PHYSICAL REVIEW D 109, 035025 (2024)
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We investigate the ability of 4 — e facilities, Mu2e and COMET, to probe, or discover, new physics with
their detector validation datasets. The validation of the detector response may be performed using a
dedicated run with u*, collecting data below the Michel edge, E, < 52 MeV; an alternative strategy using
zT = eTv, may also be considered. We focus primarily on a search for a monoenergetic e™ produced via
two-body decays ™ — e X or z" — e*X, with X a light new physics particle. Mu2e can potentially
explore new parameter space beyond present astrophysical and laboratory constraints for a set of well
motivated models including axionlike particles with flavor violating couplings (4™ — e*a), massive Z’

bosons (4™ — Z'e™), and heavy neutral leptons (" —

can be achieved in a matter of days.
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I. INTRODUCTION

Charged lepton flavor violation (CLFV) is a long sought-
after target of searches for physics Beyond the Standard
Model (BSM) [1-16]. The most stringent limits come from
searches for y— ey [17,18], u — 3e [19-22], and uA — €A
transitions [23,24] (additional constraints arise from
bounds on = — e conversion [25], muonium antimuo-
nium oscillations [26,27], and CLFV reactions involving 7
leptons [28-35]). The uA — eA channel, often termed y — ¢
or muon conversion, relies on the target nucleus to absorb
recoil momentum, giving a kinematically allowed transi-
tion. Furthermore, if new physics mediating the y — e
CLFV transition couples directly to quarks, then the
presence of the nucleus itself catalyzes the reaction.

Two upcoming facilities, COMET [36,37] and Mu2e
[38-40], will search for y — e with unprecedented sensi-
tivity—the single-event sensitivities are expected to be as
low as BR(u — ¢) ~ 1077, Both experiments leverage the
extreme kinematics in y — e, where almost all of the
muon’s rest mass is converted into the electron’s kinetic
energy. The experiments therefore focus on the near
endpoint region of maximal electron energy where the
Standard Model (SM) backgrounds are highly suppressed.
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Unfortunately, the same kinematic suppression applies to
almost any process other than u — e, making searches
for additional BSM decays using the high energy
region datasets at Mu2e and COMET extremely challeng-
ing [41,42].

In contrast, signal yields improve dramatically for many
BSM scenarios in the regime of electron energy that is
kinematically allowed for a free muon decay at rest. In this
regime any particle lighter than the muon can be produced
and discovered with indirect search techniques. The sim-
plest scenario to test is the two-body decay ut — e X, with
X the new light particle. The positively charged muon will
decay at rest, resulting in a monoenergetic positron signal.
Both Mu2e and COMET are capable of collecting sub-
stantial 4™ (and 7") datasets in this energy regime, which
may be used for calibrating their detectors [43]. These
datasets would have extremely high statistics relative to
past z™ and u* decay at rest searches [44], and are therefore
well suited to search for light new physics.

The MuZ2e detector is designed to be charge symmetric
such that both electrons and positrons can be reconstructed
with high efficiency [40]. Moreover, the design of the
transport solenoid makes it possible to transport either p~
or u to the detector. COMET can also deliver 4™ on target
[45]. The use of u* decays instead of u~ decays for
calibration has several advantages that also help enable a
BSM search. Decays of p~ are complicated by nonpertur-
bative bound-state effects [46—49] and backgrounds from
radiative muon capture on the nucleus [50-52]. In contrast,
the Michel spectrum of u* — eTvp decays is extremely
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well known, since it can be computed using standard
diagrammatic techniques [53-59]. Furthermore, the above-
mentioned nuclear backgrounds are also mitigated due to
the absence of muon capture for u™.

Note that such validation datasets can be used to search
for any process that produces electrons or positrons close to
the Michel edge. Important examples are the already
mentioned two-body ut — e™X decays, which result in
monoenergetic positrons, but one could also search for
nonstandard multibody decays, where X consist of several
on shell or off shell new physics particles. A particularly
interesting case is when X is the QCD axion. Our study
shows that the Mu2e validation data can probe the region of
parameter space in which the QCD axion is a cold dark
matter candidate, assuming it has unsuppressed flavor
violating couplings to muons and electrons [60].

At both COMET and MuZ2e, the transport solenoid
necessarily delivers 7' along with u™ to the target foils
[40,45]. The ™ decay much faster than u*, and can be
separated with timing information and analyzed separately
[40]. In addition to nonstandard muon decays, the large 7+
population in the validation dataset also enables a search for
nonstandard z" decays. A phenomenologically important
channel is the z* — e™ N decay, where N is a heavy neutral
lepton (HNL).

