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Introduction

With the discovery of lepton flavor violation
(LFV) in the neutrino sector, the search for
charged LFV (CLFV) has renewed theoretical
(and experimental) interest

Some of the strictest limits on these processes
come from high intensity muon experiments
typically focusing on the channels µ→ eγ,
µ→ eee, and µ N → e N

Figure: Parameter space explored [1]

These processes are allowed in the Standard Model via neutrino oscillations, but with
incredibly small branching fractions (O(10−54)) [2]

Many beyond the Standard Model theories predict rates of CLFV measurable at upcoming
experiments [3]
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µ− → e+ searches

(a) µ− → e− (b) µ− → e+

Experiments searching for the conversion of a muon into an electron in the field of a
nucleus, µ−N(Z ,A)→ e−N(Z ,A), will typically also be able to search for the both CLFV
and lepton number violating (LNV) process of µ−N(Z ,A)→ e+N(Z − 2,A), with ∆L =
2

This process would give insight into possible Majorana mediators, as well as a direct test
of off-diagonal matrix elements that 0νββ processes wouldn’t have access to [4]

The µ− → e+ channel is the focus of the RF5 letters of interest 108 and 109

M. MacKenzie (NU) µ− → e+ and RMC at µ− → e− Experiments October 2, 2020 3 / 12



Experimental signature

µ− → e− is a coherent process with a
mono-energetic electron signal, which is a
clear signature to search for

µ− → e+ can be more complicated, as the
final state of the target nucleus is not
necessarily the ground state

It is easiest to search for the ground state
µ− → e+ transition, which is also a
mono-energetic signal

The current limits for these processes come from the SINDRUM-II experiment:

Br(µ− Au→e− Au)

Br(µ− Au→νµ Pt)
< 7 · 10−13 [5]

Br(µ− Ti→e+ Ca(Ca∗))

Br(µ− Ti→νµ Sc)
< 1.7 · 10−12 GS (3.6 · 10−11 GDR) [6]

where GS is the ground state transition and GDR is the giant dipole resonance transition
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Current and future µ N → e N experiments

(a) COMET Phase-I [7] (b) Mu2e [1]

COMET and Mu2e are currently planned µ N → e N experiments at J-PARC and FNAL
respectively

They will be able to place new limits of O(10−15) [7] and O(10−16) [1] on the process of
µ− → e− on aluminum respectively, far beyond the 10−12 of SINDRUM-II

Both will also be able to search for µ− → e+ at the same time as µ− → e−

There are future proposals for both experiments to be able to set limits on µ− → e− of
O(10−17) [7, 8]
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Experimental backgrounds - RMC

Kinematic limit

(a) RMC closure approximation (b) 1992 TRIUMF Al data [9]
Radiative muon capture (RMC) is an irreducible background, where converted or
Compton scattered photons can produce signal-like e±

The RMC photon energy spectrum is modeled by the closure approximation which only
has one parameter: kmax, the endpoint of the spectrum [10]

Fits of existing data consistently result in kmax being several MeV below the kinematic
limit [9], though µ N → e N experiments will have ∼10 orders of magnitude more RMC
photons

The closure approximation is a simple model though, used to predict the total rates not to
model the high momentum region accurately
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Previous experimental results (LOI 109)

(a) SINDRUM-II Ti data [6] (b) SINDRUM-II Au data [5]

SINDRUM-II found the closure approximation didn’t describe their Ti positron data well

The positron spectrum in their Au data has an excess in the high momentum tail, that is
neither explained well by the closure approximation nor the exotic µ− → e+ process [11]

These both indicate that RMC in the high momentum region may deviate from the
closure approximation

A better theoretical understanding of the RMC spectrum near the end point, and a high
resolution measurement, is needed to take advantage of the power of current and future
muon conversion experiments
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Nuclear target considerations (LOI 108)

In order to search for µ− → e+ in addition to µ− → e− at next generation muon
conversion experiments, the target should be chosen such that the background from RMC
is minimized

A safe choice is to ask for a nuclear target such that the ground state transition conversion
energy for µ− → e+ is greater than the kinematic limit for the RMC photon energy

