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Overview: Mu2e @ FNAL
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• Lepton Flavor and Lepton Number Violation search with sensitivity of 
3×10-17: 𝜇-→e- (and 𝜇-→e+) conversion  

• 4 orders of magnitude improvement over existing limits. First run in 2027 
• Signal: ~104 MeV electron (or 92 MeV positron)  
• Aim for ~zero background search. Key is the energy resolution of the straw 

tracker detector

~25 meters end-to-end

protons
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Tracker: Straw Tubes in Vacuum
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Panel: 2 Layers, 48 straws each
Plane: 6 panels; self supporting

Tracker sits in Vacuum

1

2

Straws: 5 mm OD; 15𝜇m metalized mylar wall; 25𝜇m Au-plated W wire 
Read out at both ends (time division to provide 3d spacepoints) 
80/20 Ar/CO2 with HV<1500V

3
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Mu2e-II
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• Aims to improve the sensitivity by another order of magnitude  
• Achieve by increasing beam intensity (PIP-II), reducing tracker material 

budget (by a factor of 2). Hard problem !  
• R&D towards implementation endorsed by P5 36
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FIG. 37. Tracker resolution for Mu2e-II (in red) com-
pared to the Mu2e (in blue) era tracker simulation.
The reconstructed track momentum at the front of the
tracker is compared to the MC true momentum at the
front of the tracker, without any selection cuts applied.
The distributions are normalized to per simulated con-
version electron event.

important as this can broaden the signal momen-
tum distribution, so the full width at half max-
imum (FWHM) of the reconstructed momentum
spectrum for the conversion electron signal is an-
other important metric for how well the signal can
be separated from the rapidly falling DIO back-
ground.

Figs. 37 and 38 show how the resolution and con-
version electron momentum distributions look be-
fore and after updating the tracker geometry to use
thinner straw walls. The thinner straw tracker has
a better core resolution than the Mu2e era tracker
design. The FWHM of the reconstructed momen-
tum spectrum is not significantly improved due to
the large contribution from the energy losses in
the stopping target and the inner proton absorber,
which protects the tracker from the significant flux
of protons emitted in muon captures in the stop-
ping target.

Fig. 39 shows the comparison between the res-
olution of the tracker for the Mu2e-II era tracker
geometry (with 8 µm, lower mass straws) before
and after the selection cuts outlined in Sec. XIH
were applied. The right-side tail of the resolution
distribution is the most dangerous, as it leads to
lower momentum DIO electrons entering the sig-
nal window due to a higher reconstructed track
momentum. The selection cuts, mostly the ANN
based track quality selection, significantly suppress
these poorly reconstructed events.

Figs 40 and 41 show how the resolution and elec-
tron momentum distributions changed with pileup.
The impact on the resolution and FWHM is mi-
nor, with a small degradation of both after pileup
is introduced to the simulation. This shows the
robustness of the track reconstruction algorithms
to changes in the detector occupancies.
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FIG. 38. Reconstructed track momentum for the con-
version electron signal for Mu2e-II (in red) compared
to the Mu2e (in blue) era tracker simulation, without
any selection cuts applied. The distributions are nor-
malized to per simulated conversion electron event.
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FIG. 39. Tracker resolution for the conversion elec-
tron signal at Mu2e-II. The reconstructed track mo-
mentum at the front of the tracker is compared to the
MC true momentum at the front of the tracker, before
(in blue) and after (in red) selection cuts are applied.
The distributions are normalized to per simulated con-
version electron event.

K. DIO background estimate

The DIO background drives the choice of the
low edge of the signal window, as the background
rapidly increases with decreasing momentum. The
DIO background is sensitive to low probability tails
in the tracker resolution, which can lead to lower
momentum DIO tracks entering the signal window.
Due to the computational requirements to gener-
ate a su�ciently large DIO dataset with pileup
and in the interest of time, we estimate this back-
ground using a toy MC technique. A DIO electron
dataset was generated without pileup, and the true
electron momentum at the tracker was convolved
with the tracker resolution to estimate the recon-
structed DIO spectrum. The high momentum tail
of this reconstructed spectrum was fit with an ex-
ponential, which was used to estimate the back-
ground for the signal window optimization. The
final fit is shown in Figure 42, where the convolved
spectrum agrees well with the lower statistics full
MC simulation.
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FIG. 17. Layout of the extinction monitor. A small acceptance spectrometer detects approximately one scatter
for every million particles on target.

FIG. 18. Cutaway view of the production solenoid (PS), transport solenoid (TS), and detector solenoid (DS) for
Mu2e.

the PS. A decrease in beam energy from 8 GeV
to 800 MeV would result in a large deflection of
the beam, shown in Fig. 19. For the beam to hit
the target, both vertical and horizontal incoming
angles would need to be changed, or the location
of the target would need to moved, or the PS field
would need to be modified, or some combination
of the three [104]. The outgoing beam would also
be deflected and would miss the existing position
of the beam dump [105]. An additional dipole
may need to be added to direct the outgoing beam
towards the beam dump, which may need to be
moved from the Mu2e beam dump location. The
TSu (Transport Solenoid, upstream half) magnet
will also need to be modified to accommodate the
incoming beam’s new angle and position.