Motivated by its potential physics impact, we will use
“Mu2e-X" as a shorthand for employing the Mu2e vali-
dation data for BSM searches, and similarly “COMET-X”
for COMET. Mu2e is investigating the projected sensitivity
of such a dataset internally [61]. The rest of the paper is
organized as follows: In Sec. Il we outline new physics
models, and regions of parameter space, that predict rates of
ut — etX to which Mu2e will be sensitive. We translate
bounds on branching ratios to constraints on new physics
model parameters, emphasizing the competitive reach of a
U™ — eTX search relative to astrophysical constraints. In
Sec. III we briefly describe the inputs and procedures
underlying our sensitivity estimates for u™ — et X and
't — e"X searches. Finally, in Sec. IV we summarize our
findings and comment on possible future applications for
the MuZ2e validation data.

II. MODELS OF NEW PHYSICS

We begin by discussing the theoretical motivation to
search for two-body decays u™ — ¢™X and z7 — e™X.
These are experimentally convenient because the predicted
signature involves a monoenergetic . Models with three-
body decays are also of interest, but their experimental
projections require further study; we briefly discuss this
case in Sec. IV.

In what follows we consider several benchmark new
physics models for which a g+ run at Mu2e could lead to a
discovery or interesting limits. Axionlike particles (ALPs)
can be discovered through two-body u™ — e*X decays,
while MeV scale dark matter (DM) can be searched for
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FIG. 1. The 95% C.L. limits on a general ALP with anarchic

couplings to all three generations of leptons. The present laboratory
exclusions are denoted with solid lines, and future projections with
dashed lines, assuming isotropic ALP production with axial
couplings; see text for further details. Astrophysical constraints
are shown as gray regions, while the parameter space that could
lead to displaced decays inside detector volume, ¢z, < 1 m is
shown as a blue region. Adapted and updated from Ref. [60].

either through two-body or three-body u™ — (et +
invisible) decays. The rare z7 — ¢™X decay mode can
probe HNLSs, but must overcome a sizable muon decay in
flight background.

A. Axionlike models

Any spontaneously broken (approximate) global U(1)
symmetry results in a light (pseudo) Nambu-Goldstone
boson in the low energy effective theory of the system. A
particularly important example is the case of a sponta-
neously broken Peccei Quinn (PQ) symmetry giving rise to
the QCD axion that can solve the strong CP problem and
provide a cold dark matter candidate [62—-65]. Such
particles extending the SM are generically referred to as
ALPs [66]. If the spontaneously broken U(1) is flavor
nonuniversal, it can lead to sizable y — ea decays for ALPs
a with masses m, < 105 MeV [60,67-84].

To understand whether or not a y™ validation run could
be sensitive to an interesting region of parameter space we
explore three ALP benchmarks: (i) a general ALP with
anarchic couplings to leptons (i.e., all couplings to leptons
are of similar size) (Fig. 1), (ii) a leptophilic ALP that can
be a DM candidate (Fig. 2), and (iii) the QCD axion with
lepton flavor violating couplings (Fig. 3). The three bench-
marks, along with other ALP models, were recently
discussed in detail in Ref. [60]. Here we focus on the part
of the phenomenology most relevant for y™ — et X.

The effective Lagrangian describing the ALP couplings
to the SM leptons (¢;), gluons (G,,), and photons (F,) is
given by]

'Note that C ¥ couplings do not contribute, as can be seen from
equations of motion.
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a, a ~ (04 a ~
L, = Nyy—>—G,,G" + Eyy —=—F, F*
a uv Sﬂfa Hv + uv 4 fu uv

d,a—
+2 a7 frlCl+ Clrsle. (1)
ij a

where i, j = 1, 2, 3 are generational indices, color indices
are suppressed, and the subscript UV denotes “ultraviolet.”
Since we are mostly interested in processes involving
leptons, the equivalent couplings to quarks are set to zero.
The derivative couplings are a hallmark of the pseudo
Nambu-Goldstone boson (pNGB) nature of the ALP, i.e.,
we assume that the shift symmetry is softly broken only by
the ALP mass, m,,. All the couplings in (1) are of dimension
5 and are suppressed by the ALP decay constant, f,, which
can be identified with the scale of spontaneous symmetry
breaking.