This translates into the following requirement on the nuclear masses:
M(Z − 2,A) < M(Z − 1,A)

The medium heavy nuclei that satisfy this requirement are: 32S, 40Ca, 48Ti, 50Cr, 54Fe,
58Ni, 64Zn and 70Ge [12]

When comparing the search reach between these nuclei, we’re forced to make some
assumptions about the RMC spectrum

We could assume a closure approximation using the fit end point values, though this
ignores the risk of photons with energies between the fit end point and the kinematic limit
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Nuclear target considerations (LOI 108)

(a) 32S spectrum [12] (b) Example sensitivities [12]

One can use the measured branching ratios but with a closure approximation using the
kinematic limit, as a first attempt at understanding the sensitivity reach of future
experiments

As this assumption affects different nuclear targets differently, the experimental reach for
different targets may significantly change as the assumed RMC spectrum is changed

M. MacKenzie (NU) µ− → e+ and RMC at µ− → e− Experiments October 2, 2020 9 / 12



Improving theoretical understanding of RMC (LOI 109)

(a) RMC spectra vs kFermi [13] (b) Example RMC spectra [14]

Fearing et al. used a Fermi gas nuclear model to study the RMC spectra rather than the
closure approximation

The initial plots studied appear to show a long tail in the high energy region, beyond
where the closure approximation would cut off
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Improving theoretical understanding of RMC (LOI 109)

(a) Real photon conversion in material (b) Virtual photon conversion

Theoretical work is underway to recreate the Fearing et al. distributions and better
understand expectations and uncertainties near the endpoint [15]

It’s also important study how well can the RMC spectrum be measured at µ N → e N
experiments

In this regard, an expectation for the virtual photon conversion contribution is needed

If the real photon spectrum is measured, we should be able to predict the positron
spectrum near the endpoint from both real and virtual photons [16]
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Future work

RMC is arguably the most uncertain background for µ N → e N experiments

Better theoretical understanding is needed to study the background for different nuclear
targets and explain the existing RMC data

Studies are needed to understand how well RMC can be measured at µ N → e N
experiments

The next generation experiments should choose a nuclear target with RMC in mind (in
addition to other concerns such as muon lifetime, capture rate, etc.)

Snowmass is a perfect opportunity to study RMC and investigate the possible reach of
future/soon-to-run experiments!
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Backup slides
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Effective lagrangian

The figure shows the explored parameter space using the effective Lagrangian:

LCLFV =
mµ

(1 + κ)Λ2 µ̄RσµνeLFµν +
κ

(1 + κ)Λ2 µ̄LγµeL(
∑

q=u,d

q̄Lγ
µqL)

where Λ is the effective mass scale and κ controls the relative contribution of the
magnetic moment term and the four fermion term
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TRIUMF RMC spectrometer

(a) TRIUMF detector (b) TRIUMF tracking
In the 1990’s, the TRIUMF collaboration measured the RMC spectra of 13 nuclear targets
They used a tracking spectrometer to measure the photon energies, using a thin lead foil
to convert the photons into e± pairs that were then reconstructed
By requiring the e± tracks to be consistent with a conversion occurring in the lead
converter, they were only reconstructing the real photon spectra for RMC
They were not sensitive to the virtual photon conversions that would occur in the
stopping target
The TRIUMF data is the largest RMC photon statistics available

(a,b) Wright et al., 1992
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SINDRUM-II experiment

SINDRUM-II was a previous muon conversion experiment where the current upper limits
come from
RMC was a background for them, where they had higher statistics than TRIUMF near the
endpoint of the spectrum
SINDUM-II only saw the high momentum e± from RMC conversions, but was therefore
sensitive to both the real and virtual photon contributions to RMC

SINDRUM-II, 2006
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Experimental backgrounds - RMC

Kinematic limit

(a) RMC closure approximation (b) 1992 TRIUMF Al data [9]
The RMC photon energy spectrum is modeled by the closure approximation:

dN
dx = e2

π
kmax

2

m2
µ

(1− α) · (1− 2x + 2x2) · x · (1− x)2

where x = Eγ/kmax and α = (N − Z)/A [10]
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