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Calibration of the Mu2e momentum scale using:
𝝅+ → 𝒆+𝝂𝒆
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The Mu2e experiment at Fermilab will search for the neutrinoless muon-to-electron conversion
in the nuclear field by stopping negative muons on an Al target. The experimental signature
of 𝜇− to 𝑒− conversion on Al is the observation of mono-energetic electrons with 104.97 MeV
produced by the lepton violating reaction. Rejection of one of the most important experimental
backgrounds coming from muon Decays-In-Orbit requires a momentum resolution < 1% FWHM
and a momentum scale calibrated to an accuracy of better than 0.1% or 0.1 MeV at an electron
energy of ∼100 MeV. Among other momentum scale calibration techniques, the collaboration is
considering using 68.9 MeV positrons from decays of stopped positive pions. This calibration
measurement has a significant background dominated by the muon decays-in-flight affecting the
calibration accuracy. In this article, we discuss the momentum calibration measurement results.
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1. Introduction

Many Charged Lepton Flavor Violation (CLFV) experiments are coming up as observation of
such processes would imply the presence of physics beyond the Standard Model (SM) [1–3]. The
Mu2e experiment (read Mu2e from now on) at Fermilab is being designed to observe a coherent
neutrinoless muon to electron conversion, 𝜇− 𝐴 → 𝑒− 𝐴, in an aluminum nuclear field. To date,
the experimental limit of this process is 7 × 10−13, at 90% confidence level (CL). This limit was
obtained by the SINDRUM II experiment [4] using a gold target. The current Mu2e run plan
assumes two data-taking periods, Run I and Run II, separated by an approximately two-year-long
shutdown, targeting an improvement of ×103 in Run-1 and ×104 in Run-II.

1.1 Mu2e Beamline

The Mu2e design demands a high intensity, pulsed proton beam to produce low energy muons
with a designed time structure, as shown in figure 1(a). The primary proton beam with 8 GeV
kinetic energy is extracted from the Fermilab Delivery Ring using the slow extraction technique [1].
Each pulse lasts for 250 ns, and a pulse separation of 1695 ns allows sufficient separation in time to
avoid prompt backgrounds [5], and provides ∼ 1.6 × 107 protons/pulse, or ∼ 2.3 × 1012 protons on
target (POT)/second.

(a)

(b)

Figure 1: (a) Time structure of the pulsed-proton beam, arrival and decay time of muons in the stopping
target (ST), arrival pions, and beam flash (photon conversion electrons from 𝜋0 → 𝛾𝛾) have also been shown.
The delayed time window discards significant backgrounds for the mu2e process. (b) A schematic diagram
displaying the mu2e apparatus.

1.2 Mu2e Apparatus

A model diagram describing different components is shown in figure 1(b). It has three
superconducting solenoids with varying magnetic fields, namely, PS: Production Solenoid, TS:
Transport Solenoid, and DS: Detector Solenoid. The production target (radiatively cooled tungsten)
is placed at the center of the PS where the protons beam interacts with it and produces primarily
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pions and kaons. Particles produced backwards as well as reflected in the PS magnetic mirror travel
through the S-shaped TS. The graded field in the PS reaches up to 4.6 T, in the TS between 2.5 T to
2.1 T, and in the DS 1 T. This field guides the particles (pions, muons) to the DS. The unique S-shape
design of the TS helps to reject particles with momenta >100 MeV/c. It also separates positive and
negative charged particles at its midpoint, and a D-shaped collimator, placed there allows the beam
to be operated in positive or negative mode. The particles stop in the ST and their decay particles
are transported to the detector system. The annular detector system consists of a tracker system
and an electromagnetic calorimeter system. The tracker system consists of 18 stations of straw tube
detectors spanning over 3 meters (a total of 20736 straws), and the calorimeter system has two disk
stations of undoped CsI crystals (a total of 1348 crystals) which are readout by SiPMs. The details
of the detector system have been described in [1].

2. Momentum Scale Calibration

The Conversion Electrons (CE) with 104.97 MeV energy (𝐸ce) from stopped 𝜇−s are of primary
interest for the collaboration. The decay-in-orbit (DIO) electron spectrum from the stopped muons
in the ST and captured by the Al atoms extends up to 𝐸ce as shown in figure 2. Thus, it is the
key background. Therefore, it is essential to get a measurement of the tracker momentum scale to
distinguish the signal from DIO. The requirement is momentum resolution < 1% FWHM and a
momentum scale calibrated to an accuracy of better than 0.1% or 0.1 MeV/c. Otherwise, the signal
window as shown in figure 2 can not be selected correctly which in turn may lead to losing valid
CE events [5]. To achieve this, the collaboration is considering using the 68.9 MeV mono-energetic
positrons from 𝜋+ → 𝑒+𝜈𝑒 at a reduced field (0.7 T) in the tracker to study the momentum resolution
and scale.