For i # j, the ALP couplings are flavor violating. In new
physics models with no particular flavor structure the

generic expectation would be that C,‘»;/ 4

If this is the case, the flavor changing neutral current
(FCNC) constraints, either from y — ea, or from K — za
decays in the case of couplings to quarks, impose very
stringent constraints, f, > 10° GeV and f, > 102 GeV
when assuming O(1) flavor violating couplings to either
leptons or quarks, respectively [60,87]. The sensitivity of
1 — ea to such high scales can be traced to the fact that on
shell production of an ALP is induced by dimension 5
operators, and thus BR (4 — ea) « (m,/f,)*. This can be
contrasted with the much weaker constraints on such
models from u — e conversion [88], which require two
insertions of dimension 5 operators (the flavor violating
coupling to leptons and the flavor conserving coupling to
quarks), giving BR(y — ¢) (m#/fa)“, i.e., a rate that is
additionally suppressed by a factor (m,/f,)* ~1072°
compared to BR(y — ea).

For quantitative analysis we first consider three bench-
marks from Ref. [60], and then discuss implications for
other ALP models:

are all nonzero.

1. ALP with anarchic couplings to leptons

In the first benchmark case, the ALP is assumed to
couple only to leptons with both flavor violating and flavor
conserving couplings of similar size. For concreteness we
assume that all axial couplings to lepton are the same and
equal to Cf‘j =1, the vector couplings are assumed to
vanish, and Clyj = 0, as do the direct couplings to photons
and gluons, i.e., we set Eyy = Nyy = 0. The couplings to
photons (gluons) are still generated radiatively at one loop
(two loops) from couplings to leptons, but are not relevant
for phenomenological studies. The ALP mass, m,, is
treated as a free parameter. The projected 95% C.L.

constraints on this benchmark are shown in Fig. 1 with
a red dashed line.”

The present laboratory constraints are shown with solid
green [89] and blue [90]. These constraints depend on the
chiral structure of the ALP couplings, and are, for instance,
significantly relaxed for V — A couplings in the case of
constraints from Ref. [89]. The present constraints from
7 — fa decays are shown with a solid purple line [91],
while the astrophysics constraints are shown as gray
excluded regions; see Ref. [60] for further details. In
Fig. 1 we show with dashed orange and dark red curves
the future sensitivities at MEGII-fwd, assuming realistic
focusing [60], and the projected sensitivity at Mu3e [92],
respectively. A similar reach in f, could be also achieved
by searching for 4 — eay decays at MEG-II after one year
of running in an alternative data taking strategy with
reduced beam intensity and adjusted triggers [82], shown
with brown dashed line (we show the upper range of the
projected sensitivity band in [82]). We see that Mu2e-X and
COMET-X have comparable reach to these other proposals
to search for u — ea transitions.

2. Leptophilic ALP as a DM candidate

If an ALP is light enough it becomes cosmologically
stable and can be a DM candidate. Figure 2 shows the
constraints for such a possibility with anarchic couplings to

leptons, C,‘»;/ 4—1, and no direct couplings to gluons
Nyy = 0. The constraints from extragalactic background
light (EBL) bounds are shown for two cases Eyy = 1
(dashed blue line) and Eyy = 0 (light blue region), where
regions to the right are excluded. The ALP DM (QCD-ALP
DM) dashed line shows the parameter space for which the
initial misalignment of the ALP field in the early Universe,
6y = 1, leads to the correct relic DM abundance, assuming
no temperature corrections to the ALP mass (i.e., thermal
mass dependence equivalent to that of the QCD axion).

The green solid line in Fig. 2 shows the current best
bound on the isotropic lepton flavor violation (LFV) ALP
[89], the brown dashed line denotes the most optimistic
projected reach from y — eay decays at MEG-II after one
year of running, while the red dashed line shows the
expected reach of Mu2e, which is comparable to the
MEGII-fwd projection including focusing enhancement
and Mu3e. The expected reach is well above the existing
and future bounds that rely on couplings between ALPs and
electrons, shown as color shaded regions, and can probe
parameter space where the flavor violating ALP is a viable
DM candidate.

