure 4: Left: Calorimeter’s heart beating. Details of ROU insertion with SiPM facing the crystal and
Analog signal at the scope. Right: The calorimeter as of August 2024.

3. Conclusions

The Mu2e Calorimeter assembly is progressing well. We plan to finish by beginning of 2025.
We are designing the tools and procedure to move the disks to the Mu2e experimental hall that is 1
Mile away. Few mechanical components remain to be built, mainly cable trays to hold the bundle
of HV/LV service cables and DAQ and laser fibers between the calorimeter and the Instrumentation
Feedthrough Bulkhead of the Detector Solenoid. The move to the Mu2e Hall is planned for Spring
2025. In the mean time we keep testing the calo with the full DAQ chain using Cosmic and Laser
runs.
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