FIG. 19. Horizontal (x, blue) and vertical trajectories
(y, red) of protons passing through the PS at 8 GeV
(left) and 800 MeV (right) The target is at z = 2.35
m. Eight GeV protons are relatively undeflected while
an 800 MeV beam is deflected by ⇠ 10 cm vertically
on its trajectory toward the target, and hence would
intersect the Mu2e HRS. An 800 MeV beam would also
be deflected away from the Mu2e beam dump when
exiting the PS (z > 4 m) [104].

arXiv:2203.07569 [hep-ex]

https://arxiv.org/abs/2203.07569
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Holographic Synchrotron Radiation Emission 
Spectroscopy
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• Since the material budget limits the resolution of a tracker detector, what 
about a material-free detector ?  

• Enter HSRES: “holographic” reconstruction of the electron trajectories using 
synchrotron radiation 
• Cutsail, Vonk, Singh, and YGK [arXiv:2409.02878] 

• Simulations demonstrate potential 50 keV resolution and high efficiency, 
exceeding Mu2e-II specs 

• Key technology is LAPPD  
• 𝜎(t)~50 psec, 𝜎(x)~3 mm 

• Would like a technical demonstration

3

(a) The 105 MeV case (near conversion endpoint) exhibits
peak power in the optical/UV band. Like the 52 MeV Michel
decay case, lower energy electrons have lower critical frequen-
cies, contributing less power in this range.

(b) Expected number of photons from SR. Due to the low
number of detectable photons emitted per electron revolu-
tion, the quality of the holographic reconstruction is strongly
correlated with the total acquired photon statistics.

FIG. 1: Spectral distribution, power and photon rate, for electrons (105, 90, and 52 MeV) in a B = 2T field at
✓ = ⇡/2.

The ultimate energy resolution achievable depends on
factors including the electron’s observation time within
the detector, the total number of detected photons, and
the spatial and temporal resolution of the photon sensors.
With state-of-the-art technologies such as Large Area
Picosecond Photodetectors (LAPPD), capable of timing
resolution below 50 ps and spatial resolution on the order
of a few mm2 [24], simulations indicate that an intrin-
sic energy resolution better than �EFWHM/E < 0.1% is
attainable. Such energy resolutions would be unprece-
dented for conventional tracking detectors or calorime-
ters.

Detector Description

We consider a hypothetical detector setup where a
muon beam is stopped and the muon decays in the field of
a nucleus, followed by a region of constant magnetic field,
where the energy of decay electrons will be measured
through their emitted synchrotron radiation (Fig. 2). In-
spired by Mu2e [25], we model 34 Aluminum foils (radius
75 mm, spacing 25 mm, thickness 0.1 mm) as a stopping
target. The stopping target foils are positioned within
an axial magnetic field region whose magnitude decreases
linearly along the detector axis. This magnetic field gra-
dient acts as a magnetic mirror, significantly improving
detection e�ciency by redirecting electrons initially emit-
ted backward toward the forward detection region. At
higher magnetic fields, the critical pitch angle at which
electrons escape upstream increases; however, a larger
magnetic gradient (�B) simultaneously tends to reduce

FIG. 2: An artist’s rendition of a conversion electron
track inside a hollow photodetector shell. The electron
originates at the stopping target and follows a helical
path along the magnetic field B = B0ẑ, emitting photons
tangentially. A calorimeter at the detector end provides
approximate timing and position information to seed the
trajectory reconstruction. Heavy particles from the ac-
celerator beam or collisions will not emit detectable syn-
chrotron photons due to their low Lorentz factors. Illus-
tration by SeizetheDesign.com

electron pitch angles by forward-beaming electrons. Be-
cause the HSRES method is most sensitive to electrons
with larger pitch angles, these two e↵ects compete in de-
termining overall detection e�ciency. Through prelimi-
nary analysis, we determined that a smooth variation of
the magnetic field from ⇡5 T to 2 T was adequate to

Illustration by SeizetheDesign.com 

http://SeizetheDesign.com
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HSRES Demonstrator Cartoon
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• Demonstrate in a “warm” iron magnet, e.g. 18D72 in ESA 
• Inject single electrons through a septum inside the gap of the magnet 

~perpendicular to the magnetic field 
• Electrons spiral in the magnetic field with a period of 3.5 nsec, emitting 

synchrotron photons towards an LAPPD detector 
• Signal is periodic with T=3.5 nsec, with location on the correlated to time 
• Demonstrate LAPPD performance in a magnetic field, periodicity of the 

signal, time resolution, energy spectrum

𝛾

e
degrader ?
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Requirements for HSRES Demonstrator
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• Ideally ~100 MeV “single” electrons 
• Rates of ~few per nsec are acceptable  

• ~2T field, will probably need to map the active volume 
(or use field maps from my thesis :)   

• Magnet with a large gap (e.g. 18D72), magnetic septum, 
beam delivery 

• LAPPD readout, mounting, etc.
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Questions
8

• Can LESA produce/deliver ~100 MeV electrons ?  
• If not, can one realistically degrade the beam ? (c.f. Tom Markiewicz’s talk) 
• If not, can this be done in e.g. FFTB ?  
• Are ESA magnets available ?  
• How does the logistics work (installation, services, etc) ? 