The relevant space in Fig. 2 is to the left of the blue
region enclosed by the solid blue line, which delineates the
parameter space leading to ALP decaying within the

’Here we appropriately rescale the results for 90% C.L. bounds
from Sec. III to a 95% C.L. interval, which all the shown bounds
use.
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FIG. 2. The 95% C.L. limits on a leptophilic ALP that can be a
DM candidate, as well as the reach of a 4™ run (red dashed line,
labeled Mu2e-X); see main text for details. Mu2e-X, COMET-X,
MEGII-fwd, and Mu3e have similar projected sensitivities, and we
represent all of them with a single line. Adapted from Ref. [60].

present Hubble time. The region to the right of the dashed
blue lines is excluded by the extragalactic diffuse back-
ground light measurements for Eyyy = 0, 1, as denoted. The
dark blue region shows the x-ray constraints for Eyy = 0
[93,94]. The gray shaded regions are excluded by the star
cooling bounds, and the ADMX results [95-97]. The light
green region is excluded by the S2 only analysis of
XENONIT [98] and Panda-X [99]. The purple shaded
region shows the future reach of axion-magnon conversion
experiment QUAX [100-102]. The cyan colored region
shows the future sensitivity of the SPHEREx experiment
that relies on ALP couplings to photons, assuming ALP
decays exclusively to two photons [103], while the yellow
regions show the future sensitivities of resonant microwave
cavity searches: ADMX [104], CAPP [105], KLASH
[106], and ORGAN [107], as well as the searches using
dielectric haloscope MADMAX [108] or (light blue region)
using dielectric stacks [109]. The u™ — e*a limit using
Mu2e-X is complementary to all these searches.

3. Lepton flavor violating QCD axion

Mu2e calibration data can also be sensitive to a QCD
axion that solves the strong CP problem. The QCD axion
will have flavor violating couplings, if the PQ symmetry is
not flavor universal [67,110]. The mass of such a flavor
violating QCD axion still arises entirely from the QCD
anomaly, m, = 5.691(51) peV(10'> GeV/f,) [111], and
is thus effectively massless in y — ea decays. The flavor
violating QCD axion is also a viable cold dark matter
candidate. If the axion relic abundance is due to the
misalignment mechanism, the 6, ~ O(1) misalignment
angle leads to the observed DM relic density for axion
decay constants in the range f,~ 100'-13) GeV. For
smaller decay constants, within the reach of LFV experi-
ments, the axion relic from the standard misalignment
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FIG. 3. The 95% C.L. limits on lepton flavor violating QCD
p g

axion for the assumed V — A forms of couplings. The mass of the
QCD axion, m,, is inversely proportional to the coupling constant
fa- The vertical axis refers to the axion coupling to photons,
Gayy & Uem/(27f,), where an additional constant coefficient
depends on the particular model. The benchmark V —A LFV
QCD axion model is indicated by the tilted solid green line. Also
shown are two other QCD axion models not involving LFV, the
Kim-Shifman-Vainshtein-Zakharov [85,86] (dark blue) and the
DFSZ-1I (blue) model, having slightly different couplings to
photons. The current excluded ranges of g,,, as a function of
m, are shown as shaded gray regions, and future projected limits as
dashed gray lines. The y — ea limits, which are independent of
Jayy» but assume sizable LFV couplings, exclude values of m, to
the right of the dashed vertical green lines under these assumptions
(but thus do not apply to Kim-Shifman-Vainshtein-Zakharov and
DFSZ-1I models). The solid green vertical line refers to the limit
from the white dwarf (WD) cooling constraint which assumes
sizable axion coupling to electrons. The sensitivity derived from
Mu2e calibration data (dotted vertical green line) will probe
parameter space beyond this limit. Adapted from Ref. [60].

contribution is underabundant unless the relic abundance is
due to some nontrivial dynamics.

In Fig. 3 we show constraints on a particular
Dine-Fischler-Srednicki-Zhitnitskii  (DFSZ)-like model
[112,113] of the QCD axion with LFV couplings [60]
(tilted solid green line). The field content of the theory
consists of the SM fermions, two Higgs doublets, H| ,, and
a complex scalar S that is a gauge singlet. The model
contains an anomalous global U(1) PQ symmetry under
which all the scalars are charged. It is broken once § obtains
a vacuum expectation value (VEV), giving rise to the light
pNGB—the QCD axion. The PQ charges of the SM leptons
are generation dependent such that H, couples only to
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second and third generation leptons, while the H; lepton
Yukawa interactions couple first generation to second and
third generation leptons. The generation dependent PQ
charges then translate to flavor violating axion couplings to
leptons. The PQ charges of quarks are universal, and thus
the axion has flavor diagonal couplings to quarks.

The constraints in Fig. 3 are shown for a particular
benchmark where the QCD axion couplings to the leptons
have V — A chiral structure, and where the flavor violating
couplings involving 7 leptons are assumed to be suppressed
(see Ref. [60] for details). We see that the sensitivity
obtainable at Mu2e-X will probe parameter space well
beyond the present astrophysics bound from white dwarf
cooling constraints (solid green line), improving on the
present laboratory bounds from searches for 4 — ea decays.
The 4 — ea lines are vertical, since they are insensitive to
the axion coupling to photons, g,,, = —0.59 X @ep/ (27f,).