The Mu2e apparatus is optimized for CEs with ∼105 MeV/c measured with a 1 T field. To
accept the 68.9 MeV positrons from stopped pion decays for this calibration analysis, the conditions
are slightly different from the normal running conditions. The changes are listed here. First,
COL3 collimator (see figure 1(b)) has been rotated to allow positively charged particles. Secondly,
a reduced-tracker field (0.7 T) has been used to allow 𝑒+ coming from 𝜋+ to pass through the
detectors to extend to a higher radius and so be accepted by the tracker. Third, an earlier timing
window (300 ns instead of 500 ns for CE) has been used to increase the pion rate, and calculations
are carried out considering a reduced beam intensity of 10%. Fourth, to increase the stopping rate
of the 𝜋+s a retractable degrader of Ti is inserted before the ST. The degrader thickness is varied
between 2-5 mm. The collaboration has not decided on this yet, but the remainder of this paper
assumes a Ti degrader.

The highest background for this analysis comes from Decay In-Flight (DIF) 𝜇+ → 𝑒+ events.
Other channels, such as stopped and in-flight 𝜋+ → 𝑒+ decay in degrader, cascade decay 𝜋+ →
𝜇+ → 𝑒+, stopped 𝜇+ → 𝑒+, and beam flash contribute only <10% to the total background.
Therefore, this analysis focuses on the 𝜇+ DIF background channel. 𝜋+ → 𝑒+ in ST are considered
the signal for this analysis. To improve statistics and save computation time, 𝜋+ decays were turned
off, and the survival probabilities of stopped 𝜋+ as event weights were used to estimate the actual
yields. The yield was validated as shown in figure 3(a). Similarly, for 𝜇+ DIF, a constrained
proper decay time (𝑇𝑚𝑎𝑥 = 150 ns) was used to improve the yield across the tracker region. The
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Z-coordinates of positron production vertices resulting from DIF along the length of the tracker
and their momenta are shown in figure 3(b) and 3(c) respectively. It can be observed that the
proper decay time constraint provides a larger yield across the tracker region while the momentum
distribution is not affected.

The event reconstruction was carried out using a Kinematic-Kalman filter fit based on the
timing and position of the hits on the straw tubes. The details of the simulation software and
track reconstruction recipe are described in [5]. Different background flagging and noise rejection
mechanisms were used which are similar to that of CE tracks. In this way, the 𝑒+ tracks from
𝜋+ → 𝑒+𝜈𝑒 were reconstructed with around ∼ 50% efficiency. Beginning from a set of cuts used
for CE tracks several additional measures were implemented based on observation.

(a) (b)

Figure 2: (a) DIO spectrum in Al, normalized to the free-muon decay rate Γ0. This figure is reproduced
from [9] (b) Mu2e Run-1 simulation result: momentum window of signal and other backgrounds [5]

.

(a) (b) (c)Mu2e Preliminary Mu2e Preliminary
Mu2e Preliminary

p (MeV/c)

Figure 3: (a) MC production momenta of stopped 𝜋+ for normal pion decay (blue), weighted by survival
probabilities (red). (b) Shows the production locations of positrons from muons along tracker length (Z). In
red triangles, the default simulation results are shown. In green triangles, and red circles, the displayed results
are with the proper decay time (𝑇𝑚𝑎𝑥) constrained to 300 ns and 150 ns respectively showing an increase in
yield. (c) Comparison between the momentum distributions of positrons produced using the "enhanced rate"
simulation of DIF (blue) to the default simulation (red). The two distributions are practically identical.

3. Estimation of the Resolution and Summary

Based on above simulation, track reconstruction, and event selections, momentum distribution
of the signal vs. background are plotted in figure 4(a) for degrader size 4 mm. From the rates,
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(a) Mu2e Preliminary

Mu2e Preliminary Mu2e Preliminary

Mu2e Preliminary Mu2e Preliminary

(d)

(b) (c)

(e)

Figure 4: (a) Signal and background momenta distributions, (b) exponential fit to the background, (c) Crystal
Ball [10] fit to the signal, (d) Combined fit for Signal and Background, and (e) peak position fit and resolution
estimation.

it can be estimated that POT statistics similar to one day of data-taking, ∼1600 signal events and
∼7500 background events can be obtained. Figure 4(b) and (c) display normalized signal, and
background distributions for data equivalent to one day fitted with exponential and Crystal Ball
functions respectively. Using these fit parameters, a combined distribution is generated as shown
in figure 4(d). The combined distribution has been varied several times (1000) bin-wise with a
Gaussian uncertainty and resolution on the peak location has been calculated from the distribution
of the peak shifts, which comes out to be 𝜎𝑝 |0.7𝑇 ≈ 29 keV/c, shown in figure 4(e). This uncertainty
can be interpreted as the momentum scale at 0.7 T. The determined momentum scale would need
to be extrapolated to the nominal field value, 1 T. The collaboration is considering other processes,
such as measurements of the edge of the 𝑒+ momentum spectrum from 𝜇+ → 𝑒+𝜈𝑒𝜈𝜇 at B = 0.5 T,
and from reconstruction of a photon peak from Radiative Pion Capture (RPC) from 𝜋− + 𝑝 → 𝑛+𝛾.
Studies on the choice of the degrader material, position, and dimensions are under study. Mu2e has
not decided to install a degrader yet. Different sections of the Mu2e apparatus are being installed,
and collaboration plans to take run-I data in 2027, and plans to improve the sensitivity by ×103 over
the SINDRUM II experiment [4]. Later, following a two-year shutdown the collaboration plans to
further advance the sensitivity by 1 order with high intensity beam with Fermilab PIP-II LINAC [8].
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