4. Other possible ALP models

The above examples by no means exhaust the set of
possible models that could be searched for via u — eX
decays. Importantly, the flavor structures of flavor violating
couplings in the above three examples were fixed exter-
nally. In some models the pattern of flavor violating
couplings is instead determined by the dynamics of the
new physics model itself. An example is the “axiflavon”
model, in which the QCD axion a is responsible both for
generating the observed flavor structure of the SM as well
for solving the strong CP problem [67,68]. The axiflavon is
a representative of an entire class of “familon” theories
[110,114-116] in which the ALP is associated with a
spontaneously broken horizontal family symmetry, e.g., of
a Froggatt-Nielsen type [117] or from a non-Abelian global
horizontal group such as SU(2) [71]. In these scenarios a
large 4 — e CLFV coupling is predicted such that a search
for ™ — e"X can test these models and offer an avenue to
discovery (see recent work on testing at Mu2e such models
with heavy familons [118]). Here, we argue that Mu2e-X is
in fact capable of probing important parameter space across
a wide range of familon masses.

The y — eX transition can also probe dynamical models
of neutrino mass generation, where X is the Majoron, a
pNGB of a spontaneously broken lepton number [119-122].
In the Te V-scale see-saw mechanism the neutrino masses are
parametrically suppressed while CLFV couplings are not
[123—131]. The parametric suppression of neutrino masses
is technically natural and can emerge from an approximate
symmetry of a generalized lepton number U, (1) under
which the CLFV couplings are invariant, while the neutrino
masses are not, and must be proportional to a small
symmetry breaking parameter. This can then result in
potentially observable 4 — eX decays.

As outlined in [60] and also shown in Figs. 1 and 3, the
ability of laboratory experiments to probe branching ratios
of BR(u — eX) <1075 results in constraints on ALP

couplings that for generic flavor structures supersede the
already stringent bounds from astrophysical sources. This
allows experiments such as Mu3e [92], MEGII-fwd [60],
and, as we argue here, MuZ2e to provide leading constraints
on ALP models.

B. Heavy neutral leptons

Models with HNL [132-147], i.e., sterile neutrinos with
masses in the MeV to few GeV range, have received
substantial attention over the past fifteen years in the
context of light dark sectors [145,147-160]. Couplings
between HNLs, N (with mass m), and SM neutrinos, v,
offer one of three renormalizable “portals” between a dark

sector and the SM [161,162],
LD yy(LH)N +H.c., (2)

where L is the SM lepton doublet, H is the Higgs doublet,
and we suppress flavor indices. After electroweak sym-
metry breaking the Yukawa interaction (2) induces mixing
between HNLs and SM neutrinos, through which dark
sector degrees of freedom may imprint themselves on
experimental data. For z7 — ¢™N the relevant mixing
parameter in the extended Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [163,164] is U,y = (N|v,).
Searching for HNLs is of interest both for minimal and
extended dark sectors [145,147].

In principle, either z* — £*N or u™ — e"Nv decays
can be used to search for HNLs, provided N is light enough
to be produced in these decays. MuZ2e is both a muon and a
pion factory, and large populations of both particles are
delivered to the stopping target. The challenge in searching
for u™ — e Nv decays is that the background due to SM
muon decays is also three body. Fitting for the spectral
distortion from the HNL in the observed Michel spectrum
is in principle possible, but made more challenging by the
complicated energy dependent acceptances in Mu2e due to
the helical tracker. Furthermore, such a search would
require a detailed understanding of background spectra
and radiative corrections to the Michel spectrum.

Constraints on HNL models are conventionally studied
in a single-flavor mixing paradigm with constraints appear-
ing in the my — |U,y| plane with a € {e, u, 7} labeling the
lepton flavor that the HNL couples to. In the case of pion
decay to e N the relevant parameter is U,y, and the range
of HNL masses that can be probed (in principle) is my €
[0,m, —m,|. The branching ratio, for m, < my < m,, is
given by

m2 (mz —m2 )2
BR(z" = ¢"N) = [U T TN 3
M m2(m2 — m2)?

The dominant background is due to y™ — eTvv decays,
which can be significantly reduced with timing and geo-
metric cuts [44]. In Fig. 4 we show a compilation of limits
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FIG. 4. Projections for mass dependent 90%-C.L. sensitivity to
HNL mixing with electron flavor from Mu2e-X in a pion
configuration; see Sec. III for details. Existing limits come from
PIENU [165-167] and their related bump hunt PIE2 [168] (see
also [167] for a compilation). The see-saw target is set assuming a
type-I seesaw mechanism where one expects U,y ~ mp/My ~
\/m, /My [159]. The different shapes at Mu2e and COMET arise
due to the different model acceptances used in this analysis. The
projected reach of PIONEER is not shown, but would be
comparable to Mu2e-X and COMET-X [169].

from existing experiments and overlay projections for
Mu2e-X in a configuration that could be used during a
7t — et calibration of the detector response. Since the
sensitivity to an HNL is highly mass dependent, cf. Eq. (3),
we focus on the region my/m, < O(1), and leave the very
light HNL mass range, my < 20 MeV for future dedicated
studies.

C. Dark Z' models

Another class of models that may be searched for
at Mu2e-X are the BSM models that contain a light
flavor violating Z’' [170-179], decaying predominantly to
invisible final states, Z’ — yj. Here, y can be dark matter or
a mediator to the dark sector [180-182]. The effective
Lagrangian, assuming renormalizable interactions, is
given by’ [170]

£ Zugary + 7,3 |d el (G )
foij

+gcl (fg)r”fg))], (4)

where we assumed that y is a Dirac fermion, while the sum
runs over all the SM fermions, f = u,d,?,v, and the
generation indices i,j = 1,...,3,. Assuming y is light
enough that Z’' — yy decays are kinematically allowed,
these will dominate over the Z" decays to SM fermions, as
long as the corresponding effective coefficients are small,

The u — eZ' decays could in general also occur through
dimension 5 dipole operators; see, e.g., Ref. [172].

|c}’L R| < 1. A concrete realization of such a scenario is a Z’

that is the gauge boson of a dark U(1)y under which the
dark sector is charged, while the interactions of the SM
fermions are induced through mixings with dark vectorlike
fermions. In general, this induces both flavor conserving
and flavor violating couplings ¢/ , ¢/ . The u — eZ’ decay
width is given by [170]

P(u = eZ') = [ (2P + (c 2]

2 3
L

32w mi,

(1=rz)? (1 +2rz). (5)

where we neglected the terms suppressed by m,/m,, and
shortened r, = m2,/m?. The mass of the Z' gauge boson is
given by my = ¢'v/, where v/ is the VEV that breaks
the U(1) gauge symmetry. We see that I'(y — eZ')
[(¢}?)? 4 (¢/2)?]/v", and is vanishingly small if either
cy? =0, orif o/ is large.

Another example of flavor violating light Z’ is the
possibility that the U(1)y is the horizontal symmetry
responsible for the hierarchy of SM fermion masses, such
as in the Froggatt-Nielsen model of Ref. [170]. In that case
the FCNC bounds from other states in the theory require
v' 2107 GeV, while Z’' can be light if ¢ < 1. Both
invisible decays, Z' — vb, and visible decays to SM
fermions Z’' — ff need to be considered in the final state
since both can have large branching ratios. The values of

C}'[I_.R coefficients depend on the details of the numerical
inputs in the model benchmark, but are in general O(1) for
diagonal and 1073 — 10~! for off diagonal entries [170].

Let us close this section by mentioning the possibility of
neutrino-induced CLFV couplings due to heavy neutral
leptons. Models of this type have been studied in the
context of neutrino portal dark matter [183,184], and
produce off diagonal CLFV couplings via triangle dia-
grams, with flavor mixing from an (extended) PMNS
matrix. The result is an off diagonal flavor coupling given
by [cf. Eq. (6.4) of [183]]

y 2 2

CZ,R ~ Un 7N§_ﬂm_€,’ (6)
where Uy are the PMNS matrix elements between flavor i
and the HNL, N, and we have assumed that N is very nearly
aligned with the mass basis.

The search strategy we propose is model independent,
relying only on the two-body final state kinematics.
Unlike axion models, which are generically expected to be
very light due to the approximate global U(1) symmetry,
in many Z' scenarios the dark vector is massive
(mz Z 10 MeV) to avoid big bang nucleosynthesis [185]
bounds. A massive Z' furnishes a theoretically well
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motivated candidate with my > 20 MeV that can be
searched for in the Mu2e validation data.

III. PROJECTED SENSITIVITIES

A search for a monoenergetic positron allows for a data
driven background estimate in the signal window. For a
parent particle, P, of mass mp, the energy of the positron in
a decay P — e X is given by

2 2\ 2 4 2
J (1—ﬁ+m—§> e ()

2 2
2 mp  mp mp

In a statistically limited search the 90% C.L. sensitivity to
the branching ratio is given by

BRoo(my) = [1.28 x \Jfiga] X —— ———— (8)

NP—stop €P(Pe+) ’

where pup,, is the estimated background in the signal
window, and Np_g,, is the number of stopped parent
particles, i.e., pions or muons.

The number of background events for the muon decay at
rest search is found by taking the tree-level Michel
spectrum, dI'/dx = 2x*(1 —2x/3), where x =2E,/m,,
and multiply by the bin width, which was taken to be
given by AE, = 1 MeV. This gives the background esti-
mate for the u™ — e X search,

1 dr

FEXeﬂ(Pe+)XAEe. (9)

//lbkg(Pe+) = NP—stop X

The acceptance e(P,+) is an experiment dependent
quantity.

A. Mu2e-X

For the efficiency/acceptance, e(P,+), we take two
different functional forms motivated by Fig. 4.5 (50%
nominal B-field) and Fig. 6.1 (76% nominal B-field) in
Ref. [44], respectively,

P, —38 MeV

P,.)=025( e =20 Y
éu(Per) ((55 —38) MeV

>®(Pe+ —-P4). (10)
P, —55MeV

P,) =028 2 Y
ex(Per) <(70 ~55) MeV

17
) etee - pg. )
where Pf =55 MeV and P} = 38 MeV.

Forthe 77 — e X search we take puy, = 4 x 10° [44] in
a bin of width AE, =1 MeV. This background is domi-
nantly composed of muons decaying in flight, and we take
the spectrum to be flat from 55 MeV to 70 MeV. Resulting
projections for the 90% C.L. branching ratio limits are
show in Fig. 5, given the inputs in Table 1.

105
4 — p-eX Mu2e-X (u)
1 - - eX Mu2e-X (r)
| — u-eX COMET-X ()
- | - eX COMET-X (x)
= 107
Q =
L ]
N ]
e -
m -
m -
1077 =
20 30 40 50 60
my (MeV)
FIG.5. Estimated branching ratio limits (90% C.L.) for y — eX

and 7 — eX as a function of my for Mu2e-X and COMET-X. The
shape of the exclusion depends both on the acceptance as a
function of energy, and on the background as a function of
energy. See Table I for details of the inputs used in estimating
projected sensitivity. The different shapes of the COMET-X (x)
and Mu2e-X (r) curves arise due to different acceptances which
depend on the positron momentum.

B. COMET-X

COMET will also have a large sample of pion and muon
decays. For Phase I the collaboration expects 1.5 x 10'6
stopped muons, whereas for Phase II they expect 1.1 x 10'8
stopped muons [37]. The preferred calibration tool at
COMET is #* — e"v,, and there is no plan to lower the
B field for calibration (although polarity in the transport
solenoid will be modified to deliver ™ and z™) [186]. We
will assume that 1% of the COMET beam time will be
dedicated to calibration, and therefore assume 1.5 x 104
stopped p* in Phase I and 1.1 x 10'® stopped x* in Phase
II. In our projections we used Phase I; however these can be
easily rescaled to account for the increased statistics in
Phase II, or for a different fraction of runtime spent on
calibration.

TABLEI. Parameters used to estimate sensitivities in this work:
the number of stopped parents, P € {u, 7}, the assumed operating
B-field relative to nominal, B/B, the number of background
events expected in the signal region, uy,, and the efficiency/
acceptance €p as a function of P,+. The expected number of
background events for the (¢) configuration are estimated using
the tree-level Michel spectrum, whereas in a (z) configuration
they come from muon decay in flight [44].

Configuration Np B/B, Hike ep(P,+)
Mu2e-X (u) 3x 1013 0.5 Eq. 9)  Eq. (10)
Mu2e-X (1) 2x 102 076  4x10®  Eq. (11)
COMET-X (u)  1.5x 10" 1 Fig. (9)  Eq. (12)
COMET-X (7) 9 x 10! 1 4%x10° Eq. (13)
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We take a model for the efficiency at COMET motivated
by the “no blocker” curve of Fig. 7 in Ref. [187], which is
well described by the following functional form:

P, —57 MeV
€,(P,+) =029 (0.9 + tanh {WD

« (14=L< Nop,. =38 Mev),  (12)
725 MevV) V¢ e

P, —57 MeV
P,)=02 . h|—————
€(P.+)=0 9<O9+tan [ T3 eV ])

P+

X <1 —1—7725 MeV>®(Pe+ —55MeV). (13)
The hard cut at 55 MeV for €, is put in by hand because we
expect the u decay in flight background to rise sharply
below this energy. For the muon decay in flight background
at COMET we do not have access to the same detailed
simulations performed in [44]. In lieu of a better quanti-
tative procedure, we simply take the estimates for the
number of x* decay in flight per stopped z computed in
[44] and multiply by 10; this then sets the number of p,,
presented in Table I. The resulting projections for the
90% C.L. branching ratio limits at COMET-X Phase I are
similar to Mu2e-X; see Fig. 5.

IV. CONCLUSIONS AND OUTLOOK

If either Mu2e or COMET uses u™ and/or zt decays at
rest while validating their detector response they will have
access to enormous samples of both species, potentially
larger than all existing datasets by orders of magnitude. As
we argued in this manuscript, there is strong potential for a
rich complementary physics program using these data
alone, even as a purely parasitic experiment, i.e., without
independent optimizations beyond the needs of the Mu2e
detector response validation.

We advocate the use of both COMET and Mu2e’s
validation data to search for BSM physics, and argue that
their potential impact on BSM searches is sufficiently
compelling to warrant dedicated analyses; see Ref. [61]
for efforts within MuZ2e to realize this goal. In particular, we
have identified two decay channels that are sensitive to
well-motivated BSM physics, and that can be studied
using detector response validation data: y™ — e*tX and
zt — etX, where X is a light new physics particle. Both
decays result in a monoenergetic positron. Timing infor-
mation can be used to vary the ™ vs z™ purity of different
samples [40].

When statistically limited sensitivity can be achieved in
the u™ — e™X search, Mu2e-X can exceed both existing
laboratory experiments and even astrophysical constraints
by orders of magnitude. Mu2e-X or a comparable search
using COMET could then serve as grounds for the
discovery of a number of well motivated UV completions.

In the case of p — eX, X could be a QCD axion and dark
matter candidate, whose lepton flavor violating couplings
to muons and electrons offer its most promising detection
prospects. This impressive reach suggests that a Mu2e u™
run should not be viewed merely as a calibration/validation
tool, but will result in a valuable data sample with BSM
discovery potential. Leveraging the full power of Mu2e’s
statistics will ultimately demand a detailed understanding
of systematic uncertainties for signal regions close to the
Michel edge (necessary for my < 20 MeV); the ultimate
reach will depend on detailed analyses by both Mu2e and
COMET. At larger values of my the same search can be
recast as a search for a massive Z' with a dominantly
invisible decay mode, for example if Z' — yy7 dominates,
where y is the dark matter.

Our discussion is highly specialized to the case of two-
body final states which leave a monoenergetic signal
electron, since this provides an unambiguous experimental
signature of new physics. It may be of interest to study the
sensitivity of Mu2e for three-body final states, whose
positron energy spectra are continuous and which would
appear as a distortion of the Michel spectrum. This is similar
in spirit to previous searches carried out at PIENU, but may
be more difficult at Mu2e. We note that the impressive
branching ratio sensitivities that we estimate above for
xT — eTX and y — e"X are encouraging. They suggest
that for more challenging signals perhaps branching ratios in
the (few) x 107 regime may be accessible. At this level,
rare decay modes such as 7 — uTeTe v (current limit of
BR < 1.6 x 1070 [188]), or u™ — e*yz, may be attainable.
The ability of MuZ2e to achieve this level of sensitivity will
depend crucially on the control of systematic uncertainties.

Even within the limited scope of two-body final states, a
search for ut — ¢*X and/or = — e"X represents an
extremely cost effective and impactful BSM physics pro-
gram with exciting discovery prospects. We note that in the
case of pions, the projections presented above suggest that
Mu2e offers sensitivity to HNLs that will compete with the
dedicated pion experiment PIONEER [169]. We hope that
our study initiates further investigations into the untapped
physics potential of both the Mu2e and COMET facilities,
which will deliver unprecedented statistical samples of both
muons and pions. For instance, in the zt — ¢ X search, an
optimized momentum degrader to suppress the background
from muon decays in flight would allow the MuZ2e
calibration run to push further into the as-yet untouched
parameter space for HNL mixing with electron neutrinos.

In conclusion, even operating as a purely parasitic search
for new physics, Mu2e-X can push into uncharted param-
eter space, and provide impactful limits on theoretically
well motivated models of new physics in only a few weeks
of data taking. Projected limits from MuZ2e are expected in a
forthcoming publication [61], and we encourage COMET
to similarly study the capabilities of their facility to search
for light weakly coupled BSM particles.
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